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ABSTUCT

It io nou poas~blc co tnalyza tna cisa-dopond-
●nc, fully chrta-dlmansional bctiavior of hydro-

gan combust~on in nuclccr raaccor containmancs.
ThLe analysio involves coupling tho full Naviar-

Scok@o ●qu]tLono with mulcL-specL@t crmmport co
CIIO global chamical kinocics of hydrogan ctibuo-
clon, A cransporc equation for th~ sub~r~d

seal- turbulanc kinotac cnar~ dansity is oolvad

to produce cha cLma and Ipaca dapmndant Lurbu-

lonc transport coafficicnto. Tha heat Crmsfar
coaffici~nt govorntn~ cha ●achanga of h-at ba-

twaon fluid cmpucacional CC1lS ●djaconc to wall

cella is caleul~cad by ● modifi~d Rmynolds mal-
oLy Cormulct ion, TM ●nalyoio of a NARK-111
concalnmanc Lndlcaco# vcrv Capl~l flow pace-rno

that graaL1.y ~nfluanca fluid and wall compara-
curas and haat fluxaa.
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I. INTRODUCTION

It has recently become of interest to ●na-
lyze hydrogen dif:ueion fltmes ●bove the pool in
the wet-well of the MARK-III concsinment. In
this ●ccident sequence, ● trenslent ●vent from
100% power, the reactor is scra=ed but there i.

a loss of ●ll cool !nt-inject~on capability. The

reactor veteel remains preesurizod ●e tho cool-

ant water in the reactor vessel begins CO boil
auav , When the core becmes uncovered ●nd heate

up, ~ftcr roughly AO minutes into the ●cctdenc,
zkrconi~ and eceel oxidation leads to the gen-
eration of hydrogen which i~ then rcleaeed
through #sfety relief valve$ (SRV’D) into the

suppression pool, Under certain conditions,
thlo rel~ase of hydrogen (e.g., with ● Lgr)ltion
source) leads co the formatLon of diffuelon
flames ●bove the releas~ ● reas In the supprea-
slJn pool, ‘lhese flamna may persist in local-
ized regkons ~bove the supprcsokon pool for cene

of minutes ●nd therefore could lesd to overheat-
ing of nearby penetrations in the dry-wall @r
wet-well walls, It is of moot Antereot to ctl-
culacQ tha temperature ●nd preesure of the con-
ttlnmertt acmoaphere in the Vet-en re~i>n ●nd

the temperatures and heat flux loade on che dry-
well and wet-well walls up to IO m ●bove tho

oppression pool surfsce where key ●quipment and

penetratLone are located, ~othor major contrl-
bucion of this snslyois i- the calculation of

the Lnduced flow patterne which ●llows identifi-
cation of oxygen ctarved regione ●nd ratione
vhert diffuo~on flemea may lift off the mJp-

prcoaion pool surftce, In order to oimulate
thic problem, ve have ●xtended the capabilities
of the iiydrqen Mixing ~tudioo codt (lMS) i-3 to
include combuoti%, ● generalised eubcrid tcale
turbulence model, and ● comprehensive wall heat
trannfer trestment,

11, MATHEMATICAL~DEL

The ptrtial-differential cqustiono that
tovern the fluld dynamlce, opeci~. trancport
and curb~lence mod-l ●nd the ●quations modsiing
the hydro~an combustion ●nd hcoc tranofor proc-
eaooo ● re preoented Ln th~t o~ction,

where

A. The Mixture Equations
The mixture msss conservation ●quation is

O“j aa, Pa=

,, ●

macroscopic der,aicy of

the individual specLes

(H20, N2, .il or 02),

maaa-average veloclty
vector,

The mixture~oment~ conservation ●qua-
tions #re given by

a(o:) --— + v.(puu) -at - Vp + v.; + ;~ - ; ,

where

P-

~m
.

P-

i-.
D-

(1)

(2)

preosure,

vL#cous stress tense,.,

local density relttive t: tht average
d~nsitv

gravitational vectnr, and

scructurtl dreg vector.

The viscout force, V.;, is the ususa! New:nnlsn
one , wher~, for ●xample, cha radial compone,lt
lt giv?n by

whore

●nd

( “)

fie coefficient of viecotity, U, which app~~ts in

the vtscouo ●troso t~nsor, it Lntarpreted ao ●n
“apparent” or “total” vigcoeiiv, Here we have
●catmcd the ●acond viscooicy coeff~ctort A ●

‘211/3, whLch is ●qwivaiant to ●ebumLni ihe bulk



viscosity to be zero. llre calculation of the
●pparent viscosity through the turbulence model
will be discussed below. ~e structural drag.-
vector La given by D - CDp(Area/Volme)ulu I ,

where Area/Volme = (ctruccure area)/(struccure

volume), @nd C - 1.
D

The mixture inter:~tl ●nergy density ●qustlon
is

a(pl)— + V.(plu)- -
at pv.:+ V*(KVT)

● Q c+ Qt - Qs - QV* Q (8)

where

I ● mixture soecific internal energy,
c - ●pparent or total conductivity,
T = mixture temperature,

Qc = ●nergy source per unit volume and time
due to the chemical energy of
combustion,

Qt - ●nergy eource per unit voltmne ●nd time

due to the decay of turbulent into
thermsl ●nersv,

Q, ● energy per unit volume and time ●x-

changad with the internal etr,Jcturc,
Qw _ ●nergy per unit volwme ●nd time ●x-

changed with tile walls, and

Q = energy source per unit volume ●nd
t~me, for ●xample, the energy
rartdlated from tha walls,

B, Constlcutkve Relst lonehips

‘he specific Lnternal ●nergy LO related to
the temperature by

1= :! ‘ll(*o)i3 “ i XJT
(Cv)a dT ,

a-1 To

where X Ie the maoe fraction, {Io)a is the
a

epeclfic internal ●nergy at the reference tem-
perature, To, for specie a ●nd the tpecific

heats at constant volme, (Cv)a, hmw been

represented over the cempersture rtns~ (200,
2!00) degreer Aelvin by the linear ●pproxlmac ion

(C ) ● Aa* BaT,
Vo

TIW equstion”of-etat~ for the tveraRe fluid

pressure P_ 11 given by the ideal sat mixtur?

equat ion
u

P - r I RP
l) a a’

WI
(lo)

where R is the gas constant for specie a. metl
mpparent conduccivitv is found by asswnjnq the
Prandtl Ntaaber, Pr, equal to unity, i.e., Pr =
Cpvlc - 1, thus f - C U, wtere

P

c. Heat Transfer Relationships
The ●nergy oource/sink terms ●re now ● xam-

ined in detail. Ihe enargy @oarce term due CO
combustion, Qc, ie given ●s ● fraction of the

total chemical ●nergy of Combusclon, QLC, whtch

is described by the ArrenhLua chemlcai kinetkcs
s

reaction rate, u, In

.
2H2 . 02 $2H2CI.qtc . (12)

We diccusc this further in the chemical kinetics
oection, hove:er, for the purpose of this ●na!v-

.lS we asowne

Q, - 0.85Qtc ,

with the partitioning of the remaining 152 to
●nergv rad~sted from a point source at the com-

putational cell c~ncer co the WS1lS using the

●ppropriate view factors, For the sake of com

pleteness, wc define

Qr= 0.15qtc . (1”’

The term represent Lng the decay of cur5u-
Ient ●nergy into thermal energv, Qt, is discus-

sed in detail in the turbulence m,jdel srctlon,

The heat ●xchange between the Ras and the
internal structur~, Qo, is given bv

where

dT

qs ● mC ~ ● hoAJ(T - r’) \
S V@ dt

In these ●xpressions

V ● computational cell volumo,
m * mass of internsi Btructure ~T1 s compu-

m
tational cell,

To ■ st:uctut~ temperature,



h = heat transfer coefficient between the
a

gas and the structure, and
A - area of expo~ed structure in ● compu-

S
tatlonal cell,

By writing the rignt hand side of the differen-
tial Eq. (16) at the ●dvanced tLme level, the

n+l
advanced cLme level T~ can be found ●s

m,Cv,~ + hnA8Tn+16tn+ 1
T~ = ~c

● hA&t
(17)

s Vs Ss

It La straightforward CO obtaLn ●n impliclc re-

latlonshap for the heat exchange between the gss

●nd structure that LS valid for ●ll values for
the heat transfer coefficient, h ● s

s’

The heat flux between ● fluld computational

cell adjacent to a wall or floor 11 given by

(19)

where

~“ ● hwAw(T - Tw) . (20)

The thermal boundary lavet is accounted for b

using a rnod~fled heynoldo ●nalogy formulation ?

#nd slmplLfvLng to d~rive the heat transfer
coefficient

hw ● (Tw/uc)c
P’

(21)

We da fine Aw ● s the area of wall or floor ●x-

poscd to ● fluid call, Tw as the wall #urface

uempertture, T lo tha fluid temp~rature ●t the
position of the cell centered ●verage veloctcy
Uc, ●nd Y ●e the well ●hear ?trees, which is

u

relate! to the fluid deneity ●nd the wall shear

@peed b.) T ■ ml:, W* sre net ●ble to resolve
V

turbulent boundtry leyere neer eolid weilo with

snv pructLcel computing meeh, eo VU ●lect to
match our eolutLon near oolid6bounderieo with
the turbulent lau-of-tho-well

u
c

–- AIn(~)+B ,
U*

Thio ●xpreeeion requires ●n
for u*ti W@ find that it is

(22)

iterative aolu:ion
more convenient ●nd

●lmosc as ●cc rate to use the ●pproach of
Y

CONCHAS-SPRAY and uae ●n ●pprox~maclon obtalnei
by replacing U* Ln the ●rgursent of the 10garlthm

in t%. (22) by the one-seventh power law. 8 This
expression may be reerran&ed to gLve

7;8
~% yu

“ -0.15(+) ,—

which yields

u
c—. ..19 tn (>) + 0.76

‘J*

when oubetituted into Eq. (22) with A = 2.5 an3
B - .5,5. Now Lt ia etra~ghtforward to find the
shear apeed u*, where y It the distance from Ch?

wail to thJ celi centered ●vertge Velf3CltY U.

rnd v la the molecular kinemac~c vLscosLty. ‘

The Uynolda ~’mber yuc/u may be small,

thus indicating the point in question lies In
the lamlnar eublaver snd the law-of-the-wall

forcoulstion la not valid. In tnls case, Eq,

(24) is replaced by tl,e corresponding Lamlnar
formula

u
c

—- (yuc/v)”2 .
U*

‘he traneicion betwetn Eqs. (24) snd (:~~ LS
made ●t the value where they predict the szme

u*, which io yuc/v ■ i30,7, ‘lherefore, Uw 19

calculated by Eq. (24) when yuc/u ~ 130,7, and

by Eq. (2S) when yuc/v < 13LI.7, In che lam~nar

cace, the well heat transfer coeffLc lent !iq,
(21) reduceo to h ● OV/y, which r?sult:, when

substituted into ;q, (20), in ● simple d~ffer-
● nce ●pproxima~lon to th~ iamLnar heat flux for
● molecular Prsndtl n~ber of unity,

‘he wall ehctr otreas ie ●lno ?pplled es a
veiocity boundary condition, For example, the
●xpression Eq. (3) when ●valuated for fluid
cells adjacer- Co ● horizontal eolld boundarv
requires Cq, ‘7) to be computed on the boundary
eurface, Thie lead.e to the finite-difference

representation of * on the boundary while

Ilr*eerving rrz ● fw, In other words, the bound-

sty condition velocity for the radial component

on ● horiconLal surface 1s

“b - ‘i+l/2,j,k
- 6s*Twiv ,



‘here‘i+l/2,j,k is the cell faced radikl veloc-

icy component adjac,?nt to ● horizontal solid
boundary. h..te chat when p Z> 6Z01W, the bound-

ary condition velocity is very nesrlv the ●djac-

● nt fluid veloclty, ,#hLch indicates ● near free-
alip velocity boundary condition.

For every computational cell side interfac-
ing with ● rea A to ● wall or floor, the one-

W
dimensional trancient heat conduction aquat,io,l

aT- ~ a2-r
at ~’ (27)

with the wall boundary condition

Iqr”qw-rlwr=-uw> (28)

is solved for the wail temperature distribution,

T, ~rrd the wall surface temperature, Tw. The

oua tottl of radiant energy from combustion

falling on A is given by ~ qr, ~ is calculated
w

from Eq. (20), ●nd qw is the ●nergy radiated

away from the surtace defined by

q - Awd[cwT: - T:ef) .
wr

(29)

In order to simolify the radiation heat transfer
treatment, we define Tref equal to the wall tem-

perature directly ●cross the wet-well from the
wall segment we ●re radiating Crou. ~is reradi-

●ted energy from the WS1lI, qwr, i. oumned over

●ll teradiacing aurfacea, ~ (qW)c, ●nd then

9
molded uniformly co ●ll computational cent in the
wet-well ●s

Q=~(q ~),/vT , (30)
m

where V ~ is the total voltane of ●ll computational

cells in the wet-well that have Q ●dded ●s ●

source term.

D. The Species ‘Traneport Squations
The dynaml{

determined by

%20

7 *V’

c of the individ~al species are

*H20

9i20 ;) - VO[pyv ~ ]-s”2+s0
2

(31)

ap~
2

CN7

T + V.(P ;) - V.[o-f V&j . 0 ,
‘2

apH
2

T
+ V*(9 ;) - V.[pyv >1--’,2

‘2

●nd

a00
2

Tc-
+ V=(D :) - V.[pyv >1 = -’,,

02 i

where the ●pparent Jr total diffusivity, Y, is

determined by setting the Schmidt Number co

unity, y - ulo and S ●nd S ●re determined by

‘2 02
the chemical kinetics preoented below. Summing

the ●bove tpeciec transport equations results in
the mixture masa consefiacion equation.

E. Turbulence Nodel
‘The turbulence model is s subgrld s:ale

~~~~~~~~’c%el jllat ‘aa developed for the KIVAThis model is formulate Ln

terms of the turbulent kinetic energy per unit
maca, q, which represents turbuient lengcn

scales too small to res in the mesn, and tne

local fluid density, o. The tranap>rt equation

for the pro.iuc. pq LI given by

+ V*(uVq) - #2 ,’L , (35!

where the second term on the left hand side rep-

resents the convection ~f tur~ulence by the es-

tablished velocity t’ield while the terms on the
right hand side reepectivelv represent the ef-
f@ct9 of turbulence gen@racLrrn bv compressil~n,

production of turbulence bv viscous dissipacLon,

diffusion of turbulence, ●nd decav of turbul~nt
●nergy into thermal ●nergv, This Ldst term 4p-

peara with opposite sign IS a source term in tl~e
thermal inttrnal ●nergy density Eq. (8), MO

3/2,L
Qt-lxl , (Jh)

wh~ra ~ is a chtr4cterLstic length on the order
of twice the computatittncl cell size. Actuallv,

for this calculdt~on, we set L ●qual to the dL-

●gonal of the ‘hreu-dimensional computaciontl

cell. The ●pparent CI total viscosity, u, is
: ‘van bf’ ihe n- of the turbulent ●nd molecu:ar
v.lues, where ~he turbulent viscosity, Ut, ~?

computed by



‘t ■ PI.q “2/20 * (37)

(38)

Bv sssuming the Prandtl ●nd Schmidt ntmnbers to
equal unity, we can define respectively the #p-

parent or totsl conductivity ●nd diffusivity -B

K-UC
P’

:39)

●nd

Y - Ulo . (40)

It is interesting to note that in the qunsi-
cte-d:’ solution where the production term due to
viscoue dissipation equale the decay term, thie

generalized model reduces CO the original ●l&e-

~~s~~r~~~~~~? ‘calemOdel cf1~~f3type ueed by●nd Deardorff.

F. Chemical Kinecice
We ● re employlng globsl chemicsl kinetics

in which the only reaction modeled is
.

2H2 + 02 Y 2H2L3 + Q.c, which is cimilar to the

chemical kinetics ❑odels in,other bs Alamoa
combuorion codes. 7’9’10$14-’6 Hydrogen combus-

tion proceeds by meane of many more ●lementary
reaction etepe ●nd intermediate chemical epe-
ciee. Ihe chemicel reactim cLze @tale is, how-
ever, very ehort compared with fluid dynamic mo-
tions mnd meaningful calculations csn bs ●ccotm

kinetics schemej$ ‘~~!~f~ ~~”~;~ ~~~;~:~
plished using ch’

en?rgy of combustion per unit vol~e ●nd time,
i,e.,

Qtc (+ - 6,778 II I05(*)L(*) ●

m m ● e

The raection rete, ;, ic modeled by Arrenhiu#
klneticr se

III. SOLUTION PROCEDURE

The ●bove ●quations tre written in finlte-
difference form for their numerical eolution.
The nonlinear finite-difference equations ● re
then oolved iteratively ueing ● point relaxation
method. Since we cre interested in Iow-opeed
flowe where the propagation of presoure waves
need not be resolved, we ●re therefore utilizing
● modified ICE1a rolution technique w?-iert the

●peciee dencitiee ● re function@ of the :ontaln-
ment preeeure, and not of the local preosure.
Time-dependen- eolutione can be obtained in
one-, two-, ●nd three-epace dimenoione in plene
●nd in cylindrical geometries, ●nd in one- ●nd
two-epace dimensions in epherical geometries.
The geometric region of interest ie divided into
many finite-eized ●pace-fixed zone! called com-
putational cent that collectively form the cLJm-
pucing meeh. Figure 1 chows ● typical co+mputa-

tionsl c-11 vith the velocities centered on cell
boundaries. All ecalar quantities, ouch ●e I,
p, T, q, and P ~’e are positioned sc the cell-

center deeignatrd (i,j,k). I%e finite-differ-
ence equations for the quantities ●t time
t=(n+l)6t form ● eyecem of coupled, nonllnear
●lgebraic equatione.

w

‘- Cf(~)H2(#)●xP(-lO’’/T),
02

where H ie the molecular weight ●nd

(41)

Fisl 1. Locetions of velocity component for a
typical cell in cylindrical geometry,

3

Cf
- 3,3 ~ lo5(- ). Now, theeo.rcetamw

‘H
●nd SO are found by SH ~~ ~2;, ●nd

2
●

S02 ■ Ho2w’

The eolution method oterts with the explic-
it calculation of the chemical kinetics yielding
the source terme in the cpeciee trensport eque-
tione, cpecific internal ●nergy density ●qut-

tion, ●nd the radiated ●netuy from the combus-
tion procees. Next, the convection, turbulent



stress-cenoor, gravity, ●nd drag tenma ●re eval-
uated in the mixture momentua ●quatiorm, ●nd ●n
●stimste of the time ●dvanced velocities is ob-
tnined. lhe solution method then proceeds with
the iteration pha~e in which the densities,
preaaure, ●nd velocities ●re calculated to si-
multaneously saticfy the mace equationt, momen-
rtm equations, ●nd the equation of state. After
the iteration phase is complete, the cpecific
internal energy density equation vich ●ll the
heat transfer processes ●re romputed, ●nd thu
tuibulert transport ●quation ic ●vsluated to
calcultte the turbulent transport coefficients.
The computational time step is then finished
with the ●dvancement of the time step. me

reader is referred to references 1-3 for more
detaila on the tolution procedure.

Iv. GEOMETRY,COMPUTATIONALMESH, AND INITIAL
AND BOUNDARYCONDITIONS

The MARK-III containment design is #hewn
schematically in Fig. 2. We are only concerned
with the containment vol=e ●bove the vacer level
-o wm Approximate the containment with ● right
circular cylinder (37,8 m diameter ●nd 51.2 m
high) configuration which has the o~e ●tmoopher-
ic containment volume ●e that of Fig. 2, me

outer vertical containment wall (wet-bell wall)
it concrete 0.75 m (2.5 feet) thick and the inner
~erticsl wall (dry-well wall) is concrete 1.5 m
(5 feet) thick, The ●nnular region between these
tw~ walls is called the wet-well. Hydrogen

opargert or sources ●re ●ctually at the bottom of
the suppression pool as indicsted in Fig, 2 ●nd
are within 3 m of the inner wall. The nine
oourceo cat be thought of ●s circular, 3 m iieme-
ter, centetad szimuthally ● t 16, 48, 88, 136,
152, 184, 256, 288, ●nd 328 degree.. Fig. 3

gives the idea of the oourcea relative to the
wet-well ●nd the conta~nmenc walls.

The gmmetry ●s shorn in the two simplified
percpectiva vious of Figs, 4 and 5 indicates the
true three-dimcnsiocalicy of the containment with

the concrete floors, pen~trstions, and ●nclosed
vol~cs. lhe hydrogen sourcec ● re shown at the
bottom ●s @mall roctangulmr region.. The cylin-
drical computational meoh ●pproxtiating this ge-
ometry ic presented in Fit, 6 which ohowo ●ach of
the Computint toneo. A pie-ohaped re8ion of the
computins nash indicating the dimenaiono is prc-
oented in Fis. 7, Nydrogen ●nters the computing
mesh ●t the bottm (J=2) of specific cells in
the xnnula~ rins (1=8) with ● temperature equal-

ing 71*c and preoour* equaling 105 Pa. ‘Ihe 4zi-
muthal positions of the hydroaen sourcco within
the ring 1=8 ● re opocified St K - 4, 6, 8, 13,

1.$, 16, 20, 22, ●nd 24 which correopondc to com-
putational xoncs centorad ● c 322.5, 292.5,

262.5, 187.5, 157.5, 142.5, 82.S, 52.5, snd

22.5, respectively. A mass flow rate of 45.5
kg/rein is for 30 minutes distributed equall:{
xmong the nine sources. The initial condlclon
in the containment is dry ●ir at 21°C and

105 Pa.

~ ‘-4-----J%

Fig. 2. Schemstic view of the HARK-III contain-
ment design ahowing the auppreeston
pool, wet-well, ●nd safety rellef
valve discharge position.

e“
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m“

Fig. 3. Schematic viaw of the W-III con ..n-
ment detign showing the nine hydrogen
@parEars (aourcea) relative to the
wet-well.



27C”

Fig.

Fig,

90’

““b-l

FRONT VIEW

180°

4. Perspective front view of containment
showing excluded volumes, COnCrete

floors, ●nd locations of hydrogen
sources.
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BACK VIEW

5. Perspective back view of containment
showing ●xcluded volmet, concrete
floors, and locations of hydrogen
eourceo,
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Fig, 7. Perop*ctive view of t pie-ohaped zone
within the computing mesh.



There sre tremendous heat sinko in the con-

tainment, ●.g. , 2.2 x 106 kg steel with heat

tranafer surface ●rea ●quailing 2.7 x 104 mz,
frmo which ●n ●verage surface araa par unit vol-
ume for iour axial zones can be found. ‘he
structural heat transfer ●nd drag formulations
both uae this ●verage value to ccxnpute heat ●nd

moreentun axchanga, respectively, within ● compu-
tational zone.

v. RXSULTS

Figures 8-10 display velot:ity vectoro in ●n
unvrapped (constant radius vz height) configura-
tion ● t 900 s for radial loc-tions 13.65 m,
15.75 m, and 17.85 m, raapectively. These three
radial cello cover the wet-well region. For
Fig. 8, the radiuti ia ●t the radial center of
the hydrogen source calla (1=8), which can be
seen ● t the bottom of the plot by the flow open-
ingg. For example, there ia ● double source be-
tween 135 ●nd 165 degrees ●nd seven tingle
●aurces diatrit)uted alon8 the ●zimuthal dimen-
sion. With nine distributed sources, ●nd dis-
tributed ●a they ●re, the Figures ahow the de-
velopment of very strong buoyancy driven flows
in the partial hot chimney ●t 45 dagrees ●nd the
full hot chimneys ● t 135 and 315 deg.reee. A
cold chimney (dovnflov) davelope at 225 degrees
completing the convective 100pa, ●lthougn at the

outer wall, FiS. 10 indicatea several convective
cello where dounflov is obsarved, e.g., 22.5,
127.5, 172.5, ●nd 337.5 degrees. l%e outer wall
tends to be much cooler, which ●llows fluid to
cool ●nd sink in these zones. lhe partial hot

chimney (45 degrees) is blocked by ● concrete
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Fig, 8. Unvrapped (axial dimmmion, z VB con-
stant radiuo, 1=9 or 13.65 m) velocity

vactors ● t 900 c, V _ 4.4 mia ●nd
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Fig. 9. Unwrapped (axial ~imenaion, z V9 ccn-

atant radiua, 1=9 or 15.75 m) veloclty
vectors ●t 900 a. V - 2.3 mls and
w - 1.9 mls. max

max
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Fig. 10, Unwrapped (axial dimension, z vs con-
sLant radius, r-loor 17,85 m) veloci:y
vectors at 900 a, V - 1.9 mls and
w - 1.5 mlz. max

max

floor ●bout half way to the top, lhe flow is di-
verted tovard the outer wall and then either up-
ward ●round the floor or contributing to the con-
vective celle ●t O ●nd 90 degraea, These convec-
tive cent ● ra @een in Fig, 10 to be ●round the

●nclosed volma ● t O degreaz and ●bove the lowest
floor ● t 90 degreee respectively. The horizontal
line. designate conctata floors uhera no mass,

moment!= or ●nargy is ●llowed to flux across.
ThUJ w a~a tha hot products of combustion be-
neath tha floor ● t lay 270 dttgrees convecting
horizontally ●nd contributing to the full hot
chimney ● t 315 degrees,



Gas cemper~ture ● t radius 13.65 m, inner
wall temperature ●nd inner wall heat flu con-
tours ●t 900 s ●re shown in Figs. 11-13, respec-
tively. Aa one would ●xpect ❑aximn values ● re

generally found in regions of hydrogen ●ources.
Note that the contour plotting routine does not
recognize the concrete floor. vhich are thin com
pared to the cell height. The resolution under
the floors is insufficient to actually show ●ny
contours; however, the idea of high/low concen-
trations end gradients is cle:rly demonstrated,
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Unwrapped (~xisl dimension, z vs
constant radius, I% ur 13.65 m) gas
temperature contours ● t 900 a.
TH - 1145 K, TL ● 390 K, ●nd
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Fig, 12, ~wrapped (axial dimansion, z v-
constant radius, r=12.6 m) inrmr wall
tamDeratura contouro ●t 900 00

r

l!’ = 671 K, TW = 335 K, ●nd
n L

ATW- 41.9 K.
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Fig. 13. Unwrapped (axial dimen-ion, z VS
conacanc radius, r=12.6 ❑) inner wall
heat flux contours at 900 s.

QWH - 10.3 kUlm2, ~ - 1.1 kW/m2, ●nd
L

A horizontal cut through the containment at

3.2 ❑ ●bove the @uppresaLon pool surface (Figs.
14 ●nd 15) depicts respectively the gas tempera-
ture and wall heat flux contours at 900 a. *XL
mum teczperaturea oc:ur ● t 22.5 ●nd 52.5 degrees.
Sources in this re:ion are far removed from the
strong cold chimney at 225 degrees and therefore
do not benefit from the intense convection mlxlng
of cool gaa into the combustion process, Aich

tends to keep flame temperature much cooler.
Note that Fig. 11 waa unable to ahow the hot gas

●bove the source -t 22.5 degrees ●nd belov the
enclosed voltme. lhia ia becauae insufficient
spatial resolution ●xists here to draw the con-
tours. Figurea 16-19 give gas temperature at

radiua 15.75 m, gaII temperatures at radius
17.85 m, outer wall tempcratureo, and outer wall
heat fluxes, ●ll at 9(JO a, respectively, Tne
gaa tempersturea clearly chow the convection and
diffusion of heat frcm the hydrogen combustion
region. Note that the temperature ●nd heat flux
on the outer wall (Figa. 18 ●nd 19) ● re much

more uniform than the inner wall (Figs. 12 and

13)0 This ia largely due to the fact that che
outer wall ia expooed to a more uniform radia-
tion heating than ia the inner wall.

Summary reaulta Are preatnted in the next
figures. Figure 20 shova the maximum and m~nl-
mim wet-well temperatures ●nd containment atmo-

sphere preaaure. Not@ that tha maximum tempera-
ture would alwayc be the ●diabatic fl~e temper-
●ture for th~ composition of gasea ●t that par-
ticular time, We correctly calculate the ●dia-
batic flmme tsmparature; howevar, because of the



coarseness of the computational mesh, the ●verage

temperature of any zone in which combustion in
taking place will akwaya be lower than the ●ctual

●diabatic flame temperature. Rass histories for
H20, H2, ar,d 02 sre ●lso included in Fig. 20.
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Fig. 14. Gas temperature concoure, 3.2 m (J-1)
●bove the pool eurface ● t 9ot) s.

- !165 K, TL m 400 K, ●nd AT = 93.2 K,
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Figi 15. Wall heat flux contoure 3.2 m (J-2)
above the pool eurface ● t 900 e.

‘?W= 10.3 KWlm2, Qw - 1.1 KW/m2,
H L

and 4W ● 1.16KWlm=.
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Fig. 16. Unwrapped (axial dimension, z vs

constant radius, 1-9 or 15,75 m) ga9
temperature contours ● t 900 a.
TH = 770 K, TL - 369 K, ●nd

AT = 52.6 K.
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Fig. 17, Unwrapped (axial dimension, z V9

constant radius, I=LO or 17.85 m) gts
temperature contours Qt 900 B.
TH = 651 K, TL - 33S K, ●nd

AT ● 39,5 K.

Note -t roughly 1200 s significant amounts
of hydrogen begins to ●ccumulate in the contain-
ment. ‘lhis indicatea that there ●re regions
chat ● re bacomin~ starved for oxy#en2 *S the OX-

ygen io depleted, ●nd the hydrogen moves hiflner
above the sup~-eoeion pool before burning, AL
tho e-e time, there it ●n increaee in the slop~

of the pre.ourc-tha curvo dut to hydro~en com-
bueting hi~hcr in tha concaiomant where there
ie ~aso internal otructure abeorbing the ●nergy
of combustion, so ❑ oro ●nergy remains in the

gae. The containment preseure it howev-r well
within the d~oign criteria.
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Fig. 18, Unwrspped (axial dimension, z vs
constant radius, r=18.9 m) outer
temBeraLUre contours ●t 900 e.

= 439 K, T
TWH

- 302, ●nd
‘L

ATM = 17,1 K.

.- _

wall

Fig, 19. Unwrappad (axial dimension, z vs
constant radius, ?-18.9 m) outer wall
heat flux contours ●t 900 a,

Qw = 5,8 MIf/m2, ~ _314U/m2, and
H L.

AQ ■ 684 U/m&,

Spatitl WCII temperature and ho-t flux dic-
tributiono on the inner (uet-veil)and outer
(dry-well) vans ●t 3,3 ● (10 fact) and 10 m (30
fact) ●bovo ths pool surfacn ●ra prso~ntad in
Figs, 21-22 for various time. (30, 90, 270, 810,
and 1620 ecconds), Tho hydrogen spar~~r or
source ●zimuthal positions ● . indicated on ●ach
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,,”: ~

Fig. 20a, Maximum ●nd minimum ●tmospheric wet-
well temparstures.
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Fig, 20b, Containment pressure,

Fig. 20c, Mesa Ofo z, H20, snd H2 in concainmenc,

Fit, 20d, Kxoo of H2 in containment,



figure. Meximum heat flux values ●re oeen to
correspond o.le for one to ‘.i~e sparger loca-

tions. For azi~uthal location 162.5 degreet,
one of the locations where large values of haat
fluxes snd temper-cure occur, we preoent in
Figs. 23 ●nd 24 innet ●nd outer wall temperature
and heat flux histories St 3.3 m ●nd 10 m ●bove

the pool surface. me heat flux ●t 3,3 m on the
inner w-11 peaka early ●nd then decreaeec ●s
hett io convected to other region8 of ?he con-
tainment. At the 10 m level, the heat flux is
fairly constant ●s the velocity fiend develops
●nd becomee oomevhat mteady. ‘here im ● ●udden
decrease in the 3.3 m level heat flux ●t approx-
imately 1425 s, with ● corresponding increase ● t
the 10 m level. This indicates the flmw ●ion-
gatlng and lifting up into the conttinmenc for ●

short period before bo:h curves ohow the de-
creaae ●s oxygen is depleted in this region.
Wall temperatures on tt}e other hand show steady
increasing value- until oxygen i~ depleted and
then decreasing values. Reradiated ●nergy ●t
the 3.3 m heat flux level on the inner surface
becomes impcrtant ● t ●bout 500 s when the wall
temperature surpaasea 300 C, ‘Ibis is ●videnced
by the decreace in the temperature slope ● s the

temperature begins to epprosch AU ●symtotic val-
ue of ●bout 500 C. Pbst of the he+t transferred
to the outer wall is rsdiaced to these surfaces
frm the burning hydrogen, These heat fluxes
● re more or leso cor~etaat until juct before oxy-
gen depletion when the 10 m curve increases,
Temperature on the outer wall slmoat constantly
increace in tame but ● re rtther low in value,
only rsaching 260 C ●t the 3.3 m levul.

Fig, 21a. Innet wall temperature ●nd heat flux ●t 30 s,

Figi 215, Inner wall ttmpsrature and heat flux at 90 s,
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Fig. 24. Tamperaturc ●nd haat flux historiao on the outer wall ● t 142.5 ●zimuthal dc~rets.

Without a flama model or raaolving flamo
dsttsils with ● finaly ;on*d comput~tional m~sh,
it io impocsiblt for us to supply J caila ●bout
th~ flare. ouch ●s !lma haishc, fl- width tnd
flxma angla, We cm .ay, howvor, that most of
th~ combustion ttkis placa in tho inlat ctll
(flmo. height 6 m), ●c long ● t thcrt is suffi-
ci~nt oxygen for combustion. (kIC~ flmmcs btcom
oxyg~n ocarv@d, tk,ssn it is poosiblc for flamco
to-iifc off th. water
tho umt-wall, p~rhapo
water turfact if mor*
vtccion.

VI, CONCLUSIONS

surfaea and burn higher in
●von rctctachin~ to the
oxy~an is ●upplid by con-

In otrictly conserving mass, momoncuo, ●nd
●nergy throughout tha computational mash, this
tima-dapcndanc, fully throo-dimmcional calcula-
tion i- the moat dotailod ●nalyois to dtte for
diffusion fl-as in reactor containmants, 210-
provmtwnts can be madt in tho turbulancc mod@l,
convective heat transfer traatmant, radiation
host tranaf~r modeling, ●nd tho chamical kinet-
ics r~prts.ntatlon; howavar, tht ●ffects of
thtae phmomans ●ro ●ccountod for, and the fluid
dynamics of tho ov~rall induc~d flow patccrns
● rt r@lativwly insonsitiv~ to changc~ in these

paramatars.
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