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ABSTHACT P Pressure
o] Energy source or sink

It is nov possible to analyze tne cime-depend- Q Energy of combustion
ent, fully :nrc,-dxmcnlionll behavior og hydro- Q Radiated energy due to combustion
gen combustion in nuclear resaccor containments. r
Thie analysis involves coupling che full Navier- Q“ Energy exchange with internal struccure
Stokes equitions with multi-speciee transport to .
the global chemical kina;icl of hydrogen ;onbu-- Qt 2::::y°' turbulent energy into chermal
tion, A transport equation for the subgrid Q Total chewical enargy of combustion
scale turbulent kinatic energy density is solved te

to produce the time and space dapendent Liurbu-
lent transport coefficients. The heat transfer

coot!icicpt ;ovlrnin! the ul:hangclo! heat be- : :::2:::::c::::;lio.szitylurfncc
tveen fluid compucational cells adjacent to wall r
cells is caleulatad by a modified Raynolds anal- q, Convectad energy to vall surlace
ogy !grnul::ionf The analysis of a MARK-1Il q, Radiated energy frow vall surface
containment indicates very comaplex flow patterns r
that great'y influence fluid and vall tempera- r Radial Dinension
tures and heat fluxes. Rn Gas constant
S Mass source or sink
NOMENCLATURE ¢ Time
A Well T Temperature
v o'l Area " Radial velocity
A° Coetficient of specific heat a Velocity vector
B Coerlicrant of spacific heat v Axial velocity
ca Structural drag coelficienc v Azimuttal velocity
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cP Specific heat at constant pressure R Axial dimansion
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- ‘ 14 Time step
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h' Structure heat tranafer coefficiant dimension
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H, Hydrogen « Apparant or total conductivity
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temperacure v Apparent or coial kinemacic viscosity
J Al§|l index 0 Densicy
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Subscripts

b Boundary

c Chemical energy
i Radial index

B Axi1a]l i1ndex

[3 Azimuthal index
o Reference

r Radiated energy

ref Reference

s Structure
w wWall
a Specie

I. INTRODUCTION

It has recently become of interest to ana-
lyze hydrogen difiusion flames above the pool in
the wet-well of the MARK-III containment. In
this accident sequence, a transient event from
100% power, the reactor is scrammed but there is
a loss of all cool'nt-injection capability. The
reactor vessel remains pressurized as the cool-
ant water in the reactor vessel begins to boil
away. When the core bacomes uncovered and heats
up, after roughly 40 minutes into the accident,
tirconium and steel oxidation leads to the gen-
eration of hydrogen which i3 then released
through safety relief valves (SRV's) into the
suppression pool. Under certain conditaions,
thie release of hydrogen (e.g., with sn ignition
source) leads to the formation of Jiffusion
flames above the release areas in the suppres-
si10on pool. These flames may persist in local-
1zed regions above the suppression pool for tens
of minutes and therefore could lead to overheat-
ing of nearby penetrations in the drv-well or
wet-well walls., It 18 of most interest to cal-
culate the temperature and pressure of the con-
tainment atmosphere in the wet-vell region and
the temperatures and hest flux loade on the dry-
vell and vet-well wvalls up to 10 w above the
suppression pool surface where key equipment and
penetrations are located. Another major contri-
bution of this analysis is the calculation of
the induced flow patterns which allows identifi-
cation of oxygen starved regions and regions
vhere diffusion flames may lifc off the sup-
pression pool surface. In order to simulate
this problem, we have extended the capabilities
of the Hydrogen Mixing Studies code (8) 1= o
include combustion, a generaliszed subgrid scale
turbulence model, and a comprehensive wall heat
transfer treatment.

I1. MATHEMATICAL MODEL

The partial-differential equations that
govern the fluid dynamice, species tranaport
and turbulence model and the equations modeling
the hydrogen combustion and heat transfer proc-
esses are presented in thie section,

A. The Mixture Equations
The mixture mass conservarion equation is

2.0 -0, D

o= I ) R p° ® macroscopic density of

the individual species

(HZO, NZ' .42 or 02),

ue mass-average velocity
vector.

The mixture-momentum conservation equa-
tions sre given by

- N el L
3%%2- + Ve(puu) = = Tp + Vet & pg = D ,
(2)
vhere
= pressure,

viscous stress tenso",

T rAl O
]

= local density relative t- the average
density
® gravitational vector, and

(=10 N}

= structural drag vector.

The viscous force, VT, is the ususal! Newtonian
one, where, for example, the radial component
is given by
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The coefficient of vimcosity, u, which appears in
the viscous stress tensor, is interpreted as an
“apparent" or "totul" viscosiiy. Here we have
astumed the second viecosity ccefficirert A e
=2u/3, which is equivaient to assuming cthe bulk



viscosity to be zero. The calculation of the
apparent viscosity through the turbulence model
will be discussed beiow. The structural drag
vector 1s given by D = CDo(Arel/Volume)ulul.

wvhere Area/Volume = (structure area)/(structure
volume), and CD = 1.

The mixture internal energy density equation
is

a;:z) + 9(plu) = = p¥eu + Ve(k¥T)
Q.+ Q- ¢ -Q+0Q (8)

where

wixture specific internal energy,

apparent or total conductivity,

mixture temperature,

energy source per unit volume and time

due to the chemical energy of

combustion,

Q = energy source per unit volume and time

due to the decay of turbulent into

thermal energy,

Q = energy per unit volume and time ex-

changed with the internal structursz,

Q = energy per unit volume and time ex-
changed with tiue walls, and

Q = energy source per unit volume and

time, for example, the energy

reradiated from the walls,

oo I SN o)

B, Constitutive Relationships
The spec:ific internal energy is related to
the temperature by

f 4 T
Lo (X1 ) e I x, | ) 41,
as ) ae] To

where X ie the mase fraction, {1 ) is the
a oa

specific internal energy at the reference tem-
perature, To' for specie o and the specific

heats at constant volume, (cv)c‘ have been

repregsented over the tempersture range (200,
2%00) degreer helvin by the linear approximation
(C) = A + BT,

vo a a

The equation~of-etate for the sverage fluid
ptessure P 1 given by the ideal gas mixture
equat ion

, (10)

where Ru is the gas constant for specie a. The

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

4 b
c = § x(c) o J x[r +(cH]
p a1 e p as] & © va
(an

C. Heat Transfer Relationships

The energy source/sink terms are now exam-
ined in detail, The energy source term due to
combustinn, Qc, e given as a fraction of the

total chemical energy of combustion, QLC. which

is described by the Arrenhius chemicai kinetics

reaction rate, w, 1n

Y "
2H2 . 02 ZHZO . th . an
We discuss this further in the chemical kinetics

section, however, for the purpose of this analy-
si3 ve assume

- )
QC O.SSQYC , (13

with the partitioning of the remaining 15% to
energyv radiated from a point source at the com-
putational cell center to the walls using the
appropriate view factors, For the sake of com
pleteness, we define

Q. " O-ISQtc . (e

The term representing the decay of turbu-
lent energy into thermal energv, Q!. is discus-

sed in detsil in the tirbulence model section,

The hest exchange between the Ras and the
internal structure, Q.. is given by

5)
Q. . q./v , tl
where
dT'
—— - )
P " nlCVl rra h.A‘(T rs) ' th

In these expressions

V = computational cell volume,

w = mass of internsl strycture i1n a compu-
tational cell,

T. » gtructure temperature,



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

A = area of exposed structure in a compu-
tarional cell,

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

advanced time level T:.l can be found as

1

mC T «h AT 6
Tn‘l. 53 Ve 9§ 8 8 (17)
s m < + h A 8t '
§ VS8 | N

It 1s straightforward to obtain an implicit re-
lationship for the heat exchange between the gas
and structure that is valid for all values for
the heat transfer coefficien®, h., as

n+l n
- Ts)

—T T (18)
s s

The heat flux between a fluld computational
cell adjacent to a wall or floor is given by

Q, = 9,V . (19)

where

Q. *hA(T=-T) . (20)
W W W w

The thermal boundary laver is accounted for bg
us'ng a modified Revnolds analogy formulation
and simplifving to derive the heat transfer
coefficlent

hw - (Tw/uc)cp . (21

We define Aw as the area of wall or floor ex-~
posed to a fluid cell, Tv as the wall surface

temperature, T as the fluid temperature at the
position of the cell centered average velocity
U and T, . the wall shear itress, which is

relate! to the fluid density and the wall shesr
speed b’ ‘w = ouf. We are nct atle to resolve

turbulent boundary layers near eolid walls with
any pructical computing mesh, so wy elect to
match our solution near wsolid boundaries with
the turbulent law-of-the-vall

u yu,
¢
E “ A Ln (—v-) ¢+ B . (22)

This expression requires an iterative solution
for u_. We find that it is wore convenient and

almost as nccgrnte to use the approach of
CONCHAS-SPRAY  and use an approximation ohLtained
by replacing u, in the argument of the logarithm
in Eq. (22) by the one-seventh power law.® This
expression mAy be rearranged to give

7/8
yu, vy,
—— = 0.15 (—;—J . ay
which yields
Ye Yue
~ = .19 tn (—=) + 0.76 (24
Uy v

when substituted into Eq. (22) with A = 2.5 ani
B = 55 Now it 1s straightforward to find the
shear speed u,, where y is the distance from the

wall to the cell centered average velocity u_
rd Vv is the molecular kinematic viscosity.

The Reynolds rumber yuc/v may be small,

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

u
= a (yu 0t (2%
u* [

The transiction between Eqs. (24) and (2%) s
made at the value whare thev predict the same
Uy which i» yuc/v = 130,7. Therefore, u, 18

calculated by Eq. (24) when yuc/v 2 1307, and
by Eq. (25) when yuclv < 130.7. In che laminar

case, the wvall heat transfer coefficient Eq.
(21) reduces to hv * pv/y, which regults, when

substituted into Eq. (20), in a simple differ-
ence approximation to the lsminar heat flux for
s molecular Prandtl number of unity.

The wall shear stress is alwo epplied as a
velocity boundary condition. For example, the
expression Eq. (3) when evaluated for fluid
ceils adjacerr to a horizontal solid boundarv
requires Eq. (7) to be computed on the boundary
surface. This leads to the finite-~difference
representation of %% on the boundary while
Preserving Tes .t In other words, the bound-

ary condition velocity for the radial component
on a horigontal surface is

- - . 26)
, UiOl/Z.j.k 82 Tv/u N (2n



where ui*l/Z,j,k

ity component adjacant to a horizontal solid
boundary., Note that when u > 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 trangsient heat conduction equatioa

aT _ . 37T
T 8= . (27)
Ix

with the wall boundary condition

"u
qu*qw-q"--uv——ax

(28)
is solved for the wall temperature distribution,
T, and the wall surface temperature, Tw. The

sun total of radiant energy from combustion
falling on Aw is given by I 9 g, is calculated
from Eq. (20), and Uyr is the energy radiated

away from the surtace defined by

N
q.. = A o(eT —r"f) . (29)

wr w w W
In order to simolify the radiation hest transfer
treatment, we define Tref equal to the wall tem-

perature directly scross the wet-well from the
wall segment we are radiating frou. This reradi-
ated energy from the walls, U’ is summed over

all 1eradiating surfaces, 2 (qu).. and then
0

added uniformly to all computational cells in the
wet-wvell as

Q- E (@) ¢/ Vg (30)

where VT is the total voliume of all computational

cells in the wet-well that have Q added as a
source term.

D. The Species Transport Equations
The dynamice of the individual species are
determined by

a"Nzo ) ®1,0
N I v""nzo“) - Ve(ove 5] - Su, * o,

(20

aoNZ ) cNo‘
-t V-(c.\N a) - Ve[oy¥ _O:J =0 , (32
2

3pH2 ) [ DHZ

— . - T ? — = - BEY
T v (DHZu) oYY — ] SHZ , L3

and
3902 ; 902
—_= V-(pozu) - 9oy T] - 'So., , (34)

where the apparent or total diffusivity, Y, 1s

determined by setting the Schmidt Number to

unity, Y = u/p and § and S are deternined by
) %

the chemical kinetics presented below, Sunmming

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
counputer code. 10 mis model is formulates in
terms Oof the turbulent kinetlc energy per unit
mass, q, which repregents turbuient lengtan
scales too small to res in the mesn, and the
local fluid density, p. The transport equation
for the produc. pq 1s given by

9 - 2 - - -
m (pq) + Velpqu) 3 pqVsu + 1:Vu

+ Ve(uVq) - 03(2

Loy (35
where the second term on the left hand side rep-
resents the convection uf turvulence by the es-
tablished velocity field while the terms on the
right hand side respectively represent the ef-
fects of turbulence generation bv compression,
production of turbulence by viscous dissipacion,
diffusion of turbulence, and decav of turbulent
energy into thermal energy. This .(«st term ap-
pears with opposite sign as a source term in the
thermal internal energy density Eq. (8), so0

Q- cq”z/l- ) (Ih?

where L is & chiracteristic length on the order
of twice the computational cell size. Actually,
for this calculation, we set L equal to the di-
agonial of the *hree-dimensional computationasl
cell., The apparent cr total viscosity, u, is
r‘'ven bv the sum of the turbulent and molecu.ar
v.lues, wvhere che turbulent viscosity, Moy L7
computed by



v, - oqu/z/zo , (37

80

T I I (38)

By sssuming the Prandtl and Schmidt aumbers to
equal unity, we can define respectively the ap-
parent or total conductivity and diffusivicy as

x = uC . {39)
]
and

Y = /e . (460)

It is interesting to note that in the quasi-
steady solution where the production term due to
viscous dissipation equals the decay term, this
generalized model reduces to the original alge-
braic aubgri? scale model cf the type used by
Smagorinsky ' ° and Deardorff.l%» 13

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

9 . . L.
2H2 + 02 2H20 . Q'C. which is eimilar to the

cheamical kinetics _models in other Los Alamos
combusrion codes,’’ v 10,0028 Hydrogen combus~-
tion proceeds by means of many more elementaryv
reaction steps and intermediate chemical spe-
cies. The chemical resction time scale ig, how-
ever, very short compared with fluid dynamic mo-
tions and meaningful calculations can be accom
plished using th&’ simplified giobal chemical
kinetics scheme. Here, th is the chemical

entrgy of combustion per unit volume and time,
i.e.,

W S J_\*rmol
Q. (55} = 4.778 x 10 (_01.).»(!-‘1-'-) .
) o 0

The reaction raste, &. is modeled by Arrenhius
kinetics as

3 4
Secdf) B) eetnbm L wn

H, 9%

vhere M is the molecular wveight and
k]

. L. -
Ce 3.3 x 10 (nolc ~ ']. Now, the source terms

g, and So are found by s“ - 2N“ &. and
2 2

2
»
W,
0,

II1. SOLUTION PRUCEDURE

The above equations are written in finite-
difference form for their numerical solution.
The nonlinear finite~difference equations are
then solved iteratively using a point relaxation
method. Since we are interested in low-speed
flows where the propagation of pressure waves
need not be resolved, we are therefore utilizing
a modified 1CE!? golution technique where the
species densities are functione of the :ontain-
ment pressure, and not of the local premsure.
Time-~dependen” solutions can be obtained in
one-, two-, and three-space dimensions in plane
and in cylindrical geometries, and in one- and
two-space dimensions in spherical geometries.
The geometric region of interest is divided into
many finite-sized epace-fixed zones called com-
putational cells that collectiveiy form the com-
puting mesh. Figure | shows a typical computa-
tional c.ll with the velocities centered on cell
boundaries. All scalar quantities, such as I,
p» T, q, and Dq'l are positioned at the cell-

center designated (i,j,k). The finite-differ-
ence equations for the quantities at time
t={n+1)8t form & system of coupled, nonlinear
slgebraic equations.

Fig, 1. Locations of velocity components for a

typical cell in cylindrical geometry.

The solution method starts with the explic-
it calculation of the chemical kinetics yielding
the source terms in the species transport equa-
tions, specific internal energy density equa-
tion, and the radiated eneacgy from the combus-
tion process. Next, the convection, turbulent



stress-tensor, gravity, and drag terms are eval-
usted in the mixture momentum equations, and an
estimate of the time advanced velocities is ob-
tained. The solution method then proceeds with
the iteration phase in which the densities,
pressure, and velocities are calculated to si-
multaneously satisfy the mass equations, momen-
tun equations, and the equation of state. After
the iteration phase is complete, the specific
internal energy density equation with all the
heat transfer processes are romputed, and the
turbulert transport equation is evsluated to
calculate the turbulent transport coeffizients.
The computational time step is then finished
with the advancement of the time step. The
reader is referred to references 1-3 for more
details on the solution procedure.

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

The MARK-1I] containment design is shown
schematically in Fig. 2. We are only concerned
with the containment volume above the water level
80 we approximate the containment with a right
circular cylinder (37.8 m diameter and 51.2 m
high) configuration which has the same atmospher-
ic containment volume as that of Fig. 2. The
outer vertical contsinment wall (wet-well wall)
is concrete Q.75 m (2.5 feet) thick and the inner
vertical wall {dry-well wall) is concrete .5 m
(5 feet) thick. The annular region between these
tw> walls is cslled cthe wet-well. Hydrogen
spargers or sources are actually at the bottom of
the suppression pool as indicated in Fig. 2 and
are within 3 m of the inner wall. The nine
sources ca' be thought of as circular, 3 @ {iame-
ter, centered azimuthally at 16, 48, 88, 136,

152, 184, 256, 288, and 328 degrees. Fig. 3
gives the idea of the sources relative to the
wet-well and the containment walls.

The grometry as shown in the two simplified
perspective views of Figs. 4 and 5 indicates the
true three-dimensiorality of the containment with
the concrete floors, penstrations, and enclosed
volumes. The hydrogen sources are shown at the
bottow as small ractangular regions., The cylin-
drical computations! mesh approximating this ge-
ometry is preseated in Fig. 6 which shows each of
the computing gones. A pie-shapad region of the
computing nesh indicating the dimensions is pre-
sented in Fig. 7. Hydrogen entets the computing
mesh at the bottom (J=2) of specific celle in
the annular ring (Iw8) with a temperature equal-

ing 71°C and pressure equaling 105 Pa. The ati-
muthal positions of the hydrogen sources within
the ring 1=8 are specified at X = 4, &, 8, 13,
15, 16, 20, 22, and 24 which corresponds to com-
putational zones centered at 322.5, 292.3,
262.5%, 187.5, 157.5, 142.5, 82.5, 52.5, and

22,5, respectively., A mass flow rate of 45.5
kg/win is for 30 minutes distributed equally
among the nine sources. The initial condition
in the containrent is dry air at 21°C and

10S Pa.

Anegter
[eer]
Orywet
wet
Gupresmen
[

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

Fig. 3.

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

2% 284,

32e°

16

Schematic view of the MARK-III con: . .a-
ment design showing the nine hydrogen
spargers (sources) relative to the
vet-well.



90°

i180°

FRONT VIEW
Fig. 4. Perspective front view of contsinment
showing excluded volumes, concrete

floors, and locations of hydrogen
sources.

270°

180° o0

BACK VIEW

Fig. 5. Perspective back view of containment
showing excluded volumes, concrete
floors, and locations of hydrogen
sources,

Fig.

Fig.

7.

Perspactive viev of a pie-ghaped zone
within the computing mesh.



There are tremendous heat sinks in the con-

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

transfer surface area equalling 2.7 x 10‘ mz.

from which an average surface area per unit vol-
ume for four axisl zones can be found. The
structural heat transfer and drag formulations
both use this average value to compute heat and
momentun exchange, respectively, within a compu-
tational zone,

v. RESULTS

Figures 8-10 display velocity vectors in an
unwrapped (constant radius vs height) configura-
tion at 900 s for radial locstions 13.65 m,
15.75 m, and 17.85 m, respectively. These three
radial cells cover the wet-well region. For
Fig. 8, the radius is at the radial center of

the hydrogen source cells
deen at the bottom of the
ings. For example, there
tween 135 and 165 degrees
scurces distributed along

(1=8), which can be
plot by the flow open-
is a double source be-
and seven single

the azimuthal dimen-

sion. With nine distributed sources, and dis-
tributed as they are, the Figures show the de-
velopment of very strong buoyancy driven flows
in the partial hot chimney at 45 degrees and 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 indicates 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 mych cooler, which allows £fluid to
cool and sink in these zones. The partial hot
chimney (45 degrees) is blocked by a concrete

36l 270 180 30 ¢

Unwrapped (axial dimension, £z vs con-
stant radius, I3 or 13.6%5 m) velocity
vectors at 900 ». V ax = 4,4 u/s and

w = 2.6 m/s.
sax

36< 2°0 i 9

Fig. 9. Unwrapped (axial uimengion, z vs con-
stant radius, I=9 or 15.75 m) velocity
vectors at 900 s. V‘mx = 2.3 m/s and

Hmlx = 1.9 m/s.

160 270 18C 0

Fig. 10. Unwrapped (axial dimension, z vs con-
stant radius, I=10 or ]7.85 m) velocity
vectors at 900 s. Vm.x = |.8 m/s and

Wm.x = (.5 m/s.

floor about half way to the top. The flow is di-
verted tovard the outer wall and then either up-
ward around the floor or contributing to the con-
vective cells at 0 and 90 degrees. These convec-
tive cells are seen in Fig. 10 to be around the
enclosed volume at 0 degrees and above the lowest
floor at 90 degrees respectively. The horizontal
lines designate concrete floors where no mass,
momenti@ or energy is allowed to flux across.
Thus we see the hot products of combustion be-
neath the floor at 1ay 270 dngrees convecting
horizontally and contributing to the full hot
chimney at 315 degrees.



Gas temperature at radius 13.65 m, inner
wall temperature and jnner wall heat flux con-

tours at 900 s are shown in Figs. 11-13, respec-

tively, As one would expect maximum values are
generally found in regions of hydrogen sources.
Note that the contour plotting routine does not

recognize the concrete floors which are thin cor—

pared to the cell height. The resolution under
the floors is insufficient to actually show any
contours; however, the idea of high/low concen-
trations and gradients is clesrly demonstrated,
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Fig. ll. Unwrapped (gexial dimension, z vs
constant radius, I=s ur 13.65 m) gas
temperature contours at 900 s.

TH = 1145 X, TL = 390 K, and
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Fig. 12, Unwrapped (axial dimension, z vs
constant radius, r=l12.6 @) inner wall
temperature contours at 900 ».

T, = 671 K, T, ~ 335 K, and
H L
ATu = 41.9 K.
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Fig. 13. Unwrapped (axial dimension, z vs
conscant radius, r=l2.6 @) inner wall
heat flur» contours at 900 s.

Q, = 10.3 kw/m’, q, = 1.1 ki/o’, and
"

H e
8q, = 1.14 W.a".

A horizontal cut through the containment at
3.2 m above the suppression pool surface (Figs.
14 and 15) depicts respectively the gas tempera-
ture and wall heat flux contours at 900 s. Maxi-
mum temperatures occur at 22.5 and 52.5 degrees.
Sources in this rerion are far removed from the
strong cold chimney at 225 degrees and therefore
do not benefit from the intense convection mixing
of cool gas into the combustion process, which
tends to keep flame tempersturec wuch cooler,
Note that Fig. 1l was unable to show the hot gas
sbove the source at 22.5 degrees and below the
enclosed volume. This is because insufficient
spatial resolution exists here to draw the con-
tours. Figures 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 500 o, respectively, The
gas temperatures clearly show the convection and
diffusion of heat frem the nydrogen combustion
region. Note that the temperature and heat flux
on the outer wall (Figs. 18 and 19) are much
more 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 heating than is the inner wall,

Summary results are presented in the next
figures. Figure 20 shows the maximum and mini-
mum wet-well temperatures and containment atmo-
sphere pressyre. Note that the maximum tempera-
ture would always be the adiabatic flame temper-
ature for the composition of gases at that par-
ticular time, We correctly calculate the adia-
batic flame temperature; however, because of the



coarseness of the computational mesh, the average
temperature of any zone in which combustion is
taking place will always be lower than the actual
adiabatic flame temperature. Mass histories for

HZO’ HZ' and 02 sare also included in Fig. 20.

160 0

Fig. l4. (as temperature contours, 3.2 m (J=7)
above the pool surface at 900 s.
TH - 1145 K, TL n 400 K, and AT = 93.2 K,
Fig. 15. Wall heat flux contours 3.2 m (J=2)

above the pool surface at 900 .
q, = 10.3 Ki/m®, q, = 1.1 KW’
H L

and 8Q, = 1.1 KW/ml.
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Fig, 16. Unwrapped (axial dimension, z vs
constant radius, I¥9 or 15.75 m) gas
temperature contours at 900 s.

T, = 770 K, TL = 349 K, and

H
AT = 52.6 K.
6 270 19¢ 8¢
— . ———
. » 2N
-~ . —
] * ' L !
oy — t .
d‘l‘ [} ot ) w.l I. "

Fig. 17. Unwrapped (axial dimension, 2z vs
constant radius, I=.10 or 17.85 m) gas
temperature contours at 900 s.

TH = 651 K, TL = 335 K, and

AT = 39.5 K.

Note at roughly 1200 s eignificant amounts
of hydrogen begins to accumulate in the contain-
ment, This indicates that there are regions
that are becoming starved for oxygen? as the ox-
ygen is depleted, and the hydrogen moves higaer
sbove the supy-ession pool before burning., At
the same time, there is an increase in the alope
of the pressure-time curve due to hydrogen com-
busting higher in the containment where there
is less internsal etructure absorbing the energy
of combustion, so more energy remains in the
gas. The containment pressure is hovever well
vithin the design criteria.
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Spatial wall temperature and heat flux dis- i o 1
tributions on the inner (wvet-well) and outer . j
(dry-vell) walls st 3.3 m (10 feet) and 10 a (30 |
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Figse. 21-22 for various times (30, 90, 270, 810, Coag oo
and 1620 seconds). The hydrogen spargar or
source azimuthal positions are indicatad on each Fig. 20d. Maes of H_ in containment,
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figure. Maximm heat flux values are seen to
correspond oae for one to “he sparger loca-
tions. For azizuthal location 142.5 degrees,
one of the locations where large values of heat
fluxes and temperature occur, we present in
Figs. 23 and 24 inner and ocuter wall temperature
and heat flux histories at 3.3 m and 10 @ above
the pool surface. The hear flux at 3.3 m on the
inner wall peaks early and then decresses as
heat is convected to other regions of rhe con-
tainment. At the 10 m level, the heat flux is
fairly constant as the velocity fie'd develops
and becomes somewhat steady. There is a sudden
decrease in the 3.3 m level heat flux at approx-
imately 1425 s, with a corresponding increase at
the 10 o level. This indicates the flame elon~
gating and lifting up into the contsinment for a
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short period before both curves gshow the de-
Crease as oxygen is depleted in this region,
Wall temperatures on the other hand show steady
increasing values until oxygen is depleted and
then decreasing values. Reradiated energy at
the 3.3 w heat flux level on the inner surface
becomes impcrtant at about 500 s when the wall
tamperature surpasses 3)0 C. This is evidenced
by the decresse in the temperature slope as the
temperature begins to approach au asymtotic val-
ue of about 500 C. Most of the heat transferred
to the outer wall is radiated to these surfaces
from the burning hydrogen. These heat fluxes
are more or less cornetaat until just before oxy-
gen depletion when the 10 m curve increases.
Temperatures on the outer wall almost constantly
increase in time but are rather low in value,
only reaching 260 C at the 3.3 m level.
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Without a flame model or resolving flame
details with a finely zoned computstional mesh,
it is impossible fur us to supply d ctails about
the flame such as {lame height, fleme width and
flape angle. We cin say, however, that most of
the combustion tak:s place in the inlat cell
(flame height 6 m), as long ae there is suffi-
cient oxygen for combustion. Once flames become
oxygen starved, then it is possible for flames
to lift off the water surface and burn higher in
the wat-well, perhaps even resattaching to the
water surface if more oxygen is supplied by con-
vection.

V1. CONCLUSIONS

Differences betwean the prasent snalysis,
which incorporates a gereralized nubgrid scale
turbulence model, law-of-the=-vall heat transfer
coefficient calculation, and comprehensive vall
temperature distribution calculation, and the
identical transient analysed and reported in
Ref. 2 exist primarily in the wall heat flux
loads., In the present analysis, there is a gen-
eral decrease and more uniform hest flux losd to
the {nner wall by roughly 40% and approximately
a 50X incresse to the outer wall during the ear-
ly part of the transient vhen these loads are
maximuw. Later in the trensient there are
smaller diffarences. It should be notad that
early in time the heat flux loads on the outer
wall are only about one-quarter those on the in-
ner wall at the 3.] w level and about equal at
the 10 @ level. It is apparent that the im-
proved turbulence wodel which indicates enhanced
mixing, and the calculation of a time and epace
dependent heat transfer coefficient (rather than
the constant value used in Ref. 2) are responsi-
ble for the decreased heat flux loads.
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the outer wall at 142.5 azimuthal degrees.

In strictly conserving mass, momentun, and
energy throughout the computational mesh, this
time-dependent, fully three-dimensional calcula-
tion is the most detailed analysis to date for
diffusion flames in reactor containments., Im-
provements can be made in the turbulence model,
convective heat transfer treatment, radiation
heat tranafer modeling, and the chemical kinet-
ics representation; however, the effests of
these phenomena are accounted for, and the fluid
dynamics of the overall induced flow patterns
are relatively insensitive to changes in these
parameters,
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