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ABSTRACT

The CLASIX canputer program is based on a multi-
campartment model of an ice condenser contairment. The
purpose of the program is to predict the temperature
and pressure response of the containment to a degraded
core transient during which hydrogen is released to the
contaimment and then burnmed. The program has been usel
extensively in licensing activities by the utilities.
Ex:ensive verification of the program demonstrates that
the program provides realistic, but conservative,
predictions of the temperatures and pressures resulting
fran a hydrogen deflagratian.
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I. BACKGROUND AND INTRODUCTION

During the incident at Three Mile Island (TMI) in March 1979, hydrogen,
generated by the zirconium-water reaction in the degraded core, was
released to the contairment atmosphere. A spike in the contairment
pressure some hours into the transient is evidence that the hydrogen
concentration in at least part of the contaimment reached cambustible
limits and was ignited. As an applicant for a Manufacturing License for
Floating Nuclear Plants (FNP), Offshore Power Systems (OPS) was interested
in the implications of the TI incident on the integrity of the FNP
containment. Conseguently OPS began the development of an analytical
capability to investigate the response of the FNP containment to a ™I type
incident. The result of this development is the CLASIX* camputer program.

A significant feature of the subject transient is the introduction of an
additional gas which then results in a chemical reaction. Thus, to ade-
quately analyze the transient, an inventory of the masses of the ind.vidual
constituents of the contaimment atmosphere must be maintained. No existing
program for reactor plant safety analyris had such a capability. IL was
concluded that it would be more difficult, require more resources and, most
important, take more calendar time to modify an existing program than to
develop a new program specifically designed for the T™I type transient.

The CQ2ISIX computer program, in various stages of development, has been
used to support the licensing activities of four ice condenser contaimment
reactor plant designs. Analytical results produced by CLASIX were instru-
mental in the Tennessee Valley Authority receiving an operating license for
the Sequoyah Plant in 1980. Similar analytical results generated for the
McGuire Plamt of Duke Power Campany were utilized in obtaining a full power
license in 1981. American Electric Power Service Campany has used CLASIX

*Since this type of transient would be in the category of a Class 9
accident, the Roman numeral IX was substituted for the Arabic 9 and
shortened to CIASIX for the name of the program.




results in resolving ™I issues for the Cook Plants. OPS has also used
CLASIX results in licensing activities relative to the Manufacturing
License for the FNP.

To minimize development time, the analytical model was tailored to specif-

ically represent the ice condenser contaimment. However, the model has
sufficient versatility to be applicable to a variety of containment
configurations. The analytical methods, of oourse, are general and

applicable to this type transient regardless of the contaimment.
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In addition to the rather conventional flow paths shown: in the figure,
there are special flow paths that can be specified as connecting any two
volumes and for which the head/flow correlation may be specified. These
flow paths are utilized to represent fan flow.



III. MAJOR ASSUMPTIONS

Discussed here are the major assumptions utilizied in the program. Other
assunptions are stated explicitly in the analytical development and same
are implicit in the way that the equations are written.

The only non-condensible gases assumed to be of sufficient concentration to
be considered in the program are oxygen, nitrogen and hydrogen. These
gases are assumed to be perfect gases with constant specific heats.

The water vapor properties are taken fram the ARME steam tables within the
limits of the tables and may be either saturated or superheated. Above the
1500 F upper limit of the steam tables, the steam is assumed to be a
perfect gas.

In each campartment, or control welume, all gases are assumed to be Instar-
taneously perfectly mixed.

except for the oondition where hydrogen is burned as generated, the
cambustion of the hydrogen is assumed to occur at a uniform, constant rate
over the period of cambustion.

Superheated liquid entering the compartment either as hieakflow or spray
water is assumed to instantanecusly vaporirze sufficient water to achieve
thermodyramic equilibrium ocorresponding to the total pressure of the
campartment. The vapar and its associated energy are added to the inven-
tory of the compartment atmosphere. For the kreakflow, the liquid portion
is assumed to fall immediately to the floor to be collected by the sumps
and drains. For the sprays, the liquid portion must <all through the
atmosphere over sume period of time as discussed later.



IV. PROGRAM DESCRIPTION

Following is a general discussion of the program, what the program is
designed to do and how it performs its function. Developrwnt of equations
to carry ocut the mumerics is left to a later section.

As shown in Figure 1 and discussed above, the ice condenser contairment is
represented by a mumber of volumes interconnected with a fixed set of flow
paths. Anyoft}evol\msmayheelimimtedbysettirgthevolmewzero
and any of the flow paths may be eliminated by setting the flow area to
zerc. In each of the active volumes, an inventory is maintained of the
masses of the constituent gases and of the total internal erergy ot the
gases. Based on the assumption of perfect mixing, the atmesphere of the
campartment will have one temperature. Fram the assumption of perfect
gases and/ar the steam tables, the partiai pressure of the individual gases
and, consequently, the total jressure in the compartment can be determined.

Each of the active flow paths shown in Figure . can ‘e represented by a
flow area and a dimensionless loss coefficient. In flow patis 1, 2 and 2,
the flow areas can be controlled by representation of a door which can
reduce the reverse flow to zero or some small value. In all flow paths,
the critical pressure ratio far transition to critical or choked flow 1is
assumed to be a constant. This pressure ratio is monitored to assure use
of the appropriate flow correlation. Special flow paths may alsoc be
designated for interconnection of active volumes. For these special flow
paths, the head/flow correlation is externmally specified in tabular form
and the flow paths may be restricted to operate anly over a portion of the
transient. The primary intent of these special flow paths is tO represent
fan forced flow.

As indicated previously, flow path number 8 ir. a special case. This flw
pah has a simulation of a rupture disc. No flow can occur unti! the upper
campartment pressure exc.o.ds a given value. Once the rupture Aisc pressure
set point is exceeded, flow calculations for this flow path a.. initiated.



A lexgth, or slug, of water and a submergence depth may be specified to
represent discharge under weter with the connecting pipe partially filled
with water. This slug of water, if it exists, must be accelerated and
discharged before gas flow can be initiated. Qonsistent with the under-
water capability, mo reverse gas fiow through this flow path is permitted.

Rydrogen, nitrogen, water and heat may be u«ided to selected compartments at
externally specified rates. Only the heat rates may have negative values
which may be used to simulate fan coolers and cther heat sinks. Hydrogen
and nitrogen additions must be accanpanied by correspording temperatures as
a measure of the heat energy in the gas. Water additions must be accan
panied by an enthalpy. The enthalpy of the water is campared to the
saturated liquid and vapor enthalpies corresponding to the total pressure
in the campartment. According to a prior assumption, the liquid and vapor
portions and their associated energy are added to the drains and atmo-
sphere, respectively.

Sprays may also be added to selected campartments by specifying the flow
rate, heat transfer coefficient and temperature as a function of time. The
spray drop size exiting the spray rozzles and the rate of fall of the spray
are assuned to be constant for a given spray. Depending upon the instanta-
neous transient conditions, same of the spray entering a campartment may
instantaneously vaporize. The liquid portion falls through the atmosphere.
As the spray droplets fall, there is heat transfer between the atrusphere
and the water. Depending upon the specific conditions, condensation,
vaporization or simple temperature changes may occur during the period of
time the spray drop is falling.

Passive heat sinks are available in all compartments. These are modeled as
one dimensional heat transfer heat sinks which may be multilayered with
film coefficients of heat transfer between layers. Several film coefficient
correlations far the internally exposed surface are available i the
program or the coefficient may be externally specified in tarular form as a
function of either time or the temperature difference between the heat sink

surface and the compartment atmosphere.



The ice condenser is npruentod[
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The ignition and rate of combustion of hydrogen are controlled by exter-

nally specified criteria. The criteria which must be specified are listed
in Table 1. The first criterion is the volume fraction of hydrogen at whic
ignition is assumed to be permissible. Tests indicate that when ignitior
occurs at concentrations less than about 10 volume percent of hydrogen, not
all of the hydrogen presat will be consumed. The second parameter as
listed in the table is the percent of hydrogen present uch is to be
consumed. Experimental results also demonstrate that below sane minima
oxygen concentration, hydrogen will rot igrute regardless of its concentra-
tion. Thus, even though *he first criterion 1s satisfied, th
alsc be satisfied before ignition will actually take place. The nex:
parameter is the Oxygen concentration at which an existing flane will Dbe
tinguished. Available data indicate that cgmbustion will proceed until
all of the oxygen is exhausted. The progran monitors the oxygen content oOf
the compartment and should the oxygen be depleted below the stated value

for the fourth parameter, cambustion 1s stopped.

hydrogen in the physical rld proceeds
has a velocity of a few feet per second. Based on the di-
mensions of the compartment, the flame speed and the assum 1 locatior
the ignition, the burm time of a canpartment can be calculated. This
fiftn parameter required for combustion calculations. As the flame
proceeds, it will pass through openings to adjoining campartments.
hydrogen concentration is sufficiently high and the required amount of
oxygen is present, the flame will propagate into this adjoining oampart-
men* The hydrogen concentration required for propagation 1is the sixt}

parameter in the table and the time required for the flame to propagate




fran the ignition source to the adjoinirng compartment is the proupagation
delay time.

Iaring the course of the analysis, the program will, ypon appropriate
comand, write an exhaustive file cf al) pertinent parametars so that the
transient can be restarted fran this point with modified input. This
restart feature permits the examination of the results fran a given set of
input, modification of the input and continuation the transient.

A simplified flow diagram of the CLASIX camputer program is shown in Figure
2. ‘The input to the program may be a camplete set of input tc initiate a
new transient or it nay be a restart file with same modified input. 1In
either event, a camplete input edit is generated. Upon completion of the
input edit, a finite difference integration loop is entered which continues
until one of the program stope is encountered. If a new transient is being
initiated, an output edit of initial conditions is generated. Otherwise,
the frequency at which output is generated is controlled by the oodnditions
specified in the input.

-

The first calculation is tie wolumetric i=tes of flow between the oo
partments. This calculation includes evaluation of the door position and
area of flow for those prths having doors and the use of head/flow tables
for the special flow paths. Using the volumetric flow rates and the
conditions in the source wvolume, the rates of change of mess for each
mtituemaxﬂt}erateofc)wgrofenergyinboththesourcemﬂsm
volumes can be evaluated for each flow.

Heat is transferred to the surface of the passive heat sink by convective
heat transfer and by radiation. As discussed lriefly above, the film

3 7
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coefficient of heat transfer may be derived fran ocne of the built-in
correlations or from tabular input. The radiant heat transfer rate is a
function of the emissivity of the contairmment atmosphere.

The spray flow rate, temperature and fin cocefficient of heat transfer are
linearly interpolated fram the input tables. Heat and mass transfer rates
are calculated for the spray over the pericd of its fall or until the drops
evaporate.

The heat addition rate fram the input tables are added to or subtraciec
atmosphere. The hydrogen and nitrogen mass addition rates must be
and are added, with their associated enthalpies, to the atmo-

sphere. The break flow, which also must be positive, 1s expanded against

the total pressure of the atmosphere with the vapor and its associated
S | L~

energy being added to the atmosphere with the balance being added to the

sunps and drains.

1f ice exists in the ice condenser, the rate of heat transfer to 1€
will be a function of the flow rate and the constituents of the fFlow.

the steam condenses during its passage through the ice bed,

is adjusted ard the overall heat transfer

The conditions in each compartme are compared with the specified criteri

to determine i: ignition should occur. Each flow path is also examined tcC
determine if a flame front has arrived fran an adjoining campartment and,
if o, if ignition due to propagation should occur. If igniticon occurs £
either reason, the rates of removal of oxygen and hydrogen and

addition of water vapar and energy are determined. The mass

be burmed is determined and the clocks for each connected

initialized for propagation delay times. The propagation delay times are
measured firan the time of ignition. All active flow paths shown in Figure 1
are assumed to propagate flame whether or not a door is presemnt and closed.

No propagation is assumed in the fan flow paths




=

Once the time step, temperature and pressure have been evaluated, all other
parameters can be updated. These parameters include such things as total
pressure in each campartment, the clocks far propagation delay times, mass
£ ice in the ice condenser and wall intermal temperatures.

- 1] =



This section develops the equations utilized in the CLASIX ocamputer
pgrogram. The development will generally follow the arder in whuch the
equations are used in the progran as shown schematically in Figure 2.

A. Intercampartmental Flow Rates

The flow paths connecting the campartments in the analytical model are
two classes. The first class incluwdes those for which the flow rate
This cl

LAaS8Ss

calculated internally based on the differential pressure.
flow paths is further subdivided by those with doors and
without doors. Only flow paths 1, 2 and 3 have the capability ©

doors. The second class includes flow paths for which the correspon-

dence between di rent; essure and flow rate 1is externally

specifiad by tabular input. This class of flow paths may be restrictec

to operate anly over a portion of the transient.

y
<

ice oondenser oontaimment

Figure 1 basically

open upward anc once fully
deck doors in flow path 3 are basicall,

blankets that are assumed nct to close once opened




L J

For the lower inlet doors and the intermediate deck doors, an angle
and an area may be specified such that once this angle is exceeded,
the flow area of the door wil. never decrease below the are=
specified. This feature n‘.;y be used to simulate failure of same of
the intermediate deck doors to shut.

Because of the design of the top deck doors, additional features
are required. One is a by-pass flow area to represent the cur-
tained flow area associated with these doors. The second is that a
minimun differential pressure is required to initiate opening
because these doors are taped down. Finally, because of the
construction of these doors, the flow area is assuned never to
decrzase iegardless of the direction of flow and/or differential

pressure.

-1}

e,C
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§ a,c

(A-3)
s B

The minimum area, A', would be A, for the top deck doors but may D
zero or some other value for the other doors depcnding upon the
history of the door ani the conditions specified for non-closure
discussed above.

Flow Equations

Each of the flow paths shown in Figure 1 is represented by an area
an® a flow loss coefficiemt. In the subsonic flow region, the flow

relation is represented by
H = kV /29 (A-3

where H = differential head
x = loss coefficient
v = velncity

g = gravitational constant

5
§

of a differential pressure,

P = kv¥/2gP (A5

a,c



and FR = VA (A-6)

where P = density
FR = wolumetric flow rate

Cambining these three equations and using an average density

- 2 0.5
R, = A | 7;3 [2(p4 - B,)/(Py + P)])

(A-7)

where ); =- flow path i
). = source volume

)y = sink volume

The transition to sonic flow is assumed to oOccur at a pressure
ratio of 0.5 for all flow paths regardless of the relative concen-
trations of the constituent gases. In the sonic flow region, the
flow is a function canly of the upstream pressure so that to a first

approximation

FR: = k_ P. (A-8]
where X = sonic flow constant

Assuming that the flow is continuous at the point of transition

) N 2g ¢ ~ 0.5 - B

ksipj Ai {ki ;2(93. pk)/(oj + ok)]} @ P, 0 593
A 2 0.5

ar ksi = —Pj {;si [2(:>:.| - Pk),/(oj + 001} (A-9)

- 5



Based an the wolumetric flow rate and the assumption of perfect

mixing in each campartment, the mass and unergy flow rates can be
determined. Thus

m = =M = ~FR. (m / V) (A-10)
nj n A n_J. 3j
where m = mass flow rate

m = mass

Vj = wolume of jth campartment

() = ath constituent in the jm volume

(). = n"h constituent ir the kth volune

The associated rate of energy transfer is
U = U = = > m h (A-11)
< n J J -

where U = energy transfer rate
h = enthalpy

As discussed above, flow path 8 in Figure 1 is unique. Although
this flow path uses the same basic equations far gas flow developed
above, some modifications are required. In this flow path, a
rupture disc prevents flow until the differential pressure exceeds
the rupture pressure. In addition, this flow path may have a slug_

of wate: in the pipe at the exit and discharge under water. [ a,c

a,c
(A-12)

> M =



inout of

flow is based an tabular input
differential pressure between

the period of operation

by linear interpolation

determined

flow rate, egquations (A-10) and (A-1ll




B. Passive Heat Sink Heat Transfer Rates

Passive heat sinks are represented by a slab oar one dimensional,
rectilinear heat transfer. The heat sink may have multiple layers of
different miterials with resistances to heat transfer between layers in
the form of film coefficients of heat transfer. The surface exposed to

the compartment may have heat transfer by both convection and radia-

tion. The opposite surface may be adiabatic or transfer heat by a film
coefficient to a constant temperature heat sink.

P

Film Coefficient of Heat Transfer

T™: filnm ooefficient of heat transfer between the campartment
atmosphere and the exposed surface of the heat sink may be either
extermnally specified ar derived fram one of the intermally mo-
gramed correlations. The externally specified film coefficient may
be a function of either time or the differential temperature
between the wall surface and the atmosphere. This table is linearly
interpolated to find the film coefficient.

The primary correlation far the film coefficient is the widely used
correlation of Tagami in Reference 1. The general form of thus

correlation is

i
2
Cr (t/tp) O<t< t
Hy = (B~1)
Hg + (G - Hs) e P t > tp
where H, = Tagami heat transfer coefficient

t = time in secorxis

tp = time of peak pressure fram blowiown in seconds

- 18 =



G = material dependent coefficient having the

dimensions Btu/hr-ft -

Hs = gtagnant film coefficient

. i

-
In these eguations, all oonstants, and oonseguently

coefficient, have the dinensions
; 2
Btu/tu-ft°~F

The material dependent coefficient is given by
r

-lP -

the f£filr
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r

-

The material coefficients of interest are

a,C
(B-5)
T a,c
-1 6,C
(B-6)
(B-7)
Radiarmt heat Transfer
a,c

]'lhe arissivity of the water vapor 1s
a function of its partial pressure, the effective beam length of
the radiation and the ambient temperature. The water Vvapor em:s-
sivity correlations are derived fr- keferences 3, 4 and 5 and are
linearly interpolated in the program. The emissivity of the wall
surface must be specified as part of the inpat. The rate of
radiant heat transfer is

=8 )
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3. Intermal Heat Transfer

The analytical model of the passive heat sinks represents all heat
sinks as one dimensional, rectilinear heat transfer in multiple

. layers. Between layers, a film coefficient may be specified to
represent sw: face effects, paint and/or gaps between tl« surfaces.
The surface opposite the suriace exposed to the compartment ambient
may be rdiabatic ar may have a constant tempercture heat sink.

For conventional oconductive heat transfer within a layer. these
must be at least three temperature nodes in the layer. The
distance betwee.. temperature nodes, assuming a node at each
surface, is
Ax = TH/(NN-1) (B-9)

where

Ax = distance between temperature nodes

NN = number of temperature nodes in the layer

T™ = thickiess of the layer.

For an interral temperature node, the rate of heat transfer into
the rode is

‘ Q, = OO, - ™;)/Ax (B-10)



heat transfer rate per unit area
conductivity of material

wall node temperature

node of interest

next nearest node toward the compartment

T:e heat transfer rate out of the node 1is

next nearest node away fram comparts
heat transfer rate per unit

in the intermal node

-
(Pc)Ax(TW,

new ‘emperature

heat stored

heat capacity of material

differential time ster

Pc

This is the eguation used by the program to evalu “e inter al

temperatures once a stable time step has been termined. The

surface node of this type of wall representation is associated with




only cane half the thic‘mess of an internal node. Thus, 3{ Q_ is the
convect’ = heat transfer into a surface, and

Q, = (Pc) (Ax/2)(TWy - T™W,) /Dt (B-15)

then using equation (B-13)

Qe = (Pc) ( Ax/2)(TW) - TW,)/Dt + CO(TW) - Wy, )/ Ax (B-16)

or

™ = [0 - O(W, - ™ Hmumr(ﬁ—ﬂ—ﬁuw(mw
3 = L9 3 341 / Bt 20w/ T 3

Wall layers with less than three temperature nodes are special
1

cases. a,c

- L

- -

[ 1* (818 *a.c
(B~19)

- §




C.

L (B-20)

-
a’c
L -
[ Ta,c
(B-21)
(B-22)
(B~-22
L ]
-7’ a,c
|
|
| |
- |
Heat Transfer to the Ice
The r-+e of l.2at transfer to the ice in the ice condenser 1is basec
an the film coefficient of heat transfer correlation developed frar
the ice condenser tests at the Waltz Mill test facility (Reference
6). These correlations include the effects of the relative concen-
trations of air and :team.[ 1 o
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D. Hydrogen Ignition and Carmbustion

Hydrogen entering the containment fram an input table may be introduced
as a non-condensible added to the ambient atmosphere or it may be
burned as it is introduced. The latter is a special case that has two
assumptions that must be carefully considered in utilizing this option.
The first assumption is that there is always adeguate oxygen for
canplete cambustion of the hydrogen. The second is that there is no
hydrogen initially present or flowing in fram another campartment.
Attempting to use this option when these assumptions are not valid will
provide invalid results.

I1f the option to aid the hydrogen to the campartment atmosphere is
selected, the criteria for ignition in each campartment are examined at
each time step of the finite integration. For ignition to occur, both
the required wolume fraction of hydrogen and the required volume
fraction of oxygen must be satisfied. Based on the perfect gas law, the
ratio of the partial pressure w the total pressure is the same as the
volume fraction. The partial pressure fraction is used in the program.

As discussed previously, at the time of ignition in a campartment,
internal timers are started for each oconnected and active flow path
shown in Figure 1. It is assumed that propagation will proceed whether
doors are present ar rot. No propagation is permitted through fan flow
paths. If che propagation delay time has expired in a flow path. the
conditions in the oonnected campartment are examined to determine if
ignition occurs. Both the volume fraction of oxygen far ignition and
the wlume fraction of hydrogen for propagation must be satisfied.

In each campartment where ignition occurs, the pounds of hydrogen to be

burned is determined[ ]a "
]

a’C(D—l)

- 3 =
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1 2,C

(D-4)

E. Contairment Spray o

It is assumed that the spray flow enters the compartment with a uni form

" drop diameter and that the individual drops fall at a constant uniform
velocity over the specified fall time. The spray flow rate,
temperature and film coefficient of heat tra sfer are linearly inter-
polated fram input tables which are a functiorn of tim».

In a conventional finite difference inteyration treatmemt of the spray,
the mass of spray entering the compartment during a given time step
must be tracked throughout its fall time. For each .ncrement of spray
flow, its mass, temperature and, because of a variable time step, the
length of time since generation must be maintained. The order o
magnitude of the mumber of time steps tO complete the fall- is 13

Thus, far each spray, several thousand memory locations and many

ca’ ‘lations would be required. To simplify the treitment of the spray,
r 1

) r—

—
Bl

a,c
(E-2)




a.cC

(E-3)

(E=6)

(E-7)

(E-8)
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a,c

(E-16)

This equation is valid for heat transfer in either direction provided
that there is ro vaporization during its period of application.

In the spray analysis any increase in drop diameter due to condensa-
tion is rot c.usidered. This would reguire prior knowledge of what the
effects of heat removal fran the atmosphere would have. 1f the

r
I1f vaporization is occurrin;.L }a.c
-
'l a,c
| (E-17)
L J
]e.c
L -
a,c
(E-.S
(E-19
(E-2C
] J
L
[ &,c
(E-21)
! -



conditions in the atmosphere were near or at saturated conditions,
probably most, but rot necessarily all, cof the heat removal would
result in condensation. At high superheat conditions, probably only a
small fraction, if any, would result in -ondensation. In the region of
interest in the program, sprays may be heated fram BOF to saturation at
S0 psia or 280F for a chanve of 200F. If all ot this heat were used to
condense steam, the diameter of the drop would increase about 6 percert
and the area about 16 percent. Even these limiting oonditions of
change would not have a significamt effect on the analytical results.

Denoting the conditions of the spray entering the campartment with the
subscript zero, the net spray flow campleting the fall to the floor of
the compartment is

The net energy removed fram the compartment atmosphere by the spray is

-

a,c
(E-23)
L :
and the mass rate of ad“ition to “nhe atmosphere 1is
[ 1a.c
(E-24
L d

These egquations in various combinations campletely describe the

spray/atmosphere interaction.

The implications of the assumption that the spray heat transfer occurs
in a differemt time daomain than the other equations is discussed in
Section VIII and Appendix D. The assumption is shown to provide
conservatively high temperatures and pressures in the containment.

Addition Tables

Heat, hydrogen, nitrogen and water may be added to the compartment
atmosphere. All tables are entered as functions of time and are



linearly interpolated. Only the heat addition may have negative values
to simulate heat removal.

The hydrogen and nitrogen tables must include temperature so that the
associated enthalpy may be calculatel and added to the campartment
energy inventory.

Rather than temperature, the water addition tables must include the
energy addition rate corresponding to the enthaipy of the water. The
specific enthalpy of the water is compared to the saturation enthalpies
corresponding to the total pressure in the compartment. If the specific
enthalpy of the flow is greater than the saturated vapor enthalpy, the
entire mass and enerygy are added to the atmosphere inventories. If the
specific enthalpy is less than the saturated liquid enthalpy, the
entire mass and energy are relegated to the sumps and drains with no
effect on the atmosphere. If the specific enthalpy is between the
saturation enthzlpies, the flow is treated the same as the spray but
with a zero fall time.

Energy Balance

Based on the mreceding discussion, the rates of change of masses and
energy in each compartment can be determined. Concurrent with these
calculations, the amount of change in temperature or pressure which
would reverse the process can also be calculated. For example, in
ca‘culating the flow between two compartmerts, a differential pressure
is determined. If the upstrean pressure were %0 decrease by morz than
this differential, the direction of flow would reverse. Similarly, an
increase in the downstream pressure by more than the differential would
also cause flow reversal. The minimun magnitudes for both i“icreases and
decreases in pressure which would cause flow reversal for each campart-
men: are retained in mamory and used in evaluating a stabl: time step.



The maximum time step is specified as input. The initial valw for the
m.wwbmdinmmcunumh&umimdtrcm
1 e.c

(c-1)

L 3
Using this initial value of the time ~ep and th: rates of change
previously calculated, the total masses of each constituent and the
total internal enmergy in each compartment can be evaluated. Based on
these totals a unique pressure and temperature can be determined. There
are tasically three regions of interest. Saturated, wperh.eated or
above the steam tables. The conditions of pressure and temperature at
the beginning of the time step are used as *he first guess of the
conditions at the end of the time step.
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In well behaved transients the reduction in time step will not b=
activated for monotonically increasing or decreasing portions of the
¢ransient. At a change in sign in the first derivative of pressure wiii
respect to time, there could be a brief reducticn in the time step. In
regions of instability where a steady state or diverging oscillation
would occur, the minimun time step is used continuwously. In the
regions of interest where instabilities occured, the maximum pressure
oecillation experienced was to the arder of T i peak to peak and
the corresponding temperature oscillation m[ 'usirg the minime

a,c



time step given by equation (G-19). Note that the externally specified
time step may be less than the minimum value given by equation (G-19).
In this event, the externally specified time step will always be used.

After the pressure and temperature wewaluations have been completad, a
nurber < parameters must le updated. Among these is the mass cof
hydrogen yet to be burned in A compartment where deflagration is taking
place. [

a,c

(G-20)

X
However, i: the wolume fraction of oxycen drops Dbelow the wvolume

fraction of oxygen required to support combustion, the burn rate and
mass of hydrogen to be burned are cet to zero to sinulate extinguishing
the burn.

Since the time step is known, the clocks measuring the propagation
delay time can be updated. Also, the ra‘e of nheat transfer in the ice
condenser can be converted tc a mass of ice melted and a change in heat
transfer area. Finally, the intermal heat transfer equations in the
passive heat sinks are used to ypdate the nodal temperatures.

With the updated values, the caiculations can proceel to the next time

step and iterate to the campletion of the transient.
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VIi. INPUT DESCRIPTION

Qontrary to general usage, this section is not intended to be an input
marual bu., as the title indicates, a description of the necessary input.
The primary purposes of tus discussion are to indicate the level of detail
of the inpu* and the deqree of flexibility of the program, and to emphasize
same of the assumptions inherent in the development of the program.

ihe program has the capability of continuing a transient fram an inter-
mediate time in the transient, provided the restart file has been written
and saved fram a previous execution of the program. If the present execu-
+ion is a restart, any input parameter can be changed that is not a
function of the history of the mreceding calculations. For example, the
area of a ‘. w pa+ .z affected by the door position and cannot be changed
but the flow loss cefficient can be altered. Changing initial conditions
oar tabular inpet for times preceding the restart time will have no effect.
However, changing values in the table at subsequent times will have an
effect.

ihether ar rot the pres»nt execution is a restart, restart files may be
Jritten at future spec.fied times and just prior to a given camputer
execution elapsed time.

The heat of cobustion and the perfect gas constants are provided with
default values vhich may be overwritten by inmput. The perfect gas cn-
s*ants include tle specific heats at constant volume and constant pressure,
and the gas conscant far the perfect gas law.

The maximum tivwe step may be specified as a function of the transient time.
The rate at which output is generated may also be controlled as a function
of the transient time. The output is discussed later.



For each active compartment, the initial conditions must be specified and
are not necessarily steady state conditions. The net free volume, tampera-
ture, the contents by coustituent and burn control parameters for each
campartment must be specified. Tt bum contrcl parameters include volume
fraction of hydrogen and volume fraction cf axygen for ignition, the volume
fraction of hydrogen for propagation, the volume fraction of oxygen below
vhid\'cheﬂmigo:unguisheduﬁthefractimotthehydrogenwbe
burned .

For each of the flow paths numbered 1 to 10 inclusive in Figure 1, the flow
area, flow loss coefficient and the propagation delay time are required.
Areas must te zero for {low paths connecting two inactive campartments oOr
an active campartment to an inactive one. A door may be represented in any
or all flow paths designated 1, 2 and 3 in Figure 1. For each door, the
maximun angle of opening, the differential pressure required o achiee
this opening and the corresponding flow area are required. For flow peths 1
and 2, a special angle and opening may be specified so that if this angle
is once achieved, the flow area will never be less than the area specified
regardless of flow conditions. In flow path 3, a bypass flow area and a
minimum differential pressure to initiate opening may be specified. In flow
path number 8, an initial length of a slug of water, depth of submergence,
exit loss coefficient, disc rupture pressure and the density of the water
may be specified.

™ ice condenser is fully represented by specifying a mass of ice with its
corresponding area of heat transfer, density, heat of fusion, flow loss

coefficient and net free volume.

Fans are represented by designating a suction node and a discharge node,
time of ac* ion, time of deactivation, a fan flow multiplier and a fan
head/flow table mumber. The fan head/flow table is simply a list of
differential heads with corresponding volumetric flow rates to represent
the head/flow curve. The fan flow multiplier is simply a multiplication
factor on the flow derived fran the table and can be used to represent
multiple paralle! fans or a flow split between compartments.

",



Based on assumptions in the development, a single fall time and a single
drop size are used for each spray. The input tables of flow rate, tempera-
ture and film coefficient as functions of time, supply all the remaining
necessary information foar the zpray.

Heat, nitrogen, hydrogen and water addition tablcs are discussed in the
development of analytical equaticns. Each addition table is a function of
time with temperature also supplied for the nitrogen and hydrogen tables
anri enthalpy supplied with the water tables.

Each wall or passive heat sink is specified by a compartment number,
surface area, initial uniform temperature, exterior heat sink temperature
and the heat transfer correlation to be used. If the Tagami correlation is
selected, the time of peak pressure and total energy as well as a multiply-
ing coefficient must be specified. If radiant heat transfer is desired, a
surface emissivity and effective beam length are required. If an externally
specified film ooefficient is to be used, the fiim ocoefficient as a
function of time or differential temperature must also be specified. Each
passive heat sink may have up to 7 layers of material. For each layer, the
number of temperature nodes, thickness, conductivity. heat capacity and
exit film coefficient of heat transfer must be specified.

Regardless of whether the transient is newly started or started fr a
restart, a camplete input edit of all input parameters is written to the

output .



VIi. OUTPUT

In addition to the input edit discussed above, the program generates output
at frequencies controlled by the input. The short-form output is a single
line of ocutput listing the temperature and pressure in each campartment. At
the same time as the short-form is written, the time and all conditions of
temperature, partial pressures and constituent masses in eac’: . partment
are written to a tape which can be saved and used tc generate plots of the
transient. Because of the sharp peaks in pressure experienced during a
burm, the pressure is scanned during each burn and the maximur pressure in
the burn compartment and the time it occured ar2 retained in ramory. This
information is written to a separate tape every time plct information is
written.

At the specified interval for long form output, two separate tapes are
written. On one tape the detailed conditions in each volume and flow path
are written. Also included is information about doors, flow paths, the ice
condenser and the surface temperature anxd heat rate to each wall. Each
long form output to this tape consists of a single page. To the second
tape are written all of the /. tails of the passive heat sinks, including
the temperature at every node in every well. This output may consist of
numerous pages each time it is written and depends on the number of passive
heat sinks and the number of nodes in each heat sink.

The final form of output is the restart file which is also controlled by
the input.



VII1i. VERIFICATION

Verification of a computer program can be performed in a mmber of ways.
The four methods of verification most frequently used are 1) camparison of
calculated results with the calculated results of other accepted camputer
programs, 2) camparison of calculated results with test measured results,
3) comparisor ¢f calculated results with the results of external calcula-
tions performad using the given program methodology, and 4) sensitivity
studies involving various perameters used in the program. Each of these
methods has been employed in the verification of the CLASIX oamputer

program.

For the first part of the verification analyses, CLASIX calculated results
have been canpared with the calculated results of the Transient Mass
(TMD), Reference 6, and CQOQOCLASS9, Reference 7, omputer

Both of these programs are design programs developed by Westing-

house Electric Corporation. TD has been accepted by the Nuclear Regula-

tory Camissici (NRC). Results of OOCOCLASS9 analyses have been presented
to the NRC Staff in support of dry contaimment plant licensing and COQO,
Reference 8, the base program fram which COCOCLASSY was developed, has bee’

accepted by the NRC.

The ™D ogram was developed for analyses of ice condenser containment
response during initial few seconds following a design basis loss of
coolant ident (LOCA). Because this period is characterized by

pressure transients, a detailed spatial analysis 1s necessary and ™C
contains a multi-compartment analytical model. Furthermore, since contain-
ment safeguards do not function during this period, neither the containment
sprays nor the air return fans are included in the T™D analyticel model.
For similar reasons neither nitrogen, hydrogen, nor fission product energy
addition is included in the model. Finally, since no significant heat
transfer > the contaiiment walls is expected to occur during this brief
period, passive heat sinks are not included in the ™D analytical model.
Therefore camparison of CLASIX calculated results to ™™D calculated results

is limited to multi-compartment pressure and temperature responses to high




enthalpy water mass and energy addition. This comparison provides verifi-
cation of CLASIX pressure an’® temperature response calculations, flow path
calculations, and aspects of the CLASIX ice condenser model.

Calculated results fram the CLASIX program were campared to TMD calculated
results for a series of cases as described in Appendix A. These comparisons
show very good agreament between CIASIX and ™D calculations with CLASIX

calculated values being generally conservative relative to ™D calculated
values.

The COCO program was developed for analyses of dry containment response to
a design basis LOCA. Since the program was developed to analyze the entire
design basis post LOCA transient, the QOC0 analytical model has the
capability to simulate contairmment safeguards operatian and heat transtfer
to passive heat sinks as well as high enthalpy water mass and energy
addition. Because a dry contaimment consists primarily of a large cpen
region surrounding the reactor coolant system, the J0C0 analytical model
provides only a single volume representation of the containment.

The COCOCLASSY program is an extension of the COC0 program. COCOCLASS? has
all the features of QOO0 and also has the capability to simulate events
related to degraded core accidents such as hydrogen burn phenamena.
Although camparisons of CLASIX calculated results to (OCOCLASS9 calculated
results are limited to single compartment pressure and temperature response
to high enthalpy water and/cr hydrogen mass and energy additions, they can
include simulation of hydrogen burns, heat transfer to containment sprays
and/or heat transfer to passive heat sinks. However, since the COCOCLASS?
spray mode. does not allow evaporation and the QASIX spray model d&oes,
the two spray models cannot be campared effectively. The camparisons of
CLASIX calculated results to COCOCLASSY calculated results provide veri-
fication of the CLASIX pressure and temperature response to mass and energy
additions, burn model and model for heat transfer to passive heat sinks.

Calculated results fran the CLASIX program were campared to COCOCLASS?

results for a series cases as described in Appendix B. These cases provided
comparisons of single compartment pressure and tamperature response to high
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enthalpy water and hydrogen mass and energy additions and included hydrogen
burn simulation. Th-se comparisons show excellent agreement between CLASIX
and OOOOCLASS9 calculated results.

For the second part of the verification analyses, CLASIX calculated results
have been campared with test measured resuits fram recent hydrogen burn
tests performed at both the Fenwal test facility, References 9 and 10, and
at the Lawrence Livermore National Laboratory, Reference 1l1. The tests,
designed to study the capabilities of diesel glow plug ignitors, provide
data for verification of the CIASIX burmm model, the CLASIX models for
hydrogen and high enthalpy water mass and energy addition to the contain-
ment, and same aspects of the CLASIX models for heat transfer to passive
heat sinks and sprays. Details of the camparisons of CLASIX calculated
results with test measured results are given in Appendix C. The results Of
these comparisons indicate QASIX conservatively overpredicts the pressure
and temperature response to a burm over a wide range of corditions. A
large portion of the conservatism has been shown to be the result of using
constant values far constituent gas specific heats in the CLASIX analytical
model .

In addition to the comparisons with other programs and with test measure-
ments, CLASIX calculated results have been campared with the results of
external calculations using the CASIX methodology. These oamparisons,
performed throughout the development of the program, test various aspects
of the CLASIX computations including conservation of mass and energy, heat
renoval by sprays, operation of fans, heat transfer to passive heat sinks,
and interpolation and integration of tabular input data. All externally
calculated results agreed with CLASIX printed output within calculated
romndoff error. Samples of these camparison results are given in Table 2.

Firally, numerous sensitivity studies were performed during the CLASIX
development. Early CLASIX analyses for ice condenser containments, Refer-
ence 12, included sensitivity studies far all spray parameters, for the air
return fan flow rate, for the ice condenser initial ice mass and drain
temperature, and for hydrogen burn parameters. Recently a number of
sensitivity studies were performed as part of the comparison to test
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measured results given in Appendix C. These studies include evaluation of
the sensitivity of calculated results to various parameters associated with
the passive heat sinks, to the containment atmosphere oonstituent gas
specific heats, and to the calculational time step. The results of all
sensitivity studies desionstrate that there is no unusual dependence on any
tested parameter.

In sumary, four methods were used in the verification of the QASIX
camputer program. Each method provides a level of confidence in one ar more
aspects of the QASIX calculations. Qumparisons of CLASIX calculated
results wi‘h ™D calculated results provide confidence in the CLASIX
calculation of multi-campartment pressure and temperature response to mass
and energy addition, flow path calculations and ice condenser model.
Camparisons of CLASIX calculated results with QDCOCLASS9 calculated results
provide additional confidence in the CLASIX calculation of pressure and
temperature response to mass and energy addition. These comparisons also
provide confidence in the CLASIX models far hydrogen bumm calculations and
heat transfer to passive heat sinks. Comparisons of QLASIX calculated
results to test measured results demonstrate conservatism in the CLASIX
burn model and provide confidence in the CLASIX models for heat transfer to
passive heat sinks and containment sprays. Sensitivity studies and
canparisons of QASIX calculated results with the results of external
calculations using the CLASIX .ethodology provide added confidence in all
aspects of the (LASIX calculational model.

The only significant aspect of the program which has not been examined in
detail is the analytical model of flow path 8. However, this flow path is
not germain to the design analysis of the hydrogen mitigation systems for
ice condenser plants.

In addition to the verification of analytical techniques, two assumptions
were also intensively investigated. The first of these assumptions was that

the heat transfer coefficient a:rrelation[ o

was applicable to the
high temperature gases generated by a burm in the lower canpartment. As
discussed in the Analytical Development section of this report, the
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correla:.iom provide film coefficient values [

ing an sgpecific conditions. To evaluate the impact of the
correlation an the wnalytical results, 2 typical transient for the Sequoyah
plant was selected. In the region investigated, burns occurred in both the
Plower campartment and the ice condenser outlet plemum. [ T

| ]’I‘hese results—
indicate that there is mo n¢ jor effect on the analytical results ar con-
clusions fran using the ice condenser heat traansfer correlations fram the
Waltz Mills tests.

The second assumption that was investigated was the assumption *hat the
spray heat transfer could operate in a separate time domain. A camparison
of the CLASIX representation with a conventional finite difference approach
is presented in Appendix D. The assumption of a separate time damain for
the spray is shown to be oonservative by predicting slightly higher
temperatures and pressures in the contaimment.

Based on the preceding discussion, it is concluded that the CLASIX program,
exclusive of the model of flow path 8, is adequately verified and qualified
for the type of design an:lysis for which it is intended and, particularly,
within the range of wvalidity of the assumptions utilized in its develop-
ment. For these analyses, (LASIX produces onservatively high predictions
of temperatures and pressures within the contaimment. Containments designed
to withstard the mressures and temperatures predicted by CLASIX will be
adequate to withstand the pressures and temperatures produced by actual
transients.




Based 'n the above, QASIX is shown to be a viable tool for the evaluation
of the pressure and temperature re<ponse of an ice condenser contairmment to
a hydroger deflagration. Extr.sive use of the program for a mmber of
plants and extensive sensitivity studies have shown no anamalies in the
results. Comparisons with test data and other methods of analysis provide
anple assurance that the temperatures and pressures predicted by CLASIX are
conservatively high and that a contaimment designed to withstand the
conditions predictel by CLASIX will have a significant margin of safety.
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TALE 1

BURN OCONTROL PARAMETERS

Vo H, IGNITION

% H, CONSUMED

Vo 0, IGNITION

V/o O, SUPPORT COMBUSTION
BURY TIME

Vo H, PROPAGATION

PROPAGATION DELAY TIME



TABLE 2

CLASIX vs External Calculations

Typical Camparisons

Parameter
Hydrogen Addition Rate (lbm/sec)
interpolated fram input table values

Temperature of Hydrogen Gas (F) added
interpolated fram input table values

Total Hydrogen added (1lbm)
Fan flow rate (cfs)

Spray heat removal rate no evaporation
(Btu/sec)

Spray heat removal rate with evaporation
(Btu/sec)

Ice Condenser lLower Plernum Volume (fta)

Ice Melt (lbm)

Externally
Calculated
Value

All differences in results are within roundoff error.

CLASIX
Calculated
Value
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Fgure 2
FLOW DIAGRAM

- 61 -




‘1'.!" 2

(CONTINUED

- 62 -




APPENDIX A
Comparison of CLASIX Results with T™D Results

INTRODUCTION

The Transient Mass Distribution (TD) program, Reference A-1, was
developed to analyze the short termm phase of the transient fram a loss of
coolant accident (LOCA) in an ice oondenser contaimment and has been
accepted by the NRC as a design tool, Reference A-2. A canparison of CLASIX
calculated results two ™D calculated results is presented in this Appendix.

MODELING

The ™D program was developed for analyses of ice condenser containment
response during the initial few seconds following a design basis LOCA.
Because this period is characterized by rapid pessure transients, a
detailed spatial analysis is necessary and T™MD contains a multicampartment
analytical model. Furthermore, since contaimment safeguards do not function
during this period, neither the contairment sprays nor the air return fans
are included in the ™D analytical model. For similar reasons neither
nitrogen, hydroge', nor fission product energy addition is included in the
model. Finally, since no significant heat transfer to the contaimment walls
is expected to occur during this brief period, passive heat sinks are not
included in the ™D analytical model. Thereiore camparison of CIASIX cal-
culated results to ™D calculated results is limited to rwlti-campartment
pressure and temperature responses to high enthalpy water mass and energy
addition. This comparison provides verification of ClLASIX pressure and
temperature response cal: ulations, flow path calculations, and aspects of
the CLASIX ice condenser model.

The ™D ané CLASIX analytical models were selected to be as similar as
possible. Both containment models include a lower campartment, ice con-
denser upper compartment and dead ended wolume. Schematic diagrams of
these models are given in Figures A-1 and A-2.
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The CLASIX ice condenser is divided into two parts, the lower and upper
plenums. The ice condenser model in ™D is divided into five sections
uceptintheoue\dfhauturaudblwcbmandioeprmintheice
condenser. For this transient a three compartment ice condenser model with
1cpruentinm1ymecauparmmtmutilized.ntmughﬂnicecm-
denser was modeled for all cases, same camparisons were performed by not
including ice in the ice condenser.

Three sets of dors are modeled. These are the lower inlet doors which
are locatad between the lower campartment and the inlet plenum, the
intermediate deck doors which are located between the ice baskets and the
upper plenum, and the top deck doors (blankets) which are located between

the upper plenumn and upper compartment.

The physical parameters used in this verification analysis are typical
of an ice condenser contaimment. Tables A-1 and A-2 contain the ™D input
and flow path parameters. A summary of the CQASIX input is given in Tables
A-3 and A4.

RESULTS

Four compariuon runs were made covering the anticipated range of the
blowdown energy fram saturation to superheat conditions. Direct campari-
sons were made between the temperatures and pressures resulting fran the
™D and CLASIX calculations. Indirectly, these camparisons provide

verification of CLASIX flow path calculations.

The fire' case investigated had a saturated blowdown in a contaimment
without ice in the ;e condenser. The lower compartment and upper campart-
ment pressures are shown in Figures A-3 and A-4. The corresponding
temperatures are given in Figure A-5. As shown in these plots, the QASIX
calculated values far both temperature and pressure are generally conser-
vative by being higher relative to the ™D calculated values over most of
the transiemt. CLASIX is expected to be conservative relative to TD



because of the difference in the treatmert of the flashing cf the breakflow
uitmnthcmuhmt.[ ]

The second case is very similar to the first case but has a superheated
Slowdown. Figure A6 shows the ™D and CLASIX calculated pressurds in the
upper camparment. In this case, lower caompartment pressures are nearly
identical to the upper campartment pressures and therefore are not in-
cluded. The temperaiare plots for this case are given in Figure A-7. Close
agreement exists between T™D and CLASIX calculated results.

The next phase of the verification duplicates the first two cases and
includes ice in the ice condenser section. Figures A-8, and A-9 are te
plots frr the saturated blowdown case. The plots for the superheated
blowdown case are given in Figures A-10, and A-11. For toth cases CLASIX
and ™D calculated pressures agree mt)un[ ]'psi. In addition. the
calculated temperatures agree closely with (ILASIX values being slightly
more conservative in the lower campartment but slightly non-conservative in
the upper compartment.

An cscillation can be cbserved in the CLASIX temperature plot for the
lower compartment in the saturated blowdown case with ice present (Figure
A-9). Similar results were seen in an earlier canparison analysis 1n
Reference A-3, and are known to be caused by convergence criteria and
at the interface between saturated and superheated conditinns The current

ta’
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version of CLASIX has a tighter convergence than the previous version so
that most of the current plots are smoother than those found in Reference
A-3. However, as can be observed from these results, thers is no cumulative
error leading to divergence of results. Other studies with tighter con-
vergence criteria reduced the magnitude of the c:-illation but had no
effect on the general results and conclusions. For reasonable computer
time, however, the convergence criteria in CLASIX were not modified.

CONCLUSION

The comparison of CLASIX calculated results to TMD calculated results
has shown that the two programs are in excellent agreement with CLASIX
being generally conservative over a range of conditions. The few differ-
ences that occur are explained by the differences in the analytical
assumptions associated with the two programs. Therefore, a high level of
confidence can be placed on the CLASIX analytical predictions for multi-
compartment pressure and temperature response calculations, flow path
calculations and ice condenser calculations.
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WCAP-8077 (Proprietary Class 2), March 1973, WCAP-8078 (Proprietary
Class 3), March 1973.

A-2 NRC letter from D.B. Vassalo, NRC Chief Engineer, Light Water Reactor
Project Branch to Westinghouse Nuclear Safety Manager, Ramano
Salvatori, December 18, 1973.

A-3  Pppendix V of the Tennessee Valley Authority Sequoyah Nuclear Plant
Core Degradation Program, Volume 2, "Report on the Safety Evaluation
c¢ the Interim Distributed Ignition System", December 15, 1980 (NRC
Docket No. 50-327).
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CLASIX MODEL OF THE ICE CONDENSER CONTAINMENT
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FIGURE A-2
THMD MODEL OF THE ICE CONDENSER CONTAINMENT
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CLASIX TMD COMPARISON
10,000 LBM/SEC BLOWDOWN
S00 BTU/LBM
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FICURE A-3
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CLASIX TMD COMPARISON
10,000 LBM/SEC BLOWDOWN
50C BTU/LBM
WiTH ICE

FIGURE R-B
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CLASIX TMD COMPRRISON
10,000 LBM/SEC BLOWDOWN
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WITH ICE
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CLASIX TMD COMPARISON
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CLRSIX TMD COMPARISON

10,000 LBM/SEC BLOWDOW!N
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WITH ICE
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APPENDIX B
Comparison of CLASIX Results with CCOOCLASS9 Results

0 (Reference B-1), the base program for COCOCIASSY (Reference B-2),
was developed by Westinghouse Electric Corporation foj the analyses of
entire design basis post loss of coolant accident (LOCA) transients in dry
contaimments. COCO has been accepted by the Nuclear Regulatary Camiission
(NRC) as a design program for this purpose. The C(DCOCLASSY9 Program is an
extension of the OOCD program. COCOCI/ASSY9 has all the features of COCO and
alsc has the capability to simulate events related to degraded core
accidents. Results fran ODCOCLASS9 have been presented to the NRC in
support of dry contaimment plant licensing.

The CLASIX and OCDCOCLASS9 analytical models have the capability to
simulate hich enthalpy water addition, hydrogen mass and energy additions,
hydrogen burning and heat transfer to passive heat sinks and containinent
sprays. However, the two spray models cannot be campared effectively
hecause the OUCOCLASS? spray model does not allow evaporation and the
CLASIX spray model does. In addition, since QOO0 was developed for analyses
of dry cont:imments, its analytical model provides only a sirjjle volume
representation of the containment. Therefore, comparisons of CLASIX
calculated results to OOCOCLASSY calculated results a'+ limited to single
campartment pressure and temperature responses.

Six comparison cases were rur using the same basic transient. Hydrogen
was added at a constant rate over a limited portion of the transient. After
the hydrogen addition had stopped, a burn was initiated at a specified time
and with a specified burn rate. Three cases were run with a saturated
blowdown during the entire transient and then all three were repeated with
a superheated blowdown.

Case 1 is the basic transient with a saturated blowdown. This case
does not include heat transfer to passive heat sinks. Case 2 and Case 3 are
the basic transient with a saturated blowdown and include heat transfer to
passive heat sinks. In Case 2 there is convective heat transfer with a
constant wall surface film coefficient and no radiant heat transfer. In



Case 3 the Tagami heat transfer corr-lation is used and radiant heat
transfer is included. Cases 4, 5 and 6 are respectively identical to Cases

1, 2 and 3 except they have a super'eated blowdown. Input parameters for
the-e -ases are summarized ir lables B-1 and B-2. The initial conditions
and passive heat sink parameiers are typical of ice condenser containments.

Tie calculated pressures and temperatures as functions of time are
presented in Figures B-1 through B-12. As can be cteen from these figures,
CLASIX and COCOCLASSS produced almost identical amalytical results for all
cases considered. Neithe~ program consistently produced lower results than
the other. The ca'culated pressure ang temperature differences were

-

&
respectively less than{: ]percent and{ |percent.
4

The comparison of CLASIX and COCOCLASSY indicates negligible differ-
ences beiween the inalytical results of the two programs. This provides 2
high level of confidence in the CLASIX modeling of the blowdown, hydrogern
addition, hydrogen burning and heat transfer to passive heat sinks. Since
CLASIA and COCOCLASSS have different time step and convergence criteria,
the comparison alsc indicates *hat these criteria in CLASIX are adequate.

References
B-1 Bordelon, F.M., and Murphy, E.T., "Containment Pressure Analysis Code

(COCO)", WCAP-8327 (Proprietary Class 2), July 1974, WCAP-B326
(Proprietary Class 3) July, 1974.

B-2 “Zion Probabilistic Safety Study", Module 4, Section 4, 1981 (NRC
Docket Nos. 50-295 and 50-304).

- 8% -

3.



TABLE B-1

‘ General Input Parameters for CLASIX and COCOCLASSY Camparison Cases
Parameter Value
volume (f£t°) 1.2 x 10°
Initial temperature (F) 100
Initial air pressure (psia) .28
Initial steam pressure (psia) 14.71
H_‘,O mass addition rate (lbm/sec) 200
H20 energy addition (Btu/lbm)

saturated 500
superheated 1205
Hy addition rate (lbm/sec) 10

. H, addition temperature (F) 1500

H2 addition initiated (sec) 30

terninated (sec) 90
Burn initiated (sec) 100
Burn rate (lbm/sec) 30



Surface area | ftz)

TABLE B-2

Passive Heat Sink Input Parameters

for CLASIX and COCOCLASS9 Camparison Cases

Wall #l

Initial temperatuie (F) 100

Bnissivity* 0.4

Radiant heat transfer beam lengtl (ft)* 100

Layer 1 -

Layer 2 -

Layer 3 -

Ma erial Stain
Thickness (ft) 0.06
Number of nodes 30
Thermal conductivity SBt._x/hr ft F) 26.
56.
0.

>0

Heat capacity (Btu/ft

Exit heat transfer cneffxcmnt
(Btu/hr F) 0

Material

Thickness (ft)

Number of nodes

Thermal conductivity _I,Bt.u/hr ft F)

Heat capacity (Btu/ft

Exit heat transfer meffxment
(Btu/hr F)

Material

Thickness (ft)

Number of nodes

Thermal conductivity ﬁuu/hr ft F)

Heat capacity (Btu/ft

Exit heat transfer a:efhcxont
(Btu/hr F)

*Used in Cases 3 and 6.

2 x 10

4

nless Steel

Wall #2
3 x10
100
0.9
100

Faint
0.001
2
0.08
28.4

1x104

Concrete
1
12

O|8
28.8

1x138

Qoncrete
2

12

0.8

28.8
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" CASE 1
500 B7./LBM BLOWDOWN
NO HERT SINKS

FIGURE B-2
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CLASIX LOCOCLASSS COMPARISON
CASE 2
SU. BTU/LBM BLOWDOWN
WALLS WITHOUT RADIANT HEAT TRANSFER

FIOJURE B-3
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CLASIX COCOCLASSS CU*PARISON
CRASE 2
S00 BTU/LBM ELOWDOWN
WALLS WITHOUT RADIANT HEART TRANSFES

FIGURE B-4
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CLASIX COCOCLASSS COMPARISON
CASE 3
500 BTU/LBM BLOWDOWN
WALLS WITH RADIANT HERT TRANZFER

FIGURE B-5
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CLASIX COCOCLASSS COMPARI
CASE 4
1205 BTU/LBM BLOWDOWN
NO HERT SINKS

FIGURE B-7
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CLASIX COCOCLASSS COMPARISON

CASE 4 o
1205 BTuU/LBM BLOWDOWN
NO HERT SIHKS

FIGURE B-8B
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CLASIX COCOCLASSS COMPARISCN
CASE 5
1205 BTL/LBM™ BLOWDOWN
WALLS WITHOUT RADIANT HEAT TRANSFER

FIGURE B-S




CLASIX COCOCLASSS COMPARISON
CASE S5
1205 BTU/LBM BLOWDOWN
WRALLS WITHOUT RADIANT HERT TRANSFER

FIGURE B-10




CLASIX COCOCLASSS COMPARISON
CASE &
1205 BTU/LBM BLOWDOWN
WALLS WITH RADIANT HEART TRANSFER

FIGURE B-11
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CLASIX COCCCLRSSS COMPARISON
CASE ©
1205 BTU/LBM BLOWDORWN
WALLS WITH RADIANT HERT TRANSFER

FIGURE B-12
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APPENDIX C
Comparison of CLASIX Results with Test Measuied Results

Introduction

Comparisons between CLASIX calculated results and test measured
results fran two series of thermal ignitor experimental tests are presented
in this appendix. The two test series were condux*ed by Ferwal I':or-
porated, Ashland, Massachusetts, References C-1 axd C-2, ard lawr::ce
Livermore National Laboratory (LINL), Livermore, California, Reference C-3.
The purpose of these tests was to determine the reliability and capability
of thermal ignitors to initiate deflagration under various envirommental
conditions typical of the reactor contairmment during accidents.

The varicus test conditions are divided into four divisions in this
appendix: &y, steam, spray and transient. The dry cases consist of air
and hydrogen mixtures, and have no adcditions to the vessel after the glow
plug is activatei. Steam cases are those cases in which steam was added
initially at various ooncentrations. These steam cases also have mno
additions to the vessel after the glow plug is activated. The spray cases
have a steady water spray in the vessel throughout the period in which the
glow plug is active. The transient cases are those in which a constant flow
of hydrogen and steam is added ‘o the vessel during the period in which th
glow plug is active. The dry and steam tests were performed by both Fenwal
and LINL. The remaining two divisions were conducted by Fenwal. Represen-
tative tests fram each of these four divisions were selected for use in the
CLASIX verification analysis. The test results were compared to CLASIX
calculated results to verify the CLASIX burn model, the CLASIX models for
hydrogen and high enthalpy water mass and energy additions, and some
aspects of the CLASIX models for heat transfer to passive heat sinks and

sprays.



General JIASIX Input

For both the Fenwal and the LINL test comparisons, the free wvolume
inside the vessel was treated as a single element. For this simple model,
CQASIX input oconsists of the initial conditions, burn parameters, and
passive heat sink data. All of these input parameters except the heat sink
data and the net free as wolumes are case dependent and will be discussed
in the next sectia.

Passive heat sink data we sumarized in Table C-1 .or the Fenwal
vessel and Tarle C-2 for tre LI;T. vessel. These include the wall surface
area, the initial wall temperature, c¢he emissivity, the radiant heat
transfer beam lencth, ani individual layer data. For the Fenwal vessel, the
wall surface area was calculated fram the known volume and vessel geametry.
For the LINL vessel, the wall surface area was obtained fron LINL. The
initial wall temperature is case aependent and egual to the initial gas
temperature. Individual layer data input tO CIASIX includes the thickness,
the number of nodes, the thermal conductivity, the heat capacity, and the
exit heat transfer coefficient. The layer thickiesses are detesmined by the
vessel specifications, the thermal oonductivity and heat capacity are
material dependent parameters, and the laver exit heat transfer coeffi-
cients are functions of the materia.s in adjacent layers. Where possible,
passive heat sink parameters are the standard values used in ice condenser
contairmment analyses. The remaining values are based on standerd textbook
values. A schematic of the Fenwal and LINL test vessels are shown in
Figures C-1 and C-2, respectively.

Case Specific CLASIX Input

The CLASIX initial ocondiiions include the initial gas temperature,
initial total pressure, and initial partial pressure or volume fraction for
the gas constitients. All of these values were obtz.n<d directly fram the
test reports. Oxyger and ni‘~gen partial pressures were calculated using
the standard air fractions of 0.209 for wx;gen and 0.79 for nitrogen.



The burn parameters include the hydrogen wvolume fraction for ign'tion,
the hydrogen fraction burned, the minimum oxygen volume fraction required
for ignition, the minimum oxygen wvolume fraction required to support
carbustion, and the burm time. ‘The hydrogen parameters are case dependent
and, except for the burn fraction for the Fenwal tests, are taken directly
fran the test report. The Oxygen parameters are standard values that have
been used in ice condenser contaimment hydrogen transient analyses.

For the Fenwal tests, the burn fraction is calculated fram the test
data by taking the difference between the pre-burn and post-burn hydrogen
concentrations. The pre-burm concentration can be determined fram the
partial pressure of hydrogen initially added to the test vessel or fram the
pre-burn gas analysis. The post-burmn concentration can be determined fram
the post-burn gas analysis or fram an evaluation of oxygen depletion. The
oxygen depletion is the difference between pre-burm and post-burm oxygen
concentrations. The pre-burn oxygen concentration can be determined fram
the initial partial pressure of air in the test vessel ar fram the pre-burm
gas analysis. The post-burn oxygen concentration is available only from
post-burm gas analysic. If the reported data are consistent, all methads
of zalculating the burn fraction should give the same result.

Uncertainties of Same Data

In many of the Fenwal test gac analyses, both pre-burn and post-burn,
the total vclume fractions of gas constituents did not add up to 1.0. In
addition, in cases fram all phases “f the tests, the pre-burn gas analysis
indicated significantly different gas concentrations than expected based on
the portial pressure of gas added to the vessel.

A review of the LINL test data :indicated that the data reported in
Table 2 of Reference C-3 does rot #.wa s illustrate the actual burning of
hydrogen as reflected in the pressure traces. A good illustration 1s
represented in LINL test number 39. e recorded burn time for the test is
five seconds. A better representat.un of the burn time, as cbtained fram
page A6 of Reference C-3, was estimated to be 3.75 seconds. Also, same
pressure plots provided do not give a clear indication of the nature of the
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burm. Same plots are of a jagged nature as opposed to the generally smooth
and rounded plots. This might indicate localized burning instead of ane
large burn, as modeled by CLASIX.

Additionally, there is same uncertainty in the LINL data reported for
hydrogen burn fraction. After the burmn has apparently ended, a small fan
is operated to remix the gases before a sample is taken. This remixing of
the gass can result in additional burning because of the exposure of more
hydrogen to the still hot glow plug. A small  ~cesure wwrease was noted
on several tests when the fan was activated. Also, an one of the anomalous
tests (Test #34), a small pressure rise of one psi was noted when the
circulation fan was activated. The gas analysis fram this test irdicated
30 percent of the ariginal hydrogen was consumed although no burn wes
indicated.

Dry Tests

There are three dry cases included in Phase 1 of the Fenwal testing
progran. All three cases were selected for inclusion in the CLASIX ver.-
fication analyvses. One of these was a 12 percent by volume (v/o) hydrocen
test, and the other two were 8 v/o hydrogen tests. The CLASIX initial
conditions and burn parameters for these cases are sumarized in Table C-3.
Far the 12 v/o hydrogen case, the hydrogen burn fraction was assumed to be
1.0 based an the recorded post-burn gas analysis data and the generally
accepted very large body of existing test results which indicate camplete
or nearly complete cambustion for this hydrogen concentration in dry air.
The burm fractions for the two B v/o hydrogen cases were calculated by
three methods mentioned above. The three methods are: 1) assume the
pre-burn hydrogen concentration indicated by the partial pressure anc the
post-burn hydrogen concentration as shown by the gas analysis are ~orvect;
2) assume the gas analysis is corract for both the pre and post-burm
hydrogen concentrations; and 3) assume pre-burn hylirogen concentration fram
the partial pressure is correct and calculate the post bumn hydrogen
concentration by determining the total amount of oxygen used during the
burm, and then finding the amount of hydrogen required to campletely bum
that amount. The pre-burn oxygen concentration was cbtained fram the
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partial pressure and the post burn oxygen concentration was cbtained fram
the 3a8 analysis. The burm fractions calculated by each of these methods
were use: in the CLASIX analyses and compared to the test results.

Three dry cases were selected fram the Livermore tests for inclusion
in QASIX verification analyses. These cases have initial hydrogen
concentrations ranging fram 8.0 v/o to 15.1 v/o. The CLASIX initial con-
ditions and burn parameters for these mases are summarized in Table C-4.

The results of a camparison of CLASIX predicted values to the Fenwal
and Livermore measured values for dry cases are sumarized in Tables C-5
and C-6, respectively. The CLASIX calculated temperatures are significantly
higher than the test results. This variation is attributed to the slow
response time of the thermocouples used in the tests, and for this reason,
no temperature comparisons are made.

In Case 1, the Fermal 12 v/o hydrogen case, the CLASIX calculated peak
pressure is[ ]'psia. and the pressure rise during the burn is[ ]1'31
campared W 53.0 psi fr the test. In (ése 2, a Fenwfl 8 v/o hydrogen case,
the calcuiated pressute rise was[ ]psi and psi for each respective
burnt fraction of [ ]*a.rd[ ],' The lculated pressure rise for the
smailer cum fraction is lower than the measured test result. Camparing
this test w other similar tests, a burn fraction of *is considered
o & too low underestimating the true amount of hydrogen burned. The
calculited pressure rise for the larger burm fraction is higher than the
measured test result. For Case 3, the final Fenwal case of this series, the
celculated pressure rise ranged frcm[ ]:o[ ];sl All of the estimatee
Of the caupleteness of this bum resulted in a higher calculated pressure
risé than the 3.0 psi recorded for the test. For all three Livermore test
cases, the calculated peak pressure and pressure rise were higher than
correspunding values recorded in the test.

‘n addition to specific test camparisons, Figure 5 of the erratum to
Reierence C-3 shows a comparison between the Livermore dry cases and an
adiabatic pressure rise calculated using the CECS code. The calculations by
the code were made by using conditions which represent the dry LINL tests.
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A similar adiabatic pressure rise was calculated for a few of the dry tests
using the CLASIX camputer code. In all cases, CLASIX predicted highe:
resclts than boch the LINL tests and the CBCS program, w»ee Figure C-3. The
higher pressure rise calculated by CLASIX is attributed to the specific
heat assumptions in the CLASIX program. The point representing “Special
CIASIX" will be explained later.

Steam Tests

The Ferwal steam tests consist of 12 v/o, 10 v/o, and 8 v/
hydrogen concentrations, and ranged fram 9.5 to 27.0 percent steam.
Phase 1 of the Ferwal report, six 12 v/o, two 10 v/o, axd three 8

' —

hydrogen tests are reported. Five of these hydrogen tests were chosen

CIASIX verfication analyses. Initial conditions and burn parameters

these cases are sumarized in Tarle C-7. A burn fraction of 1.C
assumed for the 12 v/o and 10 v/o hydrogen cases since no hydrooen
recorded in the postburn gas analysis and generally accepted results
other tests indl plele combustion at these concentrations.

in the Fenwal 8 v/¢ lwydrogen dry

fraction.

test cases include environmental vessel conditions
approximately 30 and 40 percent steam by wvolume. They varied in init
conditions and ranged fram 7.1 to 14.9 percent initial hydrogen.
these mases were selected for CASIX verification analyses.
conditions and burn parameters far these cases are sumarized 1in

All case dependent properties were cbtained fram Table 2 of Reference C-3.

Canparisons of CLASIX calculated results to test measured results for
the Fenwal 12 v/o and 10 v/o hydrogen test cases are similar. The CASD

calculated pressure rises were i1l considerably higher than the acutal test

s

results. The results of these three tests are sumarized in Table C-9. One
example of the CLASIX conservatism is illustrated in Case 7, a 12 V/cC

* -
hydrogen test. The pressure rise calculated by CASIX 18[ ]ps;, where

L r 9 "
! | a,C
the test pressure rise was reported to be 72.0 psi. This represents -

|
- ¥ |

a,c

percent conservatism factor associated with the CLASIX results.




Camparison of CIASIX results to test results for the Fermwal 8 v/o
hydrogen tests are more camplex. With the initial input, CLASIX results
nreluerﬂnnthemundmtmulu.‘mewminthismison
mmnnriudinnble(@.'melagbxntimsinbothofﬂuemes
indicate that the deflagration was not representabl: Dy a single uniform
burn as modeled by CLASIX. A review of the test pressure trace, Figure C-4,
indicates that Case 10, the first of the 8 v/o hydrogen cases represented,
actually las three aistinct regia: which can b identified with three sets
of burm parameters. Since the JIASIX model ass'wned one distinct bum,
results of this cise were rot valid and the ase we. remodeled. The results
of the CLASIX calcvlations with the revised model are presented in F gure
C-:. The pressure in the vessel in _rea.sedr ]pm during the first burn of
[ ]secmds Msecaﬂpoznmctmb\xnwasaslcwcmmnmusbum
which continued ﬁor[ ]umnds, and resulted in a ;ressure rise of[

J
psi. The pressure then began a smcoth climb to[ psm after vnudm it

tapered off. During the bumns, SOpercentaftherydrogemmsmm
which agrees with the test report. This representation cf the bum agrees
very closely with the actual pressure trace. Detailed irfcimation was not
available for Case 11, the other Fenwal 8 v/o hydrogen case considered.
However, since this case is similar in type to Case 10 above, it is likely
that it consists of a non-uniform burm over the relatively long burn time
of nine seconds. As shown for Case 10, a ron uniform burm would not
produce results canparable to the uniform bum modeled ir CLAS. L.

The sesults fran comparisons of QASIX calculations to measurec
results from tr: Livermure steam cares were generally conservative anc
similar to the previous compar .sons w th test results. The results of the
four re;resenta*tive cases are summarized in Table C-10. Cases 12 and 13
show CQLASIX to have a higrer pessure nse by as much as percent. Case
14 has a calculated pressure rise of p31 campared to the measured value
of 9.5 psi. As mentioned greviously, this case had a recorded burm time
different than that indicated by thr pressure plot. when the new burn time
of 3.75 seconds was input to CIASIX, the pressure rise increased t.o[
pei. This result is sumar: ‘ved with Case 14 on Table C-10. The more
accurate representation of the actual burn time results in a conseivatisn
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“ore consistent with the previous results. Case 15 resulted in a calculated
peak pressure lower than the measured result. For Case 15, the pressure
Jlots proided do not give a clear indication of the nature of the bumn.
This case has a long burn time and high steam concentration, and is likely
to consist of a non uniform burn similar to Case 10, an 8 v/o hydrogen
Fenwal steam case.

Sensitivity Study

To mrovide confidunce in the wall parameters used in the CQASIX model
ani to determine the reletive importance of various CLASIX parameters, a
sensitivity study was oonduc.<i. The test case used for this study was
Case 7, Fenwall test 6. Various sets of parameters were changal to
determine their overall impact an the calculated pressure and temperature.
The following parameters were investigated:

a) Specific heat of gas .onstituents (Cp and C )
b) lleat transfer rate
i) mdifying coetficient
ii) removing wall (adiabatic burn)
c) Bmissivity
d4) Beam length
e} Thermal conductivity
f) Heat capacity
g) Exit film coefficient

h) Time step

Of the above parameters, anly the adiabatic burn case and the specific
heat parameters had significant effect. The adiabatic burm was achieved by
rano i*j the wall fram the CLASIX input and resulted in a[ J;;sx increase
in the pressure rise. The specific heat values that have been usei in the
CLAS1X program are constant roam temper-ture values. In reality, specific
heat values are temperature dependert gquantities. To determine the
significance of the temperature dependence of the constituent gas specific
heats, these quantities were evaluated at a temperature midway between the

max.man and minimum ‘.smperatures calculated by CLASIX in _.ise 7. Case 7
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wis then rerun with the new spec.ic heat values input to CLASIX. Tis
process was repeated for several other temperatures over the rae of
temperatures calculated in Case 7. The results of these analyses, summar-
ized in Table C-11, irdicate the temperature dependence of the constituent
gas gpecific huats has a signifi.ant effect on the CQASIX calculated
pressure rise.

Since the specific heat was determined to have an important effect on
the Jressure 1ise, a special single volume version of CILASIX was created
which includes a —alculation of the specific hwats at each time step. Case
7 was reruy) with this special versian. Results of this run &ioow a lower
vaiue for the pressure rise than calculated earlier by CLAS!Y, but still
higher than the measurci test result. Table C-12 summarizes a few addi-
tional oases that have been presented earlier in this appendix and have
been rerun with the special version of CLASIX. The results of these cases
are similar to those for Case 7. The point on Figure C-3, labeled "Speci:!
CLASIX", was obtained by using this special version of CLASIX along with
ranoving the wall perameters. This point shows a camparison between CLASIX
and the special versian or CLASIX, and also represents the conservatism
associated with each ane.

Fenwal Spray Tests

A series of tests, ne transient and three static, were run to
de ‘mmine the effect of sprays upon ignitar performance. On of the static
tests, test #2-3-1 of Reference -1, was chosen for the CLASIX verification
an lysis.

CIASIX input parameters for this case are summarized in Table C-13.
The burm fraction was calculated by using the pre-burn hydrogen ooncen-
tration indicated hy the partial pressure and the post-burn hydrogen
concentration as shown by the gas analysis. The spray water temperature and
flow rate were specified in Reference C-1. The remaining spray parameters
were based on values used in ice condenser containment analyses.
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For this test, the CIACIX calculated gak pressure i.[ ]saia, and
the ressure rise during the burn 1-[ ]psi. The test measured pressure
riunsrqottdtob-so.Opui.mc:mxmulthhigm&mmtest
measured result indicating that the CQLASIX model for this spray case is
calcv’ating a conservative pressure rise due to the hydrogen burn.

FPernwal Trarsient Tests

A series of tests were conducted in Phase 1I of the Fenwal test study
to determine the characteristics of the burning which occurs when hydrogen
is introduced into a test vessel at a constant rate and wher. both hydrogen
and steam are simultaneously introduced irto the test vessel at a constant
rate. One of the transient tests was similated using CLASIX. The pressure
plot for this test was obtained fram Reference C-l where the test 1is
nunbered 2-2-2 and is included here in Figure C-5. CLASIX input parameters
for this case are summarized in Table (-14.

The CLASIX simulation of this case was dividei into a series of ten
intervals. The burn parameters were adjusted in each timerinterva.l unti] an
approximate fit was achieved. The CLASIX pressure history is plotted in
Figure C-5. The CLASIX analysis was stcpped at 595 seconds (9.917 minutes)
because no burns are apparent after that time. The first of eight burms in
the CLASIX simulation occurs at[ ]:ecaﬂs witi a pressure rise of[ ];;s‘
A slow bum consisting of 40 percent ef the remaining hydrogen follows. The
pressure then drops rapidly t.o[ ]pei where it slowly rises due to the
pressure increase resulting frm the incaming hydrogen and steam. The
second major burn occurs af[ ]:econds resulting in a pressure rise of[
psi, and is followed by another slow burn of 40 percent of the remainin Y
hydrogen. The maximum total pressure of[ ];:sia occurred at the %fu
peak. This burn also had the highest pressure rise witn a value Of{ Jp51.
After the last burm, a slow burn cccurred resulting i.n[ :]percent of the
available hydrogen being burned and was followed by a rapid pressure drop.
Pollowing this drop, no more buns occur and the slight mressure increase
is due to the continued addition of hydrogen and steam.
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The CASIX simulation of Case 2-2-2 is in close agreenent with the
test measured results. The pressure increases due to each burm are very
similar. The CQLASIX pressure curve is shifted slightly upward resualting in
higher maxirwm pressures. The fifth peak, for example, actually resulted in
a maximum measured pressure of 26.7 psia as compared to the CLASIX calcu-
lated value of[ ] psia. The gas sample taken after the transient was
terminated indicated a final hydrogen concentration of 23.9 percent. Adding
the mass of hydrogen injected during the 305 seconds that CLASIX did not
model, yields a final hydrogen concentration of[ ]Bercent in the CQXSIX
analysis. Since the bum parameters were not defined for each burn in the
transie:t, a direct comparison cannot be made between the measured test
results and the CLASIX calculated results. However, the CLASIX calculated
pressur2 results indicate that CLASIX has the ability to mpdel a transient
similar to Case 2-2-2 above.

Conclusion

For all tests which were representable by a single uniform hydrogen
burm, CLASIX predicted conservative values for the peak pressure. This
provides a high degree of oonfidence in the C(ASIX bwn model and the
CLASIX models for heat transfer to passive heat sinks and sprays. A high
degree of oonservatism has been shown *o be the .2s.lt of using constant
roan temperature values for constituent gas specific heats in the CLASIX
analytical model.
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TABLE C-1

FENWAL TEST COMPARISON CLASIX INPUT
PASSIVE HFEAT SINK DATA

wWall surface area (ftz)

Initial wall temperature (F)
Bnissivity

Radiant heat transfer beam length (ft)

lLayer 1 - Stainless Steel
Thickness (ft)
Number of nodes
Thermal conductivity (BIU/hr £t F)
Heat capacity (BTU/ £ F)
Exit heat transfer coefficient (BTU/hr £2 F)

Layer 2 - Carbon Steel
Thickness (ft)
Number of nodes
Thermal conductivity (BIU/hr £t F)
yieat capacity (BTU/£2° F)

Exit heat transfer cosfficient (BIU/hr ft2

F)

lLayer 3 - Insulation
Thi «ness (ft)
Numbes of nodes
Thermal conductivity (BIU/hr ft F)
Heat capacity (B‘IU/ft3 F)
Exit heat transfer coefficient (BTU/hr £ F)

* Case dependent parameter equal to the initial gas temperature.
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126.64

0.2

4.23

0.0104

9.87
59.2
10

0.0521
31
27.3
59.2
10

0.25

0.025
2.0
0.0



TABLE C-2

LIVERMORE TEST JOMPARISON CLASIX I:PUT

PASST\E HEAT SINK DATA

Wall surface area (ft?) 2.2
lnitial wall temperature (F) .

Brnissivity 0.7
Radiant heat transfer beam lengch (ft) % i |

Layer 1 - Carbon Steel

Thickness (ft) 0.015625
Number of nodes 12
Thermal conductivity (BTU/hr £t F) 27.3
Heat capacity (BTU/f£t3 F) 59.2
Exit heat transfer coefficient (BIU/hr £t2 F) 10.0
Layer 2 - Insulation
Thickness (ft) 0.291667
Number of nodes 3
Thermal canductiv:ty (BTU/hr ft F) 0.025
Heat capacity (BTU/ £ F) 2.0
Bxit heat transfer cocfficient (EWU/hr £t° F) 0.0

* Case dependent parameter ecual to the initial gas temperature.
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TABLE C-3

FENWAL TEST COMPARISON CLASIX INPUT

DRY TESTS
Case 1 Lase 2 Case 3

Initial Conditions
Actual test number ) 1 3
Temperature (°F) 180 180 180
Total pressure (psia) 18.24 17.45 18.86
0, partial pressure (psi) 3.357 3.357 3.628
N, partial pressure (psi) 12.69 12.69 13.713
Hy partial pressure (psi) 2.191 1.39% 1.510
Hy0 partial pressure (pei) 0.0 0.0 0.0
Burn Parameters
Hydrogen V/F for ignition 0.12 0.08 0.08
Hydrogen fraction burmed* 1.0 [
Minimun oxygen V/F 0.05 0.05 0.05

far ignition
Minimur oxygen V/F to 0.0 0.0 0:0
support carbustian
Burn time secunds) 0.5 4.0 4.7

* when multiple burn fractions are given, the fractions listed are
estinates of the actual burm fraction.
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TABLE C<4

LINL TEST COMPARISON CLASIX INPUT

DRY TESTS

Case 4 Case 5 Case 6
Initial Conditions
Actual test mumber 17 21 24
Temperature (°F) 81 54 82
Total pressure (psiz) 15.9 16.5 17.2
0, partial pressur. !psi) 2.957 2.904 2.958
N, partial pressure (psi) 11.53 11.75 11.51
i, partial pressure (psi) 1.272 1.716 . 2.597
Hy0 partial pressure (psi) 0.0 0.0 0.0
Burn Parameters
Hydrogen V/F for ignition 0.08 0.104 0.151
Hydrogen fraction burned 0.55 1.0 1.0
Minimum oxygen V/F for ignition 0.05 0.05 0.05
Minimum oxygen V/F to support cambustion 0.0 0.0 0.0
Burn time (seconds) 5.0 0.5 0.3
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TABLE C-5

FENWAL TEST COMPARISON

CLASIX RESULTS SUMMARY - DRY TESTS

Case 1 Case 2* Case 3*
Actual test number 1 2 3
CLASIX Results
Peak pressure (psia) 1ia.c
Pressure rise (psi)
-
FENWAl. pressure rise (psi) 53.0 33.0 3.0

*Multiple results are due to the multiple burn fraction estimates and
correspond to the hydrogen fraction burned in Table C-3.



TABLE C-6

LINL TEST OCOMPARISON

CLASIX FESULTS SUMMARY - DRY TESTS

Actual test number

CLASIX Results
Peak pressure (psia)

Pressure rise (psi)

LINL pressure rise (psi)

Case 4
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TABLE C-7

FENWAL TEST COMPARISON CLASIX INPUT

Initial Conditions

Actual test number
Temperature (°F)

Total pressure (psia)

02 partial pressure (psi)
N, partial pressure (psi)
e partial pressure (psi)
H,0 partial pressure ‘pei)

Burn Parameters

Hydrogen V/F for ignitiomn
Rydiogen fraction burred*
Minimum oxywen V/F for ignition

Minimum oxygen V/F to
support cambusior.

Bum time (seconds)

"When multiple burn fractions are given, the fractions listed are estimates cf the

STEAM TESTS
Case 7 Case 8
(3 13
176 350
26.64 26.58
3.5%2 4.590
13.578 17.349
3.19% 2.193
6.27 1.450
0.12 0.13
1.0 1.0
0.05 0.05
0.0 0.0
0.65¢ 0.406

Casze 9 Case 10

2,11 20.75
3.402 3.41%
12.858 12.926
2.108 1.661

2.746 2.740

0.10 0.08
1.0 [

0.05 0.05
0.0 0.C

0.875 18.25

Case 11

26.44
4.563
17.24€

2.116

O
()
U

O

actual burn fraction. Oniy the highest and lowest values are included in thus table.

- 116 =



TABLE C-8

LINL TEST COMPARISON CILASIX INPUT

Initial Conditions

Actual test number
Temperature (°F)

Total pressure (psia)

O, partial pressure (psi)
N, partial pxessure (psi)
H, partial pressure (psi)

Hzo partial pressure (psi)

Burn Parameters

"dydrogen V/F fo: ignition
Hydrogen fracti r. ourned
Minimm oxygen \/F for ignition

Minimum oxygen V/F to
support combusior:

Burn time (seconds)

STEAM TESIG
Case 12 Case 13 Cecse 14 Case 15
29 35 39 37
190 181 198 180
26.5 29.7 320.2 25.7
2.957 3.7€3 3.008 3.184
11.18 14.22 1371 12.04
3.948 2.257 3.02 2.59
8.400 9.445 12.35 7.864
0.248 0.076 0.10 0.101
1.0 0.46 0.57 0.96
0.5 0.5 0.5 0.5 -
0.0 0.0 0.0 0.0
1.0 4.0 5.0/3.75* 4.5

*no different burn times were chosen for this case to determine its

importance .
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TABLE C-9

FENWAL TEST TOMPARISCR!

CLASIX RESULTY SUMMARY - STEAM TESTS

Case 7 Case 8 Case 9 Case 10* Case 11*

Actual test number ) 13 10 > 14

CLASIX Results
Peak pressure (psia) .r

Pressure rise (psi)

FENWAL pressure rise (psi) 72.0 60.0 53.7 22.6 30.9

*Multiple results are due to the multiple burn fraction estimates and
correspond to the hydrogen fraction burned in Table C-7.

- ‘
See text for an explanation of results.
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TAERLE C-10
LINL TEST QOMPARISON

CLASIX FESULTS SUMMARY - STEAM TESTS

Case 12 Case 13 Case 14*

Actual test number 29 35 39

CLASIX Results

Peak pressure (psia)

Pressure rise (psi)

NL pressure rise (psi)




TABLE C-11
. SENSITIVITY STUDY

EFFECT OF SPECIFIC HEATS

TEMPERATURE AT WHIGH Cp and Cv CLASIX CALCULATED
WERE CALCULATED PRESSURE RISE (psi)

*The base case is Case 7, Fenwal test #6. Initial conditions and bum
parameters are given in Table C-7. The reported pressure rise for this
test is 72.0 psi.
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TABLE C-12
. SENSITIVITY STUDY

EFFECT OF SPECIFIC HEATS - SPECIAL CLASIX*

Case 7 Case B case 5°

Actual test number FENWAL 6 FENWAL 13 LINL 21
CLASIX Resul:s

Special CLASIX peak pressure (psi) ] a,c

CLASIX pressure rise (psi)

Special CLASIX pressure rise (psi) J
Actual test pressure rise (psi) 72.0 60.0 45.0
*Special CLASIX is a version that calculates specific heats of each gas

‘ constitutent at each time step.

4An adiabatic CLASIX result of this case is plotted an Figure C-3 for
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TABLE C-13

FENWAL TEST QOMPARISON CQLASIX INPUT

SPRAY TEST

Case 16
Initial Conditiors o i
Actual test rumber 2-3-1
Temperature (F) 82.0
Total pressure (psia) 16.31
0, partial pressure (psi) 3.07
N, partial pressure (psi) 11.61
H, partial pressure (psi) 1.63
H0 partial pressure (psi) 0.0
Burn Parameters
Hydrogen V/F for ignition 0.10
Hydrogen fractia. burned 0.92
Mininam oxygen V/F %Sor ignition 0.05
Minimum oxygen V/F to support cambusion 0.0
Burn time (seconds) 0.65
Spray Parameters
Drop diameter (u) 700.0
Drop fall time (sec) 1.06
Temperature (F) 50.0
Flow rate (gpm) 1.9
Drop film coefficient (Btu/hr £t° F) 20.0
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TABLE C-14
FENWAL TEST COMPARISON CLASIX INF.7

TRANSIENT TEST

Initial Jonditions Case 17
Actual test rumber 2-2-2
Temperature (F) 160.0
Total pressure (psia) 14.7
0, partial pressure (psi) 3.087
Nz partial pressure (npsi) 11.613
H, partial pressure (psi) 0.0
H,0 partial pressure (pei) 0.0
Additions

Hydrogen addition rate (lbm/sec) 3.487 x 1073
Hydrogen temperature (F) 68.0
Steam addition rate (lbm/sec) 0.0005
Steam energy (Btu/lbm) 1176.0

.
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APPENDIX D
Evaluation of Separate Spray Time Domain and Heat Transfer Assumptions

The purpose of this appendix is to evaluate the effect of the spray

operating in a tim: domain that is different fram that in which all other
calculations operate.

In conventional anaiyses, a small mass of spray enters the campartment
each time step of the finite difference integration. As the transient
progresses, the number of spray massec increases and each mass reacts witl

the cumpartment atmosphere until it campletes its fall or until it com-

pletely vapo.izes. In CLASIX, the compartment ambient conditions are frozen

until the small amunt of spray completes its fall. As far & he spray is

concerned, it sees a steady state ambient ocondition. To

differences of these two assumptions, a special subroutine

volune model 1n CASIX was prepared and the results using

routines were campared.

spray is being compared, the CLASIX
ple. The model contains one campart-
conditions for this CLASIX model
The time step was kept at a constant value to allow
comparisons. The spray was turned on immediately and allowed <
the entire transient. The heat addition to the system was input as a ram
of time increasing linearly until a peak value was reached. The
heat addition rate then decreased linearly until a zero value was agal
achieved. No further heat was added after this. Numerical values for the

heat addition are given in Table D-2.

The finite difference method divides the single compartment spray
one thousand elemens and calculates the heat reamoved by the spray at
instant in time for each element. For the next time step, the elements
move down one place with the last element discarded and the first element
set at the spray's initial oconditions. Drcp temperature, drop diameter,

arnd mass are recorded for each element.




The rate of heat ramoved fran an element can be calculated by two

‘ methods .

Q = hAAT = M(TC-TD) (D-1)
. (To-T.)

. AT - D D
Q m Cp -F m Cp _At (D-2)
h = arop film coefficient

A = total surface area of the d&rops in an element
m = total mass of the drops in an element
C. = specific heat of the drops
At = differential time
T, = campartment temperature
TI: = drop temperature
= ypdated drop temperature after the different:.. time

The drop fiim coefficient (h), the specific heat of the drops (Cp).

and "he time step (At) are all constants whose values are given in Table

‘ D-3. The compartment temperature (TC) is input directly to the subroutine
fran tre QLASIX program.

The surface area and mass of the drops in each element can be express-
el as functions of the drop diameter.

A-Mn(%) f—s(%) A=A (-g—a (D-3
o] o o
: 3 3
4 . r D D \
m=np n(D) —_— = (=) m=m_ (=) (D-4)
E Y 5,
2
(o]
AL
m 3 D
o ) an_o o
"3 32
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D = drop diameter

n = the mumber of drops in each element

P = drop density which is a constant

( ), = initial conditions

Substituting (D-3) and (D4) into (D~1) and (D-2) and setting (D-1)
equal to (D-2) enables the updated drop temperature to be calculated.

p 3 Ta T

2
D 2 D-"D
hA ) (T M) = myE) G (D)
(o] o
' = -————6 At h l -~ 3
TD Cp 5 (D) (TC TD) + T, (D-5)

At this point a determination of whether or not saturation conditions
within the drop are met must be performed. The campartment pressure, which
is input fram the main QUASIX program to the subroutine, is used po find a
corresponding saturation temperature (TSAT) fran the steam tables. If the
updated drop temperature is lower than the saturation temperature, satura-
tion conditions are not present and the heat removed fran each element is
calculated.

Q=mc, (T = Tp) (D6

D

When the updated drop temperature becames higher than the saturation
temperature (TSAT)' saturation conditions occur and an excess of heat (Om)
far each element is calculated.

QD( = nCp (Tl') - TS\T) (D-7)
The mass of spray vaporized (Am) is then calculated.
Am = szlhfg (D-8)
hfg = latent heat of vaporization of the spray

This enables the heat remrwed by each element to be found.
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Q=-Am hf (D-9)
hf = gpecific enthalpy cf the liquid spray

The mass of each element and the drop diameter must then be updated.

v =m~- Am {D-10)
- —
D' = DO nb (D-11)

The values of heat removed by each individual element are then summed
to give the total heat removed by the spray (st) for erch time step.

1000

Gan* X 8 (D-12)
i

The anoun. of spray mass vaporized during each tine step is calcu-
lated similarly.
1000

Mgy = > m, (D-13)
i

1ne total heat removed (QS{M) and the total mass vaporized ( mg,,) for
exch time step must then be converted into heat and vaporization rates
which are returned by the subroutine to the CLASIX program.

é'osm/h (D-14)

r;\- "b.H/At (D-15)

The temperature and pressure of the campartments are then calculated
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The integrated heat removed by the spray is calculated directly fram a
heat balance at any particular instant in time. The following method of
calculating the integrated spray heat removal can apply when either the
spray subroutine or the finite difference method subroutine is used with
CLASIX.

Qg = initial heat of the system
f th'r = integrated heat added to the system
J

Qr = total eat of the system

f QgaT = integrated heat removed by the spray

Qss which is the initial heat of the system, is found at the start cf the
transient. ‘I‘hefQAd‘r term is the integratxd heat added to the system axi .5
calculated using the ramp function of heat addition. - is the total heat
of the system at a given time found in the CLASIX results. fasd’r is the
integrated heat removed by the spray at a particular time.

RESULTS

The containment temperature and pressure responses calculated by
CIASIX .sing +he spray subroutine with a separate time domain and the
conventional finite difference method subroutine are given in Figures D-l
and D-2. As expected, the CLASIX results using the spray suoroutine
predict highe- temperatures and pressures because the CLASIX spray sub-
youtine removes less heat than the finite differerce method subroutine
Sice the same ramp function of heat addition was used with both sub-
routines, the shape of the contairment pressure and temperature response
nlots agree closely.

- 133 =



The onontaimment temperature response, Figure D-1, shows the CLASIX
t-ulu.\singuthw:gpanr almost simultaneously
-t[ ]nc:nis m.mnumimmm-p'aymnimﬂwapak
tamperature af[ TF while the the finite difference method subroutine
m-ponkt.mntmof[}’}‘? A-.thewt.rmimf.-cmtinmthe
tqrperatures decranuﬂwmdxr :rruiththe finite difference method
ubrwt.ineapptmchirgthnvalmn;anr.

The containment pressure response, Figure D-2, is similar to the
oontaimment temperature response. "l'he peak values a.re[ Tpsia for the
CLASIX spray subroutine md[ ]psia for the finite A fference method
subroutine. These peak values OCCur at[ ‘]:econds after the start of the
transient. As the two transients continue, the pressures decrease and
approach [ J;sia with the finite difference method subroutine approaching

this value sooner.

The A fferernce between the integrated spray heat removed using the
CLASIX spray subroutine and the finite difference method subroutine 1is
found in Figure D-3. As anticipated, the difference is greater in the
regian where there is heat additian. The maximun difference occurs a'.{ ]
seconds with the finite difference method subroutine removing
Bty more heat with the spray than the CLASIX spray subroutine. As the
transient progresses, this difference decreases and approaches a 2zerc

e

value.
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QONCLUSION

The camparison of the results using the CLASIX spray subroutine and
the finite difference methad subr_utine show excellent agreement with the
CLASIX subroutine always oredicting conservatively high containment
pressure and temperature responses. This was anticipated because the CILASIX
subroutine removes less heat than the finite difference method subroutine.
Therefore, the CLASIX calculations of the containment pressures and
temperatures using the spray subroutine are valid and conservative.
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TABLE D-1

CLASIX PARAMETERS

Volume of Compartment:

Initial Tenperature of Compartment:
Initial Nitrogen Partial
Initial Oxygen Partial Pressure:
Initiel 3team Partial Pressure:

Time Step:
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1,000,000 P’
100%

11.61 PSIA
3.07 PSIA
0.30 PSI~

0.01 Seconds



TABLE D-2

HEAT ADDITION TABLE

TIME / SECONDS) HEAT RATE (BTU/SEC)
0.0 0.01
50.0 1,000,000
100.0 0.01
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Initial Spray Flow Rate: 1000. LB/SEC

Initial Spray Temperature: 100°F

Initial Drop Diameter: 0.0276 Inches
Drop Fall Time: 10.0 Seconds

Drop Film Coefficient: 20.0 BTU/HR-Ft2-°F
Drop Density: 62.4 LB/F‘t3

Drop Specific Heat: 1.0 Bru/18 °F
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DIFFERENCE OF INTEGRATED HERT REMOVEL

SPRAY USING THE CLASIX SPRARY AND FINI
DIFFERENCE METHOD

FIGURE D-3
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