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ABSTHACT

It is nov possibla to analyza tne time-dapand-
ant, fully three-dimensional baehavior of hydro-
gean combustion in nuclaar resector containmants.
Thie anslysis involves coupling tha full Naviar-
Stokas aquitions with multi-apacias transport to
tna global chamical kinatica of hydregan combus-
tion, A tranaport aquation for tha subgrid
scala turbulant kinetic anargy density ia solvad
to produca tha time and space dapendant uurbu-
lant transport coafficianta. Tha haat tranafar
coafficiant govarning tha axchanga of haat ba-
twaan fluid computational calla adjacent to wall
calla is calzulatad by e modifiad Raynolds anal-
ogy formuletion. Tha analyais of a MARK-III
containmant i1ndicstas vary complax flow pattarns
that grast'y influanca fluid end wall tewmparae-
turas and haat fluxas.

NOMENCLATURE

Au We!l Arae

A° Coatficient of spacific haat

‘a Coatlicrant of apacific haat

CD Structural drag coalficiant

CP Spacific haat at conatant prasaure
Cv Spacific haat at conastant voluma

) Struatural drag vactor

; Gravitational vactonr

h. Structurs haat traensfer coafficisnt

hv Wall hast transfar coaftficiant

Hz Hydrogan

HIO Watar vapor

1 Spacific intarnal anargy end rediel indax
1 Spacilic intarnal enargy st rafersncas
°©  tempsratura

J Axial indax

K Aeimuthal 1ndax

L langth acela

N Molacular vaight

N2 Nitrogen
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Prassuras
Enargy sourca or sink
Enargy of combustion

Radiated anargy dua to combustion
Enargy axchangs with intaernasl structura

Decay of turbulant anargy into tharmal
anargy
Total chewical anargy of combustion

Convactad anargy exchangad with walls

Turbuleant kinatic anargy
Radistad enargy to wall surfaca

Convactad anargy to wall aurlace
Radiasted anargy from wall surfaca

Radial Dinenailon
Gas constant

Mass sourca or sink
Tima

Tamparatura

Radi1el valocaity

Valocity vactor
Axial valocity

Az muthal valocity
Maaa fraction

Axial dimansgion

Wall tharmal diffusivity

Apparant or total diffusivity
Computational call si1se 1n radial dimansion
Tima staep

Computational call sise in azimuthsl
dimansion

Compucational call size in axial dimansion
Emieaivity

Apparant or total conductivity

Sacond coafficient of apparant or total
viscosity

Firat coafficiant of apparant or total
viscoeity

Apperant or toiLal kinamatic viscosity
Denarty

Bteafan-Boltmmann conatant

Viscous atreas tansor
Azimutnal dimansion

Maaction rata



Subscripts

Boundary
Chemical energy
Radial index
Ax1a] 1i1ndex
Azimuthal index
Reference
Radiated energy
ref Reference

O X 0T

[] Structure
w wall
a Specie

I. INTRODUCTION

It has recently become of interest to ana-
lyze hydrogen difiusion flames abova the pool in
the wet-wall of the MARK-III containment. In
this accident sequance, a transliant avant from
100% power, the raactor is scremmad but there ig
a loss of all cool'nt-injection capability. The
reactor vassel ramains pressurizad as tha cool-
ant water in tha reactor vasael bagins to boil
away. When tha cora bacHomas uncovarad snd hests
up, aftar roughly 40 minutas into the accidant,
zirconium and staal oxidation leads to tha gan-
eration of hydrogen which i3 than releasad
through safaty raliaf valvas (SRV's) into tha
supprass:on pool. Undar cartain conditions,
this relesse of hydrogan (e.g., with sn ignition
sourca) laads to the formation of Jdiffusion
flames above tha ralaase arsas 1n tha suppres-
s1on pool. These flamns may parsist in local-
1zad regions abova tha supprasaion pool for tans
of minutas and tharefore could lead to ovarhaat-
ing of naarby panatrations in tha drv-wall or
wet-wvall walls. It 18 uf most intarast to csl-
culats tha temparature and preassurs of the con-
tsinmant atmosphare in the wet-wall regioin and
the tamparatures and haat flux loads on tha dry-
wall and wat-wall walls up to 10 m abova tha
supprassion pool surface whare key aquipmant snd
penatrationa are located. Anothar major contri-
bution of this analyeis iae tha calculation of
the i1nducad flow pettarna which allows idantifi-
cation of oxygan starvad regions and ragions
whare diffueion flamas may lift off tha sup-
prassion pool surface. In order to simulate
this problem, we have axtandad tha capabilitias
of the Mydrogen Mixing Studiee coda (HMS)'-3 to
includa combustion, a ganaralized aubgrid acala
turbulance modal, end a comprahansiva well haat
transfar treastmant.

I11. MATHEMATICAL MODEL

The psrtial-diffarential aquationa that
govarn tha fluid dynamics, species traneport
and turbulance modal and the aquations wmodeling
tha hydrogen combustion and haat traensfar proc-
assas are prasantad 1n this saction.

A. The Mixture Equations
The mixture msss conservation equation is

ar
©

¢+ 9e(ou) = 0 , o

ar
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where

4
p = I [ : oq ® macroscopic dersity of
- the individual species
(HZO' NZ' dz or 02),
n - mass-average velocity
vactor.

The mixture-momentum consarvation aqua-
tions ara givan by

BEL | V(o) = - Tp e VT e o - D
(2)
whare
p * prassure,
T = viscous strass tenso-,
; ®* local dansity ralaetive t. the average

dansity
= gravitational vactar, and

® gtructurel drag vactor.
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The viscous forca, VT, is the ususa! Newtfonian
ona, whare, for axample, the radisl component
18 givan by
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Tha coefficiant of viacosity, u, which appesrs In
the viacous atrass tanaor, is interprated as an
“"apperant” or “"totul" viscosicv. Hara wa have
assumed the sacond viecosity ccafficrart A =
=2u/J, which is aquivaient to assuming cha bulk



viscosity to be zero. The calculation of the
apparent viscosity through the turbulence model
will be discussed below. The structural drag
vector 1s given by D = Co(Area/Volume)ujul,

where Area/Volume ®= (gtructure area)/(structure
volume), and CD - 1,

The mixture internal energy density equation

is
a;:x) v 9e(pl0) = - pv.; ¢ T¢(x9T)
+ Q. Q - G, -, *Q 8
vhere

mixture apecific internal energy,

apparent or total conductivity,

mixture temperature,

anargy source par unit volume and time

dua to the chamical energy of

combustion,

Q = energy source par unit volume snd time

due to the decay of turbulant into

tharmal anergy,

Q = energv per unit volume snd time ax-

changed with thae internal structurz,

Q = anargy per unit voluma and time ax-
changed with tia walls, and

Q = enargy sourca per unit volume and

tima, for axemple, the energy

rarsdiated from the walls.

L - R

B, Conatitutive Relationships
The specific 1nternal enargy is relatad to
the teamperature by

*
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8 o a
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o

whare X 1¢ the maes fraction, (I ) is the
a oa

specific internal anargy at tha rafarance tam-
perature, To. for apacia o end tha spacific

heata at constant voluma, (Cv)a. hava baan

rapresentad ovar tha tempsrature range (200,
2%00) degrear halvin by tha linasr approximation
(C) = A + BT

vo a a

The equstion~of-state for the sverage {luid
prassure P 18 givan by the ideal gas mixture
aquation

' (10)

where Ru is the gas constent for specie a, The

apparent conductivity is found bv assuming the
Prandtl Number, Pr, equal to unity, i.e., Pr =
Cpu/< ® 1, thus x = Cpu. where

4 4
. . [ 1
c, Doxgen = I ox[rootchl
a=] a=1
anp

C. Heat Transfer Relationships

The energy source/saink terms are now exam-
ined in detail., The energy eource term due to
combustinn, Qc' .8 given as a fraction of the

total chemical enargy of combustion, QL:' which
is deacribed by the Arrenhius chemicai kinetics

reaction raste, w, 1n

2, » 0, ¥ M,00Q,. - (a2

We discuss this further in the chemical kinetics
section, however, for the purpose of this analv-
sl we asssume

- )
Q. 0.850rc R %]

with tha partitioning of the remaining 153 to
energv radisted from a& point source at the com-
putational cell canter to the walls using the
appropriste view facrtors. For the sske of com
pletaness, we dafine

QT- o'lsutc . (la’

The term rapresenting the decay of turbw-
lant anargy 1nto thermal enargv, Qt' is discus-

aad in dataeil in the tirbulence model section.

Tha hest axchanga batween the gas and the
intarnal structura, Q., 18 given bv

- 3)
Q. q./v . tl
wharae
dT.
- ——t—— @ - . h)
9, mlcvl dt h.A‘(T rs) ‘1

In thasa axpraasions

<

= computstional call volume,

w ©* mass of intarnal structure 1n 8§ compu-
teational call,

st~ucture temparatura,

-~
[ ]



h = heat transfer coefficient between the
gas and the structure, and

A ® area of exposed structure in a compu-
tarional cell.

By writing the rignt hand zide of the differen-
tial Eq. (16) at the advanced time level, the

advanced time level T:.l can be found as

mC T o ha 16
Tn*l .3 Vs's L] an
s mC _+ haAdt )
§ V8 [ N |

It 1s straightforwvard to obtain an implicit re-
lationship for the heat exchange between the gas
and structure that 1s valid for all values for
the heat transfer coefficien’, h.. a

h AmC
q - s s S—-V' [T

1 n’l -
[ mC +h A St
s Vv [ ]

™) . (18)
8

The heat flux betwean a fluid computstional
cell adjacent to a wall or floor is given by

Q, = q v . (19)
where

q, " AT ST (20

The thermal boundary laver is accounted for bg
us‘ng a4 modified Kevnolds analogy formulation
and simplifving to darive the hast transfer
coefficlent

h = (1 /u_)C . (P29
v w i e'p

We defina AU as the sraa of wall or floor ax-
posad to a fluid cell, 'rU as tha wall surfsce

temperature, T as the fluid teamparatura at the
position of the cell cantarad avarage velocity
U and !w as the wall shaar straas, which is

ralata! to the fluid density aend tha wall shaar
speed b A ouf. We era nct able to resolve

turbulant boundasry layars near solid walle with
any pructical computing mash, ao wv alact to
wmatch our solution near solid boundaries with
tha turbulant law-of-tha-wall

u yu,

c
:: = A 2n (—;—) -8 (22)

This exprassion raquiras an itarativa solution
for u_. Wa find thaet i1t is wore convaniant and

alomost as nccgrnte to use the approsch of
CONCHAS-SPRAY and use an approximation obLtained
by replescing u, 1n the argument of the logarithm
in Eq. (22) by the one-aeventh power law.? This
expregsion mAv be rearranged to give

yu_1/8
i:; = 0.15 (—=%) (23
v ' v . -
which yields
u vy,
— = .19 tn (~—) + 0.76 (4
u v

]

when substituted into Eq. (22) with A= 2.5 ani
B = 55, Now it 1s streightforward to find the
shear speed u_, vhare y is the distence from th:

wall to th2 cell centered average velocitv u_
rd v 1s the moleculsr kinematic viscosity.

The Reynolds rumber yuc/v may be small,

thua indicating the point in question lies in
the laminar sublaver and the law-of-the-wall
formuletion 1s not valid. In this case, Eq.
(24) is replaced by the corresponding laminar
formula

u
=< e (yu w2 (2%
u* [

The transition between Egqs. (24) and (2%) as
made at the valua whare thev predict the same
Uy which 18 yuC/v ®* 130.7. Therefore, u 13

calculated by Eq. (24) when yuc/v 2 430.7, and
by Eq. (25) when yuC/v {130.7. In the laminar

case, the vall haat transfer coefficient Eq.
(21) raeducas to hv ®= pv/y, which regults, when

substituted into Eq. (20), in a simple differ-
ance approximation to the lsminar haat flux for
e molaculaer Prandt]l number of unitv.

The wall shaar stress is alwo epplied as a
velocity boundary condition., For example, the
exprassion Eq. (3) when avaluated for fluid
calles adjacer* to a horizontal solid boundarv
raquiraes Eq. (7) to ba computad on the boundary
surface. This laads to the finite-diffarence
represantation of %% on tha boundary while
'resarving LI In other words, the bound-

ary condition valoc.ty for tha radial component
on e horizonLal surfaca is

- - . 261
, Ui»l/z.j.k Sz 1v/u ' (26



where ui’l/Z.j.k

ity component adjacent to a horizontal solid
boundary., Note that when y 2> Gz'Tw. the bound-

is the cell faced radiul veloc-

ary condition velocity is very nearly the adjac-
ent fluid velocity, which indicates a near free-
slip velocity boundary condition.

For every computational cell side interfac-
ing with area A" to a wall or floor, the one-

dimensional trangient heat conduction equatioa

aT _ . 37T
w8 . an
Ix

with the wall boundarv condition

aT
Lo vq, -9, -, 5

— (28)
v wr w 3Ix

is solved for the wall temperature distribution,
T, and the wall surfsce temperature, TU. The
sum total of radiant energy from rcombustion
falling on AU is given by 2 9.0 9 is calculated
from Eq. (20), and L is the «nergy radiagted

avay from the surtace dafined by

q = A og{eT

wr w v W

4
- Tref) . (29)

In order to simolify the radiation haat trensfer
treatment, we define Tref equal to tha wall tem-

perature diractly across tha wet-wall from the
wall sagment we are radiasting frou. This rersdi-
ated energy from the walls, Q' 18 aummed over

sll 1eradiating surfaces, 2 (qu).. and than
’

added uniformlv to all computational cells in the
vet-wall as

Q- E Q) /g (30)

where VT is tha total voluma of all computational

calls in the wat-wall that hava Q added as &«
aource tarm.

D. Tha Spacias Transport Equations

Tha dynamicc of tha individuel species ere
datarminad by

a°nzo )

- 0.
—_ v (DHZOU) v [p7V -;m-] SH2 . so2

Qn

aoN2 ) cN"

- V-(DNZu) - 9e[oy" —=i=0 (32)
aoH2 ) [ p"z

—_ - elpy? =] = - <33
n . Va(szu) Veloy 5 ] SH, REBE]

and

3002 ) 002

—— . - T V| & = o
T (oozu) [y = ) Sp. » 39

where the apparent or total diffusivity, Y, 1is

determined by setting the Schmidt Number to

unity, Y ®* u/p and S, and S are deternined by
") )

the chemical kinetics presanted below. Summing

the above species transport equations results in

the mixture mass conservation equation.

E. Turbulence Model

The turbulence model is & subgrid s:ale
transport modes that was developed for the KIVA
conputer code, 10" mis model is formulatea in
terms of the turbulent kinetic energv per unit
mass, q, which repregents turbuient lengtn
scales too small to res in the mesn, and the
local fluid densityv, p. The transp>rt equation
for the produc. pq 1s given by

[ - 2 - - o=
I (pq) + V+(pqu) 0 pq¥eu + 1:%u

+ Ve(uVq) - 03(2 Lo (3%

where the second term on the left hand side rep-
resents the convection uf turuulence bv the es-
tablished velocity field while the terms on the
right hand side respectively represent the ef-
facts of turbulence generation bv compressinn,
production of turbulance by viscous dissipation,
diffusion of turbulence, snd decav of turbulent
anargy into thermal eanergy. This 1«3t term ap-
pears with opposite sign as a source term 1in tne
tharmal internal energy dansity Eq. (8), so

Q: - DQJ/Z/L ' (Jn)

where L is & chiractaristic langth on the order
of twice tha computational call size. Actually,
for this calculation, wa sat L squal to the di-
agonal of ths *hrae-dimensional computational
cell., The apparant c1 total viscosity, u, is
»'van by tha sum of tha turbulant and molecu.ar
v.luas, whare cha turbulant viscosity, Moo 10
computad by



v = okat/ 220, 37

[ Jo]

"L VI ) . (38)

By assuming the Prandtl end Schmidt numbers to
equal unity, we can define respectively the ap-
parent or total conductivity and diffuaivity ss

x ® uC ' {39)
p

and
Y= ulo . (40)

It is interesting to note that in the quasi-
stesd: solution where the production term due to
viscous dissipation equals the decay term, this
generslized model reduces to the original alge-
braic aubgr&? scale model cf thf type used by
Smagorinsky - and Desrdorff.12: 13

F. Chemical Kinetics
We are employing global chemical kinetics
in which the only reaction modeled is

9 . . L.
ZH2 + 02 2H20 . Q'c' which ia eimilar to the

cheaicsl kinetice _models in other Los Alamos
combusrion codes. ' 110, 16-18 Hydrogen combus-
tion proceeds by maans of many mora alementsrv
reaction steps and intermediate chemical spe-
cies. The chemical reaction tiwe scale ig, how-
ever, vary short comparad with fluid dynamic wo-
tions and meaningful caelculetions can be accow
plished using thi’ aimplified giobal chemical
kinetica schema. Hara, th is the chawmical

enargy of cowbustion per unit volume and tima,
i.4.,

L] S5¢_ _y4rmola
th(-i) = 4,778 x 10 (;;T:)u(-s——) .
o w e

The reaction rata, &. is modalad by Arranhius
kinstica ss

“=c,(8) (&)
Y
Hy " 0,

axp(-10%T) 1)

where M ia the molaculer waight and

3
C, ® 3.3 x tos(--lL--). Now, tha source terms
t wole - & .
Su and So are found by S“ - ZN“ w, and
2 2 b3
*
S =M W
02 02

I11. SOLUTION PRUCEDURE

The above equations are written in finite-
difference form for their numerical solution.
The nonlinear finite-difference equations are
then solved iterstively using a po.nt relaxation
method, Since we are interested in low-speed
flows where the propagation of pressure waves
need not be resolved, we are therefore utilizing
s modified ICE!® aolution technique whérs the
apecies densities are functione of the :ontain-
wment pressure, a&nd not of the local pressure.
Time~dapanden solutions can be obtained in
one-, two-, and three-apace dimensions in plane
and in cylindrical geometries, and in one- and
two-apace dimensions in spherical geometries.
The geometric region of interest is divided into
many finite-aized space-fixed zonas called com-
putational cells that collectiveiy form the com-
puting mesh. Figure | showa a typical computa-
tional c_1l with the velocitias centared on cell
boundariea. All acaler quantities, asuch sa I,
p, T, q, and Da'l ara positioned at the cell-

center dasignated (i,j,k). The finite-differ-
ence equations for the quantities at time
t*(n+1)8t form s aystem of coupled, nonlinear
algebraic equstions.

Fig. l. Locations of velocity components for a

typical call in cylindrical geometryv.

The solution mathod starta with the axplic-
{t calculation of tha chamical kinetics yialding
the aource tarms in tha specias transport equa-
tions, spacific intarnal anargy density agqua-
tion, and tha radisted anacgy from the combus-
tion proceas. Nsxt, tha convaction, turbulent



stress-tensor, gravity, and dreg terms are eval-
usted in the mixture momentum equations, and an
estimate of the time advanced velocities is ob-
tained. The aolution method then proceeds with
the iteration phase in which the densities,
presaure, and velocities are calculated to ai-
mul taneously aeatisfy the maas equations, momen-
tun equations, and the equation of astate. After
the iterazion phase is complete, the aspecific
internal energy density equation with all the
heat transfer proceases are romputed, and the
tusbulert transport equation is evsluated to
calculate the turbulent tranaport coeffizients.
The computational time atep is then finished
with the sdvancement of the time atep. The
reader is referred to referencesa 1-3 for more
details on the solution procedure.

IV. GEOMETRY, COMPUTATIONAL MESH, AND INITIAL
AND BOUNDARY CONDITIONS

The MARK-1ll containment design ia shown
achematically in Fig. 2. We are only concerned
with tha conteinmant volume above the water level
80 we approximate the conteinment with a right
circular cylinder (37.8 m diameter and 51.2 m
high) configurstion which has the same atmospher-
ic containment volume as that of Fig. 2. The
outer vertical containment wall (wet-well wall)
is concrete 0.75 m (2.5 feet) thick and the inner
vertical wall {(dry-well wall) is concrete 1.5 m
(5 faet) thick. The annular region between these
tw> walls is callad the wet-well. Hydrogen
apargers or sources are actually at the bottom of
the auppression pool as indicsted in Fig. 2 and
are within 3 @ of the inner wall. The nine
sources ca' be thought of aa circular, 3 w {iame-
ter, centerad szimuthally at 16, 48, 88, 1136,

152, 184, 256, 288, and 328 dagrees. Fig. 3
givas the idaa of the sourcea relative to the
wat-well and the conteinment walls.

The grometry sa shown in tha two simplified
parspective views of Figs. 4 and 5 indicates the
trua thrae-dimensiorality of tha containmant with
the concreta floora, panztretiona, and anclosed
volumes. Tha hydrogen eourcas ere ahown at the
bottow ea small gctangular regions. Tha cylin-
drical computational mesh epproximating this ga-
omatry ia praseated in Fig. 6 which shows aech of
tha computing gonae. A pia-ahapad region of the
computing nash indicating tha dimensions ia pra-
aantad in Fig. 7. Hydrogan antatrs tha computing
wash at the bottom (Jw2) of apacific calls in
the annulaer ring (I®8) with e temparatura equal-

ing 71°C and prasaurs equeling 10s Pa. Tha azi-
muthal poaeitions of tha hydrogan sources within
tha ring 18 era epecifiad at X = 4, 6, 8, 13,
15, 16, 20, 22, and 24 which correeponda to com-
putational zones cantared at 322.5, 292.5,
262.5, 187.5, 157.5, 162.5, 82.5, 32.5, and

22.5, respectively., A mass flow rate of 45.5
kg/min is for 30 minutes distributed equally
among the nine sources. The initial condition
in the containrent is dry eir at 21°C and

105 Ps.

Anegter
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Fig. 2. Schematic view of the MARK-III contain-

Fig. 3.

ment design showing the suppression
pool, wet-well, and asafety relief
valve discharge position.

2%’ 28g.

32e°
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Schamatic viaw of tha MARK-III con: . .a-
mant design showing the nine hydrogen
spesrgars (aources) ralativa to the
vet-wall,
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Fig. 4. Perspective front view of containment
showing excluded volumes, concrete

floors. and locations of hydrogen
sources.
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Fig. 5. Perapactive back view of containment
showing axcluded volumes, concrets
floora, and locations of hydrogen
sources,
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Computing mesh for containment geometry.
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Parapactive viaw of a pie-shaped zone
within the computing mesh.



There are tremendous heat sinks in the con-

tsinment, e.g., 2.2 x 106 kg ateel with heat

transfer surface area equalling 2.7 x 10“ uz.

from which an average surface ares per unit vol-
ume for four axisl zonea can be found. The
structural heat transfer and dreg formulations
both use this average value to compute heat and
momentum exchange, respectively, within & compu-
tational zone,

v. RESULTS

Figures 8-10 display velouity vectors in an
unwreapped (constant radius va height) configura-
tion at 900 & for radial locations 13.65 m,
15.75 m, snd 17.85 m, respectively. These three
radial cells cover the wet-well region, For
Fig. 8, the radius is st the radisl center of
the hydrogen source cells (1#8), which can be
seen at the bottom of the plot by the flow open-
ings. For example, there is & double aource be-
tween 135 and 165 degreea and aseven single
sources distributed along the azimuthal dimen-
aion, With nine distributed sources, and dis-
tributed as they are, the Figurea show the de-
velopment of very atrong buoyancy driven flows
in the partisl hot chimney at 45 degrees snd the
full hot chimneys at 135 and 315 degrees. A
cold chimney (downflow) develops at 225 degrees
completing the convective loops, althougn at the
outer wall, Fig, 10 indicaetea several convective
cells where downflow is observed, e.g., 22.5,
127.5, 172.5, and 337.5 degrees. The outer wall
tends to be much cooler, which allows fluid to
cool and sink in these zones. The partiasl hot
chimney (45 dagrees) is blocked by & concrete

H 1y 20 180 30 Q

5 N
iy . . . _——:I ‘L.____]l i‘

LI

Fig. 8. Unwreppad (axial dimeneion, & ve con-
atant radiue, I®3 or 13.65 m) velocity
vactors at 900 s, V;.! » 4,4 u/s and

w = 2.6 n/a.
sax

Jes 2*0 87 9

Fig. 9. Unwrapped (axial cimension, z vs ccn-
stant radius, I=9 or 15.75 m) velocity
vectors at 900 s. lex = 2.3 m/s and

Hmlx = 1.9 m/s.

160 2°% 18 %90

Fig. 10. Unwrapped (axial dimension, z vs con-
stant raedius, I=10 or 17.85 m) velocityv
vectors at 900 s. V ax = 1.8 m/s and

Hmlx ®= (.5 m/s.

floor about half way to the top. The flow is di-
varted tovard the outar wall snd then either up-
ward around the floor or contributing to the con-
vactiva cella at 0 and 90 degrees. These convec-
tive calls ara asen in Fig. 10 to be around the
anclosed volume et O degraes and above the lowest
floor at 90 dagraes raspactivaly. The horizontal
linas designeta concreta floors whare no mass,
momantim or anergy ia allowad to flux across.
Thus we see the hot products of combustion be-
naath tha floor at 7ay 270 dngreas convecting
horizontally and contributing to the full hot
chimnay at 315 dagraes.



360 2% 180 °®

Gas temperature at radius 13.65 m, inner
wall temperature and inner wall hest flux con-
tours at 900 s are shown in Figs. l1-13, respec-
tively. As one would expect maximum values are
generally found in regions of hydrogen asources,
Note that the contour plotting routine does not

recognize the concrete floors which are thin com - — _—
pared to the cell height. The resolution under ‘ .
the floors is insufficient to actually ahow any —_—

contours; however, the ides of high/low concen-
trations and gradients is clezrly demonstrated,

.

[E—— — s

163 PR 10 30 H . P :
L~ L g P
iy AT
Fig. 13, Unvraepped (sxial dimension, z vs
— —— constant radius, r®l2.6 m) inner wall
; .o 1 heat flur contours at 900 .
T

i a _— Q. = 10.3 kW/al, Q, =1l wi/m?, and
. ) . n W
~ 1 e [ H . L

: P AQw = 1. 14 k¥ 2",

. .
S : ::;4~_ — A horizontal cut through the containment at
. ' b 3.2 m sbove the suppression pool surface (Figs.
—_ - = - -_ - = 14 send 15) depicts respectively the gas tempera-
. . ture and wall heat flux contours at 900 s. Maxi-
Fig. 1l. Unwrapped (axial dimension, z vs wum temperatures oc;ur at 22.5 and 52.5 degrees.
constant redius, I®s ur .3.65 m) gas Sources in this rerion are far removed from the
temperature contours at 900 s. strong cold chimney at 225 degrees snd therefore
TH = 1145 X, TL = 390 K, and do not benefit from the intense convection mixing
LT = 94.2 K. of cool gas into the combustion process, which
W tends to kaep flame tempersturec much cooler.

Note that Fig. 11 was unable to show the hot gas
i I 180 10 : sbove the source st 22.5 degrees and below the
enclosed volune. This is because insufficient
spatial resolution exists here to draw the con-
toura. Figurea 16-19 give gas temperatures at
radius 15.75 m, gas temperatures at radius
17.85 m, outer wall temperatures, and outer wall
heat fluxes, all at 900 s, respectively, The
ges temperatures clearly show the convection and
diffuaion of hest frem the nydrogen combustion
region. Note that the temperature and heat flux
on the outer wall (Figs. 18 snd 19) are much
wore uniform than the inner wall (Figs. 12 and
13). This is largely due to the fact that the
outer wall is exposed to a more uniforu radia-
tion haating then ia the inner wall,
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Summary results are prasanted in the next
figures. Figurae 20 shows the maximum and @ini-

(-

Fig, 12. Unwrappad (|¥i|l dimanaion, z ve oun wet-wall tamperaturas and containment &tmo-
constant radius, r=12.6 m) inner wall sphere preassurs., Note that tha maximum tempera-
temperature contours at 900 s, tura would always ba tha adiabatic flame temper-

T, =671 K, T, = 335 K, and ature for the composition of gases at that par-
H L ticular tima, We corractly calculate the adia-

ATw = 41.9 K, batic flama temperatura;, howevar, bacause of the



coargeness of the computational mesh, the average
temperature of any zone in which combuation is
teking place will always be lower than the actual
adisbatic flame temperature. Masa histories for

HZO' HZ' sud 02 are also included in Fig. 20.

160 0

Fig. l4. (as temperature contours, 3.2 m (J=2)
above the pool surface at 900 s.
TH - 1145 K, 'rL » 400 K, and AT = 93.2 K,
Fig. 15. Wall haat flux contoura 3.2 m (J=2)

abova tha pool surfeca at 900 .
Q = 10.3 KW/m%, g, = 1.1 KW/al,
WH HL

and AQw = 1.14 KV/mz.
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Fig. 16. Unwrappad (axisl dimension, z vs
conatant radius, I*9 or 15.75 m) gas
tamperature contours at 900 .

TH = 770 K, TL = 349 K, and

AT = 52.6 K,

I 20 18¢ a0

Fig. 17. Unwrappad (axial dimension, z vs

constant radiua, I*.:0 or 17.85 m) gas
temparatura contours at 900 .

Ty = 651 K, T = 335 K, end

AT = 39.5 K.

Note at roughly 1200 & significant amounts
of hydrogen bagins to accumulate in tha contein-
ment. This indicateae that thare ara _ragions
that sra bacoming starved for oxy;en2 as the ox-
ygan ia daplatad, and tha hydrogan moves higoner
above the supgs-assion pool befora burning. At
the aame tima, thara is an incraase in the elope
of tha pressura-time curve due to hydrogen com-
buating highar in tha conteinment whare there
is lesa intarnal structura abeorbing the anargy
of combustion, ao mora anargy ramains in the
ges. Tha conteinmant prassure is hovaver wall
vithin the design critaria.
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Fig. 19. Unwrepped (axial dimanaion, z vs '3 c. Mass of 0y, H,0, and H, in containment.
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haat flux contours at 900 a.
q, = 5.8 mi/al, q, =316 wn’, and g ]
H 3 L 13 {
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Spatial well temparatura and heat flux dis- i o i
tributiona on tha innar (wet-well) and outar |
(dry=wall) wells st 3.3 ® (10 faat) and 10 a (30 |
faet) above tha pool asurface ara preeanted in T T T
Figs. 21-22 for various timaa (30, 90, 270, 810, T
and 1620 seconds). Tha hydrogan spsrgar or
source atimuthal positions ere indicated on aach Fig. 20d. Mass of H2 in containmant.




figure. Maximm heat flux values are seen to
correspond oae for one to ‘e sparger loca-
tiona. For azizuthal location 142.5 degrees,
one of the locations where large valuas of haat
fluxes and tempersture occur, we preaent in
Figs. 23 and 24 inner and outer wall tamperature
and haat flux histories at 3.3 m #nd 10 w above
the pool aurface. The heat flux et 3.3 w on the
inner wall peaka early and then decreseas as
heat is convected to other regions of rha con-
tainment. At the 10 m level, the haat flux is
fairly constant as the velocity fia'd davelopa
and becomes somavhat staasdy. Thara ia a sudden
decresse in the 3.3 m laval heat flux at approx-
imately 1425 o, wirh a corresponding incrasse at
the 10 m lavel. This indicetes the flame alon-
gating and lifting up into the contsinmant for a

TEMPERATURE OF TwE [NNER whLs

short period before both curves show the de-
crease as oxygen is depleted in this region.
Wall temperatures on the other hand show steady
incresaing values until oxygen is depleted and
then decreasing velues. Reradiated energv st
the 3.3 @ haat flux lavel on the inner surface
becomes important at about 500 s when the wall
tamperature surpasses J)0 C. This is evidenced
by the decrease in the tamparature slope ss the
temperstura begins to epproach au assymtotic val-
ue of sbout 500 C. Most of the heat transferred
to the outar wall is radiatad to these aurfaces
from the burning hydrogen, These heat fluxes
are mora or leas conatsat until just bafore oxy-
gean dapletion whan the 10 m curve incresses.
Teamparaturas on tha outar wall almost conatantly
incresse in timae but sre rether low in value,
only reaching 260 C at the 3.3 m level.
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Fig. 24. Tamperetura and haat flux histories on the outar wall at 142.5 azimuthal degreas.

Without a flame model or raesolving £lama
details with a finaly gonad computstional mesh,
it ia impossible for us to aupply o tails ebout
the flame such as {lame haight, flems width and
flame angla. We cin eay, howavar, that most of
the combuation takia placa in the inlat call
(flama haight 6 m), as long as thara is suffi-
ciant oxygen for combustion. Once flames bacoma
oxygen starved, then it is poesibla for flamas
to lift off tha water surface and burn highar in
the wet-wvall, parhaps aven raatteching to tha
watar surface if mors oxygen is auppliaed by con-
vaction.

VI. CONCLUSIONS

Differencaes betwaan tha prasant snalyais,
which incorporetas a gararalized nubgrid scels
turbulence modal, lew-of=the=wvall haet transfar
coafficient calculetion, end comprahansivae vall
temperature distribution calculetion, and the
identical trenaient anslysed and reported in
Ref. 2 axist primarily in the wall haet flux
loeds. In the prasant enelysis, thers ie a gan-
aral dacreise and more uniform heat flux load to
the innar well by roughly 40X and approximately
s %0% incraese to the outer well during the ear-
ly pert of tha transient whan these loads are
maximum. Later in the trensient there ara
smaller diffarances. It should ba notad that
aerly in time the heat flux loads on the outar
wall ere only abcut ona=quarter thosa on tha in-
nar wvell et tha 3.3 = lavel and sbout equel at
the 10 @ leval. It is epparent that the im=
provaed turbulance wodel which indicetes enhencad
mixing, end the calculetion of s time and spece
dependent heat tranefer coafficiant (rether then
the constent velue used in Ref. 2) are reeponai-
ble for tha decrasasd heat flux loads.

In strictly consarving mass, momentun, and
anargy throughout tha computetional mash, this
time-dependeant, fully three-dimaneional calcula-
tion ia tha ®moat dataeiled enslysia to date for
diffusion flamaes in reaactor conteinmants. Im-
provemanta can ba mada in tha turbulanca modal,
convactive heat transfar treatmant, radiation
haat tranafer modeling, end the chemical kinet-
1cs reprasantation; howavar, tha effazts of
thasa phanomane are accountad for, and tha fluid
dvnamics of tha ovarall inducad flow pattarhs
ara ralatively insensitiva to changas in these
paramaters.
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