Idaho

National
Engineering
Laboratory

DISTRIBUTION OF THi3 DOCLBIENT 18 UNLIMITED ﬁ: i

INEL-96/0081
ITER/US96/TE/SA-03

Published March 1996

[EE NN}

e B

sl
it 1 7 COnM
&I ? { i'v:;ﬁg:%)

MELCOR Aerosol ¢gy,
Transport Module
Modification for NSSR-1

B. J. Merrill
D. L. Hagrman

s rlockheed

- Idaho Technologles Company

MASTER







INEL-96/0081

ITER/US96/TE/SA-03

MELCOR Aerosol Transport Module
Modification for NSSR-1

B. J. Merrill
D. L. Hagrman

Published March 1996

Idaho National Engineering Laboratory
Lockheed Idaho Technologies Company
Idaho Falls, Idaho 83415

Prepared for the
U.S. Department of Energy
Office of Fusion Energy
Under DOE Idaho Operations Office
Contract DE-AC07-941D13223







ABSTRACT

This report describes modifications of the MELCOR computer code aerosol transport
module that will increase the accuracy of calculations for safety analysis of the
International Thermonuclear Experimental Reactor (ITER). The modifications
generalize aerosol deposition models to consider gases other than air, add specialized
models for aerosol deposition during high speed gas flows in ducts, and add models for
resuspension of aerosols that are entrained in coolants when these coolants flash.
Particular attention has been paid to the adhesion of aerosol particles once they are
transported to duct walls. The results of calculations with the modified models have
been successfully compared to data from Light Water Reactor Aerosol Containment
Experiments (LACE) conducted by an international consortium at Hanford,
Washington.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.







EXECUTIVE SUMMARY

The potential for transport of activated material as aerosols is a consideration in the
safety analysis for the International Thermonuclear Experimental Reactor (ITER). In
order to support the analysis, a number of modifications to the MELCOR computer
code aerosol transport module have been completed. The modifications generalize
aerosol deposition models to consider gases other than air, add specialized models for
aerosol deposition during high speed gas flows in ducts, and add models for
resuspension of aerosols that are entrained in coolants when these coolants flash.
Particular attention has been paid to the adhesion of aerosol particles once they are
transported to duct walls.

We have benchmarked these modifications against data from experiments conducted by
the Electric Power Research Institute (EPRI) designated as large-scale light water
reactor (LWR) aerosol containment experiments (LACE) and found excellent
agreement. For high speed flows in pipes, our model predicts that 3% of the aerosol
mass entering the LACE test pipe remains on the pipe walls in comparison with a
measured value for LACE test CB3 of 1%. When we extend our surface adhesion
model to include gravitational settling, the predicted pipe aerosol mass retention drops
to 1.2%. If the deposited aerosol films are highly viscous, as was the case for LACE
test LA1, our model predicts that 98.4% of the aerosol mass entering the LACE test
pipe will remain on the pipe wall. The measured aerosol mass retention was reported
as greater than 98%. We have found good agreement between our model and the data
from the LACE containment depressurization test, LAS. MELCOR predicted
pressures and temperatures that are within 6% of those measured by this test. In
addition, the peak concentration of aerosol re-suspended as a result of pool flashing
was predicted to reach 0.58 mg/m® compared to a measured value of 0.48 mg/m’.

However, even given the success of this benchmarking exercise, there are still some
unanswered issues with respect to our modified MELCOR aerosol transport module.
These issues primarily center around aerosol chemical characteristics and carrier gas
conditions of the LACE experiments being different than those expected in ITER, and
the accuracy of some of the LACE measurements. As a consequence, we suggest that
additional aerosol transport tests be performed to obtain data more characteristic of
ITER accident conditions, and to improve the confidence level we have in our aerosol
transport module. . -
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1. INTRODUCTION

We have completed modifications to the MELCOR code' aerosol transport module
that will increase the accuracy of this module for International Thermonuclear
Experimental Reactor (ITER) safety analyses of accidents like loss-of-cooling accidents
(LOCA:s) into the vacuum vessel. These accidents will re-suspend material eroded
from the first wall and divertor, and corrosion products in ITER’s heat transport system
(HTS) coolant. The modifications described in this engineering design file (EDF)
document address aerosol deposition in gases other than air, turbulence and inertial
aerosol deposition for high speed flows in ducts, and re-suspension of aerosols that are
entrained in coolants when these coolants flash. Most of these modifications were
proposed in an assessment of the MELCOR code performed in 1994, and undertaken
in 1995 after revising ITER Joint Central Team (JCT) Task Agreement S 81 TT 03 95-
02028 FU, subtask 2, entitled: System Level Transient Thermal-Chemical Codes. These
revisions were made because of changes in research and development (R&D) priorities
prompted by results from the Early Safety and Environmental Characterization Study
(ESECS).

In the following section of this EDF, we address the changes that were made to the
aerosol module of the MELCOR code to account for carrier gases that are not air.
Section 3 presents the theory for two new aerosol deposition models that were added to
the MELCOR code. These models predict the aerosol deposition rates produced by
momentum gained by an aerosol particle from turbulence in a carrier gas and by
centrifugal forces produced when the carrier gas flows around a pipe bend. Section 4
of this EDF describes a model that has been developed for the MELCOR code that re-
suspends aerosols entrained in a liquid coolant back into the atmosphere when this
liquid flashes to a vapor. In Section 5, we describe a series of test that were conducted
by the Electric Power Research Institute (EPRI) designated as large-scale light water
reactor (LWR) aerosol containment experiments (LACE). These tests examined the
transport of aerosols typical of LWRs through pipes with high speed flow and in
containment volumes during rapid de-pressurization. We also present in Section 5 a
comparison between data from these tests and our new MELCOR aerosol transport
module. Finally, Section 6 contains conclusions drawn from this model development
task.




2. IMPROVEMENTS TO MELCOR AEROSOL
DEPOSITION COEFFICIENTS

Aerosol deposition on structures by MELCOR occurs as a result of four mechanisms:

thermophoresis, gravity, diffusion, and diffusiophoresis.> The equations used to define
the rate at which the first three mechanisms occur involve thermal-physical properties

of the carrier gas. The equations that define the velocity at which aerosols deposit are
as follows:

. 2
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where
u, = deposition speed from gravitational settling (m/s)
ur = deposition speed from thermophoresis (m/s)
up = deposition speed from diffusion (m/s)
¢, = particle slip coefficient
¢, = particle sticking coefficient
C, = thermal accommodation coefficient
C = particle mobility (s/kg)
d = particle diameter (m)
D = diffusion coefficient (m?%s)
k,/k, = ratio of thermal conductivity of the gas to that for the particle
Kn = Knudsen number, ratio of gas molecule mean free path to particle radius
T = temperature (K)
p = density (kg/m’)
i = viscosity (kg/m-s)
X = dynamic shape factor
Apye = diffusion boundary layer thickness (m)

As can be seen from these Equations 1 through 3, gas properties of density, viscosity,
conductivity, and particle diffusivity are required by these equations. The standard
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MELCOR model assumes that the carrier gas is air. In addition, these deposition
velocities are calculated once at the start of a MELCOR calculation for four sets of
pressure and temperature values. These four sets are used with linear interpolation

. techniques to rapidly evaluate the velocities as a function of time during the MELCOR
calculation. This approach, while very time efficient, would not be accurate for gases
other than air. We have modified MELCOR to calculate these aerosol deposition
coefficients by using the time-dependent properties of the gas that actually exits during
a given calculation, for example steam, hydrogen, air, helium, etc. or mixtures thereof.
The Fortran coding for the required modifications to the MELCOR code are contained
in Appendix B. ‘

Comparison of calculation results before and after this revision shows excellent
agreement near the temperatures, pressures, and composition (air) used as a basis for
the standard MELCOR deposition model. For points away from the basis points, ten
to twenty percent differences were found for all aerosol deposition mechanisms in air
except thermophoresis. The thermophoresis deposition rates differed by as much as
80%. Of course, gases like hydrogen which have viscosities and densities greatly
different than air would have correspondingly larger differences. From this we
conclude that the deposition processes other than thermophoresis are approximately
linear.




3. NEW AEROSOL DEPOSITION MODELS

Two new aerosol deposition models have been added to the MELCOR code. These
models address the particle deposition mechanisms produced by fluid turbulence in pipes
and particle centrifugal forces in pipe bends. These deposition mechanisms are shown
schematically in Figure 1. In the case of turbulent deposition (Figure 1a), a particle
suspended in a fluid flowing in a pipe obtains momentum from the fluid in both the
parallel and perpendicular direction to flow. The perpendicular momentum is gained
from fluid turbulence. Since the particle density is larger than the fluid density, this
momentum will allow the particle to penetrate the buffer layer and viscous sublayer of
turbulent flow that are adjacent to the pipe surface and to impact this same surface.
When a fluid flows around a pipe bend, particles that are suspended in this fluid
experience a centrifugal force that radially accelerates these particles, causing them to
impact the pipe wall (Figure 1b). This process is called inertial deposition. However,
even in the event of surface impact produced by either deposition mechanism, surface
forces must be large enough to overcome the momentum associated with these particles
if these particles are to adhere permanently to this surface. In the following three
subsections, we present models for turbulence deposition, inertial deposition, and surface
adhesion. The Fortran coding for the required modifications to the MELCOR code are
contained in Appendix B.

3.1 Turbulence Deposition Model
We have adopted a model proposed by Wood* for aerosol deposition in pipes as a

result of fluid turbulence. This model is semi-empirical, and is derived by solving a
diffusion equation written in the form of a turbulent version of Fick’s law, which is

dc
N = (D,+ S)Ej; C)
where
N = particle flux (#/m>s)

D, = particle diffusion coefficient (m?s)
¢ = particle turbulent eddy-diffusivity (m%s)
¢ = particle concentration (#/m°)
y = distance from surface (m)

Equation 4 can be written in a non-dimensional form as follows

D dc
N = V+ = (_ﬁ-'}- i) * (5)
c u, v v’ dy,
where
¢, = particle concentration in turbulent core of the flow
¢, = c/c,




V., = non-dimensional deposition velocity
v = fluid kinematic viscosity (m?s)

The fluid friction velocity of Equation S is defined as
u, =t/ 0 =uf/2 (6)

where f; is the dimensionless friction factor used to predict pressure losses in turbulent
fluid flow, and where u; is the fluid velocity at the center of the pipe. We have adopted
the following Blauis’ formula, as did Wood, for flow in a smooth tube as the expression
for this friction factor

_ 0.0797
Iy = Re 17 (™)
where Re (=u[D/v) is the Reynolds number for fluid flow.
Integrating Equation 5 over the boundary layer associated with turbulent fluid flow gives
the desired non-dimensional deposition velocity (V.). To accomplish this integration,

Wood introduces the following standard expressions for the turbulent eddy diffussivity in
the viscous sublayer

3
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and in the buffer layer
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respectively. Separating variables and integrating Equation 5 gives
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This equation can be written in two parts as




The solution of Equation 12, upon substitution of Equation 8, becomes
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The solution of Equation 13, upon substitution of Equation 9 and assuming ¢ >> D,

becomes
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Wood defines the lower limit of integration for Equation 13 as

yl=s, +b, (16)

which equals the sum of the non-dimensional particle stopping distance and the non-
dimensional effective surface roughness. This implies that a particle must diffuse though
the buffer layer, and possibly partially though the viscous sublayer, to a height above the
pipe surface from which the particle’s perpendicular momentum will allow the particle to
reach the pipe surface. The upper limit of integration (v, for Equation 12 equals 5,
which also equals the lower limit for Equation 13 (y,'). However, when y +°becomes
greater than 5, I, equals zero, and the lower limit of integration for I, becomes y,°% The
upper limit of integration for I (y,”)is taken as equal to 30.

The non-dimensional perpendicular stopping distance of Equation 16 is defined as
S. =ut a7

where the non-dimensional particle relaxation time equals

.- Bp,,d,, : (18)
P~ 1"18pv | v

This particle relaxation time is a measure of the time required by a particle to reach its
terminal velocity when a force is applied to it. The perpendicular particle velocity of
Equation 17 is that velocity gained from turbulent eddy motion and is defined as

= Au, 19

The coefficient A of this equation was found by Wood to be 0.69 by matching aerosol
deposition data for a hydraulically smooth tube (i.e. b, equal to zero). For roughened
tubes, Wood uses the following expression for the non-dimensional surface roughness

(20)

b, =
14

where "e" is the surface roughness height (m).

Wood proposes Equation 11 for calculating the non-dimensional particle deposition
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velocities for non-dimensional relaxation times of less than 10. For relaxation times that
are greater than 20, Wood proposes the following expression

b

V.=da| 2 ape| L+ 1)
n ‘/5 s,

We have adopted a log-linear interpolation with respect to particle relaxation time for

the transition between Equations 11 and 21. Once the non-dimensional deposition

velocity is determined for these equations, the actual particle deposition velocity for
turbulence is

VvV, =Vu, (22)

This deposition mechanism is applied to both solid (i.e. pipe walls), and liquid (i.e. pool)
surfaces in our model.

3.2 Pipe Bend Inertial Deposition Model

To calculate the inertial deposition of aerosols in pipe bends, we start with the
centrifugal force acting on the particle as the fluid turns a pipe bend. This force is given
by

2 2z
_m, sy Uy 23
Fe==(pp /’f)dp-,:"mp-,: (23)
where

d, = particle diameter (m)
u; = fluid velocity (m/s)

1, = bend radius of pipe (m)
pp = particle density (kg/m?)
p; = fluid density (kg/m®)

m, = particle mass (kg)

The terminal velocity in the radial direction that a particle will obtain as a result of this
force is given by

u, =BF, (24)

where "B" is the particle mobility defined as




1
5 Gy *

where p, is the carrier gas viscosity. The time that it will take for a particle to travel
around a bend is given by
r,e
f, = 22 (26)
u
f

where "®," is the pipe turning angle in radians. Consequently, the radial distance a
particle will drift during in this turn is the product of bend travel time and the particle
radial velocity, which becomes

s =@,Bm,u, 27)

when Equation 23 is used to express the centrifugal force. By assuming a well mixed
particle concentration in the pipe (c,), the fraction of particles that will collide with the
wall in the bend is approximately the radial drift distance divided by the pipe diameter
(ie. /D). The particle flux (#/m?s) for inertial deposition based on this collided
fraction, when averaged over the pipe surface area, can be expressed as

r -5 coqu

l c (28)
‘D4,

where
D = pipe diameter (m)
A, = pipe cross-sectional area (m?)
A, = pipe surface area (m?)

The deposition velocity associated with this particle flux is as follows

L 29)

CO

Vv, =
This deposition mechanism applies only to solid surfaces in our model.

3.3 Surface Adhesion Model

When a particle impacts a given surface, adhesive surface and film drag forces act on
this particle, as illustrated in Figure 2. If this particle is to adhere to this surface, these
forces must be of sufficient strength to overcome the incident momentum of this particle
as it reflects off of a surface. The adhesive forces include both a capillary force




associated with a surface fﬂm if present, and the Van der Waals force. An expression
for these forces is as follows™®

3
F, = 4nrpo +§an1fR 30)
where ‘
o surface tension of possible film on surface (J/m?)

v = surface energy per unit area for Van der Waals interaction (J/m?)
= surface energy reduction factor due to surface roughness

Reeks® suggests that the surface energy for Van der Waals interaction () typically varies
between 0.04 to 0.2 J/m%, and that surface roughness reduces this energy density by at
least an order of magnitude (e.g. fz < 0.1). The viscous drag force experienced by a
particle from a liquid film on a surface can be expressed as follows

Fy = 3mruu (31)

where g is the viscosity of the liquid surface film.

Given Equations 30 and 31, the minimum momentum that a particle must have after a
perfectly elastic collision with a surface to escape surface adhesive forces is

t, 1y

mu, dez—Jdedeande 32)

where
u, = critical escape velocity (m/s)

m, = particle mass (kg)
t, = surface adhesion time (s)
ty = film residence time (s)

We define the time-interval over which surface forces will act on a particle as the
distance over which a force acts on a particle divided by the velocity of the particle. For
the surface adhesion forces, Reeks suggests that the distance over which particles will be
influenced by these forces is on the order of magnitude of the particle radius. Therefore,
the time-interval for surface adhesion equals the particle radius divided by the particle
critical escape velocity (t,=r1p/u.). For the viscous drag force, the time-interval
approximately equals twice the film thickness divided by the critical escape velocity
(ts=26/u.). With these definitions, the particle critical escape velocity can now be
evaluated by combining Equations 30, 31 and 32. The result is a quadratic equation
which when solved for the desired velocity gives

10
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¢ 2m, l 2m, m,

. where &; is the film thickness.

Particles that impact a surface will have both a perpendicular and parallel velocity
component with respect to this surface. Given the deposition velocities from the
turbulence and inertial deposition models as the perpendicular particle velocity (i.e.
Equations 22 and 24), the parallel velocity of a particle that possesses enough
momentum to escape the surface forces can be obtained from

2 2 (34)

Particles with paralle] velocities greater than this velocity will ricochet back into the
boundary layer, and perhaps even back into the turbulent core, of the carrier gas.

Knowing the critical parallel velocity allows us to predict the distance above a surface at
which particles will have this velocity based on standard universal velocity profiles.” For
turbulent flow, the non-dimensional height (i.e. y, =yu./v) above a surface can be
related to the non-dimensional fluid velocity (i.e. u,=u/u.) as follows

y. = o (@2 +305)5 (5su,<14) (35)

for the buffer layer, and
y,=u (0=su, <35) (36)

+ +

for the viscous sublayer. As illustrated in Figure 3, all particles that are within s (the
non-dimensional particle stopping distance) of a given surface, but are further away from
this surface than y_.© will possess enough momentum to escape the surface forces. All
particles within a distance of y,° from this surface will not have enough momentum to
escape the surface forces. Therefore, the fraction of the particles that strike a surface
and adhere (e.g. surface adhesion factor) can be found by taking the ratio of these two
non-dimensional heights, that is

11
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The product of this adhesion factor and the deposition velocity (i.e. Equations 11 or 24,
and 37) results in the effective deposition velocity for our turbulence and inertial
deposition models on solid surfaces.

12




4. LIQUID ENTRAINED AEROSOL RE-SUSPENSION MODEL

During either normal operation or accident conditions in ITER, particulate will become
entrained in the coolant of the ITER HTS. The particulate entrained during normal
operation are corrosion products from pipe walls of the HTS. The particulate entrained
during accident conditions, such as a LOCA into the vacuum vessel, are dust from first
wall and divertor surface erosion. Because this coolant can be superheated with respect
to ambient conditions, coolant flashing could occur. The model developed in this section
addresses the issue of re-suspension of this particulate into the atmosphere during
coolant flashing.

The present MELCOR model assumes that once aerosol particles become entrained in
the liquid phase of the coolant, these particles remain in the liquid until an arbitrarily
small quantity of liquid remains. After this point, the entrained aerosol mass is linearly
re-suspended in proportion with the liquid mass that flashes. This could become a very
non-conservative assumption if the aerosol re-suspension occurs after the aerosol carrier
gas has lost its impetus to transport these aerosols.

Our new model re-suspends the liquid entrained aerosols into vapor bubbles generated
by the flashing process. Once inside these bubbles, these aerosols re-deposit on the
liquid surface of the bubbles by the aerosol deposition mechanisms of Brownian
diffusion, gravitational settling, and inertial impaction. These bubbles eventually rise to
the surface where the aerosols are released into the atmosphere. This approach is very
similar to pool scrubbing models developed for codes like MELCOR.®> Therefore, we
have adapted the existing MELCOR pool scrubbing model as a basis for our liquid
entrained aerosol re-suspension model. The Fortran coding for the required
modifications to the MELCOR code are contained in Appendix B.

Our re-suspension model starts with an integral solution to an aerosol conservation of
mass equation written for a bubble, assuming no sources of aerosol mass. This equation
relates the aerosol mass that reaches the pool surface to the aerosol mass in a carrier gas
that enters the bottom of a pool and forms a bubble as follows

m, =m, exp(—J'V,,'1 J"adAb dt) (38)

where
m, = bubble aerosol mass (kg)
V, = bubble volume (m?),
u, = total aerosol deposition velocity (m/s)
A, = bubble surface area (m?)
t = bubble residence time in pool (s)




The total deposition velocity of Equation 38 is defined as
g = U U U 39)

where
u, = gravitational settling velocity (m/s)
u; = inertial impaction velocity (m/s)

up = Brownian diffusion velocity (m/s)

The deposition velocity due to gravitational settling, accounting for the bubble surface
area that is perpendicular to the vertical direction, is defined as

2

a:C
u, = u cosd = ___...____g pfi 81’ ™ cos @ (40)
U

where
u, = settling velocity (m/s)

g = gravitational constant (m/s%)

p, = aerosol particle density (kg/m’)

d, = particle diameter (m)

C, = particle mobility

p = vapor viscosity (kg/m-s)

6 = angle with respect to vertical (radians)

For inertial impaction, the aerosol velocity is

2
_uyu

= sin? ¢ (41)
4R »8

i

= relative bubble rise velocity (m/s)
R, = bubble radius (m)

And finally, the Brownian diffusion velocity is

1
u = [2‘2]'2' “2)
R, |

where D is the particle diffusion coefficient (m%s) in the bubble vapor.

We assumed for this model that the radius the bubbles obtain during flashing is that of

14




bubbles created over a porous or heated surface by "Taylor instability" which is®

1
Rb = c 2 43)
g(ps - Pg)

where
o = fluid surface tension (N/m)
p; = fluid density (kg/m®)
p, = vapor density (kg/m>)

The bubble rise velocity of this model is the bubble velocity relative to the mixture or
liquid velocity. For this velocity we have adopted formulations proposed by Peebles and
Garber’ for the terminal velocity of a single gas bubble rising in a stationary liquid.
These equations are

28R; (p; -
uy = 288 070 Re, <2 @4)
9 Hy
0.52
u, = 033g07 |Prf g1z 2 < Re, < 402 G, % (45)
Hy
( 0.50
u, =135|-2 4.02G** < Re, < 3.10G;** (46)
AR,
( 0.25
u, = 1.53 5_‘_’_] 310G, < Re, | 47
of ,

where the bubble Reynolds number is defined as

Re, = 2PrteRs (48)
Hy

and the parameter G, as
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By assuming that these bubbles form instantaneously, maintain a constant radius, and
aerosol deposition velocities are constant over the bubble rise time, the integration of
Equation 38 with respect to bubble surface area, defined as

I, = v, [uaa, (50)

becomes time independent. The solution for Equation 50 is somewhat complicated and
will not be presented here. Those interested can find this solution in Reference 3.

We define the bubble residence time of Equation 38 as the bubble origination depth
divided by the vapor velocity (z/u,). This velocity is the maximum of the vapor
superficial velocity and the bubble rise velocity, that is

K
u, = max( —— , u,) (51)
pry
where
kw = liquid mass flashing rate (kg/s).
4, = liquid pool cross-sectional area (m?)

Recalling our discussion of Equation 38, we can now determine the aerosol mass release
from a flashing pool. Assuming that this liquid flashing generates vapor bubbles
uniformly throughout the pool and that the entrained aerosol mass in the flashing liquid
re-suspends into the generated bubbles, then the differential aerosol mass release from
the pool surface (dm,’) resulting from a differential aerosol mass re-suspension (dm,¥) in
bubbles that develop at pool depth (z), in height (dz), is

R
-5 m 48
dm; =dm; e 5?2 2 gy e 8% (52)
P

where m,R is the total aerosol mass re-suspended over pool depth Z,. By integrating
Equation 52 over the depth of the pool, the total aerosol mass release becomes
Zp R
m, u s
maS - ldmas - ; v (1 _e—IBZp/uv) (53)
Iz Z,

With this result, we can now define the aerosol mass release rate (R,) in terms of the
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liquid mass flashing rate as

S

m
R, = X, & = X, Kz SF (54)

m

R
a

where
X. = entrained aerosol to liquid mass ratio
SF = aerosol scrubbing factor

Because the MELCOR aerosol module does not track the particle size distribution once
the aerosols become entrained in the liquid, we assume that the aerosol mass released to
the atmosphere has the minimum particle radius specified by user input.

We developed a simple test problem that illustrates the difference between our new
liquid entrained aerosol re-suspension model and that of the standard MELCOR model.
This test problem is a 25 m> volume that contains 500 kg of water, in which resides 50 kg
of aerosols. A constant heating rate is applied to the water to cause complete
vaporization within about 10 s. Figure 4 contains the water and entrained aerosol
masses as predicted by the standard MELCOR model. As can be seen, the aerosol mass
remains constant until an arbitrary liquid mass remains, after which point the aerosol
mass decreases linearly with respect to the liquid mass. Figure 5 shows the difference in
predicted liquid entrained aerosol mass between the standard MELCOR model and our
new re-suspension model for this test problem.




5. COMPARISON OF AEROSOL DEPOSITION
MODELS TO LACE DATA

Over the time period of 1981 to 1988, the Electric Power Research Institute (EPRI)
organized a test program, sponsored by an international consortium, that conducted a
number of large-scale light water reactor (LWR) aerosol containment experiments
(LACE) at the Hanford Engineering Development Laboratory (HEDL) in Richland,
Washington. These tests examined the transport of aerosols typical of LWRs through
pipes with high speed flow and in containment volumes during rapid de-
pressurization.!*!! We have used data from this test series to compare our MELCOR
aerosol transport models against. This comparison is given in the following subsections.
The first subsection describes the LACE bypass tests and tests results. The second
subsection compares our model’s predictions against the LACE bypass tests. The third
subsection describes the LACE de-pressurization test LAS. The final subsection
presents a comparison between the LACE test LAS data and our liquid entrained
aerosol re-suspension model.

5.1 LACE Containment Bypass Tests

Figure 6 contains a schematic of the LACE facility as it was constructed to perform the
aerosol transport tests in pipes. Two test series were conducted with this facility
configuration. The first test series was called the containment bypass scoping tests,
designated as the CB series. The second test series was called the containment bypass
tests, designated as LWR Aerosol (LA) tests LA1 and LA3. This facility had as major
components an aerosol generator, a test pipe, a containment vessel, and an aerosol
scrubbing/venting system. The LA tests had a different test pipe configuration than that
of the CB tests. Both test series examined aerosol transport in pipes with high speed
carrier gas flows, but the LAl and LA3 test series considered aerosols, carrier gases, and

carrier gas conditions that were more typical of containment bypass accident scenarios in
LWRs.

The aerosol generator was a 5 m° tank that was divided into a burn chamber and a
mixing chamber. The burn chamber was used to vaporize sodium or cesium into an air
or nitrogen carrier gas. Aluminum or manganese oxide was also produced in this
chamber by the use of a plasma torch, into which the metal oxide powder was injected.
These gases then entered the mixing chamber in which steam was introduced. The

aerosol particles produced by this aerosol generator were NaOH, CsOH, Al{(OH),, and
MnO.

The test pipe for the CB scoping tests consisted of three pipe sections. The first and
third pipe sections were 300 mm in diameter and approximately 3 m long. The center
section of the test pipe was 63 mm in diameter and 27 m long. There were five 90° pipe
bends and three pipe reducers in this test pipe. The test pipe for the LA bypass tests
eliminated the downstream 300 m diameter pipe section, and extended the 63 mm
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diameter pipe section to a length of 29 m. This longer 63 mm diameter pipe had six 90°
pipe bends. These test pipes were wrapped with 50 mm of glass fiber insulation, and the
first section of these pipes was electrically heated.

The containment vessel had a volume of 850 m?, surface area of 520 m? diameter of
7.62 m, height of 20.3 m, wall thickness of 16.4 mm and was covered by 25 mm of glass
fiber insulation. No attempt was made to maintain elevated temperatures in this volume
during these tests. The resulting atmosphere temperatures were about 85 °C for the CB
series, and 115 °C for test LAl. The pressure during these tests was maintained at 0.1
MPa. In the case of tests LA3A-C, this containment volume was bypassed altogether.

Test conditions measured at the inlet of the test pipes and mass retention fractions in
these pipes are given in Table 1. The carrier gas inlet conditions were maintained for 20
hours prior to conducting the one hour aerosol transport tests. The rather high carrier
gas temperatures and velocities of these tests ensured that the steam in the carrier gas
remained super-heated, and that the flow was highly turbulent. Of particular interest is
the very dramatic difference in mass retention fraction between the 63-mm and 300-mm
pipe sections of the CB test series. The retention fraction was less than 5% for the 63-
mm pipe section, but was nearly an order of magnitude higher in the 300-mm pipe. The
LACE experimentalists offered two possible explanations for this difference. Either the
aerosol material was re-suspended following deposition, or moved along the pipe as a
liquid film by shear stresses induced by the high-velocity carrier gases. There is also a
very noticeable difference in mass retention fraction for the 63-mm pipe sections of the
CB and LA tests. For example, test CB3 resulted in only a 1% mass retention fraction
while LAl is in excess of 98%. The LACE experimentalists attributed this difference to
the physical nature of the aerosol, citing surface tension, viscosity, and melting point as
important parameters effecting adhesion and re-suspension.

The reason for suspecting the formation of a film in these experiments is that NaOH and
CsOH are hygroscopic materials, which means that these aerosols will rapidly absorb
steam from the carrier gas. It is these particles that could agglomerate and form a film
on the pipe surface. However, aerosol transport by shear stress induced film motion has
two problems with regards to the CB test series. The first problem is that test CB3 had
no hygroscopic aerosols to form a film, therefore film transport could not explain the
small retention fraction for this test. The second problem is that even for the largest
retention fraction, which is 5% for test CB2, the film height is only about 17 ym . This
compares to an expected surface roughness height for this test pipe of 50 um. As a
result, the film would be below the viscous sublayer and would not experience the shear
stress forces produced by the carrier gas.

Aerosol re-suspension was also given as a possible explanation for the low retention
factors of the CB test series. Hall'> has measured the mean lifting forces on a captive
sphere near to a surface in fully developed turbulent boundary layer. He demonstrated
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that a universal relationship exits between the normalized sphere radius (ru,/v;) and the
normalized average lift force (<F; >/vp;). An empirical relationship derived by Hall
for his data is

231
<F.,>
27 2209 (18>ru v ;>70) (55)
Vi by Vs

Using this relationship, the lift force in the 63-mm pipe of test CB3 would be 6x10° N,
which compares to a Van der Waals surface adhesive force that could vary from 4x10® to
2x107 N depending on the assumed surface energy density. Given these numbers, it is
difficult to see how re-suspension could occur.

Surface adhesion does play an important role in aerosol deposition. This can be seen
from the measured differences between the CB and LA series. In Appendix A we
present the reason the LA test series surface adhesive properties were larger than those
of the CB tests series. One thing that is certain from the LA test series is that aerosol
deposition velocities for high speed flows in pipes are large. There is no reason to
suspect that was not the case for the CB test series as well.

5.2 MELCOR Results for LACE Containment Bypass Tests

Figure 7 contains the predicted mass retention fractions for the 63-mm diameter pipe of
test CB3. We have examined this particular test for two reasons. First, this test is more
representative of conditions that would exist during ITER accident scenarios. Second,
test CB3 does not introduce hygroscopic aerosols, thereby eliminating the possible
influence this material would have on surface adhesion forces. Three curves appear in
Figure 7. These curves show the effect of varying the Van der Waals surface energy
density, for a fixed surface reduction factor of 0.1. Our deposition models give 2.75% for
a Van der Waals surface energy density of 0.04 J/m® This value is close to the
measured retention fraction of 1% for test CB3.

Our model predicted the order of significance for the various deposition mechanisms was
turbulence, gravitational settling, and inertial impact deposition, respectively. While a
surface energy density of 0.04 J/m? was at the lower end of the range stated by Reek, it
is in line with the effect demonstrated by Benson'® that the first layer of deposition is
more tightly bound to a surface than subsequent layers, that is the surface energy density
decreases with increasing numbers of deposition layers. A mass retention fraction of 1%.
results in a deposition layer height of about 5.6 um, which is only slightly larger than the
particle diameter for this test (e.g. 4.3 ym). According to the MELCOR models, a 1%
mass retention fraction is less than the deposition fraction that would occur from gravity
alone. However, the MELCOR aerosol deposition model assumes that various
deposition mechanisms occur independently. When we apply the turbulent deposition
adhesion factor to gravitational settling, the predicted retention fraction for CB3 drops to
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1.2%. Since this is more representative of the data, this assumption has become part of
our new MELCOR aerosol deposition model.

The mass retention fraction for the 300-mm diameter pipe of test CB3 was 14%.
However, our model for Van der Waals surface forces alone results in only about 0.6 %
mass retention fraction for this section of the test pipe. This predicted deposition was
primarily due to inertial deposition from the single bend in this pipe section, because
turbulent deposition was predicted to be negligible even though the Reynolds number
indicated turbulent flow (Re=8x10*).

In searching for an explanation for this under prediction, we looked for the possibility of
steam condensation in this test pipe section (recall that the upstream 300-mm pipe
section was electrically heated). Figure 8 contains predicted pipe temperatures for test
CB3, assuming an initial temperature of 433 K (160 °C) and an artificially low material
density for the pipe wall and glass fiber insulation. The low density assumption was
adopted to allow our model to reach thermal equilibrium within the time-scale of the
aerosol deposition portion of the experiment. In the actual experiment, a precondition
phase occurred where the pipes were allowed 20 hours to obtain thermal equilibrium.
As can be seen, the 300-mm diameter pipe surface temperature drops to 374 K (101 °C)
for this test. This indicates the possibility of steam condensation on this surface. If we
include the adhesive properties of a water film on this pipe surface, the mass retention
factor increases to 6%. This is still a factor of two or more below the measured
retention fraction of test CB3, and a factor of eight below that for tests CB1 and CB2.
This means that either our turbulence and inertial deposition models under predict the
deposition velocities for these tests, or that there is an additional deposition mechanism
that we have yet to account for. From the piping schematic of these tests (note Figure
6), it can be seen that this pipe section has an inlet area expansion and an outlet area
contraction. Both of these area changes could produce inertial deposition from either
flow directional changes or eddy currents. Since we do not have a model for these
deposition mechanisms, and since the reported test results do not give an indication of
where the deposition occurs, we did not pursue this matter any further. However, this
does point up the need for additional experiments.

As a final comparison, we have examined test LAl. Figure 9 contains the predicted
retention fraction for the surface tension and viscosity of the deposited material as
presented in Appendix A. The predicted retention factor is 98.4%, which is in
agreement with the reported results from test LAl. The dominate surface adhesive

force in this prediction was the viscous drag experienced by an aerosol particle as it
passes through the film.

5.3 LACE Containment De-pressurization Tests

The containment de-pressurization LACE tests LA5 and LA6 used the same aerosol
generator and containment vessel as the containment bypass tests described in Section
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5.1. A schematic of the LAS and LA6 test configuration is given in Figure 10. For
these de-pressurization tests, the aerosol generator and containment vessel were attached
by an ~five meter long 200 mm diameter aerosol delivery pipe. An internal tank was
installed in the containment vessel for these tests. This tank contained a saturated water
pool that flashed to vapor as the containment volume de-pressurized. The de-
pressurization of the containment vessel was accomplished by adding a 12.7 m long,

444 mm diameter discharge pipe to the containment vessel. In this discharge pipe was
one 90° pipe bend and a fast-opening butterfly valve (opening time ~4 s). Prior to the
de-pressurization phase of these experiments, the containment vessel and flashing pool
were heated to thermal equilibrium and pressurized by a steam delivery system.

For test LA6, CsOH and MnO aerosols were introduced into the vapor volume of the
containment vessel by the aerosol generator. These aerosols were not introduced in test
LAS. The water in the internal tank contained Li,SO, and ZnO aerosols. The Li,SO,
aerosol is a water soluble aerosol, and ZnO is water insoluble. Twenty three kg of ZnO
were added to this tank, however less than 0.5% of this material remained suspended in
the liquid pool. Since it is the insoluble aerosol that most closely represents corrosion
products in the ITER HTS, we have selected test LAS to benchmark our liquid
entrained aerosol re-suspension model.

We did not model the pre-test conditioning phase of the LAS experiment. Instead we
used measured parameters of containment vessel pressure, gas temperature and wall
temperature, and internal tank water temperature, water mass and ZnO concentrations
prior to de-pressurization as initial conditions for our benchmark analysis. The initial
containment vessel pressure, gas temperature and wall temperature where 440 kPa,

125 °C, and 121 °C, respectively. The initial internal tank water temperature, water
mass and ZnO concentration were 135 °C, 5,130 kg and 13.5 mg/L, respectively. These
parameters represent averages of multiple measurements for test LAS.

5.4 MELCOR Results for LACE Containment De-pressurization Tests

Figures 11 and 12 contain a comparison between MELCOR predictions and LAS test
measurements of containment vessel pressure and gas temperature. As can be seen, very
good agreement was obtained for vessel pressure and only a slight variance (~6% at 60
s) occurs for vessel gas temperature. During this de-pressurization, MELCOR predicts
that ~20% of the liquid in the internal tank vaporizes, leaving the remainder in the
internal tank. However, post-test examinations of the LLAS internal tank pool depth
suggests that only 40% of the pool remained in the tank. This means that an additional
40% of the liquid was expelled by pool expansion (i.e. pool swell caused by vapor
generation). We could have more accurately modeled this pool expulsion by sub-dividing
this pool into a number of axial volumes. But due to the accuracy of the ZnO

concentration measurements for this test we felt this level of modeling detail was not
warranted.
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Figure 13 contains the predicted and measured ZnO concentration in the atmosphere of
the containment vessel following vessel de-pressurization. There is good agreement
regarding the predicted magnitude of the ZnO released from the pool as the pool flashes
during containment vessel de-pressurization. There was approximately 15 g of ZnO
associated with the predicted liquid inventory that flashes. By taking the ZnO
concentration of 0.5 mg/m® as an accurate measurement of the re-suspended aerosol
mass, one can arrive at only 0.4 g being re-suspended during this test, which implies an
aerosol scrubbing factor of 2.8%. There appears to be rapid drop in measured ZnO
concentration, followed by a slower long term decay in ZnO concentration that our
model only shows fair agreement with. This disagreement could be caused by aerosol

scrubbing from the atmosphere by liquid drops, which in MELCOR is a user specified
quantity.

We should mention in concluding this section that the agreement our model achieved
with the ZnO measurements of test LAS is somewhat fortuitous, and should not be
relied upon too heavily because the LACE experimentalists did not give much credence
to their ZnO concentration measurements. They cited problems with a high Zn
background concentration, for test LA6 in particular, that cast doubts on their
measurements. However, we present this comparison here to illustrate that our liquid
entrained aerosol re-suspension model is within reason given the data presently available.
We strongly urge that experiments like LAS be conducted with ITER-relevant materials
and geometries to improve the confidence level of our re-suspension model.
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6. CONCLUSIONS

In this EDF we presented the details of recent modifications we have made to the
MELCOR code aerosol transport model. These modifications address the issues of
predicting aerosol deposition in gases other than air, turbulence and inertial aerosol
deposition for high speed flows in ducts, and re-suspension of aerosols that are entrained
in ITER coolants when these coolants flash. Our intent was to improve the accuracy of
MELCOR’s aerosol model for ITER safety analyses, such as LOCAs into the ITER
vacuum vessel that re-suspend eroded first wall and divertor materlal and corrosion
products in ITER’s HTS coolant.

We have benchmarked these modifications against data from the LACE experiments and
found excellent agreement. For high speed flows in pipes with 90° pipe bends, our
model predicts that ~3% of the aerosol mass entering the LACE CB3 test pipe remains
on the pipe walls if a Van der Waals surface energy density of 0.04 J/m? is assumed.
This compares with a measured value of 1%. When we extend our surface adhesion
model to include gravitational settling, the predicted pipe aerosol mass retention fraction
drops to 1.2%. If the deposited aerosol films are highly viscous, as was the case for
LACE test LA1, our model predicts that 98.4% of the aerosol mass entering the LACE
test pipe will remain on the pipe wall. The measured aerosol mass retention fraction
was reported as greater that 98%. We have found good agreement between our model
and the data from the LACE containment de-pressurization test LAS. MELCOR
predicted pressures and temperatures that are within 6% of those measured by this test.
In addition, the peak concentration of aerosols re-suspended as a result of pool ﬂashmg
was predicted to reach 0.58 mg/m® compared to a measured value of 0.48 mg/m>.

However, even given the success of this benchmarking exercise, there are still some
unanswered issues with respect to our modified MELCOR aerosol transport module.
These issues primarily center around aerosol chemical characteristics and carrier gas
conditions of the LACE experiments being different than those expected in ITER, and
the accuracy of some the LACE measurements. As a consequence, we suggest that
additional aerosol transport tests be performed to obtain data more characteristic of
ITER accident conditions, and to improve the confidence level we have in our aerosol
transport module.
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Particles with too much inertia
cannot follow fluid around bend
and impact pipe walls

Inertial Impact Deposition

(1b)

Figure 1. Schematic diagram of turbulence and inertial impact aerosol deposition mechanisms.
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Figure 2. Illustration of aerosol particle impact on a surface with a liquid film.
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Figure 7. Mass retention fraction in 63-mm diameter pipe for containment bypass scoping test CB3
for different Van der Waals surface energy densities.
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Figure 11. MELCOR predicted and measured containment vessel pressure for LACE test LAS.
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Appendix A. Estimate of Properties of Materials in LACE Tests
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Appendix A -
Estimate of Properties of Materials in LACE Tests

The NaOH and CsOH aerosols used in the LACE tests have similar chemical/physical
properties. Both have the potential to form sticky aerosol particles and they melt at
similar temperatures. (The melting point of NaOH is 318°C and that of CsOH is
272°C.) Since the LA3 tests were above the melting point of CsOH, it is easy to see
how the aerosol particles in these tests formed a sticky liquid that caused the high
retention factors in tests LA3A - LA3C.

Test LAl was 25C° below the melting point of CsOH so melting is not the explanation
of the retention in this test. It turns out the NaOH and CsOH are both hygroscopic
(water absorbing)®!. The equilibrium vapor pressure of water over a condensed phase
of these species is lowered by the species attraction for polar water molecules. Thus
even in low relative humidities, water will condense on and dissolve a sample of pure
NaOH or CsOH. The equilibrium water vapor concentration over one of these solutions
is a function of the temperature and the solution concentration as shown in Table Al
from Reference 1. The table gives the activity (i.e. the ratio of the equilibrium water
vapor concentration over the solution divided by the equilibrium vapor pressure of water
vapor over pure water).

Table Al. Water Activity Data for CsOH and NaOH from Jokiniemi.

Mole Fraction CsOH NaOH
of Salt in Water 25°C 25°C  60°C 100°C 150°C
0.0036 0.9934 0.9934
0.0071 0.9864 0.9866
0.0106 0.9792 0.9799
0.0140 0.9718 0.9730
0.0170 0.9642 0.9661

0.0210 0.9561 0.9590

0.0336 0.9295

0.0410 0.9094

0.0418 0.8885 0916 0919 0926
0.100 0.73 0.745 0766  0.792

0.160 0.45 0500 0551  0.609

0.230 0.20 0270 0336 0412

0.310 0.08 0.128 0.183  0.252

0.40 0.0626 0.0943 0.141

0.51 0.0442 0.0696

0.64 0.0267




At the low temperatures of Tests CB1 and CB2 (186 °C and 111°C, respectively), the
equilibrium concentration of NaOH in the condensed NaOH/H,O solution was
relatively low (we calculate 0.6 mole fraction in CB1 and 0.24 mole fraction in CB2) and
the condensate was similar to water (i.e. not extremely sticky). At the higher
temperature of test LA, the equilibrium concentration of CsOH in the condensed phase
was high (We estimate 0.91 by extrapolating the NaOH data to high temperature and
assuming they apply to CsOH.) and the condensate was sticky. Indirect evidence for
increasing stickiness with concentration comes from tables of surface tension versus
concentration of NaOH in the Handbook of Chemistry and Physics®? shown below in
Table A2.

Table A2. Surface Tension Versus Concentration of NaOH at 18°C.
Weight % Solute 272 5.66 16.66 30.56 359

Surface Tension 7435 75.85 83.05 96.05 101.05
(dynes/cm)

The condensate in test CB3 consisted only of Al(OH), which would have remained solid
(It changes to ALO; at 300°C and ALO, melts at 2054°C**) and is not reported as a
hygroscopic compound. In fact, our equilibrium calculation shows Al(OH), gives off an
H,O molecule at the temperature of test CB3 to become AIO(OH). Thus, test CB3 is
the one that is most relevant for ITER ducts with high velocity flows and non-sticky
aerosol condensates. (If ITER aerosol condensates are found to be sticky, the deposition
fractions would be larger than those for non-sticky material.)

In order to compare the behavior of the LACE test aerosols to the results of calculations
with the new models described in this document, it was necessary to estimate the density,
surface tension, and viscosity of the aerosol particles in the LACE experiment. The
remainder of this appendix describes the methods used to obtain the estimates.

A.1 Particle Composition

The dry composition of the aerosols produced for each of the LACE tests was given as
part of the test specification. This information along with the test temperature and the
fact that the partial pressure of steam was 0.5 atmosphere was used to calculate the
fraction of water condensed on the aerosol particles.

Table A3 shows the results of the calculation for each of the tests along with the results
of some of the intermediate steps. The first column is the test name, the second is the
composition of the aerosols used (water was added by absorption from the steam if the
dry aerosol particles were hygroscopic), the third is the temperature in °C, and the
fourth is the mass fraction of the dry materials used to form the aerosol. In the fifth
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Table A3. Aerosol Particle Composition Calculations.
Temperature Dry Mass Dry Mole Hygroscopic Mole Fraction Mass Fraction

Test Aerosol (°C) Fraction Fraction Mole Fraction
CB1 NaOH 186 1 1 0.63 0.63 0.79
+ H,O 0.37 0.37 0.21
CB2 NaOH 111 0.67 0.80 0.24 0.496 0.54
+ H,0 0.77 0.379 0.19
Al(OH), 0.33 0.20 0.125 0.27
CB3 AI(OH), 160 0 1 1
LA1 GCsOH 247 0.42 0.26 0.91 0.25 0.42
+ H,0 0.09 0.02 0.005
MnO 0.58 0.74 0.73 0.58
LA3A CsOH 298 0.18 0.09 >0.99 0.09 0.18
+ H,0 <0.01 0.0009 0.0002
MnO 0.82 0.91 0.91 0.82
LA3B GCsOH 303 0.12 0.06 >0.99 0.06 0.12
+ H,0O <0.01 0.0006 0.0001
MnO 0.88 0.94 0.94 0.88
LA3C GCsOH 300 0.38 0.22 >{(.99 0.224 0.38
+ H,0 <0.01 0.002 0.0004
MnO 0.62 0.78 0.774 0.62

column are the results of calculating the mole fraction of these materials from the mass
fractions using the relation,

fmassofi

f _  kg-mole mass of i
moles of i 7=N

(Al)
/ mass of j
=1 kg-mole mass of j

The sixth column shows the result of calculating the mole fractions of the hygroscopic
compound (NaOH or CsOH) and water in the condensed phase without considering any
other compounds that may be present. This was done using a double fit to the data of

A4




Jokiniemi as outlined below:

First the activities versus temperature for three mole fractions were fit using
linear relationships,

Activity = A + B Temperature (A2)

These expressions were used to extend or interpolate the data to the test
temperature of interest at 0.27, 0.128, and 0.026 mole fraction.

Second, the calculated activities at temperature were fit using a log-linear relation,

' ln(ACZiVity ) =C+D f mole of hygroscopic compound (A3)

Third, the activity (i.e. the steam pressure over the equilibrium steam pressure)
was calculated from steam tables and used to calculate the mole fraction of the
hygroscopic species at equilibrium for the temperature. The saturated steam
pressures and activities obtained in this step are listed in Table 4

The seventh column of Table A3 adds the non-hygroscopic components to the
calculation of the total mole fraction. The expression used to calculate this fraction was
derived by imagining there is one mole of dry material consisting.of fnole dry CsOH, NaOH
and f,0c dary insoluble: 1 1€ amount of water added to this dry mole is the product of the
number of moles of dry hygroscopic material and the equilibrium mole fraction of water
in a solution of the hygroscopic material and water, i.e. f,, ary cson, naon times £,

hygroscopic* Thus

ole

f, mole NaOH,CsOH =
(Ad)
f mole dry NaOH, CsOH

f mole dry NaOH, CsOH * f mole hygroscopicH,O * f mole dry NaOH, CsOH + Jinote dry insoluable

Fnote HO =
| (AS)
f;nole hygroscopicH,O * f mole dry NaOH, CsOH

+

f mole dry NaOH, CsOH mole hygroscopicH O * f mole dry NaOH, CsOH + f mole dry insoluable

AS




f mole insoluable (A6)
f mole dry insoluable

-+

f mole dry NaOH, CsOH * f mole hygroscopicH,O * f mole dry NaOH, CsOH mole dry insoluable

Table A4. Saturated steam pressures and activities obtained during the third step.

Saturation
Temperature Pressure Hygroscopic

Test Aerosol (°C) (Bar)  Activity Mole Fraction

CB1 NaOH 186 11.488 0.0435 0.63
+ H,O 0.37

CB2 NaOH 111 1.4814 0.3375 0.24
+ H,O 0.77
Al(OH),

CB3 Al(OH); 160

LA1 GCsOH 247 37.799 0.0133 0.91
+ H,O 0.09
MnO

LA3A CsOH 298 83.52 0.00599 >0.99
+ H,0O <0.01
MnO

LA3B CsOH 303 89.61 0.00558 >0.99
+ H,O <0.01
MnO

LA3C CsOH 300 85.92 0.00582 >0.99
+ H,O <0.01
MnO

The eighth column of Table A3 is the mass fraction of each component calculated from
the mole fraction with the expression

Ab




Jmote of i * kg-mole mass of i

fmassofi=j=N (A7)
Fote ofj * k§-mole mass of j
1 _

j=

A.2 Condensed Phase Densities

The density of the condensed phase in kg-moles/m> was calculated from the densities of
the component species by adding the volume of each component species in a kg-mole of
mixture to determine the volume of one mole of the mixture,

v, =L } * kg-mole mass of j (49)
p

z

N
ng—mole = 2:1 fmole of i *
] =

i

and dividing it by the mass in é kg-mole of the mixture,

N
M, =Y Foote ofi * kg-mole mass of j (A9)
. j=1

to find

N
Y froke ofj * kg-mole mass of j
LS (A10)

Pomi -
e * kg-mole mass of j

N
E fmale of j
i= P;

The kg-mole masses and densities of the component species used in the calculations are

listed in Table AS and the resultant densities of the condensates in the tests are listed in
Table A6.

Table AS. Kg-Molar Masses and Densities of Component Species.

Species NaOH CsOH Al(OH), MnO H,O
Kg-Molar Mass 39.99707 149.9127 78.00344 70.94 18.0152
(kg/kg-mole)
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Table A6. Condensate Densities.

Test CB1 CB2 CB3 LAl LA3A LA3B  LA3C
Density 1722 1821 2530 4428 4954 5085 4562
(kg/m’)

A.3 Surface Tension of Condensates

The surface tension estimates for the condensates are based on a double fit to (1) data
showing changes in the surface tension of a solution of water and NaOH at 18° C*?
versus the concentration of NaOH and (2) another set of data®* showing the change of
the surface tension of water with temperature. The expressions for the surface tension
were obtained by multiplying the surface tension for water as a function of temperature
times the fractional change in the surface tension with increasing NaOH or CsOH:

o mix = (A11)

[ 0.075887 - 0.0001646751 T (°C) ] [ 0.991359 + 1.931524 £, ;, 5, | Nim

le hyg

The resultant estimates for the surface tensions of the condensates in the tests are listed
in Table A7.

Table A7. Condensate Surface Tensions.

Test CB1 CB2 CB3 LA1 LA3A LA3B LA3C
Surface  0.100 0.083 - 0.097 0.078 0.075 0.077
Tension

(N/m)

A.4 Viscosities of Condensates

The viscosity estimates for the condensates are based on a theoretical expression for the
viscosity of a pure substance versus temperature from Bird, Stewart, and Lightfoot®>,

on data for the viscosity of water, and on an empirical expression for the viscosity of a
mixture of liquids. According to pages 26-30 of Bird, Stewart, and Lightfoot,
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(A12)

where

Av Avagadro’s number, 6.02 x 10?® atoms/kg-mole

Plank’s constant, 6.624 x 10 kg m? / s

mole the molar volume of the species, (estimated by
kg-mole mass over the density of the condensed
phase)

boiling temperature of the chemical species (K)

<5 Z

T,

The boiling temperatures of NaOH and CsOH are not available because they
disassociate before boiling. Thus, the following expressions for the vapor pressure to
calculate a theoretical boiling temperature of 1347 K for CsOH and 1653 K for NaOH.

- 14,769

P, (CsOH) = exp( T

. 2249) (A13)

Pa

- 7520

. 9.5549) (A14)

P (NaOH) = exp( Pa

The form of the correlation for the variation of viscosity as two components are mixed is
based on a correlation presented in the 42rd edition of the Handbook of Chemistry and
Physics®® for the viscosity of mixtures of Glycerol and water. The form of the
handbook correlation is

In|—*

, {VHZO

= constant x* (A15)

where
7 = viscosity of the solution (kg/m-s)
Hmpo = viscosity of water at the temperature of interest
(kg/m-s)
X = mole fraction of the component that is not water
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This expression was applied to the case of solutions of CsOH or NaOH and water. The
result is

CsOH.NaOH(D] 2 ] (A16)

H
In T
)
y = quo(nexp[ ( fro

The resultant estimates for the viscosities of the condensates in the tests are listed in
Table AS8.

Table A8. Condensate Viscosities.

Test CB1 CB2 CB3 LA1 LA3A LA3B LA3C

Viscosity 0.0169  0.00551 - 0.0505 0.0665  0.0617  0.0646
(kg/m-s)

Al0
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Appendix B

Listing of Fortran Coding for Modifications of MELCOR
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