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Abstract

A two-dimensional continuum model for the hydrogen mixing phenomena in the containment
subcompartment under severe accident conditions has been developed to predict the spatial distri-
bution of the hydrogen concentration. The model can predict the distribution of time-dependent
hydrogen concentration for HEDL experiments well. For the simulation of these experiments, the
hydrogen is mixed uniform within the test compartment. To predict the extent of non-uniform dis-
tribution, the dominant factors such as the geometrical shape of obstacle and velocity of source in-
jection in mixing phenomena are investigated. If the obstacle disturbing the flow of gas mixture exis-
ts in the compartment, the uniform distribution of hydrogen might be not guaranteed. The convec-
tive circulation of gas flow is separately formed up and down of the obstacle position, which makes
a difference of hydrogen concentration between the upper and lower region of the compartment.
The recirculation flow must have a considerable mass flow rate relative to velocity of the source in-
jection to sustain the well-mixed conditions of hydrogen. Finally, in order to account for non-uni-
form distribution of the hydrogen due to the geometrical configuration the maximum-to-average rat-

jo is functionalized.
1. Introduction

The hydrogen burn of TMI-2 accident fostered re-
newed attention to the issue of the impact of hydro-
gen on the reactor safety. There are many important
aspects of this problem, and a lot of works have
been performed in this area over the past decade. In
general, hydrogen phenomena can be divided into

four categories : generation and source injection, prec-

hemical reaction transport, chemical reaction (deton-
ation or deflagration), and control strategies. Among
these categories, this study will focus on prechemical

reaction transport in order to predict the distribution
of hydrogen concentration under severe accident con-
ditions.

The mixing transient of hydrogen can be affected
by numerous mixing mechanism, including source
momentum, forced convection, inter-compartmental
pressure gradient driven flow, natural convection and
diffusion as shown in Table 1. These physical in-
tuition must be translated into mathematical expres-
sions for problems to be addressed in a tractable
form. Most analytical models[1~7] can be broadly
grouped into two categories, lumped-parameter mod-
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els and continuum models. The computer codes,

CONTAIN, MARCH, or MAAP which have been gen-

erally used to calculate the hydrogen mixing in can-
tainment during severe accidents use a lumped par-
ameter model based on control volume or nodal bal-

ances of passive entities such as component mass

Table 1. Important Hydrogen Mixing Mechanisims

Mechanism

Description
Source Especially entrainment caused by strong
momentum  jets

Intercompar Driven by pressure gradients produced by
tmental flow heterogeneous sources and localized heat

mass transfer
Forced Produced by mechanical devices, such as
convection  recirculation fans and fan coolers, and by
momentumn transfer from sprays.
Natural Buovant flows induced by source gases,
convection  temperature differences, heat transfer to
cold sinks, and condensation ; affected by
initial compartment conditions.
Diffusion Both molecular and turbulent

Table 2. Analytical Model Characteristics

and energy. These model provide accurate descrip-
tions for large uniformly mixed wolumes. However,
the underlying assumption is that of well-mixed vol-
umes, which no spatial details within a compartment
can be described.

On the other hand, the continuum category itself
includes different physical models ranging from mul-
tiphase compressible treatments to single-phase hom-
ogeneous incompressible flow. Some computer cod-
es include more than one of these treatments. In ad-
dition to the mass, energy, and momentum balances,
other physical relationship must be included to close
the analytical models. The requirements of model to
be considered are summarized in Table 2.

The post-TMI actions had determined the instal-
lation of new mitigative systems in the smaller vol-
ume or more compartmentalized spaces, which
emphasized that there is a possibility that the local
hydrogen concentration may be increased to a level
of unpredicted high. If the obstacle disturbing the
flow of hydrogen concentration exists within the sub-
compartment, the peak concentration of the hydro-

Mass, Momentum, and Energy Conservation Models
Lumped parameter : nodal balance augmented by internodal flow.

Muitiphase compressible continuum : two phase, heterogeneous slip flow with numerous components

and interphasic exchange

Single-phase compressible continuum : complete momentum and energy coupling, pressure-wave

progpagation, and flow work important.

Incompressible continuum : momentum and energy balances decoupled by using Boussinesq approxi-

mation ; small compressiility allowed.

Ancillary Models

Thermodynamics : mixture dynarmics, phase change.

Physical propertise : mixture formulas.

Transport mechanisms : turbulence modeling, multicomponent diffusion.

Equipment models : fans,sprays,coolers, structures.

Heat sinks : heat/mass transfer models, transient conduction

Numerical Solution

Accuracy
Versatility
Computational efficiency
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gen can deviate from the allowed its range, and thus
may bring about unexpected hydrogen buming in lo-

cal region. Therefore, to quantify the non-uniform dis-

tribution of the hydrogen precisely and to provide
the guideline for establishing the control strategy
such as the installation of the igniter at the predicted
spot showing high local concentration of the hydro-
gen, a more accurate model to predict the hydrogen
transport in subcompartment is needed.

In this study, a two-dimensional axi-symmetric con-
tinuum model will be developed. For a source of
high velocity, the source momentum is transferred by
turbulent mixing model. The flow agitation by fan
can make the driving force added to guarantee the
uniform distribution of the hydrogen concentration.
The calculation result will be compared with data of

the experiment performed under severe accident con-

ditions. And to analyze the non-uniform distribution
of the hydrogen, the obstacle will be installed in vani-
ous forms within the test compariment. From these
analyses, the local agglomeration of the hydrogen
concentration will be confimed. Finally, the domi-
nant physical factors affecting the hydrogen distri-
bution within test compartment will be investigated to
provide a basis on making the functionalized maxi-
mum-to-average ratio. This ratio will support the lum-
ped parameter code’s calculation and the establish-
ment of the hydrogen control strategies.

2. The Development of Analytical Model

A two-dimensional incompressible continuum mod-
el is established by treating one velocity field of the
mixture of multi-fluid such as hydrogen(or helium),
steamn, and air. The velocity of mixture is defined by,

v = (1)
o

for a mixture of N species. The independent beh-
avior of gas species is treated by the equation of
species continuity.
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The governing equations for a analytical model
expressed in two-dimensional cylindrical coordinate
are given as;

— Continuity Equation

+ Loy + L(ou) =0 @

at y dr

-~Momentum Equation

—r-component
au, du, du, _ P
p( t Uy “: 9z ) = r
azu,
[ar r ar(”‘ N+ Sz @
—z-component
au, du, " Ju, _dP
p( T wg, U232 ) = Tz
du, a uz
+u[,a,,( 5, + ] + og @)
~Energy Equation
oT
et
—i-th Species Concentration Equation
aY; Y;
p( 8t + u,ar + ug (6)

_ Y; 3 dY;
= D[, ar(rp a,) + az(p—a—z—)]

—State Equation
=pRT }f;(——') @

where Y, and w are mass fraction and molecular
weight of i-th species, respectively. For species con-
centration, the continuity equation is generally given

by

pa;: + ov- vY;+ v:.pYVi=0 (8)

In Eq. (8), the diffusion velocities Vi which is de-
fined by the velocity of the species with respect to
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stationary coordinate axis, w and mass-averaged vel-
ocity, v, must be determined. This could be solved by
one of the two methods:by Fick’s law of mass dif-
fusion with mass diffusivity and by the transport
equation for the collection of species. In principle,
while it is reasonable to use the accurate transport
equation for the hydrogen mixing problem, the ap-
proximate method of Fick's law is used, as which ap-
plies on the analysis of the hydrogen combustion
problems.

-p o ©)
where D is the mass diffusivity and Y: is the mass
fraction of i-th species. The k means the spatial coor-

Vik =

dinates (r,z).

The calculation of the mixture transport properties
is carried out by approximate averaging formula rec-
ommended by Perry’s Chemical Engineering Hand-
book{8], where the values of the properties depend
on the mole fraction of each species. For each pair
of gases, the mass diffusivity is calculated from the
kinetic theory at given temperature and pressure:

107 5 (M4 + Mg/ MM
PLEIE + (B g9

DAH:

The turbulance of mixing is treated by Prandtl's
mixing length model[3] which the eddy viscosity is
expressed by the gradient of local average velocity,
as,

- p|dU
L ) ar

vy =

(11)

The mixing length, I, for a free shear flow is given

as follows,
[, = 0.096 {(12)

where & is defined as the distance between points
where the velocity differs from the free stream vel-
ocity by 1% of the maximum velocity. At inside of
the boudary layer of subcompartment wall, a ramp
function presented by Patankar ans Spalding[10] is

used. On the other hand, the boundary conditions
for the calculation are given as,

u(R,z,f) = v(R,z,8) = 0

u(r,H?t = v(r,HH) = 0 (13)
v L _
ar r=R - 82 z=H - 0

2.2. Numerical Modelling

The numerical calculation is carried out with modi-
fication of the numerical methods presented by S. V.
Patankar[11]. For the governing equations shown in
Section 2.1, the general equation can be established
with the form,

%(pqﬂ) + diou ¢) = div(I’ grad ¢) + S
(14)
The four terms in the above equation are unsteady
term, the convection term, the diffusion term, and
the source term. The dependent variable ¢ can stand
for a variety of different quantities, such as the mass,
fraction of chemical species, the temperature, and a
velocity component. Accordingly, for each of these
variables, an appropriate meaning will have to be giv-
en to the diffusion coefficient I" and the source term
S. Table 3 represents the corresponding values in the
governing equations.
For the cylindrical coordinate, Eq. (14) can be

Table 3. Values of ¢ , I, and S of Governing Equation

Equation ] r S

r-direction of
. \Y) u 0
momentumn equation

z-direction of

U
momentum equation K re
Energy equation T k/cs 0
Gas concentration

Y D 0

equation
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expressed as,

2oty +L L (roud) + - (ovd)

- L2orédy 2rdh+s s

The control volume and its grids in r-z coordinate
are shown in Fig. 1. The O-direction thickness is as-
sumed to be unity in radian. Integrating Eq. (15) with
respect to r and z over the control volume, the dis-
cretization equation is given as,

appp = apdep + apwt andn+ asps + b

(16)
where
0 MV
ap = L’j— (17a)
b = ScAV + appt (17b)

ap = Qg + awt+ aN+ a5+ d;>— SPAV (17C)

ag = DA(IP, )+ | —F,01] (18a)
ay = DA(IP.1)+ [ F,01 (18b)
ay = DACIP, 1)+ | —F,01 (18¢)
_ Trdz _ I'yrdz 1

b=, D = (5, 19
r ,,L(re+ rudr Fsi( v+ r)ar

D,, = (82) . D; = 2 (é‘z) —.
! * (19b)

FP Fu' _ Fn — FS

Pr-: Dp'Pw=—D7' Pn"‘ Dn Ps" Ds
(20)

The symbol, [A ,B] denotes the greater of A and
B. In deriving the discretization equation, the fully
implicit scheme for time variable and the powerlaw
scheme for the convection and diffusion term are
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Fig. 1. Control Volume for Numerical Calculation

used. For the equation of motion, the pressure term
is included additionally and is treated by the press-
ure-correction equation. The flow chart for calcula-
tions is shown in Fig. 2. :

3. Calculation Results and Verifications

To evaluate the ability of the model to predict hy-
drogen mixing phenomena, experiment from Hanfor-
d Engineering Development Laboratory (HEDL) test
programs has been simulated. The hydrogen mixing
tests performed at HEDL are representative of events
in which the hydrogen is injected at higher rates than
typical values in slowly degrading core events. The
tests, performed in the HEDL Containment Systems
Test Facilit(CSTF)[12] were intended to be rep-
resentative of actual containment conditions, includ-
ing the presence of steam, complex geometrical ar-
rangements, and containment air recirculation systern-
s. The facility and associated features are depicted in
Fig. 3. The vessel is compartmentalized so that the
lower region can simulate the lower compartment of
an ice-condenser containment. This lower test region,
which is a target of this calculation, is approximately
150 m® in volume and azimuthally occupies 300° of
the annular region. The central core of the lower re-
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Fig. 2. Flow Chart of Numerical Calculation

gion represents the reactor cavity.

Air blowers that circulate the atmosphere from the
upper to the lower region are included in the facility
as shown in Fig. 3. The four air-blower openings op-
erate at a total flow rate of 1.8 m/s. HEDL tests
used helium as a simulant of hydrogen.

For the calculations, the following experimental
conditions of the test are used.

— Helium inflow rate : 0.0067 kg/sec

— Steam inflow rate : 0.205 kg/sec.

— Compartment wall temperature : 66 C

—Incoming duration time of helium and steam :

Dimensions

in meters
Annular 7.62 14.74
Test
Compartment
3.05
4.72
—3
0.91
Fig. 3. Simplified HEDL Facility
600 sec.

—Recirculation flow: 104 m®/sec

Fig. 4 shows the test geometry non-uniformly nod-
alized, where the optimal number of nodes are inves-
tigated in 22 X 22 by preliminary runs. In Fig. 4, loc-
ations of inflow and outflow are assumed to be at
middle of bottom and periphery of top of the ge-
ometry. With this nodalization the helium concen-
tration is obtained, which compares with experimen-
tal results in Fig. 5.

The predicted peak concentration of helium shows
a good agreement to experimental result over span
of the calculation. But, a little discrepancies on pred-
ictions of the concentration exist;at the timing of
source injection and at the final saturated stage, the
higher increasing rate and the larger concentration.
This results from the modelling of two-dimen-
sionalization of test compartment.

The helium concentration is predicted to be uni-
formly mixed well within the compartment after the
injection of sources as observed in HEDL experi-
ments. Fig. 6 shows the degree of mixing within the
compartment where the ordinate represents the con-
centration ratio of maximum to average values. The
ratio are rapidly approaching to one when the rec-
irculation flows start after source injection. The typi-
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Fig. 5. The Comparison of Calculation with Experimen-
tal Result (Mixture : He-H20- Air)

cal of flow patterns being influenced by the recircula-
tion flow is shown in Fig. 7, where the position of
maximum helium concentration is near the source

injection.

On the other hand, in this study the hydrogen mix-

ing is simulated under the same experimental condi-
tions in which the similar behavior is obtained as
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ture : He-H:O-Air)

seen in Fig. 8. But, the concentration of the hydro-
gen is higher than that of the helium, since the mol-
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ecular weight of the hydrogen is the smaller and the
wolume percent is proportional to mole concen-

tration.

4. The Investigation of the Factors Having
an Effect on the Hydrogen Mixing

Except for NUPEC hydrogen mixing experiment,
any experiments to investgate the various factors hav-
ing an effect on the hydrogen mixing phenomena
under severe accident conditions have not been per-
formed so far. Therefore, it is valuable to perform the
qualitative assessment of hydrogen mixing using this
model. In this study, the factors such as the instal-
lation of obstacles within test compartment, the vari-
ation of source injection velocity, and the variation of
recirculation flow rate are investigated.

For a simulation of the source injected from the
reactor cavity to the lower compartment of the con-
tainment. The test subcompartment is assumed to be
similar to the HEDL Facility. The subcompartment is
50m in height and from 3.0m to 50m in radius
(up to 3.0 m, the reactor pressure vessel is occupied)
and has 251.0m® free volume. The simulant is a
mixture of hydrogen-steam-air where the sources, hy-
drogen and steam, are continuously injected for all
calculation times. If the recirculation fan operates, the
timing is set to 10 minutes later from the start of cal-
culation.

4.1. Recirculation Flow

Fig. 9 shows the average hydrogen concentrations
with a obstacle of 0.2 m thick circular disk at 2.35 m
in height and 1.00 m in size. Here, the term “size”
means that the length from the outer subcom-
partment wall. Thus the size of 1.00 m corresponds
to about 56% hindrance of flow area. The case (a),
which simulates the simple hydrogen mixing in case
of no recirculation flow, shows the concentration dif-

ference between the upper and lower region is about
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Fig. 9. The Hydrogen Concentration for the Operation
of Recirculation Fan

2%. This implies that the existence of obstacle is

dominant factor in the hydrogen mixing phenomena.
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Fig. 10. The Hydrogen Velocity Profiles for the Operation of Recirculation Fan

The result of case (b) for the recirculation flow of 1.0

m/sec, is likely to be that of case (a) because the

flows of source injection and recirculation go just to

the opposite direction and the mass flow rate of sour-
ce is larger than that of recirculation.

As seen in case (c), however, the larger the vel-
ocity of recirculation flow is the less the difference of
the average concentration between the upper and
lower region is. The recirculation flow can make
well-mixed situation in the upper region of the sub-
compartment and make the momentum toward the
outer wall increased. Therefore, the average concen-
tration in the upper region is reduced.

The typical velocity profiles with and without the
recirculation flow are shown in Fig. 10. For no rec-
irculation flow, a single circulation flow pattem is for-
med from top and inside to bottom and outside, but
partially developed. Near upper surface of obstacle,
the flow is very slow. For a recirculation flow, the ob-
stacle is a border of separated circulation fields and
the flow proceeds over all region of subcom-

partment.

4.2. Obstacle Size

In case of no recirculation flow, the result for 0.2
m thick obstacles installed at 2.35 m in height with a
size variation of 0.15 m(case a), 1.00 m(case b), and

1.50 m(case c) are shown in Fig. 11. Case (a) shows
the hydrogen distribution is nearly uniform(the differ-
ence is about 0.7 %) and is similar to the mixing of
free volume. But, case (b) shows the larger concen-
tration difference of 2 %. It is stated, therefore, that
the larger the size of obstacle is, the larger the con-
centration difference between the upper and lower
region is.

But, case (c), which simulates the very small flow
area from lower to upper region, shows that the con-
centration difference is reduced on the contrary. This
unpredicted result could be explained by the fact that
very severe hindrance of flow makes only a circu-
lation of lower region and the gases penetrating the

~ obstacle go through the upper region and exit the

compartment. Hence, the hydrogen concentration of
upper region is reduced and so does the concen-
tration difference. This behavior is depicted in Fig.
12,

On the other hand, the recirculation flow makes
the hydrogen distribution more complicated. Fig. 13
shows the concentration distribution for a recircula-
tion flow of 3.0 m/sec. In case (a), the recirculation
flow does proceed to the lower region and the con-
centration of upper region is decreased and the low-
er region is reversely increased. In cases of (b) and
{c), the size of obstacle is so large that flows could be
not formed between the upper and lower regions.



Development and Application of Two-Dimensional--- B.C. Lee, et al

The source gases are directed to the exit along and
around the obstacle periperies. But there is a differ-
ent result in cases of (b) and (c). In case (b), since
the flow area is relatively small with respect to the
opposite direction of the flow of source and recircul-
ation the average concentration of the upper region
is decreased. However, this phenomenon is nearly
not shown in case (c) and the separated flows for-
med in each region makes their concentration slight-
ly increased. It is concluded, on this point, that when
the recirculation fan operates, the hydrogen concen-
tration of region where there is a possibility of high

concentration owing to the obstacle might be decreas-

ed
4.3. Obstacle Location

The obstacle, 1.00 m in size and 0.20 m in thick-
ness, is installed in test subcompartment. Fig. 14
shows the average concentration with a variation of
obstacle location for no recirculation flow:0.95m
(case a), 2.45 m(case b), and 3.95 m(case c). For all
cases, the difference of hydrogen concentration be-
tween the upper and lower region is almost the
same, but the saturated hydrogen concentration of
case (c) is lower than that of other cases. Also, when
the obstacle is installed close to exit, the hydrogen
concentration rises its peak value, and then reaches
the uniform value.

The velocity profiles for cases of {(a) and (c) can
easily explain the time-dependent hydrogen distri-
bution. In low obstacle of case (a), the velocity distri-
bution of gas does not vary to be nearly uniform the
short times later. The circulation flow is not formed
over all subcompartment because the gases under
the obstacle make a vortex to prevent the gases go-
ing down from upper region from circulating the sub-
compartment. But in high obstacle of case (c), the
space for flows can make a large circulation formed,
and by the momentum augmented from the source
the velocity of gases can be the larger and thus the
hydrogen concentration reaches its peak value.

HYDROGEN CONCENTRATION AVERAGED (%)

HYDROGEN CONCENTRATION AVERAGED (%)

Fig.

HYDROGEN CONCENTRATION AVERAGED (%)
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Fig. 12. The Hydrogen Velocity Profiles for the Long Obstacle without Recirculation Flow

On the other hand, for a recirculation flow, the ef-
fects of obstacle location show similar behavior like
for no recirculation flow.

4.4. Source Injection Velocity

The source gases are injected at near center of
subcompartment bottom with a variation of 1.0
m/sec(case a}, 3.0 m/sec{case b), and 5.0 m/sec(case
c). For the obstacle installed 2.45 m in height, 0.2 m
in thickness, and 1.00 m in size, Fig. 15 shows the
hydrogen concentration for no recirculation flow.
When the mass flow rate of source increases, the av-
erage hydrogen concentration is increased from case
(a) to case (c). The concentration difference between

regions is increased, too. This is because the circu-

lation flow in upper and lower region is of large sep-
aration

When the recirculation fan operates, the effects of
source injection are determined by the relative vel-
ocity of source and recirculation flow. The concen-
tration difference between regions could be decreas-
ed as shown in Fig. 16, which simulates the recircul-
ation flow as 3.0 m/sec. Since the influxed flow into
the lower region by the recirculation flow is formed,
the concentration decreases in the upper region.
Also, since gases recirculating from the upper region
and gases injected from the source are mixed, the
concentration of the lower region increases.

Therefore, it can be stated that the uniform distri-
bution of hydrogen may be guaranteed by the rec-

irculation flow rate comparable with source injection
velocity.



Development and Application of Two-Dimensional

Recirculation with Ubsiacle

OP =235-255m OS. =0.15m Vs=1.0m/s Vr=310m/is VS =0.15m

... BC. Lee, et al

No Recirculation with Obstacle
OP.=085-1.05m OS5 = 100m Vs=1.0m/s VS. =0.05m

121

u T Ll T T T T
td
a
\6) 0} —— LOWLER REGION e
: .. UPPER REGION
I;J e MAXIMUM
< 16} -
=4
g " 7 ,——-~—~~,i.‘. 4
A=
z
w
8 4 p
4
o
>
T 9 L t a i I "
] SN [0 1301 2000 2500 3000
TIML Isec)
(a)

Recirculation witli Obslacie

0P =235-255m OS.=1.00m Vs=10m/s Vr=30w/s V.S =0.15m

24

T T T T

T

Y

£
a
@ 0L ——LOWFR REGION
3 UPPER REGION
w —ene MAXIMUM
< b} 4
e
E ul 4
£ S U [
¢
& L ot
o
ra
w
2 4} 4
3
o
[ 500 1000 [ 2000 2500 3000
TIME; tner)
(b)

Recirculation with Obstacie

OP =235-255m 0S.=1.50m Vs=10m/s Vr=30m/s VS =015m

b1

T T T T T +
z
2w} — LOWER REGION |
g UPPIR RFGION
W e MAXIMUIM
>
% 16} p
4
]
e
g nt 4
£ .
¥l 4
o
(¥
z
3 ‘h |
3
o
3 o I 1 e t i
1] 500 1000 1m0 2000 20 Joon
TIME (ec)
{c)

Fig. 13. The Hydrogen Concentration for the Variation

of Obstacle Size with Recirculation Flow

Pl v T T T L) T
g
g w| ——LOWER REGION o
3 . UPPER REGION
u . + e MAXIMUM
TN J
z
o
=
S ng — —en g
E -
z
v
z
w
g 4t 4
é ° L L L L L L
0 00 o 1800 2000 300 3000
TIME 13cc)
(a)
No Recirculation with Qbstacle
O.L.=2235-255m OS. =Lom Vs=10m/s VS =0.45m
o T ¥ T T T T
g
2 nl —_LOWER REGION
g UIPLER REGION
& e MAXIMUM
% Wi E
E
3 it . P
EosF .
v}
z
&
8 +} .
oL
8
[
0 1 2 1 : I n
o b LY 1o 1541 1m0 2500 I
TINE: fsec)
(b)
No Recirculation with Obslacle
OP:;=385-405m OS.=1.00m Vs=10m/s VS.=0I5m
X — T T v v T
2
8
awlL e LOWER REGION 4
E ...... UPPER REGION
5 < e e MAXIMUM
< 6} e
]
£
sk J
i
2 of 1
O T e i e s
e B
8
g J
g
I 1 i
2000 7500 3000

Fig. 14. The Hwydrogen Concentration for the Variation

of Obstacle Location without Recirculation

Flow



122
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Fig. 15. The Hydrogen Concentration for the Variation
of of Source Injection Velocity without Recir-
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5. Applied Calculations and The Generation
of Supplementary Functions

From parametric studies in the previous section,
the maximum-to-average ratio, which shous the ex-
tent of the nonuniform hydrogen distribution in con-
tainment subcompartment, are generated to sup-
plement the uniform hydrogen mixing within the sub-
compartment predicted by lumped-parameter codes
such as CONTAIN, MELCOR, and MAAP programs.
This ratio can be expressed by a function of major
factors having an effect on the hydrogen distribution ;

Hydrogen Distribution = figeometrical
compartment, the shape of the obstacle in

shape of

compartment, source injection conditions,

operability of spray and/or fan, uncer tainties

of the prediction model, and so on) 1)

Despite of the limitation of two-dimensional mod-
el, the physical factors for the geometry configuration
can make an large influence on the uniform distri-
bution of the hydrogen within the subcompartment.
Fig. 17 is the geometry configuration for applied

calculation. Fig. 17-{(a) shows a simplified contain-
ment free wolume, which simulates upper compart-
ment of the reactor containment. Fig. 17-(b) shows a
simplified concentric cylinder, which simulates the re-
actor vessel and lower compariment like a HEDL fa-
cility. The calculations of 300 cases and over are per-
formed by considering possible combination of geo-
metrical configuration. For each case, the calculated
maximum-to-average ratio is evaluated for the gener-
ation of supplementary function, assuming that the
factors behave independently one another. Four
influencing factors are selected in the normalized
form by considering their relative importance. The
word “the importance” means that the hydrogen dis-
tribution of each case is significantly different from
that of the base case. In this study, the procedure for
generating the supplementary function are :

]
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o o e . e
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(b) Reactor Vessel and Lower Compartment

Fig. 17. The Geometry Configuration for the Generation
of the Supplementary Functions

(1) group the calculation resuits, having a criterion
of their importance.

(2) select the base case of each factor and per-
form the sensitivity studies.

(3) generate the basic function in each factor.

{4) determine the coefficient and its distribution of
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Non-dimensional Scale Factor for the Obstacle Location
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Fig. 18. The Distribution of Influencing Factors in Case of Containment Free Volume

the basic function.

{5) perform the verification test and compare this

with generated supplementary function.

While some methods can be applied to generate
the basic function, this study used polynomial expan-
sion method and statistical regression method. Basic
functions are obtained by interpolating the calcu-
lation results with a function of third-order poly-
nomial, and then the overall supplementary function
is generated by the regression of the distribution of
each basic functions. Table 4 shows the influencing
factors and the generated supplementary function.
Basic functions for each factor are shown in Fig. 18.

For verification of the function several calculations
under the same geometry are performed, which is
shown in Table 5. The predicted results are satisfac-

tory within the 10% of relative emor. But, the
generated supplementary function can only applied
to a problem of the uniform concentration of the hy-
drogen at early time of calculation.

6. Conclusions

In this study, the hydrogen mixing model is devel-

oped to analyze the transport phenomena and pre-

dict distributions of the hydrogen concentration. Also,
this study has been aimed to obtain the understand-
ing of the qualitative mixing conditions under differ-
ent geometrical and operating parameters and then a
basis to establish “well-mixing” factor in the subcom-
partment as a supplement of lumped parameter
models.
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Table 4. The Generation of Supplementary Functions and Their Influencing Factors

Cases

Supplementary Functions

Value of Independent
Variable

Containment Free

Volume
(Refer to Fig. 17-(a))

— Redirculation

R =1.55649 + 0.56306+ — 0.49854x° + 0.

3708x’—0.19768x"

X =geometric mean
of all x

—No recirculation
R=1.68771-0.76850x + 1.64560x* — 1.
1722x% +0.43629x*

X = geometric mean
of x (i=1235)

Containment Lower
Compartment
(Refer to Fig. 17 — (b))

— Redirculation
R=192024—1.57434x+ 3597104 — 2.
85255x° + 0.80722x"

X =geometric mean
of all x

—No recirculation
R =1.83288—0.55683x — 0.82144:% + 3.
90346x° — 2.52959x*

X =geometric mean
of x (i=1,2,3,5)

Influencing Factors

non-dimensional scale factor of the obstacle location

height of obstacle location
total height of the geometry

non-dimensional scale factor of the obstacle size

occupied cross section of the obstacle
total cross section of the geometry

non-dimensional scale factor of the source injection velocity

injection velocity of the source

maximum injection velocity of the source

non-dimensional scale factor of the recirculation velocity

velocity of the recirculation flow
injection velocity of the source

non-dimensional scale factor of the ventilation size
occupied cross section of the outlet ventilation

total cross section of the geometry

This model is successfully verified by comparing
with selected HEDL experiments. And the dominant
factors to determine the hydrogen mixing are

investigated to predict the possibility of the local teed.

stratification within the subcompartment. Thus, it is

concluded that

(1) nevertheless there is a limit for the simulation
with two-dimensional continuum model, ap-
propriate results are obtained.

(2) if the subcompartment has only a free volume,
the hydrogen shows a well-mixed distribution
and the flow is governed by the convective cir-
culation over all subcompartment.

(3) if the obstacle disturbing the flow of gas mix-
ture exists in the subcompartment, the uniform
distribution of hydrogen may not be guaran-

(4) the recirculation flow must have a comparable

mass flow rate relative to velocity of the source

injection to sustain well-mixed conditions of

the hydrogen.

Finally a functionalized supplementary factor is
generated to consider the non-uniform distribution of

the hydrogen in the containment subcompartment,
which can be used to increase the calculation capa-
bility of lumped parameter model in design codes.
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Table 5. The Comparison of Supplementary Functions
with Calculation Results

Containment Free Volume
Modes Calculational Ratio  Functionalized Ratio  Ervor*

1591 1576 -094
No Recirculation 1479 1588 731
1615 1593 136

1908 1738 -891

Recirculation 1886 1761 -631

1815 1737 —430

Containment Lower Compartment

Modes Calculational Ratio  Functionalized Ratio  Error{%)
1.651 1713 376

No Recirculation 1687 1683 -024
1592 165 364

Recirculation 1.879 1.701 -947
1730 1768 220
1739 1715 138

*The error is calculated based on the cakulational results
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