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Abstract

A state-of-the-art mechanistic model has been developed to accurately predict the void fraction
in the subcooled boiling region having axial nonuniform heat flux. In this study, the void-dependent
drift-lux parameters of the Lahey/Ohkawa model were introduced and the mass flux-depent con-
densation coefficient were determined by fitting with the experimental data. This model was tested
against several experimental data sets to verify its accuracy. Finally the comparision between the
predicted void fraction profiles with this model and the profile-fit model for the hot assembly of
Kori-Unit 1, Cycle 1 has been performed. It is conclusive that the results show the good agreement
between the measured and predicted void fractions, and the profile-fit model has been found to

underestimate the void fraction in the subcooled boiling region.
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C:=Cy{j>+ Vg; ; kinematic wave velocity (ft/sec)

Nomenclature Dy ; hydraulic diameter (ft)
C, ; specific heat (Btu/1bm-°F)
A,_,; flow area (it?) G, ; mass flux (1bm/hr-ft2)
Co=<{ja)/ ({a){j») ; void concentration parame- kb ; enthalpy (Btu/1bm)
ter J ; superficial velocity (ft/sec)
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E ; thermal conductivity (Biu/ft-°F-hr)
P ; pressure (psia)

Py ; Heated perimeter (ft)

¢’ ; heat flux (Btu/hr-ft?)

T ; temperature (°F)

ug ; vapor-phase velocity (ft/sec)

Vei 5 {(wg—ja)/la); drift velocity (ft/sec)
v ; specific volume (ft3/1bm)

x  ; quality

a ; void fraction

o density (1bm/ft3)

dp=p;—p,

{ ) ; cross-sectional averaging notation

Subscript

d  ; void departure point

e ;thermal equilibrium

f ;saturated liquid

g  ; saturated vapor

fe& ;the difference between saturated vapor
and liquid properties

! ; liquid

io ; steady-state inlet value

1. Introduction

The accurate prediction of void fraction in
the subcooled region is of interest in the analysis
of reactors, since a considerable portion of the
nuclear heated channel of BWR is in that region
and the NRC has also required the precise
amalysis for that region as a TMI action plan
even though for PWR.

So far most predictions of void fraction in the
subcooled boiling region have been performed
with the profile-fit model to obtain the flow
quality profile in that region and the void-
quality correlation which has the constant drift-
flax parameter. However the profile-fit model
is based on a fit to uniform axial heat flux data
and, thus, is unconfirmed for the prediction of

subcooled void fraction in case of nonuniform
axial heat flux and the transient case. Moreover
the constant drift-lux parameter assumption is
known to be so rough in the subcooled boiling
region since the concentration parameter is less
than 1 and varies rapidly in that region.

In this paper, the analytical mechanistic model
has been ‘introduced to obtain the mean liguid
enthalpy and the characteristic frequency of
phase change. The void fraclion can be calcula-
ted from the Zuber's vord propagation equation
including the void fraction dependent drift-flux

-~ parameters 6f Ohkawa/Lahey model. In this

calculation, since all parameters of the charac-
teristic frequency, void fraction, drift-flux para-
meters and mean liquid enthalpy were coupled,
the numerical iteration was implemented by
nodalizing to take account of the nonuniform
axial heat flux profile and assuming the node-
avef@{ged value of the characteristic frequency.

One more problem is how to determine the
condensation coefficient in the characteristic
frequency, which was assumed to be constant
in most previous works. However it is actually
a function of pressure, heat flux and mass flux.
Since the mass flux is the dominant parameter,
in this study the coefficient has been expressed
in terms of mass flux and two empirical
coeflicients which were determined by comparing
with several experimental data.

The computer implementation of this model
was used to verify the accuracy of this model
by testing against several experimental data sets
and predict the void fraction in the hot assembly
of the Ko-ri Unit 1, BOL. The results show
the good agreement between the measured and

predicted void fractions.

II. Mechanistic Model

In order to predict the void fraction in the

-subcooled boiling region, two models are gene-
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rally introduced; the profile-fit model and the
The profile-fit model is
simple and common to be used in the computer

implementation ¥,

mechanistic model.

In this model, a profile
in the
subcooled boiling region is assumed as a function
of the bulk enthalpy, such that
hye—h h—
masr =Fla—ar] O
where ()¢ is the liquid enthalpy at the void

of the mean liquid enthalpy, A,(2),

departure point, z;, shown in figure 1.

The function, F, has limits that it goes to
unity and zero when the mean liquid enthalpy
will be (k) and the bulk enthalpy will be
much greater than the saturated liquid enthalpy,
respectively. Thus it can be fitted to the
exponential function or the hyperbolic tangential
function as,

F=exp [ h—(h)a ]

"R (e @
Now Levy® has developed the relation between
the flow quality and the thermal equilibrium
(1) to the flow
quality-enthalpy relation which was obtained

quality by substituting Egq.

from a simple steady-state heat balance as,

@=@y— @ 22-—1) @

This relation can yield the void fraction in
the subcooled boiling region by combining the
void-quality correlation which has been used in
the well-known computer codes® ) with various
optional forms under homogeneous flow assump-
tion, the constant drift-flux parameter or the
modified Armond model, etc. However this model
is based on a fit to uniform axjal heat flux
data and, thus, is uncomfirmed for the prediction
of subcooled void fraction in case of nonuniform
axial heat flux and the transient case. Moreover
the constant drift-lux parameter assumption is
known to be so rough in the subcooled boiling
region since the concentration parameter is less
than 1 and increases rapidly along the axial
heated length in that region.
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Fig. 1. Void Fraction During Forced Convection
Subcooled Boiling

In this paper, the analytical mechasistic model,
which was previously attempted by Bowring®
and Rouhani,® has been introduced to obtain
the mean liquid enthalpy and the characteristic
frequency of phase change. Figure | is a schema-
tic of the typical subcooled void-fraction profile
in a heated channel. Region 1 is commonly
reerred to as the region of wall voidage, wfhich
will be neglected in our calculation, since the
void fraction in that region is quite small. Thus
the begining point of the subcooled boiling
region will be the void departure point, zq,
which can be determined by the well-known
Saha and Zuber’s empirical relation,

hy—(h1)a

17
l =0. 0022—1%”(:&, for P,<70, 000

=154 ¢"'/G , for P.>>70, 000
To obtain the void profile in the subcooled
boiling region, we can introduce the void pro-
pagation equation for the steady-state as,

2
Cx (a} (5; —C0<a>>90 (4)
where the characteristic frequency, 2, is
defined® as,

__ UsePpgy(2)
QD=4 jr e

_ YsePug cona(2)
Asshrg

()

The second term of Eq. (5) represents the con-
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densation heat transfer process in the region
away from the heated wall. For this term we
will use the empirical correlation derived pre-
viously by Lahey,®

Pugpoa=T0tee=s (o) 41, O]

In the above equation, the condensation coe-
flicient, H,,
However it is actually a function of the pressure,

was taken as a constant value.

heat flux and mass flux. Since the mass flux is
in this study the
cofficient has been expressed in terms of the

the dominant parameter,

mass ﬂux as,

He—A e @
o ita <.7>>
Jio

where a. and b are the empirical parameters,
which correspond to Lahey’s original model®
(Hy=0. 0417/sec—°F) with a=23.0 and b=0.

In order to optimize a and &, we compared:
Eq. (7) against the steady-state void fraction
profile measurement of several experiments.
Figures 2 and 3 indicate that, when the
Ohkawa/Lahey model is used for the steadystate
drift-flux. parameters, the recommended values
are a=4.0 and 4=2. 0. Next, the ratio of the
heat flux: due to microconvection(i.ce; pumping)
to.that causing vapor formation is given by
Rouhani® as,
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__Or(hs—hy)
: f(z) *——-——, " e ®
and the boiling heat flux was approximated by ®
Y —g’? _ A=k
@/ (2)=q" (2) { 1 m } )

Thus inserting Equations (6), (8) and (9) into
Equation (5), we obtain,
: dpPyq"’
()=
) CZ) Ax—spf [hf_ (hl)d]

hi—(hy)g
{oghse+pr (hr—hy)

Hyla)
- -_—E'pf (hy—hy)

(10

- The other equation governing the subcooled
boiling is the liquid-phase energy equation based
on the assumptlons of the constant system pres-
sute and negligible internal heat generatlon
poteimal and kinetic energy in the ﬂuld whlch

......

v,«‘Gu <x>>—--—%~90<hg—ho

A._

: an

DI Oxder to.integrate these Bernoullistype first
oxdgr. differential equations, Egs. (4) and (11),
with, #aking account. of the nonuniform heat flux
prafile, we. will nodalize. the axial heat flux
along. the channel and assume the constant node
averaged characteristic - frequency .of phase
change, ©,, in the £-th node. This simplification
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does not introduce appreciable errors, because
for steady-state £2(z) is strongly dependent on
the heat flux and the liquid enthalpy, which is
uniform and nearly linear in the node;, respec-
tivey.

Thus,
quality, <£);, and a coordinate transformation
from 2, to &, defined by,

by using the node-averaged flow

§(zn) = -—z’c“ﬁm (12)

the coordinate-transformed nodal liquid enthalpy

equation can be expressed as,

AGDt b s (h)s=be a3

by y= (1
2 Gov s Co(1—<&>1)

_ o,k ¢’ P HYfg O
by = 0, (—*A —Qkhg>

By solving Eq. (13), the result for the k-th
node is,

(By) 1=bs, >4+ by, a4
where,

bs,i=(h)i" —bs,ue~b

For constant system pressure, the continuity
equation for a two-phase mixture in the k-th
node ‘is given as,

e _p
= =0, (15)

Therefore the kinematic wave velocity in the

E-th node can be obtained by inserting the
superficial  velocity profile, which will be cal-
culated from Eq. (15), into its definition as,

Cx(z) = (Cr) "+ Coy(z— 251 (16)

By combining equation (4) and (16), the coor-
dinatetransformed void propagation is given as,

d{a)

—_ Pr_ '
ek dek +<a>k— C()Ap (17)

Using the node inlet boundary condition, {(a}?",

Eq. (17) will be integrated to yield,

(=g A= &) + (P (18)

For the drift-lux parameters, C; and V,;, in
the above equations, the Lahey/Ohkawa model®
is used in this study instead of the constant
drift-lux parameters, Since C, and Vg ; are
strongly dependant on the void fraction in the
subcooled void region and the high quality
region, respectively.

As mentioned previously, Equation (15) was
derived based on a constant @, which is a
function of (h;); and <(a),. Thus in order to
find @, we insert (%,): and {(a); into Eq. (10),
which are obtained by averaging Eqs. (14) and
(18), respectively. The resultant equation will
be iterated using an initial guess for @,, until
the convergence will be achieved.

This model is tested against several experi-
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mental data sets; 1) Christensen’s experiment ‘¥,
2) Rouhani’s experiment® and 3) Lobachev’s
experiment®®. The results are shown in Figures
4,5 and 6. Finally the comparision between the
predicted void fraction profiles with this model
and the profile-fit model for the hot ass‘embly
of Kori-Unit 1, BOL is shown in Figure 7.

IIl. Discussion and Conclusions

In this study, a state-of-the-art mechanistic
model has been developed to predict the axial
void fraction profile .in the subcooled boiling
region having nonuniform heat profile. Moreover,

in this model, the void-dependent drift-lux
parameters were used and the condensation
coefficient was fitted as a function of mass
flux,

The computer implementation of this model
was used to verify the accuracy of this model
with testing against several experimental data
sets and predict the void fraction in the hot
assembly of Kori-Unit 1. The results show the
good agreement between the measured and
predicted void fractions and the profile-fit model
has been found to underestimate the void frac-
tion in the subcooled boiling region.
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