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TORNADO REPRESSURIZATION

AIR CLEAN%G SYSTEMS

W. S. Gregory, K. H. Duerre, P. R. Smith*, and R. W. Andrae
Staff Members, Los Alamos Scientific Laboratory

Los Alamos, New Mexico

Abstract

Results from analytical and experimental investigations of tor-
nado depressurization effects on air cleaning systems are presented.
Development and use of a computer code that simulates the internal
pressures and flows within an arbitrai-yventilation system is de-
scribed. The formulation of.fluid motion equations is based upon
lumped component response, isothermal or adiabatic compression of air,
and conservation of mass. A computer generated movie is shown illus-
trating the flows and pressures j.na simple system.

Also described are experimental investigations to determine air
cleaning component response to high flow rates caused by tornado re-
pressurization. HEPA filter is the principal component under inves-
tigation. A description of the experimental ~ppcratus is given and
preliminary test results presented.

I. Introduction

Air cleaning systems in nuclear fuel cycle facilities must main-
tain confinement during such natural phenomena as earthquakes and
tornados. The operation of a nuclear facility ventilation system is
highly dependent on stable atmospheric pressure to maintain proper
pressure differentials betw~en containment zones. Atmospheric pres-
sure drops as large as 20.7-kPa (3-psi) are associated with tornados,
so that generation of undesirable pressures and flow rates within a
ventilation system is possible. Large Pressure drops could cause
filtration failures, diet collapse OF d~mper failur~s.
these components in air cleaning systems could result
radioactive material to the environment.

Tornado repressurization effects on air cleaning
being studied both experimentally and analytically at
Scientific Laboratory and New Mexico State University.

Failure of
in release of

systems are
the Los A1..qmos

A computer
code that will predi~t the magnitude of the pressure~ and flofiswithin
an air cleaning syotem is the objective of the analytical effort. Ex-
perimental testing has centered on evaluating critical air cleaning
component response to large pressure pulses. The experimental data
obtained will.establish empirical relationships for the computer code,
and provide [;tructurulresponse information. The status of the ex-
perimental and analytical work will be described in the following
sections of this paper.

~FGTcssor, New Mexico State I’nlveraity,Las Cruces, New Mexico.
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11. Experimental Work

Preliminary Experimental Testing

Small-scale te~ting of O.2-by O.2-m (8-b
f!

-in.) HEPA filters has
been performed at New Mexico State University 1 A blow-do~rn system
was used to impose a 20.7-kPa (3-psi) pressure differential across the
test filters for three seccnds. A pressurized tank (Fig. 1) supplied
the air needed to create the required pressure pulse.

The ❑ ass flow tate was regulated by sonically choking the flow,
and expanding to the desired pressure in a chamber. The chamber
served to slow the flow and allow the prefiltering system to operate
within design capacity. The flow was exited through a test section
of sufficient length to achieve uniform flow before impin ing u on
the test filter. Flow timing was accomplished b

I
controlling t~e

opening rate of a pneumatically operated ball va ve upstream from the
sonic orifice.

New C).2-by0.2-m (8-by 8-+r,.}HEPA filters were tested at over-
preasures of 20.7-kPa (3-psi) w.A a 6.9-kPa/s (one-psi./s)pressuriza-
tion rate. Characteristic flow-resistance data were obtained for the
filters. The following conclusions were made from these tests.

● A pressurization rate of 6.9-kPa/s (one-psi/s) did not cause
phyeical damage to the filter~.

● In some tests, the pressurization rate was larger than
6.9-kPa/s (one-psi/s), which led to failure of the filter.
The 0.6-by 0.6-m (24-by 24-in.) filters would be even more
susceptible to structural failure because of their larger span.

● At high flow rates the pressure drop across the filter depends
upon the duct cross-sectional area, and not on filter depth
(Fig, 2).

● Air seems to pass through only a small portion of the filter
during the pressure transient. fiie raises the uestion of

3filter effectiveness even if structural failure oes not occur
(Fig. 3).

Present Experimental TestinA

The small filter ex eriments provided basic informaticm for de-
signing an experimental ?acility to te~t 0.6-by 0.6-m (24-by 24-in,)
HEPA filters. Results of the small filter tests have led to specula-
tion that high flow rates through HEPA filters can also lead to filter
failure. The high velocity alr through the folded ends of the fiber
mat may open up mat fibers allowing high flaw rate air to pass through,
and then close after the transient with no evidence of structural
failure, (See the change in filter resistance in Fig. 2). Entrap-
ment of particles by the velocity-dependent diffusion mechanism may
not occur during turbulent air flow through the fibers. Re-entrainment
of smaller particles without a second entrapment could Rlso occur
under reversed high flow rate conditions.
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Fig. 3. Flot?patterns thro~h HEPA filter.

Objective of the present test program will be to determine the
response of 0.6-by 0.6-m (24- by 24-in.) HEPA filters subjected to
pressure pulses simulatin

!
a NRC Region I tornado @i

$
4). Two

possible failure modes wi 1 be investigated; failure kom structural
damage such that the physical integrity of the filter is destroyed and
filter degradation under the NRC Region I tornado pressure conditions.

The experimental program will attempt to answer the following
questions:

● Will the structural integrity of the fi.lterabe maintained
during the pressure pulse?

● How critical is the rise-time of the pressure pulse? When,
or at what rate of the presoure rise will the filters invari-
ably fail?

● What is the actual flow-path through the filters during the
transient pressure pulse? How does the porosity of the
filters change during the pulse?

● If the filters do not fail structurally, iEJfilter effective-
ness maintained during the transient pressure pulse? Is
filter effectiveness different after the pressure pulse?

● How effective are “loaded” filters during the pressure pulse?
Does de ree of loading have an effect upon structural failure

!of the ilters?

● How much “release” can be expected during the transient preB-
sure pulse for various degrees of loading?

Pro osed Test Methods and Equipment.
+.i6-by 06

The equipment to be used
to test t e 4b in.) HEPA filters will be a scaled-
ttpversion of the prel~~in r; ~xperimental equipment. Two large
pressure tanks and compressor equipment were obtained from the Nevada
Test Site, and are now located at New Mexico State University at
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Las Cruces, New Mexico. The pressure tanks are each 1.5-m (5 ft.) in
diameter and 19.8-m (65 ft.) long (Fig. 5). They wereude to contain
oxygen at pressures to 19.3-HPa (2800-psi.). The compressor is capable
of supplying alr at 1.7-MPa (250-psi). A pressure of 1.3-MPa (200-PsI)
in the tanks will provide enough air for one pressure pulse. After
each pressure pulse is applied, the tanka will be re-pressurized for
the next pulse.

As in the small filter experiment, the mass flow rate will be
regulated by sonically chokin the flow and expanding into a 3.1-by
3.1-m (lO-by 10-ft.) chamber ?Fi8. 6). The axpansion chamber will
contain 25 HEPA filters for prefiltering the air. The air will travel
through a duct of sufficient length to achieve uniform flow before
impinging on the test filter.

n

14.7

11.7

“a

l-- Tornado —~

I

I
I
I

. -

I
!! II

T T+I.5 T+4.5 T+~O

Time (s) .

Fig. 4. Assumed pressure transient for Region I Tornado[”.
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Fig. 6. Expansion chamber under construction.
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The pressure pulse rise-time will be regulated by controlling
the opening rate of valves between the expansion chamber and the
high pressure air supply tanks. A pneumatically operated ball valve
will be used with a closely regulated air pressure to actuate the
control mechanism. A multiple valve arrangement is also being evalu-
ated to achiev pressure rise times shorter than the NRC Region I
tornado of 1.5 seconds.

The key to obtaining answers on questions of effective filtration
is an ability to measure filter behavior during a transient pressure
pulse. This can be accomplished by injecting particles of uniform size
into the supply duct upstream of the filter, and simultaneously measur-
ing particle density upstream and downstream from the filter. Care
must be taken to distribute the particles uniformly across the cross-
scction of the duct. Also, particles of a size and density comparable
with reprocessing ventilation systems should be used.

Several methods for determining the particle density upstream and
downstream of the filter during the pressure were considered. These
included nuclear tracer methods, x-ray defracti~n methods, and light
diffusion or scattering methods. The safety problems inherent with
the handling of radioactive materials and x-ray equipment as well as
the expense of the instrumentation needed for these methods essentially
eliminated them from consideration. The further requirement that the
porosity of the filter material be investigated during a transient
pressure pulse virtually demanded use of a light scattering method.
The fact that particle density must be measured in an airstream having
a velocity of 61-m/sec (200-ft/see) during a time interval of approxi-
mately 3 seconds led to the consideration of a Laser Doppler Veloci-
meter (LDV) as both a particle counter and velocity meter. A slight
modification on the optical system of the LDV will allow investigation
of ~ filter porosity using u single laser beam.

The measured particle density will be related to the number of
particles passing through a small volume per unit time. The data rate
measured by the LDV is proportional to the number of particles passing
through its measurement volume per unit time. Hence, the difference
in data rate upstream to downstream across the filter gives the filter
effectiveness (Feff) during the pulse.

F Data Rate Upstream - Data Rate Downstream
eff = Data Rate Upstream

(1)

A possible configuration of such a system is shown in Fig. 7.
Ue believe that the LDV system could monitor the effectiveness of
clean and loaded filters during a pressure pulse. Further, it could
give a quantitative measurement of particles released from loaded
filters during o pressure transient.

The LiN sys~em would give the mean flow velocity upstream and
downstream ot the filters, as well as the turbulence level at these
points. Furthern,ore, by traversing the LDV measuring volume (the
crossing point of the beams) across the cxoss-section of the duct
downstream of the filters, the flow path of the air through the
filters can be determined. Porosity of the filter material during
the pressure pulse could be investigated by passing a laser beam
through the filter and measuring the change in beam intensity.
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Future Investigations

I

1

Further investigations will examine the behavior of other ventila-
tion system components during tornado induced pressure transients.
Considerable uncertainty exists concerning the response of a fan or
blower to a change in atmospheric pressure. Blowers on either the
exhaust or supply side, are probably the components closest to the
full impact of tornado depressurization. Blower operation under con-
ditions of out-running flow and flow reversal are not well known.

III . Analytical Work

General

Calculation of pressures and flows, within an air cleaning
system for a tornado repressurization requires solution of general
fluid dynamic equations, involving the conservation of momentum
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energy, and mass. These equations are not easily solved numerically,
but they do provide a basis for development of a simplified set of
working equations. Analysis of these equations showing the importance
of inertia and shock terms has been described elsewhere(3). Simplifi-
cation and coupling of these equations with empirical fluid-flow rela-
tionships, allows development of eq-~ationsthat can be used to calcu-
late the fluid dynamics in a network of connecting ducts and compon-
ents.

A digital computer code “TVENT” has been developed that utilizes
the equations derived in the following section to predict the tran-
sient response of arbitrary ventilation systems to tornado induced
pressure transients.

Formulation of Equations

The equations are formulated using a “lumped” parameter approxi-
mation that neglects spatial distribution of variables. The following
equations types will result upon application of the lumped parameter
apprcach:

o a simultaneous set of coupled nonlinear algebraic equations,
and

o a shultaneous set of ordinary differential. equations.

The lumped parameter approach includes a number of system elements
or branches joined together at points called nodes. The nodes are the
connection points at the upstream and downstream ends cf the branches.
The pressure variable of the system is lumped into the nodes. Air
cleaning system components such as dampers, filters and blowers, that
have a resistive nature, are located within the branches ~f the system.
A branch withouta component (the duct work) also has a resistive nature.
The frictional resistance to flow in the ductwork and system compon-
ents is lumped within the branches of the network. An empirical
pressure-flow relationship suitable for the elements is used for all
branches in the system. This relationship can be written as:

Q(W = a(K) + fl(K)(P(J)- P(I))Y(K) (2)

where K = branch K,
Q(K) = flow rate through a branch,
;::{ = constants for a particular branch,

= pressure at node I, and
a(K),B(K), p(J) = pressure at an upstream node J so that

P(J) > P(I).

Application of Eq. (2) for the system components will yield a
number of forms. These forms are summarized in Table I.

At any particular time, the branch flow and the pressures at the
upstream and downstream nodes are unknown. Coupling all branch equa-
tions at a particular node through use of a continuity equation,
allows the flow variable to be eliminated. Only the system pressures
remain to be determined. An iterative process, ideally suited for
the digital computer, is used with a linearized form of Eq. (2) to
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Table I Pressure-Flow Relationships for Various Branch Components.

Branch Ccmponent a(K) B(K) y (K) Flow E
Equation N::

Duct Friction o Variable 0.5 B(K)(P(J)-P(J))Y(K)(3)

Filter (low flows) o Variable 1 B(K)(P(J)-(p(I)) (4)

Da.:iper t o Variable 0.5 S(K)(P(J)-P(I))Y(K)(5)

Blower (linear Variable Variable 1 &CCf(K)(P(J) -
approximation) (6)

determine a pressure correction (dP) at each node. The process is
repeated many times until the pressures at the nodes are within an
acceptable tolerance.

Calculation of the pressure correction parallels Streeter’s pro-
cedure for determining the pressures an

U
lows in the steady-state

portion of a water-hammer computer code 4 . Streeter located pumps
at nodes, whereas this analysis requires all components to be located
within the branch connections. In addition, this formulation is a
transient analysis with allowance for storage of fluid at particular
nodes. This condition requires derivation of a different algorithm
for calculation of AP at fluid storage nodes.

The pressure correction for a node is calculated assuming that
the true pressure at node I is equal to P(I) + AP. Using this approxi-
mation, Eq. (2) becomes:

Q(K) ~ B(K) [p(J) -(P(I) + AP)]Y(K) ~ a(K). (7)

Using a bionomial expansion of Eq. (7), neglecting higher order terms
and considering P(I) to be the value of pressure at node I for the
previous iteration, Eq. (7) becomes:

Q(K) ~ B(K)[p(J) - P(I)]Y(K) [l-
WI i a(K)s

(8)

or Q(K) ~ A - CAP. (9)

where A and C are known constants from the previous iteration and
are equal to:

A= B(K)[p(J) - P(I)]Y(K) ~a(K)

c= 6(K)y(K)[P(I) - P(J)lY(K)-l

If P(I) > P(J)*, the values of A and C become:

A. - t3(K)[P(I) - P(J)]Y(K) ~a(K), and

(lo)
(11)

(12)

*J reters to downstream node in this case.
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C = B(K)Y(K)[ P(I) - P(J)]Y(K)-l.

Components that have a relatively large volume

(13) ,

such as rooms,
glovcboxis, and plenums are located at the–nodes. These nodes exhibit
a capacity for fluid storage and are called capacitance nodes. The
compressibilityof the system is accounted for by allowing fluid
storage at the capacitance nodes. However, in all cases the conserva-
tion of mass must hold at the nodes. For an ordinary node, with no
storage or blower.connection, conservation of mass yields:

zQ:K) = O, (14)

or

EA - EC AP = O. (15)

Solving for the pressure correction AP gives-

(16)

Equation (16) is used to determine successive pressure corrections
for an ordinary node without storage. When a node is connected to
a duct containing a blower, the constant a(K) must be added or
subtracted from XA before the correction is calculated. In all
other cases u(K) is equal to zero.

If only steady-state values of pressure and flow are of Interest,
Eq. (16) is sufficient for arriving at the correct pressures. However,
during a transient, mass-@ does not equal mass-out at nodes containing
room, gloveboxes or plenums. The equation of state js used at these
storage nodes in addition to the continuity equation. The equation OL
state can be written as:

P(I) = PRT, (17)

where

p = density of air at the node,
R = gas constant for air, and
T = absolute temperature of the air.

Differentiation of this equation with respect to time yields:

&dp ~)-=
t CF (Qin - Qout)o (18)

or

+
dP 1)-=

t CF Z Q(K), (19)

.
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where

CF = PRT/V ,

‘in
= flow rate into node,

Quit - flow rate out

and V IS the volume of the node

Using finite differencing,

where

ZQ(K) -

P(I)n =

P(I)n-l -

At m

of node,

under consideration.

Eq. (19) can be written as:

P(I)n - P(l)n-1
h At B

.

present iterative value of pressure:

past iterative value of pressure, and

discrete time step.

Substituting P(I)n + AP for P(I)n in Eq. (21) yields the following
equation for determination of the pressure correction at a storage
node:

AP - CF At ZA + P(I)n-l - P(I)n
l+CF At xc .

(20)

(21)

(22)

Eqs. (16) and (22) are incorporated within the computer code I
TVENT so that successive presmsres are calculated until the true pres-
sures that balance the system are obtained. .After convergence has
been achieved, the flows that result from the.calculated pressure
distribution are computed from the branch component equations.

Modeling Technique

Several facility ventilation systemo were reviewed to determine
the corqlcxity

?f 1$
ese systems and to identify typical components

and subsystems ‘ . A small fictitious test-caae ventilation system
was devised containing many of the com:~onentsand subsystems common
to facility ventilation syr3tems. This test-case ventilation system
(Fi~, 8 and F+g. 9) was used to test the computer code. The test-
cnse features:

Natural bypass around rooms,

Recirculation similar to that used in the Westinghouse
Rucycle Fuels Plant,

Combinations of series and parallel arrangements of components,

Rooms (confinement volumes) with multiple inlets and outlets,

Duct friction, and

A network consisting of 30 components and 25 nodal points,
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Some components have been omitted from Fig. 8 for clarity, but
are included in the schematic of Fig. 9.

A branch is defined as a connecting member between two nodes and
Includes onl one component.

r

Boundary conditions (pressure as a Eunc-
tion of time and capacitance are prescribed at nodal points. The
branch and node labeling are somewhat arbitrary, however numbers may
not be skipped.

Following the lumped parameter approach, all of the pressure
losses for a branch are ascribed to the component contributing the
larges~ pr{:ssureloss. Thus, the duct loss may be lumped with the
damper IOBS characterized by Eq. (5) of Table I for Bracsh 1 cf
Fig. ;. Similarly the duct pressure 10SEIin Branch 2 of Fig. 9 ma

Ybe lumped with the filter ressure loss. An inspection of the Y(K
Table I shows that Branch ! is modeled more accurately than Branch 2.
A branch shou’d be added to the model if the duct pressure loss is a
significant fraction of the component pressure loss.

The blower pressure-flow relationship is approximated by a s+ries
of linear segments (Fig. 10). The coefficients (Eq.(6) of Table I)

“m1,

@ FILTER

G FAN

i

1
I

I

I

I

I

Fig. 8, Fictitious ventilation system within building,



(:) (2) (3]

‘d-

\
I!ouruhry

Sad,
(supply)

Fig. 9.

,) (B)

u

(6)

-dl i!
(9)

6 19

I I

(

7

t i

$-EH=-D:-
(ri) - Cc.mfnnrnc (hranclb) nuobm

N - Uu$k IILaDcr

I

(Saluu.c)

In

Duct Rietion

+ Flltcr

& ,,,,,

C
L

Rm.n

–3
/ Fan

Lumped parameter mod~l of ventilation system,

are checked at every time-step and changed if necessary to obtain con-
sistent flows and nodal press;res. TM.= technique may-also be used
for filters with low and high flows as better experimental data become
available.

Infiltration or leakage may bc specif d by the addition of a
boundary node attached to a fictitious bra’:h connected to the room
with the leak. The resistance can be calculated from the design leak,
the desi~n room pressure and the boundary pressure. In this way a
variable leakage rate is achieved for the transient.

Duct volumes are checkl .1against the smallest room volume
detected by the computer code. An informative message is given if a
duct volume exceeds half the smallest room volume, since this would
probably indicate a modeling error. Consideration should then be given
to adding a capacitance note or possibl,y eliminating the smallest
room(s),
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The Computer Program “TVENT”

General. The program is written in the FORTRAN IV language and
is designed to be “portable”, that is, easily transferred from one
computer to another with a minimum of change. Runs have been per-
formed on the CDC 7600 com uter and the IBM 360 cmputer to demon-
strate Lhiflcapability. #le portability requirement precludes free
fornut input and film plotti~ options that are not found on some
systems.

The program is structured as a one level overlay (Fig. 11) to
permit its uae on smaller computers and to allow expansion.

In U,I,
H

The input consists of two parts: 1) control information
speci y ng how the problem is to be run and 2) a physical description
of the system to be analyzed. An attempt has been made to organize
and format the input in a way that is “natural” to the designer or
engineer preparing the data for analysis veral comon methods
exist for designing ventilation systems {7,%. The branch description
(Fig. 12) is similar to the working tables given in the above refer-
ences.

A more common method of representing the pressure-flow relation-
ship iS:

AH o R*Qm, (23)

where
1

AH = pressure drop across the component (measured or
calculated),

R = resistance coefficient,

Q= branch design or measured flow, and

m - flow exponent (equals I/y(K) of Table I).

Equation (23) is used for branch description input and for calculating
resistance of leakage nodes. The resistance R, if specified, over-
rides the resistance normally c-ulculatedby the computer using input
values of pressure drop and design flow in Eq. (23). Pressure~ may
be ~pecified directly, in which case pressure drops are determined
from these presoures and the branch descriptions.

out Ut.
+-

The output produced during problem set-up and transient
calcu at ons encompasses:

● Informational and diagnostic messages indicntin~ input or
modeling errors.

● Input return in the form of a card-image listing (Fig. 13)
and lists associated with arrays generated from the input
and used in the sy~tem solver.
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Fig. 12. Branch description of input data.
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● The following lists of steady-state and transient results
as shown in Figs. 14 and 15 may be obtained (transient-
output times must be requested).

● pressures and flows for all nodal points and branc”nes,
respectively,

● differential pressures across filters,

● flows through filters,

● differential pressures across dampers,

● differential pressures between rooms, and

● a summary of peak values.

● A limited number of pressure or flow versus time line-printer
plots upon request.

Special Features.

● The input processor accepts an output frequency based on total
problem-time less the problem start-restart time with addition-
al special output times (up to 5). The latter are useful when
doubt may exist whether a maximum or minimum value of some
variable may have been missed.

● A problem may be stopped and subsequently restarted, which is
useful for nnusually large systems or long transients. It is
also useful in simulating duct or filter failures during a
transient,

● The input is sufficiently flexible to permit runs for verifica-
tion of an existin design,

f
and parameter studies for insight

into the effects o changing design values.

● The program is easily modified. This is an asset when experi-
mental data may dictate changes in modeling techniques.

. Discussion and ResultsIv

A computer generated movie has been prepared from four runs made
with TVENT for the test case ventilation system.

These runs included:

1. A Region I tornado* occurs at the air supply,

2. A Region I tornado occurs at the exhaust,

3. A R(~~ion I tornado occurs Rirnultaneously at both the air
supp~y and exhaust, and

4. A Region I tornado occurs at the air supply, and after a six
second delay appears at the exhaust.

d,. . . . . . . . . .



Fig. 14, Composite of Output.listings.
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Fig. 15. Composite of output l~stings.



Some preliminary observations can be made based on studies of
the test case ventilation system:

A convergence tolerance of 0.025-Pa (1.0 x 10-4 in. of water)
(that is nodal pressures changing by less than this amwnt on
successive iterations) appears to be adequate for accuracy.
This has been checked against different algorithms.

Branches containing small pressure drops (less than five
times convergence tolerance) exhibit significant errors.
A decrease in the tolerance does not improve the solution.

Solution accuracy is not a strong function of time-step size.

The use of linear segments to approximate the blower character-
istic curves has not caused convergence problems at thoce
points where the algorithm might tend to serrch for the correct
segment of the blower curve ci~ringthe,transient.

The CDC 7600 computer time to real time ratio is about one
half with a time-step of 0.1 second for the test case problem.

v. Summary and Conclusions

The analytical and experimental investigations described in thic
paper will provide the analyst with some insight into the effects of
tornado depreesurization on air cleaning systems. The results ob-
tained thus far are preliminary, as the analytical and experimental
tools needed to investi~ate the problem are under development.

Interpretation of preliminary experimental results indtcates that
there may be a loss of material through the HEPA filters from either
filter degradation or structural failure. Further experimental work
at the Las Cruces Test facility will be aimed at accurately determin-
ing HEPA filter failure mechanisms under tornado conditions.

Analytical investi~ations with the computer code “TVENT”, can
provide information on overall air cleaning system res onse to
tornado repressurization. However, this code has not Eeen applied to
an actual system. Future plans include its application to an actual
system as well as incorporating experimental results for individual
components. A second level of analysis using a distributed parameter
approach ib also planned.
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