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FOREWORD

The Assistant Secretary for Environment has responsibility for identi-
fying, characterizing, and ameliorating the environmental, health, and
safety issues and public concerns associated with commercial operation of
specific energy systems. The need for developing a safety and environ-
mental confro] assessment for liquefied gaseous fuels was identified by
the Environmental and Safety Engineering Division(a) as a result of discus-
sions with various governmental, industry, and academic persons having
expertise with respect to the particular materials involved: 1liquefied
natural gas, liquefied petroleum gas, hydrogen, and anhydrous ammonia.

This document is arranged in three volumes and reports on progress
in the Liquefied Gaseous Fuels (LGF) Safety and Environmental Control
Assessment Program made in Fiscal Year (FY)-1979 and early FY-1980.
Volume 1 (Executive Summary) describes the background, purpose and organi-
zation of the LGF Program and contains summaries of the 25 reports presented
in Volumes 2 and 3. Annotated bibliographies on Liquefied Natural Gas
(LNG) Safety and Environmental Control Research and on Fire Safety and Hazards
of Liquefied Petroleum Gas (LPG) are included in Volume 1.

Volume 2 consists of 19 reports describing technical effort performed
by Government Contractors in the area of LNG Safety and Environmental
Control. Volume 3 is a similar compilation and contains 6 contractor
reports on LPG, anhydrous ammonia and hydrogen energy systems.

(a) Effective June 1980, the Environmental Control Technology Division
was augmented by acquiring additional functions: the new name of
the organization is the Environmental and Safety Engineering Division.
Throughout . the text, where the old name is used, is should now refer,
in all cases, to the Environmental and Safety Engineering Division,
Office of the Assistant Secretary for Environment. Future publications
will reflect this change completely. :
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SUMMARY -

Two finite element models - one based on solving the time-dependent,
two-dimensional conservation equations of mass, momentum, and energy,
with buoyancy effects included via the Boussinesq approximation; the
other based on solving the otherwise identical set of equations except
using the hydrostatic assumption - are described herein and applied to
predict some aspects of the vapor dispersion phenomena associated with
LNG spills. A number of controlled numerical experiments, representing a
reasonable expected range of ING spill scenarios and atmospheric condi-
tions, have been carried out. Based on comparing the results obtained
with these finite element models, some data regarding the applicability
and limitations of the hydrostatic assumption for predicting ING wvapor
spread and dispersion are established.
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INTRODUCTION

Accurate and verified numerical models for the prediction of LNG
(Liquefied Natural Gas) vapor dispersion in the atmosphere are a require-
ment for predicting possible hazards involved in ING facilities and for
developing and evaluating potential methods to minimize these hazards.
Although a number of numerical models have been developed by various
authors to simulate the vapor dispersion process associated with an ING
spill, unfortunately the predictive capabilities of the existing models
are still far from being satisfactory. Recently Havens(l) has done a
systematic evaluation of a number of models widely cited in the litera-
ture and reported very large (order of magnitude) differences in the
predicted downwind distance to the lower flammability limit (LFL) of the
dispersed vapor cloud resulting from a large ING cpill onto water.
Havens concludes that the relatively simple Gaussian dispersion medcl by
Cermeles aund Drake(?) and the mosct eomplex model developed by Science
Applications, Inc. (SAI) (3) represent the most rational approaches,
among 'all models considered, to estimaté the downwind dispersion of the
vapor cloud. However, he also cautions that further improvements to the
Germeles and Drake model are necessary and a thorough evaluation and
verification of the SAI model should be performed before results from
these models can be accepted with confidence to predict the consequences
of large ING spills.

The Germeles and Drake model is basically a Gaussian plume model.
With further improvements and adequate verification data, the model could
‘probably be (cautiously) used as an alternative to a more complex numer-
ical model, particularly for routine usage where time and cost con-
straints are important; nevertheless, due to its inherent simplifying
approximations, such a model is probably inappropriate for predicting the
vapor dispersion associated with large LNG spills. On the other hand,
the SAI model, which solves, via the finite difference method, the tran-
sient, three~dimensional conservation equations of mass, momentum,
energy, and Species, tepresents a more viable approach. The SAI model
has removed many of the simplifying approximations inherent in the
Germeles and Drake model; however, in order to make the computations more
tractable and less costly, the model assumes that the hydrostatic approx-
imation (which states that the vertical pressure gradient is balanced
completely by the buoyancy force) is valid for the LNG vapor dispersion
process. The validity of such an approximation, however, remains to be
thoroughly assessed and verified, (4)

It is well recognized that a general solution of the LNG dicpetsion
problem must inc¢lude, as a minimum, the following: three-dimensional
velocity field, time-dependent terms, nonlinear mathematics, coupled
energy, species, and momentum equations with buoyancy terms, an adequate
turbulence model, and accounting for the nearby surroundings such as ter-
rain, dikes, and buildings, if precent. As can be ifagined, any numer-
ical model which takes all of the above phenomena into account is bound
to be very complex and costly. Therefore the selection of appropriate
numerical schemes and justifiable simplifying assumptions becomes very
crucial.



With these in mind, we investigate, in the present study, the feasi-
bility of using the finite element method (FEM) to simulate the LNG wvapor
spread and dispersion. At the same time, the numerical experiments are
designed to attempt to shed some light on the level of accuracy attain-
able with a hydrostatic model, as compared to a more complete, nonhydro-
static model for some typical spill scenarios. Our two models solve the
time-dependent, two-dimensional conservation equations of mass, momentum,
‘and energy (temperature) by employing the FEM. 1In order to facilitate
the study, the Boussinesq approximation has been invoked in both models
but will be removed in our future ING vapor dispersion model since the
density variation is quite large. In addition, the fluid is assumed to
be Newtonian, with constant properties except for density in the buoyancy
force (our future model will consider variable properties). The concen-
tration equation for the ING vapor cloud has not yet been implemented in
either code but its inclusion is straightforward. In fact, besides pos-
sible differences in certain coefficients and boundary conditions, the
concentration equation (in the absence of chemical reactions) is the same
as the temperature equation and thus the temperature field can be con-
sidered to represent, to a first approximation, the concentration of ING
vapor as well, : ’

In the following sections, we describe briefly the mathematical
formulation and numerical implementation of the two models, summarize and
compare results on a number of test cases for ING vapor dispersion from
the models, and finally draw conclusions from these controlled numerical
experiments to guide our future work toward developing a cost-effective,
time-dependent, three-dimensional numerical model for predicting the
vapor dispersion resulting from large ING spills,

DESCRIPTION OF THE NUMERICAL MODELS

The Nonhydrostatic Model

The detailed formulation of the nonhydrostatic model for isothermal
flows can be found in Refs. 5 and 6. The present model is a straight-
forward extension of the isothermal problem to include also the tempera-
ture equation, with the buoyancy force considered via the Boussinesq
approximation. Here we summarize only the essential features of the
present model.

@ Governing Equations
The'equations of motion and continuity for a constant property

(except for density in the buoyancy force), incompressible Newtonian
fluid are the Boussinesq approximation to the Navier-Stokes equations,

ot
p-é—t-+g.Vg_ =V.;—py_g_T (1)
V.u=290 . (2)



where u = (u,v) is the velocity, p is the (constant) density at the
reference temperature, y is the (constant) volumetric coefficient of
thermal expansion, T is the temperature deviation from the reference
temperature, g is the acceleration due to gravity, and

~8ui auj

Ty = T P9y IxX. X, (3)
3 i

ij ig ¥

is the stress tensor in which is the (constant) eddy viscosity, and p
is the pressure deviation from hydrostatic. Finally, the energy equation
for a constant property fluid (neglect;ng viscous dissipation) is

2

W
]

+u.VT=kV"T . (4)

@
a

where k is the thermal diffusivity (eddy diffusion coefficient). The
above set of equations can be used, given appropriate initial and
boundary conditions, to solve for the velocity components u and v, the
temperature T, and the pressure p..

The appropriate initial condition for the above equations is any
solenoidal velocity field (i.e., one which satisfies the discretized
version of V -uy = 0), plus any initial temperature field. Regarding
boundary conditions: for the velocity field, one can either specify the
velocity components or the corresponding tractions; for the temperature
field, one can specify either the temperature itself, or a general heat
transfer condition.

® Spatial Discretization

The finite element discretization of the above equations is per-
formed via the Galerkin method:

=1
1]
I~ 3

(x, . (t
5o ¢J(xy) uJ()

with a similar expansion for v and T, and

n
= I y.(x, L (t
P j=1¢3(x Y) PJ( )

where, in the discretized domain, there are n nodes for velocity and
temperature and m nodes for the pressure. The resulting system of
algebraic equations, written in a compact matrix form is



MG+ [K+N@u)] u+cCp+MT-=Ff,

Cu=20,
and ‘ (5)

M"i- + [xT + N'(u]T-=€£",
1.

where now u is a global vector containing all nodal values of horizontal
and vertical velocity components, u is the time derivative of u, p is a
global vector of the pressure values, T is a global vector of the tempera-
ture values, and £, £' are global vectors which incorporate the appropri-
ate boundary conditions. M is a 2n x 2n "mass"” matrix. M' is an n x n
subset of the mass matrix, K is the 2n x 2n viscous matrix, Ky is the n

x n thermal diffusion matrix, C is the 2n x m pressure gradient matrix

and its transpose, CT, is the m x 2n divergence matrix, N(u) is the 2n

X 2n nonlinear advection matrix, and finally N'(u) is an n x n subset of
the advection matrix. Equation (5) describes a nonlinear system of
ordinary differential equations (ODE's) in time with algebraic con-
straints, the solution of which yields the vectors of nodal values of u,
v, p, and T. The nonlinear algebraic equations engendered by the applica-
tion of the trapezoid rule for integrating the ODE's in time are currently
being solved via a one-step Newton method (Ref. 6) in conjunction with the
frontal technique (Gaussian elimination). Our element library contains
three types of isoparametric elements: (1) 4-node bilinear approximation
for velocity and temperature with piecewise constant pressure, (2) 8-node
quadratic approximation (serendipity) for velocity and temperature with
4-node bilinear approximation for pressure, and (3) 9-node biquadratic
approximation for velocity and temperature with 4-node bilinear approxi-
mation for pressure. ‘ ' '

e Time Integration Method

The technique employed for integrating Egn. (5) is an implicit,
second~order accurate algorithm which automatically and dynamically
selects an appropriate time step based solely on accuracy requirements.
This is accomplished through an appropriate combination of two common
time integration techniques, namely, the (implicit) trapezoid rule (TR)
and an (explicit) Adams-Bashforth formula (AB). The algorithm basically
consists of the following three steps: (1) Use the AB formula as a pre-
dictor equation for velocity and temperature, (2) Use the TR algorithm to
solve for the corrected (final) velocity and temperature and for the
pressure, (3) combine the predictor results with the corrector results
for velocity and temperature to estimate the local time truncation error
and, from this, the size of the next time step. This procedure thus pro-
vides a cost-effective integration scheme in that the time step size is
increased whenever permissible and decreased only when necessary. More
detailed information on this time integration scheme can be found in Refs.
5 and 6.



The Hydrostatic Model

As mentioned earlier, with the assumption that the convective mo-
tion, inertia, and shear forces in the vertical direction are all negli-
gible, the equation for vertical motion is greatly simplified, implying.
that the vertical pressure gradient is balanced entirely by the buoyancy
force. Thus the pressure field is no longer an implicit variable which
instantaneously "adjusts itself" in such a way that the incompressibility
constraint (continuity equation) remains satisfied. Rather, the pressure
field can now be more easily obtained through integration of the buoyancy
force. This (hydrostatic) assumption renders the flow field much easier
to compute; however, as will be seen in the numerical results, its range
of applicability is also greatly reduced. 1In the following, we describe
the equations being solved, together withthe numerical aspects of the
hydrostatic model.

® Governing Equations

Applying the hydrostatic assumption to .Egn. (1) and rearrdnging, wa
obtain the following equations

du, du, dul _ %, .2 - |

p-a—t+uax+vay ax+uVu . (6)
§§ =P YQT (the hydrostatic equation for pressure), (7)
u v

ax Ty - O o (8)

and
a7 oT oT 2
ot + u = +.v 3y kver, . (9)

with the acceleration of gravity aligned in the negative y-direction.

The appropriate initial condition for the above set of equations is
an initial horizontal velocity field (uy), plus an initial temperature
field (Ty), trom which Equations (7) and (8) are then used to compute
the corresponding initial pressure field (py) and the vertical velocity
field (vp). Regarding boundary conditions: for the horizontal velo-
city component u, one can specify u itself or a natural boundary condi~
tion (9%u/on or y du/a9n - p ny). For the vertical velocity component v,
however, one is allowed only to specify v itself along either the top or
bottom boundary, but generally along the bottom boundary (with a mass
flux condition). For the pressure field, one is allowed to specify p
itself along either the top or the bottom boundary, but it is generally
more convenient and natural to specify p as a function of x along the top
boundary. For the temperature field, again, one can either specify the
temperature itself, or a general heat transfer condition.
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e Spatial Discretization -

Briefly, the discretized algebraic equations are again obtained
using the concept of finite elements but, now, with two methods of
weighted residuals; the Galerkin method is applied to equations (6) and
(9) and the least squares method to equations (7) and (8). (Note. The
latter method can be considered 'as a Galerkin method applied to the
equivalent higher order equations.) Galerkin's method could have been
applied to equations (7) and (8) as well; however, the least squares
method is preferred for the following reasons:

"(1) The Galerkin method, when applied to equation (7) or (8), gen-
erates unsymmetric matrices with some zero diagonal elements and would,
in general, require pivoting to solve the system of equations. On the
other hand, with the least squares method, the resulting matrices on the
left hand side are symmetric and positive definite, which is more desir-
able computationally.

(2) The general shortcomings associated with the least squares
method, such as the requirement of higher order approximations, diffi-
culty with applying natural boundary conditions, and more computational
effort, do not arise for the equations in the present form (Equations (7)
and (8)). :

Having selected the 'proper' methods of weighted residuals, we again as~
sume the approximate solution to be in the following form

"B

o
[
"o~

. (x, .(t),
iI ¢J(X y) uj( )

with a similar expression for v and T, and

(%, . (t
by (x,¥) Py (E)

In the above we assume the same order of approximations for u, v, and T,
and for the pressure field, unlike the nonhydrostatic formulation, it is
no longer a necessity that the approximating functions for p be one order
less than those for u and v. Our element library contains three types of
isoparametric elements: (1) 4-node bilinear element, (2) 8-node seren-
dipity element; and (3) 9-node biquadratic element. Any of these element
types can be used, in principle, to approximate any one of the unknowns
u, v, p, or T and therefore many combinations of approximating the solu-
tion are possible.

_After applying the selected methods of weighted residuals to the ap-~
propriate equations (i.e., the Galerkin method to Egns. (6) and (9), and
the least squares method to Egns. (7) and (8)), we obtain the following
" matrix equations: .



-

Mu + [K + N(u,v)]u'= f{p) , - (10)

= h(u) , . Can
A'p = h'(T) , . | (12)

and
MT 4+ [K'+N(u,v) ] T = £ (13)

where u, v, p and T are the global vectors containing nodal values of the
horizontal velocity component, the vertical velocity component, the pres-
sure, and the temperature, respectively. The other matrices are defined

as follaws
f 0, 9, a
Kij-T ff (¢1,x¢jx fh,y '“.y) an | .
[f FRCUMER TR

u ¢-u, dfl-_lf’ da
5 an i Urn 5 ¢i Py

if U, is specified on BQI

Mij

Nij

fi =
1 J'f(bi'x pda + 1 f di (uu,n—pnx)dﬂ,
p e Dﬂl
' if (uu,n,-pny) is specified on 907"
f by ,y b5,y o
ry rx -
¥
A'ij f iy Vyy o
= pYyg U) Y T dA
K'ij =k f(%,w %5,x + 91,y%,y) @A,
and '

£ = kf 9, T al  if T , is specified on %,
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The special arrangement of the terms in Egqns. (10)-(13) is related to the
sequential solution procedure employed, which is described next.



e Solution of the Resulting Systems of Equations

Obviously, one possible way to obtain the solution to the above sys-
tems of equations is to solve all the equations simultaneously, using
procedures similar to those employed for the nonhydrostatic model. How-
ever, core and auxiliary storage requirements will be enormous and become
almost prohibitive for large scale problems, Additionally, because two
of the four systems of algebraic equations are linear, the coupling be-
tween the field variables is now less intensive and therefore it is pro-
bably more efficient to solve them separately. Furthermore, as noted
earlier, since the matrices for v and p are symmetric and depend on geo-
metry only, a symmetric equation solver can be utilized to further
increase the computational speed provided the system equations are solved
separately. For these reasons, we chose to solve the four resulting
systems of equations separately and loop through them successively until
convergence is obtained at each time step. Currently the "profile
method” (7) is being used to solve each of the linear systems of alge-
braic equations, which are obtained after applying the time marching
scheme described in the next subsection. ' '

The optimal order in which the equations for u, v, p, and T are
solved may, in general, be problem dependent. However, as a general
rule, the unknown (u or T) varying the fastest with respect to time"
should probably be solved first, p solved after T, and v after u. A
logical order for most ING problems appears to be: T - p > u ~» v, which
has been observed in our numerical experiments to yield a faster rate of
convergence than some other possible combinations.

® Time Marching Schemne

Currently only a relatively simple time marching scheme has been
implemented in the computer code to integrate the resulting system of
equations in time. This scheme uses a direct iteration strategy and con-
sists of essentially two steps to obtain the solution at time t=tn*l,
knowing the solution at t=tR, The two steps are: (1) The Backward
Euler Method (BE) is applied to equations (10) and (13) for half

. | n+l_n .
a time step (from t=tN to t3=tN + £t -t ) to obtain solutions
2

for u and T at t=t&, after which thé solution for v and p at t=t23 are
computed immediately (i.e., p from T and v from u). The process of
looping through all four systems of equations is repeated until the solu-
tion has converged at t=t3, (2) The trapezoid rule (TR) algorithm is
then applied to obtain solutions at t=tP+l for all field variables

using the converged results at t=t2 and those from t=tR., The above
steps, and iteration sequence, are then repeated for the next time step.
Unlike the nonhydrostatic code, the time-step sizes in the present pro-
gram are predetermined and controlled by input data. The time integra-
tion scheme used in the nonhydrostatic code could, of course, be employed
here also but remains to be implemented.

To derive the recurrence relationship for the BE step and to clarify
the scheme, let us consider equation (10). With superscripts "n" and "a"
denoting variables at tP? and t® respectively, we thus have
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2w + (K + N)u? = £2
At
or o
2 a a_.a, 2 n '
[At M+ K+ N ] u = £ + At Mu, A (14)

where At = tNtl-tN js a full time step. The solution to Eqn. (14) is

a first order accurate result for u? from time tM to time tN + At/2

and is stable for any At., Similar results can be obtained for equation
(13), Currently the nonlinear system of equations, Egqn. (14), is being
solved by direct iterations, using results from the most recent iterate
in forming the matrix N8, fTo obtain the solutions at time t=t!*l, we
apply the 'trapezoid rule' in the form

an+l = gpa - 0, ' (15)

The above procedure can be considered as a modified TR (or, perhaps
more precisely, as a nonlinear, implicit mid-point rule), since it can be
shown that, for a linear system of ODE's, the combined result of the
above steps is identical with that of TR, even though the first step (BE
step) apparently is only first order accurate in time. Hence the final
result would be second-order accurate in time from tP to tN+tl, rThe
attractive feature of the above procedure appears to be that somewhat
fewer matrix multiplications are required than with the conventional TR
in formulating the RHS vector. However, the accuracy, stability, and
rate of convergence, as compared with ‘the conventional TR applied to the
nonlinear system, remains to be investigated.

® Converyence Crilerion

The root mean square (RMS) error is used as the convergence cri-
terion to determine whether the solution has converged adequately between
two successive iterations m and m+l. This criterion is applied to both
the temperature field and the horizontal velocity field. Mathematically,
we require ' .

1 Vr
— I ml oom 2
jor] = ANra=iTi T )T _
Tmax (16)
Nu
1 L m1 m 2
IG I - N i1 (u, -~u, )
u Aui i i < e
Ynax
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where Np and N, are the total number of nodal values being computed
(specified values excluded) for temperature and horizontal velocity com-
ponents, respectively, Tp., and up,, represent the expected maximum
values for T and u within the domain, and € is a (small) input para-
meter. Our numerical results indicate that a value of € equal to 10-3
is generally sufficient, and that the typical number of iterations re-
quired for each time step varies from 2 to 6, depending mainly on the
time step size and the "difficulty" of the simulated flow.

NUMERICAL RESULTS

In order to study the applicability of the present models for LNG
vapor dispersion predictions, we have used both models to generate solu-
tions to a series of test cases, with.the diffusivity parameters varied
and subject to a pre-existing wind or a no wind condition. 1In these test
cases, two of the parameters were set to be constant (y = 0.003 oc-1
g =9.8 m/secz). The d1ffu51v1ty parameters (v=p/p and k) were set
equal to 0.1, 1, ox 10 m /sec to approximate the turbulent eddy diffu-
sivity. These values are crude estimates of what we believe might cor-
respond to the minimum, nominal, and maximum expected average values of
the turbulent diffusivity. We used consistent (but not identical) ini-
tial and boundary conditions whenever possible in the two models. For
the results presented herein, 4-node bilinear approximations for u, v, T
and piecewise constant for p have been used with the nonhydrostatic
model, but 4-node bilinear approximations for all variables, u, v, T and
p, have been used with the hydrostatic model. Because we intend to use
only the 8-node trilinear elements in our future three-dimensional LNG
dispersion model, for simplicity, and some other reasons (to be discussed
in a future paper, Ref. 8), we conducted the two-dimensional calculations
using, almost exclusively, the 4-node bilinear elements. In the follow-
ing sections we present and discuss some key results from these test
cases (velocity is in. m/sec, temperature is in ©C, and pressure is in
nt/m ).

For the cases without wind, we consider a domain of 240m x 24m, repre-
sented by a nonuniform mesh consisting of 552 bilinear elements and 611
nodal points. Due to symmetry, only half of the physical domain was used in
our computations. The initial ING vapor cloud is idealized as a thin
slab, sitting on the ground, with temperature T=-180°C (relative to the
ambient air) within the slab but equal to a Gaussian distribution func-
tion along the top and edges of the slab (for numerical reasons) which
rapidly brings the temperature from -180°C to 0°C, More specifi-
cally, the initial temperature is described by

/ -180 - for 0<x<100, 0<y<4
2 _ ' '
: -180e” ¥ 4772 for 0<x<100, 4<y<24
T, (%x,y) = { o -
- _1809-(x-100)2/2-(5)2 4 for 100<x<240, 03y<4

\ -1soe'[(x'l°°; /(55 + y-af1 /2 for 100<x<240, 4<y<24;
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wherein &t is seen that the vertical standard deviation (¢ in

e~ (Y-Yo) /202) is one meter and the horizontal standard deviation

is five meters. The remaining initial conditions together with boundary
conditions used in our calculations are shown in Fig. 1. Besides the
requirements of compatibility with the partial differential equations
(PDE's) being solved, these boundary conditions have been selected to
provide consistency between the two models and also to be as flexible as
possible (rather than being too 'stiff' for the relatively small domain
considered). The no-flux condition at the ground was invoked for two
reasons: (1) simplicity, and (2) it permits an alternate interpretation
of isotherms as concentration contours since the no-flux condition is
appropriate for the species concentration equation and the eddy dif-
fusivities for heat and mass transfer are essentially equal. This is
only a very crude boundary condition for the temperature equation, how-
ever. Also, a boundary condition such as 3u/on = 0 (instead of £, = 0)
at the outlet for the nonhydrostatic model i§ probably more reasonable,
considering the fact that the steady state solution (T being a constant,
p linear in y, and both u and v being zero) will not be recoverable under
the present condition. This is so because the above condition implies
that the value of 3u/on at the outlet must be nonzero and in balance with
the resulting (hydrostatic) pressure in order to approximate the condi-
tion £, = 0. Although the hydrostatic pressure field can, in theory,

be removed and the above difficulty circumvented, it does not seem to be
an easy task for transient calculations. Since the above natural
boundary condition (9u/an = 0) has not been implemented in the nonhydro-
“static code yet, we use the condition f, = 0 temporarily. As long as

the outlet temperature is nearly zero (hence p=0), the use of such a
boundary condition is not expected to contaminate the solution signifi-
cantly. "
In Figures 2 through 5, we plot and compare the temperature field,

the pressure field, the streamlines, and the velocity field at various
times for the nominal case (v = k =1 m2/sec), as predicted by the
hydrostatic and nonhydrostatic models. As is seen in Figs, 2 and 3, both
the ‘temperature field and pressure field predicted by the two models
compare in general very well except in the vicinity of the vapor cloud
front where the hydrostatic assumption is apparently not well satisfied,
As expected, the difference is more noticeable in the pressure field than
in the temperature field, with the hydrostatic predictions indicating a
consistent phase lag for the lowest pressure contour line. 1In Fig. 2, if
the temperature is alternately "interpreted" as species concentration,
then the two lowest contour lines for temperature represent approximately
the upper flammability limit (UFL) and the lower flammability limit (LFL)
(i.e., 15% and 5% methane concentrations by volume) of the ING vapor con-
centration, respectively., Obviously the predicted UFL and LFL for the
present case by the two models agree quite well in spite of some notice-
able differences in pressures. However, the flow fields as predicted by
the two models are seen to be significantly different near the front of
the density current, as shown in Figs. 4 and 5. The hydrostatic model,
although capable of representing the general flow pattern for late times,
is unable to accurately produce the proper recirculation region in the
vicinity of the vapor cloud front, which is present in the nonhydrostatic
model. Also, the hydrostatic model is seen to have produced some
unreasonably large vertical velocities near the top boundary, obviously
attributable to the presence of a rather strong eddy in the flow field.
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The ratio of predicted maximum magnitude of velocity (at different loca-
tions, however) between the two models ranges from approximately 2.5 at
t=10.5 sec to approximately 2 for later  times (Note. The velocity vector
plots in Figs. 5, 7 and 9 have been exaggerated by a factor of 2 in the
vertical direction, therefore the real situation is not as bad as it
looks). '

Shown in Figs. 6 and 7 are the results of temperature and velocity
fields corresponding to a case with large diffusion (v=k=10 m2/sec) as
predicted by the two models, The results compare remarkably well, espe-
cially for the temperature field. The worst comparison appears to be in
the predicted maximum velocity at rather early time (t=10 sec in Fig. ’
7a), in which the hydrostatic model predicts a value approximately 14%
higher than that of the nonhydrostatic model. The discrepancy, neverthe-
less, diminishes quickly as the vapor continues to disperse, as indicated
by the results in Fig. 7b.

In another test case, we reduced the diffusion parameters from the
nominal case by an order of magnitude, i.e., v=k=0.1 mz/sec (or equiva-
lently make the Reynolds and Peclet numbers an order of magnitude larger)
and the results are shown in Figs. 8 and 9 for temperature and velocity,
respectively. As suggested by the temperature contour plots in Fig. 8,
this case, unlike the previous cases, is dominated by gravitational
spread. For the present case, the nonhydrostatic model seems to run suc-
cessfully, although smaller times steps than those used in the nominal
case are required and some wiggles in the velocity field, due to coarse
space resolution, are present. The predicted maximum velocity at t=10
sec is equal to 3.8 m/sec (see Fig. 9a), which is reasonably close to the
velocity of a density intrusion (v = v2gh Ap/p—= 5.6 m/sec) in a two
fluid system, using the simple Bernoulli equation. (The above density
intrusion speed is expected to be larger than that predicted by the non-
‘hydrostatic model because viscous effects and the decrease in height of
the dense fluid are not considered in the Bermoulli equation.) On
the other hand, results obtained from the hydrostatic model are unac-
ceptable. As seen in Fig. 8, the isotherms display significant spatial
oscillations, and the velocity vectors, as shown in Fig. 9, are
totally unreasonable. After time t=28.3 sec, difficulties were encoun-
tered in obtaining convergence, even when smaller time steps were used.
The severe numerical-difficulties encountered by the hydrostatic model in
this case are believed to be caused primarily by the presence of a-strong
recirculation zone in the flow field, which obviously cannot be handled
properly by a hydrostatic model. Additionally the mesh used in the pres-
ent calculations is probably too coarse for the flow under consideration
(The grid Reynolds number is several hundred for this case). Use of a
finer mesh could have probably relieved the numerical difficulties to a
certain extent but is not considered to be the solution to the above
numerical problem. This point will become clearer after we analyze
numerically the relative importance of various terms in the vertical
momentum equation, thus either confirming or invalidating the hydrostatic
approximation in various regions of the flow field.

s
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Toward this end, we have evaluated, via simple finite difference
formulae, the numerical values of all the terms in the vertical momentum
equation for some typical nodal points for the cases with nominal and low
diffusivities, and the results are tabulated in Tables 1 through 3. 1In
these tables columns (1) and (2) are the two terms retained in the equa-
tion with the hydrostatic approximation, columns (3) through (6) are the
terms neglected in the hydrostatic model, column (7) represents the sum
of the neglected terms when put on the "right hand side" of the equation,
and column (8) is the sum of all the terms in the equation except the
vertical pressure gradient. Obviously, by definition, in order for the
hydrostatic approximation to be valid, the values in columns (1) and (2)
must be approximately equal and each individual term in columns (3)
through (6) must be small (Note. The sum of these terms beingismall is
necessary, but not sufficient), compared with the pressure gradient and
"the buoyancy terms. In theory, for the vertical momentum equation to be
satisfied, values in column (8) must equal those in column (1). However,
with the Galerkin finite element method, the equation can only be expec-
ted to be satisfied in an averaged sense over an area (over all the ele~
ments which are directly connected with the nodal point under considera-
tion) instead of at that particular nodal point. Additionally, the time
and space derivatives in the equation have been evaluated using rather
simple (unsophisticated) central finite difference formulae and hence the
truncation errors are likely to be significant, especially with the
unequal time step sizes and nonuniform mesh presently used. For these
reasons, the values under columns (1) and (8) are only closely agree-
able.

Tabulated in TableNl are the values of all the terms for two of the
nodal points at time t = 30 sec for the case of nominal diffusivities.
Node 329 is-close to the ground and approximately 30m behind the vortex
center and node 454 is nearly at the vortex center (see Figs. 4b and
Sb). As seen in the table, the hydrostatic approximation is apparently
valid at node 329 but is definitely invalid at node 454. At this loca-
tion, although values of the convection and diffusion terms are small,
the local acceleration term is large and is, in fact, the largest term in
the equation. The large acceleration is caused principally by hydro-
static imbalance. Similar results are presented in Table 2 for the case
of low diffusivities at approximately the same time. For this case, how-
ever, the vortex center is farther downstream and is closer to the
ground, located approximately at node 503 (x = 167m, y = 8.65m, see Fig.
9b). Again, hydrostatic balance is seen to be present at node 329 (far
.from the density front) but is definitely not present at node 503, with
the acceleration term playing an important role. By comparing the values
in Tables 1 and 2 for node 329, we note also that the terms in ¢olumns
(3) through (6) have changed from being negligibly small in the case of
nominal diffusivities to being somewhat more important in the case of low
diffusivities, even though the recirculation zone for the latter case is
farther away from the point under consideration. These numerical values
show clearly the importance of the local acceleration in the recirecula-
tion region and also help explain why the hydrostatic model encounters
greater numerical difficulties when the diffusivities are reduced
because, for such cases, the inertial terms are becoming more important:
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and should not be neglected. 1In Table 3, we tabulated, for the case of
low diffusivities, the numerical values of all the terms in the vertical
momentum equation for node 329 (the vortex center is approximately at x =
1l4m, v = 4.5m when t = 5.47 sec as the vortex moves past this point).

. As seen in the table, for such a location, the acceleration and the
convective terms (in particular, the horizontal component) as well are
apparently not negligible and should not be neglected, even though they
tend to cancel each other. The values in columns (3) and (4), as
expected, reach their maxima at t = 5.47 sec, the time when the vortex is
passing by from above, and then decrease afterward.

In order to compare results predicted by the two models under a pre-
existing wind, we computed also the above test cases with a nonzero ini-
tial flow field, using an extended mesh. and more grid points. The pres~
ence of a pre-existing wind field, as expected, does not cause any addi-
tional computational difficulties except that smaller time steps are gen-
erally required, using the same accuracy requirement set forth for the no
wind cases, because the advective terms are more important now. Compared
to the nonhydrostatic model, the hydrostatic model, again, performs quite
well for the case of high diffusivities (v =k = 10 m2/sec), reasonably
well for the case of nominal diffusivities (v = = 1 m2/sec) but
totally unsatisfactorily for the case of low d1ffus1v1t1es (v =%k=0.1
m2/sec) Due to space limitations, the results from these cases are
not presented here but are ava1lable in Ref. 9.

SUMMARY AND CONCLUSIONS

We have described two finite element models: one based on solving
the time-dependent, two-dimensional conservation equations of mass,
momentum, and energy, with buoyancy effects included via the Boussinesq
approxlmatlon- the other based on solving the otherwise identical set of
equations except using the hydrostatic assumption, and applied these
models to predict some aspects of the vapor dispersion phenomena associ-
ated with ING spills. A number of controlled numerical experiments,
representing a reasonable expected range of ING spill scenarios and
atmospheric conditions, have been carried out. The results of these test
cases demonstrate clearly the applicability and versatility of the finite
element method as a numerical tool in predicting the vapor dispersion.
phenomena of ING spills and have established for the first time, some
data regarding the applicability of the hydrostatlc assumptlon for ING
vapor spread and dispersion.

Since the primary objective of the present study was to assess the
feasibility of finite element methods and the validity of the hydrostatic
assumption, as applied to modeling LNG vapor dispersion problems, less
emphasis has been placed on optimizing the computational speeds of the
computer codes and thus the timing information (computation costs) has
not been closely monitored. Nevertheless, some approximate timing infor-
mation is given here to indicate the level of computational efficiency
one can expect to gain using a hydrostatic model. The computational
speed of the nonhydrostatic code is approximately 4 time steps/minute
which implies a total computation time ranging from approximately 10 to
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20 minutes CPU time on a CDC 7600 computer for the cases studied. The
hydrostatic code, as it stands now, runs about 2.5 times faster and, if
optimized, would be expected to run 4 to 5 times faster than the
nonhydrostatic code.

Although the models presented herein still need refinements and
~ improvements, we believe that enough of the important physics involved in
.the ING vapor dispersion process has been modeled, vis-a-vis our limited
preliminary objectives, to permit the following c¢onclusions:

1. Based on the controlled numerical experiments conducted in this
study, the hydrostatic model and the nonhydrostatic model appear to agree
remarkably well in all field variables (temperature, pressure, and velo-
city) for cases of high diffusivities (., = k = 10 m2/sec), with and
without a pte—existing wind. For the cases of nuiinal diffusivities (v
=k=1m /sec), with and without wind, the hydrostatic model has
yielded results for temperature and pressure fields quite agreeable with
those from the nonhydrostatic model; however, for the velocity field, the
hydrostatic model fails to produce the correct redirculatory flow which
is generated near the front of the LNG vapor cloud and as a result, the
flow field in that region is significantly in error, with unreasonably
large vertical velocity components near the top boundary. For the most
difficult cases of low diffusivities (v=k = 0.1 m2/sec), with and
without wind, the hydrostatic model does not appear to be applicable.

For flow regions where the hydrostatic approximation does not apply (such
as a strong recirculation region), it has been found that the inertial
terms are generally too important to be neglected. The viscous term, on
the other hand, has been found to be relatively unlmportant, at least for
the cases studied.

2. Although a hydrostatic model appears to generate good solutions .
when applied to cases where the hydrostatic assumption is valid, its
range of applicability, as has been demonstrated, is rather limited..
Apparently, a hydrostatic model cannot be applied to the worst cases of
ING spills, where the atmospheric condition is calm and stable and the
resulting diffusion coefficients are small. Also, when the constant eddy
viscosity assumption is refined and improved, say by a K-model, the
diffusivities near the vapor cloud and the ground might (for some time
period) be expected to be even lower, which would create even more diffi-
culty for a hydrostatic model. Furthermore, in the presence of complex
terrain, dikes, and buildings, etc., the hydrostatic model is definitely
inappropriate. For these reasons, we conclude that the final ING vapor
dispersion model should use the nonhydrostatic formulation.

3. Several refinements and improvements should be applied to our
current version of the nonhydrostatic model to make it more realistic ‘in
simulating the ING vapor dispersion phenomena as well as becoming compu-
tationally efficient. These include the removal of the constant property
assumption for density and diffusivities, the implementation of more
sophisticated and more realistic boundary conditions, incorporation of
the vapor concentration equation, the elimination of the Boussinesqg
approximation and, finally, the use of more efficient algorithms for
solving the discretized system of equations. All these will be imple-
mented in our future two-dimensional, and three-d1men51onal LNG vapor
dxspers1on models.
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Table 1.

Numerical Values of Various Terms in the Vertical
Momentum Equation for the Case of Nominal Diffusivities
(v=k=1,0 m2/sec, t=30.39 sec)

Terms (1) (2) (3) (4). (5) (g) (N (8)
op pPYQT av v Qv uvéy (6)-(3)-1 (2)+(7)
Nodes oy P35t M ox i ay (4)-(5)
-$#329 ' : » :
(x=115, vy=3) -1.654 -1.657 0.00 0.00 0.00 -0.002 -0.002 -1.659
#454 ‘ )
x=145, y=18.07)] 0.065 ~-0.057 | -0.128 -0.008 0.003 0.00 0.133 0.076
Table 2. Numerical Values of Various Terms in the Vertical
Momentum Equation for the Case of Low Diffusivities
(v=k=0.1 m2/sec, t=30.45 sec)
Terms (1) (2) (3) (4) (5) (6) AN (8)
ap PYST v 2V oY | w9 | 6)=(3)-] (214(7)
Nodes oY 3 | - PUax 3y (4) = (5) .
8329 : .
(x=115, y=3) -2.585 -2.525 0.069 -0.009 -0.006 0.019 -0.035 ~2.560
3503 ' :
(x=167, v=8.65) | ~0.037 ~0.924 -0.891 -0.008 -0.009 0.003 0.911 -0.013
Table 3. Numerical Values og Various Terms in the Vertical
Momentum Equation at Node 329 (x=115, y=3, v=k=0.1) 4
Terms (1) (2) (3) (4) (5% . A(g) (7). (8)
. op pYQT ov ov v uveév (6)-(3)-] (2)+(7)
Times dy 3t PuSL PVEY (4)=(5)
4.92 ~2.165 | —2.587 | -0.952 | 0.624 | o0.042 | <0.017 | o0.269 |~2.318
5.47 -2.440 -3.066 -1.126 0.775 =0.005 0.019' 0.375 ~-2,.691
'6.03 -2.406 -2.581 -0.570 0.545 0.044 0.037 0.018 .} -2.563
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SUMMARY

This report suhmarizes progréss on a project to develop new analy-
tical methods for cérrelating and comparing theoretical and experimental
studies on the motion and dispersion‘of negatively buoyant vapor clouds.
It describes the assumptions and simplifications used in constructing a -
new model analogoﬁs to boundary layer integral models and then identifies
some quasi one-and two-dimensional steady and unsteady flows for which
solutions were sought. A major fiﬂ;ing of the studies to date is analytic
asymptotic solutions which are ptactically applicable at long times when

substantial dilution has occurred. These solutions will also help in

future attempts to correlate both numerical and experimental results.

INTRODUCTION

This predominantly theoretical research is concerned with the
development of a fluid mechanical mo§el of the gravity spread and disper-
sion of negatively buoyant vapof clouds. This new model is of intermediate
complexity, falling between the SAI SIGMET three-dimensional, unsteady
flow model and the modified classical models of Fay and Lewis (1975) and
Germeles and Drake (1975). A principal purposé of this devélopment is to
provide a common basis for the comparison of thé numerical results from these

N !

earlier models{ which are widely disparate (Havens 1977), and to attempt to
delineate whether the aifferences are due to different assumptions regarding
physical effects or to the nature of the mathematical analysis. As will be
seen below, there is also evidence that the intermediate-~level model will

permit correlations of existing theoretical calculations and experimental

measurements of vapor cloud dispersion.



There are two major physical effecfs which dominate the motion of
negatively buoyant vapor clouds. The first is the lateral spreading caused
by gravity and the secoﬁd is dilutioﬁuf;sulting from tufbulent mixing with
the atmosphere. For the cases of inﬁerest, which involve accidental releases
of vaporizing liquid, the subsequentlcloud motion will be an unsteady;
turbulent, three-dimensional fldw; There {s no complete ;nderstanding of
such complex flows, so that simplifying as%umptions are necessary in con-
structing any flow model. It is thus the purpose of this research to con-
struct a model which inéludes ali tﬁe.impoftant éhysical effects, albeit in
‘somewhat‘siﬁplified forﬁ, but which retains the unsteady, multi-dimensional
character of the flow. The model includes a level of complexit§ which matches
our limited understandiﬁg of the basic physical érocesses at work.

A major goal in developing an understanding of vapor cloud disper-
sion is tﬁe determination of the conditions for which dilution with ambient
air is sufficiently great that no further hazard (toxicity or inflammability)
exists. Ofdinarily, this involves dilution of the original vapor by a
factor of ten to a hundred. in any tﬁrbuleuL mixing process which produces
such substantial amount of mi*ing the early stages éf'mixing or initial
conditions have very little effect upon the  final state which is of interest.
It may not therefore be es;ential, from this point of view, to develop models
which accurately describe this eérli stage proviéedf they properly treat the
flow under conditions of considerable dilution. Forlthis reason our research
has emphasized the asymptotic behavior of the flow model, where justifiable
simplifications can lead even to analytical solutions which ﬁay prove to be

- quite accurate for the practical conditions where great dilution exists.



MODELINC ASSUMPTIONS AND SiMPLIFICATIONS

Observations of ING vapor cloud motion clearly show the dominant
effect of lateral spread caused by'gravity. This provides a starting point
for constructin§ a simplified modél; namely, the mixing processes in the
vertical direction are much more significant than in the lateral directions
bec;use of the much greater verticgl g#adients. (In this respect the flow
inside the cloud or plume resembles that in a turbulegt.boundary layer.)
Because the vapor cloud'ﬁeight is small compared to its lateral width, the
wind-driven flow of air above or beside the cloud will scarcely be affected
by cloud growth - again, closely aqalogous to the flow external to a viscqus
boundary layer. However, there is one region of the flow in which these
approximations do not hold; namely, the edge of the.spreading cloud. He;e a
locally qﬁasi-steady flow will prevail, Q}th conditions_the éame as those at
the head of an intrusive front whe:elthe front speed'éan be related to the
negative buoyancy in the intrusive flqyJQShind ché front.

These considerations thus suggegt a model which treats the flow
within the vapor cloud in much the’same‘manﬁer as the flow within a viscous
boundary layer. Thé external, Windrdriven flow and the gfound provide boun-
dary conditions at the upper and.lqwer surfaces Qf Ehe clpud, while the
lateral edges of the cloud move into the external flow field as does an
iptrusiVe front, thereby defining mixed boundary conq;tions along these
edges.

An additional assumption and a simplification can now be made.
Because the flow within the cloud is érimarily in the horizontal direction,
a hydrostatic pressure distribution‘is assumed. It is then convenient to
integrate the fluid flow equations in the verfical direction ‘reducing the

independent dimensions of the problem by one) thereby expressing all the



dependent variables as integrals, as has been found useful in some boundary
layer flows.

At this stage the integro—diiferential equations expréésing the
physical conservation laws are not complete beCéuse the rate of vertical
mixing has not been specified. To close the system, an entrainment rela-

' coeste B '
tion similar to those uééd in simple free shear flows (Turner 1973) is
proposed in which the rate of entrainment consists of two independeﬁtly
additive terms, the first due to horizontal shear and the second die to
free-stream (atmospheric)  turbulence.. The entrainment proportionality
constants are considered to depend-upbn'loéal dimensionless pérameters
such as Richardson number and atmospheric -stability class.

The resulting systemzof,equations~(ébhservation.ofimass, lateral
components of ﬁomentum and energy, entrainment relation and caloric
equation of state) is hyberbolic in éharacter because the relatively
thin layer of negatively buoyant fluid.can propagate gravity waves. While
numerical finite difference techniques:can be used in their solution, we
have concentrated on the deQelopment of asymptoti¢ analytical solutioné to
these equations{ but have aiso investigated numerical solutions for some
simpie cases.

| When iﬁvestigating asymptotic-solﬁﬁions, i.e., flo& conditions far
enough dowpstream that cénsiderable dilution has taken place, the classical
Boussinesqg approximatioﬁ is then usgd, simplifying the evaluétion of the
integral vari;bles.‘ Also, é uniform vefticél dis;ribution of the debendent
variable quantities within the cloud is“;ssumed as a simplification (more
reaiistic profiles are easily treated;. |

To illustrate the net consequences of these assumptions and simplifica-

tions, we write here the differential equations for a quasi one-dimensional



isothermal flow of a negatively buoyant plume far downstream of the source:

Entrainment: . dl(u+l) 8] = ajul+y
dx et .
Mass conservation: dfa(u+l)d] =0
ax
2 2 '
Momentum: dl(u+l) 8+FAS™] = afu]|+y-£fu

dx

where all quantities have bgen made dimensionless through use of the source
length scale £ and wind speed u_. iIn-these equations 1.+u is the mean plume
speed, § the plume thickness, A the fractional density excess, ®¢ and Y are
entrainment coefficients, f is a net drag coefficient acting on the plume
and F = g2/2q¥zis‘adimensionless parameter. These equations thus describe
the asymptotic behavior of a negatively buoyant plume originating from an..
infinite liné or strip source and subjected to a crosswind normal to the
sourcé direction.

For more general flows, such:as unsteady, two-dimensional flow and/or
nonisothermal flow, additional terms:and equations are required which are

not repraduced here.

QUAS.I ONE-DTMENSTONAL STE‘ADY FLOW

An extensive investigation of the application of this model té the
case of a steady negatively buoyéht élume'emitéed from é strip source
oriented normal to a crosswind ha; been givén by‘boo (1979). This'example
illustrates theluse of the modelAfér a case which ié easiest to analyze;
At the same time, it could reasonébly represent tﬁé vapoi plume fofmea f¥6m‘
a liquid spill intova road gutter ;r £ransfer pipe éontainment tfench: We
here quote the major conclusions from this study:

(i) A stéad& flow.solutionvié possible onl§ if the source strength

. ' . 3 _
is small compared with the wind speed (buoyancy flux per unit length/u& < 8/27).



(ii) Contrary to intuition, the vapor séeed is always less than the
wina speed at great diétances downstream.

(iii) Two solutions exist for any source strength satisfying (i),
either supercfitical or subcritical, depending upon whether the plume speed -
utl is greater or less thaﬁ the loéai é;avity wave speed (2F6A)%. These . “
solutions are also distinguished by the initial conditions of the plume at
the source.

Numerical solutiong tor the flow close tu tlie suurue have bsen carried

out and are illustrated in Doo (1979).

QUASI ONE-DIMENSIONAL UNSTEADY FLOW

Two types of flow have been considered for this case. The first
is the initiating phase of a plume, némely, a steady strip source turned on
at time zero. The second is the line puff, i.e.,‘a strip of pure vapor
voiume released at time zero which subsequently spreads laterally and drifts
downwind. ‘Some.solutions of both types have been obtained by numerical
inteqration using the method of characteristics (the équationé are hyperbolic).
For thesec cases only isothermal flows were considered and the Boussinesq
apprbximafion‘was used (although it is probabl§ not accurate at small times).

The results of these studies may be summarized as follows:

(i) Fo; very strong sources, an upwind moving front as well as a
downwind front was formed. The flow (as expected) did not approach a steady
state. ' .

(ii) For weaker sources, the solution was not:followed'in ti@é 23
sufficiently long to détermine when a éteady flow would be reached.

(iii) A liné puff will accelerate to the wind speed, even in ‘the

absence of entrainment or friction. The physical mechanism for this acceler-



ation is simple to explain. Initially,_aeetationary puff wopld spread
laterally wi;h equal speed beth upwihd and downwina. Butjthe relative speed
upwind is greater, hence the puff thickness & must:-be greater according to
‘the intrusion front bbundary cenditioh. ‘Fof the cloud as a whole, then, a
hydroetatic hopizontal pressure gradient is induced which aécelerates the
cloud in the downwind direction. Ultlmately, the llne puff drlfts with the
w1nd speed, spreading symmetrlcally about its center.

(iv) Once the acceleration mechanism is recogniaed,Aasymptotie
solutions for the line puff can be found.which express the motion with respec;
ﬁo the.driftihg‘cloud. _These solutions have a form expressible in similarity
variables whenever one of the‘two ehtrainment mechanisms is dominant. At early
times (but not so early that -the puff has not accelerated) shearlentralnment
w111 domlnate whereas at. long enough times entrainment w1ll'be caused by
vatmospheric turbulence._ Analypic.asymppotie solutiens for<hpth regimes have
heen fohnd;' | | |

(v) .ﬁumerical solutions for‘the'line paff‘havelbeen followed out to
tiﬁeS'where phe asymptotic analytic soiution ie reached to withinAaeceptable
accuracy. |

| These stﬁdies'ha&e‘preceedea as far as eeems‘warrantedvat this time{
pbnsidering,the limited_ueefulness of the flow geometry and the’practical
Aifficulties ef the humerieai~integration pechnique; The phfsical effecte

revealed in these.selutions are the most signifiéant result.

QUAST TWO;DiMENSIONAL UNSTEADY FLOW

The study of the llne puff which led to the conclusion that the
asymptotic behavior could be determined by assumlng the puff would ultlmately
drift with the wind speed, suggested that a similar approach would be possible
for an.ax15ymmetrie vapor -cloud released at tlme zero. - Aga;n assuming that the

cloud wouldlaccelerate to wind speed, aﬁisymmetiicfasymptotig'solutions ex-




pressed -in similarity form were found for the two entrainment limits.

These solutions were not tested against a numerical integration scheme,

which would require considerable effort. However, the form of the solution
suggested the definition of useful dimensionless variables which might bé used
to correlate other numerical solutions orx empiriqal observations, as described

further below.

QUAST TWO-DIMENSIONAL STEADY FLOW

The plume formed from a steady point or area source in a érosswind
is the two-dimensional analog of the one-dimensional plume described above.
Because the flow is not constrained in the lateral dimension normal to the
wind, however, we would exﬁect to find a solution for any source strength.
Althouéh the plume might extend upwind of the source some distance; the
fluid will ultimately be swept downwind and a‘Steady floQ.should persist.

In this case én asymptotic solution is sought for which the plﬁme
flow speed approaches that of the oncoming wind. Again, the éolutioﬂs found
are expressible in similarity variables. As might be expected, the develop-
ment of the transverse flow fileld as a function of downwind distance is
closely analogous to the time dependenqe of the quasi one-dimensional line
puff ‘discussed above.

These solutiqns are expected to be useful in correlating steady
plume model calculations‘ahd experimental observations of plumes from con=

fined spills.

CORRELATION OF MODEL CALCULATIONS
The asymptotic solutions which have been for the proposed model
equations and which are described above are all expressed in terms of dimension-

less variables. Thus the dimensional parameters of the problem, such as vapor



source strenéth or initial mass,.wind speed, wind turbulence level, etc.'are
grouped into dimensionless parameters. By examiniﬁg the form of these solutiohs,
it bécqmes apparent that there are appropriate ways to non-dimensionalize the
variables which are of most direct interest. For a vapor cloud fofmed from

the very rapid evapofation of a liquid spill, or instantaneous release, we have
found it suitéble to select the maximum ground level concentration ém and the
time t since the cloud was forméd és the dependent/independent variable pair

to be correlated. The corresponding dimensioniess forms of these variables,

denoted by a superscript asterisk, are:

5

cm(g3M/ow) /%3

C
m

= uwzt/ (gM/p ) g

o
1l

where M is the mass of vapor in the cloud and p_ is the -atmospheric density.
To illustrate the usefulness of these variables, we show on the
attached Figure 1 a correlation of several calculations made using the SAI
SIGMET model as reported by Havens (1979). These calculations cover a range
of wind speed and spill size, but otherwise invariant.étmoépheric turbulent
transport properties. The solid lines show the coresponding asymptotic solu-
tion as described above, using entrainment coefficients which best correlate

these data.

CONCLUDING REMARKS

The model desqribed above has proven to be very useful in revealing
the relative importance of the diffefent physical phenomena which affect the
motion of negatively buoyant vapor clouds. The development of asymptotic
solutions in an analytic form is espeéialiy convenient. Becéuse much practical
interest attaches to the later stages of the flow after great dilution has taken

place, which is generally the fegime of the asymptotic solution, precise

B-9.
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Figure 1. Correlation of several SIGMET calculations of maximum ground level

concentration of LNG vapor as a function of time from beginning of
a spill of LNG on water. All calculations were made for fixed
stability class and turbulent transport properties but variable
spill volume and wind speed. Straight lines -are analytic asympt
tic solutions for axisymmetric vapor cloud.
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description of the early flow field may not be necessary as a practical matter.
Some current effo;t is devoted to the use of such solutions as a frame-

work ‘for correlating various calculations and measurements, especially from

the point of view of distinguishing scale effects. While this is a promising

approach, further analytical work may be needed to achieve this objective.

REFERENCES

Doo, ¥Y-C. 1979. A two-dimensional model of negatively buoyant vapor cloud
dispersion. M.S. Thesis, Massachusetts Institute of Technology, Cambridge, MA.

Fay, J.A., Lewis, Jr., D.H. 1975. The inflammability and dispersion of LNG
vapor clouds. Proc. Fourth Int. Symposium on Transport of Hazardous Cargoes
by Sea and Inland Waterway, Jacksonville, pp. 489-98.

Germeles, A.E., Drake E.M. 1975. Gravity spreading and atmospheric dispersion
of ING vapor clouds. Proc. Fourth International Symposium on Transport of
~ Harzardous Cargoes by Sea and Inland Waterway, Jacksonville, pp. 519-39.

Havens, J.A. 1979. A. description and assessment of the SIGMET LNG vapor
dispersion model. CG-M-3-79, Office of Merchant Marine Safety, U.S. Coast
Guard, . Washington, D.C.

Havens, J.A. 1977. Predictability of LNG vapor dispersion from catastrophic
spills on water: an assessment. Office of Merchant Marine Safety, U.S. Coast
Guard, Washington, D.C.

Turner, J.S. 1973. Buoyancy effects in fluids. Cambridge University Press,
Cambridge. :

" B-11



REPORT C

Effect of Humidity on the
Energy Budget of a Liquefied
Natural Gas (LNG) Vapor
Cloud

L. C. Haselman

Prepared for the :
Environmental and Safety Engineering
Division _

U.S. Department of Energy

under Contract W-7405-ENG-48

Lawrence Livermore Laboratory
Livermore, California 94550



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



REPORT C

TABLE OF CONTENTS

SUMMARY . . . . . . . .

INTRODUCTION . . . e .

THEORETICAL DEVELOPMENT . . o e

EXPERIMENT COMPARISONS . . . .

CONCLUSION . . -« « . .

REFERENCES . . « o« o - .

FIGURES

The temperature of mixtures
humidities . . . . .

of methane and air with various

. . . . . .

The density of methane and air mixtures divided by the
density of air with various humidities . . . . . .

The expected temperature vs methane
curve) and measured data for LNG 18
from the spill point e e
The expected temperature vs methane
curve)- and measured data for LNG 19
from the spill point . .

The expected temperature vs methane

.curve) and measured data for LNG 20

from the spill point . e

The expected temperature vs methane
curve) and measured data for LNG 21
from the spill point . . .

TABLES

Parameters of four dispersion tests

C-1i4

concentration (solid
at various distances

concentration (solid
at various distances

. . ) . . .

concentration (solid

‘at various distances

concentration (solid
at various distances

. c-1
c-1
c-2

. C-4

. c-12
c-13
c-5

. C-6
c-8
c-9

. e-10
c-11



SUMMARY

The effect of the humidity of the air on the dispersion of the vapor ris-
ing from a liquefied natural gas (LNG) spill is studied. We developed a
‘theory relating the temperature of a mixture of air and methane to the percent
of metﬁane in the mi*turé. The theoretical results are dompared with experi-
mental measurements. In general we found that the experimental temperature
was higher than expected, suggesting that add1t10na1 heat was added to the

plume. Several mechanisms for this addition are evaluated.
INTRODUCTION -

In the event of a liquefied natural gas (ING) spill the liquid forms a
pool that'boils rapidly, producing a heavier-than-air vapor that is .dispersed
by the wind; or, with low wind velocities, spreads due to gravitational forces.
If we assume that LNG is compared solelylto'its principal component, methane,
then the density of the vapor is the density of methane at the normal boiling
poiht temperature (112 K).l At this temperature methane gas is 1.45 times
the density of air at 293 K. 1If, however, the methane gas is heated to 293 K,
it has a density that is 0.55 that of air at this temperature. Thus, the
buoyancy of an LNG/air mixture depends on the heat added to the cloud by ex-
ternal sources. ’

There are several sources of heat addition to the cloud. During the day,
solar radiation warms the cloud. Heat may also be transferred from the sur-
face over which the cloud is dispersing by three mechanisms-—convedtive heat
transfer, radiation from the surface, and heat transfer due to evaporation of
water from the surface and then condensation in the cloud. Finally, the con-
densation of the water vapor in the air adds heat to the cloud due to the heat
of vaporization/sublimation. If sufficient heat is added to the cloud from
these sources, then it becomes positively buoyant and disperses much more
rapidly. Estimating the amount of heat added to the dispersing vapor cloud
' from solar radiation and surface sources is difficult because the heat is
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added to the cloud continually and thué présents a dyhamic problem. The
effect of thefwéte: vapor in the air is relatively easily determined since it
is, for the most part, a function ohly of the temperature of the air and the
relative hum;dity. Ih'tbis repoit we address the effect of humidityién the
buoyancy of the cloud and compare the theoretical expéctasions to experi-

mental results.
" THEORETICAL DEVELOPMENT

In developing the relationship betﬁeen.tempe:ature,'density, and’merhane
concentration for mixtures of air, methane, and water vapor, we make the
following assumpLions:

e All gases conform to the ideal.gas law and are in thermodynamic
equilibrium.

® Mixing between methane and humid air is adiabatic.

e The temperature of condensed and frozen water is the same as the gas
phase temperature. | ‘ A

® The heat necessary to cool or heat the condensed phase is négLigible
compared to the latent heat of sublimation. '

® The condénseq water vapor is assumed to be in the solid phase.

The last two assumptions introduce some error into the calculations; however,

the effect is small and does not significantly affect the results. Since the

water vapor ;ass fraction is of the order of 0.01, it is ignored in the compu-
tation of the thermodynamic variables for the methane-air mixtures.

The temperature of mixtures of methane and dry air can be found from

C T £ +C U 4
m m m__pa a a

=]
[
-

C (1)
p

where Cp is the specific heat at constant pressure, T is the temperature,

and £ is the mass fraction. The m subscriptArefers to methane, and the a sub-
script to air. The expression Ep is the average specific heat calculated

from

Cp = Com fn + Cpa £5 -+ o : : (2)



The saturation vapor pressure of water is found from an approximate'solu-

tion to the Clausius-Claperon equation

_ 5 .(-A/T + B)
Ps =P & ‘ '

(3)

where Ps is the vapor pressure, and Pr is a reference pressure taken as
1 bar. A and B are constants taken as 5514 K and 15.08, respectively. This
provides a fit to the psychometric tables for watér that is at least 2% accu-
rate over the range of 0 to 50°c. , -

_ For air at a temperature Té‘and a relative humiditj.RH, the mass frac-

tion of water vapor fi can be found from

P - +
W P RH (-A/T_ +B)

£, "W P 100 ¢ ’ 4
a o]

where W is the molecular weight, the v subscript denotes water vapor, and Po
is the pressure of the air and water vapor. For a mixture of méthane, air,

and water vapor, the vapor pressure of water Pv is given by the equation.
. W : :
P, =£ P T ' . . (5)

where W is the molar average mpleculaf weight.

' At.the same time the saturation vapor b;essure Ps‘is obtained from Eq. (3)
using T, the tempera;ure of tne,mixture._,If PS is greater than Pv' then -
there is no condensation, and the temperature T is equal to T given by Eq. (1).
If PS isAless than Pv’ then thgre is condensation such that Pv = Ps. This re-
quires that the fraction of water vapor not condensed has a mass fraction

fv determined by

£, =52 . . | O

fo=f£f; £~ £, ' (7

The temperature of the mixture is obtained from



= fC HS
T =T+ ,
P

(8)

where Hg is the heat of sublimation of water. Combining Egs. (3), (6), (7).,

and (8), we have

=

P .
£ £ _:y___re(—A/I‘+B) \ .
iPra. W P
o /

Equation 9 gives the temperature of ‘a mixture of meLhane, air, and water when

(9)

'UO||(nm

P is less than P . It should be noted that the équation 1§ impiricte

since the saturatlon vapor pressure depends on the temperature of the mixture.
' Figure 1 chows the temperature vs -the mnala %,merhAhe for mixtnres of
methane and air at varlous humldltles for an air temperature of 20 C and a
methane temperature of -162 C, whlch is the b0111ng temperature of liquid
methane at atmospheric pressure.1 The effect of hum}dlty at this air tem-
perature is quite pronounced with a change in temperature as much as 26°C.

Figure 2 shows the ratio of the density-of the. mixture to the density of

air vs the mole % methane where the density ratio is given by p/p0 = (W-Ta)/
(Wa°T). These curves show that for high humidities the methane/air mixtures
can become buoyant. Note that using the gradient of the temperature in a
cloud of LNG vapor to estimate the buoyant stability of the cloud, as is done
for example in the SIGMET model,2 is not valid since an- increase in tempera-
ture with height corresponding to deécreasing concentration gradient of methane
can have a density gradient that is either positive or negative, depending
upon the humidity and theconcentration of methanel Also note that this
effect is most pronounced in the concentration regiohs where the methane/air

mixture is flammable, e.g., the 5 to 15% methane range.
EXPERIMENYT COMPARISONS

To test the assumption of adiabatic isothermal mixing, the preceding
theory was compared with data from experiments performed at the Naval Weapons

Center, China Lake, California.3'4

In these experiments LNG was spilled at
the center of a square pond 50 m on a side. Simultaneous measurements were
made of methane concentration using a variety of sensors and temperaturé using

thermocouples. Since a variety of instruments with various time responses was

- C=4
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used in these expariments, it is difficult to correlate temperature and con-
centration -directly, particularly since large fluctqations'in temperature and
concentration were observed. Therefore, for this comparison, points were
chosen at times wnen.the fluctuations were small anc when the concentration
remalned at an average value for ‘a time perlod longer than the response time
of the 1nstrument. . '

It was observed that the methane in these experlments boiled off prefer-
entially to the ethane and propane. Therefore, data from later times in the
experlments were not used slnce the amounts of ethane and propane relative to
methane could be large. For the data presented, the.amounts of ethane and
propane present are small and do not significantly affect the conclusions of
this study. - '

Table 1 shows the conditions under which the four dispersion tests were
donet For all tests the humidity was low, the heatlng effect was small, and
the temperature vs concentration curve is close to that of dry air mixing with
methane. Figures 3-6 show the comperison between the theoretical change of
temperature vs methane concentration and the measured results., The measured
reéults, in general, give a higher temperature than expected, and the low wipd
cases give poorer agreement than the high wind case. In addition, the magni-
tude of the disagreement does not appear to depend on the distance downwind
from the spill point. -

Several explanations are pbssible for this disagreement. As the wind
blows across the spill pond, it eﬁaporates water from the pond and forms a
boundary layer of humid airtclose'to the pond. Thus, the humidity over the
pond, which was not measured;'could be:higher than the humidity measured at
the weather tower upwind of the pond. The variation of humidity with height
in the boundary layer varies with the distance from the upwind edge of the-

[y

TABLE 1. Parameters of four dispersion tests.

. Temperature, - Relative humidity, : Wind velocity,
o .

Test C $ S m/s

LNG 18 36 : A 16 6.2

LNG 19 27 ‘ 29 ' 5.1

LNG 20 _ 27 T 15 ‘ 11.3

ING 21 . "~ 20 ’ ‘ 21 " 4.6
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pond, the relative humidity of the air upwind of the pond, the wind velocity,
and the temperature of thé pond. These factors make it gifficult to estimate
the magnitude of this effect. - ’
Another possible explanation for the dlsagreement is that the vapor pres-
sure for water in the pond is much hlgher than the saturation vapor pressure
for the dispersing plume since the pond is warm and the plume is cold. There-
fore, any water evaporating from the pool is condensed by the cold gas, in-
creasing the gas temperature. This effect, as in the case of the humid

boundary layer, is a dynamic function of many parameters and very difficult to

estimate its magnitude. However, we note-that in LNG 21 the wind over the
pond dropped to a very low value (‘vllm/s), and. the vapor cloud had a long
residence time over the pond. This test shows the greatest disagreement
between theory and experiment, and in particular the data points at about 60%
methane would require a humidity of more than 100% in the air to explaia the
observed difference in the temperature. In LNG 20, where the wind velocity
was high, the cloud had a short residence -time over the pond, and the theory
and experiment in this case are in relatively good agreement. This suggests
that the evaporation from the pond may be significantly heating the cloud.

At this time there are insufficient data to determine if these effects
are contributing to the disagreement between theory and experiment or if the
difference lies elsewhere. On future dispersion tests at China Lake, measure-

ments are planned that will address these questions.

CONCLUSION

Since it is possible that a plume of LNG vapors may become buoyant with
the addition of sufficient heat, it is necessary to determine the energy bud-
get of the plume; There are several sources of energy to heat the plume, and
each source could be important depending on the plume dynamics and the condi-
tions under which LNG is spilled. Under conditions of sufficiently high temp-
erature and humidity, the condensation of water &apor can cause the plume to
become buoyant for mixtures of air and methane on the order of'10% methane and’
90% air.

Compar ison of tﬁeoretical expectations of the effect of humidity on the

temperature with experimental measurements for various mixtures of methane and
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air ‘indicates that the temperature is higher than expected._ This also indi-

cates that there are sources of heat addition to the cloud that are not ac-

counted for by the theory. There are several possible explanations for this

effect, however, there are insufficient data to decide the cause of the dis-

. 3 -
agreement. Further work is planned in this area.
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1.0 SUMMARY

Liquefied natural gas (LNG) fire and explosion phenomena are examined
from the viewpoint of estimating hazard characteristics. Such information
is needed for decision-making relating to LNG facility siting and operations.
This report attempts to dé]ineate and analyze areas where such decisions
still cannot be made with confidence, and to recommend the most needed
further research.

A necessary starting point is the specification of parameters which
control combustion. Representative ranges and some severe case limits
are stated. As much as possible, these were based on knowledge of potential
release scenarios, and of liquid and vapor dispersion phenomena. However,
a significant degree of uncertainty is unavoidable.

1.1 FUEL DISTRIBUTION AND RELATED ASSUMPTIONS

3 are of most interest.

Release volumes on the order of 2500 - 25,000 m
Release rates considered vary from instantaneous to continuous. qu
most purposes, however, instantaneous release over open water leads to
fuel distribution parameters for which combustion phenomena are potentially
the most hazardous and the most poorly understood. Natural vaporization
flux, driven by heat transfer from beneath the released liquid, is assumed
to range up to 0.3 kg/mz/sec. Scenarios which involve release of a large
1iquid volume into a built-up area or release from pressurized storage

are not considered.

1.1.1 Vertical Layer Structures

The combustion phenomena of dominant interest are determined by the
vertical structure of the LNG vapor cloud. Most important is the thickness
of the flammable layer, whose typical range -is taken as 3 - 50 m, with 300 m
as a severe limit. Other parameters of concern are the total amount of



fuel vapor in concentrations above the lean limit, the velocity of the
flammable layer relative to a stationary observer and to the rich layer
- beneath, and turbulence characteristics.

1.1.2 Pool Fires

The most important pool fire ;haracteristics are the natural vapori-
zation rate and the horizontal dimension up to 1000 m or so.

1.2 RESEARCH EVALUATIONS BY TYPES OF COMBUSTION PHENOMENA

Four types of combustion phenomena are considered separately in the re-
port. These are: ignition, vapor cloud burnup, pool fires, and detonation.
Vapor cloud burnup encompasées all aspects of flame development in the vapor
cloud and the interaction of combustion-generated buoyahcy with the flow pat-
terns within the cloud. Strict]y‘speaking, vapor cloud burnqp includes
detonation as a special case. In view of public concern with the possibility
of detonation, however remote, and the large body of speciaiized knowledge
that has evolved respecting detonation phenomena, this subject is treated
separately and extensively.

For each of the four types of combustion phenomena indicated above,
the information most needed for hazard evaluation purpbses is indicated
first, then existing technical understanding is reviewed, and finally
salient conclusions and recommendations for research are stated. At
the end of the report, the more important reconmendations are recapitulated
gnd priorities are stated.

1.2.1 Ignition

LNG vapor-air mixtures within flammability limits are readily ignited
by open flame and by most common sparks. Conditions for ignition by hot
surface or hot gases are reasonably well understood. Should a flammable
mixture envelop a built-up area of a functioning ship, ignition probability

~is very high. If more precise answers are required, e.g. the probable time
to ignition after a flammable cloud reaches a built-up 1éyer, quantification
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of the distribution of various types of ignition sources is the most important
information not immediately available. No new research on the phenomena
of ignition is needed for LNG hazard analysis.

1.2.2 Vapor Cloud Burnup

Concern has been evidenced that a large release of LNG might burn in a
"fire-ball" mode. Unquestionably, if several 1000 m3 of LNG could be vaporized
and ignited so as to form a single large fire-ball, injurious thermal
radiation would be experienced for great distances. The most important
needed information is the extent to which 1arge—sca1e fire-ball behavior can
actually be approached or, more precisely, the maximum length-scale of
coherent vapor cloud combustion. Other needed information is the speed of
flame spread from a point of ignition to targets at risk, or whether a large
liquid spill will become involved rapidly enough to comprise a fully-
developed pool fire. .

The most important of vapor cloud burnup questions is how rapidly‘
flame spreads through turbulent vapor-air layers of thickness and vertical
concentration gradients characteristic of LNG vapor clouds. It appears
likely that typical flame spread rates will be only a few m/sec, but new
experimental research will be required for resolution. Reasonably straight-
forward scale modeling principles are available to minimize the size of
the required experiments.

An anticipated vapor cloud burnup phenomenon is turbulent diffusive
burning of fuel-rich volumes. There would be strong coup]ﬁhg between com-
bustion-generated buoyancy and turbulent diffusion. This coupling is far
from well understood scientifically. However, a rational basis is available
for extrapolating results of small-scale experiments to realistic conditions.

A characteristic of vapor cloud burnup, which possibly grows in im-
portance as length-scale increases, is the competition between flow induced
by combustion-generated buoyancy and turbulent flame spread. The role of
such competition is especially important when considering flame spread up-
stream along a plume. This type of problem is difficult to treat theoretically,
but there is a reasonéb]e prospect for useful scale-modeling.
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A serious concern is the possible formation of pressure waves
capable of structural damage. For simple geometry, ability to calculate
_pressure wave magnitude is limited primarily by uncertainty in turbulent
flame spread rates. Effects of complex geometry need further investigation.

As the involvement length-scale increases, burning vapor clouds pose
a thermal radiation hazard. Prediction of thermal radiation from burning
vapor clouds is limited primarily by inability to describe the evolution
of flame geometFy.

1.2.3 Pool Fires

Thermal radiation incident on targets al risk outside the fire involve-
ment area is for practical purposes the one characteristic of LNG pool fires
important to decision-makers. This problem can be broken down into deter-
mination of fire geometry and description of thermal radiation flux at a
perceived flame boundary. Both types of information are aVai]ab]e, albeit
in highly approximate form. Hazard characteristics are only moderately
sensitive to flame geometry parameters and emission flux. Thus, although
much scientific work remains to be done toward detailed understanding of
pool fire phenomena, additional research in this area is not considered to
be a high priority in hazard evaluation.

1.2.4 Detonation

Detonation, as meant in this repbrt, consists of a very strong shock
wave followed immediately by a reaction zone in which heat is released.
The -most important information needed is definition of what, if any,
realistically anticipated conditions allow LNG vapor to be mixed with air
and detonated. It is well-known that rather special conditions are required
for such detonation. The real problem is quantification of the probability
of such an unlikely event.

There remains some uncertainty about how much explosive energy would
be required to detonate a methane-air mixture. However, it is clear that
many kg of explosives would be required. On the other hand, moderate contami-
nation with higher hydrocarbons, such as propane, greatly reduced the initia-
tion requirement. ' '
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- It is also poésib]e for a deflagration, a Tow speed combustion wave,
to undergo transition to detonation. The transition process’may be enhanced
" by suitable geometric confinement. There is strong theoretical and experi-
mental evidence that such transition to detonations cannot occur under
‘conditions anticipated in typical LNG vapor clouds. However, there are
numerous aspects of the phenomena that are incompletely understood,.and the
impossibility of transition to detonation in LNG vapor clouds is not yet
proven.

_ If, indeed, a detonation can be initiated in an LNG vapor cloud, there
are significant uncertainties in predicting the history of subsequent motion.
Most importantly, the minimum layer thickness required for propagation, i.e.
the quenching thickness, is not established for LNG vapor. The effect of '
composition stratification is also inadequately undergtood. Such questions
should be answerable by scale modeling experiments using fuels that are
relatively easily detonable. '

1.3 RECOMMENDATIONS

A few, very large tests will not provfde the type of information most
needed by the planners. Planning should be biased towards spills of size
that would permit-a substantial number of well-instrumented and carefully
interpreted runs. Scale modeling procedures for critical phenomena should
be aggressive]y_pursued.' Also, some standardized specifications of initial
fuel distribution, ignition characteristics, etc. are needed to define a
detailed research program. '

The most important class of phenomena requiring research is vapor
cloud burnup. ~Areas which merit further investigation are flame spread in
turbulent layered gases, the interaction of gravity and flame spread, and
non-detonative pressure wave characteristics. Each of these areas, espe-
cially the first-mentioned, may be amenable to a significant degree of scale-
down.
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Research aimed at detonation phenohena is of lowef priority. To
provide better understand1ng of detonation probab111ty, three research
activities are recommended.  The most important is to ascertain a quenching
thickness. Another is to imprové understanding of the degree of confinement
needed for transition from deflagration to detonation. The third is better
knowledge of direct initiation requirements. The first two are amenab]e
to scale-down. The ‘third can be assisted markedly through aqu1s1t1on of
improved chemical kinetic data that will enable reliable theoretical calcu-
lations. Facilities to obtain such data are available,
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2.0 INTRODUCTION

Liquefied natural gas (LNG) is a fuel of moderate energy density and
extreme volatility. It:is normally contained by heavily insulated tanks,
vessel compartments, etc., and transported by pipe only for relatively
short distances, e.g. between tanker vessels and shore storage. Any
substantial release of LNG has potential for hazardous rapid combustion.

There are motivations for expanded use of LNG in the next few years.
Increases in the number of facilities and operations, and in the scale of
LNG inventories, are projected. Responsible government bodies must make
decisions respecting siting and operational constraints, to assure public
safety with minimal economic and energy penalties.

Such decisions depend on knowledge of release probabilities and understanding
of the post-release phenomena. The latter may be categorized as dispersion .and
combustion. This report evaluates our understanding of the combustion category
as needed fof decision making relating to hazard evaluation and mitigation.

2.1 SCIENTIFIC PERSPECTIVE

The needed understanding of LNG combustion phenomena is only to a
1imited degree achievable through teéting. The events of concern are
accidents. It is necessary to generalize conclusions to-a set of plausible
cases greatly exceedihg that for which test data can be obtained. Moreover,
consideration must be given to releases too large for testing. Releases of
very large quantities, albeit of low probability, conceivably could lead
to catastrophic combustion.

Generalization to untested combinations of variables and, especially,
extrapolation to large length-scale require a degree of theoretical under-
standing. Unwanted combustion typically exhibits a number of complexly
coupled phenomena which can be understood only at a rather coarse. level of
detail. The only feasible scientific approach is to establish what pheno-
mena are dominant, and to rely on idealized theory and experiment for quanti-
tative relations. The result will be an.estimate of realistic combustion
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behavior. The accuracy of estimates thus arrivea at is limited by uncer-
tainty in deduétion from postulated scenarios, of parameters appearing in
theory or in experimental correlations. FortUhate]y, most of the hazardous
characteristics of unwanted combustion are only moderately sensitive to
parameter uncertainty. ' ' i

This report is presented in the spirit 6uf1ined in the ﬁreceding béfa-
graph. It attempts to: o |
e summarize our ability to estimate magnitudes of LNG combustion
hazard characteristics | '
® delineate and analyze areas where such estimates cannot be made
with confidence ‘ '
e recommend most needed further research.

The report is not a compilation of all scientific information bearing on LNG
fire and explosion phenomena. Neither is it a programmatic evaluation of
on-going research.

2.2 ORGANIZATION OF THIS REPORT

Analysis of any combustion event requires an initial fuel distribution
and specification of important environmental characteristics. Section 3 sets
torth salient parameters and their assumed ranges. A key assumption is that
the LNG is stored at near-atmospheric pressure, thus excluding the high
" release velocities ard adiabatic vaporization encountered when liquefied
petroleum gas (LPG) is released from pressurized storagel Sections follow
which deal with four major categories of phenomena important to the overall
behavior of LNG combustion:

Section 4 - Ignition

Section 5 - Vapor cloud burnup

Section 6 - Pool fires'

Section 7 - Detonation
Section 5 includes the important question of the extent to which so-called
"fire-ball" behavior may realistically be.anticipated following a large LNG
release.



- Each of the Sections 4 through 7 begins with a statement of the 1nfor-
mation most needed for hazard ana]ys1s, follows with a review of techn1ca1 '
understanding, and ends with conclusions and recommendations. Section 8 re-v
capitulates the recommendations and, as ]1m1ted by the scope of the report
sets priorities. Detailed pr1or1t1es for recommended further work depend
on firmer release/dispersion specifications than presently available. Also, '
such factors as the importance assigned to events of very low probab111ty
but h1gh hazard level must be quantified. '

Sect1on 7 is re]at1ve1y extensive. This reflects the great amount of
work that has been devoted over the years to detonation phenomena in general
and, recently, to methane-air detonations particularly. It does not imply
that detonation is a dominant concern in LNG hazard analysis. The unresolved
issues most important for hazafd aha]ysis fall within the scobe of Section 5.
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3.0 FUEL DISTRIBUTION AND RELATED ASSUMPTIONS

This Section sets forth the assumptions respecting fuel distribution
and combustion environment which guide the remainder of the report. Ideally,
such assumptions should be derived from a spectrum of release scenarios and
respective probabi]ities, and state-of-the-art disperssion analyses reflecting
probability distributions of wind and other environmental variables. A |
further probability distribution of potential ignition sources, in time and’
space, would make possible derivation of a spectrum of combustion scenarios.
Such information is not presently available. The assumptions stated below
are judgments based on available factual descriptions of LNG operations,
and discussions with various individua]s concerned with LNG hazards.

- It s remarkeq that these assumptions are biased away from events for
which LNG combustion phenomena are not seriously at issue in hazard analysis.
An example would be a'ruptured tank volume of only a few 10's of m3 due, for
examp]e, to an LNG truck collision. On the other hand, the assumptions are
biased towards events wh1ch at least in theory, could cause tremendous
damage, even though occurrence probab111t1es are small. Thus considerable
- emphasis is devoted to_events that could produce Targe-scale "fire-ball"-
Tike behavior; or’detdnation; Public perception of the hazards of such
catastrophic evenfs demands clear quantification of occurrence probabilities,
at least in an upper-bound sense.

3.1 ‘EXCLUSIONS

® Only scenarios consistent with the current or projected siting and
operational policy are considered. ExC]dded, in particular, is the
release of a large volume of 1iquid-intb a built-up area, as has
occurred in the past(]) Comb1ned liquid/vapor flow, and bo111ng,
in tunnels, building 1nter1ors, etc is not considered.
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* Almost all LNG is contained at near-atmospheric pressure, because tem-
perature variation with pressure is so small, in comparison with the
driving temperature d1fferent1a1 for heat leaks, that pressurization
yields only very small reduction in insulation or refrigeration costs.
Only releases from near atmospheric pressure containment are considered.

- This contrasts with liquefied petroleum gas (LPG) which is typically
stored at room temperature and pressures on the order of 10 atm.
Releases from pressurized storage exhibit high flow velocities and
strong turbulent mixing, with characteristic "fire-ball" behavior(z).
Should LNG be stored under pressure, a release would exhibit behavior
similar to an LPG release. '

e So-called "boiling explosions", wherein damaging dynamic phenomena may
be encountered even in the absence of combustion, are mentioned for
completeness in Section 7. However, this type of phenomena can be
considered carefully only in the context of 1liquid flow and boiling -
phenomena in general. The physical problem properly be]ongs in the
category of dispersion phenomena. Only problem spec1f1cat1ons perti-
nent to hazardous combustion are considered.

3.2 UNDERLYING ASSUMPTIONS

3.2.1 Release Magnitudes

Volumes on the order of 2500 - 25,000 m3 are of most interest. With
the exception of truck or rail transport, all acceptable LNG facilities
and operations will probably be sited under the assumption of potential
- releases of such magnitude. Fire behavior of smaller releases is discussed
briefly in Section 6. Although there is no clear upper-bound worst case,
50,000 m3 (say, two' tanker compartments) is appropriate as a severe release.

3.2.2 Release Duration

Ra3(3) has given an estimate for the crossover time from instantaneous
to continuous release of liquid; for shorter release duration, the liquid
flow and boiling phenomena are essentially those of an instantaneous release.
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For a 10000 m3 release and a conservatively high vaporization flux of
0.3‘kg/m2/sec, crossover time is approximaté]y 60 sec; this time varies as
(release vo'lume)]/3 and inversely with vaporization flux. Consideration of
release mechanics suggests that instantaneous liquid release is a barely
achievable worst case when vaporization flux is high (over open water) but
is a reasonable baseline case when low (over land).

For most purposes the assumption of iﬁstantaneous liquid release is
conservative. An exception arises when considering the possibility that a
continuous re]ease'might produce a combustible plume connecting distant
downstream ignition sources with the source of release, e.g. a tanker with
some tanks full and other ruptures but not locally ignited. The major issue
is the likelihood of upstream flame propagation along the plume, and is
dealt with in Section 5.

3.2.3 Release Site Characterisfics

The following are judged répresentative site specifications of greatest
importance. -

e release on water of unlimited extent

¢ near-shore release on water with an on-shore wind component and
with sloping beach or sea-wall adequate to prevent on-shore liquid
flow

o release from a tank on land in a diked-in area which contains all
of the liquid _

e release from a tank on land in a diked-in area, with a major escape

- due to surging or dike breach.

3.2.4 Vaporization

With the possibility of release from pressurized storage neglected,
‘vaporization is heat transfer controlled. Existing data(4) indicates that
0.2 kg/mz/sec. is typical over water. This is consistent with conven-
tionally understood film boiling mechanics. An increased order of magnitude-
would require a mechanism for self-sustained turbulent mixing of LNG and
water. Such a mechanism has been speculatively proposed(s) but the
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assumptions are so far unsupporfed‘by existing data or theory. In this report,-
0.3 kg/mz/sec. is taken as an upper bound. - Over land, although complex
transient behavior must occu?, time-mean vaporization rates must be much
lower. '

3.2.5 Wind

The most important range of wind speeds is a few m/sec.; say 3-15. For
large releases, effects of wind speed below this range are overwhelmed by
gravity vapor flow, except at very late stages of dispersion. Wind speed
above this range is relatively unlikely. Because high wind7speed enhances
dilution to safe levels, consideration of the moderate range cited is con-
servative in a sense. For examp]e,:high Wind speed reduceg plume length for
a given spill size. On the other hand, maximum flammable layer thickness
increases with increasing wind speed. Increasing flammable layer thickness
may exacerbate some aspects of LNG hazardous vapor combustion.

3.2.6 Vapor Dispersion

A number of approximate models have been put forward, and comparatively
reviewed by Havens. 6 A relatively cdmp]ete.mode1 has been developed by
Science Applications, Inc.(/) Predictive accuracy, in general, appears to
be limited primarily.by uncertainty in treatment of turbulent phenomena.
The uncertainty applies to. time-mean transport fluxes and, more severely,
to fluctuations of dimension approaching the 1mportant (vertical) length

scale of the phenomena of interest.

3.3 FUEL CONFIGURATION ASSUMPTIONS

.The assumptions.outlined above indicate that, prior to ignition, LNG
must be distributed in a surface layer that is thin relative to characteris-
tic horizontal dimensions. This becomes more valid the larger the postu-
lated release volume. Vapor combustion phenomena of interest are deter=
mined primarily by the 1oca1vverticalisfructure of the vapor layer. Of
course, realistic prediction of the combustion hazard of a cloud (or plume)




of LNG vapor depends on additional information, such as horizontal dimensions
and ignition point. But this is primarily an interpretive step, given a
detailed pre-ignition dispersion scenario and understanding of various
contributory combustion phenoména as determined by local vapor layer proper-
ties. Sections 5 and 7 are written in such spirit. Vapor layer vertical
structure and pool fire fuel configuration are addressed separately below.

3.3.1 Vapor Layer'Vertical Structure

Most important is the thickness Lp of the flammable layer when local
turbulent time-mean fuel vapor mole fraction Z is between the rich and lean
flammability limits, Er and £ respectively. The working value fpr &R is
0.14. For pure methane g 1is 0.05; however, allowance for spiking with higher
hydrocarbon; dictates a somewhat lower value, here taken as 0.03.(8)

The flammable layer is mostly air. Its flow properties are essentially
those of the ambient surface wind. One important flow property is a charac-
teristic mean velocity Vp. Another is a characteristic mean relative velocity
VﬁR between the flammable and rich layers. Because of gravity flow of the

.latter, possibly opposite to the wind direction, VkR~can exceed V}.

Beneath the‘flammab1e layer, in general, is a richer layer which may.
potentially feed continued combustion via enhanced mixing as a result of
combustion-generated volume expansion and buoyance of the gases in the pre-
ignition flammable layer. The fuel availabi]ity in the flammable and rich
layers together is here characterized by thickness Ly defined, for definite-
ness, as the equivalent STP methane thickness of all the fuel .vapor beneath
the g surface. Examinaticn of the concentration profile from an idealized
one-dimensional diffusion ana]ysis(g) shows that the maximum ratio of Lp/Ly
is roughly 10, corresponding to disappearance of the rich layer, and is only
weakly sensitive to the choice of g).

‘Finally, it must be recognized that the flammable layer should exhibit
turbulent fluctuations, notably of concentration 8¢ and of velocity GVF.
The turbulent scale, for definiteness the integral scale Ly, is also important.
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Numerical values of the above parameters are tabulated below:

Péramefer Rangg of Dominant Interest Severe Limit
Le{m) =~ . . 3tos0 - . 300 -
Ly (m) 0.1 Lp to 10 30

Vi (m/sec) , 0 to 15 ' --
Vep(m/sec) 7 0tol5 v 20

5 /€ 0 to00.5 | o

s Vg 0 to max (V%,'VFR)' ' : -

Ly 0 to 0.5 Ly -

3.3.1.1 Comments .

An example value of Le approaching 200 m has been pub]ished;(7) Repre-
sentative maximum values of Ly (vapor cloud formed by a massive release over
water) from a variety of sources have been compiled by Havéhi.(ﬁ) With
correction to standard temperature, these range past 20;m,.hénce the selec-
tion of 30 m as a severe limit. To maximize Lf, assume a hfgh]y unstable
atmosphere such-that the rich layer is consumed a short distance downwind
of the maximum liquid perimeter, and then use the ratio LF/L¥ = 10.

It is entirely reasonable to assume that the turbulent mean & varies
smoothly through the flammable layer. Hence, it appears appropriate always
to assume the existence of an equivalénce ratio gradient of magnitude at
least (LF)']. '

Implicit in developing the severe limits for LF and LT is the consi-
deration of the first of the cases stated in Section 3.2.3. For the other

cases, notably the third and fourth, the 1imit values should be smaller.



3.3.2 .Pool Fire Fuel Distributions

The following assumptions apply to LNG pools, Section 6. Natural
vaporization refers to that independent of flame-to-fuel energy feedback.

3.3.2.1

ma X i mum a rea

Major release over open water —

roughly circular (possible distortion due to contact with ships,
shore, piers, etc.)

maximum radius 1000 m

maximum duration 600 sec (non-instantaneous)

natural vaporization rate — up to 0.3 kg/m2/sec

Tank release contained by dike —

roughly square or circular

maximum side length or diameter 300 m |
depth over 1 m i
negligible natural vaporization

Tank release with pool lost from dike —
bossib]y errétﬁc shape 4

3

11qu1d 5 x 105 2
enve]ope 2 X 106 2

maximum durat1on 1200 sec. )
natura] vapor1zat1on rate ——-up to 0. 1 kg/m /sec.
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4.0 IGNITION
Ignition of a cloud of LNG will occur only if a vapor-air mixture within
the flammable range, approximately 3 to 14 percent fuel by volume for LNG

vapor (Section 3.3.1) comes into contact with a suitable ignition source.

4.1 NEEDED INFORMATION

Information is sought for ascertaining the probability of ignition of
a vapor cloud and also, if ignition does occur, for determining the range
of probable time and location.

The probability of ignition depends strongly on the spill scenario.
For a spill over open water, of a magnitude such that flammable mixtures do
not reach land, it is unlikely that ignition will occur except from sources
aboard ships, e.g. the ship from which the spill originates. The probability
-of shipboard ignition is difficult to assess, beyond observing that it appears
somewhat similar to probability of ignition that would apply if the flammable
mixture were to reach inhabited.portions of land. The spill scenario in-
volving a collision between an LNG tanker and anotherivessel would result in
a high probability of ignition. Over land in remote areas, a flammable
mixture from a large cloud might well encounter no ignition sources.
However, in inhabited areas it appears that the probébility of not encoun-
tering an ignition source will be very low for a cloud of appreciable extent.
Since early ignition may result in a localized fire while late ignition
may produce deflagration and pressure waves, which may be more damaging,
particularly if they propagate through populated areas, knowledge of the time
and location of ignition may be significant in hazard éna]ysis.

-

4.2 REVIEW

4.2.1 Ignition Modes (1005 (11).

Ighition of methane-air mixtures cén'be produced by a flame, by hot
gases, by a hot surface or by a spark.
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4.2.1.1 Flame Ignition

Ignition is practically certain if the flammable mixture encounters
a flame, even a small one such as the pilot flame of a gas stove. Therefore,
ignition times of methane-air mixtures exposed to flames need not be
studied in connection with the question of cloud ignition.

4.2.1.2 Hot-gas Ignition

Gases as hot as combustion products in flamecs exhibit ignition charac-
teristics similar to flame ignition. Hot gases at lower temperature behave
similarly to hot surfaces in ignition. Since it seems 1ike1y that hot
surfaces would be encountered more often than would hot gases at temperatures
- below flame tenmperature, hot-surface ignition may be more relevant than
ignition by lower-temperature hot gases. |

4.2.1.3 Hot-surface Ignition

In ignition by a hot surface, the flammable mixture experiences an
auto-ignition process, in the sense that the surface heats the combustible
gas and thereby initiates chemical reactions that lead eventually to pro-
duction of radical species and to combustion. If the surface temperature is
below a critical value, a reaction sufficient to produce radical buildup
does not occur, and combustion is not observed, there being merely conduction
of heat away from the surface through the gas. If the surface temperature
is equal to the minimum auto-ignition temperature for the combustible mix-
ture (approximately 530°C for methane-air mixtures and 470°C for propane-
air mixtures), the ignition occurs after a long delay time. _As the surface
temperature is increased further, the delay time decreases. This decrease
is quite pronounced, and therefore, in practice, a surface temperature equal
to -the minimum auto-ignition temperature is éufficieht to ignite the
flammable mixture. '
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4.2.1.4 Spark Ignition

In'ignition processes, as the-rate of enérgy deposition increases, the
ignition time decreases. For very rapid deposition, there is a minimum
total amount of energy that must be deposited.in the gas to produce ignition.
This is the minimum ignition energy, which is relevant for spark ignition.
Minimum ignition energies are very small, on the order of 1 millijoule,
for mixtures of LNG vapors with air.(12) Energies delivered by sparks in
automobile engines, for example, are order of magnitude greater than the
minimum ignition energy. Therefore, most sparks encountered by a combustible
cloud would produce ignition.

4.2.2 Effects of Chemical Composition:

The flammable range varies with content of heavier hydrocarbons; the
Jower and upper limits both decrease with increasing molecular weight. For .
example, the flammable range for propane-air mixtures is roughly 2 to 8
percent fuel by volume. (8) Aside from this shift in the flammable range,
“there is no significant effect of LNG composition on f]ame or spark .igni-
tion. There is a significant effect on auto-ignition (or hot-surface
ignition), since ignition temperatures for the higher hydrocarbons are
substantially lower. This difference stems ultimately from the fact that
the carbon-hydrogen bond is stronger than the carbon-carbon bond, thereby
making methane more stable than other hydrocarbons to thermal attack (13)
In flame and spark ignition, the fuel molecule is attacked by energet1c
chemical species, such as radicals, and the thermal stability is relatively
insignificant. In hot-surface ignitfon, the fuel molecule is attacked
thermally, .and the stability of methane becomes important. '

4.3 CONCLUSIONS AND RECOMMENDATIONS

The preceding considerations indicate that contact of the flammable
mixture with nearly any spark or flame will producé ignition. Ignition is
less certain upon contact of the flammable mixture with a hot surface, and
in this case whether 1gn1t1on occurs depends on the composition of the LNG,
as well as on the temperature of the surface. Although some further research
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on auto-ignition of LNG-air mixtures might be justified on the basis of

this uncertainty, by far the greatest uncertainty lies in the question of:
whether a flammable mixture will come into contact with an ignition source,
and, if so, when and where the contact will occur. In populated areas, along
with hot-surface sources will be spark and flame sources. In general, it
seems likely that a flammable cloud in such an area will encounter one of
these sources, but the probability of this occurring is not known perfectly.
Better quantification of “arrangements and accessibilities of spark and
flame sources could impreve abilities to predict ighitions resulting from
LNG spills. Also, uncertainties concerning sensitivities of hazard analyses
to ignition probabilities and to ignition times and locations remain and
may warrant further investigation.
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5.0 VAPOR CLOUD BURNUP

This Section is concerned with the transient combustion of a large cloud
of LNG vapor. After ignition, the region of combustion involvement expands
due to flame spread and diminishes due to fuel consumption. This region is
distorted by wind or by buoyancy-induced convection, Additional gas motion
is a consequence of expansion due to combustion heat re1ea$e. The brocess
ends with the disappearance of the vapor cloud, or with establishment of a
pool fire.

As noted in Section 3, a typical large vapor cloud would lie on the
water or land surface, and its height would be much less than its horizon-
tal extent. If, due to special initial conditions or to post-ignition
convection, the cloud develops comparable vertical and horizontal dimen-
sions and if it becomes fully involved in flame, there would exist what
is loosely referred to as a "fire-ball." Recognizing that this is not neces-
sarily the manner in which an LNG vapor cloud would burn, the fire-ball
mode has been suggested(14)’(]5), and dynamic and thermal behavior discussed.
-Experimentation has been done on laboratory(14) and larger (but still much
smaller than rea]istic)(]s) length scales. Participation of a large mass
of LNG vapor in a fire-ball would unquestibnab]y constitute a severe

thermal radiation hazard.(]7)

5.1 NEEDED INFORMATION

An important characteristic of a vapor cloud burnup event is the extent
to which large-scale fire-ball behavior is approached, given realistic
~initial vapor distribution. Even if the complete cloud does not form a
fire-ball, the energy potentially available can be so large that local
burning concentrations on a length scale substantially smaller than that
of the complete cloud may constitute a serious thermal radiation hazard.

A second important characteristic is whether, and how rapidly, flame
will spread from the ignition point to targets at risk. An example is
whether flame can propagate upstream along a plume to a partially emptied
tanker.
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Finally, it is necessary to estimate,combustion-driven pressure build-
up well enough to assess pressure wave hazards, part1cu1ar1y to persons and
property beyond the reg1on of d1rect combust1on damage.

5.2 REVIEW A
Vapor cloud burnup entails multiple.and complexly coupled physical

mechanisms. To establish perspective, it, is appropriate to consider

briefly what constitutes a reasonable approach to urnderstanding of this

class of phenomena.

In principle, post-ignition vapor eloud behavior .should be calculable
by computer field solution of the appropriate partial differential equations.
Techniques are evolving for numerical computation of turbulent flows with
chemical reaction(18)’(]9) and buoyancy interact{ons(zo). Vapor cloud
burnup entails turbulent deflagration combined with diffusive burning,
distorted by convection. In general, the geometry of the essential features
is three-dimensional. A major advance in flow and combustion computing
capability is judged necessary before such problems can be confidently
treated via field solutions.

An alternative approach is based on establishment of a few critical
scenarios which would be subject to definitive field tests. However, for
every reiease/dispersion scenario, it would be necessary to consider a
range of ignition times and a variety of ignition locations. The required
number of tests would be prohibitive.

The only avenue to decision-making criteria, encompassing a realistically
wider spectrum of potential ignition events, is through understanding of
important subsidiary phenomena in terms of dominant parametens Accordingly,
five main categories of phenomena are 1dent1f1ed and dealt with separately
below. '
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5.2.1 Flame Spread Through Flammable Volumes

There are two major e]ements 1n the f]ame spread problem. The first is
determination of the rate of advance of the flame front relative to the Jocal
unburnt gas, here reférred to as "propagation." .Gas volume expansion upon
passage of the combustion front disturbs the flow field. Relatively small
scale, turbulent distortions are part of the propagation problem. - Bulk
gas motion due to volume expansion' constitutes the second e1ement of the
flame spread problem. : i

5.2.1.1 Propagation

The heart of the propagation problem is the role of turbulence. From
a rigorous scientific standpoint, this is far from understood, especially if
there are fluctuations in composition in addition to velocity.

Appareht]y, no experimenta1ninvestigations of the effect of compo-
s1t1on fluctuations om turbulent f]ame propagat1on have been reported.
In this paragraph, the effect of turbu]ence on flame propagation into com-
positionally uniform unburnt gas is reviewed. Lind(21) has measured
propagation rate enhancement by turbulence developed upon propagation into
a quiescent unburnt gas; the result is propagation St at approximately
twice the laminar flame speed Sy .. The effect of pre-existing turbulence has
been reviewed by Andrews et a].(22), and additional measurements reported by
Ballal and Lefebvre(23). Andrews et al. suggest a correlation in terms of
"a single parameter, namely a turbulence Renolds number (constructed from
velocity fluctuationsV and a characteristic turbulence length scale).
This suggestion appears to be based on experimental data for high inten--
sity (i.e. highsV). and small scale turbulence. The results of Ballal
and Lefebvre show a clear dependence on at least one additional pérameter,
the velocity ratios V/S) .  For the high intensity regime 6 V/S| > 2) their
results suggest that St declines as turbulence length scale increases
independently. For low intensity turbulence (sV/S| < 2) there is a data
gap for turbulence integral length scale larger than a few mm. The |
existing data base is judged consistent with the wrinkled laminar flame
concept as applied to turbulence parameters anticipated for LNG vapor
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clouds; i.e. S1/8V is of order 1, perhani‘as high as 2, and tends to decrease
with increasing turbulence scale. An upper bound propagation rate appears

to be on the order of a couple m/sec for 'a low value of the flammable layer
speed Vg or Vpf; for higher values the Corresponding expectation is some
fraction, well less than unity, of max (V, VhF). ‘A more comprehensive data
base is needed to evaluate these conjectures. :

5.2.1.2 Effects of ggpansion—Driven~Bu1k Gas Flow

A genera] consequence of volume expans1on due to combustion is bulk
acceleration of the unburnt gas just ahead of the flame front. Thus the
spread rate, defined here as the rate of flame advance in the frame of reference
of the local gas before disturbance by combustion, generally exceeds the
propagation velocity. Under c1rcumstances where transverse motion to accommo-
date volume expansion is not possible (i. e parallel streamline flows) such
acceleration might continue indefinitely. However, if the combustible gas
layer is of finite thickness and free to expand in at least one transverse
direction (i.e. upwards in Tikely LNG'vapor cloud configurations), a steady
spread rate is eventually established.

What is the spread rate-propagation rate ratio in an LNG vapor/air
mixture with unlimited air above? Small-scale experiments with layered
methane/air suggest numbers on the order of 6.(34) However,.ana1ytica1
concepts have been put forward which sugéest gravity enhancement such that
the ratio increases indefinitely with the thickness LF of the flammable |
layer. (25) Whether or not this is true'1s a critical issue which demands
“early resolution. It is emphasized that such resolution does not, at least
initially, require large scale LNG tests. The critical parameter is the
ratio of the propagation velocity to a buoyant velocity, proportional to
(LF)]/ZB This suggests scale model experiments using fuel/air mixtures with
laminar flame speed S| lower than that of methane/air. It is remarked that
SL is readily lowered well under half that of a sto1ch1ometr1c methane-air
through use of inert diluents, in say, propane-air.
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5.2.2 Turbu]ent D1ffus1ve Burning

After passage of flame through a f]ammab]e layer, a degree of residual
burning is probable. Because of concentration fluctuations, fuel-rich pockets
are likely whenever the mean mixture ratio prior to passage of the combustion
front is not too lean. Additionally there may be a large volume throughout
which the local mean mixture ratio is too rich to support combustion. Both
fuel-rich pockets residual to flame passage and larger volumes of fuel-rich
mixture burn diffusively. On any length scale of practical concern there
must be substantial turbulence. Turbulence enhances diffusion. Combustion
heat: release supports a buoyancy:driven flow which generates continued turbu-
lence. This coupling determines the rate of fuel burnout, and the radiative
characteristics of the flames. The rad1at1ve characteristics of principle
jnterest are rate of growth of the combust1on volume, its rate of rise and
the effective emission flux at its outer surface. '

General theories of coupled turbulent diffusion and combustion generated
buoyancy are not available. The point is approaching where some simple cases
can be constructively studied by numerical computation. For a reasonably
compact (vertical thickness not too different from horizontal extent) fuel
cloud fully enveloped in flame, a simp]é but convincing analysis of the
effects of length scale is available and provides a basis for empirical
corre]ation.(]s) Although further research can refine the picture, it appears
that, if suitable initial conditions for such "fireball-like" burning exist
and are known, the features of pr1nc1pa1 concern to decision makers can
be estimated with reasonable conf1dence

The crucial question that has repeatedly been brought up in the course
of this evaluation is the extent to which coherent diffusive burning is .
Tikely to evolve, given a realistic dispersion and ignition scenario. A
discussion of this follows. '
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5.2.3 Envélopment Dynamiés

For most circumstances of concern, an LNG vapor cloud at the time
of ignition has a vertical thickness much less than its characteristic
horizontal dimension. The most likely ignition configuration is a single
point, or a few points concentrated in a region recently overrun by the cloud.
The probable ignition location is_neér the edge of the cloud. Two parti-
cularly important general questions are the following. Will the entire
cloud become involved and, if so, how rapidly? Will a diffusive-burning fire-
ball mode, mentioned above, be established ejther for the entire cloud re-
maining after initial burn through of the flammable volume or a relatively
small yet perhaps dangerously large fraction of it? Present knowledge does
not permit definite answers to questions of this nature, even for specific.
release scenarios and specific ignition source postulates. A major portion
of the uncertainty stems from dispersion uncertainty. But, even for known
fuel vapor/air distribution at the time of ignitioﬁ, there remain questions
not now answerable but which should be answerable with improved engineering
understanding of the phenomena.

As an important example, consider a wind-driven vapor plume emanating
from a large LNG spill over open water which encounters an ignition source
a kilometer or so doWn-wind of the liquid front. The flame spreads slowly
upstream against the wind and vapor flow, and relatively rapidly downstream.
Since the flammable layer should be thickest over the interior of the plume,
the flame spreads across the plume at a rate which depends on the importance
of the gravity-controlled effect of layer thickness mentioned in the Section
5.2.1. Eventually a more or less symmetrfca] front propagating upstream
should be established. Behind the front, hot combustion products, perhaps
augmented by diffusively burning fuel-rich pockets, form a buoyant column
drawing an indraft downstream; i.e. opposite the direction of the flamespread.
It is entirely conceivable that this tendency can stall the upstream spreading
flame. Suppose, conceptually, that the given plume is scaled up with compo-
sition structure homologously preserved. Then the downstream indraft should
increase as (LF)]/Z, where L. is the flammable layer thickness. It is then
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of crucial importance whether the spread rate relative to the bulk blow of -
the flammable layer approaches a constant, increases as (LF)1/2, or perhaps
increases more rapidly with Lp. This particular issue can be settled by
‘better understanding of gravity influence on flame spread through layered

" media.

As another example, consider the no wind case with vapor cloud spreading
symmetrically over either land or water. The cloud again encounters a point
ignition source at its edge. To fully envelop the cloud, a combustion front
must propagate across the top or around the perimeter. The effect of layer
thickness and orientation or spread rate, especially in the Timit of large
length scale, again is too poorly known to support a conceptual picture of
the envelopment process. Perhaps the cloud in the area of the original '
ignition burns out or/is carried out of the picture by buoyant convection,
before the spreading combustion wave completes its travel. Perhaps, as an'“
alternative to a coherent fire-ball on the Tength-scale of the entire cloud,
a smaller moving fireball or a set of localized fireballs appear. Answers
applicable to large length-scale phenomena depend on improved characteri-
zation of turbulent mixing rates as well as flame spread.

Many other examples can be envisdged. ‘Addition of any significant
geometrical complexity can only reduce prospects for useful understanding
on the basis of flame spread, buoyant convection, etc. Fortunately, the
whole set of envé]opment dynamics'prdblems appears amenable to relatively
straightforward scale modeling along the same 1fnes outlined in the flame
spread subsection. Specifically, assuming flow dimensions large enough to
assure strong turbulence, both flame spread and most complex envelopment
phenomena should be modeled by reducing thé laminar flame speed of the model
fuel/air mixture as (length scale)!/2. Detailed scale model design has
not been formulated as a part of this evaluation, but chances for doing
so reliably and‘convenient1y are judged promising.
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5.2.4 'Pressure Wave Effects

Bulk gas flow because of combustion-generated volume expansion is neces-
sarily associated with pressure variafion. Depend{ng on the fuel vapor con-
figuration and ignition characteristics,.a great variety of pressure wave
phenomena is possible in principle. Detonations, in which the combustion
phenomena are strongly coupled with the pressure wave - specifically, via
reaction initiation because of temperature increase across a shock, comprise
a category treated separately in Section 7. Much more likely are pressure
waves of appreciable - and possible damaging - magnitude, in which the
temperature rise due to pressure increase is not large enough to significantly
couple with combustion chemistry.

It is important to estimate the bressure wave amplitude experienced by
targets at risk. This task can be brokenldown into consideration of a
characteristic pressure rise AP associated with vapor cloud burnout, and
consideration of attenuation as the wave travels to targets outside the
cloud. The problem of attenuation outside the cloud is the same as for the
case of a detonation, and the comments in Section 7.2.5.2 apply. Estimation
of AP is discussed below for three classes of conditions.

5.2.4.1 Quasi-steady Flame Spread ‘Along a Flammable Layer

In this case, an estimate for AP is

AP ='% 0, (SF)2

where'p0 is the density of the unburnt gas and SF is the spread rate in the
flammable layer, measured in the frame of reference of the flammable layer
undisturbéd by combustion. This can be seen by noting that, in the stated
reference frame, the stream‘appfoaches, but does not achieve, stagnation.

This estimate-shows that AP will reach- damaging magnitudes only if Sg reaches
10's of m/sec; i.e. at STP, SF = 100 m{;ec corresponds to AP = 0.1 atm. As
discussed in Section 5.2.1, values of SF on this order of magnitude appear
unlikely, but the role of turbulence and, especially, the possibility of
extreme enhancement as layer thickness LF reaches large values are unresolved.
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5.2.4.2 Blast Wave Development Due to Deflagration Ignition at a Point

A conservative model is a spherically symmetric, combustion-driven

pressure wave in a uniform pre-mixed sphere of radius ~ L Analyses cited

F
in Section 7.2.1.2 show that magnitude of AP depends primarily on the flame
propagation speed ST’ and can reagh_damaging levels only if Sy is several

m/sec. Referring again to Section'5.2.1, it is judged that such occurrence

is not likely but must be recognized that the role of turbulence is unresolved.

5.2.4.3 Complex Wave Geometry '1

If suitably shaped solid boundaries are present, pressure waves can be
focused to reach magnitudes significantly higher than those stated above. ‘
Simultaneous ignition at multiple points can lead to the same effect. Little
can be stated in general about such effects. Existing scenarios obviate
such concerns. If scenarios which suggest wave interaction effects are
put forward, engineering estimates of AP should be derivable from-appropriate
idealized calculations, e.g. l-dimensional method of characteristic solu-
tions for colliding waves. |

There is a potential for scale modeling the complex geometrical aspects
of pressure wave buildup. The important scaling parameter is the ratio of

a characteristic turbulent spread. rate S_ to the speed of sound. Since the

F
latter is essentially constant for practical operations, the scaling rule
reduces to preservation. of SF between model and prototype. Better under-
standing of the dependence of SF

dence of turbulence characteristics) and on fuel characteristics (especially

on length (including concomitant depen-

laminar flame speed SL) is needed before definite pressure wave scale
modeling procedures can be proposed.

5.2.5 Thermal Radiation

Thermal. radiation potential of burning vapor-b]buds is determined by
flame geometry and the emission characteristics of flame surfaces perceived
by targets at risk. Although the emission"characteristics;of burning vapor
clouds have not been extensively studied, they should be predictable to
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accuracy within a factor of 2, and probably substantially better, on the
basis of general knowledge of fire radiation. For vapor cloud burnout,
the uncertainty in flame geometry is much -worse than that of emission
characteristics. Further comments on emission characteristics appear in
Section 6.2.2. Flame geometry will be predictable only to the extent that
progress‘is»made~in areas discussed in Sections 5.2.1, 5.2.2 and 5.2.3.

5.3 CONCLUSIONS AND RECOMMENDAT IONS

The Tikelihood of "fire-ball" behavior and other hazardous characteristics
of vapor cloud burnup depend critically on two incompletely understood
classes of phenomena.’ _One is flame spread in turbulent, layered methane- _
air mixtures. The other is the combined action of flame spread and combus-
tion-induced buoyant flow, in Targe vapor clouds. Current, but distinctly
incomplete, understanding of these phenomena suggests that the length
scale of coherent vapor cloud combustion has a limit on the -order of 100's
of meters. To test this conjecture the following steps are recommended.

¢ Intermediate scale (e.g. characteristic dimension 2 m wide and deep
x 50 m long) experiments on. flame spread in turbulent layered methane-
air and other mixtures should be carried out to determine the extent
that gravity accelerates spread rate. There is good reason to believe
that this phenomenon is a member of a much broader class uf yravity/
spread rate interaction phenomena, all of which can be scaled down

" through use of fuels with relatively slow laminar flame speeds. This
scaling concept can be tested in the course of the intermediate scale
flame spread experiments recommended here.

* If the concept can be established, scaling of gravity/flame spread
interactions should be applied to clouds of fuel vapor and air .to
determine the length scale of coherent vapor cloud combustion for
release/dispersion scenarios of interest.

The potential for formation of pressure-waves of destructive magnitude is
unclear. Certainly such potential is greater than that of the deflagration
to detonation transition covered in Section 7. The principle underlying
uncertainty is the rate of flame spread in representative layers.
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® Pressure mdgnitudes in flames spreading in layered gases, and de-
flagration-supported blast waves need additional study. Effects of
fuel distribution, geometry of bounding'sUrfaces, and flame acceler-
ation should be investigéted theoretically. With better understanding
of flame spread phenoména, scale modeling procedures should be sought.

\
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6.0 POOL FIRES
As considered in this section, pool fires are fully involved in flame,
and gas-phase transients other than fluctuations are ignored. It is believed

that the full involvement assumption is conservative in hazard analysis.

6.1 NEEDED INFORMATION

Thermal radiation incident on targets at risk outside the fire involve-
- ment area is for practical purposes .the one characteristic of LNG pool fires
. important to decision makers. MWithin the fire involvement area, the environ-
ment may be assumed fatal to exposed individuals. Property damage within
the invo]vement'area, whether by radiation or convection from the LNG flames,
or by subsequent burning of ignited auxiliary fuel, is bound-to be substan-
tia], but is difficult to calculate in detail and heavily dependent on site
details.

A significant problem is the thermal integrity of LNG tanks on trucks
or rai]way'tars under post-collision fire conditions. The heating characteri-
stics of small turbulent LNG fires are needed.

6.2 REVIEW

This review is concerned solely with ability to predict radiative expo-
sure external to the involved area. Radiation characterization can be split
“into two .pieces. One piece is determination of the "shape factor" or "view
factor" of the fire as.viewed by each potential target. This requires enough
understanding of fire structure to confidently define flame geometry in an
overall (f]uctuation-fimefaveraged) sense. The second piece is the radiation
emission flux at the perceived fire surface, together with enough spectral
‘definition to allow calculation of atmospheric attenuation. Assuming modern
“tank design and reasonable decisions of siting, diking, etc., only large
'LNG'pool fires need consideration.
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6.2.1 Fire Geometry

Consider first the flame geometry of large LNG pool fires. This pro-
blem is simpler in a number of respects that the gebmetric evolution of
combustion in a vapor cloud. (It is noted that vapor cloud combustion
behavior -encompasses the interesting quéstion of whether a large liquid spill,
especially over open water, becomes involved to an extent that a quasi-steady
pool fire can exist, before the 1iquid is evaporated.) LNG pools are, in
cases of primary interest, more or less circular, over water or on land
without confining dikes, and more or less square, confined by dikes. If,
as here assumed, the envelopment process. is complete. the structure and
behavior of the fire is indepehdent of ignition mode. Also, the larger the
pool and its burning rate, the less susceptible it is to wind distortion.
Finally, the principle structural features of turbulent hydrocarbon pool
"~ fires are nearly independent. of fuel except insofar.as fuel characteristics
influence the'burning rate. ‘And burning rate, expressed as the rate of
air required stoichiometrically by the vaporizing fuel, per unit pool area,
scales at D]/Z, where D is the pool ‘diameter (or.characteristic horizontal
length). (26) Thus decisive testing respecting fire geometry is a reasonable
possibility. Furthermore, the extremely rapid bhurning rate of an LNG pool
over open water, which is the most expensive case to test, is especially
amenable to reliable scale modeling with relatively slow burning fuels.

For a Targe symmetrical fire, the most important geometric characteristic
is (time-mean) flame height. A secondary concern is flame lean due to wind.
A strongly burning symmetric fire in an ambient wind field could generate
internal firewhirls which, however, would not influence radiation hazard
and, in view of fire location assumptions, would not be expected tn contri-
bute to other types of hazard. There exist useful engineering corre]at1ons
for flame height. (27) In the limit of sufficiently large diameter D, rela-
tive to burning rate, most likely an unconfined spill over land, the height
ratio of even an LNG fire might be so lTow that the flames. would not be coherent
on the length scale D.(26) As such a limit is approached, the engineering
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flame height correlation would probably 1ead to moderately over-estimated
shape factors. This problem is also amenable to reduced-scale investigation.
For the small amount of wind-lean achievable with large LNG pool fires,

the shape factor perturbat1on would not be: 1arge, and adequate correction

techn1ques exist in any case. (28),

A geometric aspect of LNG fires.that deserves mention is that the
areal distribution of fuel vapor suppliied from the pool to the flames may
differ from.that of pool fires of more conventional fuels. Over open water
generally, and perhaps near the front of a pool spreading over land, the
local vaporization rate is controlled by heat transfer from below rather
than energy feedback from flames. Any tendency to concentrate the local
vaporization near the perimeter of a pool relative to the more typical
center-biased distribution, at constant net'energy reiease~rate, would be
expected to decrease flame height and degrade coherency of the flames
generally. This is judged a minor consideration respecting hazard analysis..

6.2.2 Radiative Emission 1ntensity

The radiative behavior of large turbulent flames. is not well-understood
from first principles, -and theoretical epproaches are not here discussed. |
Suffice it to say that there is moderate uncertainty in the emission flux
value to be assigned. Typical engineering'numbefs are in the 12 - 15
W/cm2(28) range but measurements as high as 22 W/cm? have been reported.
It is judged that a number around 20.W/cm? is conservative for hazard
analysis. Also it would appear that the very large fires of most concern
are sufficiently thick optically that atmospheric attenuation can be
calculated as the basis of grey-body spectral distribution. Certainly,
measurement confirming the preceding judgments would be desirable; ultra-
large fires are unnecessary for this purpose. Careful measurements from a
pool, say 100 m in diameter containing 100-200 m3 LNG, should be adequate.
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6.2.3° An A]ternat1ve Approach

A modification of the approach stated above is to develop a value for
a fraction'y of the combustion heat release radiated from the flames: May
and McQueen report x ="0.14 from the1r measurements. (29) For a ‘target far
removed from an opt1ca11y thin fire, incident radiative flux depends only on
x» the burning rate, and" the distance. ' Time- 1ntegrated radiative flux de-
pends analogously on time-integrated fuel consumption, which is often a
directly specified parameter. Of course, no large fire is opt1ca11y thin
to its own dominant radiation. However, the procedure indicated above still
applies if.the flame height/pool diameter rat1o is c]ose enough’ to unity,
to justify its treatment.as a point source: 0therw1se, fire geometry must
still be determined and knowledge of x isiof less direct utility.

6.3 CONCLUSIONS AND RECOMMENDATIONS

For engineering purposes, the uncertainties in large pool fire charac-
teristics are not dramatically large. However, it is pointed out that
accurately reproducible data is almost non-exiétant for length scales above
a few 10's of m. Even such first order interpretations as pool energy
balances have rarely been carried out and then only with rough precision.
The uncertainties due to behavior of a specific fuel such as LNG are out-
weighed by lack of definite know]edge of pool fire phcnomenon in general.

Although pool fire phenomena are beset with many scientific uncer-
tainties, no high priority research is recommended in this area. ' Some low
priority recommendations are listed below in order of importance.

e Further studies -should be made of the flame geometry of 1arge pool
fires 1in the weak Lburn1ng rate /‘V(d1ameter)1/2] 1imit, to improve
shape factors estimates for 1arge unconflned LNG poo]s over land.

* A better data base of thermal radiation from LNG flres of all sizes
should be developed.  In particu]ar pools on the,ordef of 50 m diameter
should be investigated to an extent: permitting meaningful statistical
descriptiuns of flame height, and emission flux intensity and spectral
characteristics.
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e A modest program of fire tests should be incorporated into any evalu- -
ation of the function pf*vehicle LNG tank thermal protection systems
under post-collision conditions. Small LNG fires are relatively
thin, optically. Hence convective heating would be correspondingly
important. The convective heating characteristic of small turbulent .
fires are not well-understood. A few. measurements from well-charac-
terized small LNG spill fires would be worthwhile.

e The distribution of local fuel Vaporization in an LNG pool fire con-
trasts with that of a pool fire fully controlled by energy feedback.
This d1str1but1ona1 effect should be further studied ana]yt1ca11y to
assess consequences for hazard analysis.
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7.0 DETONATION

As perceived by the public, catastrophic explosion is a potentiaT hazard
whenever a large quantity of combustible vapor is released to the atmosphere.
Detonation is a particularly destructive type of combustion-geherated
explosion. There is no evidence of detonation associated with any acciden-
tal LNG release to date. Some analysts have concluded that detonation
potential can be neglected in LNG hazard analysis.

7.1 NEEDED INFORMATION

Decision-makers need to know underAwhat, if any,. realistically anti-
cipated conditions LNG vapor can be mixed with air and detonated. Relevant
conditions include the vapor composition (the identify and amount of hydro-
carbons other than methane), the spatial vapor distribution (notably the
flammable layer thickness LF),‘ignition characteristics, and, perhaps, the
geometry of solid surfaces which might inf]uehce flow and pressure wave
behavior. |

The severity of detonation imparts greater importance to éstab]ishing
the probability of occurrence than to the details of the phenomena once
detonation is established. Nevertheless, if detonation is at all possible,
it is necessary to estimate the damage potential. This is relatively
difficult if the geometry is complex.

7.2 REVIEW

Prior tb discussing detonation hazards, it is important to clearly
distinguish detonations from other types of explosions. '

7.2.1 Classification of Explosions

There are three types of explosion hazards associated with spills of
LNG.
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7.2.1.1 Explosive Boiling

An exploéion that does not.involve combustion is caused by rapid energy
' release through bhasé transition when cold LNG. is spilled on water.(4)’(5)=
(30)-(38). This phenomenon, characterized as "explosive boiling," is compli-
cated and deserves further study for purely scientific reasons, since con-
ditions for its occurrence have not been defined precisely. Although an
instance has beenAreported in which the overpressure from an explosion of .
this type was sufficiently high to break the wall of an-aquarium in which an
LNG experiment was being performed, current know1edge is adequate to esta~
blish with reasonable certainty that potential.overpressures are insufficient
to initiate combustion. Therefore, explosive boiling appears to have no
bearing on the much more hazardous.phenomena of combustion and detonation

of LNG clouds.

7.2.1.2 Deflagration-supported Pressure Fields

Another type of explosion hazard involves combustion, but not detonation,
in the scientific sense of the term. It has been called a nonideal explosion
but might better be termed a deflagration-supported shock. The occurrence
of this phenomenon stems from the fact that a combustion wave, even a low-
speed deflagration, génerates pressure waves, mainly through expansion of
the hot products of reaction, and these pressure waves coalesce to form shocks
. that may be quite .damaging if the cloud of the combustible mixture is
large. (39)-(42)
the severify of blast waves of this type are sufficiently great to warrant

further theoretical and experimental study, especially since typiéal spark

As has been indicated in Section 5, uncertainties concerning

or flame ignitions result initially in a def]agration that will generate
these pressure waves. In the present section, the concern with deflagration-
supported pressure fie1ds involves only the possibility -of their development
into a detonation.
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7.2.1.3 Definition of Detonation

The most damaging type of exp]dsion is a detonation, which consists of
a very strong shock wave fol]owéd~immediate1y by a reaction zone in which
heat is released. (43) Although this reaction zone sometimes has been termed
a deflagration, 1ts structure is very d1fferent from that of an ordinary,
Tow-speed def]agrat1on, since heat conduction and diffusion are unimportant
in this zone, the reaction being initiated by the increase of temperature
associated with the shock. Detonatidns sometimes have been termed ideal
explosions, although some investigafors preferﬁto restrict such terminology
to point-source exp]osiohs, nuclear:explosions or explosions from condensed
explosives. ' '

7.2.2 Severity of Detonation . -

In open geometry detonatlons produce very severe damage over distances
on the order of a few tens of d1ameters of the combustible cloud. (44)-(47)
A detonation in an LNG cloud would travel at about 1800 m/s and carry about
15 atm overpressure,(1]) thereby destrdying virtually everything in its path,
to d1stances well beyond the edge of the cloud. These detonation properties
are known accurately from fundamentals of thermodynamlcs and fluid dynamics.
In complex geometries, the behav1or of detonations is much less predictable;

this problem area is discussed in. detail in Section 7.2.4.

7.2.3 Detonatijon Initiation

In general, detonqtions'gqcur&either through direct initiation or
through transition.from'def]agration;to detonation.

7.2.3.1 Explosive Initiation

The most straightforward way to initiate detonation of a combust1b]e
cloud directly is to detonate an explosive charge within the cloud. The
" term detonability connotes the ease with which detonation can be initiated.
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Parameters relevant to detonability may depend upon the means of initiation.
For explosive initiation, detonability of the cloud can be evaluated in
terms of the amount of explosive needed for producing a self-sustained
detonation of the cloud. This amount may be measured in mass per unit area
for initiation of a planar detonation by a sufficiently large sheet of .
explosive, in mass per unit length for initiation-.of a cylindrical detona-
tion by a sufficiently long 1ine charge, or in mass for initiation of a

(48) Of these three configurations,

spherical detonation by a point explosive.
spherical symmetry is most relevant to cloud initiation in a spill scenario,
and much of the available information concerns initiation by essentially a

point charge. v -

®* Propane Air It is known that approximately 100 g of tetryl, a typical
explosive, is needed to initiate a spherical detonation in a stoichio- '
metric mixture of propane with air.(49) l

* Methane-Air Because of the greater chemical stability of methane
during thermal ignition, discussed in Section 4, a considerably greater
charge is required to initiate a detonation in a'stoichiometric mixture
of methane with air.(49)-(53) The magnitude of this charge is impor-
tant because of the relevance of initiation requirements for methane -
to detonation hazards of LNG spills; The seriousness of the question
has prompted a number of investigations during the past few years.
Although considerable controversy remains, it appears that a degree of
definitiveness in the results has been attained very recently.

Since initiator requirements for methane-air mixtures are too
.great to be studied experimentally in the laboratory, one approach
has been to test methane-oxygen-nitrogen mixtures enriched in oxygen,
to increase reactivity.(54) ELinéar extrapolation to methane-air in a
semi-1og graph gave an initiator requirement of 22 kg of fetry1. How-
ever, theory shows that the extrapolation should not be linear and
that the requirement should exceed 22 kg substantia]ly.(ss)'(ss) The
theory was placed in doubt recently by an observed initiation, out-
doors, by about 4 kg of explosive.(sg) It should be recognized, how-
ever, that this experiment involved initiation of a planar detonation.
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Many investigators believe that had the length of the bag containing
the combustible mixture in that experiment been longer, say 50 m in-
stead of 12 m, then the detonation most likely would have been ob-
served to decay as it apparently did in some tests. Others disagree.
The -experiment established that about 65 mg/cm2 is required to
initiate a planar detonation but did not provide the needed infor-
mation on initiation of a spherical detonation. "Thus, it is necessary
to resort to theory to obtain the initiation requirement in the
spherical case. The best theoretical estimate currently available

is an extremely high value, in excess of 1000 kg of tetryl.

If this theoretical value is correct, then it is highly unlikely
that direct initiation of a devastating spherical detonation in a |
stoichiometric mixture of methane and air after a spill in the open
ever would be encountered. However, there are uncertainties in the
prediction, stemming mainly from uncertainties in rates of chemical
reactions at elevated temperatures found behind .initiating shock waves
in methane-air systems.(]3) Further,study of the elevated-temperature
chemistry definitely seems warranted for the purpose of ascertaining
- how accurate the prediction is. Nevertheless, it seems unlikely that
the uncertainties can be sufficiently great to allow initiation by
less than 50 kg of tetryl, an amount difficult to imagine being in-
volved even in an act of sabotage.

Effects of Chemical Comgg§itioh It should be noted that addition of

relatively small amounts of higher hydrocarbons, such as propane,
(49),(58)

greatly reduces the initiation requirements for methane clouds.
For example, with 20 percent propane in a propane-methane mixture,
about 800 g-of tetryl would be sufficient to initiate a spherical
detonation. Typical compositions of LNG are such that direct initia-
tion will be appreciably less difficult than for'methéne—air mixtures.
Especially hazardous in this’respect'wou1d be the "heel" of higher
hydrocarbons that remains after most of the methane has been boiled
off from.a spill. The 100 g figure, quoted above for propane, would
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be representative of the order of magnitude of the charge required

for direct initiation of spherical detonation in the heel. Of course,
only a fraction of the initial spill rgmains combustible when the

heel becomes detonable. )

7.2.3.2 Transition from Deflagration to Detonation

Direct initiation of a detonatioh-is a relatively improbable event in
a spill of LNG. As indicated in Section 4,-typicé]1f1ame and spark sources
initiate deflagration instead. Under suitable conditions, deflagrations
undergo transitions to detonations. The transition process, which for many
years has been subjected to study in mixtures more reactive than methane-air,
is quite complex, involving generation and coalescence of pressure waves,
flame acceleration, turbulént flame phenomena and local ignitions at hot -
spots.(60) Since ignition of a deflagration is deemed likely in LNG spills,
it is very important to define conditions needed for.transition from deflagra-
tion to detonation. This is an area worthy of further research, both experi-

mental and theoretical, since many uncertainties remain.(s])‘(63)

* Status of Studies of Transition in Methane-Air The largest scales at

which transition from deflagration to detonation has been sought
systematically in methane-air mixtures are open hemispheres 10 m in
radius. It has been established that a turbulent-like flame, traveling
faster than a laminar flame, propagates through the methane-air mix-
ture.(Z])’(54)'(65) No tehdency for transition to detonation was
observed in the open.- Moreover, recent theoretical considerations of
nonideal explosions suggest that transition is unlikely, flame accel-
erations to speeds on the order of sound speed over times on the order
of acoustic times being required.(4]). However, these theories are not
entirely definitive; the prbcess is complex, and further sludy is
needed. Unless these further studies show otherwise, it will remain
most logical to assume that transition will not occur in the open.
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* Effects of Confinement Many investigators believe that neither winds

nor obstacles such as trees or buildings are likely to induce transi-
tion to detonation in methane-air cloudéil.confinement appears to be
needed for focusing pressure waves to produce transition, although
direct proof of this belief has not been obtained. These considerations
indicate that studies of effects of confinement inside large struc?
tures should be of very high priority with respect to.the question of
detonation potential.

The degree of confinement. needed, and the size of the chamber in
which the combustible mixture must be found, are not known at present

for methane-air mixtures. (67),(68)

Experiments in closed tubes 1 m

in diameter have yielded controversialAresults;(S]) it now seems un-
likely that a sustained detonation of stoichiometric methane-air'mix—
tures would occur in a long tube of this diameter. Theoretical esti-
mates of required tube diameters have exceeded 50 m. The required .
size probably lies somewhere between 1 and 50 m, this uncertainty
being so great that experiments to establish this size more accurately
are desirable. One scenario with a relatively high possibility for
detonation development may be a large LNG storage tank, practically
empty and situated within a large combustible c]oud with asymmetric

_ignition of a near-stoichiometric mixture inside the tank. Some -in-
vestigators have suggested that this is an example of a situation in
which a very devastatingldetonation could develop. 'Ii should be noted
that there are no grounds to suppose that such a situation is likely
to be encountered. Studies directed toward quantifying the magnitode
of this problem appear to be warranted.

7.2.3.3 Direct Shockless Initiation

Although there are complex configurations in which some investigators
have claimed achieving "direct shockless initiation" of detonation from com-
bustion, such observations have pertained to highly reactive mixtures, not
representative of LNG clouds.(69)-(71) Lack of thoroughness of the observa-
tions leaves room for questioning the interpretations. Uncertainties are
such that, although relevance seems unlikely, further study is warranted.
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7.2.4 Propagation and Quenching of Detonations in Complex Geometries

-~ Uncertainties remain concerning histories of detonation motions in
‘complex geometries of types likely to be encountered.

7.2.4.1 Questions Associated with Emergence from Confinement

A detonat1on deve]oped under conf1nement must be transm1tted successfully
to a detonab]e m1xture outs1de of the structure to cause severe damage to the
distant surround1ng§. There have been only a few preliminary studies of this
transmission problem. There areusqme indications that under suitable condi-
tions turbu]ent enhanéement'of combustion can facilitate occurrence,of
detonation of combustible mixtures at exits to confinement. (70) However, the
results are not definitive, and pressure relief at exits may aid invpreventing
transmission of ‘detonations. More research in this area is needed.

7.2.4.2 Propagation and Quenching in Turbulent Clouds

Even if'a detonation leaves a structure; it may not prnpagate through
a -combustible cloud. The cloud requires appropriate properties to support
a detonation. | |
® Quenching. Every combustible mixture has a.characteristic quenching
thickness for detonations,(72)-(75) such that if the thickness of the
combustible layer, bounded below by the ground and,above by noncom-
bustible gas, for example, is less than the.quenching thickness, then
the detonation decays and fails to propagate through the cloud.
Quenching thickness ranges from less than 0.5 cm for stoichiometric
hydrogen-oxygen mixtures to a value possibly well in excess of 1 m for
. stoichiometric methane- air mixtures. It is important to know the
quenching thickness for methane air mixtures in connect1on with deto-
nation hazards of LNG spills, and this value is known very poorly at
present. Research on quench1ng th1cknesses for detonations therefore
seems warranted '
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o Stratification Effects. In this last context, it should be observed
that turbulent dispersal of combustible gases from .LNG spills produces
gas mixtures having nonuniform compositions, with portions of the mix-
ture being beyond the combustible range. The size scales of these
nonhomogeneities are not well known at present and deserve further )
study. The stratification is not 1ikely to be sufficiently great to
prevent propagation of deflagrations, but it may prevent propagation
of detonations. Experimenfs on detonation of layered methane-air mix-
tures would be desirablé, in an effort to define how small the scale

- of nonhomogeneity of the combustible mixture must be, and how large
the thicknesses of the noncombustible regions must be, to prevent |

propagation.

¢ Effects of Chemicé1.Composition. Propagation of detonations is facili-
tated and quenching made less likely by addition of higher hydro-
carbons to methane. Quenching data would be of interest as a function

- of higher hydrocarbon content; for estimating hazards from LNG clouds
of differiﬁg compositions. Also, use of more reactive fuels than
methane canvhelp to simplify experimental problems of measuring pro-
pagation and quenching in nonhomogeneous mixtures of complex geometries,
through enabling of propagation to be achieved in experiments of
smaller 'scale. Combined with theory for scaling to less reactive
mixtures, the results could be employed for estimating necessary con-
ditions for detonation propagation in LNG clouds.

7.2.5 Calculation of Detonation-Produced Forces on Structures

j The pressure and velocity fields produced by detohations must be known
if damage to structures in the vicinity of detonations is to be calculated.

7.2.5.1 1Inside the Cloud

Since calculation of Chapman-Jouguet detonation pressures and velocities

is a matter of well-known thermodynamics and fluid mechanics, being negligibly
dependent on chemical kinetics,(43)’(60) these calculations are straightforward

for locations within a detonable cloud and do not require further investigation.
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7.2.5.2 Outside the Cloud

Outside a combustible cloud the pressure and velocity fields decay as
distance from the cloud increases. In geometrically symmetrical configura-
tions, these decays can be ca]éu]ated'accurately.(76)’(77) There remain some
uncertainties and difficultieSﬂin}achieving high accuracy in such calculations
for complex, nonsymmetrical geometrical configuratidns; Improvements in
abilities to make such calculations would be useful in estimating hazards from
deflagration-supported pressure fields as well as from detonations.

7.3 CONCLUSIONS AND RCCOMMCNDATIONS

Specific areas in which unknowns exist and in which further work may
-be useful have been indicated above. Specific recommendations extracted
therefrom appear below and in Section 8. It is difficult to assign a priofity
to studies of detonation phenomena because this aspect of the subject inyolves
extremes of probability. In general, it may be said that although detonation
is not a likely result in an unwanted LNG spill, its potential for devas-
tation is so great that further study of -various aspects of the process,
as outlined below, is justifiable primarily for the purpose of being able
_ to quantify better how uniikely such an event would be.- Within the detona-
tion category, it is easier to assign priorities. The following list is
" presented in the judged order of decreasing importance.

* Research should be focused on realistic mixtures and'COnf{gprations
of fuel vapor and air. The fuels heedingrgreétest study are mixtures
of 1% to 10% of higher hydrocarbohs with methane. These are easier
_to investigate than pure methane and also more relevant to the hazard.
The configurations needing emphasis are nonhomogeneous systems, such
as layered media. ‘ '

e Further experiments should be performed on detonation in layered media,
with volumes of combustibles separated by volumes of air. The objective
should be to ascertain quenching thicknesses for detonation in LNG vapor
as a functional mixture cdhposition, notably propane concentration.

Once this is accomplished, it should be possible to reduce to manageable
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proportions the size of system exbé}iments'of realistic fuel/air.
configuration, through use of propane or propane-methane’miXtures.
Still greater scale-down might be achievable by substituting hydrogen
for hydrocarbons, and this approach should investigated.

Further studies are needed to improve understanding of the degree of
confinement needed for transition from deflagration to detonation in
LNG vapbrs,-and of conditions under which a detonation developed under
confinement can be transmitted to a surrounding, open, detonable cloud.
Since it is widely accepted that appreciable confinement is necessary,
studies should be restricted to such conditions. Again, model studies
with fuels more reactive than methane would be worthwhile. A few
simple geometries should be explored systematically.

Better knowledge is needed of requirements for diréct.initiation of

. detonations in LNG vapor/air mixtures by high-explosives. A few
large-scale tests would be desirable, e.g., tests of a stoichiometric
methane-air mixture in a bag 50m x 2m x 2m with end initiation by a
sheet explosive. Of much greater importance than this, however, would
be acquisition of improved kinetic data on the reaction rates of the
.combustible mixtures of interest behind the shock of a Chapman-Jouguet
wave. Shock-tube and flow-reactor facilities are available in which

~ _the needed data .can be generated at relatively Tow cost. Contents

of higher hydrocarbons should be varied in the tests. The results
would be relevant to direct initiation as well as to transition from .
~deflagration. Data on autoignition temperatures and autoignition times
for mixtures of methane with higher hydrocarbons in air would also be
re{evant here, for temperature5~r§nging from slighfly elevated values
up to values that exist behind shocks preceding the combustion zone

in detonations. - o ’

Imprévgments in methods for thebretica]ly ca]cu]atiné pressure and
' veloéity fields outside detonated clouds in complex geometries may be
desirable. | '
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8.0 RECOMMENDATIONS

This Section sets forth relatively high priority research recommendations
respecting LNG fire and explosion phenomena. - Both general and specific
categories of recommendations are given in order of importance.

é.] 'GENERAL RECOMMENDATIONS

8.1.1 Field Test Planning

Planning of field tests should be biased towards spills of size that
permit a substantial number of well-instrumented and carefully interpreted
runs, as opposed to a few relatively large "realistic" burns for which signi-
ficant parameters are not varied in a known manner, or for which meaningful
description of component processes'is not possible. The reasoning under-
lying this recommendation is that confident generalization to a realistically
broad set of circumstances depends critically on engineering understanding
of component phenomena, e.g. flame spread rate as a function of plume
structure. '

8.1.2 Scale Modeling

In comparison with work on the scale of even the more modest of suggested
LNG field tests, the advantages of experiments small enough to allow plenti-
ful rep]ication, and to facilitate reliable and comprehensive measurements,
are very .great. There is a powerful incentive for scale modeling.
Reasonably stra1ghtforward scale modeling approaches to some critical and
poorly understood phenomena are set forth in this report. For other pheno-
mena, there appears to be at least a potential for sca]g modeling. It is
recommended that scale mode]iqg of LNG fire and explosion phenomena be
invesfigated systematically. Such investigation would encompass compilation
of possible scaling rules and; for the more attractive, expérimental design
in sufficient detail to allow estimation of costs, practical implementation
difficulties, and the quality of results.
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8.1.3 Fuel Distribution Scenarios

Some standarfzéd‘specifications of initial fuel distribution, ignition
characteristics and other assumptions governing combustion behavior should
be developed. This set is necessary if the probabilities of rare but cata-
strophic events such. as detonations are, even in princip]e, to be quantified.

8.2 SPECIFIC RECOMMENDATIONS

The collection of phenomena here designated as "vapor cloud burnup"
exhibits the greatest uncertainty relevant to LNG fire and explosion hazard
analysis. This area should receive top priority in defining further
research on unwanted combustion of LNG. In view of public concern and
because it is not yet possible, in the judgment of the writer, to guarantee
that detonation will not occur, some further work in that area should
receive next, but decidedly lower, priority. No high priority work on
ignition or pool fires is recommended. Respecting pool fires, however, a
need for further research may eventually develop in the Tight of more detailed
specifications of pool configuration and natural vaporization flux distribution.

In Sections 4-7, a number of relatively lower priority research steps
are also identified. Some attention should be devoted to dealing with these
low priority items as low cost opportunity is presented.

8.2.1 Vapor Cloud Burnup Phenomena

e Flame Spread in Turbulent Layered Gases Intermediate scale (e.g.
characteristic dimension 2 m wide and deep x 50 m 1ong) experiments

on flame spread in turbulent layered methane air mixtures should be
carried out to determine the extent that gravity accelerates spread
raté. There 18 good reason to believe that this phenomenon is a
member of a much broader class of gravity/spread rate interaction
phenomeha, all of which can be scaled-down through use of fuels with
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relatively slow laminar flame speeds; -This- scaling concept can'be "
tested in the course of the intermediate scale flame spread experi-
ments recommended here. .. . '

* o Scale Modeling of Gravity/Flame Spread Interactions. If the concept

can be established, scaling of gravity/flame spread interactions-should
be applied to complete clouds_of fuel vapor and air to determine which
release/dispersion scenarios will lead to fireball-like behavior.

» Non-detonative Pressure Wave'Characteristics. Pressure magnitudes in
flames spreading in layered gases, and deflagration-supported blast
waves need additional'study Effects of fuel distribution, geometry
of bound1ng surfaces, and flame acceleration should be investigated:
theoret1ca11y With better understanding of flame spread phenomena,
scale modeling procedures should be sought ‘

8.2.2 Detonation Phenomena

¢ Detonation in Layered Gases. Further‘experiments should be performed

- on detonation in layered mediarlwith volumes of combustibles separated
by volumes of air. The objective should be to ascertain quenching
thicknesses for detonations in LNG vapor as.a functiona]Imixture com-
position, notably propane concentration. Once this is accomplished,
it should be possible to reduce to manageable proportions the size of
system experiments of realistic fuel/air configuration, through use of
propane or propane-methane.mixtures. Still greater scale-down might
be achievable by substituting hydrogen for hydrocarbons.

t'Confinement and Deflagration to Detonation Transition. Further studies

are needed ‘to improve understanding of the degree of confinement
needed for transition from deflagration to detonation in LNG vapors,
and of conditions under which a detonation developed under confinement
can be transmitted to a surrounding, open;Adetonable‘cloud. Since it
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is known that appreciable confinement is necessary, studies should be
restricted to such conditions. Again, model studies-With fuels more
reactive than methane would be worthwhile. A few simple geometries
should be explored systematically.

Direct Detonat1on In1t1at1on Requ1rements Better knowledge is needed

of requ1rements for direct 1n1t1at1on of detonations in LNG vapor/air
mixtures by high explos1ves A few ]arge scale tests would be desirable,
e.g. tests of a qto1ch1ometr1c methane-alr mixture in @ bag 50 m x 2 m x
2 mwith end initiation by a sheet exp]os1ve “The principal need, how-
ever, is for improved data behind kinetics that will enable reliable
theoretical calculation of direct initiation. There are available
shock-tube and flow-reaction facilities in which the needed data can

be generated. Focus should be on conditions existing behind the shock
of a Chapman-Jouguet wave. Higher hydrocarbon content should be varied.
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SUMMARY

The éombustion of fuel-air mixtures resulting from possible liquefied
natural gas (LNG) spills is a central problem in the Lawrence Livermore Labo-
ratory (LLL) Liquefied Gaseous Fuels Spill Effects Program. This combustion
depends on a variety of factors, including the local fuel-air eguivalence
ratio, turbulence levels, humidify, characteristics of the ignitibn source,
and many others. Numerical models dealing with the LNG vapor éloud genérétion
and dispersion are being developed as part of this program, and these codes
require chemical kinetics submodels to describe the fuel-air burning that
might occur in a large LNG spill. Recent work on the development of these

chemical kinetics submodels is described in this report. -
INTRODUCTION

The combustion of fuel-air mixtures resulting from possible liquefied
natural gas (LNG) spills depends on a variety of factors: 1local fuel-air
equivalence ratio, turbulence levels, humidity, characteristics of the igni-
tion source, and many others. Like other portions of the Liquefied Gaseous
Fuels Spill Effects Program, this combustion is being analyzed using numerical
models to provide a means of predicting the evolution of arbitrary LNG spills.
Numgrical models dealing with the LNG vapor cloud generation and dispersion
are being developed as part of t:his-px:ogram.l_3 These codes require chemi-
cal kinet@cs submodels to describe the fuel-air burning'that might occur in‘a
large LNG spill. In this report we describe some recent work concerned with
the development of these chemical.kinetics submodels.

Flame propagation studies have been carried out using a one-dimensional
(1D) model,4 incorporating the equations of fluid mechanics with chemical
kinetics equations of arbitrary complexity. In some of the computations a
detailed chemical kinetics mechanism was used, while simplified kinetics mech-
anisms were used in the remainder of the computations. A

The atmosphere in which an LNG spill has occurred will inevitably be tur-

bulent. In modeling the propagation of a flame through a tufbulent fuel-air
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mixture, we attempt to separate the problems of turbulence modeling from those
of chemical kinetics, although the two operators are certain to be coupled to
some extent. The kinetics submodel is approached by modeling laminar -flame
propagation--a problem that is theoretically well defined. When we eventually
apply the resulting kinetics model to a turbulent regime, we hope ‘to account
for the turbulence by adjusting the thermal and mass transport‘rates in some
appropriate fashion. In the interim we require that our chem1cal k1net1cs

submodel be able to reproduce exper1menta1 data for lamlnar flames. o
DETAILED KINETICS

We examlned flame propertles for methane—axr mixtures at atmospherlc
pressure using a detailed chemical k1net1cs react1on mechanism.sW? One pur-
pose of these calculations was to prov1de }el1ab1e data to compare w1th the
simplified k1net1cs schemes. W1th thlS detailed k1net1cs model all avallable
laboratory experlmental data on lamlnar flame speed and flame structure could
be accurately reproduced.s' Effects of varxatlons in amblent pressure, uq-'
burned gas temperature, -and fuel-air eQuiualence ratio wereiall'accounted for;
although for the simulation of combustion :of LNé—air mixtures, only the effects
of variations in equivalence ratio are relevant. »"‘:: ‘_

Computed results for the laminar flame speed of methaue-airﬂat atmospher-
ic temperature and pressure are shown as a function of equ{ualence‘ratio by
the solid curve in Fig. 1. Note that the maximum value of the lamlnar flame
speed occurs just sl1ghtly richer than stoichiometric. Also note that the
flame speed becomes quite small for ¢ £ 0.5 and for ¢ > 1.6, correspondlng
quite well with the conventional flammablllty 11m1ts of methane-alr. Computed
flame speeds with th;s model are always positxve, “even outside ‘the experimen—
tal flammability limits, beoausexuo ther?a}bloss‘mechanism is included fn the
model equations. Radiatiou and other ﬁrocesses render real flames somewhat
nonadiabatic. When these heat loss mechanisms exceed the heat product1on L
rates in the flame, the flame extlnguxshes. Therefore, 1t is argued that a 1.
very small computed flame speed corresponds to a nonflammable mlxture in prao-
tice. Experience seems to indicate, as in Fig. 1, that the upper flammability
limit (UFL) and lower flammability limit (LFL) have been reached when the com-
puted flame speed falls below about 5 cm/s.

In addition to reproducing experimental flame speed data, we used the

numerical model and detailed reaction mechanism to examine the’effects of
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FIG. 1. Computed results for the laminar flame speed of methane-air mixtures
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adding minor constituents to the unburned fuel. We found that the addition of
water vépor to the unburned mixture had virtually no effec£ on the computed
fiame speed or flammability limité, The amount of water vapor ranged from '
five times the saturation limit in normal air down to zero. The reason for
this lack of effect seems to be a competition between two factors. The dis-
sociation of water molecules enhances the production rate of free radicals,
increasing the flame speed. However, the water also dilutes the fuel-air mix-
ture, lowering its adiabatic flame temperature, tending to. reduce the flame
speed. These effects very nearly cancel each other, yielding a negligible
change in flame speed. '

The implications of these particular calculations are important to the
LLL test program. If water vapor had a significant effect on flammability
limits or flame speed, it would be difficult to generalize data taken at dry
desert test sites to humid coastal locations typical of propose& LNG terminals.
Fortunately, since water vapor has been found to have little effect on the
flame properties under these conditions, flame studies at the Nevada Test Site
(NTS) or China Lake, Califbmnia should be equally valid under other conditions
of humidity. ‘ . i

The second minor constituent examined with the detailed reaction mecha-
nism was ethane. Earlier work5_7 indicated that .the presence of 5-10% eth-
ane (typical in LNG) in the primary methane fuel-has a profound influence on
the detonability of the resulting fuel-air mixtures. We .found that in con-
trast to the. results for the problem of detonability, ethane had very little
effect on the flame properties of LNG. Fuels were considered in which the
amount of ethane ranged from zero to as high as 25%, with methane as the re-
maininé fuel. These results are not-surprising in view of several faétors.“
Laminar flame speeds of methane, ethane, propane, and other paraffinic
hydrocarbon fuels in air lie in a émall range between 38 and about 45 cm/s.
The primary physical mechanisms responsible for flame propagation are thermal
heat conduction and free radical species diffusion, and both processes take
placé at about the same rates in all of the flames. 1In contrast, induction
processes that-are responsible for the dramatic differénces,in’detohabiliéy
between methane and ethane play a very small role in flame propagation. For
these reasons the addition of ethane to methane has a very small effect on the
flammability and flame speed of mixtures of vaporized LNG and air. ‘As a ‘
result; it is possible to use flame data for meEhane—éir, which are available

Pl
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in great detail, to represent flame properties of vaporized LNG in air with

very reasonable accuracy..
SIMPLIFIED KINETICS

In the two-dimensional (2D) and three-dimensional (3D) codes being used
to model the vapor cloud dispersion and combustion,l-3 it is essential to
use simplified kinetics schemes to represent the chemistry. Detailed kinetics
mechanisms are imp}actical in 2D and 3D because of the large additional number
of differential equations that must be solved, and because of the problems of
numerical stiffness they introduce into the solutions. .

The most common and elementary simple chemical kinetic mechanism consists

of a single overall reaction, which for methane can be written

CH4 + 202 -+ C02 + 2H20. .
The rate of this overall reactionis a complex'function of temperature, pres-
sure, equivalence ratio, and.other variables, but it is sometimes possible to .
average over these parameters in some vague way to arrive at a single expres-
sion for the rate. 1In practice, this averaging amounts to a type of curve
fitting, which matches the available experimental data. One drawback of this
type of rate fitting is that the resulting expression has only limited appli-

cability,’ 10

and care must be exercised not to ‘use the expression outside
its range of.validity, which caﬁ often be very narrow. For applications such
as those of LNG spills in the open air, we are concerned primarily with the
effects of variations in local equivalence ratio. Effects of pressure
variation are not important because all the spills are assumed to take place
at atmospheric pressure, and the unburned fuel-air mixture will not be
substantially different from normal atmospheric values. (300 * 50 K). We

assume a single global reaction rate of the form
k = A exp(-E_/RT) [cH,]%[0,]°
a 4 2 !

where A, Ea' a, and b are fitting parameters. For methane oxidation in
shock tubes, Ea is of the order of 50 kcal/mole, while the sum a + b depends
on pressure and is generally found to lie between 0.7 and 2.11 In addition.

to the shock tube data, there is a global expression derived from a study in a
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turbulent flow reactor by Dryer and Glassman that is used widely to model

methane oxidation. Their rate expression is

k = 1.5 x 1033

exp (- 48400/RT)[¢H4]°'7[92]°'8 .

The effective activation energy Ea (48.4 kcal/mole) and the values for
aand b (a+ b = 1.5) are quite consistent with the expressions derived from
shock tube data, even though the pressure, temperature, and fuel-air equiva-
lence ratio regimes in the flow reactor are markedly different from those in
the shock tube. Therefore, we have used Ea = 48.4 kcal/mole and a + b = 1.5
for most of the flame models described herein. We allow a and b to vary, as-
long as a + b = 1.5.- (Although in this report we are not concerned with vari-
ations of flame speed with pressure, the global kinetics mechanism best repro-
duces that pressure dependence when a + b = 1.5; so we prefer to maintain thét
constraint in this study.)

When a, b, and Ea are assigned specific values, the laminar flame speed ‘
then depends only on the preexponential term A. This parameter.was determined
in the following manner. We require that for a stoichiometric (i.e., fuel-air
equivalence ratio ¢ equal to unity) mixture of methane and air, the single-
step global rate gives the same laminar flame speed as the detailed mechanism
(also equal to the experimental value) of 38 * 3-cm/s. This requirement
then fixes the parameters in the global rate expréssion. With all of these
values fixed, the equivalence ratio varies, and the flame speed at each value
of ¢ is computed. In Table 1 we list the different rate expressions used,
all of which give Su = 38 cm/s for ¢ = 1.

The sum a + b is equal to 1.5, except for Series 5 in which both a and b
were equal to 1. Series 1 uses the values of a and h that were derived by
Dryer and Glassman.12
(with A = 1.5 x 1013

When the global rate expression of Dryer and Glassman
) was used, the predicted flame speed for ¢ = 1 is ap~
proximately 47 cm/s, about 25% larger than the experimentally measured value.
The value for A of 1.0 x 1013 in Table 1 gives Su = 38 cm/s, and the two
calculated values of flame speed are consistent with elementary flame theory
that predicts Su AvA# under‘these conditions. This error‘of about 25% for
Su with the Dryer and Glassman rate points out an important consideration in
this type of modeling study. Flame.speed depends on kinetic parameters and
transport prqperties, including thermal conductiVity and species molecular

diffusion goefficients. Therefore, it' is entirely possible that different
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TABLE 1. Reaction rate parameters in the global rate expression.

Series A . a b Ea
1 1.0 x 1013 0.7 0.8 48.4
2 8.5 x 102 | 0.5 1.0 .. 88.4
3 7.25 x 10°2 0.3 1.2 48.4
4 6.7 x 1002 0.2 1.3 1 48.4
5 2.4 x 1018 1.0 1.0 48.4

preexponential kinetic terms are needed in different codes, which may not
treat transport effects in the same manner. To resolve this problem in a
particular code, we must reproduce the results for the stoichiometric case
(¢ = 1) by varying A by the method just described. We, therefote} do not
recommend specific values for A but rather indicate, within the context of the
code (HCT) and the transport coefficients used, which values of A reproduced
the stoichiometric mixture flame speed with the giveﬁ values of a, b, and Ea'
In all flame model calculations reported herein, the transport properties
were retained without modification from the detailed kinetic mechanism results
described earlier. For each series of calculations using the rates shown in
Table 1, the predicted flame spéeds are plotted in Fig. 1 as dashed lihes, with
the results from the detailed kinetic mechanism shown as the solid curve.
Series 3 and 4 give quite good agreement with the detailed model results and
- experiment, while the other series parameters do not. Series 1, 2, and 5 sub-
stantially overestimate the flame speed for rich (¢ > 1) mixtures and under-
estimate it for lean (¢ < 1) mixtures. In addition to errors in the numeri-
cal values, Series 1, 2, and 5 also produce misleading estimates of flammabil-
ity limits. Using the argquments outlined earlier for relating predicted flame
speed to flammability limits, these models (Series 1, 2, and 5) suggest ¢ = 0.7
for the LFL and ¢ = 2.0 for UFL, Series 3 and 4 givé a value for the LFL of
between ¢ = 0.5 and 0.6, which is quite reasonable and probably overestimates
the UFL at ¢ = 1.8. However, for the applications intended in modeling LNG
spills, this UFL is not seriously wrong, and the accuracy in the LFL is much

more important.



It appears that the most important term in the rate expression is the ex-

4 concentration in- -

crease, the single-step rate also increases. The chemical reason for the

poneht a of the methane concentration. As ¢ and the CH

eventual decrease in flame speed for ¢ > 1.1 is that the excess fuel becomes
a nearly inert diluent. By including the fuel concentration in the rate ex-
pression with only a single term, the model is not able to distinguish between
the accelerating effect of having additional fuel and the decelerating effect
of dilution. As seen in Fig. 1, the answer lies in keeping the fuel exponent
a .small so tﬁat the increase in reaction rate with fuel concentration remains

moderate.
CONCLUS IONS

Within the limitations inherent in the use of a single-step reaction

mechanism, it appears that a rate expression (Séries 4)
2 200/ [ 10-2Fo_ L+
k = 6.7 x 10°° exp(- 48400/RT) [cn4]° 20,13

does a creditable job of reproduqing flame speed data and flammability limiﬁs
for methane-air flames in the atmosphere. The parameters for Series 3 also
give satisfactoiy results, although sohewhat less accurate than Series 4. The
other models, with a > 0.3, produced flame Speeds and flammability limits

that afe substantially different from experimental daté,'and their use is not
recommended. Whenever pos#ibie, the preexpoﬁential term A should be deter-
mined for each individual code by requiring that the code reproduce the
correct flame speed for a stoichiqmetric fuel-éi: mixture under laminar condi=
tions. ‘
" As a result of flame speed calculations using the detailed reaction mech-
anism, we found that the addition of water vapor and ethane, even in relative-.
ly large amounts, had very little effect on éomputed flame speed or flammabil-
ity limits. Flame propagation in ﬁixtures of vaporized LNG and air can there-

fore be well described by data for mixtures of methane and air.
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SUMMARY
The problem of detonability 6f vaporized mixtures of liquified natural
© gas and air is- addressed, using a characteristic time analysis. Separate
numerical models are used to treat the evolution of the blast wave produced
by a charge of high explosive and the chemical ignition delay of the fuel-
air mixture. These models are combined with experimental data to predict
the amount of high explosive required to ihitiate a‘detdnaticn of a stoichio-
metric mixture of methane and air, giving an estimate éf 50-100 kg of high
explosive ih sphérical geometry. The effects of minor constituents'sudh
as ethane and propane on methane-air detbnability are examined,hand the
mechanism by which “these minor éonstituents kineticaliy sensitize the fuel

- 1is discussed.
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INTRODUCTION
In the event of a large scale spill of ING or other liquefied energy

fuel, the llquld fuel w:Lll rap:.dly vapor:.ze and mix with air. As the fuel
mixes with aJ.r, some port:.on of the fuel—au.r m:.xture nay become flammable
and/or detonable, depend.mg on a vamety of factors wh:.ch are funct:.ons of
.‘ R the Splll, sp:.ll s:.te, the fuel :|.tse1f and many other parameters In the'
. present work, fact:ors tnf].uenomg the poss:L.bllrty of detonat.ton of the fuel-

air mxtures are exam:.ned by means of computer modelmg techm.ques. 'I'he
type of modelmg approach descr:.bed here is J.ntended to be used in coordmatlon :
with exper:.mental programs. The models mst be valldated by means of com-
parlson with exper:.mental data, after which they -ean be used.A to assxst :Ln

the analys1s of those experlments and to extrapolate to condltlons wh:.ch

are dlfflcult or expens:.ve to ach:.eve exper:unentally. Model pmdlctlons .
mst perlodlca]_ly be ver:.f:.ed by means of further expemments The prmax&
goal of modelmg complex systems such as gaseous detonat:.ons is to pmv1de
| add:.tlonal dlagnostlc tools to aid m the mterpretatlon of gz.ven exper:.ments '
and to substantlally reduce the cost and tn.me mquuerrents of a research '
program. In addition, model predlctlons can often mdlcate potentlally
frultful areas for further experlmental research or pomt out potentlal

dangers.

GASEOUS DETONATIONS

Perhaps the most dangerocus hazard which can result from an ING spill

is the possibility of an atmospheric gaseous detonation. Detonations can
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be produced,either by transition from deflagration‘or byydirect initiation
from a blast wave. In either case there are quite restrictive conditions
which must be satisfied if the detonation is to propagate. The shock wave
associated with a detonation compresses and heats a'mixture of unreacted
gases very rapidly. In the'absence of chemical reactioris this shock wave
would gradually weaken, decaylng 1nto a sxmple compre331onal sound wave._
It is p0551ble to deflne a characterlstlc shock wave decay time, in the
absence of reactlon, as the tlme requlred for the shock pressure to fall
' from.one.Value'to some other value.  If the shocked gas 1s reactlve then ‘
once the Shock waye has-compressed and-heated the gas, chemlcal reactlonSg:-
w1ll begin to take place. At the'end of a chemicai ignition delay period,
rapid energy release agaln heats the mlxture and ralses 1ts pressure fUIther,;
The heat and pressure 1ncrease from this reaction are needed to counteract
~ the gradual decay of the shock wave Therefore, a useful measure of the .
stability of a detonation waye can be derived by comparlng ‘the character—
1stnc shock waye decay tlme with the chemlcal induction tlne If the |
chemlcal time scale is longer than ‘the shock decay tlme, the detonatlon will
weaken, decaylng into a sound wave preceding a conventlonal deflagratlon.
On the other hand, if the chemlcal time scale is shorter than or comparable
to the shock wave tlme scale, the detonatlon will be stable and continue to
propagate. |

ALee (1) has shown‘that:the minimum high explosive charge required to
initiate detonation is strongly dependent on geometrical factors and for

'sphericai configurations'this blast energy would depend on the cube



of the chenucal lnduct;Lon tn.me Recently Westbrook (2) has developed a

- k:metlc model for the ox:LdatJ.on of methane ethane and air mixtures. This

model makes 1t possmle to calculate chemical induction times WJ.th a pre-
cision and generallty not - prev1ously possmle The evolutlon of high explos:.ve
blast waves is computed using a numerical model developed specifically for

~ such conditions (3). The detonation stability and dir'ect initation processes
have thus been Spll‘t conceptually mto a flun.d mecham.cal model dealing wrth
the blast wave, and a-chemical kinetie m\del dealmg with the :Lrn:’:ucl,lon

tJ.mes We will describe these two, sub-models and show how they have been

conbined to analyze certain detonatlon phenomena

CI-IEMICAL IGNITION DELAY

A great deal of work has been done in recent years on the J.gm.tlon of
methane in shod< tubes, andAsome studies of the shock tube 1gm.tlon of ethane
and higher a]kanes have. also appeared. A shock wave is. _pmpagated. through a |
reactive gas san;ole, rapidly Ar‘aisi ng its density, tcmperatore, Aand pressure .‘
to relatively h:Lgh valuesii ‘These post-;shock conditions are similar to ;
those which are produced J_n detonation shock fronts. Under these post-
shock conditions the fuel first breaks apart into smaller fragment chemival
species. This ignition -or induction phase, during which the gas
temperature and pressure are nearly constant, is followed by a ver'y rap1d
oxidation phase during which these fragments react to form final products,

_with water and carbon dioxide being the most siénificant. - The duration of

the ignition phase is much longer than the oxidation phase. In a typical .



case, the combined reaction time was ‘250 usec, wd'.th the .final oﬁdation
phase taking less than 1 usec. 'I'he ‘dominance of the ignition period is
an important feature of ‘the chemlcal evolution of these systems The end
of the combn_ned reaction period 1s characterlzed by a sharp increase in
temperatqre and pressure as the chemical energy of the fuel J.s released.'
This pressure increase during the final fnel ‘o>‘<idati‘on phase reinforces
the shock wave in a detonation which is propagating under r'eiatively stable
'condltlons | . ‘ l‘ o o
A detailed reactlon mec:ham.sm descm.blng the chem:.cal klnetlc evolutlon
of mlxtures of methane and,ethane has been pr_esented by Westbr'ook (2) and'
is given 1n Tabie 1. ThlS model reproduces experimentai data repbt'ted by
’Bumat et al.- (14) for the 1gn_1tlon delay of CH,, /O /Ar' and CZHG/O /Ar
mlxtures. These results are sumnar;.zed_ in Fig. 1, in 'th.ch the logarithm
- of the induction time is plotted as a function of r'eciprocal temperature.
The upper SOlld llne represents the- experlmental data for methane and
Athe lower' solid line shows the expem_mental data for ethane. Oomputed 5
- :mductlon times are J.ndlcated as dashed lines, with the key J.ndlcatmg the
- relative fuel Afr*actlons_of_-‘methane and ethane, respectively.  From Fig. 1
it is cleat' that A_the‘model 'r\epr\oduces'very.well the data of Burcat et al.
for the pure fuels. o ' .
With the mechanism validated at both ends of this compositional spectrum,
the model was then used to investigate the evolution of mixtures of methane
and ethane, combined first with stoichiometric amounts of oxygen. Pa.rticular )
attention was directed towards the compesitional range which is closest te
| that encountered in normally-occurring ING, with approximately 90% CHq and

10% 'CQHs' While the kinetic mechanism is not yet able to deal with piopane
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or higher alkane species, there is both.experimental and theoretical |
~ evidence to suggest that as far as kinetic sensitization and induction delay
are concerned, propane and ethane behave‘i‘quite_ s.imi];arly'.

ThlS study of the induction period of methane-ethane mixt:ures demon-
strated several very s:.gnlf:.cant pomts. _ Flrst the addltlon of qua.te
small amounts of ethane (5-10%) to. methane very sharply reduced the mductlon
'tlme of the composn.te fuel’ nelatlve to that of pure methane as shown in Flg 1
| This . reductlon is also 111ustrated 1n Flg 2, m whleh the J.nductlon time at
several post-shock temperatures is plotted as a functlon of fuel composn-mn.
| For example, when ethane is 5% of the fuel, the induction tlme is roughly |
| half that for pure methane. 'I'h:Ls reduction ln J.nduct;\.on tlme by a factor' 4 |
of two would comespond to a reduction in the cmtlcal energy for dlrect
initiation of a detonatlon by a factqr- of elght (I.ee (l)). “This effect is -
‘qulte large and illustrates dran1at1cally the- need for detalled chemlcal
kinetic analysis of these systems In an J.mpor'tant sense, the chemical
behavior of ING, at least as far as its ) detonablllty is conce_rned, appears
to be dominated by minor constituents such as ethane. H

This work was able to determine the detailedehemica;l. mechanism for the
fuel sénsitiiation process. Methane itself is' difficult to detonate, due
primarily to its. very long chemical induction time. The Cﬂu molecule is un-
usually stable, with the hydrogen atoms bound tightly to the carbon atom. '
In addition, when a hydxogen‘ atom is abstracted, the resulting ntethyl
radicals '(CH3) ‘are even more difficult to consmlle. Rather than being |
oxidized directly, methyl radicals combine together to form ethane

(CHy + CHy > C2H6) - Much of methane consumption thus proceeds through




ethane. The hydrogen atoms m the ethane molecule aremor'e easily abstracted
than in methane, and the consumption of ethahe is much more rapid 'fhan methane.
When ethane is present initiall.y', more hydrogen atoms are avaiiable, and
these hydrogen atoma initiate the chain branching reactions which rapidly
-consul'ne the avaiiable fuel. The kinetic process. by which small amounts.of
ethane can dominate the consuﬁrptien of ‘.methane and dramaticiall& reduce the
mductlon times, not only explalns all of the expemmental data but also
'dexmnstrates conclusn.vely the J.nadequacy of so-called thermal sens:.tlzatlon
mechanisms.  Crossley et al. (5) reached the Same conclusmn as to the -
inadequacy of the thermal serxsltlzatlon mecha.m.sm, based on purely experi.-
4menta1 results. . The consumptlon of the two fuels occurs smmltaneously,
~and it is thr'ough the free rad:n.ca_l chain branching reactlons that the coupl:mg
occurs, not thr'ough a sequentlal release of heat.
It was also shown ( 2) that the same degr*ee.,of_ kinetic s,eﬁsitiza_tion

. occurs for fuel—air mixtures which are n:of s“coichion'\etric.v "This conelusion ,
is significant since wide ranges in local fuel-air equivalence ratio would
‘be _expected' in an actual ING spill«.i In addition, A'_t':he presence of wafeb vapor
in'the air was found fo have a negligible effect on the contputed. ihduetion:.
: delay tlmes. N

- . In addition to the earller kinetic modeling work already descm_bed
we have carmed out another series of shock tube ;gm.tlon vdelay time calcu-
lations to examine the effects of changes in the amount of inert diluent
which is present along with the fuel and oxygen. For the an<e of illus-

tration we consider here the results for stoichiometric methane-oxygen



mixtures with dlfferent amounts of dllutlon results for fuel mixtures

of methane and ethane and for non—st01c'h.1.ometr1c mixtures are very s:.mllar.
The experimental work of Burcat et al. ‘(l&) used argon as ‘the diluent and

~ the mole fractlon of" argon was fJ.ve t].mes that of the oxygen. This was

done in order to better appmxm\ate the heat capaclty of air than if

‘ . greater chlutlon were used In the new serles of calculatlons, the

amount. of argon dlluent was varled by 50% w1th 1gru.t10n delay times
computed for each compos:.tlon at a varlety of 1n1t1al post—shock temper—
atures The 1gnlt:|.on delay tJ.mes for some of these nuxtures ‘are plotted

in Fig. '3 as functlons of re01pmcal te:rxpemture The effectlve actlvatlon'
energy appears to increase sllghtly w1th mcreasmg argon d.tlutlon The . |
computed results at 1500 K and at 1900 K are. sxmmarmed in F:Lg. 4 as |
functions of dilution. The 1gr11tlolr; delay tJ.me can be seen to be pro-

portional to the ratlo [Ar] / ([O ] + [CH ] ), with the constant of

proportlonallty chang:.ng w1th temperature

RELATING SHOCK DECAY TIMES TO INDUCTION TTMES

A considerable amount of experlmental infdrmation is available on the
detonability of fuels which ‘are either pu.re methane or primarily methane ,
in oxygen and in air. These experiments have been carried out under
nearly unconfined, am\ospheri_c conditidns ‘and with carefully defined
. amounts of fuel and oxidizer. In one series of experiments, Bull and
co-workers (6) used stoiehionetric mixtures of | methane and oxygen, diluted
with varying amounts of nitmgen. In each case they determined the minimum

amount of high explosive required to initiate a steady detonation in an
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unconfined spherical configuration. One goal of their study was to use
results at low nitrogen ‘concentrations, where the experiments were simpler
to perform, to extrapolate to condltlons with large amounts of m.trogen
(as in normal air) where the experlments could not.be carrled out. In
the second series of exper:.ments reported by Bull et al. (7 8), crltlcal
masses of h:l.gh explos:.ve were detennmed for varlous mxtures of methane -
and ethane in. a:.r ThlS data, shown in F:Lg 5, dlsplays the same ra.pld |
sensn:lzatlon of methane by ethane descmbed earller. Agaln the data o
were ext:rapolated to the limit ofpure methane in air, w1th both extra-~
polations indicating that approXinlate'ly 22 kg of high explosive wonild
be requlred to detonate a methane—alr mixture. |

Comparlsons were made w1th these two sets of experdments in a series .
of model calculatlons . For each m:.xture selected a one-d:.mens:Lonal finite
difference hydrodynamic nmnemcal model was used to calculate- the evolut:l.on
of the tJ.me-dependent shoc:k wave produced by spherlcal charges of hlgh
'explos:n.ve for charge masses rang:.ng from 10 gn to 22 kg. 'I'he shock decay o
time was defined somewhat arbltram.ly as the t:.me requz.red for the shock
. to decay from 20 to 10 bars. This pressure range was selected pmmamly
because the Chapman—Jouguet. pressure for aldetonatlon in atmospheric
ING-air is approximateiy'ls bars. The result of these calculations was
a relation between charge mass and shock decay time and is shown in Fig.
6. The shock decay time was found to vary as the cube root ‘of the charge
mass, as would be expected from analytn.c treatments of spherical shock

front decay. At the same time, chemcal induction times were calculated
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for each mlxtur'e In these kineties‘calculations, the initial post-shock
density was held fixed at 6 X 1073 gm/c:m3 and the initial p'ost-shode
temperature was varied over a wide range. The results of the induction '
time calculations‘ for the G, - CZHG nn.xtures in air are plotted in F1g

7. By equat:l.ng the chexmcal mductlon time: w:.th ‘the shock decay tn.me, )

a cor'relatlon was establlshed between the. cmtlcal mass of high exploslve ..
‘; and the Jm.tlal post—shock tenperattme of the reactn,ve gas mixture. ThlS
pr\ocedure is 1llustr\ated by the three- large dots in Figs. 5—7 showmg

the effect’ of fuel oompos:.tlon on cmtloal hlgh exploslvel mass. character'- :-

istic shock decay tlme, and 1nductlon time. An entl:nely analogous procedure

. was oarmed out for the expem.mental data (6). in wh:.ch the nltmgen content o

varied. .Finally, “the charactem.stlc temper'ature oorrelat:n.ons were extna-
polated in both cases to estlmate the releva.nt 1nductlon time for methane-‘
alr ThlS procedure is. 111ustr'ated in Fig. 7 by the th:oee sets of dashed
lines leadmg fmm the large dots to the.line represent:mg methane-au'
The dashed lmes represent reasonable upper and lower ].mu.ts for* the e:d:r-a—
polatlon based on the data J.n I-‘lg 5 and the centnal dashed line shows a |
str*alght lJ.ne extr*apolat:.on Tnanslat:l.ng the J.ntersectlon pomts back
into cr1t1cal charge masses glves values of 2u kg and 100 kg The corre-
sponding values based on the other set of expem.mental data glves a
range of 50-100 kg of hlgh explosive.

_ The choice of a chaxacter;stlc pressure decay time based on a decrease
of the shock pressure from 20 to ‘10 bars is of course somewhat arbltnary
An 1nterest1ng correlation can be derived in a somewhat different fashlon

fnom that described above, requlmng only that the shock decay tlme depend
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4
He» at an initial post-shock temperature of 1400K was chosen for reference.

" on the cube root of the charge mass. The fuel mixture with 70% CH, - 30%
<
- From Fig. 7, the ‘induction time is 33 ps. From Flg. 5, the expemmental
:-data show that the critical hlgh exploswe mass for detonatlon mltlatlon
for this mixture is 360 gm. These two pomts, :together thh ‘the assumptlon
‘of a cube mot dependence .of pressure. decay time on charge mass, allow us
lto use the other data of Fig. 5 all at 1400K initial terrperature, to pre-
dict the dependence of crltlcal charge mass on composrtlon T_he result of
this process 1s 1llus1mated by the dashed curve in Fig. 5 which 'shows’ a |
remarkable agreement between predlcted and exper:.mental results. j'I'he -
extrapolatlon of this predlcted curve to pure methane in air g:\.ves a high -
explosive mass of 106 kg. Data pomts quoted by Boni, et al. (9) are -~
also indicated in Figure 5 and are consistent with the predicted curve.
The use of a constant mltlal post-shock tenperature reflects the
fact that the Chapman—Jouguet condltlons for methane and ethane are ver'y
similar, s0 that the post—shock cond:.tlons whlch lead to a propagatlng
detonation should be the same for all mixtures of fuels The temperature
of 14001( was used because it pmv1ded the .best. fit to the portion of Flg.‘
5 for whlch exper:.mental data are available. '

The extrapolations carried out in this type of analysis have used
temperature'as a variable because this dependence is rather weak. The
predicted critical charge mass fcr pure methane in air is quite sensitive
to the extrapolation method, so that the range quoted cf 24-106 kg must be
regarded as somwhat uncertajn. However, there appears to be no way to _

justify a predicted charge mass of more than 1000 kg suggested by Boni
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et al. (10). Boni et al. (1 0) used a coupled fluid mechanics-chemical
reaction model in their study, wh:Lle the present Study has decoupied the
two processes, but it seems unlikely that the large differences in pre-
dictions for n'ethane-an'r could be attributed solely to .this ene factor.

In addition, the chemicai.rea‘ctipn rnodei used in-th'e present work 1s con-
s‘idefably more sophistieated' and more reliable than that used by Bon:. et
al. In thls llght, no explanatlon ca.n be glven for the dlsagreennents

- between the present results and those of Bom. et al

It must be emphas:.zed agaln that whlle there is con51derable theor'etlcal
- interest in the initiation of a detOnation in methane-air, there is__ same -
reason to question how relevant that situation is to practical ING safety.'
Since ING contains appreciable amounts of  minor chemlcal species whlch
have been determined, both experdmntany and in eur modeling studiés, to
s:l.gm.flcantly modify its chem:Lcal behav10r, pred:l.ctlons of ING detonability
-made on the ba515 of stud:Les of pure'methane can be semously misleading.

" As' noted earller, with only 5% of the fuel cons:.stlng of ethane, the
induction tlme is half that of pure methane ThlS translates mto a
‘r'eductlon of a factor of eight in the amount of high exp1081ve needed to
detonate such a nuxture, and with a "typical" ING composition of 90% C:E-Iu
and 10% ethane, propane and other spe01es, the critical mass is even
smaller. In add_J.tlon, the process of dlfferentlal boiloff, in which the
more volatile component methane evaporates first, will mean that the com-
position of the LNG 'vapor result_ing from a typlcal spill wili be progres-
sively richer in these minor constituents. This effect would further reduce

the required high explosive mass to initiate a detonation.
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.The kinetic modeling presented here, as well as,that discussed earlier
by Westbrook (2), suggests that sevenal types of fuel modification might
be used to increase the chemical induction time of LNG-air mixtures,
thereby reducing the detonability of the mixtures. If some additive were
included in the fuel Wthh could serve as a means of capturlng H atcms,A::
the chain branching of these systems ‘would be sharply reduced. Slmllarly;
if the amounts of minor constituents such as ethane or propane could be
removed or at least s1gn1flcantly reduced the results in Flg 1 1nd1cate
v<that the 1nduct10n‘t;me would agalnfbe‘sharply 1ncreased.; In addltlon,

a chemically inert diluent species could be added to' the ING. - Although |
in the computations described_earlier argon was_the-dilnent? any such

. inert diluent'would produce similar results. ,Thetneed'to be able to
liquefy the diluent at about the same temperature as the (NG would place
' restriction on the choice of‘diluentgsuﬁny-of these processes conld-

' 51gn1f1cantly enhance the- safety of handllng and u51ng the fuel, so. long
~as the process belng used had no other effect detrlmental to the safety

-or end use ‘of the fuel.

CONCLUSION
It is important to consider that typical LNG“is'composed not only of
nethane; but that approximately 10% of ING is made up of ethane, propane,
and other species. The induction time calculations described here show
that this 10% makes a great deal of difference in the induction'time'and
- therefore in the detonability of ING. Studies which have not or do not

take this composition.into account may not be appiicable to the question.

F-13



of the detonability of ING vapor. These imﬁuritieS'or minor constituents
play a major role in determining the :induction time‘and detonability of
ING. The purely kineti¢ model described here has been validated by com-
'parison with experimental data and can be reliably applied to other sets
of conditions Whidﬁ_haVE'not'réceived exPerinenfal'attentiQn. . This was
doﬁe to exéﬁine the possiblé'effécts of the preséhce of waéer vépor aﬁd

effects of inert dilutiopiandlfuel_stgicﬁioﬁétry, in addifion to’ variations
| in erl,éomposition. Piﬁélly; the,éhéfacteriétic time analysis déééribed'
was used té'correlate aVailabié.experiméntal'data-oﬁ uﬁggnfined defoﬁaiions.
'Extrapélations were made to estimate that. a high éﬁplosive méss of 29-106
kg wpuldAbe,required to'detéﬁate‘a_stoighiqmetric méthane-air spherical

. cloud,
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Table |

Methane-ethane oxidation mechanism. Reaction rates in
cm3-mole-sec-kcal units, k = AT" exp.(-E,/RT)

Rate
Reaction Reference
| logA n E, (See Westbrook[2)) -
1 CH,+M SCHz+H+M 171 .0 . 884 Hartigetal (1971)
2 CH,+H ~=CHg#H, 141 0 1.9 Baidwin etal. (1970) .
3 CHy+OH —CHy+H,0 35 308 20 Zelinerand Steinert (1976}
4 CH,+O  SCHy+OH. 132 0 9.2 Herron (1969) " |
5 CHy +HO, »CHy+H,0,  133. 0 18.0. Skinneretal. (1972) .
6 CH;HO, —CH;0+OH 132 0 0.0 Colket (1975)
7 CHy+OH ~CHO+H, = 126 0 0.0 Fenimore (1969)
8 CHy;+0 —CH,0+H 141 0 20 ° Peetersand Mahnen {1973)
9 CH, + 0o, - CH:;O +0 134 0 -29.0 ' Brabbs and Brokaw (19'75)3
10 CH,0+CHy»CH,+HCO 100 05 60 Tunderetal.
11" CHy + HCO —CH, +CO 115 05 00 Tunderetal.
12 CHy +HO, —CHy+0, 120 © :0.4  Skinner et al. (1972)
13 CH;O+M —CH,0+ H+M  .13.7 - O 21,9. .:B.rabbs and Brokaw (1975) . :
14 CH0+0, »CH,0+HO, 120 O 6.0 Engleman (1976)
15 CH,0+M —HCO+H+M 167 0 72.0  Schecker and Jost (1969)
16 CH,0+OH »HCO+H,0 147 0 6.3 - Bowman (1975) - -
17 CH,0+H —HCO+H, 126 0 3.8 Westenberg and deHaas (1972a)
18 CH,0+0 -HCO+OH 137 0 46 Bowman (1975)
19 CH,0+HO,»HCO+H,0, 120 0 8.0 Lloyd (1974)
20 HCO+OH ~-CO+H,0 140 © 0.0 Bowman (1970)
21 HCO+M —H+CO+M 142 .0 - 190 Westbrook etal. (1977)
22 HCO+H —CO+H, 143 0 0.0  Niki etal. (1969)
23 HCO+0 . - CO+OH. 140 0 0.0 We#tenberg and deHaas (1972b)
24  HCO+HO, +CH,0+0, 140 0 3.0 Baldwin and Walker (1973)
25 HCO+0, -CO+HO, 1256 0 7.0 Westbrook et al. (1977)
26 CO+OH ~CO,+H 71 13 -08 Baulch and Drysdale (1974)
27 CO+HO, ~—CO,+OH 140 0 23.0 . Baldwin et al. (1970)
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Table 1

Methane-ethane oxidation mechanism. Reaction rates in
cm3-mole-sec-kcal units, k = AT" exp (-E,/RT) cont'd.
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Rate , :
Reaction ‘ . " Reference -
logA n - E '
28 CO+0+M >CO,+M.- - 158 0 4.1 Simonaitis and Heicklen (1972)
20 CO,+0 ~>CO+0, ~ 124 0. - 438 Gardineretal.(1971) =
30 H+0, -~ =O+OH 143 0 168 Baulchetal (1973a)
31 H,+0  ~ >H+OH 103" 1. 89 Baulch etal. (19/3b)
32. H,0+0 —OH+OH 135 0 184  Baulch et al. {1973b) |
33 H,0+H ~Hy+OH 140 0 203 Baulchetal. (1973b)
3  H,0,+OH »H,0+HO, 130 0 18 Baulchetal {1973b)
35 H,0+M  SH¥OH+M '’ 1637 0° 1051 ‘Baulhetal (1973b)
36 H+0,+M. ~HO,+M 152 0  -1.0. Baulchetal. (1973b) -
37 HO,+0 .~OH+0, 137 0 10 Uoyd(1974)
38 . HO,+H —>OH+OH 144 0 1.9 - Baulchetal. (1973b)
39 H02+H . =H,+0, 134 0. | 0.7 Baulch et al. (1973b)
40, HO,+OH ~—H,0+0, 137 0 1.0, Lloyd (1974) -
41 Hy0,+0, »HO,+HO, = 136 .0 426 Lioyd(1974)
42 H,0,+M -OH+OH+M 171 0 455 Baulch et al. (1973b)
43 ' H,0,+H =HO,+H, 122 ' 0 3.8 Baulch et al. (1973b)
44 O+H+M —OH+M 160 0. 0.0 Moretti(1965)
45 0,+M  -=0+0+M. 157 O = 1150 Jenkinsetal. (1967)
46 H,+M >H+H+M 143 O . 96.0 - Baulch et al."(197_3b); .
47 C,Hg —-CHg + CH4 194 -1 883 Paceyv(i§73) . | |
48 ' C,Hg+CHy »CHg+CHy =~ -03 4 8.3 Clark and Dove (1973)
49 CyHg+H —CyHg+H, 27 35 5.2 Clark and Dove (1973)
50 C,Hg+OH 5C,Hg+H,0 138 0O 24 Greiner (1970)
51 CoHg+O = =CyHg+OH 134 O 6.4 .Herron and Huie (1973)
52 C,Hg +CyH, +H 136 0 38.0  Lin and Back (1966) .
53 C,Hg+0, —CyH,+HO, 120 0 5.0 Cooke and Williams (1971)
B4 C,Hg+C,Hy"CHs+CH, 1756 0 . 356

~Benson and Haugen (1867)




Table!

Methane-ethane oxidation mechanism. Reaction rates in
cm3-mole-sec-kcal units, k = AT" exp (-E,/RT) cont'd.
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Rate
Reaction : - Reference
e logA ~ n E. ',

55 C,M;+0 —CHy+HCO 130, 0 1.1 Davisetal (1972)

56 C,Hy+M = CyH3+H+M 140 0 982 Justetal (i977) i

§7 CyHg+H - CoHy+H, 138 0 6.0 Benson and Haugen (1967) -
B8 C,Hy+OH ~C,Hy+H,0 ~ 140 O .35 Baldwin etal. (1966)

59 'C;‘,H4 +0 - 'CHer + CH, 134 0 5.0 Peetersand Mahneh (1973)

60 C,Hy+M -C,H,H+M 165 0 405 Benson and Haugen (1967)

61 CH,#M > CH+H+M 140 0 1140 Jachimowski (1977)

62 C,H,+0, —> HCO+HCO 126 0 1280  Gardiner and Walker (1968)

63 C,H,+H -~ CyH+H, 143 0 19.0 Broine etal. (1969)

64 C,H,+O0H —» C,H+H,0 128 0O ‘7.0 Vandooren and VanTlggeIen

(1977) |

65 C,Hy+0 - C,H+OH 155 -06 170 Brownetal. (1969)
66 Czi"z +0 ~ CH, + co 138 0 40 Vandooren and VanTlggeIen

S e

67 C,H+0, —HCO+CO 130 O 7.0 Browne et alf (1969)

68 C,H+0 =~ CO+CH 137 0 0.0 Browne etal. (1969)

69 CH,+0, - HCO+OH 140 0 3.7 Beénson and Haugen|(1967) |

70 CH,+O - CH+ OH 11.3 .0.68 25.0 Mayeretal. (196‘7) :

71 CH,+H = CH+H, 114 067. 257 Mayeretal. (1967)

72 CH,+OH - CH+H,0 114 067 257 Peeters and Vinckier (1975)

73 CH+0, - CO+OH 11 067 257 Peetersand Vinckier (1975)

74 CH+0, - HCO+O 130 0. 0.0 Jachimowski (1977); .

75 CHZOH+M - CHz;+OH+M 183 0 80.0 '

Westbrook and Dryer
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Fig. 5 Detonation thresholds as functions of composition;
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SUMMARY -

Increased concern abput the détonability of gaéeous
mixtures in unconfined clopds_renewed our interest in the behavior
of the detonation process under vabiousAtransient‘conditipﬁé, such
.és a nonuniform,d;stribution of pressure, temperature, .or
composition. In>readjusting iﬁéelf du}iné suéh a transient»ététe;
the process may e;thér survive and continue as a detonation wave or
may weaken'so fast that it trahsformé into a simple deflagration
wave. A similar transient condition.may be imposed on the wave by
letting it pass through an area change. Here again, the wave may |
either‘survive.or weaken to a point of its extinction.

Assuming that the cellular structube 6f the detonation wave is
responsible for its existencé and its uniqueness, we investigated .
the effect of variation in the cross-sectional area of the tubes on
the cell size and on the survival of the detonative process during
the tranéi;ion. Comparison was made witﬁ the results of other
investigators who performed similar‘experiments for different

reasons.

The résults show that it is not the tube diameter nor the
initiﬁl pressure of the medium that controls the survival of the
wave but that it is (1)vthe number of cells available to endure
losses from flow effects generated by the transient conditions and
(2) the number of cells remaining to regenerate new cells to

revivé the detonation process.
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INTRODUCTION

kecent advances in the field of gaseous detonation have
renewed4interes£ in one of the relatively untouched areas of the
detonative process, that is, its behavior under transient
conditions when one or more of the cdntrolling vabiables is not
constant. .Such transiént conditions are met when a detonation wave
experiences a change in composition; pressure, temperature, or
confinement. The process begins to adjust itself to‘a'neﬁ set of
conditions-and undergoes a change in structure. It also begins to
reveal its characteristic features. Knowledge of such Qet#ils of
the charapter of the wave may lead us to a better understanding of
the process and, in particular, of the link between chemistry and
hydrodynamiés in a detonation wave.

The last few decades have been very fruitful iﬁ_gfoviding
information about the nature of the detqnative process and thé‘
gssential features of its cellular structure. Full aetails-about
the subject may be found in the comprehensive reviews of.Oppenheim'
et al. (1963), Strehlow (1968), Lee et al. (1969), 'a;nd Lee (1977).
It is believed that the cellular structure_of gaseous detonations
has been proven beyond any: doubt and -that any new findings
connected with the behavior of the detdnation process dust be.

associated, one way or apother, with this .cellular structure.
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One important finding that emerged from all investigations
during the iaét few decades is that the cellular structure not qnly
eéxists but is essential to the detonative‘process. Ité size and
réguléfity'afe characteristic of a pafticular combination of
initial cdnditions, such as composition, pressure, -and temperature.
/Variahion of ‘these conditions causes the cell size to change and
’.attaih a.héﬁ si?é fhat’is éharacteristic'of the new set of
-conditions. 3Differepces.in confingmeﬂt (such as in ﬁﬁe tube
'digmeteb) or‘the,laék of ahy éonfinement (as in the case of
sbﬁérical déto@atioﬁs); if kept constant during the process, will
‘jhave né effeét on the charactefistic cell size. However, shoﬁld'
"-the detonaﬁion;wavg enter an aréaichanée, the cell size will
immediafely be'affected'by thé change and will reveal some of the
transient features.of the phenomenon. . deal variapions in‘theée-
coﬁd;tions, ineluding those of thé cross sectional area, will cause
enhancement of the detonative process or weakening of it with a
‘possibility of a complete extinction. | |

The first records of a detonatioﬁ'wave traveling into both
grédﬁal aﬁd'gprubt changes of the crosstectionél area were shown
by Voitsekhovsky et al. (1963). Their records were taken with an
bpen-shufter techpique, and'changes in cell size and even complete
1035‘of‘cellu1af structure are quite evident. Strehlow and his
gréup'aﬁ‘the Univeréity of Illinois have'gathered an enormous

amount of valuable information on the cellular structure and have.



gontribufed‘significantly to our present understanding of the
phenémenon. Their experiments (Strehlow et al., 1972) with an'
adjustableAwedge inside the tube also reveal the effects  caused by
tbe change in the cross-sectional area and by the yariation of the
cell size as the detonation wave propagates through such an area |
_change. | |

Our earlier unpublishedAekperiments, in which an area change |
in the path of a deténation wave was produced by a Qedge inserﬁed
into the 2.54 x 3.81-cm rectangular tube, also revealed somé
interesting results such.as different threshold pressures for
transition at differgnt orientations of the wedge. Similar |
experiﬁents with a convergent-divergent tube were performed -the
same year by Lee et al. (1965). However, it is his recent study
with Matsui (Matsui ;nd Lee, 1978) on the transition of detopé—
tion from a planar geometry‘into a sphefical one that stimuiated
the present work and led ﬁs to study the effects of cellular
structure of fhe detonation wa?e on its transition froﬁ a tube

of constant cross section into an expanded geometry.

THE EFFECTS

If we examine the records of Strehlow et al. (1972) and

Voitsekhovsky et al. (1963), as well as unpublished experiments of



Urtiew and Oppenheim (1965), we find that’as the deponafion wave
progresseslinto an area change the cell - size either gets smaller
or larger depending on whether the detonation wave pfopagétes,
respectively, into a contraction or expansion of the tubé. This
process is qualitatively illustrated in Fig. 1.

When Lhe wave enters a convergent section (Fig. 1a), an
oblique shock or a compression'fan is generated at theAcorner‘or at
its gradual convergence. The flow behind the front is affegted and
the wave becomes slightly overdriven. At the same time at the wave
front, the triple-intersection point nearest thé convergiﬁg wall
meets a reflecting surface sooner ‘than it would under constant area
flow, and it reflects‘at higher pressuré. Therefore, the cells
become smaller. The effect is propagated radially into the tube,
cpntinuously changing the cell size.

When the. wave enters a diﬁerzeﬁt section (Fig. 1b), it
encounters a rarefaction wave centered at the corner or spread
around a gradual expansion (not shown). At the same time, the
triple-intersection point nearest the wall does not find a
reflecting surfaée in'timevfof a regular enforceﬁent of the'
detonation prbéess and thus becomes weaker and weaker. Both of
these effects must work hand in hand, because loss of reflecting
surface alone would not prevent the wave from generating a new
explosion pbint near the would—be'reflection point and thereby

éontinue the‘process, as it does in spherical detonations. .On the



other hand, rarefaction alone»(dependiné on its strength) may only
. weaken the process, which will still carry on until marginal |
conditions are attained.

In the case of tube expansion, the stréngth'df'the
rarefaction, namely, the amount of pressuré,drop across the wave,

depends on the amount of expansion, .i.e.,
pp = £(8) , ‘ \ | €))

where § is the angle of divergence;‘ Rafefactiqn:is an isentropic
process ﬁropagating at a local velocity-of sound. In a uniforﬁ
flow, the sound velocity would be conStanﬁrénd the rarefaction wave
would travel along a characteristic curve toward the-center'of the
tube.,AIn the case of a detonation wave with‘the'cellular
structure, local velocities of sound vary so much within the cell
that inﬁeraction between the detonation front and the incoming
rarefaction wa#e becomes very complex. The question'of'original
strength becomes very important. The rarefaction wave may not bg
sufficiently strong to overcome the effect of burning as it
propagates through individﬁal cells and may cease'to exist at some

point along its path and toward the center of the flow.
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TRANSITION OF DETONATION FROM PLANAR TO SPHERICAL GEOMETRY

Consider the case of transition from a plane geometry into a
hemispherical one, which represents the case where § = 90°. This

t

case does not produce the strongest raféfécpion'have at-the
corner, but it represents a simplelcése-;hat may bé compared with
experimeﬁtal sﬁudies of Matsui and Lee (i978). Unlike the
rarefaction caused by a plane shock wave, the effects of a
rarefaction wave generated by a detonation wave will gradually
diminish as it propagates towards the centerline of the hemiéphere
unpil; if the'originai tube diameter is large enough, the éffects
becéme so small that the wave begins to.regenerate new cells as if
it were a portion of a spherical detonation wave. ‘The criterion
for survival is, then, the diameter of the tube or, rather, how
much of the inner core of the detonation wave will remain
unaffected by the rarefaction wave and how well it will be able to
reestablish the detonation process in a spherical4geometry.

To determine the relationship of the inner-core diameter,'do,
with the critical diameter of the tube, de’ let us relate the
energy required for initiation of a spherical wave with the work
done by the core of the wave on the’undisturbed gas outside of thé
tube. If we consider the geometry as illustrated in Fig. 2; the

work done (WD) by the core on the outside gas will have the

following approximate expression:



¢

.. Q : .
wn:f Puadt ', . (2)

o

482 M

where P and u represent the Chapman-Jouguet (C.J.) pbessure and

particle velocity, A is the.afea of the innef éore, and

o = To\ o | |
3 - - (3)

represents the time required by the head of the rarefaction wave to
reach the outer edge of the core at Ty There, £ and z are the
cell size dimensioﬁs in length and width, respectively, and D is
the detonation velocity of the wave.

Integrating Eq. (1), one obtains an-expression for the work

done:

2 fa\ [Fe " To
WD = m Pojuc,r <E> <—D_—) o ()
P . .u d
ca%ed\ /2\ (% N\ 3

In essence, this work done on the outside gas by the inner

or

WD

core of the wave is the energy required to initiate a detonation



process in a hemispherical geometry. - To compare'itS'valué with the
experimental value of Matsui and Lee (1978) for the spherical case,

we must take 2 WD and express'it in terms of"dc as follows:

B o HE ) Y T 3
TP, u d d
— __.CJd“cJ & e _ o\ {3
E, =2 WD = — === <—do ‘1)’(‘—"“};)’ dJ (6)

As expected, E_ is prdporpional-to dz‘providea the term in phef
équare brackets remains constant. If we assime various values for
the ratio of dc/do’ thé~expression'in the squaré brackets attaing
a maxiﬁum value of 0.15 when the ratio of dc'to do islgqt équal to -
1.5, which agrees quite well with4experimental records of Lee |
(1979). Using this value for the ratio of d,/d , setting &/z = 2,
and calculating the CJ parametérs for eqch'of the mixtures '
investigated by Matsui and Lee (1978), we can compare our
calculated energy values with theirs by plotting both values
against their experimentally determined values of the eritical
diameter, dc' All calculated vaiues are tabulated in Tablé 1, while
the plot of Ec versus de is shown in Fig.‘3.’€ |

The agreement between the two éets;of values is quite- evident,
indicating that not only our expressién for the critical energy is

‘correct but also that the assumption,of.dc/do = 1.? is valid.
Fiéure 3 also reveals that, while all the points of the fuel-air

mixtures lie on the same straight line, they do fall below the

extended fuel-oxygen line. This may be because of the chemical
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difference between,the fuel-oxygen and fuel-air‘mixtubes or simply.
‘because of erroneous, although consistent, extrapolation- of the dc '
versus N2/02 curves to N2/02 for‘air (Matsui and Lee, 1978). The
critical energy for initiation of methane-air detonations résulted

in the value of 1.74 x 108

J, which falls slightly below the line
but within the range of the prediéﬁédns made by Bull.'et al. (1976)
and recently by Westbrook and Haselman (1979). However, the |
resulting value falls far below that of Boni et al. (1978)..
Recently Vasiliev (1278) suggested a foémula for an estimate
of the energy required to initiatefa cy1indricél detonation wave. -
Taking his valge of 0.1 J)cm for a stoichiometric oxy-acetylene |
mixture at 1ni£ial pressﬁre‘of 0.1 aﬁﬁuand scaling it to4$pherical
geo@etry at Pd é 1 atm with.the ce}l'aize z =2 mh, we get a number
that agrees very closely with our numb§r~of Ec = 3.6 x 10’“ J.
Furthgrmofe, his relative values of energy requiréd'to.initiate .
c&lin&rical detonation in other hydrocarboh mixtdres, includiqg |
that of methane-air, when plotted against Lee's experimental d ,
. fall on a straight line with a Quadratic'slope, as one would ekpecﬁ
fob.cylindrical geometry. This all suggests that our éstiﬁaté of‘

energy for initiating a spherical detonation is in good agreement

with those found by others. -
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QUANTITY OF CELLS NEEDED FOR TRANSITION

In their,experiméntal investigation, Matsui and Lee (1978)
found that, for a transition of a gaseohs déionation fﬁom-a planar
geometry into a spheribal one, the critical diameter of the tube is

related to the initial pressure by -
P =ad , S

where a and a are constants for each particular mixture. Earlier
studies on the cell size dependence on initial pressure (Strehlow

and Engel, 1969) yielded
P - b zB ] . . v (8)

where again b and B are constants for each particular mixture. An

algebraic manipulation leads to a combined expression

(2

n==2=:gel @

- |

where n stands for the number of cells present across the critical
diameter of the tube, and K and y are new cqnsiants related to the

previous ones by

G=12



a~1/@ 178 (10)

Ql-

K = and vy =

For the four mixtures common to both studiés, values of all
constants are listed in Table 2. The numbers in brackets for the
oxy-hydrogen system represent a siight correction, which méy'be
introduced by drawing another line through the experimental points
of Strehlbw and Engel (1969). The values of Y in Table 2 are muchﬂ
less than éne, and therefore £he effect of initial pressure is
»minimal. If this is true for the other exploéive mixthres as well,
then it apparently is not the initial pressure or the diameter of
the tube that determines the criterion for the transition but the
cell size z. AISO»important is ‘the number of cells available to .
suppress the incoming rarefaction wave gnd to generaté new célls,
which will receive the detonation process. The above results seem ’
to ihdiéate that fOr_each mixture a éarticulér number of cells is
required for that purpose.

Of interest ﬁere is the sign before the exponent y. ' In
contrast to acetylene-oxygen, ethylene-oxygen, and méthane-oxygen
mixtures (where a lower initiai_pressﬁre'increases the number of
cells required #eross the critical diameter), the hydrogen-oxygen
-mixture has the opposite effect, i.e., the numper of cells

decreases as the initial pressure decreases.
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EXTRAPOLATION OF n AND Z“TO‘Cﬂa-AIR MIXTURE

At one atmosphere initial pressuré, the value of K in Eq. (9)
represents the.number of cellé needed across the critical diameter’
for a transition of detonation to take place. As noted in the
previous Sectioh, this value of n varies inversely with the
susceptibility to detonation. Plotting this value of n'(see
Table 2) against the critical diameter reveals the interesting fact
that, with the exception of the oxy-hydrogen mixture, the values
for-all the hydrocarbon fﬁels indeed fall on a straight line. This
line may then be extended to the critical diémeter of the least
detonable mixture, methane-air. This remarkable correlation of n
and z for the available hydkocarbén-oxygen mixtures is.illuStrated
in Fig. U. The'éxtrapolation of the :i;aigﬁt lines to the critiéal
diameter of CHu-air results in n = 1651and zZ =9 cm for-thatv »

mnixture.

EFFECT OF GEOMETRY AND INITIAL PRESSURE

Thus, a transition of detonation from a cylinder to a
hemisphere is assured if-a core of the détonétion wave remains
unaffected by the rarefaction wave and is large enough to supply

the necessary amount of énergy to the undisturbed gas for a
3

hemispherical initiation (i.e. E_ ~ d>, with d = 0.67 d_ and a

different n for each particuiar gaseous system).
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If, instead of an open neﬁisbﬁérql}tpe cyiinder;ends in a
ciréulah cone with a solid'angle smaller than 2n steradians (i.e.,
where § < 9Q°5, the‘rarefacfioh generated;af the corner will be
weake; and both dc and dd'will SéQOme smaller: first, because of a
weaker rarefaction and, second, because of a smaller energy
requirement as a result of a smaller solid anglé.of expansion. To
the first approximatibn, this new critical core diameter may then'

be expressed as

_ ' 8 S o ‘
dos = Y0 +,(do-doo) 90 °* : an

where d06 ig the core diameter for aﬁy fxpansion whené o< § <90,
and d_ is the hin;mum-consiant-area ?pbe diameter (8=o0) capable
of supporting a detdnation.wave, wﬁicﬁ.in terms of a cell size can
be expected to be of the order of z/é. .

It ﬁhe geometry is kept the same while the initial pressure
Po is lowered, then, as noted earlier by Matsﬁi and Lee (1978), one
‘needs a larger dc' Because"during:the'Qevivétion.bf Eq. (6) no
particular value of initial_pressure was stipulated,_the ratio of
dc/do = 1.5 must s§111 hold and, therefore, do wil} #lso 5e iarger,
Following Strehlow ahd Enge; (1969), z will als§ be iarger, bpt the
number of cells, nA= dc/z and k = do/z, wi}l_remaip in the same
propbrtion, élthougﬁ slightly Aiffebent(from phé atmospheric

‘condition because of a small effect of initial pressure in Eq. (9);

\

G-15



On the Ec - dc plot of Fig. 3, the effect of}initial pressure shows
a quadratic behavior. This is so because, while D and u remain

almost invariant with Po’ PCJ and Qé varx:a§ Po and 1/Po,

respectively. This causes P A«J/dc and chvrdz. The effect of

CJ
Po on the Ec - dc relationship is illustrated in Fig. 3 for the
hydrogen-oxygen system. The other'syétems ére expected to follow

suita.

| COMPARISON OF THE DETONATION KERNEL TO THE DETONATION CELL

It is of interest to compaﬁe the expression fof the critical
energy with that derived earlier by Lee and Ramamurthi (1976) for
the spherical geometry and to correlate their findings of ﬁhe'
critical detonation kernel R: with the‘dimeQ§ions of the
detonation cell.

Taking Lee's expression for the critical energy,
(12)

and equating it to our critical energy eguation (3), we get the

expression for the critical diameter
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OO'S S . (13)

o, D°
PCJ=7+1 ! ()
D :
UCJ=Y+1 ’ (15)
w, =2 L o (16)
(o]
Then
M"2 .3
3_4(y+1)2 1 s * _
) = 3 -1 L R (17)
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and get the value of the detonation kernel in terms of the critical

diameter d , ' ;
Rs = 0.3 -9 dc . (18)

' % *
If we now take Lee's argument that the detonation kernel size, R,
is comparable to the cell length, R, we would get only one set of

d, and do; i.e.,

— dc 5.77z, .
if Rs =%, and & = 2z, then (19)

do 3.84z.

However, if de >5.8 z, as it appears from the records of Lee, and '
is approximately equal to 12 z, as suggested by Voitsekhovsky é& al.
(1963),'then R; is on the order ot 4.16 z or 2.08 £. This does not
diminish the significance of the detonation kernel concept; however,
it does‘change'its relétionship to the eharacteristic cell size.

Téble 3 lists the values of R; for the five mixtures .
described earlier. The values of the detonation kernel are given
in terms of ‘the cell length & as obtained from combining Eqs, (6)
and (13), with the assumption that 2/z = 2. Note that for the

aceiylene-oxygen(mixture, which was the main working medium for
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Lee and his group, the critical size of the detonationvkernel R;
is indeed very close to the cell length 2. The other four
mixtures, ethyleneeoxygen,.hydrogen-oxygen, methane-oxygen; and
methane-air, result inAR:'equal to approximately 1.39 &, S'Z'Q’T
2.98 2, and 18.21 %, respectively. Again note that following its
direct pnoportionaiity with n, the critical size of the detonation
kernel R varies inversely with the susceptibllity to detonation.
This observation may be useful in determinlng proper values for

other explosive mixtures in the series.

SPHERICAL INITiATION OF DETONATION

If, as previoUSly noted in_Eq.'(iB), the critical size of the
detonation kernel R: is uniqueiy related to the critical diameter -
d,, one can use the values listed in Table 3 to evaluate the
physical size'of R;'and,meke a companison with the blest
initiation radius oomputed with the numerical techniques as used

by Westbrook and Haselman (1978).

: -
o

For this purpose, the numerical model described byAWilkins.
(1969) was used to calculate the distances at which a blast wave
initiated by a charge of high explosives’would.decay'to pfesSures
covering the range of CJ pressires for most'fuel;oxiéen and fuel~
air mixtures. The results are shown in a reduced form in Fié. 5,

vhere pressure is plotted as a function of the radius normalized by

- G=19



the cube root of the critical energy. The solid line represents
‘the. decay of pressure following a re;ease of energy fboa a charge.
inte ah.inert atmosphere. When the explosive charge is set off in
‘an explosive medlum, then the energy of the medium itself also
eontributes to the total energy release and the decay of the blast
wave is somewhat slower, increasing the radius at which a
particular pregsure i‘s attained. '_rms efffect is illustrated in.
Fig. 5 by a . broken line,-which is somewhat arbitraby,because it is
baeed on estimates made for severalApressures;

“Also included in Fig. 5 are the points represeﬁtiag the

1/3 for the'five

values of the detonation kernel R ‘reduced by E
mixturee described above. The agreement is rather remarkable.'
This eonfirms the original notion of Lee and Ramamurthi (1976)
about the R;. They said that for each particﬁlar ﬁixtupe, there
is a certaia minimum distance R: wherein the chemieal energy
'released by the medium is combarable to phe energy released by the
source; eo that the subsequent_ahock motion wili be stronglé
coupled te'the chemical processes and a detonation wave is
sustained. However, their peetulate that the aize of the
deﬁonation kernel islcomparable-to the cell length is true only
for a mixture of the acetylene-oxygen. Other explosive

#*
hydrocarbon mixtures have their relative Rs/l ratios in the

order of their susceptibility to detonation.
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In view of this finding, one can invoke another criterion for
the self-sustenance of the detonation wave: to continue the
4éxistence of the deﬁonative process, one must have, inzeéch
particular mixture, a'cértain number of cells around the periphery

of the sphere and that. number can be found from

N = . - (20)

This number is also listed in Table 3.

Thus, initiation of Sphericalhdetonation wili occur if, at thé
proper radius from the center of the blast wave, i.e., the radius
of the detonation kernel R;, the decay of the wave matches that of
the decay through the individual cell of the detonation wave. If
the initial charge is too small, then the decay will be too steep
and the detonative process will fail. |

This criterion for spherical initiation of detonation can al;o
be attributed to the amount of angular expansion of the éell as the
wave propagates radially outwgrd. For each particular mixture,
there is a certain maximum of such anéular expansion at which a new
cell must be initiated or the process will decay to its extinetion.

Such angular expansion may be expressed in terms of

(21)
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whose value_for each of the five mixtures is also listed in
Table 3. Also note that plotping~6 versus dé on the log-log scale -.
will result.in a straight-line relationship.

of course,-these'aré pérely physical observations of the
phenomenon and cannot be con31dered as fundamental crlterla for the
process. Here the ohomiotry of the medium plays the most 1mportant
role. The decay of- the wave is inherently connected with the
induction f;me of-a ceftéin molecule or group of molecules that, if
retéined in‘g thermodynamic s;ate for a sufficient length of time,
will autoignite and thereby start a new local explésion. This
results in a new cell. Being an unsteady process, it does not lend
itself to an easy.analitical'treatmeht.' Therefore, observations

such as those made here are considered very helpful and informative.

CONCLUSION

-Therbject<of‘this'york was to study the effect.of the cellular
strhctﬁre of the detonation wave on the transition of the process
into expanded geomefries. - Previous obéervations revealed that for.
each initial pressure there is a characteristic cell-size and a
eritical diameter from which‘a'yransition of detonation -is
possible. We have demonstrated the effect of the cellular r
.structﬁre by'éhowing theré'must be an inner core of the wave,
consisting of a critical number of'cells unaffected by side

rarefactions, to ensure the transition of the detonation process.
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In this study, the work done on the outer gas by that inner
core of the wave was compared with the critieal energy.for
spherical initiation. The agreement was remarkably good.
Extrapolation of data on the log-log plot of critical energy versus
criticsl diameter led to a prediction of the critical energy needeo
to initiate detonation in a pure methane-air mixture. A plot of.
the characteristic cell size and critical number of cells needeo
for transition also led to quantitatiﬁe estimates of these values
- for thepmethane-ain mixtures. In fact, if we consider values for
the whole range of mixtures from the most to the least susceptible
to detonation (acetyleneeoxygen end methane-air, respectively) and
" find them to feiljon a straight line over several decades on a
log-log plot, we can predict the behavior of any other explosive
mixture, provided one of the parameters becomes known.

Comparison of our results on the: critical energy of initiation
| with those previously reported by Lee and Ramamurthi (1976) led to

a slightly different view on the physical significance of the

. detonation kernel and, ‘in particular; its correspondence to -the
lehgth of the"detonation cell. While the size of the kernel is
essentially unique in thst»the chemical energy contained within is~'
comparable to the sounce energy released by the initistor charge,
tne size of the kernel is not the same as the characteristic length
of the detonation cell. 'As reported here, the kernel size varies

according to the susceptibility of the explosive mixtune to
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detonation. The detonation kernel, however, égreéd well with the
size of the radius at which numerical calculations predicted the
blast wave wéuld decay to the detonation pressures of the gaseous

mixture;
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TABLE 1.

Detonation Parameters and Critical Values of Energy and .
Diameter for Various Explosive Mixtures :

Fuel  Oxid  Fuel E, a2 P D u c 8 E,
Source (Vol $) (J) (cm) (atm) (m/s) (m/s) {m/s8) - (J) -
C,H, 0, k0 3.83 x 10-}  (0.25)b u1.42  2728.54. 1235.08 1493.46 1.18 3.6 x 10-Y
5.9 x 10"3 - 0.09 T ; :
0 x 10-3 | .
C,HO 0, 4 1.2 x 102 0.28 . 43.55 2499.78 1145.73 1354.05 1.16  1.07 x 10~
C,H, 0, 3.3 7.2 x107° 0.52  38.78 2584.57 1182.18 1402.38 1.16 6.16 x 1072
C,He o, 2 2.03 x 107" 0.7 43.22 2559.75 1172.33 - 1387.43 1.16  1.66 x 10”"
CHg 0, 2.2 - 577 x10°" 1.0 42.72  2539.57 1165.69 1373.87 1.17 4.76 x 107
C,H, 0, 28.6  1.07 1.3 38.85 2544.80 1167.99 1376.81 1.15 9.52 x 10
0,  66.7  1.58 (1.9)>  18.90° 2848.83 1297.15 1551.68 1.13  1.66
| 2.0 -
CHy 0 o 5.07 x 10 (3.2)b  "31.73  25M4.78 1167.33 1377.H5 1.1 4.2 x 10
500 - ' ' '
C,H, Afr - 12.5  1.29 x.102 8.0 . 20.01 1927.90  856.38 1071.52 1.19 1.08 x 102
CHO - Alr  12.3  7.62 x 103 30.0 19.79 1852.26  818.05 1034.21 1.20 5.56 x 103
CH,  Air 9.5 1.2 x10°  80.0 17.82  1816.10  797:98 1018.12 1.30 9.46 x 10"
CHe Air 6.6 7.55 x 10°  150.0 17.82  1786.99  782.28  1004.71 1.21 6.2 x 10°
CoHy air 5.7 2.52 x 108 220.0 17.26  1759.78  768.54  991.23 1.22  1.89 x 10°
C,H air 5.7 5.09 x 10 280.0 16.96 -1766.56  772.49  994.07 1.21 . 3.84 x 10°
H, air  29.6  4.16 x 10°  280.0 14,80 1915.61  853.54  1062.07 1.16 3.42 x 10°
CHu Air 12.3 - 2.28 x 108 1020.0 15.96 1763.88 770511 993.77 1.21 1.74 x 108

qyalues taken from Matsui and Lee (1978).

®Values in parentheses taken from Voitsekhovsky, et al. (1963).



TABLE. 2. Parameters of Egs. (4) to (7) for Four.of the Explosive
Mixtures Common to Studies of Matsui and Lee (1978) and
Strehlow and Engel (1969)

'Fuel  Oxid a a b. 8 K* .
CH, 0,  0.167 -0.882 . 0.025 ~1.057 4.31 0,188
C,H, O,  0.668 -0.918  0.0265  -1.MU 8.0  -0.395
Hp 0,  1.91  -0.928  0.135  -0.74 30.0  +0.27h

S ‘ (-0.83)  (22.1)  (40.13)
CH, 0, 4.6  -0.95  0.29° -1.0° 7.2 -0.05

8 = n aﬁ P =1 atm.
bEstimated on basis of other mixtures diluted with 50% argon.
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TABLE 3.

Critical Parameters Evaluated in Present Study i_for Five
Explosive Mixtures, Including that of Methane Air
. c d . ) :
" Fuel Oxid g2 nb z=d/n & =2z AR. R.» N © Of
[o] (o] S ) (]

Source (cm) . (cm) (cm) (cm) '
C,H, 0, 0.09 4.3 0.021 0.042 "~ 0.7h & 0.031 9.27 34.m
C,H, '02 0.52 8.0 0.065 0.13  1.39 ¢ 0.18 17.40  19.85
H2 02 2.01 30.0 0.067 0.13 5.2 & 0.67 62.83 5.71
CHH 02 5.0 17.2 0.29 0.58 2.98 & 1.72 - 37.27 9.57
CHM Air 1000.0 105.0 9.0 18.0 18.21 2 A327.0 228.3 1.57
2 MiL-T8

b MiL-78, SkE-68
¢ n/2(0.347)
4 1/2(0.347)8
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FIGURE 1. Sketch of a Cellular Detonation Wave 'Entering (a) Convergent
Section and (b) Divergent Section.
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FIGURE 2. Sketch of Geametry for Determining the Work Done, .
According to Equation (3). - . .
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SUMMARY

~ This report gives a brief overview of computer codes developed
by LLL to simulate unsteady gaseous combustion and fluid dynamiq processes.
Areas of application include pool fires, fireball formation and burn,
and d1spers1on of fuel vapors both w1th and without wind. '

Two codes are under deve]opment, the TDC (two-dimensional code)
which models combust1on and fluid dynamics in an ax1symmetr1c or a. two-
dimensional Cartesian coordinate system, and the COM3 code, which uses
a three-dimensional Cartesian coordinate system. Both codes use state-
of-the-art finite differenéing methods to solve the viscous hydrodynamic -
conservation equations. Although it is, in principle, feasible to obtain
an accurate solution to these equations, in practice, the number-of zones
requiréd is too great for even the largest computers. Thus coarse grids
are used with subgrid-scale gas motions being simulated by a turbulence
model. Because tufbu]ence models are inherently empirical, the computer
models must be chosen carefully and validated against experimental data.

Preliminary computations have been made of pool fires and fireball
formation using the TDC code; however, these calcu]atidns cannot yet be
considered predictive. The primary application of the COM3 code will
be plume combustion. .
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OVERVIEW OF COMPUTER CODES

For several years we have been developing computer codes for simulating
unsteady gaseous combustion and fluid dynamic processes. These include the
TDC (two-dimensional combustion) code, which models combustion and fluid -
dynamics in an axisymmetric or a two-dimensional Cartesian coordinate system,

and the COM3 code, which uses a three-dimensional Cartesian coordinate system,';;;’j~f

Although originally intended for reciprocating'internal combustion engines,'
these codes were developed with suffictent generality to be easily adaptable
to other fields of combustion, including many problems of interest for lique-
fied energy fuels (LEF). Areas of application include pool fires, fireball
formation and burn, and dispersion of LNG vapors both with and without windﬁ
Both TDC and COM3 use state-of-the-art finite differencing methods2:3
tc solve the viscous hydrodynamic.conservation equations. These equations‘may
be written as follows: ' ' '
Conscrvation of mass

%% + % - (o¥) =S

. Conservation of momentum -

* B
pg%+p(¢-$) "\7-=-VP+F+V-?+SV

Conservation of energy

o2+ p (V%) e+ PV = -Teq + T2 (W) +

Conservation of species

pg% +p (VeV) Y, =‘V°_(oDiVYi) + Si.+ K,
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“where p, V, Z, and Y1 are the density, velocity, internal energy, and mass
‘fraction of the ith species. T is the viscous stress tensor, q is the heat
flux from thermal diffusion, F is an ekternal body force, and S, Sv’ Si are
sources of mass, momentum, and species, respectively. W and Ki-are the rates
of change of energy and species due to chemical reactions. Di is the species
diffusion constant. .

. Also needed is an equation of state for the f1u1d In most cases this .
will be an jdeal gas equation of state given by

P=(y-1l) pe

where y is the ratio of specific heats. : ‘

" In addition to the basic differential equat1ons, there are constra1nts
needed to satisfy overall continuity. These are.

Zy

i . = 1 ' . A ‘ 1
z S1 = S
LK, =0

1
V. (pDiVYi) =0 .

. ‘From these equations are derived differencing equations in time and space.
. - Although it is technically feasible to use these differencing equations to

o - achieve an accurate solution to the differential equations, in practice the

‘4number of zones needed to define the grid is so great as to be prohibitive for
A’}even the largest computers. Coarse grids are therefore used, the subgrid-
'scale gas motions being simulated by a turbulence model. Since turbulence

o models are inherently empirical and rely on a data base for validity, one must

Abe.careful 'in applying them to LEF to choose appropriate models and validate
them against experimental data. An important part of the modeling effort is
'to determine that the model correctly accounts for turbulence on several
different scale sizes and under different initial conditions, so the code may
be used to extrapolate to large-scale spills for which there are no expe?i-

. mental data.
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In applying TDC and COM3 to wind dispersion of LEF vapors, preliminary
numerical sensitivity studies have shown the problems to be inherently three-
dimensional. Thus, most of the effort, in this area must be directed toward
com3. One'aspect that can be studied two-dimensionally is the graVity spread
of vapors under calm conditions.

In addition to the basic conservation equations, models are needed for
the phenomena that will affect the dispersion of LEF vapors. These 1nc1ude
pool spread and vaporization, humidity, heat addition due to radiation from-.
the ground and sun, and convective heat transfer from the ground'or water.

To simulate combustion processes, one must solve equations for the kinetics of
the chemical reaction of the fuel and oxidizer. Such chemical kinetics for
even the simplest hydrocarbons are extremely complex, requiring the simultan-
eous solution of a large set of differential equations. Because a large amount
of computer time would be needed for accurately solving the chemical kinetics
in two and three dimensions, these calculations are nbt practical at present.
The approach now used is a simplified scheme whereby one adjusts the parameters
until the results agree with experiments or with more accurate calculations by
complex nondimensional or one-dimensional chemical kinetic models. This is an
acceptable and computationally efficient method for chemical kinetics; however,
it does not have the generality of the more complex method and may hot,yield
accurate results if applied to situations other thén'that for which it was
developed. ' '

There are two types of chemical kinetics used by TDC. The first is a
one-step reaction scheme in which the fuel plus oxidizer goes to products and
the reaction rate is controlled by ’

«
dt

§_(-B/T).a.B
- = -AT% c%ch

where C,i is the molar fuel concentration, Cé is the molar oxygen
concentration, T is the temperature, and A, B, a, B, and § are constants.

The second is a more sophisticated model from Creightong that reacts methane
with oxygen to produce intermediate radicals, which then react with oxygen to
produce products. In COM3 it is expected that only the simple one-step scheme
will be used, at least initially.
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Most practical combustion problems -involve the propagation of a turbulent
flame. The interaction between the turbulence, which‘may be created by the
flame or associated with the medium through which the flame propagates, leads
to flame velocities that are significantly faster than laminar flame veloci-
ties. The interaction between the flame and the turbulence is a complex pro-
cess that is only qualitatively understood. At present there is no adequate
model to predict turbulent flame velocities, so these velocities must be deter-
mined experimentally. If one knows ‘the turbulent flame velocity, the various
parameters in the chemical kinetics and- the turbulence models in TOC and COM3
"can be adjusted to produce the observed flame velocity; the codes then can be .
used to study the fluid dynamic motions resulting from that flame velocity.

Two combustion app]ications for which TDC may be used are pool fires and
fireball formation. It may also have limited utility in studying plume burn.
Preliminary calculations of these phenomena have -been done with TDC; however,
these calculations cannot yet be considered predictive."‘The primary combustion
- application for COM3 will be plume combustion. ' ' '
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1.0 SUMMARY.

This report summarizes resu]ts'of the LNG Release Prevention and Control
(RPC)'Task in the LNG Safety Studies Project conducted by Pacific Northwest Lab-
oratory (PNL). The basic objective of the RPC task is to deve]op an adequate
understanding of LNG release prevention and control systems and the factors
which may nul]ify their usefulness.

Scoping asséssments have been completed of the typical release prevention
. and control systems used in LNG facilities. Summaries of these assessments
are included in this report. Building upon the scoping assessments more detailed’
. assessments of a reference LNG import terminal and peakshaving facility release
prevéntion and control systems have been {nitiated. Release prevention systems
have been emphasized and the progréss to date is described. A study of LNG
fire and vapor control systems has been initiated. Future plans in this area
are discussed. ' ' ‘

~ The scoping assessments have identified some general areas which merit con-
sideration in more detailed analyses. These inciude human factors in.LNG obera-
tions, LNG stokage tank operations, and data gathering. Separate studies have
been initiated in these areas and future plans are described.

I-1
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2.0 INTRODUCTION

The LNG industry employs a variety of release prevention and control
mechanisms which contain LNG during transfer and storage and which detect aqd
control an LNG release if it occurs. - '

The LNG Release Prevention and Control Task in the LNG Safety Studies
Project was initiated in late FY-1978 with a basic objective of developing an
adequate understanding of LNG release prevention and contro]~sy§tems and the
" factors which may nullify their usefulness. Some more specific objectives
include: ' '

e Identifying the impbrtant features and possible weak links of release
prevention and control systems. '

° Identifying data needs and information gaps in the release prevention
and control area and providing recommendations for obtaining the necessary
additional information through data gathering, analytical studies and
experimental studies.

e Identifying potential areas where release prevention and control systems
can be effectively improved in terms of safety and cost/benefit.

- A staged approach has been selected to accomplish the study objectives. A
reference description of each type of LNG facility is developed. This system
description is used to perform a scoping or first level analysis (initially
a preliminary hazards analysis followed by a failure mode and effect analysis)
to identify information needs and potential release prevention and control
areas which may merit more detailed study. The feasibi]ity and methods of
of obtaining the required additional information are investigated and a
decision is made whether to perform a more detailed assessment (possibly a
refined failure mode and effect analysis or, if the system detail and data
warrant it, a fault tree/event tree type analysis). In conjunction with this
assessment, analytical and experimentaf studies are recommended to fill infor-
mation gaps.

This report summarizes the status of this project as of the second quarter
of FY-1980. (The reader is referred to DOE/EV-0036 for an earlier status report.)
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The scoping assessments for each of the basic types of LNG faqi]ities have been
completed. These include:

Export Terminal
Marine Vesse]
( Import Terminal

Truck Tanker

[ ]

[

[ J

e Peakshaving Facility
o

e Satellite Facility

These assessments consist of a reference system description, a preliminary
hazards analysis (PHA), and a list of representative release scenarios. The
emphasis of the scoping assessments is the release prevention area. Summaries
of the scoping assessments are given in Section 3. After reviewing the

_ scoping assessments, a decision was made to concentrate on the import ter-
minal and the peakshaving facility for the more detailed analysis phase. A
summary of ongoing work on these two facilities is given in Section 4. '
Section 5 discusses planned work for the remainder of FY-1980. |




3.0 SCOPING ASSESSMENTS

This section presents a summary of the scoping assessments of the release
prevention and control systems of the basic types of LNG facilities. The initial
emphasis of the scoping assessments is the release prevention area. The basic
objectives are to identify important release prevention features that may mer1t
more detailed study and to identify data needs and information gaps

Each scoping assessment report includes a reference system description, a
preliminary hazards analysis (PHA), and a list of representative release scenarios.
The system description outlines the basic brocess f]ow, plant'1ayout, and pro-
cess description. The PHA identifies the critical release prevention operations.
The 1ist of representative release scenarios provides a format for diSEussing
potential initiating events, effects of the release prevention and control systems,
information needs, and possible deSign changes to prevent or reduce the conse-
quences of a potential re]easel The representative release scenarics will form
the basis for the next stage of analysis.

The scoping assessments of the import terminal and the peakshaving plant
are summarized in a fair amount of detail. The-export terminal, marine vessel,
and satellite facility scoping assessments are briefly summarized.

3.1 SCOPING ASSESSMENT OF LNG IMPORT TERMINAL RELEASE PREVENTION AND CONTROL
SYSTEMS

)

3.1.1 Reference Import Terminal System Description Summary

. This section provides a brief summary description of each of the major
operations included in the import terminal. More detail is included in the
reference import terminal system description which is not included here but
will be published in the final report. Figure 1 illustrates the basic operations
in the import terminal. They are the marine terminal, the storage system, and
the vaporization system. ’

Marine Terminal

The marine terminal for the LNG import facility consists of a dock and a
6,000-ft trestle supporting a roadway and four transfer lines. The four major
transfer lines include a 42-in. main LNG transfer line from the trestle to the
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FIGURE 1. Block Flow Diagram for Reference LNG ﬂﬁport Terminal
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_NG storage facility, a 16-in. vapor return line to maintain adequate pressure
in the ship's storage tanks, a 4-in. LNG recirculation line to maintain the
LNG unloading transfer lines cold when not unloading a vessel, and a 10-in.
Bunker "C- fuel oil line.

Four 16-in. diameter articulated LNG loading arms are located on deck at:
the terminal. The loading arms connect with a 24-in. transfer line. Two sets
of four 24-in. lines connect to a 42-in. header which ties into the 42-in.
transfer line. |

The marine terminal includes enough berths to accommodate two vessels, one
on each side of the trestle. However, oh]y one ship can unload at a time. A
control tower overlooking the ship unloading operations is also included at
the terminal.

Storage System

LNG storage consists of two f]ét-bdttom, double-walled, above-ground LNG
storage tanks with a capacity of 550,000 bbl each. The inner tank is construc-
ted of 9% nickel-steel which possesses .excellent low temperature ductility.

The outer tank is constructed bf carbon steel, which possesses a very poor
low temperature ductility. The dimensions of the tank are as follows:

innef diameter: . 230 ft

outer diameter: 239 ft
inner shell height: 75 ft, 1 in.
outer tank shell height: 85 ft
overall tank height: 130 ft, 6 in.

The high 1iquid level of LNG in the tank is‘épproximately 74 ft, 10 in.

Expanded perlite, a nonflammable material, is maintained in the annular
space between the inner and outer shells as insulation. A resilient fiber-
glass blanket is wrapped around the outside of the inner shell to alleviate
perlite compaction due to normal movement of the inner shell. Foamglass blocks,
a load-bearing insulation, are employed as insulation for the tank bottom.

A 4-ft thick reinforced concrete slab supports each tank. An electrically
ieated sandbed is located between the tank and the concrete slab. This prevents
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the soil from freezing beneath the tank and causing frostheave. Engineered
fill is located directly beneath the slab. '

The tanks are designed to withstand instantaneous wind gusts up to 104 mph,
eafthduakes of up to 7 on the Richter scale, and a maximum horizontal accelera-
tion of 0.21 g. A1l piping to the inner tank enters through the roof of the
storage tank. ' ' ' '

A concrete dike wall surrounds cach storage tank. Each dike will hold
approximately 1-1/3 times the'capacity of one storage tank. The insida of the
dike wall is lined with insulating mater1a1 to reduce the ‘evaporation rate of
LNG in the event of a tank failure, ' '

A weather shield extends from the  top of the concrete dike to the outer
tank roof in order to keep precipitation from falling into the annular space.

Normal tank boiloff and vapors from LNG tanker unloading are handled by
a vent gas compressor system. Storage tank pressure is maintained by returning
vapors from the vent gas compressor. Excess vapors are compressed by fuel gas
and pipeline compressors to be used as fuel or for delivery to the gas trans-
mission pipeline. '

Vaporization System

Vaporization for the import terminal includes two major types of vaporizers:
falling-film open-rack seawater vaporizers and submerged combustion gas-fired-
vaporizers. These vaporizers provide the plant with a total output capacity
of 1 billion scfd of gas.

Baseload vaporization occurs in five falling-film open-rack seawater vapor- .
izers with a total capacity of 550 MMscfd. LNG is introduced through manifolds
at the bottom of banks of'vertical_banels constructed of special extruded fins.
The LNG passes upward inside the tubes where it is heated by the water whith
falls as a film over the outside of the pané]s. LNG emerges in its gaseous form
at the top. ‘

The falling water film used in this design gives extremely high heat trans-
fer coefficients, which reduces the amount of ice formed, thus maintaining high
performance. With this open type of system the amount of ice which is formed
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does not interfere with the flow of water. The panels of finned tubes and all
parts in contact with the LNG are made of aluminum alloy, which maintains its
~ strength at low temperature.

.For standby or peaking vaporization, four submerged gas-fired vaporizers
are used having-a total capacity of 450 MMscfd. The gas-fired vaporizers are
used approximately 800 hours per year.

The gas~fired vaporizers are designed such that the burners exhaust hot
combustion gases downward through a downcomer and into a water bath below the
liquid surface. The exhaust forms bubbles in the water caus1ng turbulence.
mixing, and a "1ifting" action. This lifting action forces the water up at a
high velocity through‘an annular space created by a weir around the downcomer.
The water flows over the top of the weir and into thé more'quiescent tank. A
heat exchanger tube coil for the LNG‘is 1ocated.in;the annular space between
the weir and the downcomer where it is scrubbed. by the warm gas-water mixture
thus transferring the heat to the LNG and vaporizing it. The vaporizers consume
‘between 1.5% and 2.0% of the LNG vaporized as fuel.

The inlet piping, all piping that comes in contact with the LNG feed stream
inside the vaporizers and outlet p1p1ng to the first flange are all stainiess
steel construction on both the seawater and gas-fired vaporizers. An independent
containment dike is included in the seawater vaporizer area to accommodate any LNG
release that might occur.:

Compressors and Sendout Pumps

_ This section of plant includes all the equipment opérating at high pressure
up to 1300 psig. There are ten major compressors at the facility: four, centri-
fugal boiloff compressors which take suction of the storage tanks and boost the
gas to 10 psig; three two-stage reciprocating fuel gas compressors which take

gas from the boiloff compressors and increase its pressure to 150 psig; and three,
two-stage, reciprocating pipeline compressors which cdmpress the gas to 1300 psig.
Only the boiloff compressors run cold. A fuel gas preheater heats the boiloff
before it enters the fuel gas compressora.
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Each storage tank contains two'submerged primary sendout pumps which boost
the LNG to 60 psig. These are followed by 10 secondary pumps. The secondary
pumps are submersible, pot-mounted, 15-stage units which raise the LNG up to
1330 psig. '

Safety Systems

The plant emergency shutdown system (ESD) has three shutdown circuits:
the Master Emergency shutdown (MES), the Vaporizer Emergency Shutdown (VES),
and the Loading Emergency Shutdown.(LES). These systems automatically shutdown
and isolate portions of the facility or the whole facility in the case of the
MES. It takes about 30 seconds to shutdown the plant once the ESD is activated.
The shutdown systems are activated by defectors located throughout the plant, by
certain process control variables or by the plant operator.

Combustible gas detectors, UV flame detectors and temperature sensors are
located throughout the plant area. These detectors activate alarms which
indicate the exact location of .a spill or fire on a graphic panel in the control
room. ‘

The fire control system consists of fixed and portable dry chemical extin-
guishers, expansion foam systems, and a fire water system.

3.1.2 Reference Import Terminal System Level Analysis

The purpose of the system level analysis is to identify those sections of
the import terminal that are most critical with'respect to release prevention
and control. This was accomplished by identifying the flow rate and inventory
of LNG or LNG vapor in the appropriate area to be considered. Containment/
confinement barriers which prevent spills or releases were identified.

Process operating conditions,inq]uding‘f1ow_rates, temperature, pressure,
and pipeline sizes for all sections of the import terminal are presented in
Table 1. B

Marine Terminal and Unloading System

The primary hazards involved in handling LNG at a marine terminal are the
flammability of the gas and the cold temperature of the liquid.
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TABLE 1. System Capacities and Flow Rates

Number of Flow Rate Operating Condition
System Component Components In . Out Préssure (psig) Temperature [°F)
Harine Terminal 42-in. LNG transfer line 1 53,000 gpm 53,000 gpm 100 -258
and Unloading
System 4-in. LNG recirculation 1 1,500 gpm 1,500 gpm 60 -258
line
- 16~in. vapor return line 1 16 MMscfd 16 MMscfd 10 -152
Storage ~ Storage tank 2 53,000 gpm 4,550 gpm 0.8 -258
Sendout Pumps Primary in-tank pumps 2/tank 4,000 gpm 4,000 gpm 60 -258
20-in. tank outlet line. 1/tank 4,000 gpm 4,000 gpm 60 -258
Secondary pumps 10 8,550 gpm 8,550 gpm 1,300 -252
25-in. secondary pump 1 8,550 gpm 8,550 gpm 1,300 -252
sendout line .
Vaportization Seawater vaporizers 5 4,550 gpm 550 MMscfd 1,300 -252
System to 30
Submerged gas-fired 4 3,720 gpm 450 MMscfd 1,300 -252
vaporizersy to 30
Compressors Boiloff compressor 4 26-52*MMscfd 26-52 Miscfd 10 -200
. : to 152
Fuel gas compressor 3 5-36 MMscfd 5-36 MMscfd 150 285
Pipeline compressor 3 5-36 MMscfd 5-36 MMscfd 1,300 120

* Flowrate during unloading operations.



The unloading section includes two primary methods by which LNG or natural
gas can be potentially released from the system:

e leak or rupture in valves, pipes, fittings, loading and transfer arms, etc.
e . pressure relief valve discharges from transfer-lines

A containment system is located under the untoading platform to hold all
spills from the loading arms. Transfer 1ine drain valves are included in the
transfer 1ine so it can be drained into the containment system under the dock.
Any release of LNG between the terminal and shore would fall inlo Lhe vcean.

A conta1nment barr1er fo]]ows the sh1p unloading 1ine from shore to the storage
tanks Because of the size of the transfer line and the high flow rates a single
leak or break can result in a large spill. The maximum release in the marine
term1na1 area is approx1mate1y 880,000 gallons for a large rupture of the 42-in.
transfer line.

Storage System

There are three primary methods for a potential release in the storage area:

° storage tank‘fai]ure
o leak or rupture from inlet or outlet piping, flanges, va]ves, fittings, etc.
° atmospher1c discharge from a relief valve - ’

The inner container of the LNG storage tanks is constructed of 9% nickel
steel, suitable for operat1ng at cryogenic temperatures. The outer tank is
constructed of carbon steel and 1s suscept1b1e to fracture if contacted with
any LNG or cold vapors Each LNG storage tank has an insulated concrete dike
wall to contain any sp1115 of LNG from the tank. Failure of the inner tank
would eventua]]y lead to failure of the outer tank. F]oﬁ rates into and out
of each tank are included in Table 1. | ’ - -

Each tank has pressure and vacuum relief valves to protect against failure
of the tank from overpressure and underpressure. An auxiliary gas supply system
also protects the tanks from underpressure. . Activation of the master emergency
shutdown automatically stops all flows into and out of the tanks and isolates
them from the rest of the p}ant.




LNG Vaporization Sx;tem

Vaporization occurs in two types of vaporizers, falling-film open-rack
seawater vaporizer, and submerged gas-fired vaporizer. The gas-fired peaking
vaporizers operate approximately 30 days/yr.,'Tab1e 1 gives inventories, flow
rates, and process operating conditions for each type of vaporizer.

Primary methods for a potential LNG and LNG vapor release inc1ude:

e leak or rupture from inlet and out]et piping, valves, flanges, fittings, etc.
e leaks from vaporizer heat transfer tubing or coils o

A containment dike surrounds the vaporizer area to contain any spills
that might occur there. The vaporizers are connected to the Vaporizer Emer- _
genéy Shutdown (VES) circuit. When activated, this system shuts down the feed
pumps to the vaporizers, isolates the vaporizers from the rest of the plant '
and vents all gas handling equipment to the vent header. The VES is automa-
tically activated by the loss of seawater flow, by high water temperature,
by low outlet gas temperature, and by UV flame detectors in the area. It also
can be activated manually from the vaporizer ared as well as the control room.
Ac@ivation_of the MES automatically activates the VES. |

The maximum release in this area would probably result from a failure of
the 24-in. 1iquid transfer line from the secondary pumps to the vaporizers. A
release of 105,000 gal of LNG is estimated as the maximum spill size that can
occur from this area. This assumes the VES is not activated or fails to function
properly. If the VES operates as designed the spill wou]d be limited to 23,000
gallons. Failure of the VES can also resu]t in fa11ure of the vaporizer outlet
lines 1n the event of loss of seawater or fue] gas. The cold LNG cou]d then ‘
contact the carbon steel outlet Tines and cause them to crack '

Compressors and Sendout Pumps

The hazards involved with operation of this equipment are the cold tempera-
ture of the LNG, the flammability of the LNG vapor, and the high pressure at
which some of the components operate.
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There are two general means by which LNG or LNG vapor can be potentially
released from these systems:

e failure of piping, valves, fittings, etc.
e failure of the compressors or pumps

When activated, the Master Emergency Shutdown (MES) and the Vaporizer Emer-
gency Shutdown (VES) stops the LNG sendout pumps and isolates them from the
storage tank and the vaporizers. The MES also stops and isolates the compres-
sor systems. The secondary pumps are located in their own diked area which’-
has a dry chemical fire extinguishment system and high expansion foam system.)

The méximum spill in this area of the plant is approximately 23,000 gallons
assuming the MES is activated promptly and functions as designed. The spill
could be as large as 100,000 gallons if the system has to be shutdown manually.

3.1.3 Reference Imgbrt Terminal Component Level Analysis

Information generated from the system level analysis indicates a signifi-
cant release could come from any of the four systems analyzed. The largest
releases could come from the storage and ship unloading systems.

A pre]iminar& hazards analysis has been completed on each system previously
discussed.. The preliminary hazards analysis for the major components .in each.
‘system analyzed are presented in tabular form. This includes potential hazards,
effects, and existing preventive controls. .The PHA for the unloading system
is given in Table 2.

Unloading

The unloading system may be the most critical system at the terminal.
Extremely high flow rates combined with natural forces such as, large waves,
winds, earthquakes, etc., that could be encountered with this system make it
an-area of safety interest.

The following components were determined to. be the most important with
respect to release prevention and control. '

e The 42-in. Diameter Transfer Line. This line includes various valves,

expansion joints and other fittings. A leak or rupture in this 1ine could
result in a large spill.

I-14




TABLE 2.

Component

Preliminary Hazards Analysis for the Marine Terminal.

Potential
Hazard Condition

Effect

' Existing Preventive
and Control Measures

16-in. loading Arm

24-in. pipe prior
to air-operated
valve

16-in.

24-in. pipe di-
rectly after air-
operated valve

42-in. liquid
header

Air-operated valve

Unloading lines

42-in. liquid
transfer line

loading arm.

Fissure or break

LNG surge

Fissure or break

Bad flange con-
nection with ship

Fissure or break

Fissure or break

Failure to close if

break occurs in the -

line rupture

Rupture

Blockage or restric-

tion of line

Fissure or break

LNG release

Possible 1ncrease in
pressure

LNG release

LNG release into
water

LNG release .

LNG release

LNG release and unable
to isolate 24-in. line
and loading arms

LNG releése

LNG flow is backed up
or stopped

LNG release

‘A spill containment system is

provided under the loading arms

Closing at appropriate loading
arm block valve

LNG rema1n1ng in Yine is
drained

Regulation of ship‘s pumps,
release through pressure relief

- valve in 24-in line ~

A spill containment system is
provided under the loading arms

Closing of appropriate loading
arm block valve .

LNG remaining in 11ne is
drained

Shutdown of pumps

Activation of loading ESD
system unless there are valves

.in the liquid header to

isolate -each 24-in. line from

each other

Drainage of LNG remaining in
the lines

Loading ESD system activated-

Drainage of LNG remaining in
the 11nes

Activation of ‘Toading €SO
system

Closing of appropriate valves
to isolate problem if not in
main ‘1iquid header

Pressure buildup released
through pressure safety valve.

mﬂnweofL%inIMe

Activation of mar1ne ESD

system

Rema1n1ng LNG is drained



Component

TABLE 2.

Potential
Hazard Condition

(cqntd)

Effect

Existing Preventive
and Control Measures

16-in. vapor

. return ‘line

Vent gas compressor

LNG tanker

Marine trestle

4-in, recirculation
line during
recirculation

Valves in dock
drain lines

9%. Ni-steel inner
barrier

Insulation

Fissure or break
during recycle to
cooldown lines

Fissure or break
during vapor return

Increased vapor
roturn flnw rate

Failure to operate
(all)

Any hazardous
condition

Large winds or
earthquake

Fissure or break

Rupture or leak
Failure to open

Failure to close

Fissure or break

Heat leak

LNG release
LNG vapor release

Pressure buildup

No 'vapor return td
ship

Possible collapse of

trestle

LNG release

LNG release to dock

drain

Can't drain loading
arms ‘

LNG release to dock

drain

LNG leakage into
annular space

Possible collapse of
exterior barrier

Pressure buildup

[}
—
<

I

Load1ng ESD system is act1vated
drain LNG

Isolation of damage by closing
appropriate block valves

Activate loading ESD system

Activation of the inline
pressure safety valve

Activation of the loadlng ESD
system

Release of loading arms from
ship

Activation of the loading ESD
system

Activation oﬁ'Master ESD System

Isolation of damage by closing
appropriate valves

Shutdown of primary pumps
Drainage of LNG

Activation of the loading ESD
system

Activation of the loading £SO
system

Activation of Master Emergency
Shutdown System

LNG spill can be contained by
an insulated concrete dike
capable of holding 1.34 t1mes
the tank capacity

Builoff compressors handle
smaller amounts of pressure
buildup

Buildup in boiloff line can be
handled by the vent stack
header

Pressure relief valves dis-
charge vapor to the atmosphere
in the case of an excessive
pressure buildup




TABLE 2. : (contd)

Potential
Hazarq Condition

Existing Preventive

Component Effect and Control Measures

Heat leak could
crack and collapse
the tank

LNG spill contained by an
insulated concrete dike

Carbon steel Fissure or break

outer barrier

Pressure gradient
from inner tank to
annulus due to vapor
release of annulus

A pressure gradient equili-~
brated by the vapor return
line: -

Possible soil freezing Activation of Master Emergency
resylting in frost Shutdown System

heaving, storage tank :
collapse, LNG spill,
possible dike collapse

Electrical heater  Failure to operate

for storage tank

Failure to operate Unable to return vapor Activation of Master ESD System

Vent gas compressor

Storage tank and
dike :

Loading Emergency
Shutdown System

“(all of them, no -
- backup available)

-

. Fails to turn off

L3

Large earthquake
{ 7 on Richter
scale) '

Fails to activate
upon demand

to the storage tank,
possible under-
pressurization

Overpressurization

Large LNG spill:

" The unloading system

would not shutdown
automatically in an
emergency
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If the pressure drops below

.0.15 psig, a backup gas system

suppliés LNG from the gas
transmission pipeline to the

‘storage tank

If the pressure reaches 0.031
psig, three 12-in. vacuum

.relief valves open to the

atmosphere .
Activation of MESD

If pressure reaches 1.5 psig,
three 12-in. pressure valves -
open to the atmosphere

Pressure of vacuum safety
valves. are frequently checked
to insure operation

Operator detects malfunction
and responds



) The Loading Arms and Ship Cogp11gg Mechan1sm The ab111ty of the loading ‘
arms to maintain their mobility is 1mportant Redundant sens1ng .
devices are included with each arm that detect excessive motion and K
automatically activate the Loading Emergency Shutddwn;.(LES) system. —
The thermal stresses the arms undergo-is of safety interest'as they are
repeatedly warmed and cooled. A good connection between the loading arm
and ship is also important. ' '

e The Loading Emergency Shutdown (LES) System. This system can-1imit and,_,‘
control the amouht of release thal can ovccur. llowever, if this system
does not operate properly and a manual shutdown islnedessary, this can
result in a significant increase in Lhe_amqunt of LNG ngldasedaf

Storage
Components of primary interest as identified by the PHA are as-follows;

e Pressure Control System. This system inc]udes the. boiloff combreSsbr;
the pressure/vacuum relief valves, and pressure contro]]ers and indicators’
. on inlet and.outlet lines.

e LNG Level Indicators and Alarms. These components sound an alarm in the

control room and activate the Master.Emergency Shutdown System to prevent
overfilling the storage tank. a ' A

e Quter Shell. This carbon steel shell protects the 1nner she]l and 1nsu1a-
tion from the environment and surroundings.

"o Annular Space Insulation. This prevents excessive bo1loff of LNG vapors.
The insulation also protects the carbon stee] outer tank from being exposed
to the cryogenic temperature of the LNG.

e Inner Shell. This 9% nickel-steel is continua]]y expoéed‘td‘cryogenic tem-
peratures. Thus, any failure of this tank could result in a complete stor-
age system failure and release large quantities of LNG'and»LNG vapor.

Vaporization

Pr1mary components of interest related to re]ease prevent1on and contro]
include the following:
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e The Temperature Controllers and-Alarms..  These are prdbably the most impor-
tant components related to release prevention and control in this system.
The temperature controliers indicate the vaporized LNG temperature and
adjust the incoming LNG flow rates, the seawater inlet.rate in the seawater
vaporizers, and the air/fuel rates and ratios in the gas-fired vaporizers.
Any malfunction of these controllers could result in a hazardous situation
possibly releas1ng significant quantities of LNG or LNG vapor.

. quorizer Inlet Lines. A leak or rupture in any vaporizer inlet line
releasing cold LNG could possibly cause failure of other components in the
system that are not designed to withstand the extreme cold.

Compressors and Secondarx Pumps

Because of the high pressures and large flow rates a pipe failure in these
areas can result in a large release and could spray cold liquid or vapor and
résylt in failure of carbon steel components in the area. Components of primary
interest with respect to release prevention and control are given below. *’

e Emergency Shutdown System. Proper operation of the ESD system can pre-
vent or significantly reduce the size of releases in the vaporizer area.

] 'Secondary Pumps and- 24-in. Sendout Line to Vaporizers. This system not

~ only accommodates a large LNG flow rate, but operates at a very high pres-.
sure (1280 psig). A Teak could spray LNG and possibly cause failure of
some other component.

e Ffuel Gas Preheater. Failure of the fuel Yas preheater or temperature con-
"trollers could allow cold vapors to reach carbon-steel components result-
ing in the release of LNG vapor.

3.1.4 Conclusions and Recommendations

The scoping assessment of the import terminal has identified some impor-
tant release preventidn features that may merit more detailed study. The stor-
age section and the unloading section of the import terminal have the potential
for the largest LNG releases. Key storage section components include the inner
and outer tank structure, the pressure control system, and the liquid-level



indicators and alarms.  Important unloading'section components include the trans-
fer line, the loading arms and coupling mechanism, and the loading emergency

0

shutdown system. - ’ N

Utilizing theAﬁesults of the scoping assessment, a list of representative
release scenarios was developed and is shown in Table 3. It is recommended that
these scenarios form the basis for a more detailed assessment of the import
terminal release prevention and control systems. As an initiating point for a
more detailed assessment, a preliminary analysis of these release scenarios
was performed. Potential initiating events, effects of the release prevention
and control systems, information needs, and. potential design modifications which
could prevent or reduce the consequences of a potential release were examined.

TABLE 3. Representative Release Events for an LNG Import Terminal

Failure of nine percent nickel-steel inner storage tank.
Failure of carbon-steel outer barrier for LNG storage. .,
LNG release from 16-in. loading arms.

Failure of 42-in. 1liquid transfer 11ne from un]oad1ng dock to the storage
tanks.

Failure of 20-in. LNG transfer line storage to the secondary pumps.

Failure of the 24-in. transfer line from the secondary pump to the
vaporizers.

7. Seawater vaporizer failure.

S W N —

8. Submerged combustion vaporizer failure.

9. Failure of vaporizer exit lines. » | -
10. Failure of pipeline inlet compressor line.

11. Failure of 16-in. vapor return to ship's tanks.

12. Failure of 30-in. vapor 1ine from p1pe11ne compressors to gas transmission
p1pe11ne.

In performing the scoping assessment several areas requiring additional’
information were identified. Some of these are outlined below.
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e Component Stresses from Thermal Cycling. Many components such as the stor-
age tanks, valves, unloading arms, and transfer lines undergo a number of

" thermal cycles. Exactly how many cycles each component is designed to with-
stand needs to be determined.

e Terminal Piping Network. Details such as diameter, length, wall thickness,
and materials of construction are needed for the components that make up

the terminal piping.

e Structural Mechanics of the Stbrqge Tank. The effect on the structural
integrity of the tank relative to hazardous conditions is of major impor-
tance. Such conditions include overpressure, overfilling, and fire or

explosion in the tank or nearby. A more detailed description of the heatup
and cooldown procedures is necessary for a complete analysis to be accom-
plished.

e LNG Vaporizer Process Control.” More details on the temperature and flow -

controllers are needed. Potential hazards and release prevention details
relative to these controls are also needed. Additional details on the
startup and shutdown procedures are required to complete the analysis in
this area.

e Failure Rate Data. The scoping assessment of the import terminal did not

explicitly consider the potential release frequency. A more detailed study
of the export terminal re]ease'prevention, detection, and control systems
must carefully consider the likelihood of the release initiating event and
the reliability of the release detection and control systems. Due to the
lack of operating experience of LNG facilities, little data is available
for LNG equipment failure rates.

The next phase of the assessment of the import terminal re]ease prevention:
and control systems is to perform more detailed analyses on the areas identified
in this scoping assessment. The representative release scenarios will form

the basis of this analysis. Additional emphasis will be placed on analyzing
the effectiveness of the release detection and control systems.
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3.2 SCOPING ASSESSMENT OF LNG PEAKSHAVING FACILITY RELEASE PREVENTION AND
CONTROL SYSTEMS

3;2‘1 Reference Peakshaving Facility System Description Summary

This section provides a brief summary description of each of the major
operations included in the peakshaving faci]ity. More detailed information is
included in the reference peakshaving faci]ity system description which is not
included here but will be published in the final report. Figure 2 illustrates
the basic operations in the peakshaving facility. They ara gas trcatment,
liquefaction, storage, vaporization, and transfer and transportation operations.

Gas Treatment System

Natural gas from the pipeline first enters a filter separator to remove
any free liquids. The 500-psia gas then passes through one of two molecular
sieve adsorbers where moisture and CO2 are removed. Each adsorber is capable
of handling up to about 12 million scfdiof gas. After passing through the
adsorber, the gas is filtered to removegdust. About half the treated gas
(v6 million scfd) is routed as feed to the liquefaction unit and the rest of
the gas is used to regenerate the off-line adsorber. The regeneration gas
is first heated to about 550°F in a gas-fired salt bath heater and is then
passed through the off-line adsorber. Next, the regeneration gas is filtered
to remove dust, cooled in a fan cooler, and passed through a separator to
remove free liquids. The gas is then compressed back to line pressure (about
870 psia), cooled in another fan cooler to under 120°F, and then reintroduced
into the pipeline. . ‘

“Liquefaction System

After treatment, the natural gas is cooled and liquefied in a mixed
retrigerant cycle to provide LNG for storage. The liquefaction unit is com-
prised of a cold box, refrigerant compressor and coolers, and refrigerant
storage. The cold box contains heat exchangers, separator vessels, and
associated piping and instrumentation, all enclosed in an insulated shell. All
cold box equipment is constructed of stainless steel, except for the heat
exchanger -tubing which is aluminum. The natural gas feed enters the cold box
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at about 500 psia and is pdsSed through a series of six heat exchangers where
it is progressively cooled until it is liquefied. - The liquefied gas leaves

the cold box at about -260°F and about 475 psia. It is let down to slightly
above atmospheric pressure (v1 psig) as it is introduced- into the storage ténkg

The mixed refrigerant, which is made up of nitrogen, methane, ethylene,
propane, butane, and pentane, is cooled and condensed in stages and then »
expanded to provide coo]ing in the cold-box heat exchangers. The refrigerant
is then recompressed by a two-stage compressor with inter-and after-fan coolers.
for heat rejection. The boi1off gases from the LNG storage tank also prov1de
coo]wng for the refrigerant in three cold-box heat exchungers.

Storage System

"The LNG from the liquefaction system is stored in a flat-bottomed,
doub]e-wa]]ed, aboveground storage tank with a capacity of about 350,000. bbl.
The inner shell of the tank is constructed of an aluminum-magnesium alloy which
has excellent low temperature ductility. The outer shell of the tank is made
of carbon steel. The tank dimensions are:

inner tank diameter: 164 ft
outer tank diameter: 173 ft
~ inner tank height: = 97 ft
- outer tank height: 134 ft.

The annular space between the inner and outer tank walls is filled with
expanded perlite insu]ation, with a resilient fiberglass blanket adjacent
td the inner wall to protect the perlite from excessive pressure due to expan-
sion and contraction of the inner tank wall. The ceiling of the inner tank is
. a metal deck suspended from the roof of the outer tank. Perlite insulation is
spread evenly over the deck. Open pipe vents are installed in the deck 30 pro-
duct vapor can circulate freely in the insulation space to keep the insulation
dhyf4 The outer tank rests on a concrete ringwall foundation while the inner
tank rests on load-bearing insulation placed on the foundation soil. Electric
resistance heating coils prevent the soil underneath the tank from freezing.
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The storage tank is designed to operate at 1.0 psig, with a maximum
design pressure of 2.0 psig. The maximum external design pressure is 1.0 ounce
gauge} Tank pressure is controlled by adjusting the boiloff compressor recycle
rate. The tank is equipped with two pressure relief valves which vent to the
atmosphere. In the event of an underpressure, gas from pipeline is brought
back into the tank and, if underpressure 1imits are still exceeded, two vacuum
relief valves admit air to the tank. In the event of an emergency, the tank
is isolated by internal blockvalves on the inlet and outlet liquid ]fnes. The
1iquid level in the storage tank is monitored by a servo-powered, displacer-type
1iquid Tevel device and a differential pressure gauge. ‘

Boiloff gases from the storage tank are heated, compressed to pipeIine:
pressure'by one of two compreSsors, and cooled prior to discharge to the pipe-
line. Each compressor is capable of handling 1.2 million scfd of gas. The
' -boiloff gas design rate is about 0.6 million scfd, with an additional 0.3 million
scfd of flash gas during liquefaction. During liquefaction, the boiloff and
flash gases are routed to the coldbox to provide extra cooling, as described
previous]y.

Vaporization System

LNG is pumped from the storage tank to the vaporizers by three vertical
submerged, pot-mounted pumps. With one pump as a spare, the total rated send-
out capacity for two pumps is about 200 million scfd (1660 gpm) at a discharge
pressure of about 900 psia. "In the vaporizers, the LNG is vaporized in tube
bundles submergEd in a heated water bath, after which the vaporized natural
gas is reintroduced into the pipeline. The vaporizers, rated at 50 million
scfd each, burn natural gas and bubble the resulting combustion gases through
a water bath to heat the tube bundies and thus vaporize the LNG. With three
vaporizers in service and one held as a spare, total vaporization capacity of
the plant is 150 million scfd. A1l vaporization equipment normally carrying
LNG is constructed of cryogenic materials, to the first flange on the vaporizer
outiet.
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Transportation and.Tfansfer System"

Specially designed truck trailers can be used to transport LNG both to
and from peakshav1ng fac111t1es Truck transport‘is'mainly used to supply
LNG either to satellite fac111t1es without liquefaction capability or to tem-
porarily isolated sections-of pipeline. A peakshaving facility would 1likely
receive LNG only when its liquefaction unit is inoperative for aﬁ extended
period of -time. o '

The type of tiiuck trailer used for LNG transport consists of an inner vessel
of 5083 aluminum and an outer vessel of carbon steel. The-annular space is
filled with perlite and maintained-at a pressure of 50 microns to insulate the
inner vessel. The inner vessel is designed for a maximum working pressure of '
70 psig but typically operates at only slightly above atmospheric pressure. .The
numerou%'pressure relief valves on the 1iqu}d and vapor piping all exhaust-to
~a common elevated vent stack. Remotely operated shutoff va]ves are installed
in the liquid lines. The trailer has a capacity of about 10,500 gallons and
weighs about 60,000 1bs when full.

The trucking terminal at the peakshaving plant is diked and trenched for
spill retention. Trucks are loaded and'unloaded through 3-inch-diameter flex-
ible metal hoses which connect directly to stainless steel pipes at the terminal,
The hoses are drained after each loading/unloading prior to disconnection.

Simall LNG sendout pumps -are used to 1oad,the traiTers; pump capacity is
350 gpm; yielding.a filling time of about 1/2 hour. Boiloff vapors from loading
the trailer are-returned to the storage tank through a 2-inch vapor return 1ine
Weight scales and two overf]ow trycock valves indicate the liquid level in the
trailer. '

Trucks can be unloaded by pumping but are more often emptied by using the
vapor pressure above the liquid. If the vapor pressure is insufficient for good
transfer, a small amount of LNG is vaporized .in the pressure buildup coil and
routed to the top of the tank to provide sufficient pressure.
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Safety Systems

\

\ Combustible gas detectors, UV flame detectors, and temperature sensors
are located throughout the plant area. In the event of off-standard conditions;
‘these detectors activate alarms in the control room. They can also be set
to automatically activate the emergency shutdown system or the fire control
system.

1]

The emergency shutdown system has two circuits: the Master Emergency

- Shutdown (MES) and the Vaporizer Emergency Shutdown (VES). The systems can
be activated either autdmatica11y by detector alarms or manually by the plant.
operators, and they take about 30 seconds to shut .down the plant. Upon acti-
vation, the MES: '

- @ de-energizes normal plant electrical circuits, while Teaving essential
‘plant electrical equipment energized '

e closes valves at the plant boundaries to iso1ate the plant from the
pipeline ‘ i

e isolates the LNG tank and dike area from the rest of the plant
o sets all control valves in their:failsafe positions

o vents gas from all gas-handling equipment and lines via the relief
header to the vent stack. '

The VES, when activated, shuts down the vaporizers and the LNG sendout pumps,
isolates the vaporizers from both the pumps and the pipeline and also isolates
the pumps -from the LNG storage tank, and vents gas from all equipment and

lines to the vent-stack. Both the MES and VES are energized by separate
"Uhinterruptab]e Power Supplies" which trip the shutdown systems if they fail.

The fire control system consists of fixed and portable dry chemical fire
extinguishers, high expansion foam systems, Halon fire extinguishing systems,
and a- fire water system. Automatic venting and isolation systems help to ,
prevent accumulations of flammable gas mixtures in enclosed areas and facilitate
extinguishment of any fires.
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The LNG storage tank and sendout pumps share a spill basin that drains
into a diked impoundment basin. The dike walls average 17 ft in height. The
impoundment basin is capable. of holding aboutﬂ480,000 bbl, or 1.37 times the
‘ capacity of the storage tan. High égpansion foam generation systems installed
in the spill basin can be activated either manually or automatically. The
trucking terminal is also aiked and trenchéd and is equipped with several dry
chemical extinguishers. “The-spi11 basin capacity is greater than that of
a tank traj]er plus the 1oading/un16ading transfer lines, .

3.2.2 Reference Peakshaving Facility System,LeVe] Analysis

The purpose of the system level analysis is to identify those sections of
the peakshaving facility that are the most critical with respect to release
prevention and control. The evaluation of each system is based largely on two

factors:
1. the quantity of a potenfia] re]easgldué to either the inventory or the
flow rate, and o
2. the probability of a release as determined by‘subjective judgment.

Process operating conditions, inciuding capacities, flow rates, tempera-
tures, and pressures, are presented in Table 4 for major components of the
gas treatment, liquefaction, storage, vaporization, and transportation and
transfer systems.

Gas Treatment System

The primary hazard associated with the gas treatment system is the flam-
mability of the natural gas being handled. There are three primary methods
for a potential natural gas release from the system:

e adsorber vessel failure

e Jeak or rupture in inlet or outlet piping, flanges, valves, fittings,
etc. ' ' '

e tube failure in the regeneration gas heater.
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TABLE 4. System Process Operating Conditions

)
-

Major Number of  Component Flow Rates Operating Ccuditions
System Components Components Capacities In OQut Pressure Temperature .
Gas Treatment Adsorbers A 2 17,000 scf 12.3 MMscfd 12.3 MMscfd 500 psia 68°F
Liquefaction Cold Box 1 -- 6.3 MMscfd 6.3 MMscfd 485 psia -257 to 106°F
i (50 gpm)
Storage Storage Tank 1 348,000 bbl 6.3 MMscfd 200 MMscfd 15.8 psia -257°F
"~ (50 gpm) {1660 gpm)
Sendout Pumps 3 -- 200 MMscfd 200 MMsfcd 900 psia -257°F
/ : (1660 gpm) (1660 gpm)
Boiloff Compressors 2 -= 0.9 MMscfd 0.9 MMscfd 870 psia 120°F .
Vaporization Submerged Combustion 4 ~- 150 MMscfd 150 MMscfd 900 psia -257 to 70°F
Vaporizers (1245 gpm)
Transportation Truck Trailer 1 10,500 gal 42 MMscfd: 42 MMscfd 15 psia -257°F
and Transfer (350 gpm) (350 gpm)

When activated, the Master Emergency Shutdown (MES) system isolates the
gas treatment system from both the pipeline and the rest of the plant (except
the liquefaction system), after which gas contained in the system is vented via
the relief header to the vent stack. However, assuming the MES fails, it could
take up to about 10 minutes to isolate the gas treatment system. Normal system
flow during this time would result in a release of 85,000 scf of gas. This
coupled with a system holdup of about 34,009 scf, gives a maximum release of
119,000 scf of natural gas.

Liquefaction System

The liquefaction system contains both natural gas and LNG. Besides the
flammability hazard, there is also the hazard associated with the cryogenic
temperature of the LNG. The Tiquefaction system also contains a mixed refrig-
erant with hazards similar to those of the LNG.

The primary method by which LNG or natural gas can be potentia]]y‘released
from the system is a leak or rupture in piping, flanges, valves, fittings, etc.
The primary methods of refrigerant release are:

e Tleak or rupture in piping, flanges, valves, fittings, etc.
~ o failure of separator vessel or refrigerant compressor.

- ;'When activated, the MES isolates the 1iquefaction system from the rest
of the plant (except the gas treatment system.) Thus, the maximum release of
natural gas and LNG from the liquefaction system is the same as that from the
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gas treatment system, 119,000 scf. The maximum release of refrigerant in the
system is 3000 gallons, which is the cycle fluid storage capacity in the system.
The largest refrigerant storage tank is 10,000 gallons.

Storage System

There are three principal methods for.a,potential release in the storage
area: ‘ '

e storage tank failure

e leak or rupture in inlet or outlet piping, flanges, valves, fittings,'
pumps, etc. ‘

e atmospheric discharge from a relief valve.

The inner shell of the LNG storage tank is coﬁStructed of an aluminum-
magnesium alloy which can withstand cryogehic temperatures. The outer tank
is constructed of carbon steel and is susceptible to fracture if contacteﬁ
with any LNG or cold vépors. Thus, failure of the inner tank would eventually
lead to failure of the outer tank.

Activation of the MES system stops any flows into and out of the tank and
isolates the tank from the rest of the facility. The maximum release from
the storage system is the total capacity of the tank, which is 348,000 bbl of
LNG, A pipe break in a 12-1n. outlet line which leaks for 10 minutes before
the block valve is closed would result in a leak of about 23 MMscf (280,000 gal).

Vaporization System

Vaporization takes place in four gas-fired, submerged combustion vaporizefs.
The vaporizers have the capacity to empty the storage tank in about 15 days of
operation. '

Primary methods for a potential LNG or LNG vapor release from the vaporizas
tion system are: o : :

e -leak or rupture in inlet or outlet piping, flanges, valves, fittings,
etc. : , . -

° failurerf vaporizer heat transfer tubes.
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‘The Vaporizer Emergency Shutdown (VES) system, when activated, shuts down
the vaporizers and the LNG sendout pumps,” isolates -the vaporizers from the rest
of the plant, and vents all gas-handling equipment and lines to the vent stack.
The maximum release from the vaporization system would occur if the VES failed
and the.system had to be shut down manually, taking up to 10 minutes. Normal
flow fhrough the system during this time could result }n a release of up to
1.0 MMscf of LNG and LNG vapor.

Transportat1on and Transfer System

-LNG re]eases in the tranSportat1on and transfer system may occur at the
truck terminal or during transport on public roads. Primary methods for a
potential LNG release at the terminal are:

e leak or rupture in inlet or outlet piping, flanges, valves, fittings,
etc. o ’ “ C ‘ ' '
o failure of the double-shell tank trailer.

A fa11ure of . the trailer (due, for instance, to overpressur1zat1on) would
resu]t in a maximum release of 10,500 ga]]ons of LNG. The probability of such
a release is low. The probab111ty of ahleak in a transfer line is medium due
to the operator interface. Such a leak continuing for ten minutes at the normal
loading rate would release. 3,500 gal of LNG.

The primary method for release in transport is failure of the trailer due E
to collision or overturning. Overturning accidents for LNG trailers are rela-
tively frequént»because of their high center of gravity. However, the pro- -
bability of a release is low because of the excellent integrity of the double-
shell trailer construction. : n ’

3 2 3 Reference Peakshav1ng Fac111ty Component Leve] Analysis

The purpose of the component 1eve1 analysis is to identify those compo-
nents that are most critical with respect to release prevention and control fon
each of the systems. The system level analysis indicates that'a signifi-
cant release could come from any of the five systems. The largest releases
could come from the storage and vaporization systems.
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A preliminary hazards ana]ysié'(RHA)'has been completed for each sysfem
previously discussed. The PHA analyzes the major components with regard to
potential hazard conditions, effects, andkexiSting preventive and control

measures. Each PHA is presented'in tabular form. The PHA for ihe;Storage
'system is given in Table 5. ‘ ' '

Gas Treatment System

The gas treatment system is one of the ]ess.criticai systéms in the peak-
shaving facility with regard to release prevention and control. This is
because of the relatively low flow rates and the relatively small holdup in
th1s system as compared to other systems in the fac111ty

The following components of the system are Judged to be the most important
" with respect to release prevention and control: ‘ |

Regeneration Gas Heater. This component contains héat,exchanger tubes
which carry natural gas. If a tube ruptures or leaks, natural gas is
released in close proximity to the unit's gas-fired burner, and a subse-
'quent fire or explosion is possible. The probability of such a tube
failure is judged to be medium. '

Mo]ecu]ar Sieve Adsorbers. These are 1arge vessels (about 20 ft h1gh

by 5.5 ft in diameter) that contain gas under pressure (about 500 psia).
Thus, the gas holdup in these vessels is s1gn1f1cant If a vessel ruptures
or leaks, this holdup gas would be released along with any'additional gas
flowing into the system before the feed 1lines are closed. The probab111ty |
of adsorber vessel failure is judged to be low because of design and

maintenance considerations.

Master Emergency Shutdown (MES) System. When 6perating properly, this
system limits the size of a release. However, if the system does not
operate properly and a manual shutdown is necessary, the amount of natural ‘
gas released can be significantly increased. ) '
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Subsystem or. nent

Startuﬁ-Shutdoun-
‘Operations

1. Storage Tank

2. Purge Ring

3. Inner Tank

" 4. Downcomer

5. Storage Tank

6. Combustible Gas
Detector System-

Steady .State Condition

1. Liquid Discharge
Line :

2. Séndout Pumps
3. Sendout Pump Vessel

4. Vapor Return Line
from Pumps

TABLE 5..

Potential Hazard Condition

. Effect

“Preliminary ‘Hazards Analysis for 'the-.St'orage System

‘Existing Preventive and Control Measures

Inadequate nitrogen-purge

Fails closed. during purging

process

ACoi]doun-monitoring'system-fails

or is .inaccurate

Disperses LNG unevenly

Heatup with hot natural gas. too -
rapid

Fails, results in inadequate nitro-
gen purge

Line ruptures or leaks

PﬁmpAruptures or leaks .

Vessel ruptures -or leaks

Line ruptures or leaks

.- Possible exploiive nixture when filling with

LNG

OverpreSSurization and possible failure of

outer tank, possible flannable 9as aixture :

between shells

. Tank fi)1s too fast, resulting in'rapid cool- °

down with possible failure of inner tank
and release of LNG

- Nonuniform cooldown -of inner tank résuliing

in possible tank failure and release of
natural gas or possible stratification
and rollover

Overpressurization and possible failure of
tank with release of natural -gas

Thermal shock fails inner tank, LG released

to outer tank which subsequently fai!s and
releases LNG

Possible explosive mixture when aif admitted
to tank

LNG released
Pump leaks to pump vessel, no release- - -

LNG released (severity.greatly Increased
if pump fails in conjunctlon)

Ratural gas-released

e Startup procedure
e Operator expertise

e High P alarm on tank
o P relief valves

Startup procedure -
o Operator expertise

. @ Spi1l basin

. e Cooldoin monitoring instru-

“mentation
o Operator attention
o Spill basin

. ‘e Tank monitoring instrumentation

e P relief valves
® Heatup procedure/operator expertise

e Tank monitoring instrumentation
® Heatup procedure/operator expertise
e Spill basin

- ® Purging procedure

e Operator expertise
@ Maintenance and inspgctibn

o ?Iock valves in line and in tank out- .
et

o MES/VES

a Spill basin

. Low discharge P alarms on pumps ,
" MES/VES
o Maintenance and inspection

o Vessel integrity

o Block valves in line and 1n tank
- outlet

o Combustible gas detector alarm

® MES/VES

e SpilY basin

o~Prping integrity
e Combuystible gas detector alarn
o MES/VFS



Subsystem or Component

Potential Hazard Condition

TABLE 5. (contd)

Effect

. Existing Preventive and Contro) Measures

Steady State Condition

5. Tank Foundatfon-.

6. LNG F111 Line

7. High Level Liquid
Alarm System

8. Inner Tank Shell

pe-1

9. Outer Tank Shell

10. Suspended Insulated
Deck :

11. Boiloff Heat
Exchangers

Settles Nonuniformly

Heating coil system fails

Line ruptures or leakse

Fails, anc operator dees not notice

dangerous condition on 1iguid
level geuge

Leaks or ruptures due to structural

fatlure or earthquake

Inner she1l moves off-center

Shell fails or leaks
Plan crashes into tank

Sabotage, bomb explodes
Rollcvwer

Inner shell fails

Fails and falls 1nto tank along
with irsulation

Fail

Outer tank fails, inner tank cannot support

load and fails, LNG released

Frost heaving fails tank, LNG released

LhG or natural gas released

LMG overfiows and leak to outer tank, which is

Fhiled by cold and releases LNG

LRC leaks to outer tank, which is fafled by

cold and releases LNG

Forces due to perlite compactibn fail tank,

LNG released

Logs of jnsulation, heating of LNG and release.

@nd release of natural gas

Prssible rupture of tank with release of LNG

andfor natural gas and probable fire

Prebable rupture of tank with release of LNG

and/or natural gas and probable fire -

Ranid increase in vaporization and over-

pressurization, possible failure of tank

dome and release of natural gas

UNG leaks to outer tank, which fails due to

cald and releases LNG’

Extreme cold fails outer tank dome and

natural gas is released, debris may ‘foul

putlet valves

€old fails carbon steel Yines and natural
gas is released :

Integrity of foundation
Haintenance and inspection

e Spill basin

T instrurentation/operator attention

Maintenance and inspection
Spill basin

Piping integrity
Maintenance and inspection

e Spill basin
e Corbustible gas detector alarm

‘Operator expertise/attention

Temperature instrumentation would
indicate unusual condition
Spill basin

Construction standards
Malntenance and inspection
Sp111 basin

Liqaear movement indicators
Strain gauges
Spiill basin

Pond T ihstrumentation on tank
Fire control systems

Spill basin
Fire conmtrol systems

Security measures
Spill basin
Fire control systems

P and T {nstrumentation
Tank loading and mixing procedures

Construction standards
Maintenince and inspection
Spill besin -

Structural integrity of deck.
Operator attention

Lew T alarm/operator attention
Combustible gas detector alarm
Mzintenance and inspection - -
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Subsystem or Component

Potential Hazard Condition

TABLE 5. (contd)

Effect

Existing Preventive and Control Measures

Steady State Condition

12,

13.

4.

15.

16.
17.
18.

9.

20.

Boiloff Compressors

Compressor After-
cooler

Tank Pressure Relief
Valve

Tank Vacuum Relief
Valve

Purge Ring =

Recirculation Line -~

from Pump to Storage

‘Tank

Vapor Return Line

from Pump to Storage -

Tank

Tank Outlet Valve

MES

Compressor ruptures or leaks

Cannot handle boiloff gases
fast enough

Leaks or ruptures

Fails to adequately cool the
.compressed boiloff gases

‘Fails open

Fails closed
Fails open

Fails closed

Fails open

Ruptures or leaks

Ruptures or legks

fails open and outlet line
fails before secondary valve

Fatls on demand

Release of natural gas'

Pressure buildup in storage tank, possible
rupture of tank and release of natural gas

Release of natural gas

Shutdowﬁ of boiloff compressors, leading
to pregsure buildup in tank and possible
rupture

Release of natural gas,’possible;éxplosive
mixture if air enters tank.

Pressure buildup in tank, possible failure
of tank dome and rglease of natural gas

Possible release of natural gas, possible
explosive mixture as air enters tank

Possible outer tank failure due to vacuum,

with release of natural gas

Natural gas released ihrough roof deck, per-
lite insuiation, and purge ring

Release of LNG

Release Qf natural gas

Release of tank contents

Flows not stopped automatically in an emer-
gency . B

® 000 oo L] o e SO 0

Block valves either side of compressor
Combustible gas detector alarm
Maintenance and inspection

Adequate compressor design
Maintenance and inspection
High P alarm on tank

P relief valves on tank

Block valves either side of after-
.cooler

Combustible gas detector alarm
Maintenance and inspection

Adequate aftercooler design
Maintenance and inspection
High P alarm on tank

P reltef valves on tank

Maintenance and inspection
Tank P instrumentation/operator
attention

Maintenance and inspection
High P alarm on tank
Boiloff system can help reduce P

® Maintenance and inspection
e Tank P instrumentation/operator
attention '

® Maintenance and inspection

e Tank P instrumentation/operator atten-
tion

Low P switch/natural gas inlet

valve interlock

° Mainténance and tnspection

Piping integrity

Pump/MES interlock

Spill basin

Combustible gas detector alarm .

Combustible Qas detector alarm
Pump/MES interlock
Piping integrity

e Spill basin .
Maintenance and inspection

e Operator attention/manual shutdown



Liquefaction System

The liquefaction system is another of the less~critical systems in the
peakshaving facility because of its relatively low flow rates and relatively
small holdup.

System components of primary concern regarding release prevention and
control are as follows:

Temperature and Liquid Level Instrumentation and Controls. These are
probably the most important components related to release prevention and -
control in this system. The temperature controller in the LNG outlet
line ensures that the LNG is sufficiently cold before it is sent to the
storage tank. If the controller fails and warmer LNG or natural gas

is introduced into the étorage tank, excessive flashing will occur in the

storage tank resulting in increased tank pressure. If this increased
pfessure cannot be controlled by the boiloff system, the pressure relief
valves will open and release LNG vapors. In the refrigerant system, .temp-
erature and liquid level instrumentation protects against carryover of
11qu1d refrigerant to the carbon steel compressor suction piping. If
“carryover occurs, brittle failure of the p1p1ng accompan1ed by release

of refrigerant is likely. Minor ma]funct1ons of instrumentation and con-
trols are highly probable but, because of design considerations, the pro-
bability of malfunctions resulting in the aforementioned releases is
judged to be medium.. ‘

Heat Exchangers and Vapor-Liquid Separator Vessels. Leaks or ruptures
in these vessels would result in the release of refrigerant to the cold
box and possibly to the environment. The probability of vessel failure
is judged to be low because of design and maintenance considerations.

' MES System. When activated, this system limits the size of a release,
However, if the system fails and a manual shutdown is required, a much
larger release can occur.

Storqge System

- The storage system is probably the most critical in the peakshaving fééi]ity
with regard to release prevention and control. This is due to the large LNG inve
tory in this system.
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Storage system components of primary concern with'respect to release pre-

vention and control include the, following:

Inner Tank Shell. Failure of this component would cause the maximum

release of LNG or LNG vapor (up to 348,000 bbl of LNG). The probability
of a failure of the inner tank shell is judged to be low because of
design considerations. ‘

Annular Space Insulation. This component is important because it pre+

vents excessive boiloff of LNG'vapor and protects the carbon steel outer
shell from cryogenic temperatures and subsequent failure. The loss of
insulation is judged to have a low probability due to design and opera-
tional facfors.

Quter Tank Shell. This carbon’steel shell provides a vapor-tight seal

and protects the inner shell and annular insulation from the environment.
Failure of the outer tank shell would result in large vapor releases

and could possibly result in the failure of the inner shell. The pro-
bability of such a failure is judged to be low.

Tank Discharge Line to Pumps. Failure of this line could result in the

maximum release for this sygtem if no valves functioned to shut off tank
flow. The probability of the line failing is judged to be low because
of the types of failure mechanisms considered.

Storage Tank Pump Vessel. If the pump vessel were to fail and the feed

valves to the vessel were open, a large LNG release (14,000 gal) could
occur. The probability of the pump vessel failing is judged to be low.

Pressure Control System. This system includes the boiloff compressor

and heat exchangers, the pressure/vacuum relief valves, and pressure con-
trollers and indicators on inlet and outlet lines. Failure of this system
could result in over or underpressure in the storage tank which could

Tead to tank failure and the subsequent release of at least part of_the
tank contents. Failure of individual components (e.g., relief valves
failing open) could result in the uncontrolled release of LNG vapors.
Failures of individual components are judged to have Tow to medium proba-
bilities; the probability.of system failure resulting in the failure of
the storage tank is Tow.
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Vaporization System

Because of the relatively high flow rates'fhfbugh this system, it is one
of the more critiéal.sxstems in the facility with respect to release prevention
and control.

The PHA identifies the following system components as being most important
in terms of release prevention and control:

Vaporizers. These components contain a number of heat exchanger tubes.
- If one or more of these tubes fail, LNG ic released to the vaporizer and
a subsequent fire ar explosion 1s possible. The probability of a heat

exchanger tube failure is judged to be medium.

Natural Gas Discharge Line From Vaporizer. If this carbon steel line fails
(possibly from cold LNG or vapors), LNG vapors or LNG will be released.
-The probability of this 1ine failing is judged to be low considering the

temperature control shutdown subsystemﬂ

Vaporizer Water Bath Tank. If the tank fails, ﬁhe loss of water could
result in either heat exchanger tube failure or discharge line failure.
The probability of the tank failing is judged to be Tow.

Temperature Controller on Discharge Line. “If this controller fails, the
discharge line could fail. The probability of the controller failing is

judged to be mcdium.

Transportation and Transfer System .

The trdnsportation and transfer system is one of the less critical systems
in the peakShaving facility. The'PHA'identifies the following system components
judged to be most important with respect to release prevention and control:

Double Shell Truck Tank. Failure of this component causes the maximun
release of LNG for this system (10,500"ga1). Furthermore, the release
may occur on public roads where few or no release control measures are
available and numerous sources of ignition are present. The probability
of a failure is low because of the extreme ruggedness of the double-shell
tank.
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Truck Pressure Relief Devices. These components are important because
their failure in an overﬁféésure situation could lead to failure of the
tank. The probability of simultaneous failure of these components. is
low because of the redundancy of devices.

"Valving and Valve Controls. Failure of these devices due to rear-end '
collision would completely stymie emergency response measures, possibly
leading- to a slow but total release. The probability of such a failure
is low because of judicious valve placement.

Operator Interface

Although the plant operators are not traditionally viewed as plant compo-
nents, they are essential to the proper operation of the plant. The inter-
face between operator actions and plant operations is therefore a critical
factor relating to release prevention and control.

Operators perform a number of diverse tasks at ‘the peakshaving fac111ty,
most of which relate to release prevention and control either directly or
indirectly. During normal plant operations, the operators run the plant within
set limits and standards to pféVént conditions that may lead to releases. During
off-standard conditions, the operators must respond appropriately to alarms,
indicators, and other signals to prevent releases from occurring or to limit
releases in.progress. Plant inspection and maintenance is also important to
identify and remedy conditions that may lead to subsequent releases.

Because of the number of operator tasks performed at the facility, the
probability of operator error is judged to be, medium to high. The probability
of LNG or natural gas releases resulting from operator errors varies from a
high probability of no release to a low probability of a maximum release.

3.2.4 Conclusjons and Recommendations

The scoping assessment of the LNG peakshaving facility has identified
some important release prevention features that may merit more detailed study.
The storage system and the vaporization system have the potential for the
largest LNG releases from the faciiity. Key storage release prevention compo-
nents include the inner and outer tank structure, the pressure control system,
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the tank discharge line, and the storage tank pump vessel. Important vaporiza-
‘tion system release prevention components include the vaporizer heat exchanger
tubes and water bath tank, the vaporizer discharge line, and the temperature
controller on the discharge 1ine. In addition, the operator interface can

have a significant effect on release prevention for all systems in the facility.

Utilizing the results of the scoping assessment, a 1ist of representative
release events was developed and is shown.in Table 6. The release events for
transportation and transfer are shown separately in Table 7. It is recommended
that these events form the bases for a more detailed assessment of the peak-
shaving facility release prevention and control systems. As an initiating
point for a more detailed assessment, a pre1iminéry analysis of these release
events was performed. Potential initiating events, effects of the release. 7
prevention and control systems, information needs, and potential design modifica-
tions which could prevent or reduce the consequences of a release were examined.

In performing the scoping assessment, several areas requiring additional
information were identified. Some of these are outlined below.

o Component Stresses from Thermal Cycling. Many plant components‘(including
the storage tank, piping, valves, and heat exchanger tubes) undergo thermal
cycles during operation. These cycles produce stresses that can result
in eventual component failure. Information is needed on the number of
thermal cycles these various components can withstand prior to failure.

e Plant and Component Construction Details. Additional information concern-
ing the construction of the plant and its individual components would
allow more complete and detailed analysis. Needed details include such
things as construction materia]é, thicknesses, dimensions, valve place-
ment, and equipment configurations.

o Structural Mechanics of the Storage Tank. The effects of hazardous con-
ditions on the structural integrity of the tank are of major importance.
Such conditions include overpressure, overfilling, and fire or explosion
in the tank or nearby. A more detailed description of the heatup and

cooldown procedures is necessary for a complete analysis to be accomplished.

1-40



W 00 ~N Oy v & W N

10.
n.
12,
13.

TABLE 6. Representative Release Events for an LNG
Peakshaving Facility ‘

Gas supply line from pipeline fails.

Molecular sieve adsorber vessel fails.

Heat exchanger tube in regeneration gas heater fails.

LNG piping in cold box fails.

Refrigerant compressor suction line fails.

Refrigerant storage tank fails..

LNG storage tank fa1ls

. LNG outlet line from storage tank fa1ls

LNG vapor vented through relief valves after overpres-
surization of storage tank.

Sendout pump vessel fails.

LNG supply line to vaporizers fails.
Vaporizer heat exchanger tube fails.
thura1 gas line from vaporizers fails.

TABLE 7. Representative Release Events for Transportation

and Transfer Operations
Liquid line from storage to the truck loading station
fails.
Flexible loading/unloading hoses fail.

Vapor return line from the truck loading station to
storage fails.

Liquid Tine from the truck un1oad1ng station to the
storage tank fails.

Truck LNG tank fails.

.. Trailer pressure buildup coil fails.
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o Failure Rate Data. The peakshaving facility scoping assessment considered

release frequency in a qualitative manner. A more detailed study of the
release prevention and control systems must carefully consider the like-
lihood of the release initiating event and the reliability of the release
detection and control systems. Due to the lack of operating experience

at LNG facilities, little data is available for LNG equipment failure rates.

o Operator Interface. Reliability information on operator tasks performed
at the facility is needed. ‘

The next phase of the assessment of the LNG peakshaving facility release
prevention and control systems is to perform more detailed analyses on the areas
identified by this scoping assessment. The representative release events will
form the bases of this assessment. Additional emphasis will be placed on analy-
zing the effectiveness of the release detection and control systems.

3.3 SCOPING ASSESSMENT OF LNG EXPORT TERMINAL RELEASE PREVENTION AND CONTROL
SYSTEMS

The scoping assessment of the export terminal has identified some impor-
tant release prevention features that may merit more detailed study. The
storage section and the loading section of the export terminal have the
potential for the largest LNG releases. Key storage section components include
the inner and outer tank structure, the pressﬁre control system, the internal
shutoff valves, and the liquid-level indicators and alarms. Important loading
section components include the transfer 1line, the loading arms and coupling
mechanism, and the loading emergency shutdown system.

Utilizing the results of the scoping assessment, a 1ist of representative
release scenarios were developed and is shown in Table 8.

In performing the scoping assessment several areas requiring additional
information were identified. Some of these are outlined below.

o Emergency Shutdown (ESD) System. Of particular interest are the location
and number of detectors that activate the ESD, how quickly the shutdown
occurs, exactly what equipment is shutdown and what valves are closed, and

details on the inspection, testing, and maintenance of the system.
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TABLE 8. List of Representative Release Scenarios for an
LNG Export Terminal ,

1. Rubture of the 36-in. ma1n transfer 11ne between the loading pumps
and the dock.

2. Rupture of the 24-in. liquid outlet 11ne between the storage tank
and the first block valve.
Rupture of the 16-in. loading arms.
Stofage tank ﬁressure relief valves open.
Storage tank vacuum relief valves open.
Inner tank is overfilled with LNG.
Complete failure of storage tank.
" Rupture of 18-in. feed gas line in liquefaction train.

Rupture of 20-in. mixed refrigerant 1iquid piping between high
pressure separator and main cryogenic heat exchanger.

10.  Rupture of 10-in. nozzle to propane/mixed refrigerant exchanger.
11. Failure of a refrigerant compressor (propane or mixed refrigerant).

12..  Rupture of 12-in. transfer line from 1iquefa¢tion area to the
storage tanks.

13.  Rupture of outlet nozzle or piping on refrigerant storage tanks
(propane, ethylene). '

W 0O N O o & W

o Plant PipinglNetwork. Details, su¢h as diameter, length, wall thickness,
and material of construction are needed for the piping, vessels, valves,
" Joading arms, expansion joints, etc., that make up the plant piping.

e Structural Mechanics of Storage Tanks. A key factor in this area is the
effect of various hazard conditions on the structural integrity of the
tank. Such conditions include overpressure, overfilling the inner tank,
and a fire or explosion in another area of the plant. The effect of

- heatup and cooldown on the tank, the potential brob]ems encountered during
these transitions, and the correct heatup and cooldown procedures are
necessary for more detailed analysis. '
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o Failure Rate Data. The scoping assessment of the.export terminal did not

explicitly consider the potential release frequency. A more detailed
. study of the export terminal release prevention, detection, and control
systems must carefully consider the likelihood of the release initiating
Vevent and the reliability of the release detection and control systems.
- Due to the lack of operating experience of LNG facilities, little data is
’ available for LNG equipment failure rates

3.4 SCOPING ASSESSMENT OF LNG MARINE VESSEL RELEASE PREVENTION AND CONTROL
SYSTEMS

The scoping -assessment of the marine vessel has identified some 1mportant
re]ease prevention features that may merit-more detailed study. The largest
potent1a1 sp1lls of LNG occur when one or more of the cargo tanks rupture.
Failure or misoperation of the cargo handling system generally resu1t\in'§ma11er
spills. Important cargo storage tank components include the primary tank
structure, the outer and inner hulls, the cargo tank hull indicators, and safety
valves. Important cargo handling system components include the 1liquid header,
crossover line, valves, and the emergency shutdown'system.\ The human element
is also a factorvduring tanker loading and unloading., Crewman andzoperator
training and good communications between ship and terminal peréonnel are parti-
cularly important. '

r. .

Utilizing the results of the scoping assessment, a lis t Qflrepresenfative
release scenar1os was developed and is shown in Table 9. ‘

TABLE 9, Representative Release Scenérjos'for
an LNG Marine Vessel
Ship sinks and all five cargo tanks'rupture from overpreésure.
Rupture or leak in one of the LNG cargo tanks.
Cargo tank is overfilled.

3

Pressure safety valves relieve to the atmosphere.
Rupture or leak in the liquid cargo system.
Rupture or leak in the vapor handling system.

~NOY O oW N
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Release of LNG or natural gas from ship due to m1soperat1on of *
the cargo handling system. . el i



In performing the scoping assessment several areas requiring additional

information were_identified. Some of these are outlined below.

3.5

Collision Probability. Several analytical methods have been applied to

Coast Guard Collision data to-determine the probability of an LNG vessel
being involved in a collision. These methods usually include a safety
factor for LNG vessels to account for the additional navigation and safety
equipment on board, and the special nayigationa] procedures used. Addi-

tional research and analysis is needed to develop a standard method for

calculating these probabilities.

Effects of a Collision on an LNG Vessel. While the critical velocity

for penetration of the storage tanks has been calculated, little atten-
tion has been given to the effects of a collision on other portions of.
the ship such as the cargo handling system and the propulsion system.

Cargo Handling System. A complete piping and instrument drawing of the

cargo handling system is needed.

Effects of Spills, Fires, and Explosions. The effect of these events on -

the structural integrity of the ship, on the cargo handling system, and
the cargo tanks needs to be determined.

Failure Rate Data. The scoping assessment of the marine vessel did not

explicity consider the potential release frequency. A more detailed study
of the marine vessel release prevention, detection, and control systems
must carefully consider the likelihood of the release initiatihg events
and the reliability of the release detection and control systems. Due

to the lack of operating experience of LNG facilities, little data is
available for LNG equipment failure rates.

SCOPING ASSESSMENT OF LNG SATELLITE FACILITY RELEASE PREVENTION AND CONTROL

SYSTEMS

The scoping assessment of the LNG satellite facility has identified some

important release prevention features that may merit more detailed study. The
storage system and the transportation and transfer system of the satellite '
facility have the potential for the largest LNG releases. Key storage reaction
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components include the inner and outer tank structure, the pressure control

system, the tank discharge line, the LNG recirculation line, the storage tank

pump, vessel, and the boiloff heaters Important transportation and transfer

system release prevent1on components include the double she]] truck tank ‘the

operator interface, and the pressure re11ef dev1ces

. - Ut111z1ng the resu]ts of .the scop1ng assessment a 11st of representat1ve
re]ease events was deve]oped and is shown in Table 10

TABLE 10. Representative Release Events for an LNG Satel]ite.Facﬁ]ity

S

1.
12.
13.

14,
15.
16.

S © ® N o

Liquid 1ine from storage to the truck loading station fails.
Flexible 1oading hoses fail.: :

Vapor return line from the truck loading station.to storage .
fails.

Flexible unloading hoses fail.

Liquid 1ine from the truck un1oad1ng stat1on to the sate111te o
storage. tank fails. ; (

Truck LNG tank fails.

Trailer pressure buildup coil fails.
Satellite storage tank fails.

Exit gas line from the boiloff heaters fails.

Liquid discharge 1ine from the satellite storage tank prior to
the sendout pumps fails.

Sendout pump vessel fails.

Liquid recirculation line from the sendout pumps fails.
Vaporrneturn line from the sendout pumps fails.

Liquid line to the vaporizers fails.

Vaporizer heat exchanger tubes fail.

Natural gas line from the vaporizers fails.

In performing the scoping assessment several areas requiring additional

information were identified. Some of these are outlined below.

e Thermal cyc]e stresses. Information is needed on the number of thermal

cycles the storage tank and various sizes of pipes or tub]ng can take prior

to failure.



Operator. interface. - Reliability 1nformat1on on operator tasks re]ated to
load1ng. transport, and unload1ng is needed.

LNG line relief valves. Reliability information for operation of LNG line
‘relief valves is needed. | |

Boiloff system. Additional information concernihg the entire boiloff system -
such as construction mater1a1s valve p1acement, and temperature contro]1ers

are needed.

Storage tank. Information.cdncerning discharge valving for the tank is
needed. ' ' '

Vaporizers. Information concerning the vaporizer internals such as diameter
of tubes, number of tubes, tube configuration, and flowrates is needed.
Information concerned with vaporizer tube corrosion problems is needed.

Failure rate data. The satellite facility scoping assessment considered
release frequency in a qualitative manner. A more detailed study of the
release prevent1on and control systems must carefu]]y consider the like-
1ihood of the release initiating event and the re11ab1]1ty of the release
detection and control systems. Due to the lack operating experience of
LNG facilities, little data is available for LNG equipment failure rates.
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4.0 MORE DETAILED ASSESSMENT OF - IMPORT TERMINAL
AND PEAKSHAVING FACILITY RELEASE PREVENTION SYSTEMS

The scoping assessments summarized in Section 3.0 form the basis for a
more detailed assessment of release prevention and control systems. An impor-
tant output of the scoping analyses was representative lists of release scenarios.
Using these lists as'a starting point, a study analyzing the effettiveneés of
the release prevention, release detection, and release control systems was
initiated for the reference import terminal and peakshaving facility. The
. primary emphasis is on the release prevention system#. The representative -
release scenarios will be quantified in terms of release fréquency and release
quantity using the best -available information. ‘Alternative process options and
equipment designs will be examined to assess their effect on release frequency
or quantity.

4.1 IMPORT TERMINAL ANALYSIS

A failure modes and effects analysis‘(FMEA) has been completed for each
process area of the reference import terminal. The scoping.assessment indi-
cated that the storage section and the unloading section have the highest
potential for large LNG releases. Consequently, these areas received special
emphasis in the analysis. The FMEA assists in identifying those component
failure modes which are critical with respect to release prevention and estimates
the failure rates.

A simplified fault tree/event tree analysis has been completed for the
majority of the representativé‘release events. Simple fault trees are used to
estimate the frequency of the release évent. Event trees are helpful in evalua-
ting the post release events (effect of detectors, emergency shutdown systems,
etc.) '

. Critical systeh'componehts have been identified on a preliminary basis.
These are defined as the components which have the most direct effect on the
frequency or quantity of release. Some examples include the loading areas,
expansion bellows, storage tank, level detectors, pressure controller, block
valves, and the operator. Improveménts'in'the operating performance of these
types of components could be achieved by such areas as: '
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improved maintenance and testing
use of redundant components
advanced or novel design

=
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additional automation if operator response is critical

" The next phase of the impdrt terminal reTease_prevention analysis will
evaluate the effect of various a]ternative'designs and operating procedures
using the representative re]ease events and the fault/event trees that have '
been deve1oped S '

4.2 PEAKSHAVING ANALYSIS

The peakshaving facility'refeasevpreQentidn analysis generally para]leis
that’of the import terminal. A failure modes and effects analysis has been "
comp]eted for the storage system and the vaporization system. An analysis of
the representative release events identified by the scoping aséessment has been
initiated. The next phase of analysis is to complete the quantification of the
representative release event frequency and release quantity. The effect of -
alternative designs and operating procedures will then be evaluated.

4.3 FUTURE PLANS.

The planned work for FY-1980 includes: 1) Extend the scoping assessment
to include more detailed ana]yses w1th additional emphasis on the release
detection and contro] areas; 2) estab11sh a data gathering program to support
the above analyses, 3) initiate a study of LNG facility fire and vapor contro]
systems; and 4) 1n1t1ate_a study of human factors in LNG release prevent1on
and control. Some details on this work are discussed below. |

Work performed to date has concentrated on ro1pnse prevention, A comp1ete
mitigation strategy for LNG accident scenarios includes release prevent1on, i‘
release detection, release control, vapor control, fire prevent1on fire detec-
tion, fire control, and damage control. _It ‘is.anticipated that the LNG release
prevention analyses will be completed at the‘end of FY-1980. Re]ease detection
and control system analyses will be included on a prel1m1nary ba51s The -
emphasis of future work in the project will be on the engineer1ng aspects -of
vapor control and fire prevention and contro1
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A study of LNG fire and vapor control systems has been initiated with the
basic objective of assessing the current knowledge and LNG industry practices '
relating to fire and vapor control systems. Fire protection systems include
such systems as fire hydrants, dry chemical extinguishing systems, halon exting-
uishing systems, water deluge systems, and high expansion foams. Vapor control
systems include use of diking systems water curtains, and high expansron foams
This study will review existing mode]s wh1ch analyze potential fire cond1t1ons
and vapor dispersion within an LNG fac111ty ‘and the effectiveness of the de51gned
fire and vapor control systems. Results of this evaluation will form the bas1s

' ; for future work on LNG vapor control and fire prevent1on and contro]

‘ The scoping assessments 1dent1f1ed some general areas wh1ch merit cons1dera-
tion in more detailed ana]yses These include human factors in LNG operations,
LNG storage tank operatlons and data gathering. Separate studjes have been
‘ initiated in each of these areas. -

The obJect1ve of human factors study is to identify poss1ble gaps in the
use of existing information in app1y1ng;human reliability and -engineering in
the design and operation of LNG facilities. Human interaction is essential
to the operations, testing, and maintenance of LNG release prevention and
control systems and consequently is a significant factor in an analysis of
their .effectiveness. The degree of human involvement varies with the type
of facility. Shipping operations require a great deal of human involvement
wh11e some satellite facilities are designed for periods of unmanned operation.
' Some typ1ca1 LNG ‘operations where human operators perform key functions include
the purging of process equipment and vessels, the initial cooldown of process
and storage equipment, maintenance and testing operations, and fire extinguish-
ment. Human engineering is extensively applied in military systems and in the
aerospace, nuclear -and chemical industries. Data from these sources will be
reviewed to determine possible needs and opportunities for applying this know-
ledge in LNG. The results of this study will provide input to the evaluations
of equipment and process options planned in the LNG release prevent1on and
- control proaect :

LNG storage tank operat1ons are 1nc1uded in each of the LNG fac111t1es _
under study.1n thjs project. Based on a contained inventory basis and the  _
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magnitude of potentia1 releases, LNG storage tank operations merit careful
analysis. Information on various storage tank‘deéigns and pre]iminéry safety
comparisons will be performed for alternative storage tank designs. Both inter-
nal incidents (such as weld failure or overfilling) and external hazards (such
as adjacent fire or earthquake) will be considered.

A small data gathering effort was initiated-in FY-1979. A more rigorous. -
and formalized data gathering effort was initiated to support the FY-1980
release prevention and control analyses. This Qi]] prdvide.ah organized source
file of LNG release prevention and contro]lpquipment characteristics and opera-
ting procedures. - e e Y

P 4
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SUMMARY

The objectivé of this effort was to identify and evaluate new and .
novel concepts for reducing the hazards presented by LNG tanker: transits
of navigable waters in the United States. The study also iﬁcluded'a :
preliminary assessment of the technical feasibility and the costs
associated with the concepts that were identified. '

This study considers tankers that transport about 125, 000 ‘cubic metera
(m ) of LNG, which are expected to dominate the LNG shipping trade and, in
fact, are currently the largest ships in service. Ships of’ both the mem-

brane and free-standing tank design were considered.

A rapid spill of the entire contents of one LNG cargo tank (25,000
,m3) was generally used as the basic accidental event. This volume is
characteristic of a potential spill expected by the.collision of a large
ship with an LNG tanker. 1In risk stgdies.performed for various projects,
the collision accident hasvbeen conqi@gred‘as representative of the most

hazardous occurrence deemed credible;

The principal approaches to reducing LNG tanker hazards are modifi—
cations to the ship and/or its cargo so that the magnitude of the fire
~ would be decreased should a spill occur. Generally, there is little that
can be accomplished by fire fighting or inerting the flammable vapor once
a large spill has occurred. Methods that might be retrofitted to ships
alréady built are regarded to be of particular importance because many
of the ships that will be used in the U.S. LNG tradé over the next .

10 to 20 years may be either under construction or already‘in gervice.

/
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1.0 INTRODUCTION

Liquefied Natural Gas (LNG) tankers present a fire hazard to
surrounding areas as they enter United States ports. These hazards
derive from the possibility that a major tanker accident could result.:

in a 1argé spill of a very volatile and flammable cargo.

In this program methods of reducing these fire hazards are iden-
tified and evaluated. They include:

e Methods of reducing the rate and/or quantity of LNG that might

be released in an accident;

e Techniques for alteriﬁg the physical or chemical state of the

cargo;

:'o Systems for protecting the tanker and crew from the thermal
effects of a large fire and methods of disposing of the cargo
from a damaged and disabled tanker (so as to prevent the es-
calation of an accident that involved the spill of the contents

of only one of several LNG containers on board the tanker).

In addition, because the hazards that are to be reduced depend upoh‘
the time of occurrence of ignition of spilled cargo, a detailed inves-
tigation of the propensity for ignition to take place at the time of a

'collision impact was carried out.

The entire program has now been completed, and the final report has
been submitted to the sponsor for printing. It is expected that copies:
of the report will become available during June of 1980.

A summary of the work performed in this program is presented here.
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2.0 HAZARD-REDUCTION METHODS

2.1 HAZARD REDUCTION

The penetration of an LNG cargo tank of an existing tanker, such as
could happen in a major collision, is apt to result in the release of the
entire contents of the tank within a few minutes. In fact, the spill
time has been estimated to be so short that the modeling of spill hazards
in most prior risk estimates assumes,.for reasons of simplicity (and

conservatism), that the LNG spills instantaneously.‘

To establish the gains to be made by slowing down the rate of
release and/or limiting the total amount that is released in a single
spill, estimates have been made of the resultant decrease in pool fire
and vapor cloud hazards. An example of the results of these estimates is
presentéd in Table 2.1. The taﬁlé shows that by reducing the spill size to
only 1,000 m3 rather than 25,000 m3, and by causing the spill to .occur at a cons-
tant rate over a period of some 30 minutes or more rather than near instanta- ‘
neous, the thermal radiation hazard from a pool fire would be so curtailed
that significant thermal effects would remain essentially within the
viéiﬂity,of the spill; i.e., within about 400 feét of the center of the
spill. The size of the potential vapor cloud (under adverse meteorological
conditions) would also be diminished; however, it would still preseﬁt a
hazard some 4500 feet from the center of the spill. Greater reductions
are theoretically possible, but become more difficult and expensive to

‘achieve.

2.2. METHODS

We have considered four different ways in which the accidental spill

quantity or rate of release of LNG may be reduced. Each is described below:

(1) _Partitioning of Existing Tank -Designs - Cargo tanks may be

divided into separate compartments‘so that when a collisfon occurs
only the LNG in the compartment that is accidentally penetrated would

be released. To partition tanks in this manner, however, requires that
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TABLE 2.1
THERMAL RADIATION AND VAPOR CLOUD HAZARDS
FOR
DIFFERENT  SPILL SIZES AND SPILL DURATIONS

Distance of

Harmful Maximum Maximum’

’ Thermal Travel Half Width

Spill , Spill Radiation from of Vapor 4of Vapor

Size, m Duration, min. Pool tire, m* Cloud, Km™* Cloud, m .
25,000 . "instantaneous"’ 2100 : 20 700
‘ 10 : - 900 - 10 300
30 : 550 3.2 150
10,000 "{nstantaneous" 1500 : 14 ‘ 500
| 10 600 7.5 200
30 350 .27 100
1,000  "instantaneous" 660 5 200
10 . 190 ' 2.8 - 70

30 120 1.4 35

* distance from center of spill where radiation =5 kw/m . Raj (1977)
and Appendix A, "The Feasibility of Methods and Systems for
Reducing LNG Tanker Fire Hazards," Allen et al. in press (to
be available through NTIS). '

*%  Maximum travel distance of unignited flammable vapor cloud
assuming flammable limit is 5% methane in air, atmosphere
condition F; Germeles and Drake (1975) and Appendix B, "The
Feasibility of Methods and Systems for Reducing LNG Tanker
Fire Hazards," Allan ¢t al., in press.
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the bulkheads be structurally capable .of withstanding the liquid
forces when one compartnent is e;ptied, and the increased heat input
to the liquid in the’remaining‘compartments would also have to be
acconmodated. ' L ) '

A review of the ‘designs of LNG tankers already built or under
construction indicates that there are several difficulties associated
. with this approach. It does not appear feasible to insert bulkheads
or partitions in existing menbrane systems within a reasonable cost
since the membrane linings will- not: in themselves provide adequate
support.. The free standing spherical containers will support parti—
"tions‘but because of the increased difficulties in analyzing stresses
.1in such a system there 1is some possibility that the classification
of the tanks would be changed;,thus introducing the requirement that
a full secondary cryogenic barrier be introduced.. This .would not

appear to be practical.

Only the self supporting rectangular tanks of the Conch design
may be receptive to the installation of partitions without intro-

ducing other severe problems, but there is a limited number of

ships of this configuration. In any event, either a large number
_of partitions or a complex and expensive design would be required

in order to achieve large reductions in spill quantity. Partitioning
of tanks may be most cost effective, however, when combined with
other -approaches such as the addition of filler material that

would restrict the outflow'of LNG.

- (2) Multi-tank Ship Design ,-jThere are two ship deésigns that atilize

a large numberpof smaller cargo tanks being proposed for LNG trade.

" . One of these being offered by Verolme uses 3,400-m uninsulated

- vertical cylinders located in groups within insulated holds in the
ship, ~The major effort by Verolme at present is concentrated on a
large vessel design, with a payload of 330,000 m3. Spillage of LNG
by penetrating the ship in a collision would be greatly reduced,
but the flooding of the hold in such a case may create venting

problems for the undamaged containers.
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The other ship design referred to as the OCEAN PHOENIX usés a
complex éystem of partiélly compartménted multi-lobed vessels for
LNG containmeﬁf at pressures in the 40 to 70 psi rangé. This
design brovides‘the advantage of reduced spill rates in an accident,
but bursting of pressurized vessels due to thermal exposure could result

in explosidns and possible propagétidn of the failure to other tanks.

Since both of these ship dceigns are beiug propdsed as c0mpetitive
alternatives to existing ship configura:inne. their aost mny be near

that of ships now being built of similar capacity.

(3) Insertioi of Opeu-Cell Filler Matérial - The object of this
approach would be to restrict the flow of LNG from the container by

requirihg it to pass through'small restrictions within an open celled
filler material that has been placed in the tank. This principle has
been applieq to small flammable liquid containers using open-cell
foams or rolled-up sections of expanded aluminum to form a cell-like
structure within the tank. Only a few pércent of the container volume
is occupied by the filler material. Additional analysis is required,
however, before the loss of cargo space and the restriction of outflow

from an LNG tank may be established.

A variation of this approach utilizing much less filler would be
. the installation of partitions of material suspended as curtains
which would tend to block tank openings’ created by ship’ colli-
“sion penetrations. ' The rate of outflow would be reduced by the
impedence offered by the small passages through which the LNG

would have to travel.

This approach appears to warrant further investigation, at ieast
‘as a potential hazard reduction technique that might act as a retro-
fit for the free standing tank designs.

(4) Combine Cellular Filler Material with Compartmentalization -
This approach offers the opportunity ‘of feducing Eﬂﬁh the rate and -
quantity of spill, It also might allow the cellular material to be
applied only to those compartments thaf are most vulnerable to
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penetration during an accident, thus reducing the loss in cargo space

.and fcost. '

2.3 OTHER METHODS OF .REDUCING TANKER FIRE HAZARDS

Other techniques that are considered for achieving reduced-~levels of
fire hazards from LNG tanker spills are described in the sub-sections

that follow.
© 2.3.1 Gelled LNG

‘.Experimen;é have demonstrated that LNG can be transformed to a gei
“using small percentages of either water or mechanoi. The gels have been
shown to evaporate at a slower fa;e‘(on a unit area of heat transfer
surface.baéis) than the liquid,. and it is predicted that the spreading
rate of the gel on water (on spilling from a cargo tank)‘would be less
than that of LNG as well. The maximum size of the evaporating pool

may also be reduced. It has been estimated, using the results .of
smali-scale experiments that the maximum distance that a vapor cloud-
might travel when gel is spilled in water'would be about one-fourth that
"1f the Samé amount of LNG were spilled. The gffect of‘geliing bf LNG
on hazards from pool fires has not been'estimated, but significant

decreases might be expectéd.

The extent of actual benefits to be derived, however, requires an
evaluatioﬁ of the efféct of scale on pool size and evaporation rates.
It would also appear that additional development wak on the manufactur-
ing process is also required so as to bette; establish feasibility and

cost.
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2.3.2 Methanol

A

The conversion of methane, the primary component of natural gas,
to methanol has been considered in the past as a means of reducing the
cost of transportation. Methanol could be shipped in'slightly modified.
conventional (crude oil) tankers, which are much less costly than LNG
ships. The savings in transportation, however is not large enough to
compensate for'the increased costs associated with energy losses in-
curred in the conversion of natural gas tn methanol and the later trana-

foruutlon of methanol back to a synthesis gas. This trade off also

| has become less attractive as the result of the increases in gas prices

that have been experienced in recent years.

Methanol would be safer to transport. It is'miscible with water
and when spilled would disperse in water quite rapidly to the point
where the resultant mixture would no longer‘be flammable. Methanol also
has a relatively low vapor pressure so that vapor.clond.hazaros would
be greatly diminished. Large quantities spilled and mixed with water
would adversely affect the aquatic environnent, and could be toxic to

humans who obtain water from sources along shipping routes.

The methanol approach, then, uffers the opportunity of achieving
safer transport, but at an increased cost. This would'probably be |
true even if markets were;developed for the direct use of methanol or
as a gasoline extender and the costly reconversion to synthesis gas
were to be eliminated. However, 1f the cost of LNG'tankers.were to be
increased for safet& reasons, the methanol route might become more
attractive, particularly for projects requiring longrshipping dietances.
The. implementation of a methanol import projeéct would require a large
capital investment., some risk, and an extended,period of time .before

it could be put in operationm.

2.3.3 Flame Suppressants

in,concept, extinguishants, such as halons, could be mixed with LNG
and render it non-flammable. In practice, however, excessive amounts

'would be required. Uniform mixtures. of the suppressant and vapor
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could not be achieved, and the separation and difficulties associated
with the complete removal of the extinguishant at the receiving.terminal
might result in trace (but hazardous) quantities being present in the

gas send-out. This concept is considered impractical.

2.3.4 Solid Natural Gas

If natural gas were to be shipped as a solid instead of a liquid,
the spillage‘of cargo during the most severe‘of collisions would be ex- .
pected‘to be minimal and the:hazards to the surroundings greatly re-
duced, if not completely eliminated. The basic technology for con-
verting. the liquid to solid exists so that the prime consideration for
shippiﬁg natural gas as a solid reduces to the increase in costs re~
lated to facilities and energy for converting liquid to solid (and back
to }iquid again at the receiving terminal) relative to the benefits
to be derived from the hazard'reduction that is achieved. Some of the -
1ncfeased costs associated with conversion mighﬁ be alieviated, hbwever,
by the potential use of lower cost single hulled (but insulated) tankers

for transporting the solid.

2.4 SYSTEM COSTS

Generally speaking;ﬁiﬁﬁrovements in safety are accompanied by in-
creased costs, and this appears to be true for all of the LNG tanker fire
reduction concepts that have been reviewed in this study. In this pre-
liminary evaluation we consider very approximate indicators of costs and
" benefits so as to identify areas of potential intereét and to eliminate

totally infeasible concepts.

As an indicator of hazard reduction (benefits) that may be achievable
with one or more approaches, we assume that the best that might be attained
is that equivalent to the effect of the previously mentioned 1, OOO-m3

Spill over a period of 30 minutes.

For a cost baseline, we have used the costs associated with a some-~
what typical LNG project consiSting of a billion standard cubic feet
'per day project, with the LNG shipped from Algeria to Texas. The base-

line costs are shown in Table 2.2.



TABLE 2.2 =7

ESTIMATE OF COSTS FOR
LIQUEFYING, TRANSPORTING, AND REGASIFYING LNG
" (ARZEW, ALGERIA TO TEXAS) -

1 BSCF/Day -

Percent of
Cost in Dollars - Total Cost
Cost of Gas $0.50/M SCF ~ _ .181
Liquefaction ’ '

" Fuel .075 .027
Operating Costs .103 - .037 -
Capital Charges. .662 .84 - ~240 .304

Shipping |
Fuel .030 T .011
Boil-Off .092 : _ .033
Capital Charges . ‘ o .286
(vessel) .790 ' o :
FixedlCosts ~225 1l137' | .081 412
Receipt and Regasification .285 ,_.103
" TOTAL 2.762/M SGF 1.000



Using this baseline, we estimate that the cost of gas at send-out
might be increased by as much as 1 percent of the total (some 3¢/MSCF)
for tank partitioning and for multi-tank vessel concepts. A value of
less than 0,5 of 1 percent increase might be réésonable for the concept
involving the hanging wa11 o£;e¥péndéd metal used td impede'the outflow

of LNG.

-Since industrial processes for mékiﬁg gelled or solid LNG in
quéntity have not been develope@, ;he costs assoclated with these con-
“cepts are more uncertain than éhe abdvc methods for reducing the rate
and quantity of spill. AHowéver, assuming that new and unique plan;s‘
would have to be built for boﬁh concepts, and new ship designs and
terminal facilities developed for solid LNG; the incremental increases

in cost'of gas might be as much as 15 percent for the two concepts.

It is also estimated that the achievement of the improved safety
attainable by transporting methanol instead of LNG might require as
much as a 10 percent, or mbre, increase in cost per unit of energy

delivered.

‘ The economic impact of cost increases of the magnitude presented
here will also require considerable analysis. One perspective, however,
is to compare the potential reduction in monetary loss attainable by

kgignificant improvements in safety with the cost of employing these

. improvements. If, for example, one were to assume that a hazard-
"reduction concept could achieve a decrease in the total losses that
.might occur in a single major accident of $100 million (including
property.loss Plus losses associated with the ship itself), and if it
is further assumed that the yearly probability of such aﬁ accident
occurring is unusually large, say of the order of 1 chance in a 1000
per year, then the prorated yearly savings would be about $100,000.
Clearly, the hazard reduction concepts considered here would greatly
exceed this value and, on this basis alone, might not be considered

to be cost-effective.
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This, however, does not consider the indeterminate value of losses
associated with injuries and fatalities that might result from a major
accident nor does it take into account the possibility that the overall
impact of the incremental increase in cost of gas might be considered to

be low relative to the potential benefits.



3.0 VULNERABILITY OF LNG TANKERS AND CREWS TO FIRES

3.1 VULNERABILITY OF SHIP AND CREW

Most of the published work on the safety of LNG tankers has centered
on hazards presented to pergonnel and prbperty external to the tanker
itself. However, a large pool fire from a 25,000—m3'sp111 of LNG migﬁt
cause extensive damage to the ship and either severely or fatally injure
the crew as well. The fire exposure might either directly or indirectly
cause failures of cargo tanks that are not damaged in the initial phases
. of the accident and, at the very least, may result in a severely damaged

and immobile vessel with no trained crew to assist in 1its salvage.

A preliminary review of the vulnerability of ship components to fire
from a large LNG spill indicates that fire éxposure may cause the hull
plates to buckle or warp, or perhaps rupture the external protection of
the cargo containers and compromise théif ingulation. Piping, deck
machinery, life boats, and.communication ahd‘navigation equipment may be
severely damaged and. glass windows may be desfroyed during the early
phases of such an exposure. If the latter occurs, hot gases méy enter

certain areas and adversely affect the ship's controls.

On existing tankers, most, if'not all, of the critical locations
for the ship's operations may be exposed to the thermal effects of fire.
This includes positions,withinIenclosutes, but which become vulnerable
due to hot gases entering through window openings, as well as exposed

locations on deck.

3.2 PROTECTION OF SHIP AND CREW

Thermal insulation offers an opportunity to reducé greatly the
critical damage caused by fire. ‘Water deluge systems Vould also provide

protection, but the reliability of pumps and water distribution systems



is questionable, particularly if the ship were severely damaged in a
collision. Protecting the hull would be extremely difficult, but

thermal damage to an unprotected hull would not be expected to be great .
enough to cause the ship to sink. The cargo tankAcovers,vpiping, critical'
enclosures (including windows), and other equipment could, at least in '
theory, be protected by thermal insnlation. Conventional insulating
materials may not be adequate for some components, however. 'In the

case of protective enclosures for crew members, special insulation would
be required. On the basis of a conservative criterion that living space
must be maintained at 100°F or lower for exposure to a- fire of one hour,
special insulative coatings of the intumescent and/or tranepiretional

. cooling type would be required. Laboratory—tested coatings that appear

adequate for these{purposes'are available,
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4.0 CARGO DISPOSAL AND PLANNING

4.1 SALVAGE AND DISPOSAL

Past shipping accidents with other cargos indicate that possibly the
remaining»cargo‘woqld have to be off-loaded from a severely damaged LNG

‘tankef at soﬁg'lpcation other than a loading or unloading terminal.

E Either'the tankér would be incapabie of being moved to a terminal or

being moved may be deemed to be too hazardous.

Currentiy, no satisfactory methdd'exists-for tﬁe emergency off-
loading of cargo from LNGlfankers other tﬁan at'terminals, unless an
empty tanker that could receive the cargo happens fo be nearby. Equip-
ment and procedures need to be developed for off-loading or disposal
of -a ‘'damaged LNG tanker. In this study, we have considered the transfer
_of cargo to dther éhiﬁs, the disposal of cargo by ship flares or com-
bustors aboard ship, and eventual disposal after the -cargo has been

transferred by pipéline to some location external to the vessel.

The transfer of cargo from a disabled LNG tanker in or:near a
U.S. port to another carrier during an emergency does not represent a
very likely -solution, since it would be rare for another vessel to
be available and close enough to effect the transfer within the short
interval of time (sevefal days) as demanded by the urgency of the
situation. Burning the LNG on board the tanker at the high rates needed
to empty the ship in a short time would be difficult, if not impossible,
to accomplish with flares, because of the potential thermal damage that
éould be effected by the large flames. Combustioﬁ equipment that would
provide for burning aboard ship with little or no thermal hazard cannot
be accommodated aboard existing ships, and would occupy excessivé space

on new tankers.



The transfer of cargo to platforﬁs locatéd at an appropriate distance
from the damaged tanker, however, offers an'opﬁortunity of burning LNG
at high rates without endangering the LNG‘carrief. A matrix of small
flares, or a series of waste heat boilers,_mounted‘oﬁ a barge might be
used for disposal. The development of flexiBle metal hoses for trans-
ferring the LNG from the ship to the barges at a distance represents a

formidable undertaking, but appears to be feasible.

Another simpler but. perhapg, limited melhvd —- also requiring
flexible transfer lines -~ would be the discharge and ignitibn of LNG
" on the water at an adequate distance from the tanker. This would

eliminate the need for barges and.associated burner equipment to be
continuously on standbyvat each port. Controlled pool burning of the
'LNG could be accomplished satisfactorily if a location could be found

in which thermal hazards would not endanger nearby property}

4.2 CONTINGENCY PLANNING

Appropriate and timely responses to LﬁG téhkef accidents may prevent
the escalation of the consequences of an accident. Contingency planning
is necessary to achieve propef response and to conserve labor and funds
in carrying out any plan. In this report, requirements for contiﬁgéncy
planning for major LNG tanker accidents are considered, and primary

inputs to these plans are discussed.



5.0 IGNITION DURING AN IMPACT COLLISION

The effectiveness of spill control methods depends upon.whether
ignition_ofvthe spilled cargo occurs at the time of impact and a pool fire
takes place or ignition occurs only after an.unignited vapor cloud travels
some distance and enters a populated area .(see Table 2.1). Because
the evidence Fhat ignition will occur at the time of impact (although
generally considered to be true) is }imitgd, the mechanisms by which

ignition could occur were examined in this study.

The statistics‘of-past accidents involving collisions with tankers
carrying flammable liquids were examined. It was found that a signifi-
cant fraction (about 0.3) of the collisions where cargo was spilled
" resulted in immediate ignition. Where it could be'détérmined that
there was a significant penetration of the flammable liquid carrier by
an impacting ship, immediate ignition occurred in almost 100'percent of
the accidents. Hence, ignition sources appear to be present when there

is a substantial iﬁpact of one ship with another.

The poténtial causes of ignition were then analyzed using empirical
and analytical data on tﬁé ignition of flammable gases. It was found
that hot suffaces created by frictional impact of two colliding ships
are the most likely sources of ignition for LNG spill écéidents. The
sliding of one steel surface against another under the forces that
would occur in a sﬁbstaﬂiial impact collision would cause the surfaces
to be heated, momentaril}, to the melting point of the steel (= 1500°C).
These surfaces when exposed will be large enough and remain sufficiently
hot over a long enough period of time to cause ignition of flammable

methane-air mixtures.

This determination was confirmed by a series of experiments in
which thin strips of inert metal were rapidly heated to elevated
temperatures,‘approaching the melting point of steel. The surfaée areas,
temperatures, and ;imes to ignition were consistent with the analysis’

and supported theoretical correlations developed in this study.
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Although this work demonstrated that ignition sources may be
present in an impact collision, consideration must also be given as to
whether these sources will, in fact, be exposed to flammable mixtures
of methane and air during an accident} For example, ignition may have
been more likely in collisions of tankers carrying flammable liquids
since the vapor space in the cargo tanks may have contained flammable
mixtures 0f vapor and air at the time of the collision, This would
nor he true for LNG carriers, and flammable mixtures would have to form
after the cargo is releasgd and the vapors extg;pal to the tank mix with

air.

The results of a first order analysis are unclear as to whether,
in fact, flammable mixtures of methane and air will come in contact
with-hot surfaces long enough for ignition to take place. By the
nature of the collision impact, the exposed hot surfaces will tend to
form in the region between the two hulle of the LNG vessel being impacted;
an area where mixing ef the spilled cérgo vapors with air may be in-

sufficient for significant volumes of flammable mixturés,to‘occur.

A more detailed analysis of the otruc(u}al deforﬁatibn of the
impacting ships and of the fluid mechanics assoc1ated with the dis-
charges of cargo and its mixing with air is needed before the likelihood
of ignition at the time of impact for an LNG tanker acc1dent ‘can be

predicted with reasonable certainty. .~ 3. ¢
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1.0 SUMMARY

This project involved the characterization of gelled LNG (GELNG)
with respect to process, flow, and use properties and an examination of
the degree of safety enhancement attainable by gelation. The investi-
gation included (1) an experimental examination of gel properties and gel
safety characteristics as well as (2) an analytical study involving
the economics and pre]1m1nary des1gn of an 1ndustr1a1 sca]e gelation
system.

The safety-re]ateq;criteridnnfof the.successful app]icatidh of .'
gelled LNG is the substantial reduction of the Maximum Distance to the
Lower Flammabi]jty Limit (MDLFL). This will be achieved~by:first,,ge1,‘
inhibition of the hydrodynamic pooling and spreading of the spi]],-and

~second, the suppressed thermal transport properties of the GELNG ré1atiVe |
to those of LNG. '

Experimental work on this contract revealed the superiority of water

over methanol as a gelling agent for LNG on the baéis of the minimum gelanf
required fo obtain a given gel structure. Yield stresses were measured over
a. range of gel conditions and were found to increase with increasing gelant
content. Similarly, determinations of rheological characteristics were con-
ducted, revealing effécts of gelant concentration in the carrier gas and end
prbduct GELNG. Ge]s flowed eas11y through flow coils, exhibiting shear thin-
ning with no ev1dence of .gel structure degradation even after repeated shear-
ing. Gel expu]s1on from tanks was found to be dependent on tank surface area.
Expulsion efficiencies greater than 90 percént of those exhibited by LNG
were obtained for geTs using a tank with a surface area to volume ratio as
‘1arge as 8.5 ft'l.: There was Tittle difference found bétween boiloff rates
of LNG and GELNG under s1mu1ated storage conditions of low and moderate heat
flux. F1ve gallon unconfined spills showed that gelation s1gn1f1cant1y
increases total spill vaporization times and decreases maximum spill spread
areas. Vaporization rates determined'from 0.4 gallon confined spi]ls on sand,
concrete, and water were also found to be lower for gels than for LNG. Rates’

were decreased as much as f1ve fold at some points along the vaporization
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rate vs time curves for sand and concrete spill tests. Rates were found .
to decrease by more than two times at some points along water spill vapor-fe‘
jzation rate curves. It was found that 2 weight % gelant GELNG could not

be driven through a simulated crack, even at up to 20 psig dr1v1ng pressure;
LNG was found to flow freely at Tower pressures.

The industrial scale gelation study evaluated a design capable of
pﬁoducing'11,000 gallons (LNG tank truck) of gel in two hours. The increased
cost of gelation using this equipment was estimated at $0.23/106 Btu- for
plents with liquefaction facilities.

The technical results of this study are supportive of the conclusion
that gelation of LNG will reduce, relative to ungelled LNG, the hazard asso-
clated with a given size spill. Parameters of interest to the LNG facility
operator (such as pumpability) are not significantly affected by gelation, and -
the impact on LNG delivery cost appears to be small, about 5%. Thus, the initial
assumption that gelation would provide a practical means to enhance safety is
supported by the results of this study. Larger scale, comparative spill tests
of LNG and GELNG are now required to confirm the safety aspects of use of the
gelled material.

2.0 INTRODUCTION

The projected importation of large quantities of LNG into the U.S.,
as a result of the domestic natural gas shortage, has generated considerable
public concern and resistance because of the potential danger of catastrophic
explosion or asphixiation from vapor clouds formed by the rapid evaporation of
accidentally spilled LNG. Projections of LNG imports of about 5 billion cfpd
in 1980 and over 10 billion cfpd by 1990 indicate that, by 1990, ships will
be'off—]oading at the rate of five ships per day with about 15 LNG carriers
in U.S. ports at all times. Therefore, the potential for accidental spills
resulting from collision, etc., cannot be considered negligible. The con-
sequences of a major spill, espec1a11y in a popu]ated and/or 1ndustr1a1 area,
are totally unacceptable.
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The gelling of LNG inhibits the: free flowing character of the liquid
and, by so doing, reduces the spread area and rate of evaporation from a
' given amount that is acc1denta11y sp111ed In concept, this could resu]t
in a reduction in the magnitude of a poo] fire or of an unignited vapor
" cloud. The relative advantage of ge]11ng, of course, depends upon the
reduction in risk and the cost associated with its achievement.

Successful experiments With'fhe ge]]ing of cryogenic fluids were -
_carried out many years ago, and the ability to gel LNG was demonstrated by
Aerojet(]) in 1970. The gelling of LNé as a means of reducing shipping
hazards has been examined by Shanes(z). o .

The objective of the program reported herein was to characterize
‘gelled LNG for process, flow, and .use properties-and to explore safety
enhancement through the use of GELNG. To attain the objective, a five-
task technical program was carried QUt as follows:

Task 1

- Gel Preparatfon

Task 2 - Gel Characterization

Task 3 - Safety Evaluation Tests

Task 4 - Pre11m1nary Design of Industrial- Sca]e
. Gelation System

Task 5 - Preliminary Economic Assessment

3.0 EXPERIMENTAL RESULTS AND DISCUSSION

Experimental work performed on the program was directed foward comple-
tion of the first three tasks. Accordingly, the results are presented under
the following headings: 3.1, Task 1-Gel Preparation; 3 2, Task 2-Gel Charact-
‘erization; and 3 3, Task 3- Safety Evaluation Tests

3.1 GEL PREPARATION
Performance of the gel preparation task served two distinct

functions. It produced gels for the'characterization and safety evaluation
task and furnished information concerning gelant selection.
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The batch gel production faéf]ity'assembled under this task
_al]oWed for the prepération,and evaluation of approximately four-liter
- quantities of gel. A total of approximately 90 gels were prepared for char-
acterization and safety testing. |

Methane and two d1st1nct LNG compositions containing heavier
hydrocarbons were selected for gelation studies. The two LNG compositions
were designated LNG A and LNG B,with LNG A containing nominally 93% CHy
and 7% CpHg and LNG B containing.nominally 85% CHgq, 10% CpHg, and 5% CsHg.

Two gelant candlidates, methanol and water, were invesliyuted

with respect to properties exhibited by gels produced using each gelant.

The data show that significantly more gelant was required for melhanol

gels to obtain the same degree of structure as water gels. For this reason,
water gelant gels dominated the investigations in this program.

Gels prepared using a variety of gelant injection stream concen-
trations were characterized according to yield stress and rheological
properties. The trends observed in this: set of tests made it evident that
gels required less gelant to attain a.given structure when prepared using
a lower gelant injection concentration. A gelant injection stream concen-
tration of 25 volume percent was used for the majority of the experimental
work. This concentration was chosen in order to'provide adequate dispersion
without requiring excessively long gelation times.

-3.2 GEL CHARACTERIZATION

Physical characteristics of LNG-gels and their variation with
gelant content, gel composition, gelant type, and method of preparation were '
“examined. Gels were characterized according to six properties: (1) yield
stress; (2) rheological characteristics; (3) flow characteristics under
simulated transfer conditions; (4) expulsion behavior; (5) gel aging charac-
teristics; and (6) boil-off rates under simulated storage conditions.

3.2.1 Yield Stress

Yield stress measurements were made approximately 90 gels
using the weighted sphere method. The method involved the determination of
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the maximum weight sphere that could be supported by a given gel. Four
glass spheres of the same diameter, containing various amounts of ‘mercury to
provide a range of weights, were employed. .

It is importaht to note that yield stresses determined by
the weighted sphere method actua]]j’rébresént‘d~yie1dv3tress range, This
range corresponds to yield stress values between the maximum weight supported
and the minimum weight which fails ito be supported. Since values listed in
this report are determined from the maximum”supported weight, they represent
minimum yield stress values.

Under the conditions of similar composition and preparation
methods, yield stresses for LNG and methane gels were found to increase with
gelant content over the range of conditions investigated. This can perhaps
best be seen through an examination: of each of the three sections of Table 1.
Over these condition ranges the observed yield stress trend was evident with
only a few minor exceptions.

A comparison between the three sections of Table 1 reveals '
that yield stresses were less for LNG gels than for methane gels when the
gels compared were of similar gelant content with similar preparation histories.
Yield stresses for the two types of LNG gels examined did not differ signifi-
cantly over the range of conditions investigated.

~Two gelant candidates, water and methanol, were examined
with respect to the yield stresses exhibited by their corresponding gels.
LNG A gelled with methanol required significantly more gelant to achieve
yield stresses corresponding to those measured for gels gelled with water.

Yield stress measurements were made on gels with differing pre-
paration histories. The specific variation in gel preparation involved.
changes in the gelant concentration in the injection gas stream. Yield
stresses increased with decreasing gelant concentration for gels of similar
composition, of similar gelant content, and of the same gelant type.

3.2.2 Rheological Characteristics .
Two types of tests were performed to characterize LNG
and methane gels according to their rheological properties. Both types of
K-5



TABLE 1

YIELD STRESS DATA FOR METHANE AND LNG GELS AT 102 K
PREPARED USING APPROXIMATELY 25 VOL % WATER
GELANT IN THE INJECTION GAS STREAM

Approximate LNG

Composition of Gel Volume % Gelant -~ Yield
(Vol. ¢ as Gas) in Injection Gas Vt. %- Stress ,
Metnane  Kthane Propane Gglant .. __Streap Gelant (dynes/em.),
84 N ] Water . 25 3.3 m
a8 10 5 Water ' 28 5 m
88 8 4 Water 26 3.8 . IN
85 10 5 Water 25 -4.0 270
85 10 5 Water . 25 4.1 m
77 15 8 Water 25 4.3 973
81 13 6 Water _ 25 4.3 -973
84 - n 5 Water 25 4.4 973
85 10 5 Water . 26 4.6 973 .
85 10 5 Water 25 6.5 973
93 7 0 Water 24 2.2 <270
90 10 0 Water 25 2.6, <270
91 9 0 Water 24 2.8 <270
93 7 0 Water 25 2.8 <270
89 N 0 Water 25 2.9 270
93 7 0 Water 25 2.9 270
93 7 0 Water 25 3.0 270
93 7 0  Water _ . 25 3.0 270
N 9 0 Water 25 3 270
© 93 7 0 - Water 25 3.1 270
93 7 0 Water . 25 3.2 270
93 7 0 Water 25 3.5 270
93 7 0 - Water 25 3.6 m
93 7 0 Water 25 3.6 . IN
83 12 0  Water 24 3.7 - 270
93 7 0 Water 25 3.8 m
93 7 0 Water 25 4.0 270
89 n 0 Water 26 - 4.1 m
93 7 0 Water 25 3.1 973
85 15 0 Water 24 4.4 m
93 7 0 Water 25 4.8 m
87 13 0 Water - 26 4.7 a3n
Ell 9 0 Water 25 4.7 T 913
93 7 0 Water 25 5.5 973
100 0 0 Water 25 1.6 «270
100 0 0 Water ) 25 1.9 270
100 0 0 Water 25 2.7 270
100 0 0 Water 25 2.9 m
100 0 o] Water 26 3.5 m
100 0 0 -Water 25 3.6 n
100 0 0 Water 25 3.7 m
100 0 0 Water 25 3.8 973 .
100 0 0 Water 25 4.3 973
100 0 0 Water . 25 4.3 >I3N
100 0 0 4.6 3

Water 25



testing involved flowing gels through coiled tubes under isothermal conditions.
One test type was designed to provide characteristic flow data by measuring
shear rates for gels flowed under selected constant shear stresses,

while the other test type involved determinations of the degree of gel
structure degradation resulting from repeated flow cycles at high shear

rates.

Shear rates were determined in the isothermal gelation enclosure
using a flow loop consisting of coiled copper tubing. After gel preparation,
the gelation vessel was pressurized to a preselected value, and a valve was
opened to allow flow through the loop. The volume of gel flowing through the
tubing was recorded as a function of time. Typical results are plotted in
Figure 1.

A1l gels subjected to characteristic flow testing showed shear-
thinning (apparent viscosity decreases as shear rate increases). This was
true regardless of gelant content of the gel, LNG composition of the gel,
gelant type employed, or injection gelant concentration.

Flow characteristics were found to vary with gelant content
according to the following trends: . (a) Apparent viscosity at a given shear
rate increased with gelant content. (b) The degree of shear thinning
showed a weak tendency to increase with gelant content. See Figure 1 for
typical results.

Data was obtained for gels belonging to three different categories
with respect to hydrocarbon composition, including gels containing only methane,
gels containing methane and ethane (LNG A type gels), and gels containing
methane, ethane and propane (LNG B type gels). Flow characteristics were
found to vary with the hydrocarbon compositions of gels according to the
following trends: (a) Methane gels had higher apparent viscosities at Tow
shear rates and exhibited a greater degree of shear thinning than corresponding
LNG gels (i.e., gels containing heavier hydrocarbons), and (b) LNG A type
gels exhibited higher apparent viscosities at given shear rates than LNG B
type gels even when methane mole percentages were similar.

Flow characteristics were investigated for two gelant candidates,
water and methanol. Apparent viscosities for methanol gelant type LNG gels
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Figure 1. Characteristic Flow Curves of Gelled LNG A at 102 K Prepared Using

60 Vol. % Water Gelant in the Injection Gas Stream
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were significantly lower than those for corresponding water gelant type .
gels even at much higher gelant contents.

The preparation variable examined with réspect to rheology
was injection stream gelant concentration. Apparent viscosity at a given
shear rate increased with decreasing injection stream gelant concentration.

Shear degradation testing was performed using the'char-
acteristic flow test appardtus. Gels were subjected to five flow cycles
from the preparation vessel to the receiving vessel and back at shear rates
greater than30005ec']. Yield stress measurements were made before and after
‘ flowing to determine the degree of gel .structure degradation. Two LNG A
gels were subjected to shear degradation testing. One of the gels was a
3.5 weight percent water gel with a yield stress of 270’dynes/cm2. The
~ other gel was a 4.7 weight percent water gel with a yield stress of 771
dynes/cmzL No evidence of shear.degradation was noted for either gel.

3.2.3 Flow Characteristics Under Simulated Transfer Conditions -

Flow characteristics.of LNG.A and GELNG A were determined
under comparable nonisothermal conditions by flowing both substances
through a controlled heat transfer apparatus. The apparatus consisted of
a sixteen inch long stainless steel tube with a .18 inch inner diameter.
The tube was fitted with an external jacket through which a measured,
ambient temperature gaseous nitrogen flow was passed to simulate thermal
conditions associated with material transfer. |

Transfer tests using LNG A and LNG A gel containing 3.5
weight percent water gelant were performed. Flow rates determined from the
~ tests were 2630 cc/min for LNG and 1516 cc/min for the gel. This gel
transfér rate was as expected considering the experimentally-determined
apparent viscosities and the higher temperature conditions involved in
thesg tests. No problems were encounfered in GELNG transfer.
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3.2.4 Expulsion Behavior

Three types of tests were conducted to investigate
expulsion behavior. One set of tests examined maximum expulsion of geis
as a function of yield stress, gelant content, and gel composition. A
- second test set involved expulsion behavior at a constant driving pressure.
The third test type probed the relationship between vessel surface area
and expulsion efficiency. |

Maximum expulsion tests utilized a transparent pyrex
expulsion vessel with surface area to volume ratio of 0.28cm']. Tests were
initiated with the preparation of gel in the expulsion vessel. The initial
‘gel volume was noted and expulsion. was initiated by pressurizing the vessel
with helium. Gel was expelled through the transfer tube to a point outside
the environmental enclosure using variable driving pressures up to 20 psig.
After expulsion had been completed, the remaining gel was allowed to settle
in the expulsion vessel and the final volume was recorded. The data shows
that expulsion efficiencies for gels are slightly lower than those for LNG.

In addition, expulsion efficiencies decrease slightly with increasing gelant
content and with increasing yield stress for gels with similar LNG composi-
tions. ' : Y

. . |

Constant pressure eXpulsion tests were performed using the
same test apparatus and basically the same procedure as for the maximum '
expulsion tests. Constant pressure tests differed by utilizing a constant
driving pressure of 7 psig to expel the gel rather than a.variable preésure.‘
The results indicate lower expulsion efficiencies for gels dfiven by a constant
7 psig. pressure than for similar gels expelled using a var1ab1e driving
pressure up to 20 psig.

Increased surface area expulsion tests were. conducted us1ng
a 700 cc transparent pyrex expu1s1on vessel with a full vessel surface area
to volume ratio equal to 0.89 cm ]. The initial gel volume in the expulsion
vessel was recorded and expulsion was started by pressurizing the vessel with
helium,. Results indicated that expulsion efficiencies are much lower than
might be expected on the basis of the maximum expulsion test noted above.
Findings suggest that expulsion efficiencies for LNG gels are strongly
dependent on vessel surface area exposed to the gel.- It is probable that
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tanks with smalier surface area to volume ratios would have expulsion
efficiencies more comparable to those for LNG.

3.2.5 .Gel Aging Characteristics
.

~ Two sets of gel aging tests were conducted. Each set
involved the static storage of three compositionally different gels under .
isothermal conditions near their boiling points. A methane gel, an LNG A
gel, and an LNG B gel were selected for storage in each tést set. The
first test set was monitored for over 24 hours, while the second set had
a test duration in excess of 100 hours. ' No visual changes were noted in any
of the gel samples over any of the monitored test periods.

3.2.6 Boil-Off Rates Under Simulated Storage Conditions

No significant difference was observed between boil-off
rates for LNG and those for LNG gels under static storage conditions at low
heat fluxes corresponding to approximately 18 Btu/f“t-2 and 70 Btu/ft2 At
three d1st1nct insulating regimes, corresponding to LNG heat fluxes between
114 Btu/ft hr and 317 Btu/ft2 hr, ge]s tested were found to have slightly
higher boil-off rates than LNG. This is counter to the trend-seen during
spills, in which high heat fluxes are.encountered. The mechanisms involved

in this result are not known at this juncture. Additional testfng at higher

heat fluxes is. recommended to clarify this issue.

3.3 SAFETY EVALUATION TESTS

Safety evaluation tests were directed toward defining the rela-

tive safety characteristics of GELNG with respect to those of LNG. The
three types of tests selected to.achieve this goal were spill behavior
tests, leakage behavior studies, and boil-off behavior determinations.

'3.3.1 Task 3.1 - Spill Behavior

Three types of tests were used to evaluate spill behavior.

Simulated one dimensional spills, unconfined land spills, and unconfined
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water spills were performed using both LNG A and GELNG A,

. Simulated one dimensfona] spill tests were conducted
using a modified version of a spill apparatus designed under the direction
of Professor R. C. Reid at M.I.T. The apparatus provided a controlled,
virtually one dimensional environment for investigating small scale spills
on water. It consisted of a 10 foof.]ong section of clear Pyrex. pipe with
a 6 inch internal diameter. Before initiating testing, the pipe was half

~filled with deionized water. Approximately one quart of the test sample
- was then intrqduced into the system through. the entry port. Small scale-
water spills using liquid nitrogen, LNG and GELNG were conducted. Both

- 1iquid nitrogen and LNG spills produced vapor clouds which were visihle
for less than 2 minutes. In contrast, GELNG samples showed evidence of
gas evolution eight minutes after the spill. ‘

Six unconfined land spills were conducted. These tests
included two 1iquid nitrogen equipment check out spills, one LNG A spi]l,ﬂ
and three GELNG A spills. Al1 gels tested showed a significant increase
in total vaporization time and a decrease in maximum spill spread area. This
is evident from the spill test results given in Table 2. A qualitative
view of vapor cloud dispersion behavior.sand spill vaporization rates is
provided by the time sequenced photographs of land spill testing presented
in Figures 2 and 3 for LNG and GELNG, respectively.

B

One LNG A spill and one GELNG A spill were conducted on
water. Total vaporization times were nearly the same for both unconfined
water spi]]é. The gel, however, exhibited a decrease in maximum spill
spread area compared to that for LNG. Review of_the<spi]] technique and
results of the water spill tests leads to the conclusion that the test
series should be redone using less violent spilling ontn the water surface.
This would.be more nearly representative of marine spill scenarios.

3.3.2 Leakage'Behavior

Two categories of leakage tests were conducted using both
LNG and GELNG. One test type involved the determination of leakage rates
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Table 2

UNCONFINED LAND SPILL.TEST RESULTS

Parameter
lest Number
Substance Spilled
Mass Spilled (1bs)
Volume Spilled (gal)
Kind Direction
¥ind Speed (mph)
Average Ambient Temperature (°F)
Relztive Humidity (%)

Approx. Maximum Spill Spread
Area (sq. ft.)

Approx. Spill Vaporization
Time (min.)

¥isible Vapor Cloud Dissipation
Time (min.)

&round Conditions

)
(2)

(3) The LNG gel used was a 5.5% by weight water gel with a yield

LK,
3.5
5.4
S
2:5-3
59

45

41

0.3
1.8

Dvy

0.2

1.4

Dry

Al11 gels were prepared using approximately 25 volume percent

The LNG composition as volume % gas was 93% CHy and 7% CoHe.

of the gel as volume % gas was 93% CM4 and 7% c2"6'

(4) The LNG gel used was a 3.1% by weight water gel with a yield

of the gel as volume % gas was 93% CH4 and 7% C2H6.

() The LNG gel used was a 3.5% by weight water gel with a yield

of the gel as volume % gas was 93% CH4 and 7% CZHG.

(6)
(7)
(8)

The spilled gel was ignited after 7.5 minutes and burned for
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water vapor gelant in the injection gas stream.

stress of ~973 dynes/cm2. The LNG composition

stress of ~270 dynes/cm?. The LNG composition

stress of ~270 dynes/cmz. The LNG composition

an additional 3.2 minutes.

The gel was ignited after 4.3 minutes and burned for an additional 1.5 minutes.

The remaining gel was ignited after 7.0 minutes and burned less than 0.1 minutes.
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INITIAL 20 SECONDS OF TESTING AT 2 SECOND INTZRVALS

Figure 2 Unconfined LN, Land Spill - Test #1
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INITIAL 14 SECONDS OF TESTING AT 2 SECOND INTERVALS

After 7.5 min. After Ignition

Figure 3 Unconfined Gelled LNG Land Spill - Test #3



through orifices, while the second test type examined leakage through
a crack in a fitting.

Leakage rates through two different orifices at a driving
pressure of approximately 10.5 psig were determined. The orifices involved
in the tests were a .128 inch diameter round orifice and a square orifice
.132 inch on a side. Both orifices were tested in three different 1eakage
environments (air, water, and air-water interface). Comparisons between
leakage rates for LNG and GELNG under similar conditions reveal mixed results
which are probably attributable to experimental error. More data.
particularly at lower driving pressures, would be valuable in evaluating
these comparative rates.

Leakage behavior of LNG and GELNG through a crack was
investigated with an experimental setup very similar to that used for
orifice leakage determinations. The crack was formed by notching a brass
pipe fitting and then stress cracking it along the notch by over-torqueing
a threaded pipe into the fitting threads. Microscopic examination showed the
crack to be an opening with an approximate length of 0.38 cm and a maximum
width of .060 cm. LNG A flowed through the crack at a rate of 964 g/min at
a driving pressure of 10.5 psig, while gels with gelant content as low as
2.0 weight percent showed no detectable flow through the crack at the same
driving pressure. In addition, a 2.0 weight percent gel showed no detectable
flow at a driving pressure of 20 psig. A1l gel tests in this set showed a
small initial flow of material through the crack upon tank pressurization.
This initial flow was followed immediately by flow cessation.

3.3.3 Doil-Off Behavior

Boil-off rate testing was conducted using methane, LNG A,
LNG B, methane gels, LNG A gels,'and LNG B gels. Boil-off rates for con-
tained spills of various sizes were examined under four different sets of
spill conditions in order to obtain comparative data for gelled and ungelled
mdaterial under each set of conditions. The four spill types employed were
contained spills on water, on land, on land in the presence of an ignition
source and on concrete. ‘

K-16




Boil-off rate determinations for contained spills on
water were performed using a 4 inch deep, 20 inch by 19.5 inch rectangular
aluminum spill pan suspended from a 100 pound capacity load cell. During
vaporization, the output of the load cell was continuously recorded to
determine mass versus time relationships. The contained spill apparatus is
shown in Figure 4. Sixteen water spill tests were conducted. Typical results
are presented in Figure 5. General characteristics of the methane and LNG
vaporization curves are similar to those observed by Shanesz. Vaporization
rates, however, are Tower than those observed by Shanes. It is evident that
gelation significantly reduces the confined water spill vaporization rates
of methane, LNG A, and LNG B. Further, gels prepared by methods used in
this study required greater than 4.4 weight percent water gelant to signi-
ficantly reduce LNG vaporization rates for contained water spills.

The apparatus employed for confined water spill testing
was also used for confined land spill boil-off rate determinations. Instead
of water, the aluminum pan was filled with silica sand. For the.confined
land spills, as was the case for water spills, it is evident that gelation
significantly reduces the vaporization rates of methane, LNG A, and LNG B.
Land spill vaporization rates are effectively reduced for even the Towest
water content gel tested (2.8 weight percent).

Boil-off rate tests for confined land spills in the
presence of an ignition source were conducted in the same manner as confined
land spill tests except that an electrical resistance heated nichrome
wire ignition source was placed in the vicinity of the spill. Data for one
LNG A and one GELNG A land spill vaporization test in the presence of an
ignition source are plotted in Figure 6. Material combustion increases the
length of time that both LNG A and GELNG A exhibit high land spill vapor-
ization rates. In addition, it is evident that gelation significantly
reduces confined Tand spill vaporization rates for LNG A even when a spill
ignition source is present.

An apparatus similar to the one used for boil-off rate

determinations on water was employed to obtain vaporization rates on concrete.
A rectangular concrete spill basin replaced the water spill surface in this
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Figure 4 Confined Spill Vaporization Apparatus
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set of tests. It was found that gelation significantly reduces concrete spill
vaporization rates for methane, LNG A, and LNG B, A1l LNG A gels tested
exhibited reductions in vaporization rate over LNG A even at gelant contents
as low as 1.9 weight percent. .'Vaporization rates for gels increased with
decreasing ‘gelant content, '

4.0 INDUSTRIAL SCALE GELATION PROCESS STUDIES

Industrial scale gelation studies were performed to obtain a prelimin-
ary assessment concerning the feasibility and costs of the LNG gelation
process on a large scale. The results constitute work conducted under Tasks 4
and 5 of the program and are presented under the following headings: 4.1,
Task 4 - Preliminary Design of an Industrial Scale Gelation System and 4.2,
Task 5 - Preliminary Economic,AssesSment;

4.1 PRELIMINARY DESIGN OF AN INDUSTRIAL SCALE GELATION SYSTEM

The system designed in this task consists of the equipment re-
quired to convert LNG to the gelled form, GELNG. Auxiliary equipment (e.qg.,
regasification gelant .removal) for integrating the gelation system into an
overall LNG facility is not covered in the design, although such factors
‘are considered in the subseqdent“economic evaluation.

| The GELNG output capacity of the system is chosen to provide :
“filling of an 11,000 gallon LNG truck in less than two hours. The specific
‘design point chosen is 680nga110n$/hour.J\Fdr application to a péak
shaving plant, this converts to just over 600'm‘3 per day produced for
storage. -

The required GELNG properties are sfated,in terms of the gelant
content of 5%. Data from small-scale spill tests indicates that a 5% gelant
concentration will give excellent vaporization performance for GELNG in both
land and water spills. It is anticipated that it will be possible to reduce
the gelant content to 2 to 3% as additonal data is gathered and the methods
of GELNG production are refined.
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The basic continuous gelation concept selected is for the direct.
injection of‘a gaseous gelant feed stream into the LNG as it.is transferred
to the LNG truck or peak shaving storage tank. The continuous gelation
'plant schematic is shown in Figure 7. LNG is transferred to a pre-process
surge tank at a rated input of 10,000 gal/hr. An LNG pump raises the
process stream pressure to overcome system 1osses The pumped LNG then flows
through the preconditioner unit to achieve the necessary ‘conditions for
the gelation step. The control point for the process stream dccurs at the
output of fhe'preconditiohér. -The preconditioning of the LNG is monitored
and controlled by the sensors and va]ves_thrbugh the main procéss control
panel. The conditioned LNG then enters the gelator/separator unit. The
gelant is dispersed in the LNG in a continuous manner, pruducing GELNG ‘
(6800.ga1]ons/hour rated capacity) and natural-gas vapor. The latter,
saturated and at atmosphericAcbnditions, is returned for reliquefaction.

4.2 PRELIMINARY ECONOMIC ASSESSMENT

A preliminary economic assessment has been made based upon the
gelation plant design described above. Inc]uded are capital and operating
costs for the gelation plant as well as the major economic impacts on the
overall processing of GELNG (e.qg., re]iquefaction?of gelator-produced
natural gas). ‘

. The objective of the economic ussessment is to calculate the
increment of cost to each unit of gas delivéred for a plant incorporating
gelation relative to that of an unmod1f1ed LNG p]ant Thus,'much simplifica-
tion of thecalculat10n1s valid.

The estimation of impacts on the existing facility requires some
assumptions about how the integration of the gelation plant-would be
accomplished. For simplicity, it is assumed that a liquetaction facility .
exists with sufficient capacity to handle the return of gas from the ge]ation
plant, The associated reliquefaction costs are thus attributed to extra
energy'costs. It is necessary to provide for gelant removal .in the eventual
revaporization, of GELNG. A capital item has been included to account for
this; it is assumed.that no additional operéting costs of significance are
incurred by this addition.

K-22




€2-X

RETURN T0O

-
RELIQUEFACTION @ DRY NG
R
. GELANT
LNG FROM — GELANT —
STORAGE GENERATOR
@ 10,000 GPH , _
(T e L
1L SN Y 17 U

I JEE

=

G

LNG PUMP

MAIN PROCESS

CONTROLS/ PANEL .

PRECONDITIONER UNAT

DRYER COLUMNS'

®
EXHAUST FILTERED EXHAUST
AIR AMBIENT AIR AIR

[

GELATOR/SEPARATOR
S UNIT
.GELNG TO
STORAGE
OR TRUCK
6800

00 GAL/Hg.
5% GELANT CONCENTRATION

Figure 7. Continuous Gelation Plant Schematic, Conversion of LNG to GELNG



The capital cost of equipment ($1;040,000) converts to a yearly
plant cost equivalent of ‘$11.80/hour, as contrasted to the much larger
operating cost of $116/hour. The combined effect is an-incremental cost
in the delivery of natural gas pf'$0.23/166 Btu, mostly attributed to
operating costs.. This can be compared:.to the basic cost of NG at the
distribution point of about $4. 25/1‘06 Btu. Thus, the added cost of
gelation would be just over 5% for the conditions and assumptions of. this
study. The addition of liquefaction capacity, 1f required, would have a
minor impact on this result. '

It s & conclusivn.of this cost study that the operating custs -
are the dominant cost factor in the 1ncrease in per-un1t cost. Trade-offs
which decrease the annual operating cost for “increased ‘initial capital costs
would seem just1f1ed in future design/econom1c studies.

5.0  RECOMMENDATIONS
The following recommendatibns areAmade for futher work:

(1) Comparative evaluation of GELNG versus LNG in large- scale
‘ (40 m3) tests at NWC, China Lake or o6ther test site.

(2) Extending the evaluation of rheological characteristics to
" both higher and 1ower shear rates.

(3) Conducting leakage tests with perforat1on type orifices.

(4) Further: examination of crack leakage to establish conditions
under which GELNG will flow through a crack (crack size,
driving pressure). |

(5) " A comparative spill, spread, burn, and extinguish test series
for LNG and GELNG at Brooklyn Union Gas Company's Hellsgate Fire-
fighting School with. the ceoperation of the New York Municipal
Fire Department; 40 m° is recommended.

(6) Unconfined water spi11 tests in which the cryogen is introduced
" gently onto the water surface to more nearly represent the
marine spill scenario.

- K-24




(7) Further testing at increased heat flux to establish -
~ conditions under which GELNG begins to demonstrate
superiority over LNG.

(8) Additional, contro11ed unéonfined land spill rate tests.
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Summary

The Jet Propulsion Laboratory (JPL) developed a Two Band Differential
Radiometer (TBDR) for monitoring methane that was successfully tested during
the LNG spill tests held in the fall of 1978. The TBDR design was modified
to measure absorption at four wavelengths allowing the determination of four
parameters of the LNG cloud. This Four Band Differential Radiometer (FBDR)
is described in this Status Report. This report provides details of the FBDR
design and estimated performance together with a summary of recent development,
testing and design verification activities.. '

Fabrication and assembly of the FBDR engineering model was completed in
January 1980 and routine operation of the instrument has been achieved. Absorp-
tion data for methane, ethane and propane have been collected with gas-to-air
ratios of about 5, 15 and 307 at six wavelengths. Final analysis of these
results will be the b351s for selecting the four wavelengths to be used in the
field units. .

A production prototype will be built and used for final system integration
testing. Detailed opto-mechanical design of the prototype sensor is complete
and fabrication of optical and mechanical components has begun. The final elec-
tronic packaging design has also been started. After verification that system
integration and overall design compatibility meets performance requ1rements,
the production of ten field instrument systems will begin.

Introduction

During 1978 the Jet Propulsion Laboratory developed a Two Band Differential
Radiometer (TBDR) for monitoring methane concentration at the Liquified Natural
Gas (LNG) spill tests, conducted by the U. S. Coast Guard and the Department of
Energy. That instrument measured the absorption by the LNG cloud at two wave-
lengths in the near infrared, one at a methane absorption band and a second at
a spectral window. It was successfully tested at the Fall, 1978, spill test
conducted at China Lake, California (1).. Following the 1978 tests, it was
recognized that a capability for differentiating methane from ethane and pro-
pane was desirable., The design of the TBDR is now being modified to measure
the absorption.at four wavelengths, allowing the determination of four para-
meters of the LNG cloud. The baseline design of the Four Band Differential
Radiometer (FBDR) calls for the measurement of methane, ethane, and propane.
The fourth channel is utilized to correct for variations of source intensity
or of broadband extinction in the optical path. The spectral region of the
2.0 to 2.5 um bands.of methane, ethane, and propane was selected because of
the availability of inexpensive components and high performance room tempera-
ture detectors. For example, crown glass transmits well here, the lamp is
a readily available. commercial component, and the lead sulfide detectors yield
specific detectltlves of >lO10 at.low cost,

This report gives some details of the design considerations and estimated
performance of the FBDR. In addition, the development, testing and design veri-
fication activities undertaken during the period August 1979 to April 1980 are
described. Finally. plans are summarized for the construction of a production
prototype, the production of tar field units and support of field testing at
the China Lake Test Facility.



Instrument Description

Figure 1 is a preliminary 1sometric sketch of the instrument sensor,
which is contained in a sealed housing of approximate dimensions 5. 4 x 13 x 20 em.
The source is an incandescent lamp operating at a temperature of approximately
1850 K. The source beam is chopped by a motor driven blade and exits the sensor

housing through a condensor lens which is the optics entrance pupil. The sensor
is deployed in the region of the spill and is immersed in the LNG vapor cloud
during the spill test. Thus, the absorption regionm, rather than being a cell
as in laboratory instruments, is external to the sensor in the path defined by
the external mirrors. Nominally, four passes are made for a total path length
of 60 cm. Upon re-entering the housing through a window, the beam is split by.
the partially silvered mirrors indicated in the drawing, and field lenses image
the entrance pupil on the detectors. Four PbS detectors are mounted in the T-
shaped detector block, each integral with an interference filter. The detector
assembly,. consisting of the mounting block, detectors, detector masks and inter-
" ference filters are temperature controlled with a- ‘thermoelectric cooler in order
to stabilize the responsivity of the detectors and the pass bands of the filters.

Figure 2 illustrates the instrument in block diagram form. The PbS de-
tectors are followed by the necessary signal conditioning, digitizing and inter-

face circuits. The test facility at China Lake provides data acqulsition, record-
ing, and reduction.

Principle of Operation

Ideally, the instrument would utilize three absorption bands, each of which
absorbs for one of the three gases, and a fourth band, a "window," absorbed by
none of the three. None of the four bands would be absorbed by ambient atmos-
pheric gases or water vapor. Additionally, the bands would be spectrally ad-
jacent such that differential effects, for example, those due to scattering and
lamp temperature changes, would be small. No such bands could be found for
these gases in the visible and near infrared. There are, however, bands which
are absorbed strongly by one or two of the hydrocarbons and less strongly by

the other(s). There are also regions approximating windows, where the absorp-
tion is small for all three gases.

Had it been p0551b1e to find ideal absorption bands, it would have been
possible to derive gas concentrations from absorption data in a computationally
trivial manner. The observed deviations from the ideal 1ead to greater math-
ematical complexity.

In all of the bands, studied ethane and propane showed absorption properties
which follow Beer's law:

I = Io exp ( -acl)

where I is the intensity of the incident light, I is the transmitted intensity,

a is the absorption coefficient (atm cm) !, ¢ is the gas concentration (atm),
and £ is the path length (cm).

At six of the bands studied, methane absorption also follows Beer's law,

but for two bands studied the absorption is descrlbed by an equation of the
form .

1= Io exp (- B 02/3 2)

where B is an empirical constant.
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For mixtures of the three gases the combined absorption in a given band j
(j =1, 2, 3, 4) is described by a general equation

3
2/3 - 2
= ~£ . . ‘ a
Ij Ioj- exp' %cl .gz; jkck

where c, is the concentrat1on of methane and c2 and c3 are the concentrations

of ethane and propane respectively. - This general equation is simplified by
the fact that for each band j either B = 0 or a 1= 0. Compensating for

changes in lamp brilliance and/or detegtor sensitivity is accomplished
through a ratioing technique. The band most closely approximating a window

is designated "r" and is used as a reference. Thus
I, 1. o 2/3 .
L= (2] exp { -2 (B - 8)e, . -t Z(a»—a
Ir Ior . 3 r1 =1 jk

i for j # r.

Even though they are non-linear, these three simultaneous equations in
three unknowns can be solved in closed form. The process entails finding .
solutions of a cubic equation in one unknown and then rejecting those solutions
which make no physical sense because they imply .a negative partial pressure for
one of the three gases. A simple iterative meéthod of solving the equations has
also been demonstrated by computer.

‘ For convenient field test and calibration of the instrument, it is also
required to have on-line solutions of these equations. -The instrument support
equipment will include a microcomputer to calculate’the concentrations of methane,
ethane, and propane from the absorption data supplied by the FBDR. Real-time
operation is not required for this support function since it is reasonable to

wait for several seconds for the concentration display. - However, it may later

be required to process the data with a microcomputer in real time in which case
fast and simple algorithms will be desirable.

Performance Reguirements

The TBDR used in the Fall, 1978 spill tests performed well. The offset
and gain of the amplifier were stable but the rapid sensor temperature change
‘which occurred at the incidence of the cold LNG cloud caused the responsivity
of the detectors to change rapidly. The reference channel cannot be immediately



utilized to correct for this effect since the detector temperature coefficients _
are not identical. An advantage of the instrument however, is that such changes
can be calibrated out when a non—absorbing path again occurs. Since the test
duration was short, it was possible to interpolate the responsivity drift thro
the period of temperature change for the 1978 spills.

The performance requirements for the FBDR include immersion in the LNG cloud
for much longer periods than .did the earlier ones. It is therefore necessary to
stabilize the temperature of the PbS detectors. To minimize the average power
required, the operating temperature was selected to be 209C. A lower temperature
would have resulted in better noise performance but the spill instrumentation
system is power limited because of portability requirements and the 20°c temper-
ature results in suitable performance. Table I is a summary of other performance
requirements of the FBDR.

FBDR PERFORMANCE REQUIREMENTS SUMMARY

TABLE - I

LNG vapors measured

Measurement threshold A
Range

Accuracy

Measurement output during spill
'Sampling rate

Operating temperature range 1n
calibration

Total power (sum of mast mounted
sensor and surface chassis)

Mass of mast mounted sensor.
Absorption region length
Number of passes in absorption region

Interfering gases

Metﬁane

Ethane

Propane

0.4% volume of any of the three vapors

Threshold to 507 volume

0.2% or 10% of concentration, which-
ever is greater

Seven 16 bit words per measureémient
10 measurements per second

-5 to +60°C internal tempetrature

25 watts maximum

1.8 kg
15 cem
4

‘Performanee of the instrument will

not be degraded by the normally presen
atmospheric gases (0 s N., CO,, Ar
and water vapor below sa%urat%on)

\



Design Considerations

Weight, Power, Volume:

-

The LNG spill site system is designed to allow maximum portability for
rapid compliance to changes in wind direction. The FBDR will be mounted on
light weight masts and operated from batteries. For this reason, it is im-
portant that the instruments be lightweight, of small cross section, and
have low power requirements. It is expected that the weight estimates in
Table I will be met and that the instrument power will be less than that
showu in the table. .

Signal to Noise Ratio:

The sensor output signal in the absence of absorbing gas is a 10 volt
square wave deflection from each detector corresponding to the difference
between the fully irradiated and the dark detector as the chopper blade
rotates. A small amount of gas in the absorption region reduces the ampli-
tude of this signal in proportion to the fractional absorption. Thus, the
information is in the form of the difference between two large signals. The
demodulator rejects the DC component of the signal and accurately yields the
difference signal, proportional to absorption, which may be as small as one
part in 1,000 of full scale at the threshold of the instrument. Although
the signal processing task and the requirements for detector stability are
demanding, the technique has the advantage that the effects of detector noise
are small in the presence of the the large irradiance available from the
tungsten lamp. The calculated signal to noise ratio, based upon a detector
NEP of 1.2 x 10711 watts/Hz L/2’ is 10% for the 5 Hz bandwidth required for
the 10 measurement per second sampling rate. This S/N has been verified by
laboratory measurements. :

Number of Detectors:

The temptation is strong to use a single detector and sample the four
bands sequentially. This option has not been exercised because nonsimulta-
neity of sampling could result in some complex form of aliasing if the
turbulence spectrum of the cloud contains appreciable energy at frequencies
greater than one half the sampling frequency. Lacking a detailed knowledge
of the cloud turbulence, .the sampling of the four bands has been kept simul-
taneous, obviating potential problems external to the instrument design. The
instrument output is thus representative of the gas composition at the time
"of the sampling. Of course, aliasing is still possible in the reconstructed
waveforms but the individual measurements will be correct.

To_mgm atunre:

The ambient temperature seen by the instrument housing will vary from an
extreme high at 47°C (the record high temperature at China Lake) to a low
of -20 C within the LNG cloud. The insolation, ground effects, and power
dissipation further influence the sensor temperature. A thermal analysis
indicates that the maximum housing temperature will be 60°C and that response
of the housing to the cold LNG cloud will be moderately fast (t=5 minutes).



Based upon | the temperature coefficient of responsivity of the PbS
detectors of 4%/°C (2) and a requirement that the relative sensitivity of
the four channels remain constant to one part in 5000 to-meet the threshold
and accuracy requirements, the detector temperature must be held stable to
approximately 0.005°¢ throughout the ambient temperature range for unmatched
detectors. This requirement may be relaxediby an order of magnitude by
matching detectors and even further if sensitivity is sacrificed for operation
in fog. The detector thermal control circuit must also meet this stability
requirement as the housing temperature passes through the control temperature
and the junction current direction is reversed to switch between the cooling
and heating modes. A thorough program to test this control was planned with
an engineering model of the sensor. The effect of ambient temperature on
lamp radiance was also investigated.. '




The following sections describe FBDR development testing and design
verification activities that have taken place since August 1979.

FBDR ENGINEERING MODEL

The FBDR engineering model shown in Figure 3 has been designed and
fabricated based upon the considerations presented above. The fabrication
and assembly was completed in January 1980 and testing of the unit has
proceeded.

The instrument is operating routinely at signal-to-noise ratios (measured at
the demodulator output) of approximately the design value which is required to
give accuracy of gas measurement beyond the limits of flammability of the three
gasses of interest. The thermal control servo system has been demonstrated to
maintain the temperature of the four lead sulfide detectors at the control temper-
ature (+20 C) to within O. 03°% through the ambient temperature range of -20 to
+60°C. This level of control coupled with the use of detectors with matched
responsivity coefficients (% AR/°C) gives adequate control of responsivity non-
linearities between the four detectors so as not to be a limiting factor in the
system's performance.

The Engineering Model has been used to collect absorption data for methane,
ethane, and propane at gas-to—air ratios of approximately 5, 15, ,and 30% at six
wavelengths that appeared most promising in the breadboard testing. Additional
detailed calibration data will be taken to extend the range of the absorption data
base since the absorption characteristics at some wavelengths are non-linear and
must be determined experimentally rather than by simple applications of Beer's
Law. Final analysis of these results will culminate in the selection of the final
four wavelengths to be employed in the FBDR field units and the necessary calibra-
tion coefficients for data reduction during the LNG Spill Tests.

Data analysis algorithms and supporting software have been written to reduce
the instrument data to gas concentration. Considerable effort has taken place to
develop suitable mathematical relations to resolve individual gas concentrations
from the complex functional form that is taken by the absorption characteristics
of the three gasses. The resulting software will enable a microprocessor with
limited speed and memory capability to carry out data reduction in near real-
time. These programs are being used successfully to reduce Engineering Model
data output and will be incorporated into the design of the on~board microprocessor
system of the Support and Calibration Equipment (SCE). The SCE will then be used
in the field to reduce test data during calibration verification.

The analog-to-digital conversion, multiplexing and interface circuits have
been integrated into the system and design verification is proceeding. Prelimin-
ary test results indicate acceptable performance.






An additional interface to a dedicated mini-computer system has been worked
to allow automated data acquisition and reduction.until the SCE 1s operational.

Full-up system level testing of the Engineering Model instrument was begun
the week of April 7, 1980.

FBDR_PRODUCTION PROTOTYPE -

A production prototype will be built as-a final verification of design
changes resulting from Engineering Model testing and efforts to make instrument
production more economical. ‘It will be used for final system integration testing
and be the first unit actually used in the field at China Lake.

The detailed opto-mechanical design of the prototype sensor has been completed
and the fabrication of optical and mechanical components of the system has begun.

. Only slight differences exist in the optical design of the prototype from
that of the Engineering Model. A computer-aided ray-based analysis of the optical
design was carried out to optimize the system throughput at the wavelengths of
interest and to establish the level of manufacturing tolerances required to most
economically meet the performance requirements. The alignment criteria for as-

" sembly of the Prototype and Production Units were determined. The design has also
been modified to give decreased sensitivity to vibration and misalignment which
might occur during transport and handling as the instrument stations are repo-
sitioned in the field array. Heaters have been incorporated on -the.exposed optical
surfaces to minimize the possibility of fogging at these surfaces when the instru-
ment reenters a warm ambient environment after being enveloped in the cold LNG
cloud for some period of time.

The modifications to the electronic design are also slight. Additional band-
width limiting in the signal conditioning circuitry as well as more precise fre-
quency control  in the chopper and demodulator have been designed to give added
reliability and performance margin to the FBDR system. Final electronic packaging
design (printed wiring board layout, etc.) has begun. : ‘

Final assembly and acceptance testing of the Production Prototype Unit is
scheduled for early June 1280. System integration testing with Lawrence Livermore
Laboratories data acquisition system will be carried out in mid—June at the China
Lake LNG Spill Test Facility.

Design, assembly, and test of the micro—processor based SCE is scheduled to
be completed in time for use during the prototype integration testing at China
Lake.

PRODUCTION FIELD UNITS AND SUPPORT OF FIELD TESTING

After system integration and overall design compatability with the performance
requirements and the Livermore system have been verified, production of ten field
instrument systems will begin. The completion and integration of the ten field
units into the China Lake System ready to support the LNG Spill Tests is currently
scheduled for early September 1980.

L~-11



JPL plans to propose providing additional field support and assistance in
data reduction and analysis for the subsequent spill test cycles. Additionally,
while no hardware has been incorporated, space has been allotted in the ground
electronics enclosure to allow integration of a microprocessor to do real-

.time data reduction for the FBDR system if that development effort is funded.
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SUMMARY

‘This report presents the performance goals, design considerations, and
physical details of the miniature infrared absorption sensor being developed
for the U.S. Department of Energy's Liquefied Natural Gas Spill Safety Program.
The sensor is lightweight, battery-powered, portable, self-contained, ‘and able
to interface readily with large-array data systems. Essentially a precision
infrared differential spectrometer capable of operating over the full range
of gas concentrations expected in the spill diffusion tests, the sensor is
expected to cost less than $7,000 per unit. The present design of this
open-cell, fast-response sensor allows it to measure two- components, but
it can be modified to measure additional components at a reduced sampling
frequency. To minimize temperature effects and power consumption, the sensor
has a single-source, single-detector design which includes a rotating chopper-
filter wheel. A CMOS microprocessor interfaced with a fast arithmetic chip is
used to linearize sensor output and correct for component interference.

INTRODUCTION

Our purpose in this effort has been to develop a small, portable,

accurate gas sensor for array deployment during LNG spill dispersion tests,
capable of operating over the full range of expected gas concentrations and
within the extremely dense fogs created when liquid methane (~-164°C) comes

in contact with humid air and liquid water. Goals are to meet all requirements
. with .a sensor that can be produced inexpensively and adapted easily to other

- purposes, such as monitoring other gases with middle-infrared absorption bands.
- This development is a significant step forward in the state of the art of ir

) _ -hydrocarbon sensors and should find significant application, for example, in

oilfield and refinery pollutant monitoring, where such gases are generated.
The sensor described here is a direct evolution of the miniature portable
CO, sensor developed by this Laboratoryl with funding from the National
Science Foundation (Grant DEB 77-16327) and the DOE carbon dioxide program
(RPIS 003032). It uses the same design philosophy and many of the components
previously developed for these programs. 'A prototype CO, sensor modified
to sense methane was successfully demonstrated in the LNG spill tests at the
U. S. Naval Weapons Center, China Lake, during September and October 1978.2



OPERATIONAL DESIGN GOALS

The ING sensor must be battery-powered and small enough for several such
devices to be mounted on a lightweight, portable, aluminum mast. It must
_operate in an explosive atmosphere and maintain its sensitivity and accuracy
in the presence of extremely cold, dense fog in which it must function for up
to 20 min. Sensor optical elements should not.have to be cleaned after each
test but can be covered between tests to protect them from rain and windblown
sand. Optical coatings should be hard enough to withstand nonabrasive -
scrubbing without loss of transmission or reflection. Image sizes on optical
surfaces should be large enough not to be significantly degraded by a single
large water droplet.

The sensor electronics, not included in the optical head, must reside in
the same electronics enclosure as the tower data acquisition and transmission
system, whose power and communications facilities are used by the sensor.
Each sensor must also be capable of independent operation without the data
station or the other sensors. Provision must be made for local and remote
. control, front panel control and display, and an internal status monitor.

Specific operational design goals are as follows:
o Battery power: less than 15 W total.
® Warmup time: fast (<5 min). '
e Capability: multigas: methane and ethane-ptopane (0.1-100% methane,
0.1-25% ethane-propane). A
Sampling rate: 5/s per channel.
Optical unit weight: less than 1 kg.
Total optical sensor head volume: <500 cm3,
Output: linearized in % concentration.

‘SENSOR WAVELENGTH CONSIDERATIONS

Methane and several other atmospheric gases have strong absorption bands
in the near- and middle-ir region.3 Methane has infrared absorption bands
at 2.4, 3.4, and 7.7 um (see Fig. 1). Since strong water vapor and nitrous
oxide absorption bands also occur in the 7.7-um region, we considered only the
2.4 and 3.4 um regions. Two other spectra-dependent absorption characteristics
become apparent from comparable  infrared spectrometer scans for the major
components of natural gas in these two absorption regions (see Figs. 2 and 3).
First, percent transmission in the 3.%4-um band is significantly lower for each
gas than in the 2.4-um band. Second, component separation is much cleaner in
the 3.4-um band, where methane and ethane enjoy areas of nearly independent
absorption. Figure 1 also shows that a water vapor absorption band exists
on the short-wavelength side of the 3.4-um methane band, and long-path
measurements indicate that some water vapor absorption occurs coincident with
methane and ethane because of the tail of this band. However, at the short
path lengths used in this sensor, these effects should be small and can be
measured and corrected for as part of the differential scattering correction.

The requirement that the sensor operate in dense fog also affects our
choice of wavelength. For clouds and mature fogs, transmission is nearly
independent of wavelength (see Pig. 4).4 That is because the particle
distributions in these fogs show a wide range of droplet sizes, with a peak
concentration at a radius of about 3 um and with a significant number of much
larger particles (see Fig. 5). The large droplets form over tens of minutes
by the collision of smaller droplets. In the dispersion tests, however,
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individual droplet half-lives will probably be of the order of a few minutes,.
and the peak will probably be at a significantly smaller ratio. TLaboratory
measurements of new fogs created using liquid nitrogen and water show very

w, if any, particles larger than 1 ym in radius. Since no measurements have
~2en made of the number density and size distribution under open-air spill
conditlons, we are forced to assume that fogs in open air will be similarly
composed. :
If we assume that the fog will be composed largely of ice crystals smaller
than 1 um in radius, differential scattering becomes important. If we assume
that the size distribution in new fog can be approximated by an atmospheric
aerosol model5 shown in Fig. 6, then both differential scattering and

aerosol absorption (largely water absorption; see Fig. 7) favor operation
(i.e., higher transmission) at the 3.4-um wavelength. From an optics
‘standpoint, an instrument operating on the 2.4-um band is cheaper to build,
because it can use readily available glass lenses and an incandescent source.
However, the long paths demanded at this wavelength are incompatible with the
requirement for operating in the fog. For this reason, we have chosen to
design our instrument to operate on the 3.4-Um absorption band.

Figure 3 shows that areas of sem1-independent absorption for methane

‘and ethane occur in the 3.4-um band. In the 3085 cm~1l (3,24 um) region,
moderate methane absorption occurs, while ethane absorption is weak. A region
very sensitive to ethane with only weak methane and propane absorption occurs
at 3030 cml (3,30 um). A sensor with approximately equal sensitivity to
ethane and propane can be built using a filter operating at. 2900 cm—l
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FIG. 6. Aerosol size distribution typical of
continental aerosol, which may also be similar
to that found in cryogenically created young
fogs. (From Fig. 1, p. 11, of Ref. 5.)
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(3.45 um). However, absorption of each species is not totally independent in
any of these areas; at high concentrations, the ethane tail intrudes into the
3085 cm~1l area (see Fig. 8(a)), and methane absorption becomes 31gn1ficant

in the 3030 and 2900 cm™ -1 regions (see Fig. 8(b)).

To normalize the optical system for component’.and electrical drift and
for attenuation by fog, we need a reference wavelength not attenuated
significantly by any of the natural gas components. Because of the water
vapor band on the shorter wavelength side, we have chosen our measurement
reference at 3.85 um. It is necessary to move this far from the 3.4-um band
because of significant absorption by propane and butane at wavelengths close
to our measurement wavelengths. The problem with establishing reference and
measurement wavelengths so far apart arises from differential scattering from
aerosols in the measurement path. For particles much smaller than the-
wavelength of interest, differential scattering varies as A—4 (Rayleigh
scattering). For particles of the same order as the wavelength, it vaties ae
A-2 (Mie scattering). Since the fog particles will have some distribution
and will approach the same order as. the wavelength as the fog grows, we expect
scattering and absorption to affect our system somewhere between these values.

To adjust for any differential scattering that may occur in the system,
the sensor includes a second reference filter, located between the water
absorption band and the methane band at about 3.05 um (3280 cm~1l), "The use
of this filter is described below. Since some water vapor absorption also
occurs at this wavelength, the filter can also be used to correct the
measurement ratios for changes in background. water vapor concentration
occurring during the spill,
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FIG. 7. Effect of atmosphere aerosol distribution on. ir extension in mid-ir
region. (From Fig. 2, p. 14, of Ref. 5.)
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The thick fog associated with the spill will greatly reduce the total power
reaching the detector at all wavelengths. 1In controlled experiments using
boiling water over liquid nitrogen, scattering coefficients have been

observedb® for 3,39-ym radiation as high as 0.34 cm~l, Therefore, the

sensor must have enough dynamic range to make accurate measurements when more
than 60% of the radiation transmitted from the source has been lost due to
scattering out of the beam. Inaccuracies caused by the change in path length
because of scattering out of the beam and then scattering back into the
collection aperture can be minimized but not totally eliminated. Cryogenically
generated fogs easily qualify as multiscattering media. '

Fortunately, high fog concentrations are also associated with high
methane concentrations and, in areas where fog is expected, the sensor path
length can be shortened by an order of magnitude and still meet performance
specifications. Two easily interchangeable optical absorption cells have been
depigned for the sensor, one with a 25-cm absorption path length and the other
with only 2.5 cm. '

MEASUREMENT STRATEGY

. To make accurate measurements under these adverse conditions, the full

. power of the system microprocessor must be used. To allow for correction of .
as many effects as can be physically identified and measured, a high-speed
calculator chip, the AM9511A, has been interfaced with the CMOS microprocessor.
The combination of microprocessor and arithmetic chip can handle the
logarithmic and power law calculations fast enough to allow for conversion of
each individual data point before averaging. This is important since a scheme
that averages the absorption measurements before linearizing is taking a
linear average of a log-varying function, which can lead to serious
measurement error in a rapidly varying function.

The anticipated measurement sequence is as follows:

1. Voltages (V;) representlng transmission through the three measurement
filters and the reference filter in the optical head are transferred to the
microprocessor. These values are determined in this order: reference
measurement, fog and water vapor measurement, methane measurement and ethane
measurement. (A sensor providing four samples/s could also measure propane.
The propane filter would be scanned last.) - :

2. The transmission voltagés are then multiplied by a normalizing factor
to correct for variations in transmitted power caused by filter bandwidth and
differential source emission. This factor, Ty, is determined empirically
with no gas or fog present in the absorption path.

3. Transmission ratios are made for each adjusted measurement with the
reference, resulting in three new values:

Vf/vr =If; Vm/v,_- = rm; Ve/Vr = re-

4. The measurement ratios (rp, r,) are corrected for differential
scattering from fog and for water vapor effects, using empirically determined
multiplicative factors Fp and Fo. These constants, specific for each gas
measurement filter ratio, are determined empirically by using the sensor
prototype in a chamber with various aged, cryogenically generated fog
concentrations. The constants are stored in a look-up table, the proper value
being determined by the corrected transmission ratio of the fog and reference

filters.
5. The scattering-corrected methane and ethane ratios (rj') are put
into a linear algebra routine to correct for mutual interference absorption,
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yielding a pair of totally corrected ratios (Ry and R,) ready to convert
to concentration. Since the constants used in the linear algebra routine are
not really constants but vary with concentration, empirically determined sets
of coefficients are stored in a look-up table accessible by using the value of
the ethane ratio (r,') and the methane/ethane ratio (rp'/re'). :

‘6. Linearization algorithms are now applied to the final corrected
ratio. We expect these routines to resemble those used to determine the
methane concentration from measurements by the initial (COj) prototype at
China Lake in 1978. That expression took the form

o L) .1.536>
c(v/v) =\ — :
2.077 '

The microprocessor with the AM9511A should be-able to perform these
calculations in 30-50 ms, well within the 200. ms available between samples.

, 7. Once the logarithmic and power law operations have been removed from
the data, true averages and other linear statistics can be obtained. This
work could be performed by the sensor's processor or sent to the data system
for development. ‘ ‘

LNG SENSOR DESIGN

To achieve the above goals and measurement strategy, the LNG sensor is
designed in two packages: a small, lightweight optical head assembly and the
electronic control and processing unit. We intend that no reference voltages
be present in the cable connecting these packages. For this reason the optical
.head, which is about the size.of a 1l2-oz soft drink can (see Fig.-9), contains
several electronic circuits. The long~path absorption cell adds about 8 cm to
the length of the optical head. '

The physical layout of the electronic control and processing unit is not
settled yet, pending completion of the tower data acquisition system design.
The prototype unit will use a single plane wire-wrap format with display and
keypad on the same plane as the microprocessor. Two-way communication with
the tower data station processor is expected to start, stop, and possibly
change the averaging time of the LNG sensor.

Optical Head Arrangement

Figure 10 shows the main mechanical and optical components of the LNG
sensor. The key to success of any low-power miniature ir sensor is its
source. Two years of joint Lawrence Livermore Laboratory and industry effort
have gone into the present source design. Light bulbs aren't efficient mid-
infrared sources. Laser systems, when available, are large, power-hungry,
and difficult to maintain in the field. The most efficient available
source is a blackbody radiator. Blackbodies have large source areas, high
emissivity, and can be made quite small. They are stable over long periods
and can be accurately controlled. However, they typically lose a lot of heat
to their surroundings. Our main challenge has been to insulate the small 600
to 1000°C slug that forms the blackbody radiator from the rest of the
electromechanical system: the better the insulation, the lower the power
consumption of the source and the cooler the rest of the package.
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Our present source design uses an inverted quartz-glass vacuum Dewar with
a small hole in the bottom for radiant emission. This device uses about 50%
less power than the source used during the 1978 China Lake tests. The Dewar
has a 28-mm O.D. and is about 45 mm long. Radiation is emitted in an f 1.3
cone through a thin sapphire window. The window, epoxied to the outside of
the Dewar, is easily changed; it prevents any low-temperature condensibles
emitted from the source from contaminating the main collecting lens and
minimizes convective cooling of the blackbody cone. ‘

The main collecting. lens gathers source radiation at £ 1.5 and transmits
it to the first relay mirror at £ 4.0, From this mirror, the radiation is
reexpanded to lens size and reflected off a spherical mirror polished into the
top of the sensor. From this point, it is reflected to a secound relay mirror
adjacent to the first and then through a second collection lens on the head.
This lens focuses the £ 4.0 beam hack to an £ 1.5 cvoune and images the l-mm2
source area on the rotating chopper-filter wheel. Leaving the filter wheel
the expanding cone, is apertured to remove stray light and refocused on the
detector's active area. Computer ray traces of the optical system indicate
that the system is nearly diffraction-limited, providing an almost perfect 1l:1
image of the source onto the detector.

With the long-path absorption cell, the smallest image outside the can is
the diameter of the relay mirrors (1.2 cm). Using this inverted-white-cell
design greatly reduces the effect of large droplet concentration on mirror
reflectivity. The mirrors in the long-path cell are nickel-coated aluminum
with a hard gold overcoat.

, Where significant fog concentrations are expected, the long-path cell is

supplanted by the short-path 2.5-cm cell, which is basically a nonabsorbing
bridge between the two lenses on top of the LNG sensor. Radiation enters the
prism 1.25 cm above the output lens is reflected internally through the prism
and then back into the optical sensor head. To minimize liquid water effects,
a fine wire-mesh screen could be put around the optical bridge to cause
particle collisions and prevent large droplets from entering the absorption
path. The minimum beam size with the short-path cell is about 2 cm. A
photograph 'of the LNG prototype sensor with both the long- and short-path
absorption .cells is shown in Fig. 11.

The optical head could be protected by an inexpensive fire-protection
system: an insulated can on a vertical rail above it. If the can were
suspended by a low-temperature-fuseable link, fire melting the link would drop
it down over the head, protecting the head from radiation and short exposures
to flame.- ' o

Electrical Design

As noted, the first design principle is absence of voltage-critical
signals on the cable between the optical head assembly and the electronic
control and processing unit, so the cable length can be varied. The
electrical design has three other governing principles:

® To digitize the detector signal as close to detector as possible.

® To use CMOS components to reduce power consumption and volume.

® To design for long life, low maintenance, and high stability.

Figure 12 is a block diagram showing circuits and electrical relationships
between the optical head assembly and electronic control and processing unit,
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cell to eliminate absorption in path between two optical wedges.
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tical Head Electronics. In this assembly are expected to be the motor
control, filter synchronization circuit, and source control circuits, in
addition to the detector and amplifier circuits. A photograph of the LNG
prototype sensor with the long-path cell attached and with the electronic
compartment uncovered is shown in Fig. 13.

Detector. Being used in the prototype is a 1~ x l-mm pyroelectric
detector marketed by Molectron (Model P171). This detector is mounted in a
T-05 can that also contains a low-noise 1012.Q resistor and a low-noise
J-FET, providing the first stage for the preamplifier. 1In this configuration,
the detector response is limited to a signal frequency of about 20 Hz. While
a lead-salt detector can be chopped at a higher rate, the PbSe detector must
be thermoelectrically cooled, greatly increasing the sensor power and adds to
the heat dissipation requirements of the optical head.

Long-path open
absorption cell ——— Preamp
‘ detection

board

O-ring
seal

FIG. 13. Prototype LNG sensor with electrooptical compartment cover removed.
Stepper motor and drive circuit are clearly visible, along with chopper-filter
leel. Long-path absorption cell is shown on sensor.
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Amplifier-Filter Section. A single detector-amplifier section is used so
that electronic drift is ratioed out of the measurements. The amplifier raises
the detector output voltage from the millivolt level to the full range of the
analog-to-digital (A/D) converter (10 V). Out-of-band noise suppression is
achieved by a "gated-integration" amplifier and filter.

Peak-Detecting A/D Converter. The amplifier is followed by a peak-
detector sample-hold circuit. The peak detector is reset by a zero-crossing
circuit and tracks the amplifier signal unit it peaks. At this point, the
peak detector holds the signal level until a conversion-complete signal is
received from the A/D converter, which is a 12-bit CMOS single-chip converter
made by Beckmann (7556 MCU) and having both series and parallel outputs.

Filter Synchronization Circuit. A LED/photo transistor pair and a hole
in the filter wheel are used to synchronize the signal processor with the
proper filter. A simple pattern-recognition routine in the processar could he
used on initial startup and would suffice if the signal were never totally
lost. 1In dense fog, unfortunately, the possibility exists for completely
attenuating the signal; hence, the need for positive synchronization.

Motor Speed Controller. Because of detector sensitivity to chopping rate
changes, the chopper motor must run constant to within 0.1-0.01%. The speed
control monitors motor speed and provides the high initial current needed for
startup.

Source Controller. This unit is a two-wire, constant-resistance,
proportional controller regulating the source to +1°C. The source temperature
can be adjusted from 600 to 1000°C.

Electronic Control and Processing Package. This package, as noted, will be
physically located within the tower data enclosure. It draws power from the
data-station battery and communicates through the data-station processor.

Microprocessor. An RCA 1802 microprocessor controls the sensor,
linearizes and separates its output, and monitors its status. The processor
communicates with the optical head through the serial interface and with the
data-station processor through a separate, yet to be defined, interface. The
processor uses CMOS RAM and EPROM to minimize power consumption.

Arithmetic Processor. An AM 9511A fast-arithmetic processing chip is
interfaced to the microprocessor to expedite computations. The combination is
easy to program and can do number-processing at rates approaching those of
larger machines. Since the arithmetic processor consumes 1.7 W when in
operation, a circuit has been developed to turn the chip on and off quickly.
The chip can be powered up to one microprocessor cycle.

Display. A liquid crystal display is provided for field calibration and
checkout. A small key pad or series of switches will be included on the front
panel to permit field communication with the processor.

PROTOTYPE TESTING

Calibration of the LNG prototype, configured as described in this report
and using standard gases, has been completed. The sensor has also been
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operated in a fog chamber with both the long- and short-path absorption cells
installed. Since the filters obtainable off the shelf are not optimal for our
needs, final performance figures are not yet available to report. The sensor
did verify that both the methane and ethane signals and the mutual
interference of these gases show a power-law-dependent variation in absorption
coefficient with concentration. Separation and linearization algorithms using
the relationships are now being prepared.

The biggest problem with the ING prototype continues to be operation in
fog. When operated in the fog (ice crystal) chamber for a long period, the
windows and lenses--indeed the whole sensor--become coated with a heavy layer
of liquid water which eventually absorbs or scatters all the radiation from
the source. To alleviate this problem, we are rearranging the sensor
components into the two-ended design shown in Fig. 14. The two halves of the
sensor (source compartment and opto-electronic compartment) are held together
by an open bushing which can be fabricated in different lengths to change the
path length. This modified design not only Las two tewer optical surfaces Lo
become water—-coated, it is simpler to construct. This should significantly
reduce the cost of the sensor. The one drawback to this linear design is that
the longer path lengths needed for accurate measurements of low gas
concentrations are longer than the small, high-frequency eddies for which
studies have been proposed. This limits the frequency response capability of
the sensor design at the lower concentrations.
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SUMMARY

The measurement of gaé concentrations in Liquié'Energy Fuel (LEF) disper-
sion clouds by remote LIDAR sensing is an attractive alternative to the use of
In situ instruments in regions where the gas concentratibn level is low. A
comparison of Raman and DIAL.LIDAR has éhown that Raman LIDAR is best suited
to measure the concentration levels of interest in the LEF ptogri The LIDAR .
systems are limited primarily by the opaque fogAp;oduéed by the evaporatiqn‘of
a cryogenic liquid fuel. The limitation is most sévete for ﬁéthahe, for which
LIDAR is not useful for conéentrations above. the flammability range. However,
it is in this low concentration region £hat the spatial extent of the cloud is
large and not easily coVéred with an array. Comparison is made between a
"fence" of in situ instruments proposéd for 40-&3 spills at China Lake (a
row of 10 in situ instrument séations) and a Raman LIDAR system of similar
cost designed to cover the éamé,arga qf.ﬁhe cloud. LIDAR offers substantially
higher spatial resolution and coverage that better allows for wind variations.
A feasibility test of the Raman LIDAR instrument on a 5-m> spillfat China

Lake has demonstrated the usefulness of the technique.
INTRODUCTION

As a means of determining the effecté of a large-scale accidental spill
of Liquefiéd Natural Gas (LNG), the Lawrence Livermore haboratory (LLL) is
developing the calculational capability to determine how the iiquid spreads,
vaporizes; and disperses under varying weather conditions. In order to exper-
imentally verify the accuracy of}models, it will probably bé necessary to con-
‘duct and diagnpse spills in the 200 to 1000 m3 range. The maximum spill
. size will be chosen such that results can be extrapolated with confidence to
the capacity of presently operating LNG tankers. ‘



Diagnosing planned experimental spills of 40 m3, and subsequent spills
of 200 m3 or more, will require an extensive array of in situ instruments '
that may cost several million dollars. Renote sensing is a means of poten-
tially reducing the cost, and/or of providing better coverage than a more ex-
tensive in situ array could provide. ' '

LNG is predominantly methane. However,'the heavier hydrocarbons are '
important because they are much more readily detonable. They alsc have higher
boiling temperatures than methane, and therefore tend to be concentrated in
the vapor boiled off after most of the methane has evaporated. A remote
sensor must therefore be capable of determining the time-varying concentration
level of several hydrocarbon spec1es, especially methane (CH ), ethane. (C 6),
and propane (C ). To be more. generally useful in the LEF prog:am, it ?
should be adaptable for gases of future interest as well. |

There are two LIDAR (a laser ranging technique named bg analogy to RADAR)'
systems currently in use for measuring gas ccncentrations1 that are poten-
tially applicable to the LEF program: DIAL (a differential infrared absorp-
tion technique) and Raman. Both have been used to measure hydtocarnon_concen-
trations. The two methods are comgared in this report. '

The feasibility of using Raman LIDAR on LNG spills was evaluated on a
5-@3 China Lake spill in September 1978. The expected performance was
verified, and the observed relationship between hydrocarbon concentration and
fog was consistent with calculations. Test results are described in this
report. »

- We propose that a Raman LIDAR system.be built to diagnose the large
volume, low concentration region on 40--m3 spills., For spills of this size.‘
LIDAR is competitive in cost, and superior in performance‘to the alternative
in situ instruments. When larger spills are conducted, a LIDAR system will

result in a significant reduction in total diagnostic cost.
INFRARED ABSORPTION AND RAMAN SCATTERING

Molecular excitations appear in three spectral regions:
® Visible-ultraviolet: electronic excitations
e Infrared: vibrational excitations

~i

® Microwave: rotational excitations
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Not all molecules have discrete electronic states (methane, for exampie), and
spherical top molecules have no rotationai Raman strncture. However, all
molecules have vibrational levels by which they can be identified. The infra-
red structure will look qualitatively as shown in Fig. 1, where the w1dth of
the rotational structure is shown greatly exaggerated. Symbols used are as
follows: -

u = vibrational qUantnm number

J = rotational quantum.number

Vo T incident photon energy':
I0 = incident photon flux

Av, = energy shift in photon'energy produced by Raman interaction

'T = transmission ' »

Q= designation for Au = +1 vibrational excitation

o,s = designations for rotation-vibration branches prodﬁoed by the

ensemble of AJ = %2 transitions.

Widths and amplitudes of all lines in the spectrum are temperatute-dependent.

Molecular structure can be measured in both absorption and emission J
(Raman) spectroscopy. In absorption éﬁectroscopy a photon, normally in the
infrared (ir), is absorbed when its enefgy corresponds to that of a molecular
excitation level. A Raman interaction is not' absorptive, but produces a shift
in the incident photon energy equal to the excitation energy of the molecular '
level. Since this reaction has a cross section with a X dependence, it
is useful only with energetic (normally uv) photons. The incident photon
energy can be shifted either up or down depending on whether the interaction
excites or de-excites the level. Selection rules for the major transitions
are given in Fig. 1.

: FPigure 1 shows the Q branch of one vibrational mode. Some molecules have

several. 1In general, the number of vibrational degrees of freedom is

Linear molecules: 3n - 5,

Nonlinear molecules: 3n - 6, '
where n is the number of atoms in the molecule. Diatomic molecules have onl?
one vibrational state. Methane (n = 5) has nine. However, degeneracies
reduce the total number of states (to four for CH,) . Of the nondegenerate

states, some are "infrared" (absorption) inactive, because the excitation
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produces no change in dipole moment. Others are Raman inactive due to the
absence of a change in polarizability.““ﬁ%st etates,have complex fine struc-
ture resulting from rotation-vibration interactions. In addition, weak states
‘appear due to overtones (multiples of vibrational frequencies resulting from
anharmonicities in the interatomic potential), combinations (of different
vibrational modes), and combined rotation-vibration interactions.

There are several vibtational‘hodes'that appeat in hydrocarbon molecules
with frequenc1es not strongly dependent on the .particular molecular specie.
These frequen01es are called group ftequenc1es. n2. The strongest group is
always identifiable with the C-H stretch vibration. Unfortunately, the
strongest lines from different hydrocarbon species nearly overlap. Therefore,
the C~-C stretch lines can be important 51gnatures, espec1ally in Raman spectra
since they are the. second most 1ntense 11nes. Figures 2 through 4 give both

HS' and C

2

absorption (top) and Raman (bottom) spectrauof_CH4, Cc 3

i

HB,‘respectively.3
DIAL--DIFFERENTIAL ABSOﬁPTION LIDAR

As the foregoing discussion has indicated, there are two ways of using
molecular ir structure to identify materiels. The first is to pass infrared
radiationpthrough'a sample and measure the absorption spectrum. The second is
to use visible or uv radiation and measure the Raman spectrum. A single-ended
absorption scheme is shown schematically in Fig. 5., which ig taken from
Ref. 4. The laser frequency must be tuned to the precise frequency of a.
narrow absorptionApeak of the gas sample of interest. When the gas is intro-
duced into the sample cell, the signal attenuation is measured, and can be
related'direetly to the gas concentration. This system was used by Stanford
Research Institute to measure methane.4 The results are shown in Fig. 5.

If this system is to be used in an uncontrolled environment, a second
laser frequency immediately adjacent to. the absorption peak can be used to
measure the backscatter efficiency and the effect of interferences from other
gaseous speeies (hence, the term "differential"). -

If range information is required (as it is in a LIDAR measurement), two
additional complications are introduced. First the laser must have a pulse

width narrow enough to give the desired spatial sampling length, and second,
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- the laser power must prov1de an adequate backscattered signal from Mie (particu-. -
late) scattering interactions. (Molecular scattering has a A cross section
dependence, and 'is therefore too weak for backscattering at infrared wave-
lengths.) A DIAL system is shown schematically in Fig. 6.

The return signal in a DIAL measurement is given (assuming single scat-
tering) by the expression

, - R

' CT\ o s ' A -2 ]
B.(R) = B ( 2) B(R) e R(RIQ e fa (ndr
. o .

where
. = distance of a range cell,
P (R) = power in- the signal returned from backscatter events at R,
Po = transmitted laser power,
¢ = speed of light,
T = time width of the laser pulée;
B(R) = average yoiune-backseatter coefficient at R,

€ efficiency of transmitter,

0
er = eff1c1ency of receiving optics and spectrometer,
" Q(R). = solid angle of rece1v1ng optics relative to the scattering point

(at R) ’
Q = detector quantum efficiency, ‘
a(r) = volume extinction (scattering plus absorption) coefficient.

A laser frequeney must be.chosen with these conditioné;
‘@ @ is due predominantly to the gas specie of interest.
e o has the right magnitude.
a) if a is too large, there will be an inadequate return signal:
from within the cloud.
b) if a is too small, there will be.little absorption, and.hence
little accuracy in the deduced gas concentration. |

The extinction coefficient is given by

a(r) = 'zdiNi'(r)’ ]
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where

di = extinction cross section for gas specie i.

N, (R) = number density for gas spec;e i.

Ignoring interfering species and backscatter uncertainties,‘concentratibns
could be derived from a measurement at a_single laser frequency using the
expression

N(R) = —r [lnP (R) - 1n P (R+AR) -%] -

where it is assumed in computing an éverage concentration, that the back-
scatter coefficient is essentially constant across a range cell. If an adja-
cent frequency can be found that is off the absorétion peak of .interest, but
for which the cross sections for backScatterihg and extinction bytinterfering
'sﬁecies are unchanged, then these .effects can be measured and eliminated. The
concentration for thé_specie of interest is then given by the expression

i |
200R

N(R) = in P_(AR) - 1n Pr(x,R+A1_z) - 1n pr(A+Ax,R) + 1n Pr()\+A>\,R+AR):| .

The uncertainty in the results ié given by
[ ,m]?  [he oureim]? o eah,®)])?  [ap_(head,rear) ]2 ) 272
- B AR + Apr(X,R+AR)i .+ pr(A+A&,R)' + P_(A+AX,R+AR)

AN(R), _ . :
3 ) 1n P_(\,R) - 1n P_(A,R+AR) = 1n P_(A+AA,R) + 1n P_(A+BX,R+AR)

+

ot,<for a system limited by Poisson statistics,

1/2
AN(R) _ P (A/R) P (A,R+AR) P (A+AA,R) P (A+A),R+AR)
1n P (A R) - 1n P (A,R+AR) - ln P (A+A), R) + 1n P (A+AM,R+AR) °

N(R)
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For a linear system, the dynam1c range is given s1mp1y by the minimum and
maximum detectable signals. DIAL, however, is not linear and, in addition, -
the measurement capability must be adequate to cover the necessary signal
range ffom the front to the back range cells. Therefore, the dynamic range of
the recording system must substantially exceed the range of concentrations’ to
‘be measured.

The required system dynamic range depends on a number of factors, includ-
ing the atmospheric v151b111ty, which glves a measure of the backscatter effi-
_c1ency. The relationship between system dynamlc range and range of concentra—
tion coverage cannot be given in a simplé analytical torm, but onée can obtain
some feel for it from tﬁe following example of its use on a hypothetical LNG

dispersion test:
o 'Requirements _
--Range of cdncentrations to be measured = 10 (e.g. 1 to 10%, 2 to 20%
etc., depending on choice of absorption peak) G
--Maximum uhcertainty = a factor of 2
--Number of range cells = 20
® Conditions
-=-No interferencé from other species
-=-Visibility = 50 km
--Distance between LIDAR and LNG cloud = 2 km .
--Laser wavelength ='1 pum
® Result . 4 '
--System dynamic range must be 500:1 or greater
--Laser energy must be ~1 J over the measuring time interval,
A system dynamic range of 500:1 is achie&able. Hoﬁever, the requireménts'sre
barely adequate, and it may be difficuls to find appropriate absorption peaks
that have essentially no interference from other gas species. In addition,
the'requirement pf a large laser per'gas specie of'interest (or perhaps two,
if a separate background channel .is requireé for each specie) causes DIAL
" LIDAR to look unsttfactive in comparison to Raman LIDAR for LNG applications.
' This analysis has assumed a time-domain system for obtaining range infor-
. mation. A system could be constructed usiné acw lsser'énd a heterodyne de-
tection. system. Range information could be obtained using Fbuiier frequency
analysis with a detection scheme proposéd by HirSchfeid.5 No fqrther
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description will be given here, as the system capabilities are not changed
significantly from those of the system described. If a system were con;
structed, however, the heterodyne approéch might be preferred. '

Before proceeding to a discussion of Raman LIDAR, we should consider DIAL
in regard Eo‘optical penetration of the fog produced by the‘cold gas'vapor
(methane evaporates at a‘-161.5°C). Raman LIDAR requires the use of blue
light or uv radiation, neither of which can be expéctgd to penetrate the fog.
Might not the ir radiation of a ﬁIAL system penétrate bettef (jusé as long-
wa§elength yellow headliéhté are used in fog in preference to white)? Oﬁe can
- give a "no" answer without going.into the details of Mie scattering by notin§
that DIAL requires Mie backscattering to work at all. If the backscatteg co~
efficient is large enough to permit measurements in regions of the cloud with
no fog (i.e., from the small particulate content of clear air), then the laser
radiation will certainly not penetrate a fog cloud. Tﬂis is in agreement with
Mie scattering theory for spherical patticles. (In the auto driver énalogy,
longer-wavelength headlights do ﬁot penettéte significantly better, but the
angular distribution is more forward-peaked, and hence there is less reflected
light to blind the driver.)

RAMAN LIDAR

Raman LIDAR has several advantages over DIAL ﬂIDAR: ‘

e It is a simpler system because it does not require multiple‘lasef fre-
éuénc%es that must be cafefuily tuned. | -
‘ @ It may be usable on burn tests.

e It may provide temperature data. ‘

e Initial analysis is easier because it does not require high resolution
'spectra of all gases of interest. .
The disadvantage of Raman LIDAR is that it will be difficult to detect much
below 1% average concentrations in.9-m range cells, especially for ethane and
propane (and CO, and O, in burn tests).

2 2
The return signal from a Raman LIDAR is given by

_ ‘ do (180°) :
Pr(R) = POT()\O) ',I‘(Ar) eoerQ(R)AR 0 N,
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where
Tiko) and T(Ar) = atmosPher1c transmission factors for the incldent
laser and return Raman scattered wavelengths,
do(180°)/dQ dlfferentlal Raman cross sectlon at 180° foz
' the gas specie of 1ntetest,;
N = specie concentratlon.A '
Other symbols are the same as in the ﬁrevious section.

The atmospheric transmission and the Raman cross section are both
strongly wavelength—dependeﬁt, the egénsmission falling off rapidly in the uv,
and the cross section at lonéer Qavelengfhsj producing a distinct optimum in
the wavelength response. -For path lengths of interest for LNG diagnostics,
the optimum wavelength is about 350 nm. The return Raman signal will be
frequency-shifted for different gas species of interest by the amounts shown
in Fig. 7. All of the lines shown can be resolved except perhaps for the
hydrocarbons near 3000 cm_l, which will, in general, be dominated by methaﬁe

in LNG vapors. The N, line is convenient for examlnlng temperature-dependent

2
rotational structure, and for verifying system operatlon.

The. cross section for Raman backscattering is

2n2h (v - v ) g P.

v d0(180°%) _ i
an c vy |1—exp( hcvj/k'r)T
where
vo = laser frequency in cm-l,
vjA= frequency shift of the j state in cm_l,
gj = degeneracy of j state, '
Pj = polarizability term associated with state j.

Several backscatter cross sections measured at 347.2 nm and 488.0 nm are given
in Table 1.

The analysis of a Raman system is re}atively straightforward in that it
is linear, with sensitivity limited primarily by photon statistics. To maxi-

mize the sensitivity, components must be as large and efficient as feasible.
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TABLE 1. Raman cross sections of gases.a

Relative Cross section at Cross section at
Raman line cross section 4880 A and 180° 3472 A and 180°
shift Av, ‘compared to observation angle observation angle

Compound Formula- <:|n-l | nitrogen cm2 moleeule-l. : cm2 molecﬁle-l
Carbon : ' | -30 - -29
dioxide 002 1286 0.80 5.62 x.10 . 2,37 x 10
Carbon : : -30 ~29
dioxide 002 1388 1.18 8.30 x 10 ° 3.52 x 10
Ethane  C,H, 988 2.9 2.08 x 10:23 8.59 x 19:;:
Ethane ‘C2H6 2954 5.50 3.87 x 10 29 1.79 x 10-“28
Methane CH4 12914 7.15 ‘ . 5.02 x 10 2.36 x 10 “
- Nitrogen N, 2331 1.00 7.03 x 1079 '3.18 x 1072°
Oxygen 0, - ' 1555 1.21 8.51 x 10:2: . 3.64 x 10:;:
Propane C3H8 867 5.08 3.57 x 10-29 1.47 ><-10.-28
Propane CBHB : 2887 6.21 _ 4.37 x 10-29 2,04 x 10-28
Water H20 3652 3.24 2.28 x 10 1.17 x 10 ©

aTaken from Ref, 6.

Specifications thaﬁ apﬁear feasonable with;ptesently availab;e equipment are
. listed in Table 2. The laser and teieecope could be larger, but oﬁly with a
significant'increase in cost. The laser—beam dlvergence and. telescope accep~
~ tance angle must be small to permit operation with daylight, or flame back~
ground. The sPectrometer efficiency is high, ‘and would require some effort to
build. Details of specifications will be discussed further in a later section
of this report. V | : | ,

Based on these specifications (the laser being a frequency tripled YAG),
and assuming a 1-km distance between LIDAR and ING vapor, the following is the

rate of detector photoeleetrons p;oduced by gases at 1% concentration levels:

C2H6 N = 65/s,
C3H8 N f 88/s,

which indicate that statistically significant information can be obtained down

to a fraction of a percent concentration.
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TABLE 2. Specifications for a Raman LIDAR system.

| E(laser) > 0.15 J/pulse - 10 pps, < 10 ns/pulse

d(telescope) é 35 em o

Beam divergence < 0.1 mrad

Telescope acceptance cone ~0.1 mrad

A(laser) = 300 nm to 400 nm

- Data channels =4 (CH4, C2H6' C3H8‘ NZ) |
€(telescope-spectrometer) = effibiency ~0.5

Q = detector quantum efficiency = 0.3

Digitizer frequency 2 267 m bits/sec (8 bit words, 30 ns/word)
Memory = 1.64 X 104 words (128 x 128)

Control system--real—time vé:iation in'scanning

. Data system--data collection, Stdrage, averaging, display, plqtting

Portability-—move. in one day or less

In a dispersion test, there will be a background due to scattering of x
sunlight. from air of from the cryogenically produced fog. The sky radiance at
396.0 nm (methane Stokes line using a ttipled YAG source) is approximately -

v‘ 5 x 10_6Aw/nm°cm2 sr. Assuming a 1.0-nm resolution, and the system ’
specifications of Table 2,~the number of detected background photoelectrons is

N(sky radiance) = 6/s.

If a fog is present, backéround light may be predominantly from the scattering
of sunlight in the fog. To get a rough estimate of this source, assume that

396nm ~ 0.12 W/cm2°um) is multiply-scattered

sunlight entering the cloud (¢
until it is emitted uniformly from the cloud surfaces. Then the radiance of

scattered light is ~3 x 10"6 W/cm2 6‘

°nm sr, which is similar to the 5 x 100
W/nm*cm2 sr shown above for air scattering. We conclude that the propoéed
system‘will be usable in peak daylight conditions without serious background
~due to scattered sunlight, i . 4

One of the advantages of Raman LIDAR listed at the beginning of this

. section is its potential for measuring concentrations before and during burn
tests,'apd for measuring gas temperatures. During burn tests, most in situ
instruments will have to be removed from the burn area. The LIDAR éan make

measurements until the cloud is ignited so that the condition of the cloud
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immediately prior to ignition will be known. It may also be possible to make
LIDAR measurements during the burn. 'Raman LIDAR has been used for measurements
in both flames and rocket exhaust gases.6A However the reported results are

" not sufficiently quantitative to allow extrapolation to a burning LNG cloud.
Laboratory measurements of cross sections and flame backgrounds will be
necessary to determxne the feasibility of Raman LIDAR for this application.

Temperature measurements are also possible in principle. There are
several,temperaturefdependentuspectral quantities, some ‘of which are as
follows: - '

At low teifiperatures (disbarniou tests)

e Width of the.rotational envelope
--around'the Rayleigh line
-—around the Q line
At hxgh temperatures (burn tests)
® Q lines Stokea—Anti-Stokes ratio
e Q iine width _
® Rayleigh line width
® Q line ratios
AtAiow temperatures, theuintensity of data around the Q line (of Nz) would
be too weak to obtain temperatures with better than 10 to 20°c accuracy.
The rotational envelope about the Rayleigh line is 200 times stronger but dis-
. crimination against the intense Mie scattering is a broblem that will require
further investigation. ' A . ‘

‘At high temperatiures there are several potentially useful temperature-
dependent quantities. Howevervthere are very few high temperature laboratory
measurements to base an anaIYSis on. ‘Rlock Engincering6 has used the ratio
of the 1286~ and 1388—cm lines of co2 to measure temperatures below
abcut 600°C. At higher temperatures, other line ratios might be useful.
However, laboratory measurements will be requlred to determlne if there is a
feasible technique.’ ' )

EFFECTS OF CRYOGENICALLY PRODUCED FOG

Before proceeding to describe the China Lake feasibility test, we should
consider the effects that can be expected from the fog produced by the cold
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LNG vapor. If air-is cooled to below the.dew point, water will be condensed,
thereby keeping the relative humidity from exceeding 100%¢. If the air is then
heated by turbulent mixing, the fdg will begin to evaporate, until at the dew .
point it disappears. Actually this. is an oversimplification, because it does
not account for radiant heating or the persistence.of a fog below . 100% relative
humiaity. But it does give a first-qrder indication of the relationship
between temperature, hydrocarbon coﬁcenpratién, and fog density. A program to
relate the two was written with these conditions:

Input parameters 4 R .

e Initial temperature, density, and specific heat for air and the chosen
hydrocarbon specie

e Initial relative humidity

e Saturation water vapor density vs temperature

e Final equilibriumltemperature, Teq

Energy exchange terms

e Temperature change due to air-hydrocarbon mixing .

® Condensation of water vapor

e Solidification of water vapor ' .

The output is

- @ Concentration of hydrocarbon in the .mixed gas at'Teq'

Curves of methane concentration and water condensation as functions of
equilibrium temperature are shown in Fig. 8, with initial conditions being.
those of China Lake during the dispersion test that will be described in the
next section. For these conditions--a typical warm September evening (81°F)
with water content of air (29% relative humidity) also typical forisummer-
months--concentrations above about 9% will be mixed with fog.

How far can we expect £heA1aser-light to penetréte the fog? An . estimate
can be obtained from Mie-scattering theory.7' According to Mie theory for
spherical dielectric particles with an index of refraction of 1.33 (water),
the intensity of unscattered ligﬁt is given by

I=1, e,

where _ P oo : .o ‘ L ..

-
1]

f(na% N(a)Q(a)da ,
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2 . « . .
Ta = geometrical cross section of a particle of radius a,
N(a)
Q(a)

Expressed in terms of the "size parameter"™ 2ma/A, A becomes

it

density of particles of radius a,

efficiency factor for particles of radius a.

C 3w
_A 2
Y=g7 [| © N(a) Q(a) da .

0

The physics of Mie scattering is contained in the efficiency factor‘pldtted.as
a function of the size parameter in Fig. 9. The exact pérticle—size distribu-
tioh fqﬁ a cryogenically produced fog is unknown, but a large fraction of the
particies can be expected to lie between 1 and 10 um. Assuming 100% condensa-
tion, the value of y! (i.e., the 1/e extinction length) is

' for 10-um particles, y-l = 450 cm,

for l-um particles, Y_l = 3.5 cm.

Since the condensation rises rapidly with hydrécarbon concentration, the fog
will be virtually impenetrable. However, water is not primarily an absorption
source, but is rather a scattering source. The angular distribution for fog
péftiéles is strongly forward-peakgd, being most anisotropic when the size

parameter equals 6, or, for a N, laser wavelength, when the particle radius

2
equals 0.34 um. The effect of the anisotropy is indicated in Fig. 10., which
shows the integrated value of the Mie cross section between 0 and 450, and
between 0 and 90° scattering angles over the. range of particle sizes

8,9 . . '
’ For comparison, integrated values are shown for -

calculéted by Blumer.
isotropic scattering also.

Because of the weak absorption, one would expect to detect Raman return
signals in a LIDAR measurement even-after the light has scattered in the fog.
However, the Raman interaction will be at some unknown location reached by
multiple Mie scaftering, and the information will not be useful in any quanti-
tative sense.

The foregoing discussion indicates the most serious limitation of a LIDAR
system. Even for the weather conditions of our China Lake feasibility test,
we should not expect to cover fully the range of flammability concentrations
of methéne; In the winter months, when the air is cooler, LIDAR is even more
limited. Figure 1l gives a band of methane concentration values that should

be associated with the onset of fog condensation. The'limits are based on
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monthly average, and average maximum temperatures at China Lake. Between noon
and sunset,. temperatures rarely drop below the average values shown. On most
'dgys, the average temperature is exceeded during morhing hours as well.
Héwever, there will be days during the winter months when a LIDAR system would
likely not measure significantly above the lower flammability limit (LFL).
.The.usefulnéss of LIDAR is much greater when the fuels are ethane or propane,
as Fig. 12 indicates. This results from the combination of higher boiling
temperatures and lower flammability ranges. For probane in particuiar.'even
during the coldest months, the entire flammability range can be diagnused '

without interference trom fog.
LIDAR FEASIBILITY TEST AT CHINA LAKE

The construction at LLL of even a simple LIDAR system for a feasibility
test would have required a significant investment of time and effort. There-
fore, a contract was given to Computer Genetics Corporation (CGC) to field
their existing instrumentation and mobile van on a 5-m3 ING dispersion test
at China Lake. The corporation's system was capablé of measuring total hydro-
carbons at eight range-gated positions across a vapor cloud. Specifications

for the CGC system are given in Table 3. The system did not incorporate a

TABLE 3. CGC Raman LIDAR specifications.

P(laser)
X(laser) 5!

Beam divergence 2 to 10 mrad (~1-m diam at spill)

0.2 W (1 mJ/pulse, 200 pps, At = 10 ns)
337 nm (N '

d(Raman télescope) = 20 cm

d(elaétic B telescope) = 5 cm

Raman telescope acceptance angle £ 10 mrad
,ﬁlastic 8 ﬁelescope acceptance angle < 10 mréd
Data channeis--Z (not simultaneous) .

Filters--374.0 * 1.5 nm (hydrocarbons)
‘365.8 * 1.5 nm (nitrogen)

Q = PM (RCA 8850) quantum efficiency ~0.3

Meméty--1024 words and cassette tape
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scanning capability. Also, the test had‘tq bebperﬁo:med:at night'because of
the low laser power; and large laser-divergénceAénd‘ﬁelescope-acceptance
angles. However, the system was édequate tonprovide a test of the usefulness
of a remote measuring system. A block diagram of Ehe CGC LIDAR system is
shown in Fig. 13. . _

The LIDAR van, with Nz laser and receiving tglgscope,'was situated
relativg to the LNG spill pond as shown in Fig. 14. Near the pond, the laser
beam was 0.6 m above the ground (2.4-m.above-the water level). The total path
,léhgth from the van to a reflector across the pond was 135 m. The laser ’
emitted pulses of 10-ns duration (3.0 m.spatialLY). The Raman-scattered light
was gated to produce eight return signals per laser pulse, corresponding to
the eight 9-m regions shown on the figurgtéighe‘signals,wgre qigitized and
recorded in a computer memory for iater,gpaiisis;. The presen¢e<of fég in the
. laser path was monitored by recordingroqugn oscilloscope, an elastically back- -
scattered component of the laser light.- Tpeidééi;loscope face was photo-
graphed with an 8-mm motion picture camera:toApiovide a permanent record.

A complete description of the China'ﬂéke test is cohtaihed in aAfinal
report prepared by CGC.lo In the following, a»summary>o£fthe déta is given
along with an analysis of its significancq.- | 1

Examples of scope traces used to determiné fog backscattering are given
in Fig. 15. The first figure shows the black target réturn signal (no fdg).
From this and a scale calibration of 200 ns per major division, the location
of the fog can be determined. The position of the fog as a function of time
after the spill is indicated in Fig. 16. Some of the data are from within or
behind fog regions, as is indicated in the figure. In some of these areas,
the density of the fog was low enough that accurate-cbncebtrétion_déta'could
have been derived. However, for this test the method of recording fog attenu-
ation made accurate corrections to the Raman data difficult, so we have not
attempted to make them. .

Concentration data are shown for each‘range cell in Figs. 17 and 18,

?ero time corresponds to £he beginning of the spill, Each point represehts.a
0.92-svaverage of the Raman return signal. 1The'dataAp¢ints fluctuate rapidly,

~ probably due primarily to vertical turbulence.
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Due to limited magnetic tape storage capacity, data beyond 97 s were
averaged over 18.4-s intervals. Duging that time, the cloud had drifted so '
that it was largely in or beyond range cell eight. As a result, only in
region eight was there a significant hydrocarbon concentration. Figure 19
shows data from region eight averaged over l8{4-§ intervals and extending to
207 s. -

Examining range cells that are just ahead of the fog (see Fig. 20), we
find that concentrations in clear air extend to as high as 14%. (Data for
t > 95 s are not included, for reasons given below.) This'exceeds the cal-
culated 9% peak conéentration for fhe.temperature and humidity conditions at
the time of the spill. This is encouraging, especially considering'that’
spatial and temporal averaging undoubtedly lowered peak concentration levels.

The relationship of measured hydrocarbon coﬁcentrations to the presence
of fog appears to change at late times. After 95 s, almost no fog appears,
even though the apparent hydrocarbon cbncentration level incregses to as highv
as 29% (see Fig. 20). A plausible explanation for this is that differential
boiloff is causing heavy hydrocarbqns to appear late in the spill. As
indicated in the previous section, concentration levels producing fog are
higher for the heavy hydrocarbons because their boiling points are consider—A
ably higher than that of methane. Under the weather conditions of the spill,:
calculated levels of the onset of fog condensation are 11% for ethane'and 17%'
for propane (vs 9% for methane). It should be noted that the system was not
calibrated for the heavier hyd:ocarboné, so the reported lévels, which assume
a methane gas, cannot be directly applied to other hydrocarbons, for which
cross sections over the spectral width covered are higher by a factor of 2 to
5. Future measurements should incorporate separate calibrated ethane and pro-
pane channels. '

It is interesting to find that flammable mixtures extend beyond one edge,
and nearly to the other edge of the pond. Even at that, both LIDAR and in
situ instruments missed much of the late time data due to the variability of
the wind direction over even the 2- to 3-min duration of the spill. With a
LIDAR system, the range of coverage is gasily increased to allow for the vari-

ation observed.
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No detailed comparison of in situ:ana LIDAR data can be made due to the
spatial averaging nature of the LIDAR, aﬁé to the 1.8-m depression of the
pond, which prevented the laser beam from being located at the same height as
the nearest in situ sensors. Average concentrations from the LIDAR are about
one~third those of nearby, but lower in situ instruments (range gate 4 vs
stations 1 and 3, and range géte 5 vs stations 2 an 4). This is consistent
with the height distribution of the one relevant in situ station (No. 3,

with sensors at 1.5 and 3.0 m above the pond level).
PROPOSED RAMAN LIDAR SYSTEM

The test of a Raman LIDAR system at China Lake deﬁonstrated both its)
advahtages and disadvantages. The principal advantage of LIDAR over in situ
iﬁsﬁruments is spatial coverage. The LIDAR system at China Lake provided
adequate time resolution, and a spatial coverage comparable to that of the
entire in situ array. »This wéq true even though the LIDAR system was not
designed expressly for this application,mand therefore fell far_short of the
spatial coverage it was capable of providing with some felatively minor addi-
tions. During the 4-min dispersionjperidé, the wind changed direction by at
leasf 20°. The LIDAR system, properly designed, would follow the cloud '
without requiring a compromise in resolution. With in situ sensors spaced
relatively far apart, as they will have to be in the future large-scale tests,
significant concentration fluctuat;ons may occur between sensors. A LIDAR
system integrates scattered light from all of the gas within range cells.

Taken together, the range cells give a 304cm-diam tube of gas spanning the
cloud that is completely sampled with a single laser éulse. With the addition
of vertical scanning, horizbntal ﬁubes from discrete vertical positions can be
measured. The tubes form a plane through which the gas flow is monitored.
Knowing the flow characteristics of the dispersing gas cloud through the plane
will be extremely important for comparison of model calculations with experi-
ments. ' _
| The principal disadvantage of LIDAR is thét it is unable to penetrate the
dense fog associated with LNG spills.  Due to the low boiling point of meth-
ane, LIDAR is limited to concentrations below the upper flammability limit
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(UFL), and approaching the LFL for some winter days. For most other gases,
including propane, LIDAR will not be seriously limited. And LIDAR would pro-
vide a compensatlng advantage in expandlng the range of wind condltlons under
which spills could be conducted.: '

The spatial averaging nature of;LIDAR‘hasvbeenlciteq as an advantage.
This could also be a disadvantage in a'region of large concentration fluctua-
tions. .In situ instruments could determine fluctuations with a volume
resolution of about 10 cmaz ‘LIpAgdrs limited by-a sample volume of about
1n. 3 i I

Is LIDAR worth bnildingJ£Or5the LEF program, and for the LNG diagnostics

in particular? We feel the ansner is yes;fbecause LIDAR, in spite of limita-
tions on the detectable concentration- range, can cover most of the dispersing
gas cloud. It presently appears that, for the most effective comparison of
spill test results and model calculatlons, it will be necessary to follow the
gas to concentrations 1evels.substantially below the LFL. This greatly in-
creases the volume to be covered; and . the attractiveness of LIDAR. The
strengths and neaknesses of the LIDAR seem to complement those of the in
situ instruments. We,believe that an iéeal system for dispersion measure-
ments of LEF spills would consist of in Eitu instruments relatively close to
the spill point'andva LIDAR for measurenents near and below the LFL contour.

As presently plannedlthe-in‘situ array of instruments will cover the
dispersion cloud in four "fences," one of which is shown in Fig, 21. A
"fence" will consist.ofiapproximately,IO'instrument,towers to map concentra-
tion levels at some radial distance fromvthe spill point. The cost of a fence
will be about 3400;000. We propose to replace one fence with a LIDAR system.
Consider a fence located at -a distance from the spill>point corresponding to
the maximum nidth of the LFL contour line, as shown in Fig. 21. This 40-m3
spill has been modeled under conditions of a 4-m/s wind, and a 16-m3/min
spill rate.11 The distance from the spillipoint and maximum width of the LFL
are predicted to be about 400 and 128 m, respectibely. Between contour lines,
the maximum concentration given by the model is 7%. 1If the wind direction was
stable and known in advance, the 10 towers would cover the cloud with a 13-m
transverse resolution. However, experience to date at China Lake suggests

that at least 30° be allowed for variations in wind direction. This adds
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214 m to the transverse coverage, for a total fence width of 342 m.  The
resolution becomes 38 m, with normally only three to four stations appearing
within the LFL'contours. v

A LIDAR system could be built for $400,000 that would cover the same
'region with 9-m range cells. For the same-model as just mentioned, 14 cells
would fall within the cloud, giving four times the coverage of the in situ
 array. The system would include vertical scanning, and channels for methane,

" ethane, and propane. If necessapyvto allow for wind variations, the range
coVeragé could be increased over that assumed for the in situ array without
loss of resolution. 1In addition to the improved éoverage; the use of LIDAR of
40=m3 spills would provide valuable experience for lagger-spills, where the
cost savings of LIDAR will be of major importance. '

The proposedALIDAR system consists of a laser and a receiver. For a
Raman LIDAR the receiver includes a teleécope, spectfal analyzer, detectors,
-and electronics for control, data recording, analysis and displayr(seei
Fig. 22). Both the laser and receiver are concentrically aligned and aimed at
the target through a common scan mirror. The entire system, except for the
scan mirror, would be mounted in a mobile van. The scan mirror would be’
mounted separately for mechanical isolation.

Specifications for the Raman LIDAR system based on state of the art tech~
nology were given earlier and are summarized in Table 2. ' The major components

‘will now be described.
LASER

The initial requirements for the laser are for 0.15 J/pulse at 300 to
400 nm. ‘Additional requirements for range resolution limit the pulse length
to 10 ns. A reasonable scanning speed requires at least a 10-Hz repetition
rate for an average power of 1.5 W,

Of the various lasérs commercialiy available, tripled YAG appears to come
closest to the required performance. The best commercial, tripled YAG laser
delivers aboaut 0.10 J/pulse and 10 pulses/s (1-W average) at 354 nm. Typical
pulse lengﬁhs are 8 ns. It is possible that the output power could be in-

creased to aboiut 0.20 J/pulse and the pulse rate increased to perhaps as high
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as 20 or 30 Hz., A significant advantage of the tripled YAG is its high reli-
ability and continuous operation capabilities. Ruggedized versions. are avail-
able that would be ideal for field use. ' S

~ Two other pulsed lasers that meet the wavelength requlrements were also
considered. The rare gas halide, or excimer lasers, can currently produce
about 0.1 to 0.2 J/pulse at up to 20 Hz from}xenon‘fluoride at 350 nm, or from
‘%enon chloride or 308 nm. These'lasers have juSt‘come,onto the market, and
cutrently haveAseveralvmajop disadvantages. The pulse length is about 20 ns,
thereby limiting range resolution. The beam quality is quite poor,; thus
: limitingdthe amount of energy that can be propagated. They are TEA lasers’
containing uery high voltageidischarges, making then electrically noisy and
subject to severe breakdown‘problems.’ The highly‘reactive gases involved
,cause‘some«maintenance‘ptoblems and, therefore, TEAAlasers tend to be less
reliable than the solid state lasers. However, a considerable amount of
research is being done on excimer lasers, and the properties of commercially
available units can be expected to 1mprove. }

The doubled ruby is capable of as much as 1 J/pulse outputs in the uv,

kand it has been used in LIDAR systems. However, its poor thermal characteris-
tics limit its repetition rates to less than one pulse per minute, which is -

inadequate for this application,
" RECEIVER

' A modulaf approach is used for the receiver. Opticallyiit‘consists of
', three units, the telescope, analyzer and detectors. Each unit is designed to
take advantage of current technology and be adaptable to new technology as it
becomes commercially ava;lable.

1. Telescope _ A

The only experlmental constraints on the telescope are the.aperture and
field of view. The amount of light collected is proportional to the square of
the aperture diameter; l/3.m is considered the minimum acceptable diameter.
The largest telescopes available "off the shelf" have apertutes of about
35 cm. Larger telescopes up to 1-m diam’ were cons1dered, but ‘the cost 1mpact

on the total LIDAR system is qulte large.
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The best commercially available telescope is a Schmidt-Cassegrain with an
aperture of 35 cm and a focal iength of 3.9 m. The corrector .plate in the [
‘Schmidt telescope is a transmission element, that must be transmissive in the/
uv. Telescopes are available with the plate made of BK-7, for which the ,
optical transmission is greéter than 0.95 at 350 nm, and iﬁproves at longer
wavelengths. '

'The'fiela of view of the telescope must be kept as small as possible to
minimize the background radiation from ambient lighf, yet it must be suffiF_
ciently large to encompass.the enti;e laser beam. Atmospheric turbulence*ﬁill
cause the laser beam to expand at a divergénce of about 25 prad (i.e., a
10-cm-diam beam will double in size in 4 km). This number is from actual
" experience at NTS and is subjéét to considerable fluctuation depending on
conditions.l2 'A;field of view of‘loo prad appears.to'provide a reasonablé
minimum diameter. This giveé a lo-cﬁ-diam circle at a range of 1 km.

The field of view is established by a field stop in the focal plane of
the telescope. The image diameter Qf the field would be 0.39 mm. The resolu-
tion limit of the tglescope is 5 pyrad (0.02 mm in the image plane), a smalll
fraction of the field of view. , . .

Probably the most critical tolerance will.be internal alignmeﬁt of thé
telescope and éoalignment with the laser. To maintain a 100 ﬂ;ad field, the
internal and external laser alignment should be maintained within 10 jirad. ‘
This tolerance suggests using a fixed telescope with a separate mechanically
isolated scan mirror. |

2. Analyzer

Three analyzer techniques have been considered: spectrometers, filters,
and Fabrey-Perot etalons. Figure 7 shows a series of Raman shifts for the
interesting constituents. The basic requireﬁent is that every specie be
resolved, if possible, using the C-H stretch lines. '

The use of filters is thé simpleét analyzer technique, but both the
resolutioh and throughput are limited. A series of filters could be used as
dichroics to look at several lines (Fig. 23). The typical minimum bandwidth
_of filters in the 300-to-400-nm range is about 1.5-nm FWHM. Typical trans-
missions are 10%, With a great deal of effort the bandwidth can be reduced to

1.0 nm and the transmission increased to 20%.
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A grating spectrometer is probably the most efficient analyzer. Holo-
graphic gratings are available with up to 3600 g/mm and efficiencies of 70 to
80%. For a given grating and spectrometer length, the resolution will be A
limited by the entrance slit of 0.39 mm, which gives the 100 ufad field of
view. For'ekample, a 1l.5~-m spectrometer using a 3600 g/mm grating would have
a resolution of about 0.06 nm. ' ' '

A single spectrometer should be adequate to discriminate between the
Raman signals, and the more intense Rayleigh and Mie scattering.b A good holo-
graphic grating has a stray light (ghost) level of about 10-5. If required,
this could be improved by a double spectrometer configuration (Flg. 23), which .
would reduce stray light to 10 9

Gratings are typically polarization-specific, so that a spectrometer also
tends to be a polarizer. This effect can be used to advantage in that both
the sky light and the Raman light are polarized. Sky light is typically
polarized horizontally. The amount of polarization is dependent on the line-
of-sight orientation with respect to the sun, being maximum at 90°. Multi-
ple scattering, such as from a cloud, is generally not polarized. Raman radi-
ation for a symmetric molecule will be completely polarized in the direction
~of the pump laser. A nonsymmetric mo;ecule could give some depolarization
depending on the orientation of the transition. By using a vertieally polar-
ized laser and a polarization specific receiver, the ratio between sky light
and Raman signal can be substantially enhanced.

Another analyzer that deserves consideration would be configured like the
filter scheme, but with the filters replaced by Fabrey-Perot etalons. This
would improve the resolution and thereby make 1t possible to resolve the C-H
stretch lines of different hydrocarbon species. To do this, a finesse of 20
would be required. (Finesse is the ratio between the resolution and free
spectral range.) Although theoretically such etalons can have transmissions
well above 50%, in practice this is difficult to achieve due to the extreme
flatness requirements. The most limiting requirement will be stability and
calibration. The extreme phfsical and thermal stability limitations (< A/200)
would require an active, closed-loop calibration System. Because of the
limited free spectral range, a Fabrey-Perot etalon would have to be used with

an auxiliary filter or spectrometer.
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In conclusion, a spectrometer is the most versatile analyzer that has
both high efficiency and the resolution needed to separate the hydrocarbon C-H
lines. With filters, thé C-C and C-H hydrocarbon lines could be separated,
but the higher cross-section C-H lines could not be used to measure the heévy
hydrocarbons. In addition, the low efficiencies of the filters would severély
limit their usefulness. Fabrey-Perot etalons have extremely high resolution
capabilities, but the difficulty of fabrication and operation would probably
preclude their use for this application.

3. Detectors

The photomultiplier is clearly the most sgnsitive detector in tﬁe 350-to-
400-nm regioﬁ. Several types of photocathodesvare available in the 20-to-§0%
quantum efficiency range. The gallium arsenide reflective photocathodeé are
the most efficient, being nominally about 30% (best performance 40%). These
reflective photocathodes are generally deep inside the tube making couﬁling
difficult. vOne vendor is now making a semitransparent GaAs photbcathqde that
is only slightly less efficient. The bialkali and multialkali cathodes are -
about 20 to 25% efficient. These are semitransparent, coated directly on the
inside of the tube face making coupling substantially easier.

When used with the filter analyzers, the semitransparent photocathode "
tubes would be placed behind the appropriate filters. For the reflective
cathodes, auxiliary focusing lenses would have to be used betweeﬁ each filter
and tube. For the spectrometer, a mask would be placed in the image plane
with a series of mirrorslor quartz light conduits directing various band-pass }
segments to each tube. Again, auxiliary lenses would be necessary for the
reflective photocathodes.

An alternate detector concept usable only with the spectrometer would be
to couple the image plane to a streak tuhe that is mated to a vidicon caera.
This would eliminate the need for activc clectronic range yating of a group of
PMT's by prqviding a coﬁbiete spectrum-versus-time matrix. This_approach~
would probably not provide the sensitivity of photomultiplier tubes, because
only the semitransparent phqtocathodgs could he qsedﬂ However it‘would allow
the integration of several laser'pqises to be done directly by the éuper-

position of light on the vidicon.
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4. System Transmission-

Transmission estimates®fér each subsystem are given in Table 4. These
estimates are based on using dielectric reflector coatings with a reflectivity
of 0.99. (Some coatings are available with reflectivities as high as 0.998.)
Antireflection coatings on transmission elements give transmission efficien-
cies of 0.995 per surface. Gratings are based on a 0.80 ruling efficiency and

a 0.90 reflective coating. : : : -

TABLE 4. thidal transmission of LIDAR components.

Subsystem o Transmission
!
Transmitter Coa e S ' y
e Collimator S 0.98
e Mirrors (turning and scan) : 0.98
0.96

\:'\“,J
.
s

Receiver B

® Telescope (énd scanner)

~--Obscuration 0.96
--Mirrors (4) A 0.96
: ‘ I " 0.92
Analyzer . .
e Single grating ‘(double) L - ' 0.72 (0.52)
e Mirrors (4) ' ’ 0.96 '
e Auxiliary lens ' ’ - 0.99
' 0.68 (0.49)
Total receiver transmission ~ ~° Single spectrometer 0.63

Double spectrometer 0.45
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5. Data Storage, Analysis, and Display

There are two approaches to digitization of data. One uses a high-
frequency fast-sampling ADC with an integrating front end. The seéond ap~
proach would use simple low-frequency ADC's for each range gate, as employed
in the CGC system shown schematlcally in F1g. 13. Either approach would ,
allow, with commerc1ally available equipment, range resolution even higher
than proposed in‘this report. The choice between the two approaches would
depend on the number of range cells to be analyzed. '

Data analysis and display is a qtra1ghtfcrward application of commercial-
ly available or LLL-designed equipment. In particular, equipment designed
'for data gathering in nuclear weapons testing, utilizing LSI-11 microproces-
sors with large core memories and image display routines, could be adapted

for this application.
SYSTEM COSTS

A $400,000 estimate for the total cost of the LIDAR system was given
earlier., The estimate was derived from a detailed analysis of component
costs, as shown in Table 5. Both performance and cost estimates are based on
commercially available components and subsystems that can be inteyrated w;th,
little engineering design effort. Proven state-of-the-art technology. is
used, and no development items are considered.

For a comparison with the in situ sensors, this estimate assumes four
data channels measuring methane, ethane, propane, and nitrogen. Additional _
data channels could be added as required ta monitor the fog boundary, combus-
tion products, etc. The cost of additional channels is relatively small,
resulting primarily from the increased data handling equipment required,

Hardware costs are all taken either from catalog listings, manufacturers
quotes or recent procurement exper;ence. Manpower estimateé are based on an

average burdened cost of $70,000 per FTE year.
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TABLE 5. LIDAR system costs.

R [}
Cost, thousand

Source of estimate

Equipment of dollars
Laser . )
YAG Mblect;én quote .45
Optics
35-cm telescope Celestron quote 6
Special coatings Recent experience 3.5
Scan mirror . Recent experience 5
Miscellanedus optics, mounts 10
Spectrometer
Prédisperser Quotes 3.5
Grating ° Catalogue 10-20
Rotary table with accessories Caﬁalogue 3.5
Detectors
PM tubes Catalogue 10
Tube bases Catalogue ‘
- power supplies Catalogue 5
Hardware ' .
Scan mirror mount ‘Carson Instr. quote 10
Bench NRC catalogue; 5
Van with ac and power ' . 15
Electronics (4-channel system)
Biomation 8100 : Cataidgue 46.
Tape units Quoteé . 12
Interface Recent purchase 8
LSI IIbcomputer * Recent purchase 3
Floppy disk Recent purchase 1
LSI II scanning interface Recent purchase
TEK 4012 Catalogue 5-6
TEK hard copy Catalogue 4-6.
Versatek printer Catalogue. _ 2
Miscellaneous __;li
Total equipment 240
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TABLE 5. (Continued.)

\

Cost (at 70/FTE)

Man ower ' o FTE FY80 in thousands of dollars’
Systems engineer/physics 0.5
Systems ‘technician ' | .. 0.5
Mechanical design/drafting ’ 0.2
Mechanical shup/optics shop - 0.3
Eleatranics engineer - 0.2 \
Elecfronics technicianA ‘ 0.2
programmer 0.3 |
Total manpower o 2.2 - I ;gi
Total cost ' ‘ ‘ . 394

LIDAR FOR LARGER §PILLS

. For 40 m3 spills, LIDAR is cost competitive with the in situ insttﬁ-
ments it replaces. For larger spills there is a significant cost advantage in
using LIDAR., 'If'the spili size were increased to 1000 m3, the fénces_of in
-situ sensors would be increased in both lenéth and numbers. The proposed '
LIDAR system would éccommodate the ihcreased fence length with additional
range cells. This requires only the detection of scattered light.over a
‘longer time interval, with at most, a minor addition to data-handling
equipment, '

Additional downwind coverage (multiple fences) could be added either by
using'multipie LIDAR systems or by adding a horizontal scanning capability to
the proposed system, - _

Additional LIDARs similar to the one proposed could be added at approxi-
mately $400,000 per unit. A LIDAR with a horizontal scan capability would be
more difficult to build, and would cost between §1 and $l.5'million. In the

N-48



- long run, however, a two—-axis scanning LIDAR may be the most cost~effective
‘system as it would provide a three-dimensional map of a majority of the cloud
volﬁme. Scanning additional volume without sacrificing data at any sampled
point would require a significant increase‘in the data collection rate. Since
the system proposed here is photon-limited, the increase can be accomplished
only by an increase in laser power and/or telescope and scan»mirtcr size.
Neither a larger laser nor a telescope is available "off the shelf." However,
both are within the current state-of-the-art. _ ' ‘
| The telescope and scan mirror could be increased to proQide a l-m
aperture with technology available to several vendors. The ihcreased size and
speed of a scan mirror mount would requireASUbstantial ehgineering effort; but
is within the capab111ty of commercial suppllers. _ '

"Laser power could be increased to about 1 J/pulse using either of two
approaches. The f1rst is based on an establzshed technique of multiplexing
parallel solld-state amplifiers from a common osclllator. This would 1ncorpc—
rate the laser proposed for the smaller system.

The alternative is use of a'single large rare-gas halide laser system.
Thie alternative is less certain because it depends on advances in the tech-
nology of rare gas halide lasers., However; much research is currently being
done in this area. 4

A larger system would require changes in the spectrometer, and in the
control and data—recordxng electronics. The increased size and complexity
~would also increase the effort involved in integrating the components into a
workablevsystem. This would result in increased LLL manpower effort, and

increased lead time for development.
ACKNOWLEDGMENTS

Several people gave helpful input to the LIDAR analysis. ‘We especially
wish to thank D. Redhead, H. Koehlér and W. Wakeman of LLL, S. Klainer of the
Lawrence Berkeley Laboratory, L. Jelsma of Arizona State University, R. Byer

of Stanford University,.and D. Murcray pf the University of Denver.

N-49



1.
2.

3.

5.
. 6.

7.'

8.
9.
10.

11.
12.

REFERENCES

For a general description, see E. D. Hinkley: Laser Monitoring -of the
Atmospﬁere (Springer-Verlag, Berlin, 1976).

N. B. Colthup, L. H. Daly and S. E. Wiberley; Introduction to Infrared
and Raman Spectroscopy (Academic Press, New York, 1975).

Raman/IR Atlas of Organic Compounds, B. Schradeg and W. Meier, Eds.
(Verlag Chemie, Weinheim, 1974), vol. 1.

E. R, Muiray, J. E. van der Laan and J. G. Hawley, Applied Optics 15,
No. 12 (1976). ‘ o

T. Hirschfeld, private communication (February 1979). )
S.‘Klainet,'Lawrencé Berkeley Laboratory, private communication (November
1978).

E. J. McCartney, Optics of the Atmosphere (Wiley, New York, 1976).

H. Blumer, Z. f. Phys. 38, 119 (1926).

H. Blumer, Z. £. Phys. 38, 304 (1926). _

D. A. Leonard and B. Caputo, Remote Sensing of LNG Spill Vapor Dispersion
Using Raman LIDAR, Computer Genetics Corporation, 18 Lakeside Office
Park, Wakefield, Mass, 01880, for Lawrence Livermore Lahoratory, '
Livermore, Calif., Rept. UCRL-13984 (1979).

L. Hazelman, private communication (March 1979).
J; Coutts, private communication (February 1979).

N-50



"REPORTO

The LLL Data Acquisitioh |
System for Liquefied Gaseous
‘Fuels Program S

J. Baker

Prepared for the

Environmental and Safety Engmeermg
Division :

U.S. Department of Energy

under Contract W-7405-ENG-48

Lawrence Livermore Laboratory
Livermore, California 94550



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK




REPORT 0

" TABLE OF CONTENTS

SUMMARY

INTRODUCTION

REQUIREMENTS

MICROCOMPUTERS TO CONTROL SYSTEM

DATA ACQUISITION STATIONS .

COMMAND, CONfROL, AND DATA RECORDING SYSTEM

(o2 RN & 2 R < N o8 ]

FIGURES

Sensor Array for 4O-m3 Tests at Naval Weapons Center,

~ China Lake

Gas Sensor Station

Weather Station

Turbulence Station :

Block Diagram of Overall LEF Data Acquisition System

Block Diagram of Turbulence Date Acquisition Unit .

Block Diagram of Command Control, and Data Record1ng

System (CCDRS) . e
TABLES

Data from Gas-Sensor Stations .
Data from Weather Stations

Data from Turbulence Stations .

0-1iii

0-1

0-2
0-7
0-7
0-13

0-4
0-5

0-10
0-12



THE LLL DATA ACQUISITION SYSTEM FOR
. LIQUEFIED GASEOUS FUELS PROGRAM

SUMMARY

A data acquisitioﬁ system is being developed by EGRG, Inc., and the
Electronics Engineering Department of LLL for use during upcoming liquefied
natural gas (LNG) dispersion tests. The system will employ 51 battery-powered
complementary metal-oxide ‘semiconductor (CMOS) data acquisition units to
measure gas concentration, wind direction and speed, temperature, humidity,
and heat flux. ' '

" Data acquired by the CMOS data acquisition units will be telemetered via
UHF radio links to a trailer-based microcomputer command, control, and data
recording system (CCDRS). In the CCORS, wind data will be displayed |
graphically. A1l data will be recorded on disk units for subseduent analysis
at the Livermore time-sharing system cdmputerffaéi]ity. ' '_ o

INTRODUCTION

_ The Liquefied Gaseous Fuels (LGF) Program is scheduled to begin
dispersion tests in May 1980 at the Naval Weapons Center, China Lake,
Californié. These tests will involve épills of liquefied natural gas in
quantities up to 40 me. Up to 51 stations will be measuring the wind °
direction and speed, gas concentration, temperature, heat flux, and humidity
to provide data for verification of computer models of the dispersion of the
gasés. The stations will be located in an area approximately 500 m wide by
2000 m long. They must be portable and consume little bower. Approximately
700 channels of analog or digital signals must be recorded for periods of 1/2
‘hour or more for each test. Safety requires that the wind direction and
'velocity be displayed graphically before and during the tests. A commercial
data acquisition system is not available which will meet the needs of the LGF



Program; therefore the Field Test Systems Division (FTSD) of the LLL
Electronics Engineering Department was asked to undertake the development of
the necessary system. FTSD personnel determined the system requ1rements and
then undertook the design of the system.

The overall system design is now complete. Most of the detailed designs
are complete, and much of the necessary electrical: and electronic components
‘have been ordered.

REQUIREMENTS
The following are thé basic requirements of the data acquisition system:ﬁ.:

1. To graphically display wind data from the weather stations before and -
“during the spill tests so that the test director can be sure that the gas will
.drift over the data acqu1s1t1on units. . :

' '2;' To record wind data from twenty weather stations and 51x turbu]ence
stations from 15 min before the spill test until 15 min after the sp111 test.

3. To receive a signal {contact closure) indicating the start of the
- spill test for timing of the. gas.sensor data acquisition system. ‘

4. To record data from twenty-five gas sensor stat1ons during the spill
- tests in addition to the weather and turbulence data.

The sensor array for the 40-m’ experiments at China Lake is shown in
‘Fig. 1. Calculated gas concentration contours from the COM3 code are also
shown in Fig. 1. Figures 2 through 4 show schematic diagrams of a gas sensor
station, a weather station, and a turbulence station.

The signal sources at the weather stations are the two-axis anemometers.
They will measure wind direction and- speed at twenty locations on the site.
A1l of these measurement locations are shown in Fig. 1 except the two furthest

- upwind anémometgrs. Wind vectors will be averaged over a 10-s period, then

transmitted to the trailer-based data recdrding system and displayed on a
cathode ray tube (CRT) display unit.

Gas concentration and temperature will be measured at three different
heights at each of. the gas sensor stations. Some stations will also have
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humidity sensors, heat flux senéors, and radiometers. Measurements will be
made once per second and the data recorded in the trailer for subsequent
analysis. :

Wind velocity, gas concentration, and temperature data will be acquired
at three different heights, five timéS‘béF;second at five of the turbulence
stations. The sixth turbulence station will acquire wind velocity and
temperature on]y; This unaveraged data will also be recorded.

 Altogether, approximately 700 channels of data must be recorded for
periods of one-half hour or more. Tables 1 through 3-show the overall signal
requirements. , ‘

‘Other requirements are portability and low power consumption. Previous
dispersion tests indicated that portabi]ity was a necessary requirement
because of the variability of the wind direction. L ow-power-consuming
components are necessary for the data acquisition units'because they are
battery-powered. The large area covered by the array precludes the use of
power cables and commercial power. ‘

'MICROCOMPUTERS TO CONTROL SYSTEM

Commercially available microcomputers will be used in the data
acquisition, data recording, and display. They will be programmed: to perform
system self-test and calibration, to initiate the data'acquisition, to acquire
and to transmit the data to the recording system, to receive and to record the
data, and to display the wind direction and velocity. Communications between
the microcomputers will be carried out by means of a UHF command and data
telemetry system. Because of the large and variable distance between data
acquisition units, each will have its own command receiver and data
transmitter. Figure 5 shows a block diagram of the overall system.

DATA ACQUISITION STATIONS

The data acquisition units will be of three types: weather stations
(20), gas sensor stations (25), and turbulence stations (6). A1l of the
stations will employ the Intersil IM6100 low-power CMOS microprocessor. The
IM6100 microprocessors‘will be supplied to LLL by Pacific Cyber/Metrix as the
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TABLE 1. Data from gas sensor stations.
(25 Stations: 1 sample/s; data not needed in trailer during test.)

. No. of

Signal source Range Accuracy ~ Signal type channels
Six thermocouples, Type K -150 to +70%  0.1% ~ Analog 12 bits 6
IST gas sensor -~ 0 to 25% 10% of reading Analog 8 bits
LLL gas sensor | ' -

(methane, ethane, fog, :

__ reference) 0 to 100% 1% . Digital 12 bits 4
Humidity 0 to 100% + 3% ~ Analog 8 bits 1

JPL gas sensor
~ (methane, ethane,

-

propane, reference) 0 to.50% 1% ' . Digital 12 bits 4
Time (2 words) 0 to 14,400 s N ' o
(4 hrs) 1s'~ Digital 12 bits 2

§ - - - . . . ' R S B ; -

ar

TABLE 2. Data from weather stat1ons.
(20 stations: 5 statioms upwind, 15 stations downwind, 1 sample/s,
~ data averaged over 10; data must be transmitted to command trailer from
at least 10 statwons during test within 10 s of real t1me )

. _ : o . No. of

S1gnal source_ Range Accuracy Signal type Bytes/s

Anemometer o 0 to 3590 - 0.70 Analog 12 bits 2/s
(two-axis) 0 to 50 m/s ' 0.05 m/s

Time (2 words) . 0tol4,400s = 1s " Digital 12 bits  2/s

4 bytes/s
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TABLE 3. Data from turbulence .stations (6 stations:

begin acquiring data 15 minutes before spill.)

5 with gas sensors, 5 samples/s,

0 to 14,400 s

Signal source Range - Accuracy Signal type c:gﬁnggs

Three thermocouples, Type K  -150 to +70°C 0.1% Analog 12 bits 22.5/s
"Three LLL gas sensors - .
- (methane, ethane, and fog) ~ 0 to 100% 1% ‘Digital 12 bits . . 22.5/s

Three JPL gas sensors 0 to 50% 1% Digital 12 bits =~ 30/s
" Three anemometers (3-axis) -45 to +45° 0.04° Analog 12 bits ~ 22.5/s

-50 to +50° 0.05° " Analog 12 bits :
‘ 0 to 13 m/s 0.006 m/s Analog 12 bits
Time (2 words) 0.1 s Digital 12 bits

98 bytes/s
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stations stations stations
(20) (25) (6)

FIG. 5. Block diagram.of overall LEF data acquisition system.
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result of a competitive bid on an LLL specification. Pacific Cyber/Metrix
will provide the microprocessor systems with up to 8,500 twelve-bit words of
read/write memory, 3000 words of read-only-memory, three parallel input
channels, two parallel output channels, five serial input/output (I1/0)
channels, and a 16-channel multiplexed analog-to-digital converter (ADC).

We will install these microprocessors in a military-type énc]osure along
with instrumentation amplifiers, power supplies, radio transmitter/ﬁecejvers,
and other components. Each of the stations will include a 1ow-power UHF
command receiver and data transmitter. Analog signals, such as the
thermocouples, three-axis anemometers, humidity sensors, etc., will be
digitized by the 16-channel multiplexed analog-to-digital converter. Power
will be provided by gelled-electrolyte 12-V storage batteries with solar cell
rechargers. The dc converters will generate the 5-Volts, + 15 Volts, and
other dc voltages required by the microprocessors. Figure 6 is a block
~diagram of the turbulence data acquisition unit. '

The UHF command and data telemetry system will operate in the 406 to 420
MHz band. Commercial (Monitron Corporation) wide-band (50-kHz) transmitters
and receivers will handle the data channels which will send data
asynchronously up to 19.6 kbaud. The aSynchronous mode pérmits the use of
standard universal asynchronous rece1ver/transm1tter (UART) integrated
circuits at both ends of the communication channels. Narrow-band (3-kHz)
transmitters and receivers will be used for the command links and the lower
baud-rate weather systems data channels. A three-Tevel binary
(bseudo-ternary) interface was'designed at LLL to connect the microprocessors
to the radio units. This interface permits ac-coupled transmitters to send
the pulse-coded modulated (PCM) data by eliminating dc components.

The CMOS microprocessors will be commanded to begin acquiring data by a
trailer-based command, control and data recording system (CCDRS). The weather
stations will acquire ten 1-s samples of the wind direction and speed, they
will convert these to north and east vectors, and they will average them.
Upon command from the CCDRS, each of the twenty weather station
microprocessors will transmit its data to be recorded and displayed and will
begin acquiring new wind direction and speed data.

0-1
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The gas sensor stations will be commanded by the CCDRS to acquire data at
five samples per second from gas sensors, thermocouples, etc., to average that
data, and to transmit the 1-s averages to the CCDRS, upon command,
approximately every 60 s. The data-will be recorded only and not displayed.

The turbulence stations will aequire data from gas sensors, three-axis
anemometers, and thermocouples five t1mes per second and will transmit the
data to the CCDRS approximately every 10 s upon. command The data w111 be
- recorded "in-the CCDRS trailer only. . ,

The microprocessors will be programmed in a "h1gh 1eve1" assemb]y
1anguage using LLL-developed "structured macros," such-as "IF -THEN-ELSE" and
"LOOP-UNTIL" constructs s1m11ar to those. used in ALGOL and other modern
languages.

COMMAND, CONTROL,~ AND DATA RECORDING SYSTEM

The overall system will be contro]]edibygthe microcomputer-based CCDRS.
‘Digital Equipment Corporation LSI-11 microcomputers located in the CCDRS
trailer will be programmed by EG&G, Inc., personnel to command the portable
data acquisition units to acquire, to average, and to transmit the gas sensor
and other data back to the CCDRS syetem where it will be recorded for future
analysis on the Livermore time-sharing system (LTSS). Figure 7 is a block
diagram of the CCDRS. A1l timing and sequencing will be controlled through
the.CCDRS microcomputers. Each major subsystem (the weather stations, the gas
sensor stations, and the turbu]enee,stations) will communicate its data to its
respective LSI-11 front end processor (FEP). The data will be stored on the
10-M byte disk memory unit attached to the FEP. The weather station FEP will:
also communicate wind vectors to the attached Tektronix 4025 graph1cs

terminal. Fol]ow1ng each test, the data will be retrieved from the disks and
" re-recorded on magnetic tape to be read on the LLL LTSS for data processing.
The graphics terminal will also permit "quick looks" at the recorded data
following each test. ‘ '

0-13
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Data and calculations of .
dispersion on 5 m3
LNG spill tests

SUMMARY-

A series of liquefied natural gas (LNG) spill and dispersion experiments was
carried out at the Naval Weapons Center at China Lake. These spills were nominally § m3
of liquid spilled on a water pond under various wind conditions (3 to 10 m/s). The objective
of the experiments was to evaluate sensors for field use in the detection of downwind
hydrocarbon concentrations. The concentration data are shown as a function of time at
various stations downwind from the spill point. These data are compared with calculations
made by ATMAS, a computer model that uses wind field measurements as input then
solves the advection diffusion equation for the downwind concentration as a function of
~ time. The comparisons of data with ATMAS are quite good. It is concluded that ATMAS is
a useful model; however, a more detailed description of the wind field (more measure-
ments), a better model of the source (liquid pool spread and boil off of vapor), and the in-
clusion of variable density and temperature effects are required for better comparison with
the data. The objective of the experiments, to evaluate sensors, was accomplished and has
led to a selection of instruments to be placed in the field for larger (40 m3 and more) spill

and dispersion experiments to be conducted in the future.

INTRODUCTION

During a 3-month period in the early fall of
1978, an experimental team from the Lawrence
Livermore Laboratory (LLL) participated in a
series of four liquefied natural gas (LNG) spill ex-
* periments at the Naval Weapons Center (NWC) at
China Lake, California. These experiments. were
conducted at the request of the Division of Environ-
mental Control Technology of the Department -of
Energy as part of their Liquefied Gaseous Fuels
Safety and Environmental Control Assessment

Program. The main reason for our. participation

was to evaluate instruments—primarily gas concen-
tration measuring devices—which might be used on
future larger scale spill experiments. A report dis-
cussing this instrument evaluation was recently
published as a part of the DOE report! on the status
of liquefied gaseous fuels (LGF) safety research.
The intent of this report is to present the dispersion
data taken during the experiments and to compare
the data with computer model calculations.

Each of the four experiments (referred to as
Avacet | through Avocet 4'in this report?) involved
the release of about 5 m3 of liquefied natural gas
through an 8-in. pipe onto a pond of water at a rate
of about 5 m3/min. The LNG, being very cold
(111 °K) and. less dense than water, formed a
rapidly evaporating liquid pool on top of the water
surface. As the vapor was formed, it mixed with the
atmosphere and traveled downwind away from the
source. A typical experiment lasted from 2 to 3 min.
from the beginning of the LNG release until the
trailing edge of the vapor cloud passed the last sen-
sor. Data were collected for about 5 min.

Comparison of the measured concentration
data with model predictions was significantly hin-
dered by fluctuations in the wind speed and direc-
tion during the experiments since most transport
models assume a constant wind velocity. Even when
averaged over 10-s intervals, the wind speed varied
by as much as a factor of 3 and the wind direction



shifted by as much as 60° during a single test. To
overcome this difficulty, we attempted to simulate
plume dispersion using an atmospheric transport
model that generates a three-dimensional, time-
varying windfield from the wind velocity data taken

during the experiment. The simulations were
generally quite good and provided a useful tool for
interpreting the field data and understanding the ef-
fects of wind variations on the vapor plume.

EXPERIMENTAL CONFIGURATION AND INSTRUMENTATION

The experimental array was laid out such that
most of the instruments would be exposed to the gas
cloud during a spill test and could be evaluated un-
der field conditions. The array of eight statipns was
laid out as shown in kig. | and supplemented Ly in
situ instruments fielded by Jet Propulsion
Laboratory (JPL) and NWC and a LIDAR (an op-
tical analog to RADAR) fielded by Computer
Genetics Corp. A schematic drawing of the instru-
ment placement at each LLL station is shown in
Fig. 2 for the third and fourth tests (Avocet-3 and
Avocet-4). The thermocouples, shown at 3.7 and
4.6 m, were at 0.3 and 1 m for the first two tests
(Avocet-1 and Avocet-2). The anemometer at sta-
tion 9 was moved in on the pond, to station 2, and
station 4 was moved 7 m north-east from the edge
of the pond to the top of the pond lip for Avocet-3
and Avocet-4. The array was designed for instru-
ment evaluation, not dispersion measurements, and
this has caused some problems in interpreting the

_data relative to dispersion calculations. -

Each station had one or more gas sensors, grab
samplers, and thermocouples, all of which were
used in some way to measure the concentration of

" the gas. We designed the grab sampler system to
verify the performance of the gas sensors. Grab
. samples were taken at the same location as the gas
sensor samples. Evacuated bottles were opened at
pre-programmed intervals to sample from the gas
stream. The contents of the bottles were analyzed
with a mass spectrometer and compared with the
- gas sensor output over the same time interval and
are plotted in the figures showing gas sensor output.
. Stations 1 and 2 were located on the spill pond
‘about 7.6 and 15.2 m from the spill pipe, respec-
tively. They were single-level gas sensor stations us-
ing, in addition to a-grab sampler, a Shell sensor.
This instrument was developed and loaned to us by
Shell Research Ltd. of England. It operates on the
principle of heat loss from afilament exposed to the
gas stream and to the resulting unbalance in a
bridge circuit that occurs when a gas with a specific

Py

heat different than air flows past the filament. The
response time of the sensor appeared to be about.
0.7 s, as determined by laboratory calibration. Gas
samples were drawn through tubing immersed in a
warming bath to raise the gas temperature to am-
bient before reaching the sensor. The instrument
calibration was exlreinely scnsidve v fluw rate
changes and had to be checked before and after
each experiment,

Stations 3 and 6 were triple-level stations,
located about 30 m and 55 m from the spill pipe,
respectively. Grab samplers, thermocouples, and
TSI sensors were located at the 1 m and 24 m
levels, and only thermocouples and grab samplers
were at the 0.45m level. Thermocouples were
moved to 3.7 m and 4.6 m for the third and fourth
tests (Avocet-3 and Avocet-4). Gas samples were

- drawn through tubing coiled in a water bath to

warm the samples and vaporize water droplets

"before reaching the gas sensors or the grab samples.

The TSI gas sensor, manufactured by Thermo-
Systems Inc. of St Paul, Minnesota, consists of a
thin-film anemometer element (two in our case) in a
gas stream whose flow velocity is determined by a
sonic nozzle downstream. Since sonic velocity is
sensitive to gas composition (Vs = 1.3 v,;,), the
anemometer can be used as a gas sensor. The instru-
ment response was very fast, in about 10 ms, and -
the calibration was quite stable over the test series.

Station 4 was a single-level station (0.9 m high)
with a grab sampler, two thermocouples, and a non-
dispersive, infrared (IR) gas analyzer custom built
for us by Anarad, Inc. The IR instrument was
capable of distinguishing between methane, ethane,
and propane with only a small amount of “cross

talk” between the various gas species and provided

our first quantitative evidence of the differential
boiloff of the different hydrocarbons from the pool.
The gas sampled by this instrument was also
warmed, and water droplets were evaporated by
passing it through coiled tubing in a water bath. The
response time was several seconds.
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‘Station 5 was also a single-level station (1 m)
with a gas sensor, grab sampler, and two ther-
ocouples. The sensor used at this station was a
miniature, rapid response, infrared gas sensor
prototype developed for the DOE CO, program?
and modified to detect methane. No attempt was
made to separate the various hydrocarbon species
because of time limitations. The sensor operates on
the principle of differential absorption, with one of
the filters centered on a methane line and the
reference filter centered nearby on a background
region. The ratio of these two measurements is then
essentially independent of water vapor,
droplets, or dust in the absorption cell. The sensor
has a full scale response of 5 Hz and operates non-
thermostated in environments with temperatures
from -20° to +40°C. This was the only truly por-
table sensor used in these tests. The sample cell was
small and open to the environment so that pumps
and water baths were not required.

water

. Stations 7 and 8 were single- level stations .

(1 m), each with a grab sampler, a Mine Safety Ap-
pliances (MSA) gas sensor and two thermocouples.
The MSA sensor operates on the principle of com-

bustion of the flammable gas on a catalyst coated
filament and can be used to detect gas concentra-
tions only up to the stoichiometric concentration
(10% for methane).

’ Three propeller, bivane, fast-response,
anemometers were set up at stations 9, 10, .and 11 at
1 m above the ground. These were used for general
wind field tracking and to follow the rapid fluctua- '
tions in wind speed and direction. In addition to
these, the NWC facility had a meteorological tower
on the south-west side of the spill pond with two 2-
axis cup and vane anemometers at 2 m and 10 m
above the ground.

For one test, Avocet-2, a Raman LIDAR was
fielded by Computer Genetics Corp. to make
remote concentration measurements. The LIDAR
used a pulsed laser to excite the gas and time-gated
the Raman scattered return signal to obtain concen-
tration measurements in a series of 9-m-long range
gates across the gas plume. The orientation of the
LIDAR and the position of the range gates are
shown'in Fig. 1. The laser beam was about 2 m
above the pond level.

ATMAS COMPUTER MODEL

Computer simulations of each experiment were
conducted using the atmospheric transport model
ATMAS* to aid in the analysis of the measured con-
centration data. The ATMAS ‘code is a three-
dimensional computer model that was developed
for another LLL program to predict the transport
of trace species emitted to the atmosphere from
quasi-area sources. A major advantage in using the
code to analyze the field data is that it can simulate
a three-dimensional, time-varying wind field from
the meteorological data obtained at different loca-
tions within the region of interest. The use of a
variable wind-field model rather than a constant
wind velocity model allows for a more realistic
simulation of the true wind field.

Species transport in the ATMAS code is gov-

the divergence operator, K is the eddy diffusion
coefficient, and U is the mean advection velocity.
As governed by this equation, transport is the result
of only two processes. The advective process repre-
sents transport by the average wind velocity where
the velocity has been averaged over a length of time
At. The diffusion. process is assumed to approx-
imate the effects of atmospheric turbulence occur-

‘ring on time scales shorter than the Wmd veloc1ty

erned by the atmospheric advectlon diffusion .

equatlon

oc -
— =V-KV¢c- V- Uc,
ot

kS

where c is the species concentration, t is time, V is

0y

averaging time At.

To solve the transport equation, ATMAS uses
a particle-in-cell method.5:6 These methods repre-
sent the mass of the emitted species by marker parti-
cles whose trajectories through space are calculated
from an equation of motion derived from the
advection-diffusion equation. The array of marker
particle locations presents a three-dimensional
representation of the plume mass distribution. The
species concentration at any point in the plume is
approximated by the average concentration within
an incremental volume surrounding the point and is
calculated by summing the number of marker partl-
cles within that incremental volume



The marker particle equation of motion is

T(t+ At) = T(t) + U - At + R(AY) , )

where T(t) is the marker particle location at tlmet
U is the marker particle advection velocity, and Ris
a diffusive displacement. The advection velocity at
each grid point is calculated from the measured
wind velocity at several station locations in the
region by using d-! interpolation-extrapolation,
where d is the horizontal distance from the grid
puint to the data station location. The horizontal
components are assumed to increase with height ac-
cording to the power luw :

U = Uy(alzg)P &)

The vertical component of the advection velocity is
assumed to be zero. Individual marker particle
velocities are interpolated from the advection-
velocities at the surrounding grid points. In the
Avocet simulations, a new advection field was

Carlo method is used, which does not depend on the
shape of the plume. The horizontal diffusive dis -
placements are random displacements chosen fron

a Gaussian distribution function with a mean value
of zero and a mean square value of 2Ky At.8 The
form of Ky is the same as that for K,; namely,

Ky =(2a-b-U-dl )

where different values of a and b are used in the
horizontal and vertical directions.

In the Avocet simulations, the dispersion con-
stants were selected on the basis of measurements of
the LNG vapor plume concentration rather. than
measurements of the stability of the atmosphero.
The vertical diffusion coefficient was taken to be
constant, h =1, The value of ‘‘a” was set equal to
0.044 and was calculated from the concentration
measurements at the two heights (0.9 and 2.4 m) on

~ station 6 by assuming the vertical conicentration dis-

tribution to be Gaussian. Estimates of the vertical

* dispersion constants were made for all four experi-

calculated every 10s. The value of the exponent p. -

‘was set equal to 0.1, the average value obtained

from the wind velocity measurements taken at the

two heights on the NWC meteoro]ogrcal tower in -

each experiment.

The vertical and honzomal diffusive drsplace-
ments are calculated in two different ways, both
derived from Eq. (1). The vertical diffusive dlsplace-
ment is given by Ref. 7 as

ments and found to be nearly the same so that the
above values were used in each calculation. The
horizontal dispersion rate was chosen in a similar

- manner. In Avocet-2, stations3 and"5 lay just

beyond the plume edge through most of the experi-
ment. The values of a and b were adjusted so that

" the edge of the calculated plume behaved similarly.

This estimate of the horizontal dispersion raté was

‘made only for Avocet-2; however, .the same values

of a and b were used for all experiments and were

"a=10.0072"and b = 1.76. Thesc dispersion rates

—K oC ) Kz cz At R
P At - @)
z g
¥4
where
S
oz(s) - 02(0) =2 f —K—z ds=as® |
z z - U

z is the marker particle height relative to the plume
centerline, s is the downwind distance that the parti-
cle has traveled, and the coefficient a-and exponent
b are empirical constants. The relationship between
¢ and K in Eq. (4) is obtained by assuming the
shape of the plume to be Gaussian in the vertical
direction. In the horizontal directions, a Monte

correspond to the Pasquill-Gifford dispersion cat-
egories E and F, that is, stable conditions with low
dispersion rates.

To complete the dmcnptron of the dispersion
model, one must also specify the LNG vapor source
and the houndary conditions. For the first three ex-
periments a constant emission rate for a fixed time
period was used. The shape of the source was uni-

form and circular in the horizontal plane and Gaus- -

sian in the vertical direction with a standard devia-
tion of 0.25 m and the centerline of the Gaussian
disttibution at ground level. The source emission
rate and horizontal radius were different in each ex-
periment and are summarized in Table 1. For the
fourth test, it was necessary to try to simulate »
vapor source that was observed to change size dui

ing the course of the spill because of changes in



TABLE 1. A summary of the 1978 China Lake dispersion tests.

Avocet 1 2 3 4

(LNG-18) (LNG-19) (LNG-20) (LNG-21)
Date” 31 Aug 13 Sep 9 Nov 20 Nov
Time 14:56 19:37 15:26 15:11
Temperature 35.8°C 21.1°C 26.8°C 20.1°C
Rel humidity 16% 29% 15% 21%
Spill volume 439m3 452m3 45m3 42m3
Spill duration 675 59s 77s 53s
Source rate (g/s) 2.058 x 104 2.384 x 104 2.234 x 104 44.0
Spill radius (m) 7.22 7.81 6.82 Variable?
Boiloff time (s) 90 80 85 120

2For Avocet-4, the source rate is in units of g/m2 * s to accomodate a pseudo-pool spread which increases in time:
Pool radius (m) 3 s 8 11 15
- 0-22 22-40 40-60 6085 85-120

Time block (s)

wind velociiy. The simulation was done by turning
on a series of sources with successively larger areas
during the course of the spill. The boundary condi-
tions at the top and sides of the grid were open; that

is, marker particles that travel out of the grid donot -

return. At the bottom of the grid the boundary is
reflective so that particles do not exit the grid or
deposit on the ground surface.

The ATMAS code has several methods for dis-
playing the plume concentration. Contour plots of
the plume showing the concentration isopleths at a
height of 1 m above the ground are made at regular
time intervals during the simulation. Graphs of con-
centration versus time for each of the measurement
station locations are also presented. A qualitative
description of the plume shape and location is given
by three views (one each in the x, y, and z directions)

of the plume in the form of dot plots of the marker
particle locations. Each of these methods is used in
the analysis of the measured concentration data
presented in the following section.

Before discussing the results, a final comment
should be made regarding the use of the ATMAS
model in this analysis. The ATMAS model has
significant deficiencies when applied to LNG vapor
cloud dispersion in the atmosphere; namely, it does
not consider effects due to density and temperature
variation in the cloud. However, the model does at-
tempt to simulate a spatial and time-varying wind
field as encountered in the LNG spill experiments.
We used this code to help overcome the difficulties
in analyzing the concentration data that were due to
changes in the wind field and to evaluate the impact
of these changes on plume movement.

THE EXPERIMENTAL DISPERSION DATA AND
COMPARISON WITH ATMAS CALCULATIONS

Experimental concentration data from the
Avocet series of experiments are presented in this
section and compared with ATMAS calculations.
The gas concentration data have been smoothed us-

ing a multiple-pass, two-point averaging technique.

This eliminated most of the high frequency noise
and, unfortunately, the high frequency data as well.
- However, the high frequency data are not necessary

for ‘comparisons with our computer calculations, .
g which are 10-s averages. The experimental data are .

“own in all the figures as dots with.grab sample
sults superimposed as bullets (®). ATMAS results
are indicated by the dashes (——).

AVOCET-1

A typical orientation of the plume relative to
the sensor array is shown in Fig. 3. This plot shows
the contours .of constant concentration at 60 s after
the spill. For this experiment, the wind carried the
plume to the left of the center of the sensor array.
The mean wind speed and direction and the stan-

.. dard deviations of these quantities are shown in

~ Table 2. The range in wind speed varied from a

' maxnmum at station 11 of 7.33 m/s to a minimum -
-of 0.62 m/s at station 10. During the course of the .

experiment, the wind direction, averaged for 10,
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FIC. 3. Concentration isopleths of Avocet-1 plume
at 60 s. The contours correspond to concentrations of
0.585, 5.85,29.2, 87.7, and 175 g/m>.

varied from 155° to 207°, relative to magnetic north
at the different stations. The estimated maximum
extent of the lower flammability limit (33 g/m3 at
300 K) for this case was about 380 m.

Figure 4 shows the gas concentration data
from the Shell sensor and grab samplcs at station 1
versus time plotted with the ATMAS calculation.
This calculation used upwind meteorological data
as input to ATMAS in- addition to the three
meteorological stations down-wind. The general
agreement is reasonably good; however, the detailed
structure of the experimental data is not reproduced

by ATMAS. This structure is probably due to local
wind variations. A similar plot is provided for sta-
tion 2 in Fig. 5 and shows good agreement with the
data. The grab sample results agree very well with
the Shell sensor output at both of these stations and
confirm that the sensors were working properly.

In Fig. 6a the agreement between calculation
and data for station 3, at the 1-m*level, is seen to be
poor. Gas concentration data at the 2.4-m level are,
shown in Fig. 6b. Since this station was in the mid-
dle of the dispersing plume, one might expect better
agreement. Grab sample results do not agree with
the TSI sensor data at the 1-m level but do agree at
the 2.4-m level. The disagreement at the 1-m level
was probably caused hy miswiring of the grab sam-
pler, which was later corrected.

Problems with both the Anarad infrared gas
sensor at station 4 and the LLL infrared gas sensor
at station 5 kept them from taking any reliable data
on this experiment. The measurements at station 6,
shown in Figs. 7a and 7b show a peak in gas con- -
centration at about 80 s., which is not reproduced
by the ATMAS calculation which was nearly zero
here. The grab sample results agree well with the
TSI gas sensor data. However, most of the time
both devices saw no gas at this station. Station 6
was apparently at the edge of the plume (see Fig. 3)
and small shifts in wind direction could make large
changes in gas concentration at this point. The
MSA sensors for stations 7 and 8 had not arrived
from the manufacturer at the time of this experi-
ment, Grab sample data, however, indicates con-
centrations of about 5% at 90 s after the start of the
spill at station 7. This is in good agreement with the
ATMAS calculation shown in Fig. 8, which also in-
dicates that the grab sampler missed most of the gas
plume at this station.

AVOCET-2

Avocet-2 is a particularly intercsting experi-
ment because of the large effect of wind shifts on the
gas concentration measured at the insttument sta-
tions. These shifts occur locally buth in the wind

TABLE 2. Average and standard deviations in wind speed and direction for Avocet-1 for time interval 0 - 125s.

Standard deviation

Standard deviation

' Speed of speed Direction of direction
Station (m/s) (m/s) (deg) (deg)
9 © 381 0.81 188 o 13.1
10 : 2,38 128 179 168
11 . 5.76 0.87

190 12.9
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FIG. 4. Avocet-1 concentration vs time at station 1.
Continuous data from SHELLI1C (dots), grab sam-
ples (®), and ATMAS calculation (——).
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G.5. Avocet-1 concentration vs time at station 2.
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240}

180}

120

Concentration — g/m3

60

160

40'_; ATy

? [
SR .

Wk W, 1

20 n

WL

o @

Concentration — g/m3

80
Time —s

FIG. 6. Avocet-1 concentration vs time at station 3.
(a) 1-m level, from TSI2A3C (dots), grab samples
(@), and ATMAS calculation (——). (b) 2.4-m level

from TSI1A3C and grab samples.

P-9



60 | (a)
™
£
>
[ 40 1
| o=
S i
-
©
b
s 20 1
(3]
: é
U L
0 80 160
Time —s
5 (b) |
£ 20} P4
4 A F
c b
S §
®
£ 10 1
U pi8 v
- 1%
8 [T

160
Time —s

FIG. 7. Avocet-1 concentration vs time at station 6.
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ATMAS calculation (——). (b) 2.4-m level from
TSI1A6C and grab samples.

speed and in the wind direction and are shown on
the time sequence of dot plots in Figs. 9a through
9f. The dots are projections of the ATMAS marker
particles on the horizontal plane. The plume is seen
to bend to the right after traveling downwind for
about 60 m. This bend in the plume remained
throughout the experiment even though the plume
position shifted considerably during the experiment.
While there is some uncertainty over the reason for
the bend in the plume, it is believed to be due to the
hill in this area. Upwind meteorological data were
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FIG. 8. Avocet-1 concentration vs time at station 7
from grab samples (®), and ATMAS calculation
(==

not available as input for this experiment so that
only data from anemometer stations 9, 10, and 11
were used. The mean and standard deviations in
velocity and direction for Avocet-2 are shown in
Table 3. Wind velocities for this experiment ranged
from a maximum of 5.49 m/s at station 11 to a
minimum of 0.34 m /s at station 10. The wind direc-
tion, averaged for 10s, varied from 213° to 271°
from station to station during the duration of the
experiment.

The calculations for stations 1 and 2, located
close to the LNG pool, are shown in Figs. 10and 11
and are seen to be in fairly good agreement with the
experimental data. In the simulation, station 2 lies
directly in the plume path. The calculations show a
slight reduction in the concentration occurring be-
tween 40 to 70 s as a result of an increase in the wind
speed during this period. The experimental data
show a pronounced reduction in the concentration
at 60 s for station 2 and no reduction at station 1.
These discrepancies can probably be accounted for
by local geographic features. The spill pond was ac-
tually a hole in the ground that was surrounded by a
1.5-m lip. This induced more complex wind flow
patterns over the pond than could be measured by
our sparse array of anemometers. The fact that the
average of the data taken at stations 1 and 2 agrees
with the average calculation is probably significant.

Stations 3 and 5 appear to lie on the edge of the
plume for most of the experiment. This makes com-
parison between experimental data and calculation

P-10
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TABLE 3. Average and standard deviations in wind speed and direction for Avocet-2 for time interval 0 - 130 s.

Standard deviation Standard deviation
Speed of speed Direction of direction
Station (m/s) (m/s) (deg) (deg)
9 3.58 054 240.1 79
10 1.98 0.84 2230 78
11 4.95 048 262.7 7.6

difficult because of the very large effect caused by
slight variations in wind direction. Data from the
I-m level at station 3 are compared with the
ATMAS calculation in Fig. 12a and the agreement
is reasonably good. Data from the 2.4-m level are
shown in Fig. 12b. The grab samples for this station
did not coincide with the presence of gas and are not
presented. The severe fluctuations in gas concentra-
tion and the lack of gas during much of the experi-
ment arc evidence that the station was at the edge of
the cloud. The LLL infrared sensor was prevented
from taking any data at station 5 by a source failure
within the sensor. Grab sampler results indicate that
no significant hydrocarbon concentrations were ob-
served at stations 5 or 7. This proved to be true in
the simulation also. When the horizontal diffusion
rate was increased, a low concentration level ap-
peared at station 5. Consequently, the horizontal
diffusion rate observed in the field is assumed to be
approximately equal to or less than the rate used in
the simulation.
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FIG. 10. Avocet-2 concentration vs time at sta-

tion 1. Continuous data from SHELLIC (dots), grab
samples (@), and ATMAS calculation (——).

Stations 4 and 6 appear to lie within the central
region of the plume and should be less susceptible to
the small wind shifts that cause problems near the
edges. Station 4 contained the Anarad infrared sen-
sor and was abhle to distinguish between methane,
ethane, and propane. The methane data are shown
in Fig. 13a along with the AI'MAS calculation, and
the ethane and propane data are shown in Figs. 13b
and 13c, respectively. The concentration peaks
shown at 90-100 s in the ethane and propane data
are the first field observations of differential boil-off
that we know of. This data also indicates that, un-
der certain wind conditions at least, the part of the
gas cloud enriched in ethane and propane can
propagate some distance downwind. Grab sample
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FIG. 11. Avocet-2 concentration vs time at station 2

from SHELL2C (dots), grab samples (®), and
ATMAS calculation (——).
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FIG. 12. Avocet-2 concentration vs time at sta-
tion 3. (a) 1-m level from TSI1A3C (dots), grab sam-
ples (@), and ATMAS calculation (——). (b) 2.4-m
level from TSI2A3C.

data also revealed evidence of differential boil-off
and the subsequent propagation of an enriched part
of the cloud downwind. A comparison of grab sam-
ple data with a simple differential boil-off model
was reported in Ref. 9.

The agreement between the methane data and
the calculation is not too bad; however, the calcula-
tion does significantly over-predict the concentra-
tion at station 4 and at the 1-m level at station 6 as
can be seen in Figs. 13a and 14a, respectively. Data
from the 2.4-m level at station 6 are shown in

Fig. 14b. The pronounced drop in concentration
observed in the data at station 2 does not appear in
the data at stations 4 and 6. But it does appear in
the calculation at these stations. It is probably the
result of local acceleration of the wind between 60
and 80 s after the start of the spill, which was seen
by the anemometers but which apparently was not
transmitted to stations 4 and 6.

The grab samplers at stations 4 and 6 were
triggered early by a large gas cloud formed during
the cool-down of the spill pipe prior to the spill.
Consequently, no grab sample results are available
for comparison with the sensor results from these
stations.

Both the calculated and experimentally ob-
served concentrations at station 8 have two signifi-
cant peaks as shown in Fig. 15. The grab sample
results also show these two peaks and agree well
with the data if the 5-s delay characteristic of the
MSA sensor is subtracted from the data. The dot
plot projections of the simulated plume onto the
horizontal plane (Figs. 9a through 9f) show that
these peaks are due to changes in the wind direction
causing a rotation of the entire plume. Initially, sta-
tion 8 lies just outside the plume on the left side
(Fig. 9b). Forty seconds into the experiment the
plume begins to move over station 8 causing the
concentration at this station to rise. After 60 s the
plume rotates away from station 8 (Fig. 9d) and
thereby completes the first concentration peak. The
plume remains on the east side of station 8 for 20 s
and then begins fo move back over the station
resulting in a second concentration rise (Fig. 9¢).
The second peak decays as the back end of the
vapor cloud moves over the station and beyond the
test region (Fig. 9f). This behavior is also observed
at station 3. The rotational motion of the plume
resulting from changes in the mean wind direction
appears to provide the correct explanation for the
observed double peaks in the concentration. The
simulation does produce, however, an enlarged first
peak at station 8 in comparison to the experimental
data.

The maximum extent of the lower flammability
limit (LFL = 33 g/m3) occurs at about 110 s into
the experiment. The simulation predicts a maximum
distance to the LFL of about 320 m; however, with
no experimental data at this distance, this predic-
tion remains unverified.

This test was done specifically at night so that
the CGC LIDAR, which was sensitive to the solar
background, could be used. The trajectory of the
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.FIG. 13. Avocet-2 concentration vs time at station 4. (a) Methane concentration from IR4-MC (dots), grab
samples (@), and ATMAS calculation (——). (b) Ethane concentration. (c) Propane concentration.
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FIG. 14. Avocet-2 concentration vs time at sta-
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FIG. 15. Avocet-2 concentration vs time at sta-
tion 8 from MSA (dots), grab samples (®), and
ATMAS calculation.

laser beam through the plume, with the range gates
marked, is shown in Fig. 16. The average concentra-
tions measured over 120 s in each range gate are
given in Table 4, and the concentration data for
each range gate as a function of time, with the fog
interference shown, is given in Figs. 17a and 17b.
The measurements are averages over the length of
the 9-m range gate and over 1s.

The LIDAR was not able to penetrate the fog
associated with the higher gas concentrations. Mul-
tiple scattering of the laser light by the water and ice
particles caused time delays that effectively put the
Raman return from these photons into more distant

-range gates. This skewed the average concentrations

shown in Table 4 toward range gates 7 and 8.

In addition to the fog problem, the laser beam
crossed the pond approximately 2.1 m above the
water level, making a direct comparison with either
the in situ sensor data or the ATMAS calculations
difficult. Using the vertical dispersion coefficients
given earlier in this report it is possible to apply
correction factors to approximately account for the
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FIG. 16. 120-s average plume concentration con-

tours for Avocet-2 with LIDAR range gates. The con-
tours correspond to concentrations of 0.602, 6.02,
30.1, 90.2. and 181 g/m".

increased height of the LIDAR measurement. The
results of this correction are shown in Table 4.
Range gates 1 and 2 should have no gas present ac-
cording to the calculation but the data show con-
centrations of the order of 1%. Local eddies on the

spill pond, non-Gaussian behavior of the gas cloud,

close to the spill point, or an undefined systematic
error of 0-1% in the LIDAR measurement are all

possible contributors to the discrepancy. The

calculation shows some gas in range gate 3 but not
as much as the LIDAR measures. Range gates 4
and 5 lie in the middle of the calculated plume and
show very good agreement between measurement
and calculation. The agreement is good for range
gate 6, but fog is starting to interfere with the
LIDAR measurements. The measurements in range
gates 7 and 8 are totally unreliable due to the addi-

TABLE 4. Average methane concentrations over 120 s
from the LIDAR measurement and ATMAS calculation.

120-s average
concentration (%)

Range Fog
gate (Measured) (Calculated) interference
1 1.03 0 none
2 145 0 none
3 1.74 0.3 none
4 1.75 23 none
5 341 45 slight
6 3.85 34 more
7 5.11 1.2 extensive
8 7.41 0.3 extensive

tion of counts from multiple scattering in other
range gates. If all of the qualifications are taken into
account, the agreement between the calculation and
the LIDAR data is remarkably good.

'AVOCET-3

For this experiment and for Avocet-4,
anemometer station 9 was moved out onto the spill
pond next to station 2, 15.2 m from the spill point,
so that a better determination of the wind field on
the spill pond itself could be obtained. Station 4 was
moved 7.0 m NE away from the pond edge to.-a
position 40.5 m away from the spill point.

As with Avocet-2, the gas cloud was blown
toward the east of the sensor array center. The
calculated plume at 50s is shown in Fig. 18.
Generally, good agreement is shown between the
ATMAS calculations and the experimental data for
stations 1, 2, 4, 6, and 8. The arrival time is well
predicted by the model and coincides with the major
structure of the data. The gas plume essentially
missed stations 3, 5, and 7, whose gas sensors and
grab samplers indicated that no gas was present.

Wind speeds were higher for this experiment
than for any of the Avocet series. Table 5 shows the
mean and standard deviations in speed and direc-
tion for this case. The wind speed varied from a
maximum of 12.7 m/s to a minimum of 4.8 m/s,
shifting from 245° to 218° relative to magnetic
north at the different stations. _

The experimental data and calculation for sta-

tion 1 are shown in Fig. 19 and it is quite apparent
that the agreement is excellent. The grab sample
results also agree well with the Shell gas-sensor out-
put. Figure 20 shows the results at station 2. The
grab sample and Shell gas sensor data agree, but the
calculation is approximately 50% less than the ex-
periment. At station 4, shown in Fig. 21a, the
calculation generally agrees well with the Anarad
and grab samplc data for methane, though the dala
show a substantially higher peak at 40 s. Figure 21b
shows the ethane data from this station. The
propane channel on this instrument failed to work
on this experiment. Very little evidence of differen-
tial boiloff was observed on this experiment,
probably because of mixing caused by the very high
winds. The agreement between calculation and data
is also very good at station 6, as can be seen in
Fig. 22a. Data from the 2.4-m level at station 6 are
shown in Fig. 22b.
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FIG. 18. Concentration isopleths of Avocet-3 plume
at 50-s. The contours correspond to concentrations of
0.654, 6.54, 32.7, 98.0, 196 g/m>.

The observation that the calculated concentra-
tions tend to be somewhat lower than the measured
concentrations might suggest an adjustment to the
dispersion coefficient; however, the two-level
measurement of concentration at station 6 indicates
essentially the same value for the vertical dispersion

coefficient as used for Avocet-1 and Avocet-2. A :

distinct difference between this experiment and the
other three is the persistently higher wind speed and
relatively constant wind direction; however, no ap-
parent difference in cloud height is noted.

Data and calculation for station 8 are shown in
Fig. 23. The peak at 40 s is well reproduced by the
calculation whereas the later peaks are not. The
MSA sensor proved to be sensitive to the high wind
velocities (up to 14 m/s) that occurred during this
experiment. That sensitivity is shown in Fig. 24. No
gas was present at this station during the experi-
ment, as confirmed by the grab samples, so all of the
signal is due to wind. Wind probably also accounts
for most of the signal seen in Fig. 23 after 80 s;
however, grab sample results do show the presence
of some gas. One must remember that there is a 5-s
delay between the grab sampler results and the

MSA output when comparing these two. The
calculated maximum extent of the lower flam-
mability limit is about 120 m from the spill point at
about 50 s after the spill valve is opened.

AVOCET-4

This experiment showed evidence of behavior
not observed in the previous three experiments. Ini-
tial attempts to do ATMAS calculations of this ex-
periment showed significant disagreement with the
experimental data. Examination of the film of the
experiment and anemometer data taken on the spill
pond showed that the wind speed on the pond
dropped steadily to zero during the first 90 s of the
spill, in addition to changing direction significantly.
As the wind speed approached zero, the LNG vapor
cloud spread farther over the water surface than had
been observed in the other experiments. This may
indicate an increase in LNG pool size but since no
actual measurements of pool size or boil-off rate
were made, it is not possible to determine directly
what the vapor source parameters should be. For
this calculation, an expanding pool was modeled
crudely by turning on and off sources with suc-
cessively larger areas as a function of time. The pool
radius increased to a maximum of 15 m in an at-
tempt to approximate the observed extent of the
pool spread. The rate per unit area remained cons-
tant such that the total vapor evolution rate in-
creased with time. The calculated plume at 10-s in-
tervals is shown in Figs. 25a through 250. As in
Avocet-1, the wind came more from the south-
southeast during the early part of the experiment,
shifting to the south-southwest at about 40 s.

The meteorological stations for this experiment
were at the same location as for Avocet-3. Table 6
gives the mean and standard deviations of the wind
speed and wind direction for these stations. The
maximum and minimum wind speeds encountered

-during the experiment were 5.3 m/s and 1.07 m/s

TABLE 5. Average and standard deviations in wind speed and direction for Avocet-3 for time interval 0 - 125 s.

Standard deviation

Standard deviation

Speed of speed Direction of direction
Station (m/s) (m/s) (deg) (deg)
9 792 1.35 2353 9.07
10 5.77 0.81 22123 9.44
11 10.61 1.54 2323 9.06

P-21



100 !

)]
o

Concentration — g/m3
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tion 1. Continuous data from SHELL1C (dots), grab
samples (®), and ATMAS calculation (——).

respectively. The wind direction, averaged for 10s,
varied from 150° to 208°, relative to magnetic north
at different stations.

Data from the Shell sensor and grab sampler at
station 1 and the ATMAS calculation are shown in
Fig. 26. The very high peak concentration measured
by the Shell sensor is verified by the grab sampler
and must be due to the change in wind direction,
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FIG. 20. Avocet-3 concentration vs time at sta-
tion 2 from SHELL2C (dots), grab samples (®), and
ATMAS calculation (——).

which occurred at about 30 s. The agreement be-
tween the data and the calculation is quite good,
though the calculation does not show the fall-off at
60 s, which is characteristic of the data. The com-
plicated source behavior is probably responsible for
this discrepancy.

The data and calculation for station 2 are
shown in Fig. 27. The calculation fails to reproduce
the first peak at 40-50s which was reproduced
fairly well at station 1 but, does very well with the
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FIG. 21. Avocet-3 concentration vs time at sta-
tion 4. (a) Methane concentration 1-m level from
IR4-MC (dots), grab samples (®), and ATMAS
calculation (——). (b) Ethane concentration from
IR4-EC.
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FIG. 22. Avocet-3 concentration vs time at sta-
tion 6. (a) 1-m level from TSI1A6C (dots), grab sam-
ples (®), and ATMAS calculation (——). (b) 2.4-m
level from TSI2ZA6C.

second peak at 90 s, which was not observed at sta-
tion 1. The peak at 90 s was probably due to the
dramatic drop in wind speed and shift in direction
that occurred at that time. The stations on the water
(1 and 2) were sensitive to changes in the vapor
source size and rate. In addition, it appears that the
source parameters were in turn sensitive to changes
in wind speed and direction. The grab sampler at
this station failed to operate properly.

Data from the TSI sensors and grab samplers
at station 3 at the 1- and 2.4-m levels are shown in
Figs. 28a and 28b, respectively. The ATMAS
calculation for the 1-m level is also shown in

©
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FIG. 23. Avocet-3 concentration vs time at station 8
from MSA (dots) and ATMAS calculation (——).

Fig. 28a and, as with station 2, missed the first
peak, but did reproduce a second major peak at
90 s. This second peak appeared more dramatically
at the 2.4-level, shown in Fig. 28b.

Data from the Anarad IR gas sensor at sta-
tion 4 for methane, ethane, and propane are shown
in Figs. 29a, 29b, and 29c, respectively. The grab
sample data are also plotted and show good agree-
ment with the gas sensor output. The ATMAS
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FIG. 24. Avocet-3 concentration vs time at station 7
from MSA. ATMAS showed zero concentration at
this station.
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FIG. 25. Concentration isopleths at various times for Avocet-4 plume. The contours correspond to concentra-
tions of 0.617, 6.17, 30.8, 92.5, and 185 g/m>.
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TABLE 6. Average and standard deviations in wind speed and direction for Avocet-4 for time interval 0 - 125 s.

Standard deviation Standard deyiation
Speed of speed Direction of direction
Station (m/s) (m/s) (deg) (deg)
9 2.83 0.72 187.2 14.6
10 191 0.84 1789 184
11 4.12 0.57 177.0 10.5
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FIG. 26. Avocet-4 concentration vs time at sta- 0 .L/ .
tion 1. Continuous data from SHELLI1C (dots), grab m
samples (®), and ATMAS calculation (——). 0 2 8b B e 1 60
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FIG. 27. Avocet-4 concentration vs time at sta-
ion 2 from SHELL2C (dots) and ATMAS calcula-

Jdon (——).

Time —s

FIG.28. Avocet-4 concentration vs time at sta-
tion 3. (a) 1-m level from TSI1A3C (dots), grab sam-
ples (®), and ATMAS calculation (——). (b) 2.4-m
level from TSI2A3C.
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FIG. 29. Avocet-4 concentration vs time at sta-
tion 4. (a) Methane concentration from IR4-MC
(dots), grab samples (®), and ATMAS calculation
(——). (b) Ethane concentration from IR4-EC.
(c) Propane concentration from IR4-PC.

calculation for methane is shown in Fig. 29a, and,
as at stations 2 and 3, does not reproduce the first
peak, which appears to be due to a wind shift on the
pond at about 30 s. The calculation does reproduce
the second peak, which arrived at this station at
about 110s.

The LLL-IR sensor worked well on this test
and produced the data shown in Fig. 30. Agreement
with the grab samplers was quite good, but as with
stations 2, 3, and 4, the ATMAS calculation failed
to reproduce the earlier peak. At this station, most
of the gas was contained in the earlier peak.

Data from the 1- and 2.4-m levels at station 6
are shown in Figs. 31a and 31b, respectively. The
agreement of the grab samplers with the TSI gas
sensors is quite good. ATMAS calculations pre-
dicted no gas at this station. It is thought that this
station was on Llie outer edge of the gas plume and
caught only puffs broken off by the atmospheric
turbulence, which could not be reproduced by the
calculation.

Data from station 7 and the ATMAS calcula-
tion are shown in Fig. 32 and again the first peak is
not reproduced. The grab sampler results agreed
well with the MSA sensor output. Both the gas sen-

Mor and the ATMAS calculation agreed that the gas

cloud missed station 8.

The maximum distance to the lower flam-
mability limit was calculated to be about 240 m
from the spill point for this test.
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FIG. 30. Avocet-4 concentration vs time at sta-
tion 5 from LLL-IR sensor (dots), grab samples (®),
and ATMAS calculation (——).
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FIG. 31. Avocet-4 concentration vs time at sta-
tion 6. (a) 1-m level from TSI1A6C. ATMAS
calculated zero. (b) 2.4-m level from TSI2A6C.
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FIG. 32. Avocet-4 concentration vs time at station 7
from MSA7C (dots), grab samples (®), and ATMAS
calculation (——).

CONCLUSIONS

These experiments were intended primarily for
the evaluation of gas sensors and were used suc-
cessfully for this purpose. In addition, the data has
been used to try to learn more about the dispersion
process and what measurements will be necessary to
understand dispersion from larger spills. These ex-
periments have shown clearly the need for a large
array of instruments to measure both the gas con-
centration and the wind field. Therefore, we are
building just such an array for the 1980 40-m? spill
experiments,

In attempting to compare the data to detailed
predictive models and wind tunnel results, ' we
found difficulty because these techniques do not ac-
count for the changes in wind velocity and direction
which lead to plume meander. When substantial
plume meander does occur during an experiment, as
it did in three out of four of the experiments report-
ed here, it becomes necessary to use a transport
code that includes wind field variations.

Our first attempt shows prori_lise in that, in
general, the ATMAS predictions conformed to the
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concentration data. We believe that this agreement
is due mainly to the ability of the code to recreate
the time and spatial variations in the wind field. To
improve our predictive ability, it will be necessary to
include the effects due to the large density difference
between the cold gas cloud and the air and the ef-
fects due to terrain features such as the hill at the
China Lake site.

The very sparse array of gas sensors used for
the Avocet series tests did not allow the generation
of experimental concentration contours but re-
quired point by point comparisons at specific sta-
tions. Steep gradients in the vicinity of some of the
measurement stations may have exaggerated-the dif-
ferences between calculation and experiment. In ad-
dition, the few point sensors did not allow the deter-
mination of the mass flux of gas at various down
wind locations nur did they allow for an adequate
measure of the horizontal or vertical dispersion
rate.
~ Estimates of the dispersion coefficients were
obtained by comparison with data from stations at
the edge of the plume. The horizontal dispersion
coefficient was increased until gas just reached these
stations at the plume edge. Using this approach, the

horizontal dispersion coefficient was found to
correspond to stable atmospheric conditions as

~ defined by the Pasquill-Gifford dispersion

categories. The vertical dispersion coefficient was
determined from gas concentration data take at two
heights at stations 3 and 6 and was also found to
correspond to stable conditions. It is important to
note that the vertical dispersion coefficient was
found to be nearly the same in all four experiments
even though the wind speed differed considerably.

Observations, particularly on Avocet-4, show
that wind speed variations have a significant effect
on the source parameters. During the fourth experi-
ment, wheu the wind speed dropped to zero, the
area of the pond covered by vapor increased
dramatically. During the third experiment, when
the wind speed was high, vnly a small area of the
pond was covered by vapor. These observations in-
dicate that a good description of the vapor source as
a function of time will be necessary in order to
reproduce the down-wind behavior of the vapor
plume. This will require better measurements of lig-
uid spread and boil-off rate and an improved com-
puter model.
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PREFACE -

‘

The development of this experimental plan has been a cooperative
- effort and includes the contributions of many people both inside
and outside of LLL. It evolved through a series of group discus-
sions within the LLL LGF Program and was supplemented by input
from C. D. Lind on the China Lake facility, J. M. Conley on the:
JPL infrared sensor, and W. G1nsberg on the EG&G infrared imaging
overfl1ghts.
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SUMMARY

An experimental team from the. Lawrence Livermore Laboratory (LLL)
will soon begin a series of liquefied natural gas (LNG) experiments
at the Naval Weapons Center (NWC), China Lake, California. These
experiments will involve spilling 40m3 of LNG onto a pond and meas-
uring the characteristics of the gas plume as it disperses downwind.
A large array of instruments has been developed to make measurements
of gas concentration, temperature, humidity, wind velocity, and heat
balance and to telemeter the data back to a data recording trailer.
Experiments will be performed for various wind speeds and various
spill rates over a five-month period.



INTRODUCTTON

In May of 1980 a Lawrence Livermore Laboratory (LLL) experimental
team will begin a series of dispersion experiments at the Naval
Weapnns Centar (NWC) liquetied gascous fuels spill facility dl

China Lake, California. These experiments, along with an earlier
series on pool fires and a later series on vapor burns, are a joint
effort between LLL and NWC personnel. The LLL team assumes leader--
ship for the vapor generation and dispersion experiments and the -
NWC team for the pool fires and vapor burn experiments. This re-
port contains the LLL plan for the vapor generation and dispersion
experiments.

These experiments are part of a larger Department of Energy (DOE)
program to assess safety problems associated with liquefied gaseous
fuels, beginning with ]1quef1ed natural gas (LNG). The field pro-
gram consists of a series of spill experiments, starting at 40-m3
and increasing as necessary to satisfy the program goals. The hall-
mark of the program is the close coupling between the experimental
work and the computer and physical modeling. To insure close coup-
ling occurs, it is necessary to intensively instrument the experi-
ments so that sufficient quantitative data are gathered to gain an
understanding of the relative importance of the various physical.
phenomena occurring and to make detailed comparisons with computer
and wind tunnel models. The results of this combined experimental
and analytical approach are computer models that contain the physics
important to LNG dispersion and that have been verified by detailed
comparison with experiments over a range of spill sizes. Some of
the experiments discussed here are designed to provide answers direc-
tly, and some provide answers only when coupled with computer model
calculations.

We current]y believe that 40-m3 spill experiments represent a mini-
mum size at which the dispersing LNG vapor cloud is expected to have
an influence on the atmospheric boundary layer resembling that of a
large spill. The experiments are designed to investigate this effect
by measuring those quantities that either indicate the amount of dis-
persion occurring as a function of time and distance or those that
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indicate the physical phenomena influencing the dispersion. More
specifically, a major goal of the experimental program is to meas-
ure gas concentrations downwind of the spill point, which is done
for a series of wind speeds and stability conditions, spill sizes,
and spil] rates. This requires a detailed knowledge of the wind
field in which the vapor is dispersing. Measurement of gas concen-
trations close to the spill point will be used to characterize the
vapor source early in the experimental series. Later, direct meas-
urements on the pool itself will be made.

Concentration fluctuations will be examined as a function of down-
wind distance and atmospheric conditions. The significance of
these fluctuations on the flamability of the cloud will be ad-
dressed. Our earlier .work at China Lake indicates that the high
density of the cold cloud may inhibit vertical mixing, which is

an important effect that will be investigated further. The over-
all energy balance of the cloud also affects its dispersal. Meas-
urement. of heat flux, temperature, and water content will be used
to determine this energy balance. Our earlier work has also deter-
-mined that the last vapor to boiloff is significantly enriched in
heavy hydrocarbons, and the upcoming experiments will determine the
persistence of this enriched region downwind.

DATA REQUIREMENTS
GAS CONCENTRATION

Gas concentration measurements constitute the backbone of the ex-

- perimental program. They are needed to determine the characteris-
tics of the dispersing cloud for comparison with model calculations.
The measurements must be extensive, so that three-dimensional con-
centration contours may be reconstructed from the data. This does

not require fast instrument response. Current plans call for 25

.of the 30 stations to make measurements that are averaged over 1

to 5 seconds and used for plume definition. To determine the effect of
turbulence induced mixing and to examine concentration fluctua- :
tions near the flammability limit, fast response (5-10 samples/
-second) measurements will be made at five of the 30 stations.

The need to be able to reconstruct the gas cloud requires an exten-
sive array of gas sensors. The sensor array will be laid out in

such a manner that the entire mass of gas passing through each ra-
dial arc of sensors can be determined as a function of time. Fig-
ure 1 shows the initial instrument. array for these tests with cal-
culated plume contours superimposed upon it for a 30 m3 per minute
spill. (The two furthest upwind anemometer stat1ons at 600 meters
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FIG. 1. Far field dispersion array for 40-m3 sbﬂ’l tests at China Lake.
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and 800 meters are not shown in this figure.) To measure the verti-
cal dimension of the dispersing LNG plume, each station will have
gas sensors at three vertical locations, up to a maximum height of
10 meters. Figure 2 shows the vertical dimension of the instrument
~array with calculated concentration profiles for a 30 m3 per m1nute
spill superimposed.

As the LNG evaporates, the remaining liquid becomes increasingly
rich in the higher boiling temperature, heavier hydrocarbons.
These boiloff after the methane and produce an enriched region of
the vapor cloud. To track this enriched region downwind, gas sen-
sors capable of distinguishing between methane, ethane, and pro-
pane will be used. It should not be necessary for all of the gas
sensors to be capable of separating the hydrocarbon species. Cur-
rent plans call for only some of the instruments 1n each arc to
have this capab111ty.

TEMPERATURE AND HEAT FLUX

Temperature measurements will be needed for mode]/data compar1sons,
since some,code calculations are doné in terms of mass fraction and
the exper1menta1 measurements in terms of -volume fraction. The tem-
perature measurements will also help us to understand the heating

of the cloud as it disperses downwind. It is -important that all
heat transfer into and out- of the cloud be understood, since it will
contribute to the dispersion and the lower flamability 1imit (LFL)
distance by changing the buoyancy. Temperature also serves as an
indicator of the presence of the cold gas. If adiabatic mixing of
the cold gas with the air and the condensation and freezing of the
water vapor in the air were the only sources ofsheat input into the
vapor cloud, then temperature could be related.'directly to the gas
concentration. At present, it appears that this cannot be done.

It may, however, still be possible to use temperature measurements
to interpolate rough]y between concentration measurements to better
define. the .vertical concentration profile. :

POOL SPREAD AND VAPOR GENERATION RATE

Measurements of maximum pool size have been made for spill volumes
up to 10 m3. Measurements of vaporization rate as a function of -
time. have not been made for other than laboratory scale experiments.
It is' important, for realistic model predictions, that the time-
dependent behavior of the vapor source be known. (This includes
both pool radius and vaporization rate.) Ice formation may change
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the vapor generation rate with time or may simply change the effec-
tive pool area. Pool spread and vaporization rate are strongly de-
pendent on spill rate and spill volume. Other important parameters
are spill velocity and configuration, temperature, surface rough-
ness of the spill pond, the composition of the LNG, and possibly
wind velocity.

~ As soon as manpower becomes available, a program for measuring pool
spread and vapor generation will be established. This will include
the development of instruments for measuring LNG in the presence of
dense clouds of LNG vapor and water droplets, both as a function of
time and over an irreqular area.

Vapor explosions are a means of generating a large vapor cloud in
a very short time, and their study properly falls within this area.
Only a very small effort, if any, will go into studying these at
China Lake in FY-80. If they occur frequently, an effort will be
made to determine how much energy is involved and how effect1ve1y
the LNG is vaporized.

WIND FIELD

Wind provides the principal driving force for the dispersion of the
gas. For small scale spill experiments the gas cloud is rapidly
torn apart by atmospheric turbulence. For large scale experiments
we expect the cold gas cloud to modify the atmospheric turbulence
~and to stay together in a more contiguous mass as it entrains air
at its boundary and drifts downwind. There is some evidence that
even for 5-m3 sp1lls the presence of the cold cloud may effect the
atmospheric mixing, at least in the vertical direction.

Normal wind field fluctuations plus those induced by the complex
terrain at the China Lake Site can be partially compensated for by
carefully mapping the wind field in which the gas cloud disperses.
This kind of information is necessary for comparing dispersion data -
with computer model calculations that do not include terrain fea-
tures and variations in wind direction. To obtain this information
it will be necessary to cover the area in which the gas cloud disper-
ses with an array of approximately evenly spaced anemometers.

. In addition to measurements of the wind field, it will be necessary
to measure the rapid fluctuations associated with turbulence at a
number of points within the dispersing cloud. The purpose of these
measurements will be to characterize the normal atmospheric turbu-
lence before the test, determine the effect of the cold gas cloud
on this turbulence, and characterize the tyrbulence 1nduced mixing
of the gas with the air as the cloud passes.
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Dispersion data for steady, low wind speeds and severe inversion
conditions, where some dispersion codes predict the LFL distance

to be the longest, do not exist. Wind tunnel tests also indicate
that a steady 2-m/s wind may produce the maximum dispersion dis-
tance condition but have trouble at such a low wind speed. Our
ability to take such data at China Lake is limited by safety re-
quirements for the operation of the facility and by the infrequent
occurrence of such conditions. . -

1IUMIDITY

Condensation of water vapor in the air can provide a significant
source of heat:for the cold gas cloud. The amount of heat that

can be transferred in this way depends on the amount -of water va-
por in the air. At the China Lake site the amount of water vapor
in the air downwind of the spill pond may be significantly larger
than upwind due to evaporation from the pond in the hot, dry des-
ert conditions. There is also an indication that the spill pro-
cess itself may add a significant amount of water to the gas plume.
Comparison of data from last year's tests at China Lake with adia-
batic mixing model calculations indicates a discrepancy that may

be due to this added water vapor or some other source of heat in--
put into the cloud. Since the ultimate dispersion distance is
going to depend strongly on the amount of heat input, a serious
attempt will be made to determine the source of the additional heat.
This will involve temperature, heat flux, and radiometric measure-
ments as well as humidity measurements within the dispersing gas
cloud. ' '

OPERATIONS

In addition to the dispersion and vapor generation data needs dis-
cussed in this report, there will be operational data requirements.
The NWC team, as operators of the spill facility, will record the
data concerned with the operation, such as spill volume, spill dur-
ation, LNG composition, and meteorological tower data. We will also
rely on NWC to provide photographic coverage of the experiments simi-
lar to that provided last year. Since these tests are substantially
larger than those done last year, however, some provision should be
made to photograph further downwind so that a complete record of the
dispersion of the visible cloud will be obtained. :



INSTRUMENTS AND STATION REQUIREMENTS
GAS SENSORS '

The requirements discussed in this section are based largely on our
experience at China Lake last year. Most of the instruments con-
sidered were used in the field, and our ranking of the ‘instrument
strong]y reflects the field experience. For the instruments not
used in the field, the rankings are based on estimates obtained
from comparison w1th similar instruments and from. 1aboratory tests.
A summary of the gas sensors we evaluated is given in Table 1.

Considering that the array of instruments will look like that shown
in Figure 1, that the stations will look like those shown in Figure
3, and that some of the stations will have to be moved before each
test to accommodate different experimental goals and shifts in the
mean wind direction, we decided that the instruments and the sta-
tions should be portable and lightweight. In addition, since there
will be 50 or more stations involved in the tests, it will be neces-
sary that each instrument be easily calibrated or that the ‘calibra-
tion be easily checked remotely and that the instrument be stable
over periods of many days or weeks. The instruments must require
only a minimum of maintenance. : :

Since the instrument stations may each be thousands of meters from

- the data acquisition trailer and from a source of power, we deter-

mined that power and data cables would be more costly than batter-

ies and rf telemetry. The need for mobility also makes cables im- .

practical. Battery- -powered systems then become necessary, and they
require that the instruments have low power consumption. This eli-
minates systems without miniaturized, low power, solid-state elec-

tronics (CMOS) and systems that depend on power-consuming pumps.

To keep the data rate within the range easily handled by rf teleme-
try and the computers, it may be necessary to do real .time data pro-
cessing within the stations or the sensors themselves. to compress
the data before shipping it back to the data acquisition trailer.

The nature of the dispersing cloud also adds requirements for the
instruments. The cold cloud produced by the vaporizing LNG conden-
ses essentially all of the atmospheric water vapor close to the:
spill pond. The instruments must be able to function within this:
very dense fog and must not be adversely affected by the cold gas
associated with it. The fog causes problems for optical instru-
ments- and for instruments based on the thermodynamic or chemical
properties of the gas. It appears that there are methods of dealing
with these problems, more or less successfully, for most of the in-
struments- eva]uated.
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TABLE 1. Gas sensor capabilities.

Sensor .Poﬁtability Stability Power Reﬁponée Maintenance Senarate : .Eggﬁeggzt;e Costd
: ' ' Consumption Time (sec) HC species sensitivity
TSI PoorC Geod HighC <0.1 Low - -No High ~ Med
MSA2 Gocd: . Gcod - Low 5l Low No Low Low
Shéll Poor :_ ~ Peor Hich 0.7 High No - Low ' (Med?)
ANARAD - IR Poor 0K Hich 2-3 Low Yes High B High
LLL-IR Good Good Low 0.2 Léw Yes Low High
(Bingham)
ISTP Good -/ oK Low 2-9 Low Mo Low - Low
LIDAR Good . Good Higl.h AR ? O Yes High - High
MIT-LASER .  Good ? _ low <0.1 High “No Low High
(Dewey) ‘ , .
JPL-LASER Poor ? High _ <0.1 H{gh No ~ Low High
JPL-IR Good ‘ ? | Low 0.1 Low Yes High High
Thermocouple Good R Good Low 0.1 : Low ‘Qo Low Léw
- Grab sample Poor Gocd High 0.6-10 High res o Low Med

2 For concentrations below 10% anly.

For concentrations below 25% cnly.
C Miniaturized low power electronics now available.
d Low <$1000 ' o

Mad <$5000

I >$5000
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The gas cloud has associated with it significant concentration
fluctuations due to turbulence. These fluctuations can occur

over times as short as 0.2 seconds. Since turbulence and its
effect on mixing and dispersing the gas is a major area of in-
terest in these experiments, fast response gas detectors will be
necessary at some stations. It will not, however, be necessary

to have fast detectors at all stations, since the principal pur-
pose of the array will be to determine the time-dependent concen-
tration contours of the gas cloud, with.a resolution of only 1 to
10 seconds necessary for comparison with computer model calcula-
tions. Current plans call far about five af the 30 gas sensor
stations shown in Figure 1 to be fast response stations with a
sampling frequency of 5-10 Hz. The remaining stations will either
use slower responding instruments or will average over several
measurements such that their measurement frequency will be effec-
tively about 1 Hz or less.

Since methane vapor enriched in heavier hydrocarbons is considera-
bly more explosive than methane alone, it will be one of our exper-
imental goals next year to follow the enriched portion of the cloud
produced by the differential boiloff of these heavier hydrocarbons
downwind to see how rapidly it disperses. To do this we must have
hydrocarbon sensors capable of distinguishing methane from ethane
and propane. It will not be necessary for all of the gas sensors
to have this capability on every test, but it may be necessary to
run several tests under similar conditions with the multiple species
sensors clustered in different regions of the cloud for the differ-
ent tests. Alternatively, it may be desirable to have one multiple
species sensor at each station to track the enriched region of the
cloud. The vertical profile would then have to be determined on a
separate series of tests. The instrument stations are being designed
so that such changes can be made easily in the field.

We currently believe that it is not necessary to distinguish between
ethane and propane, but that it will be sufficient to simply measure
the sum of the two species. This is due primarily to the fact that
they both have a very similar effect on the detonability of the gas
mixture. Last year's measurements at China Lake also showed that
the two species evaporate at about the same time and show the same
concentration fluctuations with time, immediately downwind of the
spill pond. For future work with other liquefied fuels, however,
separation of ethane and propane as well as the detection of other
species will be desirable. Consequently, the multiple hydrocarbon
detector is being designed to be highly adaptable.
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We currently believe that the LLL-IR, JPL-IR, and the IST (Inter-
national Sensor Technology) gas®sensing instruments will provide
the best combination of measurement capabilities over the whole
array. The MIT laser-based device appears to be particularly well
suited for deep-fog, fast-time response measurements but has not
been available for evaluation. Therefore, it will not be consid-
ered for this test series. LIDAR looks promising for measurements
outside of the fog and would be:ivery useful for the far-field dis-
persion experiments. The cost figures shown in the last column of
Table I are based either on the known cost of commercially availa-
ble hardware or estimates of the cost of manufacturing ten or more
of the developmental sensors. Low cost instruments are defined to
be those costing less than $1000, medium between $1000 and $5000,
and high are those costing more; than $5000 per instrument. Since
the Shell sensor is not a commercially available instrument, its
cost is uncertain; but based on our experience with other instru-
ments, it appears to fall into the medium cost category. The cost
of the JPL-IR instrument is not known at this time, but it is likely
to fall into the high cost category.

In addition to in situ measurements.of gas concentration, an attempt
will be made to image the cloud from above and from the side using
infrared imaging or scanning systems. The ground-based work will-be.
performed by NWC personnel and the overflights by EG& , Las Vegas.
Both efforts will involve the use of optical filters centered on a
strong methane absorption band in the infrared to inhance the imaging

systems capability to detect methane. If this can be done efficiently

it should be possible to see the cloud in the infrared substantially
farther down wind than it would be visible to the eye. This would

. be of great help in trying to reconstruct the cloud, after the exper-
iments, for comparison with models.

TEMPERATURE AND HEAT FLUX

Temperature measurements will be made at each gas sensor or huhidity

sensor location using thermocouples. The time reponse of the thermo- |

couple will be matched to that of the other instrument and sampled
at the same‘rate. In addition, temperature measurements may be made
vertically between gas sensors.to help establish the vertical concen-
tration profile. Heat balance measurements will be made at several
locations within the dispersing gas cloud using radiometers. These
radiometers will measure both the incident solar radiation and re-
emitted radiation from the .ground. Heat flux plates, just under the
soil jurface, will be used to determine the total heat flux from the
ground.

Q-13



- POOL SPREAD AND VAPOR GENERATION RATE

“Initially this will be determined indirectly from the concentration
measurements designed for source definition and near field disper-
sion. In addition, NWC may provide thermocouple measurements in
the spill pond or other source definition measurements. Later in
the test series, we plan to field some instrumentation designed
specifically to measure pool spread and vaporization rate. Imaging
and acoustic techniques will be considered for the determination of
the pool size as a function of time. Instrumentation and techniques
for measuring either pool spread or vaporization rate have not yet
been investigated.

WIND

The array of wind measurement stations planned for a typical. spill
test is shown in Figure 1. The 15 station downwind array is de-
signed to cover the area of gas cloud dispersal uniformly. There
will be an additional five upwind stations along the prevailing
wind direction (only three of which are shown in Figure 1). These
will be used in a predictive way to determine when the wind field
is such that the gas cloud is most likely to pass over the sensor
array. The output from the anemometers, except for the turbulence
stations, will be displayed in the control trailer in real time so
that decisions about when to spill the LNG can be made.

Out of the 26 wind stations, 20 are designed to do the wind field
mapping, and six will be fast-response turbulence stations. A
turbulence station is shown in Figure 3, and one of the anemometer
stations is shown in Figure 4. Five of these turbulence stations
will also have high speed gas sensors, thermocouples, and three-
axis, fast-response anemometers at three levels, making 5 to 10
measurements per second. The sixth will be immediately upwind of
the pond and have only fast response anemometers and thermocouples.
These stations will be used for the detailed characterization of the
turbulent mixing of .the gas and the air. The five downwind stations
will be located at different positions within the cloud depending on
the purpose of the experiment. They will generally be distributed
within the cloud, but may be clustered together for a special series
of turbulence correlation measurements, or placed across the cloud at
varying downwind distances to examine the effect of the ¢loud on the
wind profile. Good quality cup and vane anemometers will be used at
the wind field mapping stations and propeller bivane anemometers at
Ehe turbulence stations.
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HUMIDITY

Humidity measurements will be made upwind of the spill pond to ob-
tain the background humidity level and at several locations down-
wind of the pond to determine the environment into which the gas
cloud is dispersing. Measurements will be made during the spill
to determine if the spill process itself is adding water to the
cloud. These measurements will be made using a commercial device
whose resistance changes proportionately with water vapor content
in a heated sensor developed here to work in dense cryogenic foy.
It is necessary to warm the air to vaporize the water droplets and
ice particles produced by the cold LNG vapor cloud in order that a
true measurement of total water content be obtained.

DATA ACQUISITION SYSTEM REQUIREMENTS

As with the instrument and station requirements, the data system
requirements discussed here are based largely on our experience at
China Lake last year and the extrapolation of this experience to a
large array of stations. Many of the requirements are based on the
operational need to deal efficiently with a very large amount of
data from a large number of instruments dispersed over a large area.

The data acquisition hardware associated with each station is shown
in Figure 5. The stations are designed to store data in a local buf-
fer memory that will be emptied and transmitted to the data acquisi-
tion trailer when polled by the computer. There will be some ability
to compress or average data within the station and check or calibrate
detectors before tests. Fast detectors with multiple nonlinear out-
- puts, such as the LLL-IR or the JPL-IR detectors, should have their
own ability to linearize and average their signals if the data rates
to be transmitted are to be kept reasonable., Slow, single-output,
nonlinear detectors such as the IST will not need to be averaged.

The stations will accommodate both digitized and analog input, with
the analog input digitized before being stored. The communication
link between the trailer and the stations will be two-way so that the
stations can be turned on, checked out, and calibrated on command and
can send data back at a high rate when polled.

A schematic of the system in the data acquisition trailer is shown
in Figure 6. The system has been designed to be modular so that it
can expand to accommodate additional stations or additional special
function instrumentation. It is designed around a series of LSI-11
microcomputers. There will be a worker computer dedicated to the
six high frequency turbulence stations, one dedicated to the 23 re-

. maining low frequency gas concentrat1on stations, and one dedicated
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to the 20 anemometer stations. During the experiment, each com-
puter will accumulate data from its subsystem of instruments and
“store it on a disk. After the experiment, the data can be dis-
played, printed, checked, calibrated, compressed, and rearranged
before being written on tape for analysis with the LLL computers.
Since there will be such a large amount of data produced by these
experiments it is important that it be in a form that is conveni-
ent for the data analyst to use. : ,

The cont1nua1 display of the wind field, both upwind and downwind
of the spill pond, will allow us to more accurately predict when
the wind direction is such that the gas cloud will pass over the
instruments. Figure 7 shows a calculation of the gas cloud, aver-
aged over time, from a 30-m3/minute, 40-m3 LNG spill into the wind
field measured experimentally last year for Avocet 1 (LNG 18).

The shape of the cloud shows the wind shift that occurred during

the course of this test. We believe that by monitoring the upwind

anemometers before the test, we can avoid major wind shifts during
the test.

i
PROPOSED EXPERIMENTS

The experimental program will consist of several parts, or test ser-
ies, each with different objectives. .Each test series will involve
a number of experiments. The first two series, which involve mostly
dispersion, comprise a total of about 30. experiments, 20 of which
can be performed at China Lake. The actual number of tests may be
more or less than this depending on the weather conditions at the
spill test facility. Some ideas on turbulence and pool spread and
vaporization experiments, which might be performed later, are given:
in the last two sections.

Every effort will be made to get the anemometer and turbulence sta-
tions operational at least one week before the dispersion tests be-
gin so that wind field and turbulence characteristics in the experi-
mental area at China Lake can be studied. This will provide both
operational experience and base line wind field information prior

to the tests.

 FAR FIELD DISPERSION

Probably the most important series of experiments will attempt to de-
. termine gas concentration contours within the gas cloud under varying
spill rates, spill volumes, and wind and stability conditions. This
will be done measuring concentration at various radial locations down-
wind. The instrument array shown in Figure 1 is basically designed
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for this purpose. It will be important for these relatively small
spills to measure concentrations at distances further downwind*than
the LFL concentration because they will help better determine the
concentration gradient at the LFL and the significance of concen-
tration fluctuations in this region. Since the concentration gra-
dients in this region appear to be small, the comparison of-experi-
mental data, out to concentrations of about 2% with calculations
will exercise the codes over large distances and may be effectively
the same as comparing with LFL (5%) data from larger spills. This
is valid as long as the gas concentrations are high enough to still
have a significant effect on the atmosphere. Remote measurements .
using LIDAR would be very useful in this region of the cloud since
a large area must be covered and fog will not be present. '

Spill rate will be an important parameter in each of the test ser-
ies and, according to calculations, has a particularly significant
effect on concentration contours far downwind. Long spill tests,
which of necessity will involve low spill rates, will be necessary
so that data can be taken for a long enough period of time to make
statistically significant comparisons with the normal atmogphere.

We will need tests at spill rates of about 5, 15, and 30 m3/minute,
under varying weather conditions. Spills under very low wind condi-
tions (1-2 m/s) are necessary, but probably not possible at China
Lake. We will do tests under the lowest, steady wind conditions
possible, however, and anticipate these to be about 3-5 m/s. In ad-
dition, we would like to perform tests under the more readily avail-
able higher wind conditions of 6-8 m/s. This forms a matrix of 9
experiments, which is shown graphically in Figure 8. That part of
the matrix that can be performed at the NWC facility is shown un-
shaded. in the figure.

We believe that several tests will be necessary in each of the dif-
ferent wind speed categories because of differences in other varia-
bles, such as atmospheric stability and humidity, which might occur
during the tests. Some measure of repeatability would also be de-
sirable. Whether various stability conditions can be obtained at a
given wind speed and with the wind from only the prevailing south-
westerly direction is uncertain. . Stability is unlikely to be an in-
dependent variable, at least at the China Lake site.

SOURCE DEFINITION AND NEAR FIELD DISPERSION

Late in the 1980 test series, or in 1981, source definition exper-
iments will consist of direct measurements of LNG pool spread and
vaporization rate at the water surface. Because good techniques
for making these measurements have not yet been developed and be-
cause of the complex terrain features within 100 m of the spill
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point at China Lake, we will initially try to characterize the va-

por source by intensely instrumenting this area. This will allow

us to assess the effect of the terrain over the first 100 m and deter-
mine an effective source as well as estimate source parameters such

as boiloff rate, rate of vapor movement up the hill, and rate of air
entrainment for the gas emerging from this area. These estimates can
be made from the data only indirectly, through a series of computer
model calculations. Figure 9 is a diagram of what the instrument
array might look like for these experiments. It would be desirable

to make both near and far field dispersion measurements on the same
experiment. Consequently, the 10 gas sensor stations and three ane-
mometer stations not shown in Figure 9 will be left in the far field
configuration. This will allow some connection to be made between the
two series of experiments. These tests can be considered complementary
to the far field dispersion tests and as such should be performed for
a matrix of test conditions similar to that shown in Figure 8.

TURBULENT MIXING

During 1980, six stations will be making fast response measurements
that will be used to get information on turbulence. For the experi-
ments described in the preceding sections, these stations will prob-
ably be scattered throughout the cloud. Later in the experimental
series it may be desirable to make correlation studies of turbulence
and gas mixing at various specific locations within the dispersing
cloud. Since these measurements can probably not be done until
FY-81, more fast response stations can be added to the array, making
it possible to very densely instrument a small part of the cloud.
The dense array of instruments could then be moved to other parts

of the cloud in a series of experiments designed to investigate tur-
bulent mixing as a function of downwind distance. It may also be
desirable to arrange the fast response instruments in a row at a
series of radial positions on a series of experiments. This would
provide turbulence profiles through the cloud rather than simply
point measurements.

POOL SPREAD AND VAPOR GENERATION

Measurements of maximum pool radius have been made for spill volumes
up to 10 m3. Measurements of the time dependence of the pool radius
have not yet been made, nor have measurements of the time dependence
of the vaporization rate. Pool size and vaporization rate are deter-
mined largely by spill rate; consequently, it will be necessary to do
a series of experiments at different spill rates. Since these tests

Q-23



FIG. 9.

A

Gas sensor station
Anemometer station
Turbulence station

Source definition and near field diagram array.

Q-24



will involve instrumentation and techniques which may not yet be

- developed, specifics camot yet be given. However, if the instru-
mentation and techniques are ready, these tests could be performed
late in the 1980 series. Otherwise, they will be done in 1981.

LAND SPILLS"

A series of experiments similar to that outlined for spills on water
will also be performed for spills on land. These will occur after
‘the water spills, and we should be able to take advantage of know-
ledge gained there to truncate the experimental matrix. Techniques
will have been developed for making direct measurements of pool
spread and vaporization, thus eliminating the need to do the near
field dispersion and source definition experiments. The far field
dispersion experiments will be most important for the land spills
as well as the water spills and will probably require a similar
matrix of experiments (see Figure 8). This implies spills at var-
" ious rates into confined or unconfined areas under varying weather
conditions.

EXPERIMENTAL PLAN SUMMARY

A summary of the measurements to be made and the instruments to be
used, including their location, numbers, and performance character-
istics, is given in subsection I below. Subsection II summarizes
the experiments themselves including the test conditions, number of
tests, and measurements to be made on each test. . !

I. Measurements:

. A. Gas concentration:

Location:

o Three vertically (1, 3, 8 m)-at each of 30 stations at
" varying radii out to 800 m or more (3 x 30 = 90 gas sensors).

o Infrared imaging from above and from the side.
Time response:

e Fast, 5-10 samp]es/second at five turbulence stations
(3 x 5 = 15 fast sensors).

@ Slow or averaged to 1 second at 25 stations
(3 x 25 = 75 slow or averaged sensors).
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B.

Hydrocarbon species:

e Total Hydrocarbons - 15 IST stations (45 sensors),
four MSA stations (12 sensors).

e ‘Separated Hydrocarbons - -11 LLL- -IR stat1ons (33 sensorq),

(methane, ethane/propane)

(mn JPL-IR sensors will bevavailable in Ju1y).

Temperature:

Location:

e One thermocouple at each gas sensor and one betwen sensors
at some stations (109 tc' s).

e Two for net radiometer heat flux measurements and two for
surface heat flux measurements-at seven stations (4 x 7 = 28).

Time response:

e The nominal response time for the 10-mil thermocouples
being used is about 0.5 seconds in a 5 m/s wind.

@ Heat flux measurements will be s]ow{

C. Wind:

Location:

e Three anemometers vertically (1,3,8 m) at each of six
‘turbulence stations (.3 x 6 = 18 anomemeters).

o Une (2 m) at each of 20 anemometer stations
(20 anemometers)

Time response:

e Fast, propeller b1vance (three-component) at turbulence
' stat1ons. » .

e Slow, cup and vane (two-component) at anemometer stations.
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D. Humidity:

Location:
® One measurement at each of seven stations.
Time response:

o - Few seconds.

I1. Experiments

A. Far field dispersion:

Number of tests. 9-18 (6-12 at NWC in 1980).
Spill rate : 5, 15, 30 m3/min. - . \I
Spill volume 40 m3. |
Wind speed : 0-2, 3-5, 6-8 m/s.

Measurements ' Gas‘concentration, température,

wind, humidity.

i

B. Source definition and near field dispersion:

Number of tests 9 (6 at NWC in 1980)

Spill rate 5, 15, 30 m3

Spill Volume | 40 m3

Wind speed - . - 0-2, 3-5, 6-8, m/s

Méasuremeﬁts - Gas concentration, temperatu}e, ‘

wind, humidity.

C. Turbulent mixing:

o Six turbulence stations will make fast response measurements
on the 1980 NWC experiments listed in II-A and II-B.

e Measurements: Wind speed and direction
" ' -~ (three-component), gas con-
centration, and temperature
at six turbulence stations.
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D. Pool spread and vapor generation:

e Secondary determination, based on gas concentration
measurements from the source-definition and near field
dispersion experiments listed in II-B, will be made
initially.

¢ Primary measurements on the spill pond itself will be
made either late in the 1980 test series or in 1981.

E. Lland spills (1981):

o The test series will probably be similar to that
listed for A, far field dispersion tests.

SCHEDULE

The échedule for the 1980 experiments is given in fab]e 2. The
experiments are expected to begin in early May and continue
through September at China Lake.
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. TESTS
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SUMMARY

This report describes the modified LNG spill facility at the Naval
Weapons Center (NAVWPNCEN) China Lake, California and outlines the
proposed spill tests to be conducted at this facility.

INTRODUCTION

Since 1973 the NAVWPNCEN has been investigating the fire and explo-
sion hazards of liquified fuels.ls As part of ,this program a facility
was constructed capable of spilling up to 5.7 m~ of liquified fuels on a
water test basin and studying the combustion or dispersion of the vapor
produced. ‘Using this facility spills of liquified natural gas (LNG),
liquified petroleum:fas (LPG), and gasoline and liquid nitrogen (LN )
have been performed.

Additional spill tests involving much larger quantities are needed
in order to defintely quantify the hazards associated with massive
spills, as could occur during marine transport. The extrapolation of
hazards.from a 5.7 m3 spill up to that resulting from a 25,000 m3 spill
(one compartment of a LNG carrier) cannot be accomplished with confi-
dence; hepce larger controlled spills are required. -Ultimately spills
of 1000 m” will be required to verify scaling laws. derived form small
scale experlments. Prior to this, however, intertiediate size spills"
(40-100 m~ ) are needed to help verify the scaling laws and provide
design and safety criteria for a 1000 m> facility.

The original 5.7 m3 facility is now being expanded so that it will
be capable of safely handling up to 40 m~ of LNG. This:-current expan-
sion consists of: the minor enlargement of the existing water test
basin to a larger, more circular basin; the installation of an addis
tional cryogenic liquid storage tank capable of spilling up to 40 m” of
LNG; appropriate cryogenic piping and valving to deliver the LNG to
either the enlarged test basin or to a newly constructed diked dry test.
basin; and associated remote spill control and monitoring systems. Site
expansion is expected to be completed by April 1980.

FACILITY DESCRIPTION

Figure l is a site plan showing the,layout of" the expanded facility
as it will be upon completion. ghe 40 m~ tank is located approximately
.30 m south of the original 5.7 m” tank.

The 40 m3 spill tank is. a vacuum jacketed tank,10.7 m long by
3.5 m in diameter with a total water volume-of 52 m™; its design opera-
ting pressure is 2.4 bars. The liquid fuel exits the tank by means of
a 20 cm diameter vertical stainless steel diptube upon pressurization of
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the tank with gaseous nitrogen (GN,). A_25 cm diameter, insulated stain-
less steel spill line runs from theé 40 m™ stank to a junction north of

the 5.7 m3 tank. A 25 cm diameter line continues from this point to the
center of the water-test basin while a 15 cm diameter, insulated, stain-
less steel spill line extends from this point to the edge of the 15 m x
15 m x 0.15 m dry pond. Switchover from spills on the water test basin
to the dry pond will be accomplished by use of spectacle blinds at the
piping junction point. In this way it will then be possible to spill
from either the 40 m3 tank or the 5.7 m3 tank on either the water test
basin or the .dry pond.

Large heat shield structures are used to provide thermal protection
for both spill tanks while a smaller heat shield protects the cool-down
and spill valves. The heat shields protecting the 40 m3 tank also
provides protection for the GN2 supply trailer.

The tank is loaded from a loading point 15 m from the tank through
a.10 cm diameter insulated stainless steel loading line. During loading
the tank is vented by means of a 20 cm diameter vent line and 18 m high
vent stack.

Pressurization of the tank prior to a spill is achieved through
three stages of pressure reduction from approximately 138 bars at the
GN,, trailer down to the operating pressure of the tank, 2.4 bars. " This
pressurlzatlon is remotely controlled and monitored from the control
van. : .

The control van is located 250 m northwest of the tank and also
contains controls for the remote; operation of the vent system and the
¢ool-down and spill valves. In addition, remote monitoring of the tank
liquid level, tank and spill line temperatures, ténk internal pressure,
nitrogen supply pressure and liquid flow rate is performed at the
control van. Communication between the van and tank sites is by means
of talk-back speakers.

A new‘instrumentation vault is located approximately 75 m northwest
of the water test basin spill point. Underground instrumentation lines
and coaxial cables run from this vault to the control van. Field em-
placed instrumentation can then be connected: to this vault with only a
minimum of overground instrumentation 11ne.

The water test basin has been enlarged from its previous 51 m x
51 m to a more circular shape with an average diameter of 58 m. The
average depth remains at approximately 1 m. The slopes of all but the
south bank have also been reduced to provide less turbulent wind flow
over the water test basin. : :

?

Figures 2 through 5 are representative photographs taken during the



early stages of the site modification. - Figure 2, taken from the north-
west bank of the water test basin, shows the original 5.7 m3 facility
but without the original heat shield. Figure 3 shows the 40 m3 vacuum
jacketed spill tank being loaded for movement to the spill site. Figure
4 shows the heat shields being constructed at the cool-down and spill
valves; the original 5.7 m3 tank and the 40 m3 tank. Figure 5 shows the
- water test basin drained prior to final enlargement; the spill line
supports in place and the heat shield structures essentially complete.

DATA ACQUISITION SYSTEM

The system consistn of two 126 channel multiplexers (EON Instru-

- mentation, Inc., Model PCM-212-128 Encoder) a high speed analog tape

recorder (Ampex Model FR 1200) and a telemetry processor (EMR Telemetry
Model 708). Analog signals either + 50 mv or + -5 v are inputted to the
multiplexers in the field. The multiplexers scan each input at a
selectable rate of up to every 4 ms-and perform an analog to digital
conversion to produce 12 bit words. The data . in the form of a digital
stream is sent to the control room on a single coaxial cable where it is
input to both the processor and the recorder. The processor decodes the
input and displays any 32 signals on a CRT. The type of display and
mathematical conversions are operator controllable. The procéssor has a
hard copy output. to preserve CRT display and 16 digital to analog con-
yerters for connection to strip chart recorders. The analog tape record
can be replayed through the processor to obtain different channel output
or display or can be computer processed to obtain more conventional
formatted computer tape for computer processing. :

OPERATIONAL PROCEDURE

In general the operational procedure for the 40 m3 facility will be
similar to that of the 5.7 m3'facility. The tank is loaded from an -
over-the~road trailer and a sample is taken for later analysis. At this
point all personnel are cleared from the spill site and subsequent steps
are performed remotely. The remote vent valve is closed; the three
stages of pressure regulation are set and the spill tank is pressurized.
The cool-down valve is .opened, cooling the spill line; the spill valve 3
is then opened and the test conducted. A "heel' of approximately 1.2 m
remains in the tank after the test.

PLANNED TESTS (FISCAL YEAR 1980)

Prior to conducting spills of hazardous materials the pressuriza-
tion-vent system will be checked out using gaseous nitrogen. Following
‘this approximately three 5 m3 of liquid nitrogen (LN2) will be used to
check out facility operation and the effect of splash plate versus no
.splash plate on the end of the spill line.
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Spills of LNG will consist of the following: -

B e

1. LNG Pool Fire - water spill

The object will be to check out the facility and instru-
mentation with "live" material and to make radiometric measurementg. A
total of four spills. are planned; two 5 m~, one 20 m3 and one 40 m3.

2. LNG Dispersion - water spill

The object is to determine dispersion characteristics
under different atmospheric stability conditions. Twelve tests are

planned, 6 - 20 m3 and 6 - 40 m3; detailed planning is being carried out
by Lawrence Livermore Laboratory.- -

3. LNG Vapor Fires - water spill

. The object is to determine premixed flame characteristics
and. make radiometric measyrements. A total of 7 tests .are planned; one
5 m3, one 15 m3, one 20 m3 and four 40 m~”.
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SUMMARY

Lawrence Livermbre L#Boratory has analyzed the énvironmental
efféqté of ING spill tests at the proposed national LNG test site
at Frenchman Flat, Nevada. The results of the analysis wefe then
compéréd to activities and effects described in existing Environ-
mental Impacﬁ Statements for Frenchman Flat. It was concluded
that ‘the proposed LNG spill tests would be covered by the existing

EI Statements fbr Frenchman Flat.



Technical Information For Environmental
Analysis Of 1000 m3 LNG Spill Test Effects
At Frenchman Flat, Nevada

Introdudtion

The Department of Energy (DOE) asked the Lawrence L1vermore Laboratory
(LLL) to evaluate each of 69 federally-owned facilities for possible
use as a location for an LNG field test facility. As part of those
evaluations we considered.the adequacy of existing Environmental Impact
Statements (EIS's). For the most likely candidate location, the French-
man Flat basin, a detailed analysis of the possible environmental
effects of the proposed tests was carried out. For the other eight
final candidates a cursory examination of the potential environmental
impact was done. The results of those analyses are described in
Appendix A of this report.

Next, the results given in Appendix A were compared with the relevant
EIS's for Frenchman Flat to determine whether they adequately accounted
for impacts similar in nature and magnitude to those estimated for the
LNG tests. Since the proposed tests would have an impact on the environ-
ments of both the Nevada Test Site (NTS) and the Nellis Air Force Range
(NAFR), both EIS's were considered. However, since they are similar,
this report will cite only the relevant portions of the NIS EIS.

Finally, the estimated environmental impact of doing the tests at
Frenchman Flat was compared to that for each of the other eight final
candidates. Based on the limited information available, a judgment
was made about whether the estimated impact at Frenchman Flat was
greater than, equal to, or less than that at each of the other final
candidates. T

The Adequacy of Existing EIS's

The Environmental Impact Statement for the Nevada Test Site describes
in detail the environmental effects of the underground nuclear test
program which is the principal activity at NIS. Activities other than
nuclear testing are described in more general terms and treated by
comparing their impact to that of nuclear testing.

The section of the EIS covering other activities begins:

"The underground nuclear test program described above constitutes the
primary effort at the Nevada Test Site. However, as has been the
case in previous years, the experimental program will include a
varicty of miclear and non-nuclear projects and experiments wherein
the ERDA laboratories and ERDA contractors, as well as other govern-
ment agencies and their contractors, take advantage of the facili-
ties available, the climate, the remoteness, and the controlled
access of the Nevada Test Site. Such projects and experlments are
necessarily conducted on a basis not to interfere with the primary
mission, and unless associated with one of the underground nuclear
tests, are usually conducted in part of the test site remote from
the areas used for underground nuclear testing. Those which are
expected to take place are described here. It is expected that
additional experlments similar to these, but not yet identified,
will also take place'.!

5-2
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One category of experiments described involves the use of chemical
explosives: :

"This category includes a w1de'Vériety of tests employing
chemical explosives in one form or another, static or dynamlc,
1nert testing or explosive testing, "2

In assessing the 1mpact of other NTS activities the EIS concludes:

"As regards other activities at the NTS, for the most part,
effects are registered immediately and those effects are very
small in comparison with the effects of undergréund nuclear
testing.'? ‘. .

The EIS notes that, to date, 27 square miles of habitat have been
permanently removed from use by wildlife and vegetation due to the
installation of roads, power lines, support facilities, etc. and
that additional plant cover has been disturbed due to off-road
vehlcular traffic. S

Each 'underground nuclear test disturbs up to 0.3 square miles of
habitat due to the formation of subsidence craters. There have:
been several hundred underground tests at NIS to date and it is
anticipated that they will continue at about 20 or so per year.

The largest LNG experlments (1000 m3) could, in the worst case,

burn or scorch vegetation over an area of up to four square miles,
Only a few of these largest tests need be conducted and they would
probably be done within the same scorched area. The portions of
Frenchman Flat that have any vegetation at all are only sparsely
covered and therefore, range fires are not likely. In any event,

such tests will be carried out with appropriate firefighting equipment

available. The burning and scorching of what little vegetation exists. .

is not likely to destroy the root structures. Thus, the rate of
recovery will be relatively fast.

The environmental analysis considered the dust and hydrocarbons
airborne after each ING test. We estimated that these emissions
would most likely be within the standards imposed by the Clean Air
Act when they left the NTS/Nellis outer boundary. If the smaller
scale tests indicate guidelines may be exceeded, then proper vari-
ances will be obtained. Burnlng permlts will be obtained for most
burn tests.

s-3-



Due to.the above considerations, LLL feels that the LNG scale
effects experiments can be carried out at Frenchman Flat at a
‘minimal incremental environmental cost over that already paid
for the nuclear test program. The Nevada Operations Office
agrees with this conclusion.in principle. They state:

"It appears that the Environmental Impact Statement for the
NTS adequately covers the proposed LNG experiments." (See
Appendix B.)

and

"We would expect, based on our dicussions with LLL staff
to date, that the current EIS will suffice." (See Appendix
C.)

NVOO is, however, asking that LLL perform environmental effects
studies during the program to confimrm their belief. Since LLL
will be extensively monitoring the phenomena which occur in these
tests anyway, such environmental studies should be only a small
increment over our other efforts. 4

Since the larger tests in this area will sometimes involve the
dispersal and burnlng of natural gas within the portion of Nellis
AFR contained in the Frenchman Flat basin, we have considered
whether such.activities would be covered by their draft EIS.

The Nellis Air Force Range is used for underground nuclear tests

(by DOE at Pahute Mesa) and gunnery and bomblng practice over an

area of many -thousands of acres, as described in the Nellis Draft
EIS. The effects of the act1v1t1es are collapse craters, explosions,
sonic booms, limited range fires from flares, tracers and bombs,

-~ pollutant emissions from aircraft, and fugitive dust from construc-
tion activities. Some of the effects damage vegetation and animal

habitat areas.

The Nellis EIS is in the process of revision; however, the draft
EIS contains many general statements about Nellis activities which
are similar in nature to those cited from the NTS:EIS, It, too,
anticipates unspecified future tests whose impacts will be similar
to those for the current activities. As with the NTS EIS, we
estimate that the proposed LNG tests will cause effects similar

to, but less extensive than, those incurred from the existing
activities. Therefore, we feel that the proposed tests are

within the scope of the Nellis Draft Environmental Impact Statement.
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A Comparison of Frenchman Flat with Alternative Sites

Appendix A contains not only a detailed analysis of the potential
environmental impact of doing the proposed LNG spill effects tests

at Frenchman Flat in the NTS, but also a much briefer analysis for
each of the eight final alternate sites. To fully assess the environ-
mental impact at each of the alternate sites would require a much more
thorough analysis than that presented in the Appendix. However, the
readily available information proved to be. sufficient to compare to
first order the potent1al impacts at the alternate sites with that

at Frenchman Flat.

Our judgments about the magnitude of the potential environmental
impacts at each of the final candidate sites are contained in Table 1.
In some cases readily apparent features of alternate sites allowed

us to make definite judgments about the probable magnitude of certain
impacts, e.g., fire. In other cases, e.g., endangered species,
sufficient information was not available to us to make an absolute
judgment. In these cases, fortunately,,the detailed analysis of
Frenchman Flat revealed a minimal impact. Therefore, we were able to
conclude that it is unlikely that further 1nvest1gat10n would reveal
an alternative site with a smaller 1mpact

Table 1 led us to the conclusion that no reduction in the overall
environmental impact could be made by choosing a site other than
Frenchman Flat. The choice of Hunter Liggett, San Clemente Island,

Eglin AFB, or Hanford Works would all be likely to result in an increased
impact relatlve to Frenchman Flat. On the basis of limited information,.
White Sands MR, Hill AFR, Wendover AFR; or China Lake NWC all appeared

to entail similar environmental impacts if- the specific sites were

chosen appropriately within those installations. '

~Since the environmental impacts of the remaining five sites was judged
to be approximately equal, other factors (such as cost, logistics, etc.)
were used to choose from among them.* On the basis of these other
factors we recommend the selection of Frenchman Flat for the location
of the proposed LNG spill effects tests. :



Cdmparison of Environmental Impact at NTS to the alternate

TABLE 1.
sites. Impacts not shown below, e.g., smoke and air quallty,
are similar at all sites. :
Control of ' .| Endangered , _
~ Site ‘Hazards Fire |Explosion Species | Antiquities
Frenchman Flat, Nevada Test Easy small small - unlikely " | unlikely-
Site, NV A
Hunter Liggelt MR, CA Moderate. | largo mediim unknown - | ‘unknown .
White Sands MR, NM ‘Easy» small small unknown unknown
San Clemente -Islanci, CA Difficult niedium medium | unknown | YUnk'nown
‘Eglin AFB, FL Easy large medium | unknown unknown
" Hill AFR, Utah Easy small | small unknown unknown
Wendover AFR, Utah Easy small small unknown unknown
Hanford Works, WA Easy small medium unknown . | unknown
China Lake NWC, CA Easy small small unknown | unknown
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DESCRIPTION OF PROPOSED ACTION

The Lawrence Livermore Laboratory (LLL)' has been asked by the Department
of Energy (DOE) to participate in its liquefied energy fuels (LEF) safety
research program. LLL's role will be to ‘develop a set of computer

models capable of describing the possible effefts of accidental releases

'of ING (Lrquefied-Natural Gas) to the-envirommeédt and -to-collect sufficient

experimental data that the mudels can be used to predict the phenomena
of large (»150,000 m3) spills based upon what can be learned from
smaller experiments. S Lo coooL

It is expected. that the verification of the models will require-an extensive
‘experimental program. Tests will be run to study vapor generation and
dispersion, pool-fires, flame propagation in dispersed clouds, fireball
formation, and rapid deflagration or detonation.

At the program's peak there may be 30 to 50 tests per year for a few

years involving 10 to 1000 m3 of LNG per test. . Appropriate facilities
and.apparatus will be constructed at various-‘locatiornis in the Frenchman
Flat basin-to carry out and diagnose these ‘tests. Because the DOE program
is concerned with safety research for liquefied -petroleum gas (LPG), lique-
fied hydrogen (LH;) and liquefied ammonia (LNH3) as well as for LNG, the
facilities constructed will be designed to handle or to be easily converted -
to handle’all four LEF's. However, the required research programs for all
but LNG have not yet been defined sufficiently to permit an evaluation of
their environmental impact. Therefore, this document will treat only the
environmental impact of the LNG experiments. Many of the observations,

~ however, will apply equally well to the other fuels.

At the spill site (see Figure 4) will be located:
(1) A pond of water 6'0;0 m in'.diaméter and férying in depth

from 0.6 to 3 m.
(Zj' A dry spill area for'&iked and undiked land spills. .
A3 A" cryogemc .s»torage compleic for about 1000 vl.n3 of ING.
(4j '-; Cryogenic pipelines .connecfing the above.

Around the Sp’ill site will be located an array of instrument stations.
This array for any one test could consist of 50-60 towers, 18 m

-§=10



.or so tall, with a few reaching 60 m. These would be located

in a fan shaped area predonunantly on the downwind side of the -
spill site. Wind digections have not been selected yet, but
should include winds lowmg from the southwest, north, southeast
and northwest (see Figure 4)., An area in the center of the dry
lake bed will be dlked for dispersion tests over water.

‘Other remote instruments and weather statlons will be placed at |

various locations throughout the Frenchman Flat basin. At the proposed -
flame propagation facility south of the s C12111 point will be located a 100 m
long 2-3 m diameter steel shock tube which ends in various structures.

built to.study fireball formation, detonation and rapid deflagratmn.

For studies of vapor §enerat10n and dispersion, tests will involve .
spilling 10 to 1000 m® of LNG on water and soil and measuring

. the composition of the vapor as it disperses downwind..:No.ignition
will be attempted in these tests. In addition to the in-situ and
remote sensors, we may attempt to collect airborme samp Ies th
small, remote controlled aircraft.

In the pool fires various amounts of ING up to 1000 m3 will be -
- spilled on water and soil and ignited immediately. The radiative

. . output and other parameters of the resulting fire will be measured.

To study flame propagatlon, tests will first be run in the shock

tube facility and in large plastic bags contammg various gaseous

_ mixtures. Then spills will be conducted in which the vapor is allowed.
to disperse outside the spill area before ignition is attempted.

Flame propagation rates will be measured and conditions for fireball
formation will be examined. Certain gas distributions may be
artificially created for this portion of the study.

The studies of rapid deflagration and detonation will also begm at
- the flame propagation facility. Eventually, however, attempts
will be made to allow a detonation to propagate from the tube into
a partially confined or unconfined region of space. At first, this
will be into a plastic bag filled with a controlled gas mixture but
in later tests it will be determined if the confined detonation (or
rapid deflagration) can be made to propagate into an unconfined '
cloud generated from a spill. Various kinds of initiators will be
examined to determine which are more likely to lead to detonation.
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II.

DESCRIPTION OF EXISTING ‘ENVIRONMENT

A.

Location (see Figures 1, 2, 3, § 4)

kFrenc}mlan Flat, Nevada Test Site (NTS), is a typlcal desert
- alluvial basin with a dry lake bed (playa) in the center at
- 910'm elevation. It is located about 80 km NW of Las Vegas,

Nevada. The nearest population center is Mercury, Nevada,

"~ (17 km south) a DOE support facility for NIS. The playa

straddles the boundary of NIS and Nellis Air Force Range,
a bombing and gunnery range. Three (3) km east of the

' 'NTS-Nellis boundary is the western boundary of the Desert

National Wildlife Range (DNWR) which has been proposed as

a wilderness area. -Four (4) km north of the playa is a
shallow burial storage site for low level radioactive waste.
Six (6) km north of the playa is an occasionally used support
location for DNA projects. -Mercury Highway, the main north-
south access road in NTS, is 6 km west of the playa center..

In the past, the Frenchman Flat playa was used for atmospheric
nuclear tests, and for non-nuclear explosives testing. It is
currently used for non-nuclear explosive tests,

Adjacent Land Use

NTS is surrounded on the north, west and east by Nellis Air

' Force Range, which is used for bambing and gunnery practice
-in the bottom of the broad valleys between the mountain = .

ranges. However, none of the portion of ‘Frenchman Basin within :
the Nellis boundaries is so used except for occasional aircraft over
flights. The area south and west of NTS contains the public highway,
Route U.S. 95, the towns of Beatty (pop. 500, distance 75 km), Lathrop
Wells (pop. 40, distance 46 km), and Indian Springs (pop. 1800,

— -distance 30 km) from Frenchman Flat. The area has been

used in the past for mining,, famming and graz:.ng, although
it is essentially arid. desert lard. _

- 8-12
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Climate

The climate of Frenchman Flat is affected by higher elevation
west-to-east air flow over the Sierras from fall through spring,
and south-to-north air flow from the Gulf of California in
summer. Throughout the year the predominant local day-time
wind direction is from the southwest. The Frenchman Basin
exhibits a mountain-valley diurnal wind shift which flows up-
slope during the day and down-slope at night. A temperature
inversion accompanies the nighttime down-slope winds. Rainfall
averages about 10 cm per year and occurs mainly in winter and
sumer. Temperature varies from an average low of -7°C in
January to an average high 36°C in July Relative hunudlty
typically varies from 10% to 60% ' ‘

.~ Air Quali

Other than radioactive air sampling, no air quélity moni toring
is done at Frenchman Flat. However, the general area of Clark
County at times exceeds Federal air quality standards due to

- particulate pollution originating locally and in the Las Vegas

metropolitan region. Very small amounts of low level radioactive
particles from past atmospheric nuclear tests at Frenchman Flat

are sometimes resuspended by high winds and -dust devils. :
Occasional chemical explosive tests at Frenchman Flat produce hydro-
carbon smoke and gases. .The existing air pollution at Frenchman )
Flat, 1f any, does not exceed present air quality standards

The present geology of Frenchman Basin consists of mountams
made up of upthrusted and folded seabed sediments overlain
by velcanic rocks surrounding a playa. The playa has been
formed from weathering plus wind and water erosion of the
mountains washing sands, gravels, silts, and clays down to a
level flood. plam. The tluckness of the alluvial sediments
is over 300 m. - During winter and summer wet seasons, the -
relatively impervious lake bed soil supports many cent:meters
of mildly saline run-off water. There are several craters
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northwest of the playa from underground nuclear detonations.
There is a large shallow crater near the center of the playa
from the '"SMALL BOY" surface nuclear blast. The soil surrounding
the SMALL BOY and other tests contains small amounts of radio-
active particles. The playa contains many surface and under-
ground ruins from past explosive tests. In the north end of

the playa, a temporary lake has formed in a diked area. The

lake is fed by water continuously pumped from a tritium migration

test well located northwest of the playa. Low tritiun
levels (625 pc/ﬁ are present in the well water,

Four wells supplying potable water are located along the western
end of the playa. The water is used for the Mercury water

supply, construction and other purposes. The total flow capacity

of all wells 1s about 1700 gpm.

’Végetation

The Frenchman Flat playa is largely barren with occasional
saltbush and other plants in the wet areas. The alluvial

fans and washes surrounding the playa are partially covered
with low shrubs consisting of sagebrush, creosote bush,
saltbush, grass, perennials, and annuals. .There was an
endangered species of milkvetch (Astragalus nyensis, ASNY) in an
area about 4 km south of the playa center, an endangered

spec1es (Arctomecon merriamii, ARME) in the Desert Nat1onal Wildlife
Rarige (DNWR) 8 km SE of the playa, and a threatened species (Penstamon

thurberi, PETA) 8 km ENE in the DNWR, as shown in Figure 3. The
vegetation surrounding the playa has not been disturbed much
since the atmospheric nuclear tests were concluded many years
ago, although many unmarked unimproved roads crisscross the
area and these see occasional use. (See Figure 3) Surveys

and analyses made in 1979 and-1980 indicate that the above

. species are no longer considered threatened or endangered,

Anima’ls

The diverse habitats of NIS are occup1ed by a wide variety
of small animal spécies. In the Frenchman Basin and surround-
ing mountains, over a period of time there could be as many

- as 1000 species of insects, and over 200 species of reptiles,
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birds, mammals, and fishes (goldfish at well 5B pond). None |
of these species is considered endangered or threatened.
However, the Nevada Fish and Game Commission has prepared a

'1list of '"'protected" species containing: Kit Fox, Spotted Bat,
- all Eagles, Falcons, Hawks and Owls, Osprey, Turkey Vulture,
.Belted King Fisher, White Pelican, White Faced Ibis, Common
 Nighthawk, Lesser Nighthawk, Roadrunner, and Desert Tortoise.

Most of the protected species may occur permanently or trans- .
iently within the Frenchman Basin. :

The Frenchman Basin contains no reported archeological or
historical artifacts, or remains. Archeological surveying
is continuing at specific proposed locations for construction
activities. There are some Lower Paleozoic fossils exposed -

* in the.eastern part of NIS, but none reported in the Frenchman'i

Basin area. When néw sites for construction are located,
surveys for artifacts will be made prior to excavation :

and construction.

 Seismicity § Ground Motion

Southern Nevada has generally moderate seismic activity.
Frenchman Flat lies in the 1969 NOAA Seismic Risk Zone 2.
There have been 23 seismic events within NTS during the

26 ciears from 1935-1961, all with magnitude less than
Richter 4.5. From 1961 to 1973 there were 390 seismic
events and aftershocks mostly from nuclear tests. There " -
were 322 amnounced tests during this period.

The largest known earthquake near NTS was the Owens Valley

. (160 km west) earthquake of March 26, 1872, with estimated
8.3 Richter magnitude.

. In the past there have been nuclear tests of about one

megaton at NTS which produced ground motions leading to
minor structural damage in structures within NTS. The
present moratorium on yields in excess of 150 kiloton
limits expected ground motions at Frenchman Flat to 0.14 g
or less.



III.  SAFETY . - o

'A. - Description of ING

The hazardous material to be tested is 11quef1ed natural gas,
whose properties are listed below: _

State: - - Liquid
2taze: | A | -
Temperature: _ -160°C at atmospheric pressure
Composition: ' ‘ (varles with source) - B
’ for the San Diego Gas § Electrlc LNG,
Methane 92,2 Vbl
Ethane - 5.3
. Propane 1.1
Nitrogen - 1.4,
Specific Gravity: | 0.452
Density: o 3.8 1b/gal (0.452 gn/cm3)
Flammability Limits: 5% to 15% NG/Air by- Volume
Heating Value: . | 3,000 cal/gm, 1056 Btu/ft? ga
g Value: - L B ﬁ%uf‘ﬂ'; Liquid /2% gas,
.Expansion Ratio: B | m3 Liquid expands to 620 m® gas at STP

B. Handling Hazards

Natural gas is not tox1c but is an asghyiiate. LNG jis a
cryogenic fluid and will cause freeze burns if sp111ed on sk1n

C. 'Storagé

ING will be delivered to NIS in 11 000 gal (42 m3) LNG tank trucks
~ which will unload the LNG into the’ storage tanks. The

s-zo"



storage tanks will be double wall construction with evacuated
perlite in the annulus for insulation. The inner wall will .
be 304 stainless and the outer wall will be mild steel. All
NTS, Federal and State codes will be adhered to in the design,
construction and operation of the storage tank facility.

Test Procedures

To sp111 the LNG, the ING tanks will be pressurized with
nitrogen to force the LNG through the spill pipe into the
spill basin. Proper materials, valves, fire protection- systems
" and controls will be- used to safely carry out tests. :

Operating procedures in accord with NTS procedures will be
written, approved and followed in the construction and
operatlon of the LNG sp111 fac111ty

In some tests the. NG vapor will be dissipated w1thout
ignition. In such cases the controlled zone will be large
enough. to-assure that any gas leaving the zone is calculated
to be in a non-flammable, safe condition. .

In other tests the vapor will be ignited and burned. In
these cases damaging thermal radiation will extend beyond
the cloud itself. The controlled zone will account for
this.

Experiments have shown that unconfined detonation of NG is very-
difficult to achieve and in fact has not yet been done. There
will be careful control of the size, location and conditions
under which experiments are done.

Hazards Control

1. Fire Control

During spill tests, there is some danger of spreading
brush fires in the more heavily vegetated area; however,
vegetation is sparse enough that it is not expected to
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support a continuing fire. To control the fires,

it may be necessary to clear fire break lines through
the brush and to clear roadways for fire truck access.
The cleared area will be minimized to avoid plant
damage and blowing dust during heavy winds. Another
option for fire control is chemical bombers. o

Controlled Area,

The potentjal maximm hazardous region for the proposed 1000 m3
spill tests is bounded by a 16 km diameter hemisphere

which includes part of the Mercury Highway. Within

this volume air traffic will be restricted during

some tests. Most tests will be done with the cloud

moving in directions other than toward the Mercury

-Highway; therefore, it usually will not be necessary"

to close the highway. However, if a wind shift occurs
during a test, Mercury Highway may be temporarily closed.
The long range wind direction will be monitored with the
NTS and Nellis weather station systems which will detect
wind shifts up to one hour before test time. Extensive
weather monitoring will be carried out within the basin
by the program. All air and ground traffic and personnel
will be controlled during each test to assure that no
one imknowingly travels into the hazardous sector for
any test. The exclusion zone for 80% of the tests will-
be much smaller than the 16 km diameter region. Any
specific 1000 m3 test will have a hazardous-to-people
area of 8 km diameter as long as there are no major
unexpected long term wind shifts, The 16 km circle
represents the loci of 8 km circles for a wind in any
direction. ' o

If a wind shift occurs during a large test, it may be

deemed advisable to evacuate downwind populated areas

within the entire 16 km diameter controlled zone.

Therefore an evacuation plan will be prepared for at

least the 1000 m3 tests, which will form one part of

the overall safety procedure for the spill test program.

The procedure will include actions to be taken if an :
accidental LNG spill or fire occurs in the facility itself,
due to man or nature caused accidents such as operator error,
tank failure, earthquakes, collisions or system failures.
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Iv. PRQBABLE IMPACT OF PROPOSED ACTION

A,

_ ING Spill Tests o

Construction Activities

There will be a considerable amount of construction
and shallow excavation on the barren lake bed, with
little damage to plants or animals. Up to.40 acres of
land may be disturbed. Some dust will be generated,
but in general it will not be radioactive since hot
areas will be avoided for construction sites. In the

surrounding vegetated areas, there will be some use of

old jeep roads and some new roads constructed. Instru-
mentation stations will be placed at points accessible
from these roads. No new roads or off-road traffic will
be allowed in the Desert Wildlife Range east of
Frenchman Flat. The work there will be limited to
temporary placement of about 15 instrument stations
placed next to existing roads or packed-in on foot

or horseback. Each station will consist of'a 3 m

high, 10 cm diameter mast and base with instruments
attached. The station locations are shown on Figure 3.

In the area between the NTS and the Nye County boundaries
(see Figure 4) there will be an array of 40-50 steel
instrument towers generally 18 m tall, with a few reach-
ing 60 m in height. -Some of the towers will be portable
(mounted on trailers) and some will be the crank-up type
on foundationsi" “(Other portable apparatus, i.e., lidar
vans and air sampling planes will also be deployed in this

area.) Existing“jeep roads will be used for access to the

towers. When necessary, new jeep roads will be established.

There will be rio impact on endangered or threatened plant
species, because there are none in the affected area.

If artifacts are found during construction, actions
to protect them will be taken. An environmental
monitoring project will be instituted before major

' construction starts, and will continue throughout

the program. The project will record the environmental
effects of the program. - L _

Water consumption for filiiné, and séepage'andveﬁaporation
make-up for the spill pond will average about 300 gpm.

R PO )

~ The effects on the enﬁironment‘ff6$fLNG ;piil testing

results from (1) flameless vapor explosions, (2) freezing,
(3) suffocation, (4) fires, and (5) chemical explosions
and detonations. ‘
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Fiameless'vapor Explosions

Flameless vapor explosions may occasionally occur during the
spilling of ING on water. The energy released is the
fraction of the total thermodynamic energy in the liquid
available during sudden wvaporization of part of the liquid.
The shock pressure for eardrum damage is about 5 psi. This
ie estimated tn nccur at 85 meters from the spill point

for a 1000 m? instantuucous LNG 3pill,:ascuming 10% of the
liquid would flash to vapor at supersonic velocity. Within
85 m, animals and plants may be damaged.

Freezing ' o ";

The temperature of LNG liquid ‘and undiluted vapor is
-160°C. It will freeze and kill living cells on contact.
During spills on water, there will be little impact

on the biota, but spills on land will damage or kill
insects and animals on or near the $pill surface. Birds
may be frightened away by the onrushing liquid and cloud.
If the vapor temperature is below 0°C, some plant species
may receive frost damage. :

‘Suffbéation

=

~ LNG vapor is not. toxic, but if the concentration -

of oxygen is below 13%, suffocation may occur. Temporary
lack 'of oxygen is not expected to harm vegetation, . When
the vapor cloud has dispersed to a concentration of 13%
or more oxygen, no harm to biota will occur as long as
the cloud is not ignited.

During 'LNG spilling, vaporization and dispersion, there

may be some birds and small animals damaged from cold and asphyxi-
ation. It is expected that none of these will be endangered or
threatened species, but some may be State-of-Nevada '"protected"
species, if they happen to be in the area at the time, and are
not frightened away by the commotion or the advancing visible

' ¢

J ' : J
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cloud. The injection of unburned hydrocarbons into the
atmosphere is not considered a problem because the
principle constituent, methane, is slow to oxidize, and
would be only an intermittent contaminant. At the
closest site boundary, 16 km distant, the natural gas
concentration is.calculated for a level terrain to be 0.05%
for a 1000 m® spill. The Federal air quality standard

for non-methane hydrocarbons (Clean Air Act 40 CFR Part
50.1) limits ambient air concentration to 0.24 ppm for any
three hour period., The same conservative calculation
suggests that a 1000 m3 release (6% ethane and propane)

at 16 km downwind may produce 1.8 ppm when spread over a
three hour period. , However, in reality there is a
mountain range between the test site and the nearest
boundary. It is expected that the dispersion of the

gas will be accelerated due to the turbulence created

by the mountains; therefore, the Clean Air Act limits

are not likely to be exceeded. If, based on measurements
from smaller spills, a spill'is predicted to actually
exceed 0.24 ppm, a variance will be obtained from the
Nevada Environmental Commission." Measurements will be
‘made to determine higher hydrocarbon concentrations

at appropriate locations. » R

Fires. ~ *

The LNG vapor will be ignited during the spill at the
spill point for pool fire tests. The wood ignition
distance realistically expected is about 500 m from
the pool for a 1000 m° test, during calm wind conditions.
The height of the flame will be over 800-m. " When a
dispersing vapor cloud is ignited some time after the "
LNG has evaporated, the realistically expected distance
to wood:ignition will be close to the above value for
normal burn propagation. The hazardous distance from .
the spill point for plants and animals for dispersion

lus burning tests is about 4 km from the splIg point,
incIuding Eﬁe dispersion distance. Beyond ~4 km, the
cloud is not expected to be flammable. A fireball may
develop from a vaporized cloud formed.during conditions
of very low wind speed or a calm. Much of the cloud is
flammable and burns rapidly. The realistically expected
distance to wood ignition for a 1000 m3 spill is 1200 m.
The fireball and hot gas ball may rise to a height of many
ggh The diameter of the fireball is calculated to be about .

M.
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The purpose of the test program is to accurately determine
scaling relations so that the maxiium hazardous distance from
LNG spills and burns of various sizes can be predicted.
Before 1000 m3 tests are executed, smaller spills will be
made which will allow more accurate predictions of the actual
hazardous zone than the above estimates. - Appropriate plan-
ning will then be done to protect designated areas from the
hazards described. - : '

When LNG clouds are ignited, within the burning cloud, and
some distance fraom 1t, (i.¢., within an area of 1200 m )
radius), animals and plants may be damaged. Since the cloud
burn may be done over vegetated areas, range fires.may be
started, which could spread. Burn tests will not be done
under conditions in which the danger of rapidly spreading
range fire is high. However, fire fighting equipment and
ggews will be available to extinguish any spreading range
ires. : '

There will be a smoke cloud-after burn tests consisting of
combustion products of the higher hydrocarbons. The cloud
will be visible many kms from the burn site. Burning ‘
brush will also generate smoke which can persist some time
after a test. When required,'a'ngning permit will be
obtained. S :

Explosions

There will be tests involving explosions and detonations

" in the shock tube facility and in dispersing LNG vapor
clouds, The tests will start out small, and the effects
will be meastired. Sonic booms will be heard many km away,
but will not damage plants or animals. Detonation tests
using 1000 m3 of LNG may not be done if tests at smaller
sizes prove sufficient or if the hazards, as indicated by
smaller tests, appear too high. ‘ '

. The air shock from the detonations would have no deleterious -
effect on any endangered or threatened plant species.
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Effects from deliberate explosions, detonations in confined
spaces, and tests of flame speed run-up to detonation in
open spaces are estimated to be less than those from one
kiloton of high explosives even for the largest tests.

The shocks produced would damage eardrums (5 psi) at 500 m
from the explosion. Animals within 1.5 km may be damaged
by the shock or heat during the 1000 m3 detonation

tests. - '

A study has been made of the amount of relic radioactive
dust from past nuclear tests which could be injected into
the air and transported downwind in a 1000 m3 LNG test[1]
if a test were done over a contaminated area. A large
amount of soil«(up to 330 tons) could be lofted into the
air and dispersed downwind. A fraction of the dust may
contain very small amounts of radioactive debris from -
previous. nuclear tests (95 m Ci/gm, max.). This may either
fall out downwind of the explosion within the Frenchman
Basin, or be dispersed in the upper winds. -

The study results indicaté that the air and ground dose
rates would be within EPA standards.

The particulate air pollution allowed by the Clean Air
Act 40 CFR 50.6 is 260 ug/m3/24 hr, once per year. For
" a 1000 m3 test, calculations based on Ref, 1 indicate that
" dust suspension could be 38 ug/m3/24 hr, The radioactivity
in the dust would be within allowable Federal guidelines,
If such large tests are done often enough to exceed the
guideline, a variance will be obtained from the Nevada
Environmental Commission or the EPA.

V : ALTERNATIVES

Alternative 1 - No Project

If the project were not implemented, there would be no environmental
impact. However, the project is urgently needed to provide
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experimental data for verification and normalization of computer
programs which predict the spill effects of LNG accidents. The
information will be used to safely locate, design and regulate

ING receiving terminals and to regulate LNG shipping operatlons along
the coasts of the United States.

Alternative 2 - -Reduce the Scope of the Project

If the scope of the pr03ect were reduced, the environmental xmpact
would be reduced. However, LNG spill tests of up to ahout 1000 m®

are needed to verify the computer.codes which will be used to calculate
the safe transportation of LNG in tankers of up to 150,000 m® capacity
. and the subsequent storage of that LNG. ,

Alternative 3 - Locate the Project at a Different Site

LLL has extensively surveyed sites throughout the United States [1] and
has, recommended to the DOE that the Frenchman Flat sité is the best .
considering safety, experimental and cost factors. The environmental
impact at other sites evaluated is probably equal to or greater than
that expected at Frenchman Flat. Relocation would result in program
delays and. subsequent delays in vitally needgd regulatory information.

Preliminarngvaantion of Alternate Test Sites

We took as our list of potential sites for the LNG experimental facility
an initial compilation of installations owned by the DOE and the military,
as given in Ref. 4. Sixty-nine installations having areas greater than
64 km? are included. Table I lists these installations.

In view of the limited resources available for the site evaluation study,
we used only information readily available at LLL. Our sources included
atlases, government maps, published weather data, and other standard
reference material. Since complete information was not available for most
of these installations, we used negative factors or gross failure to meet
one of our ten desired site characteristics, given in Table 2, as the
basis for the initial screening. The three categories of desirable site
characteristics where these deficiencies were most easily identified
Yﬁre S?fety (No. 1), Minimal External Constraints (No. 2), and Low Costs
o. 8). :

Table 1 shows the results of this cursory examination. It should be noted
that if one strong reason was found for rejection of a site, we often did
not examine that site further in relation to the other criteria. Therefore
there may be other reasons besides.those shown in the table for réjecting
any particular site.
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TABLE 1. Results of our initial screening of 69 DOE and military
installations in the U.S. with areas greater than 64 km?.

5-29

B Approximate
Dimensions .
(lan) Why Judged Unacceptable
ALABAMA '
Fort Rucker 24x16  safety, cost
Redstone Arsenal 11x8 safety, cost
ALASKA
Fort Greely 48x32  cost
Fort Wainwright 48x48  cost
Kodiak Naval Station 8x8 safety, cost
Yukon Command Training Site 112x48 cost
ARIZONA
Fort Huachuca . . 32x16  safety
Luke Air Force Range 208x40 external constraints
Navaho Army Depot 16x16 . safety
Wilcox Dry Lake Bombing Range 24x16  safety
Yuma Proving Ground 80x32 external constraints
ARKANSAS ' ' /
Fort Chaffee . 32x16  safety ‘
CALIFORNIA : _
Camp Pendleton 32x16 safety, external constraints
Camp Roberts 24x16 - safety
Edwards Air Force Base 56x24 external constraints
El Centro Naval Air Fac111ty 80x32 cost
Fort Irwin 56x48 cost
Hunter Liggett Military Reservatlon ‘ 40x24 OK
-China Lake Naval Weapons Center (North Range) 64x48 OK
China Lake Naval Weapons Center (South Range) 48x32
National Parachute Test Range (Salton Sea) 24x16 safety, external constralnts cost
San Clemente Island 32x8 0K
Sierra Army Depot 32x16 safety, external constralnts
Twentynine Palms Marine Corps Base 64x32  cost
Vandenberg Air Force Base 32x16 safety, external constraints
COLORADO :
. Fort Carson 40x16 atmospheric conditions, cost
FLORIDA ‘
Eglin Air Force Base 80x32 OK
Tyndall Air Force Base 16x5 safety
GEORGIA '
Fort Benning 32x32  safety
Fort Gordon 32x16  safety
-Fort Stewart 48x24  safety
HAWAII
Kahoolawe Naval Qeservatlon 16x8. safety, external constraints, cost
Pohakuloa Training Area 24x16  flat land, cost
IDAHO ' '
National Reactor Test Slte (DOE) 48x40 external constraints
Saylor Creek Air Force Range 32x24  water supply
INDIANA :
Jefferson Proving Ground 32x16. safety



TABLE 1. 1(Continued)

KANSAS
Fort Riley
Smokey Hill Air Force Range
KENTUCKY .
Fort Campbell-
Fort Knox
LOUISIANA
Fort Polk
MISSOURI
Fort Leonard Wood
NEVADA
Hawthorne Naval Depot
Nellis Air Force Range
Nevada Test Site (DOE)
NEW MEXICO

Fort Bliss Anti-Aircraft Range

McGregor Range
Sandia Base (DOE)

White Sands Missile Range & Holloman AFB

NEW YORK
Fort Drum
NORTH CAROLINA

Camp Lejeune Marine Corps Base

Fort Bragg
OKLAHOMA

Camp Gruber

Fort Sill
ORLGON

Boardman Naval Bombing Range
SOUTH CAROLINA

Fort Jackson.

Savannah River Plant (DOE)
TEXAS

Camp Bullis

Fort Hood
UTAH '

Dugway Proving Grounds

Hill Air Force Range

Wendover Air Force Range
VIRGINIA

Camp Hill

Camp Pickett

Quantico Marine Corps Base
WASHINGTON :

Fort Lewis

Hanford Works (DUE)

Yakima Firing Range
WISCONSIN

Camp McCoy

Approximate
Dimensions - :
(lam) Why Judged Unacceptable
32x32 cost
16x8 safety
32x16  safety
32x24 -safety
32x8  safeLy
TN 47y B
24x24  safety
32x16  safety
120x64
6axag  OX
40x32 safety : ,
64x32 external constraints, cost
8x8 safety
160x64 OK
32x32  safety
24x24  safety
32x24  safety
16x8 safety
48x8 - safety
24x16  safety
24x16  safety
32x32 safety, external constraints
24x16  safety
32x32  cost
72x40  exlernal constraints
64x32 OK
64x32 0K
24x24  safety, external constraints
24x16  safety
32x16  safety
48x16  safety
56x40 OK
40x32  external constraints
20x16 safety, atmospheric conditions
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TABLE 2

REQUIRED SITE CHARACTERISTICS FOR
a 1000.m® LNG SPILL TEST SITE

i

Low safety hizards ;

- Be «xS&
Minimal external constraints
g BN

Acceptable surface winds

Flat land

Wide range of atmospheric conditions
Large body o% water |

Available wa%er suppiy

Low costs

Rainfall

Variable topography -
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Over half of the installations were found unacceptable because of safety
considerations. For the most part this judgment was based on the size and
shape of the facility, the proximity of large population centers, and '
the existence of major highways adjacent to or through the test area.
Approximately one-fourth of the installations had obvious external con-
straints such as conflict with the installation's prime mission, or

lack of controlled visual or physical access or potential adverse

~ environmental impact. One-third of the locations were judged to have

unduly high operating costs because of remoteness, short testing season,
or lack of identifiable support or facilities.
Many of the desert sites were similar to NTS in some respects, but were
lacking in others. For example Dugway Proving Grounds remain contamin-
ated and are therefore unsuitable. The Yuma Proving Grounds enclose
a large wildlife area, the National Parachute Test' Range at the Salton
Sea contains a National Wildlife Refuge andfis'ggxécent to a major
recreational area. B e ‘

I OIBY
The nine sites remaining after this initial screening were examined
further with available information. Except for NTS and China Lake, none
of the sites were visited. Each of the nine sites is described briefly
below with the information available at this time. '

1. Hunter Liggett Military Reservation

General: Army reservation in California, in the Central California coast
range, approximately 150 miles SE of San Francisco. Encompasses a portion
of San Antonio Reservoir. Varied topography. '

Weather: Typical of California coastal valleys; some marine influence.
Topography: Varied, generally rugged, limited flat land.

Population: Sparse. '

Vegetation: ‘Mixed oakwoods, grassland.

Water: Adequate supply. Emcompasses a portion (1 mi by 5 mi) of San -

Antonio Reservoir.

Logistics: Travel distances from LLL are very reasonable.

Other: Vegetation may be excessive and would require clearing. If so,
the site may be environmentally sensitive. San Antonio Reservoir is
reported to be used by the public for recreational purposes; if this
is so, controlled access could be a problem.

Environmental Impact:

Fire Potential

The heavy vegetation in Hunter Liggett results from the 60-90 cm of
annual rainfall in the region. During 1000 m® vapor cloud burns,
brushfires or forest fires would probably result unless the test
area (200 square km) was cleared of most vegetation.
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Explosions § Sonic Booms

During tests for the explosiveness of LNG vapor, tons of dirt
and debris may be lofted from the ground surface, and sonic
booms may be heard many km distant. Within parts of the 16

km diameter hazardous region, plants and animals will be damaged.

Endangered Species

An exact proposed location for a spill .test area has not been
specified and therefore no surveys have been made. However,

~ there are endangered animal species in California which would
have to be conaidéfqd,él.e., the Light-footed Clapper-rail, various
falcons, the Saittd Barbira Sparrow, the San Joaquin Kit Fox, the
Morrow Bay Kangaroo Rat and the Salt Marsh Harvest mouse. There

. are many endangered species of California plants which would also
have to be considered.

Antiguities

The California Coast Ranges were extensively populated by Imdians
in the past. Any test area would have to be surveyed for artifacts,
burial grounds and village sites before a test site was selected.

Contact: “Jéck Yamauchi.

2. White Sands Missile Range and Holloman Air Force Base

General: A huge area in south central New Mexico having dimensions

- approximately 160 by 64 km. White Sands National Monument, San Andres
Wildlife Refuge, and Fort Bliss Range all lie within the southern third
of the range. U.S. Highway 70 cuts across the southern corner. No
other major highways are shown within the boundary. The San Andres
mountain range runs the length of the site, leaving flat and desolate
land on the east side. ‘

Weather: Typical of high (4000 ft) southwest deserts. Would be ex-
pected to vary seasonally. ‘

Topography: Extensivé flat areas to the east of the San Andres mountains.
Alkali flats and dry lake beds abound. :

Population: Sparse. Most of the activities are located in the southern
part of the range. '

. Vegetation: Anticipated to be sparse in the alkali flats areas. The
higher regions have juniper and pifon.

Water: . Scattered spriﬁgs are shown in the higher regions. One lake is
shown which could vary in.size from 160 to 800 acres, could:be alkaline.

A
Ly !
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Logistics:

0il and. gas fields located approximately 150 miles to the

east could be a potential source of LNG. Population centers are close
enough to service the program. ‘ N S

Other;

Range activities and restructions are unknown at this time.

Environmental Impact:

Fire Potential

A test site could probably be located in an alkalie flat area
~ with sparse vegetation. There would be.little brushfire danger
'and probably no need to clear the 51tp of vegetatlon

o 5521051ons

' Mény tons of soil will be lofted during explosiveness'testing.

Sonic booms will travel many km. Because of the sparse vegetation
and low animal populatlon, little environmental damage will be in-
curred .

Endangered Spec1es

There are endangered species of animals in. New Mexico; i.e. the
Masked Bobwhite and various falcons, which might be found in .
desert areas. A survey of a proposed test-site would be required
for these and other endangered species of plants before a test-
site could be selected.

Antiguities

_The South. Central region of New Mexico was populated in the past by
Chiricahua fndians. Area surveys for artifacts would be required
before site approval. . : .

Contact:

None.

3.  San Clemente Island

General:

Navy gunnery range off California, . approx1mate1y 40 miles offshore

of San Diego and Long Beach. Shoreline fairly rugged. Topography generally
.. rugged. Highly isolated from.publlp The size is approximately 8 x 32 .

Weather:

Constant, predlctable offshore winds can be expected Some fog.

" Topography: Rugged " Limited level land.
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Population: Government only.
Vegetation: Grassland, coastal sagebrush.
Water: All around.

Logistics:. Sea and air only. 40 miles offshore. Support of major or
extended operations may be expensive. :

Other: Principal attraction is its 1solated marine locatlon There is
little control over sea approaches.

Environmental Impact:

Fire Potential :

[s 1, [J

The grassland andjcoastdi sagebrush on the 1sland present a fire
hazard during vapor-cloud burn tests. Large areas would either be
cleared before tests, or firebreaks cleared around the test area.
Vapor cloud burning would be hazardous to the many species of shore
and sea birds, and marine life common to California coastal islands.

‘Explosions
Environmental damage from explosions will be greater here than in
desert sites due to higher populations of plants and animals.

Endangered Species

Some of the endangered species of plants and animals mentioned
previously may occur on or near San Clemente Island. In addition,

- the Brown Pelican frequents the area. A survey, if not already done,
would have to be made before selection of a test area.

Antlgultles

In the past, Gabrielino Indians at’times populated San Clemente
Island. A survey for shell mounds, village sites and artlfacts
would be required before selectlon of a test area.

Contact: Mr. Jan Larson (Naval Air Station, San Diego, California).

4, Eglin Air Force Base

General: Air Force gunnery, bombing, and multipurpose installation in

~ Florida on the Gulf coast, approximately 100 miles east of Mobile,

- Alabama. Encompasses 30 miles of shorellne of Gulf and along Choctawhatchee
Bay Generally wooded low lylng , o

Weather: Mild weather with few extremes. Should be satlsfactory for test
purposes. Rainfall adequate to excessive. Some fog.
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Topography: Low lying, gentle, some marshes, dunes.

Population: Large area of controlled access.

Végekation: Mixed conifers, grasses.

Watef: Along Gulf coast and bays. Pientiful water.

'Logistics:. Travel distance from LLL greater thaﬁ most other sites.

Other: Recreational use of waterways may be difficult to control.

Environmental Impact:

Fire Potential

The vegetation at Eglin consists of Southern mixed forests inland

and marsh and sand-dune vegetation on the coast. Depending on the
test site selected, it would be necessary to ¢lear a large area

-(200 sq. km) of pine and brush to prevent spreading forest or brush
fires during vapor cloud burning tests. The abundant bird and animal

life would be threatened by the cloud burns.

Explosions

Environmental damage from explosions will be greater here than in
desert sites due to higher populations of plants and animals.

Endangered Species

The endangered species of animals which may occur at Eglin are:
Aligator, Southern Bald Eagle, Brown Pelican, Cape Sable Sparrow,
Dusky Seaside Sparrow, various woodpeckers, various darters, Key Deer,
Florida Panther and Sea Cow. In addition, there are endangered
species of plants to survey for before test-site selection.

Antiquities
The Indian nations which previously occupied the Eglin area are the
Chatot, Tohome, Nanraba and Mobile. A detailed survey of the area
for artifacts, burial grounds, etc., would be required before test-
site selection. ‘ ' '

Récreational Resorces

If a shore-side location for a test site were selected, it could have
an impact on use of waterways by fishermen, hmnters, boaters and
commercial traffic. ‘

_ Contact: Mr. B. B. Toole.
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5. H111 A1r Force Range

General: Air Force bombing and gunnery range in Utah 1mmedlate1y west
of Great Salt Lake. Encompasses a 10-mile strip of shoreline and adja-
cent salt flats and wet lands. Desert, minimal vegetat1on Varied
topography

Weather: Typ1ca1 of most desert ranges, acceptable for most tests.

- Rainfall marglnally adequate to accomplish tests for which prec1p1ta—
tlon is requlred Detailed weather data not available. :
Topography: Salt flats, wet lands, portion of Great Salt Lake.
Population: Sparse, large exclusion area.’

Vegetation: Sparse.

Water: Adjoins Great Salt Lake. Water table shallow over much of §ite.

Logistics: Access. from LIL and proximity of local suppiy centers is about
average for the sites under con31derat10n

Environmental Impact:

Fire Potential

Due to the low rainfall of about 20 cm/year in the Hill AFB region,
there is very sparse vegetation, and little fire hazard. Clearing
of -large areas would not be necessary.

§521051ons

Because of the sparse vegetation, 11ttle environmental damage will
be incurred from explosions.

Endangered Species

Various falcons and the Utah Prairie Dog may . be found in Utah along
with many endangered species of plants. Surveys would be- requ;red
before test site selection.

Antiquities

The Shoshone Ind1an nation populated the area in the past. A
survey for village sites, mounds, artifacts, etc., would be ‘re-
quired prior to test 51te selectlon '

Contact: Mr, Arlo H. Stewart

6. Wendover A1r Force Range

. General: In Utah, south of Hill Air Force Range, and generally s1m11ar~
Contalns numerous intermittent small lakes.
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Weather: Typical of most desert ranges, acceptable for most tests.

Rainfall marginally adequate to accomplish tests for which precipitation ‘

is required. Detailed weather data not-available.
Topography: Salt flats, intermittént lakes.
Population: Sparse, large exclusion area.
Vegetation: Sparse. o

Water: Unknown. Water table reported shallow, site encompasses inter-
mittent lakes.

Logistics: Access from LLL and proximity of local supply centeérs is
about average for the sites under consideration.

-Environmental Iupuct:

Fire Potential

Due to the low rainfall of about 20 cm/year in the Wendover AFR
region, there is very sparse vegetation, and little fire hazard.
Clearing of large areas would not be necessary.

ggglosions

Because of the sparse vegetation, little environmental damage will
be incurred from explosions.

Endangered Species

Various falcons and the Utah Prairie Dog may be found in Utah along
with many endangered species of plants. Surveys would be required
before test site selectlon

Antlgultles :

The Shoshone Indian nation populated the area in the past. A
survey for village sites, mounds, artifacts, etc., wpuld be re-
quired prlor to test site selection.

Conta;t. None.

7. Hanford Works

General: DOE site in south central Washington, approximately 70 miles
east of Yakima. Encompasses 60 miles of Columbia River. Low desert
vegetation, sagebrush. Varied topography.
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Weather: Typical of high desert regions. Cold in tﬁe winter, but

a large number of suitable test days should be available in the spring,
summer, and fall seasons.

Topography: Varied.

" Population: Sparse, large exclusion area.

Vegetation: Sparse

Water: Columbla River traverses site.

Logistics: Travel time from LLL above average but not excessive. Infor-
mation on 1oca1 logistics not available. . L

Other: DOE installation.

Environmental Impact:

Fire Potential

The low prec1p1tat10n of 20-30 can/yr in central Washlngton ‘produces
sparse vegetation.. Therefore, there would be little forest-fire
-hazard and probably no need to clear a large area of vegetation.

Explosions

Sonic booms may impact the Indian reservatlons dur1ng certain
atmospheric conditions. .

Endangered Spec1es

Various falcons Columblan Whlte tailed Deer, and endangered plant
species may be found in Washington. Surveys would be required
before site'selection.

*Ant19u1t1es

The Yakima and Umatilla Indian nations .populated the area in the
past and their present day reservations are nearby. A survey for
Indian antiquities would be mandatory before site selection.

Contact: None.

8. China Lake Naval Weapons Center

General: Naval weapons development center in Callfornla, on the Mo;ave.
Desert, approximately 125 miles NE of Los Angeles. . Desert, minimal
vegetation. Varied topography. Includes two sites: a northern and

a southern one. ,
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Weather: Typical hot desert climate, w1ndy at times, would permit
a reasonable percentage of test days. ;

Topography: Mixed, with'high mountains. on north side of sites. Both
the north and south sites are extensiveﬁ

Population: | Large (4000) and generally centered at existing test
facilities. Controlled population.

Vegetation: Mostly sparse, heavy'bruéﬁtin some areas.

Water: Water table is very high at certain locations, but in general
water is rather scarce. Some existing:.wells.

Logistics;_ For transport of LNG this location is relatively good.
Site requires a full day's travel from LLL, Livermore, on scheduled
commercial airlines, but only about 1- -1/2 hours on a chartered or
LLL plane. K
Other: The National Atlas shows the Naval Ordnance Test Station at
China Lake is in two parts. The southern site is shown bordering Fort
Irwin to the east.

Environmental Impact: -

Fire Potential .

‘The sparse vegetation in the high Mohave Desert does not present
a fire hazard except in high wind situations when vapor cloud burn
tests would not be conducted. There would be no need to clear
large areas of vegetatlon.

Endangered Species

As prev1ously mentioned, there are many endangered spec1es of
plants and animals in Callfornla. Surveys in proposed test
site areas would be required before site selection. y

Antiquities )

7

The Kawaiisu Indian nation occupied the NWC area in the past. A
‘survey for artlfacts hurial sites, etc., would be required beforc
site selectlon.

Contact: Mr. C. D. Lind.
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VI.

VII.

VIII.

IX.

UNAVOIDABLE IMPACTS

_ The wnavoidable effects on the atmosphere are occasional air

pollution a little above Federal limits, occasional smoke
clouds consisting primarily of carbon soot, and possible
sonic booms. The unavoidable effects on flora and fauna will
be damage to non-threatened and non-endangered species of
plants and animals close to the test area from construction,
freezing, asphyxiation, heat and shock waves. The magnitude
of the damage is small because of the small populations in
the relatively barren desert environment. ,

- o

RELATIONSHIP OF SHORT TERM USE TO LONG TERM PRODUCTIVITY

The temporary (5-10 yr) use of Frenchman Flat for the LNG tests
will have no known effect on its subsequent use for other types

of tests or for any other conceivable use. Even future agricultural
or recreational product1v1ty would not be affected by the LNG

tests.

IRREVERSIBLE § IRRETREIVABLE COMMITMENTS OF RESOURCES

The construction of the temporary LNG spill facility will consume
thousands of man-hours of human effort and many tons of steel,
copper, nickel, concrete and other structural and electrical
materials.. Some of the equipment will be used for other purposes
after the LNG Spill Progrmn is completed. The spill tests will
consume up to 20,000 m*® of LNG, which otherwise would have been
used for 1ndustr1a1 or home heatlng Thousands of cubic metres

of liquid nitrogen will be used for cool-down and pressurization
for the spill tests.

At the conclusion of the program the land at Frenchman Flat can
be used for other activities.

BALANCE OF BENEFITS

The goal of the LNG Spill Effects Program is to obtain information
required to regulate the siting and operations of ING shipping
and terminals. Safe siting and operations will help protect
citizens and property from LNG disasters. The spill tests will
release burned and unburned hydrocarbons into a remote portion

of the Nevada air periodically over a perlod of five or more years
For some of the large tests, the ambient air quality standards
may be temporarily exceeded, but the knowledge gained will help

"protect lives and property in case of LNG ship and terminal acci-

dents. Another benefit of timely information is the safe use of
LNG which will substitute non-polluting natural gas for coal and - -
oil.
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APPENDIX B APPROVAL MEMORANDUM

Department of Energy

Meveda Operations Office
P O Box 14100
Las Vegas, NV 89114

MAR £ 1978

Pr. Richard L. Wagner, Jr.
Associate Director for Nuclear Test
Lawrence Livermore Laboratory
P., 0. Box 808 '
Livermoxr 94550

-

Dear Dr.\\¥a a

You have approval to consider the Nevada Test Site (NTS) as a location
for your ligquéfied natural gas (LNG) spill facility as addressed in
your letter of January 9, 1978. However, approval of this project
will depend upon evaluation of your detailed proposals.

It appears that the Environmental Impact Statement for the NTS
adequately covers the proposed ING experiments. However, appropriate
attention shall have to be given to NTSO-SOP Chapter 6003, "Preserva- -
tion of Antiquities and Historic Sites," prior to committing an area
for the LNG experiment facility. 'Also, it is suggested that you
consider Jack Reed's (Sandia Laboratories) participation relative to
blast and ducting effects.

Sihce:ely,

Mahlon E. Gates
Manager

ce: J. R. Gilpin, Dir., P&B
S. R. Elliott, Dir., OSH
E. M. Douthett, Dir., P&LS
B. C. Moore, Dir., NTSSO
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APPENDIX C  APPROVAL MEMORANDUM

Department of Energy
‘Nevada Operations Office

P O Box 14100

Las Vegas, NV 89114

August 2, 1978

Dr. R. L. Wagner

Test Director

‘University of California
‘Lawrence Livermore Laboratory
P. 0. Box 808

Livermore, CA 94550

Dear Dr. Wagner:

APPROVAL TO CONDUCT LIQUID NATURAL GAS (LNG) SPILL EFFECTS TESTS AT
THE NTS

A review of your proposal to conduct LNG Spill Effects Tests in ihe
Frenchman Flat area of the NTS has been completed. Subject to the
. following conditions, approval of your request is hereby granted.

1. Environmental Aspects

The present final Environmental Impact Statement for the NTS addresses
high explosive tests of a chemical nature. We would expect, based on
our discussions with LLL staff to date, that the current EIS will
suffice. Studies, however, of the effects of LNG on the environment
during the smaller scal1ng experiments will be necessary. in order to

~ confirm this beliefs It is understood thatApub11c perception of LNG
tests could exert pressures toward the preparation of an additional -
assessment or statement for the larger tests. If it is not possible

- for you to perform these studies, funds should be provided to NV to
perform them utilizing other contractors. We also request that you
prepare operat1ona1 procedures which will protect the endangered
plant species in Frenchman Flat, and otherwise m1n1m1ze adverse
environmental effects.

As a part of standard operating procedures at the test site, NV will
- initiate an 1nvest1gat1on of possible archaeological and historic
cultural sites prior to any construction activities. If any such
sites are found, NV will coordinatk with the State of Nevada's
Historic Preservation Officer as to their.proper disposition.
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L. Wagner ‘ . : August 2, 1973

ResuspenSion of Radioactive Particles

. Due to the potential for resuspension.and.subsequent transport

of radioactive material off the NTS during these tests,
environmental monitoring will be required to document any release.
A release would require dose computat10n offsite and effluent
reports.

Safety Plans

A safety plan must be submitted and approved by NV prior to the
commencement of testing. This plan should emphasize safety and
health aspects in relation to facility and equipment sitings,
LNG aerial and ground surface monitoring grids, safety equipment,
and medical and fire fighting support.

_Public Affairs Plan

NV'will issue‘an LNG Public Affairs Plan which will be.adhered
to by all program participants..

Construction Operations -

A11 construction operations for the LNG Spill Tests w111 be
performed, according to present NTSSOP's (6001), by DOE contractors
at the direction of NV (NTSS}.

Coordination

- Coordination for area use permits should be effected within the

DOE Operations Coordination Center - CP-1, Nevada Test Site.
Experiments will be coordinated and reviewed by NV on an 1nd1v1dua]
basis.

~ Identification Badggs

A1l visit requests and photograph1c penn1ts ‘should be submitted in
writing, to the Director, Division of Safeguards and Secur1ty, and

-~ received by NV, seven days in advance of the v1s1t

. Passes for Access and Egress of Equlpment

All vehicles and equipment with a list of contents must be submitted
to the Director, Property Management Division seven days in advance
of delivery to arrange appropriate passes.
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R. L. Wagner o ~ August 2, 1978

9.fTransportation-

The transportation of the Liquefied Natural Gas must be accomplished
in accordance with the U. S. Department of Transportation and all

- other state and local government regulations. Additionally, the
carrier-used must have the authority to transport the substance.

10. Ability to Terminate the Program

NV will reserve the right to terminate the program at any time if it
is judged that its continuation will detrimentally affect other NTS

operations or facilities.

By copy of this letter, NV offices, agencies and contractors are to
support the approved program. - If you have any .questions or require
assistance in interpreting the aforementioned contingencies, please
contact Wendy Arevalo, Plans and Budget Division - 598-3171.

Sincerely,

- Manager

PBD:WRA-1443 -

cc: L. Crooks, LLL, Mercury, NV ,
T. T. Scolman, LASL, Los Alamos, NM
¢+ J. W. LaComb, FC/DNA, Mercury, NV
H. Runnels, REECo, Mercury, NV
C. Moore, Dir., NTSSO
. Viney, SL, Albuq., NM
. Mueller, NOAA/WSNSO, Las Vegas, NV
. Smits, Dir., CMD

E
. F

J . :
Blankenship, Dir., S&SECD

—-OTTm
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