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Abstract

The phenomena of droplet entrainment at a quench front is of practical importance as a clear understanding of the underlying
mechanisms required to effectively calculate the interfacial mass, momentum, and energy transfer, which characterizes nuclear
reactor safety, system design, analysis, and performance. The present study proposes a model for droplet entrainment at a quench
front that is based on the best-understood physics related to the Lagrangian quenching phenomenon characteristic to light water
reactor (LWR) safety analysis. The model is based on a film boundary layer and stability analysis that attempts to match the
characteristic time and length scales of the entrainment phenomenon. This model has been developed such that direct implemen-
tation can be made into any two-phase flow simulation code with a three-field (continuous liquid, droplet, and vapor) flow model.
Comparisons with integrated transient test data independent of those used for model development have been performed to verify the
applicability of the proposed model for the prediction of the entrainment rate of liquid droplets at a quench front under typical

reflood conditions envisioned in LWRs.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

It is widely recognized that the entrainment of liquid
droplets by a gas flow is of considerable practical im-
portance for the effective modeling of heat and mass
transfer processes in two-phase systems (Ishii and
Grolmes, 1975). The mechanisms of interfacial mass,
momentum, and energy transfer between phases are
significantly altered by the entrainment of liquid. The
entrainment of liquid can occur under nuclear reactor
safety analysis considerations due to two distinctly dif-
ferent situations in upward co-current two-phase verti-
cal flow. Droplet entrainment can result from situations
in which a gas is flowing over a liquid film such as in
annular film flow, as well as occurring at a quench front
or within a froth region when vapor bubbles up through
a pool, and/or vapor is being generated due to the
quenching phenomenon as shown in Fig. 1. A detailed
analysis and model development for the first case, an-
nular film flow droplet entrainment, has been previously
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published by Holowach et al. (2002). The present study
focuses on the second situation, which is the entrain-
ment of droplets at a quench front.

The critical heat flux (CHF) and post-critical heat
flux (post-CHF) in light-water cooled reactors as well as
the effectiveness of emergency core cooling systems in
water reactors are all significantly affected by the en-
trainment of liquid droplets in the vapor core flow (Ishii
and Grolmes, 1975). In the case of a transient thermal
hydraulic systems analysis computer code utilized for
such nuclear reactor safety calculations, there is a need
to accurately calculate droplet entrainment for the
geometrical configuration that is modeled with a ther-
mal hydraulic node scheme. Additionally, since many
two-phase flow processes are time-varying in nature,
there is a necessity to develop a droplet entrainment
model that is based on fundamental physics and has the
requisite flexibility to be used in transient system cal-
culations that include the modeling of a quench front,
which is inherently Lagrangian in nature.

When modeling the entrainment rate at a quench
front, many of the macroscopic-parameter based mod-
els currently available in the open literature are not
developed to predict the droplet entrainment rate, but
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Nomenclature

Ay the interfacial area in the control volume
Aenrw  frontal area of wave crest

Ar flow area

Aint interfacial area

Awan cross-sectional area of tube wall (for stored

energy calculations)
Cpwater Specific heat of water
C,wan  specific heat of the wall
Dyrop  droplet diameter in quench front entrainment

model
Dy hydraulic diameter
Die liquid jet diameter
G, vapor mass flux
G. entrained mass flux
heg enthalpy of vaporization

Tags mass flow rate just above the quench front
Mentr entrained mass flow rate just above the
quench front

Mg channel inlet mass flow rate
Myap vapor mass flow rate just above the quench
front

Myapnqe vVapor mass flow rate generated below the
quench front
yapqr  vapor mass flow rate generated at the quench

front
Py heated perimeter
P, wetted perimeter
q linear heat rate
Re* critical film Reynolds number (Hsu and

Westwater, 1960)
Reyapeen Reynolds number (based on quench front
vapor generation)

SE droplet entrainment flux (mass flow rate per
unit interfacial area, kg/m?s)

Tiat saturation temperature

Ty quench temperature (usually minimum film

boiling temperature)
Tyev period of phenomena reflood entrainment
control volume

Uy quench front velocity

Uyapvgr  Characteristic vapor velocity for vapor gen-
erated below the quench front

Uyaperit - critical vapor velocity due to quench front
vapor generation

Venra  the volume of liquid entrained in a single

droplet

Wy vapor mass flow rate

We entrained droplet mass flow rate

v critical vapor film thickness

Zq quench front elevation

Greeks

o volume fraction occupied by continuous lig-
uid

Ol void fraction just below the quench front

r local vapor generation rate

A wavelength

Acrit critical wavelength

v dynamic viscosity

v kinematic viscosity

o density

I local liquid density

Pq two-phase density just below the quench
front

Puall cold density of the wall (for stored energy
calculations)

Tw.ov period of the entrainment phenomena in the
control volume

Subscripts

crit critical (wavelength)
cv control volume

e entrained

f fluid

g vapor

q quench front

rather an equilibrium entrained droplet fraction above a
pool. As a result, these models are of limited use in a
computer code calculation that requires the calculation
of the local entrainment rate of liquid droplets in a
confined space (i.e. a nuclear reactor subchannel) as
compared to an open space (i.e. pool with gas bubbling
up through it).

This work presents the process utilized for the de-
velopment of a physical model to predict the rate of
droplet entrainment at a quench front/froth region by
first summarizing the task of reducing experimental data
to a form that can be readily used for model develop-

ment. Then, a physical model has been developed uti-
lizing a combination of the underlying physics and the
reduced experimental data. In order to obtain suitable
data for physical model development, results from fun-
damental tests in easily quantified geometries were re-
quired as more complex prototypical tests generally
yield data that can be more difficult to reduce to quan-
tify a single phenomenon such as droplet entrainment
rate at a quench front.

For example, several reflood tests like the FLECHT
SEASET series (Lee et al., 1982) have been conducted
utilizing rod bundle geometries with spacer grids so as to
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Fig. 1. Heat transfer and fluid flow phenomena in a bottom reflood
scenario.

provide a scalable prototypical model to an actual
pressurized water reactor (PWR) fuel rod bundle design.
Additionally, reflood tests have been performed in
simpler cylindrical tube geometries such as the RE-
FLEX (Denham et al., 1980; Denham, 1981) and the
University of California at Berkeley (UCB) series of
tests (Seban et al., 1978; Seban and Greif, 1983; Ng and
Banerjee, 1983). The simpler cylindrical tube tests can
more readily be applied to fundamental model devel-
opment (i.e. entrainment, dispersed flow film boiling,
interfacial heat transfer and drag, etc.) since data from
these tests can much more easily be reduced, whereas a
rod bundle test that can have cross-flows between
channels and significant heat transfer and flow effects
brought on by the presence of spacer grids presents
much more complexity for the reduction of such pa-
rameters as the entrainment rate at a quench front.
Though, for safety analysis reasons, it is important to
consider the effects of spacer grids, cross-flows, radial
power distributions, etc., at the initial stage of a fun-
damental physical model development effort (i.e. en-
trainment model development) starting with data from

basic experimental investigations is the most efficient
means at identifying and quantifying the parametric
effects of a particular phenomenon.

The progression of this work starts with the derivation
and application of a method to reduce fundamental re-
flood test data to build a database of quench front
droplet entrainment rate data. Then, a control volume
physical model for quench front droplet entrainment is
developed based on modeling the postulated phenomena
and parametric effects such that characteristic time scales
and length scales are preserved for the quench front en-
trainment phenomena. The physical model is then com-
pared to the entrainment rate database, such that
suitable parametric corrections are identified thus yield-
ing a physical model with sufficient flexibility accounting
for the separate effects of parameters. Subsequent
comparisons of FLECHT SEASET integral effects
experimental reflood data with predictions from the
COBRA-TF thermal hydraulic systems analysis com-
puter code (upgraded with the proposed quench front
entrainment model) have been performed in order to
show the validity and applicability of the proposed
model.

2. Utilization of existing entrainment data

In order to estimate the droplet entrainment rate at a
Lagrangian quench front utilizing existing fundamental
single-tube reflood heat transfer experimental data, a
methodology has been developed to perform a mass
balance at the quench front such that the droplet en-
trainment rate can be estimated. The underlying stipu-
lation is that this method of data reduction can readily be
applied to current sets of experimental data that are pri-
marily comprised of wall thermocouple readings, inlet
flow rates, applied linear heat rates, and exit pressure.

A mass balance on a control volume characterizing
the region from the tube inlet up to the quench front,
shown in Fig. 2, has been developed and applied such
that the entrained droplet mass flow rate at the quench
front can be estimated. A similar methodology was
employed in the reduction of the PWR FLECHT
SEASET reflood experimental data (Lee et al., 1982).
An overall mass balance on the control volume is writ-
ten as

d [=
maqf = fhin *AF—/ de (1)
1) @) % 0

For the above relation, 7,4 = mass flow rate just above
the quench front, z; = quench front elevation, Ar =flow
area and iy, = calculational channel inlet mass flow rate.

In Eq. (1), term 1 represents the mass flow rate out of
the control volume (above the quench front), term 2
represents the mass flow rate into the control volume,
and term 3 represents the mass storage within the con-



M.J. Holowach et al. | Int. J. Heat and Fluid Flow 24 (2003) 902-918 905

Z =Top of Section

R s 4 =ZQ = Quench

; ) Front
1 s Location
CONTROL
VOLUME 1
i
s . Test Section
1 4
L i z=0 Inlet
T ]

Fig. 2. Control volume for quench front mass balance.

trol volume (primarily due to the control volume size
expanding due to quench front translation with the inlet
being fixed).

We assume that the mass flow rate above the quench
front is composed of both a combination of entrained
and vapor phases. The vapor is generated below the
quench front by boiling heat transfer, and the vapor
generated at the quench front is due to quenching
action. The mass flow rate above the quench front is
written as
maqf = Menyr + mvap = Menyr + mvap,bqf + mvaqu (2)
For the above relation, #i.,, = entrained mass flow rate
just above the quench front, 7,,, = vapor mass flow rate
Just above the quench front, #ity,, bqr = vapor mass flow
rate generated below the quench front and ry.pgr =
vapor mass flow rate generated at the quench front.

Since the upper boundary of the control volume es-
tablished for this analysis moves with time due to
quench front translation, and the lower level of the
control volume is at a fixed inlet height, z = 0, Eq. (1)
can be rewritten utilizing the Leibnitz formula

. . dz “ dp
Mgt = Min — Aqu d_; - AF /0 E dz (3)

In the above relation, p, represents the two-phase den-
sity just below the quench front. For cases where the
liquid density is significantly greater than the vapor
density, this can be estimated in terms of the void
fraction just below the quench front, o4, and the local
liquid density, p,

pq =~ (1 —aq)p) (4)

Additionally, the term dz,/d¢ is equal to the quench
front velocity, U,. Furthermore, consistent with the

observations in the FLECHT SEASET experiments
(Lee et al., 1982) the assumption can be made that the
time rate of change of density in the calculational
channel is small except near the quench front. Utilizing
these assumptions and definitions, the quench front
mass balance is rewritten to yield an expression for the
entrained flow rate above the quench front

mentr = min - mvapbqf - mvapAqf - AF(I - o(q)p] Uq (5)

Note that the mass balance presented in Eq. (5) inher-
ently assumes a constant inlet flow rate, and no cross-
flow into or out of the calculational channel below the
quench front. This could possibly be a poor assumption
in a rod bundle configuration where a cross-flow can be
induced by such effects as the radial power shape,
pressure drop, and flow restrictions. However, for the
case of the analysis of a single enclosed tube reflood
case, such as the UCB (Seban et al., 1978; Seban and
Greif, 1983; Ng and Banerjee, 1983) and REFLEX
(Denham et al., 1980; Denham, 1981) experiments where
cross-flow is not possible, this is a reasonable assump-
tion as long as the inlet mass flow rate is nearly constant
with time.

Vapor may or may not be generated below the
quench front for a particular reflood case and quench
front location depends on the subcooling and the axial
power shape. However, by making the assumption of
thermodynamic equilibrium in the flow below the
quench front, the vapor mass flow rate due to vapor
being generated below the quench front at locations
above the saturation line is calculated by

Zq 1 .
. q dZ - minC ,Wal erATsub
Myap baf = 0 7 bt (6)
fg

In the above relation, ¢'=linear heat rate, C,yawer =
specific heat of the water, ATy, =inlet subcooling, and
hg = enthalpy of vaporization.

Note that the underlying assumption in Eq. (6) is that
the flow below the quench front is considered to be in
thermodynamic equilibrium. For cases of subcooled
boiling heat transfer with significant vapor generation,
the validity of Eq. (6) decreases. It is postulated that the
use of Eq. (6) for this model development is valid, as it
appears that the vapor generation at the quench front
due to quenching action has a dominant effect on the
droplet entrainment at the quench front.

The vapor generated at the quench front due to
quenching action is approximated by assuming average
thermal properties for the tube wall and by assuming
that all heat released during the quenching process
contributes directly to vapor generation with vapor
properties at saturation conditions. The former is a
good assumption since the tubes used for fundamental
reflood tests (such as UCB and REFLEX) are con-
structed of a single material with well-known ther-
mal properties, and the latter is generally a good
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assumption, as the vapor generation at a quench front is
a rapid process that can be postulated as a non-equi-
librium thermodynamic process for cases in which sub-
cooled liquid conditions exist at the quench front. It is
acceptable to assume that vapor generated at the loca-
tion of the quench front is at saturation temperature,
since minimal superheating of the vapor can occur in the
generally small axial region that encompasses the
quench/froth region. The estimated vapor generation
due to quenching, utilizing these assumptions, is given as

11 Cowattdwan (Tg — Tiar ) U,
tgapt = Pwall Lp,wall ;lll( q at) q (7)
fg

Egs. (6) and (7) can now be utilized to arrive at the re-
spective vapor flow rates such that they may be substi-
tuted into Eq. (5) for the solution of the estimated
entrained mass flow rate at the quench front. In an effort
to provide closure to the series of equations in this
analysis, and subsequently solve Eq. (5) for the en-
trained flow rate at the quench front, the parameters
identified in Table 1 must be known.

For fundamental tube reflood experiments, items 1
through 7 in Table 1 are readily determined utilizing
measured test boundary conditions (inlet flow condi-
tions, applied power shape, thermal properties) and
normally measured parameters (i.e. wall temperature
and pressure). The quench temperature can be easily
determined by examination of individual thermocouple
readings over time, and, the quench front velocity can be
estimated by taking the slope of a curve representing the
quench front location versus time. Such a curve is gen-
erated by plotting the quench front height versus time
from observation of the quench times for a series of
thermocouples at over a range of axial heights.

With the exception of a very small number of cases
where gamma densitometer estimates of void fraction at
the quench front were obtained (Ng and Banerjee,
1983), there is no other data available in the open lit-
erature which includes measurements of the void frac-
tion directly below the quench front for fundamental
tube reflood experiments. Therefore, item 8 in Table 1
remains an unknown for most cases. It appears that a
reasonable estimation of the void fraction below the
quench front is very complex since there are many effects

Table 1
Experimental quantities that must be known to solve for the entrained
mass flow rate at the quench front

Item #

1 The inlet mass flow rate and subcooling

2 The location of the quench front

3 The power supplied to the flow below the quench front
4 The liquid and wall thermal properties

5 The quench temperature

6 The quench front velocity

7 The pressure

8 The void fraction just below the quench front

and parameters which have a strong effect on this local
void fraction (i.e. subcooling, pressure, flow regime, flow
rates, axial conduction, heat flux) below this Lagrangian
front. In order to make an initial estimate at handling
this unknown such that the reduction of fundamental
single-tube reflood test data can proceed, the value of
the void fraction just below the quench front is ranged
between 0 and 1, such that a “ranged” droplet entrain-
ment rate may be determined. By plotting the values of
the entrained droplet mass flow rate in error bar form
(to represent the range of possible droplet entrainment
rates due to the possible range of void fractions just
below the quench front), analysis and model develop-
ment utilizing trend assessment can be conducted for
a range of conditions.

2.1. Analysis of test data

Data from three series of tests conducted at the
University of California at Berkeley (Seban et al., 1978;
Seban and Greif, 1983; Ng and Banerjee, 1983) and data
from two series of the REFLEX tests conducted by the
United Kingdom Atomic Energy Authority at Winfrith
(Denham et al., 1980; Denham, 1981) were selected for
evaluation. Experimental runs were selected for which
the quench temperature was approximately equal to the
minimum film boiling temperature, and where the
quench front flow regime was not annular flow, but
rather a froth region. The froth region is defined as the
region above the quench front where a mixture of
droplets, slugs, and ligaments exist due to the vapor
generation and disturbances at the quench front. Cases
with quench temperatures below the minimum film
boiling temperature were excluded from this model de-
velopment since they do not directly represent the
quench front phenomena characteristic to a conven-
tional light water reactor design.

In the experimental reflood heat transfer runs exam-
ined, a range of pressures, temperatures, flow rates, and
quench front energy release rates were considered for the
model development. The individual test section geome-
tries for the given experimental data are summarized in
Table 2. From Table 2, it can be seen that the inside tube
diameters roughly approximate the hydraulic diameter
of both PWR and boiling water reactor flow subchan-
nels. Additionally, a range of representative amounts of
stored energy is considered with this data set since there
are a range of wall thicknesses in the different experi-
mental setups. Further calculations show that the range
of quench front energy release rates in the selected sets
of experimental data encompasses the prototypical
quench front energy release rate at the quench front in a
traditional PWR post-LOCA (loss of coolant accident)
reflood transient and available integrated effects test
data such as the FLECHT SEASET series of experi-
mental tests (Lee et al., 1982).
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Table 2

Test section geometrical parameters ((A)—Seban and Greif, 1983, (B)—Denham et al., 1980, (C)—Denham, 1981, (D)—Seban et al., 1978 and (E)—

Ng and Banerjee, 1983)

Test reference Material Inside diameter (mm) Wall thickness (mm) Height (m)
REFLEX [B, C] Inconel 600 12.56 1.66 395
UCB [A] Inconel 600 14.25 0.83 3.66
UCB [D & E] Inconel 600 14.40 0.76 3.66

The selected sets of test data were analyzed and re-
duced to determine a range of quench front entrainment
rates utilizing the methods developed in this section. For
cases in which the void fraction just below the quench
front was not known, the void fraction was ranged be-
tween 0 and 1 to obtain the results that are presented in
Table 3. For the cases where the void fraction just below
the quench front was known by gamma densitometer
readings (Ng and Banerjee, 1983), an estimated en-
trainment rate is given instead of a range of entrainment
rates, with the results of these analyses presented in
Table 4. Both summary tables show the range of test
conditions analyzed including the cold fill rate, pressure,
inlet mass flow rate, calculated equilibrium quality at the
quench front, calculated vapor mass flow rate generated
below the quench front, calculated vapor mass flow rate
generated at the quench front, quench front velocity,
and entrainment rates represented as mass fluxes.

Since this wide range of test data has been reduced
and put in a useful form, it can be applied to the
development of a fundamental quench front droplet
entrainment model and extrapolated for the use in cal-
culation of droplet entrainment in the reflood phenom-
enon in rod bundles. Though it may appear at first
glance that the geometrical confines of reflood in a single
tube are not representative of droplet entrainment in rod
bundles, it is postulated that fundamental tube quench
data can be applied to better model the actual quenching
phenomenon than most currently-used entrainment
models (Kataokoa and Ishii, 1983) which are based on
modeling droplet entrainment in large diameter pools.
Large diameter pools do not exhibit the prototypical
ratio of heated perimeter to flow area that is charac-
teristic to both rod bundle and heated tube configura-
tions. Subsequent analysis of the parametric effects of
the postulated phenomenon, and comparison to this
reduced experimental data in the following sections
show the usefulness of this “ranged” data for the de-
velopment of a fundamental quench front droplet en-
trainment model.

3. Quench front entrainment model development

Based on the success of the modeling the droplet
entrainment rate in annular two-phase flow utilizing a
control volume and Kelvin—Helmholtz stability analysis
(Holowach, 2002), a similar means of phenomena

characterization and evaluation is employed in the de-
velopment of the quench front entrainment model. To
successfully accomplish this goal, parametric effects as
well as characteristic time scales and length scales must
be correctly modeled so as to effectively calculate the
droplet entrainment over a range of flow, heat release,
and pressure conditions.

In the annular flow entrainment model, developed by
Holowach (2002), the primary characteristic length scale
was taken to be that of the Kelvin—-Helmholtz instability
for the calculation of the wave geometry and estimation
of the control volume characteristics. This selection of
length scale was based on the experimental observations
of Woodmansee and Hanratty (1969). Due to the com-
plexity and randomness of the quenching phenomenon in
a confined space, no detailed visual observations are
available which clearly depict length and time scales,
therefore, length scales, time scales, and characteristic
phenomena must be postulated based on similar, yet
simplified phenomena which have been observed and
quantified. Examples of such phenomena include annular
film entrainment and film boiling. In modeling the
quench front entrainment phenomenon, it is postulated
that the Kelvin—-Helmholtz instability length scale is of
particular significance in the wave action that results in
the droplet formation and entrainment. Additionally,
another length scale of particular interest is the vapor film
thickness near the wall during the quenching process.
Also, due to postulated liquid jet formations brought on
by the quench front vapor generation, the Rayleigh
characterization of the breakup of a quasi-static jet will
be useful in the particular length scale quantification
which is discussed in detail by Wallis (1969).

By performing a control volume analysis on the re-
gion of the calculational channel that includes the
quench front and froth region, a general expression can
be formed for the droplet entrainment rate at the surface
of the froth region. The droplet entrainment rate is
postulated to be a function of the volume of liquid swept
off of each wave that is developed, the wavelength, the
number of waves in the control volume, and the velocity
at which the waves travel through the control volume. A
side-view schematic of the postulated droplet entrain-
ment mechanism, characteristic velocities, and charac-
teristic length scales that are included in the following
discussions is presented in Fig. 3. The general expression
for the droplet entrainment mass flux at the top of the
froth front, which is similar to the base expression for



Table 3

Reduced test parameters for cases in which the void fraction just below the quench front was not measured ((A)—Seban and Greif, 1983, (B)—Denham et al., 1980, (C)—Denham, 1981 and (D)—

Seban et al., 1978)

Ref. Run ID Cold fill Pressure Inlet mass Calculated quality Mass flow rate Mass flow rate Quench front Entrained Entrained
rate (mm/s) (MPa) flow rate at the of vapor generated of vapor generated velocity mass flux mass flux
(kg/s) quench front below the quench at the quench (mm/s) =0 a=1

(%) front (kg/s) front (kg/s) (kg/m? s) (kg/m? s)
[A] 3073-4 76.2 0.2 0.0120 -10.7 0 0.000625 38.1 35.81 70.01
[A] 3073-8 76.2 0.2 0.0120 —-6.1 0 0.000652 38.1 35.67 69.82
[A] 30704 76.2 0.3 0.0119 -10.4 0 0.000574 38.1 34.35 69.48
[A] 3070-8 76.2 0.3 0.0119 =57 0 0.00058 38.1 34.30 69.43
[A] 3076-8 76.2 0.1 0.0121 =52 0 0.000389 23.1 51.42 72.51
[A] 3053-4 25.4 0.3 0.0040 1.2 4.77E-05 0.000221 14.5 9.93 22.75
[B] 129-2 159 0.2 0.0192 -84 0 0.001043 27.2 121.14 145.56
[B] 129-9 159 0.2 0.0192 -6.8 0 0.000931 24.1 124.96 146.64
[A] 3051-8 25.4 0.2 0.0040 16.8 0.000675 0.000227 3.81 16.00 19.42
[A] 3058-4 76.2 0.2 0.0120 -2.8 0 0.00058 11.7 61.16 71.68
[C] 01x107-2 43.1 0.4 0.0052 -12.0 0 0.000393 11.9 27.79 38.36
(@] 01x107-6 43.1 0.4 0.0052 -6.0 0 0.000425 18.5 21.53 37.77
[C] 01x107-13 43.1 0.4 0.0052 —4.0 0 0.000468 20.1 19.77 37.38
[C 01x092-2 40.0 0.4 0.0048 -2.0 0 0.000413 9.40 27.06 35.72
[D] 187 24.6 0.1 0.0040 6.0 0.000312 0.000121 3.81 18.35 21.75
[D] 181 25.1 0.1 0.0040 13.0 0.000676 8.08E-05 2.03 25.59 27.39
[D] 125 73.9 0.1 0.0118 -1.0 0 0.000268 9.91 21.12 30.04
[D] 194 75.2 0.1 0.0121 1.0 5.2E-05 0.000147 2.79 28.31 30.81
[D] 137 76.2 0.1 0.0121 9.0 0.000468 0.00015 3.05 25.53 28.21
[D] 136 127 0.1 0.0202 3.0 0.000156 0.000165 3.05 27.32 30.04
[D] 135 175 0.1 0.0278 0.7 3.64E-05 0.000166 3.56 27.52 30.75
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Table 4

Reduced test parameters for cases in which the void fraction just below the quench front was measured (Ng and Banerjee, 1983)

Entrained
mass flux
(kg/m?s)
71.92

Quench front

Mass flow rate of vapor
generated at the quench

front (kg/s)
0.000308
0.000115

Mass flow rate of vapor

generated below the

Calculated quality

Inlet mass

Pressure
(MPa)

Cold fill rate

(mm/s)

Run ID

velocity (mm/s)

at the quench front
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Fig. 3. Postulated mechanisms, characteristic velocities, and charac-
teristic length scales for the quench front/froth front entrainment
phenomenon.

the entrainment rate in the annular entrainment model
presented by Holowach (2002), is given as

Vemr,dprw,cv

S =
. Acv Tw,cv

(8)
In the above equation, Sg=droplet entrainment flux
(entrainment rate per unit interfacial area, kg/m?Zs),
Ventra = volume of liquid entrained in a single droplet,
pr =liquid density, Ny, ., =number of waves in the con-
trol volume, 4., = interfacial area in the control volume
and T,, ., = period of the entrainment phenomena in the
control volume.

Since quench front propagation can be assumed to be
one-dimensional on average, the interfacial area, char-
acterizing the area normal to the top of the froth region
within the control volume (4.,) is postulated to be
simply equal to the flow area

Ao, = Ap 9)

In order to characterize the length scale of the Kelvin—
Helmholtz wave and the period of the entrainment
phenomena, a local characteristic vapor velocity must be
estimated. The local vapor generation due to heat
transfer at a quench front is readily calculated in a finite
difference thermal hydraulic systems analysis codes uti-
lizing heat transfer coefficients determined from the
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construction of a continuous boiling curve over a range
of heat transfer regimes. With the calculated vapor
generation due to quenching action, a characteristic
vapor velocity can be calculated knowing the vapor
density (which can be assumed to be the saturation
density), and a characteristic flow area that can be es-
timated utilizing a characteristic length scale. Therefore,
a geometrical constraint (length scale) must be assumed
for which the vapor is formed and exits the quench re-
gion in order to calculate a local vapor velocity. There is
some inherent error in assuming saturation properties at
the quench front region since the wall temperature in at
least a portion of this region is above the saturation
temperature, but this is believed to be an acceptable
assumption since it can be postulated that there is a
small amount of vapor superheating at the quench front
due to the relatively small distance over which this re-
gion exists, along with the relatively high vapor veloci-
ties (i.e. short vapor residence time) in this region.

Due to the similarity of the quenching phenomena
with that of a developing vapor film in the film boiling
phenomenon, it can be postulated that the geometrical
constraint through which the vapor must flow is char-
acterized by the critical thickness for the vapor film.
Knowing the heated perimeter and the critical thickness
for the vapor film, a characteristic flow area can be
calculated such that a characteristic velocity for quench
front vapor generation can subsequently be determined.
A theoretical means for calculating the critical thickness
for the vapor film that is created at a wall in vertical film
boiling has been proposed by Hsu and Westwater
(1960). The Hsu and Westwater model is based on the
theoretical dependence of the film velocity and that of
the film thickness (in the y-direction). A sketch of the
film boiling model and associated dimensions postulated
by Hsu and Westwater (1960) is given in Fig. 4. The
critical vapor film thickness, y*, calculated in Hsu and
Westwater’s model is given in terms of a critical Rey-
nolds number and fluid properties as

1/3
212Re*
Vo= |—— (10)
20, (p1 — py)
Ret =2 1 Pe (11)
Mg

The critical vapor Reynolds number, Re*, signifies the
transition between viscous and turbulent vapor film flow
in the film boiling model proposed by Hsu and West-
water (1960). This critical Reynolds number is estimated
to be equal to a value of 100, and this estimation is
supported by Rohsenow’s computations (Rohsenow
et al., 1953) of values ranging from 80 to 120 for the
critical vapor Reynolds number during film condensa-
tion on vertical surfaces in the presence of large shear
stresses. The critical Reynolds number is defined in
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Fig. 4. Postulated film boiling geometrical model presented by Hsu and
Westwater (1960).

TURBULENT CORE

terms of the maximum vapor velocity, u*, existing at the
critical height where the film flow transitions to turbu-
lent flow.

For conventional PWR applications, the vapor film
thickness is expected to be small with respect to the flow
subchannel hydraulic diameter based on the experi-
mental findings presented by Hsu and Westwater (1960).
Therefore, the local critical vapor velocity at the quench
front due to vapor generation from quenching action is
subsequently estimated in terms of the local vapor
generation rate, I', and the heated perimeter, Py, as

r
pePuy*

Utilizing the basis of the Kelvin—-Helmholtz instability
for the droplet formation process, the critical wave-
length, ., which represents the characteristic wave-
length for droplet formation, can now be calculated
utilizing the characteristic vapor velocity that was de-
termined utilizing the critical film thickness approxi-
mation. It is postulated that the droplets entrained at the
top of the froth front are formed by the action of the
high vapor film velocity and subsequent instabilities.
The critical wavelength that is postulated to characterize
this phenomenon is calculated using a simplified Kelvin—
Helmholtz estimation (Hewitt and Hall-Taylor, 1970)
2nog,
e (13)

p g~ vap,crit

(12)

UvapAcrit =

2 Lerit —
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The period of the entrainment phenomena in the control
volume (7, ) is estimated by developing a characteristic
time scale for the vapor flowing over the liquid liga-
ments which deform as a result of the instability and
shearing forces. Since, it is postulated that vapor gen-
erated below the quench front has some impact on the
droplet entrainment rate at the quench front, this time
scale should account for both transport processes (vapor
flow through the film along the wall due to quench front
vapor generation and vapor flow through the center
portion of the calculational subchannel due to vapor
generation below the quench front).

The characteristic velocity for vapor generated below
the quench front is defined by the following expression
which adjusts the effective flow area for vapor generated
below the quench front by subtracting the area taken up
by the vapor film along the heated wall from the total
flow area. This determines an effective flow area for the
vapor generated below the quench front such that a
characteristic velocity for the below quench front vapor
generation may be calculated. Therefore, the charac-
teristic vapor velocity for vapor generated below the
quench front is given as

mvap,bqf
— 14
Pe(Ar — Puy*) (14)

The characteristic time scale for the transport of en-
trained droplets out of the control volume can now be
postulated by considering the vapor flow in the film
along the wall due to vapor generation at the quench
front and that of the vapor flow due to vapor generation
below the quench front. Since the time scale for droplets
leaving the control volume is related to the droplet in-
terfacial drag caused by vapor flow, it is postulated that
the characteristic time scale is related to the average of
the squared values of the below quench front and film
vapor velocities. Based on this assumption, the time
period for the control volume is postulated to be

Tw,cv = lcm 1/2 (15)

(1/2)(U3apﬁcrit + U\?ap,bqf)

The breakup of a liquid jet is a classical problem that
was studied by Rayleigh, where it was determined that
the most unstable wavelength is about 4.5 times the
diameter of the liquid jet, and the radius of the resulting
droplets is approximately 1.9 times the radius of the
liquid jet (Wallis, 1969). These classical solutions can
readily be employed in the characterization of the length
scales of the postulated liquid jets and their breakup,
using the aforementioned relationships, the jet diameter
and droplet diameter can be expressed as

Uvapjbqf =

icri
Diey = Tsl ~ 0.22/erit (16)

Darop ~ 1.9Die ~ 0.42ri (17)

The number of waves within the control volume (Ny )
which directly represents the number of jets within the
control volume is estimated utilizing a similar method-
ology as was used in the development of the annular film
flow droplet entrainment model by Holowach (2002),
except in this case instead of a spacing equal to the
Kelvin—-Helmholtz wavelength, it is postulated that
droplets are generated along the heated perimeter with a
spacing equal to the diameter of the liquid jet. Therefore
the number of droplets generated within the control
volume over the characteristic control volume time
period is given by
Py Py

Nyov = D 2.27 . (18)
The volume of an average droplet that is swept away by
the action of the vapor flow is calculated using the di-
ameter given by the Rayleigh criterion. The entrained
droplet volume is given as

4
?”rg —0.0388/

V;ntr,d = crit (19)
In order to more easily visualize the assumed spatial
characteristics for this quench front/froth front en-
trainment model, a figure has been constructed such that
a depiction from the perspective of “looking down” into
a rod bundle subchannel is given. Fig. 5 displays a top-
down view into a conventional PWR rod bundle array
flow subchannel, delineating the length scales, droplet
sizes, and droplet spacings that are assumed in this
model development.

By substituting Egs. (9), (15), (18), and (19) into Eq.
(8), an expression for the droplet entrainment mass flux
(Sg) within the control volume at the top of the froth
front is arrived at

)LcritprH(Uz

— 0.088 vap,crit
S 245

2 1/2
+ UvapAbqf) (20)
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spaced by the average jet

diameter
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Fig. 5. Top down schematic of the postulated quench/froth front
entrainment model applied to a conventional PWR flow subchannel.
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Eq. (20) can be considered an estimate of the entrained
droplet mass flux generated at the quench front based
on the physics employed in this control volume analysis.
The next step in the development of a physical model for
the droplet entrainment at the top of the froth front
brought on by quenching action is to compare the pre-
dictions of Eq. (20) to a range of experimental data. By
comparison of the control volume analysis with experi-
mental data, parametric dependencies can be identified,
and any necessary corrections can be developed such
that the accuracy of the proposed model may be up-
graded to predict the droplet entrainment rate in a
quench front/froth front scenario over a range of flow,
energy release, and pressure conditions.

3.1. Comparison of experimental data and model-pre-
dicted droplet entrainment rates

At this point, an expression for the postulated en-
trainment rate at a quench front/froth front has been
developed based on a fundamental analysis of the pos-
tulated transport and system response time and length
scales that characterize the vapor generation at and
below a quench front. The characteristic time scales
were developed based on the vapor generated at and
below the quench front, and the characteristic length
scales were based on the critical film thickness for a
vapor film that is generated by quenching action and the
Kelvin—Helmholtz critical wavelength as a length scale
for the characterization of the ligament deformation
and breakup into droplets.

In order to develop a corrected expression for the
droplet entrainment rate due to quenching over a range
of conditions, a comparison of the predictions of Eq.
(20) with the experimental data from University of
California at Berkeley (Seban et al., 1978; Seban and
Greif, 1983; Ng and Banerjee, 1983) and data from the
REFLEX series of experiments conducted by the United
Kingdom Atomic Energy Authority at Winfrith (Den-
ham et al., 1980; Denham, 1981) was conducted. The
data points that were selected for this portion of the
model development were taken at various fluid flow
conditions covering a range of pressures (0.1-0.4 MPa).
The conditions of the selected data generally capture the
postulated pressure range (0.1-0.4 MPa), quench flow
velocities (0.01-0.15 m/s), and rod quench energy release
rates (0.1-3 kw/rod) for the LOCA reflood phenomena
in a PWR. The data from the fundamental tube reflood
experiments were reduced so as to arrive at a range of
possible droplet entrainment rates for a given set of
experimental conditions as discussed in the first section
of this paper and summarized in Tables 3 and 4.

The estimated experimental droplet entrainment mass
fluxes (for the void fraction estimates of 0 and 1) were
divided by the predicted droplet entrainment mass flux
Eq. (20) so as to arrive at a range of E/P (experimental

1.00E+017

1.00E+00 o /
M/P = 3.32E-07Re " 8%+%0
k3
1.00E-01

4

Measured/Predicted Entrained
Droplet Mass Flux
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1.00E+02 1.00E+03 1.00E+04

Vapor Generation Reynolds Number

Fig. 6. Ratio of experimental to predicted droplet entrainment mass
flux at the quench front.

over predicted) ratios for a given set of fluid flow and
energy release conditions. These respective E/P ratios
were plotted with error bars to reflect the range of
possible entrained mass fluxes (identified in Table 3)
versus the vapor generation Reynolds number in Fig. 6.
The vapor generation Reynolds number is defined in
terms of the vapor generation rate, hydraulic diameter,
flow area, and vapor viscosity as

I'Dy

— 21
o 1)

Revapﬁgen =
The plot of the ratio of experimental to predicted (Eq.
(20)) droplet entrainment mass fluxes at the quench front
versus vapor generation Reynolds number given in Fig. 6
for the 24 data points examined shows a clear dependency
on the vapor generation Reynolds number (Eq. (21)).
This dependency of the ratio of the experimental to pre-
dicted entrainment mass flux appears to be roughly pro-
portional to the vapor generation Reynolds number
squared for the range of data examined. It is believed that
the vapor generation Reynolds number serves as a cor-
rection to better account for the number of droplets
generated in the control volume per characteristic time
period. The postulated number of droplets generated is
assumed to be able to be calculated assuming a well-
ordered series around the heated perimeter separated by a
dimension equal to the diameter of the liquid jet. But, in
actuality, this ordering may be different, with droplets
generated in various locations away from the wall. The
rate of vapor generation, and its relationship to a char-
acteristic limiting length scale (the hydraulic diameter) is
modeled with the use of the vapor generation Reynolds
number, hence a better estimate of the number of droplets
generated can be made by utilizing this correction.

A line drawn through the error bars of the data
points in Fig. 6 yields a correction to Eq. (20) such that
the droplet entrainment mass flux at the quench front
may be more accurately calculated. It is interesting to
note that the range of vapor generation Reynolds
numbers for a conventional PWR reflood transient falls
approximately in the range of 2000-5000, which nearly
corresponds with an experimental to predicted ratio
of one. This fact is encouraging since it means that
the physical model presented in the analysis leading to
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Eq. (20) nearly predicts the experimental entrainment
rates at prototypical quench front energy release rates,
and effectively correlates data points both above and
below prototypical energy release rates.

Utilizing the curve drawn in Fig. 6, a corrected and
final form for the droplet entrainment mass flux at the
quench front is arrived at which accounts for the para-
metric dependency on the vapor generation Reynolds
number. The means for calculating the droplet entrain-
ment mass flux at the top of a froth front is in a form
that can be conveniently implemented into a finite dif-
ference thermal hydraulic computer code. The corrected
entrainment mass flux at the top of the froth front is
given by

Sg = icrilprH(U\?ap,crit + U\%aptbqf)

C:
AF Rev:p,gen (22)
In the above equation, the dimensionless constants, C,
and C,, were developed from the correction curve
plotted in Fig. 6 and by combining constant terms, such
that

C,=146x10"*
C, =1.83

4. Model evaluation with FLECHT-SEASET reflood test
data

Several experimental test runs from the FLECHT-
SEASET (Loftus et al., 1980) series of reflood tests were
selected for the evaluation of the proposed reflood en-
trainment model. The proposed reflood entrainment
model, along with upgraded annular film flow entrain-
ment and interfacial drag models from the dissertation of
Holowach (2002) were implemented into the COBRA-TF
systems analysis computer code and used to compare and
assess model predictions against these integral effects test
data. Additionally, a comparison with the prediction of
the original version of the COBRA-TF (Paik et al., 1985)
code is presented to show the improvements realized
in the utilization of the proposed model set.

For the purposes of the evaluation of the proposed
entrainment model, three FLECHT-SEASET runs were
selected for evaluation since they fairly exemplify a
range of postulated reflood conditions for a typical

PWR. These tests were conducted in the 161 heated rod
FLECHT facility with a uniform radial power profile
and chopped cosine axial power profile over the range
of conditions listed in Table 5.

A single channel COBRA-TF input model of the
FLECHT facility was constructed with ~0.13 m axial
hydraulic nodes and variable axial thermal nodes. With
the exception of node spacing, this input model closely
resembled that used by Paik et al. (1985). The original
COBRA-TF minimum film boiling temperature model
was utilized for this series of calculations (Loftus et al.,
1980).

4.1. Evaluation of clad temperature predictions

A primary means of evaluation of a quench front
entrainment model is to compare the predicted and
measured clad temperatures over time at various axial
elevations. Such comparisons also assess the calculated
location of the quench front over time with that mea-
sured in the experimental data. Since the quench front
location as a function of time is strongly related to the
droplet entrainment rate at the quench front, this means
of comparison will serve as a first-check of the proposed
entrainment model set.

Figs. 7 and 8 show the predicted and average experi-
mentally measured clad temperatures as a function of
time at axial elevations of 1.98 and 2.29 m for Run 31504.
Figs. 9 and 10 show the predicted and average experi-
mentally measured clad temperatures as a function of
time at an axial elevation of 2.29 m for Runs 32013 and
31805, respectively. The bars on the experimentally
measured clad temperature values indicate the range of
thermocouple readings at a given axial elevation.

The results presented in Figs. 7-10 show excellent
agreement with the experimentally measured clad tem-
peratures and those calculated utilizing the upgraded
version of COBRA-TF, since the predicted quench time
of the clad thermocouple is quite close to the measured
quench time. This observation is indicative of the code
properly calculating the correct quench front velocity
over time, for the range of reflood cases examined.

4.2. Liquid carryover comparison

Comparison of calculated and experimental liquid
carryover from the bundle is one means to assess the

Table 5

Range of conditions for FLECHT-SEASET runs used for model evaluation
Run number FS 31504
Upper plenum pressure (MPa) 0.28
Initial clad temperature at 1.83 m (K) 1136
Rod peak power (kw/m) 2.3
Cold fill rate (mm/s) 24.6

Injected coolant temperature (K) 324

FS 32013 FS 31805
0.41 0.28
1160 1144

23 2.3

26.4 21.0

339 324




914 M.J. Holowach et al. | Int. J. Heat and Fluid Flow 24 (2003) 902-918

600

—— Upgraded COBRA-TF
F | -===--- EXPT Data

Rod Surface Temperature (K)

400 | : =

200 B . L . L Y
0 200 400

Time (s)

Fig. 7. Comparison of upgraded code-calculated and experimentally
measured clad temperatures for FLECHT-SEASET Run 31504 at 1.98
m axial elevation.
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Fig. 8. Comparison of upgraded code-calculated and experimentally
measured clad temperatures for FLECHT-SEASET Run 31504 at 2.29
m axial elevation.

integral effects of the droplet entrainment and interfacial
heat and mass transfer models within a transient two-
phase systems analysis computer code. The carryover of
liquid droplets out of a test bundle reflects the mass flow
rate of droplets entrained either at a quench front and/or
due to film flow minus the effects of the evaporation of
the liquid droplet phase due to the characteristic non-
equilibrium superheated steam conditions prevalent in
a rod bundle during the reflood phase.

For FLECHT-SEASET Runs 31504, 32013, and
31805, respectively, Figs. 11-13 display both the experi-
mentally measured carryover tank level as well as the
level predicted by the COBRA-TF calculation of the in-
tegral of the entrained mass flow rate exiting the bundle.
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Fig. 9. Comparison of upgraded code-calculated and experimentally
measured clad temperatures for FLECHT-SEASET Run 32013 at 2.29
m axial elevation.
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Fig. 10. Comparison of upgraded code-calculated and experimentally
measured clad temperatures for FLECHT-SEASET Run 31805 at 2.29
m axial elevation.
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Fig. 11. Comparison of upgraded code-calculated and experimentally
measured carryover tank level for FLECHT-SEASET Run 31504 as a
function of time.
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Fig. 12. Comparison of upgraded code-calculated and experimentally
measured carryover tank level for FLECHT-SEASET Run 32013 as a
function of time.
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Fig. 13. Comparison of upgraded code-calculated and experimentally
measured carryover tank level for FLECHT-SEASET Run 31805 as a
function of time.

Figs. 11-13 generally show satisfactory agreement
between the measured and code-predicted liquid carry-
over indicating that the integral effects of the quench
front entrainment and interfacial heat/mass transfer
models appear to be performing correctly. The slight
over-prediction of the carryover during the course of
Run 31805 (Fig. 13) could be due to the lower liquid
injection rate, which, during the course of the experi-
mental test could result in a longer period of time to wet
the walls of the separator and carryover tank, thus
giving a lower-than-expected carryover tank level. One
must be careful in using this prediction as the only
yardstick in entrainment and interfacial heat/mass
transfer model evaluation, since compensating effects
can occur (i.e. too much interfacial mass transfer at low
elevations, and too little at high elevations, or vice
versa).

4.3. Quench front location comparison

An additional means of code model evaluation is to
examine the quench front location as a function of time.
The progression of a quench front during a reflood
transient is strongly tied to the entrainment and vapor

generation rates as well as the void fraction at the
quench front. Comparison of the predicted quench front
location as a function of time with that of the experi-
mental data is warranted.

Figs. 14-16 are plots of the code-predicted as well as
the experimentally measured quench front location as a
function of time for Runs 31504, 32013, and 31805, re-
spectively. All cases (Figs. 14-16) show excellent agree-
ment between the code-calculated and measured quench
front locations for a majority of each reflood transient,
indicating a satisfactory integral prediction of both the
quench front droplet entrainment and heat transfer/
vapor generation models. Some divergence between the
predicted and measured quench front locations is ob-
served in the latter portions of the transient, where top
quench effects become more significant. Better quench
front location results could possibly be obtained utiliz-
ing a more detailed computational model of the upper
plenum which could be obtained using a larger systems
analysis code such as COBRA-TRAC, or better results
may be obtained by utilizing a more comprehensive
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Fig. 14. Comparison of upgraded code-calculated and experimentally
measured quench front location for FLECHT-SEASET Run 31504 as
a function of time.
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Fig. 16. Comparison of upgraded code-calculated and experimentally
measured quench front location for FLECHT-SEASET Run 31805 as
a function of time.

falling film interfacial drag model or top quench en-
trainment model. Needless to say, the agreement of the
results of the quench front location as a function of time
do lend credence to the predictive capability of the
quench front entrainment model over a range of bundle
conditions from subcooled conditions low in the bundle
to highly saturated conditions high in the bundle.

4.4. Comparison of upgraded code predictions with those
of the original FLECHT 163 version of COBRA-TF (Lee
et al, 1982)

Detailed assessments of the deficiencies of the
FLECHT 163 version of COBRA-TF (Lee et al., 1982)
have been presented by Frepoli et al. (2000) and in the
dissertation of Frepoli (2001). In order to further sub-
stantiate the improvements of the proposed entrainment
model implemented in COBRA-TF, it is appropriate to
present some comparisons of upgraded and original
code calculations. Calculations of the FLECHT-SEA-
SET Run 31504 are utilized for comparison sake to
identify model improvements. More detailed compari-
sons and sensitivity studies confirming the viability of
the new entrainment model are presented in the disser-
tation of Holowach (2002).

In an effort to compare code model predictions for
the FS Run 31504 reflood test, it is convenient to ex-
amine the calculated wall temperature at a given axial
location for two different hydraulic node size schemes.
The original COBRA-TF model set was specifically
developed based on the FLECHT SEASET series of
reflood tests (Lee et al., 1982). The comparisons dis-
cussed below point to the model deficiencies in the
original version of COBRA-TF.

Figs. 17 and 18 show the comparison of the original
and upgraded COBRA-TF models sets as well as the
experimentally measured clad temperatures at the 2.29 m
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Fig. 17. Comparison of upgraded code-calculated, original code-cal-
culated, and experimentally measured clad temperatures for FLECHT
SEASET Run 31504 at 2.29 m axial elevation for a ~0.13 m hydraulic
node spacing.
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Fig. 18. Comparison of upgraded code-calculated, original code-cal-
culated, and experimentally measured clad temperatures for FLECHT
SEASET Run 31504 at 2.29 m axial elevation for a ~0.25 m hydraulic
node spacing.

axial elevation as a function of time for the ~0.13 and
~0.25 m hydraulic node spacing, respectively.

Fig. 17 shows a relatively satisfactory prediction of
the 2.29 m clad temperature by the original version
of COBRA-TF, but, consistent with the observations of
Frepoli et al. (2000), altering the node size has a sig-
nificant effect on the clad temperature prediction and
quench characteristics, as can be seen in Fig. 18. When
the node size is increased for the original COBRA-TF
code, the code fails to predict a quench of the 2.29 m
axial location, which is indicative of an entrainment
model deficiency where too high of an entrainment rate
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is predicted thus “stalling” the quench front. This
drastic effect on clad temperature and quench time is not
seen in the upgraded code model. Using the new models
described in this paper, similar quench times are ob-
served for both a fine and coarse hydraulic node size
scheme.

The results of the comparison of the original
FLECHT 163 version of COBRA-TF (Lee et al., 1982)
with that of the upgraded version of the code presented
in this work clearly show the improvement in hydraulic
node-size sensitivity issues due to the proposed model’s
primary dependency on energy release rates where the
quench front entrainment rate model in the FLECHT
163 version of COBRA-TF is tied to a local void frac-
tion dependency which is calculational cell size-depen-
dent. Good calculational predictions over a range of
hydraulic node sizes add more credence to the stability
and basis of the quench front droplet entrainment model
developed in this paper, as well as making it more useful
for complex system analysis.

5. Conclusions

A model for calculating the mass flux of entrained
liquid droplets at a quench front has been developed by
a process of first reducing a series of fundamental test
data and developing a postulated physical model based
on characteristic time and length scales. Then, by the
comparison of a postulated physical model with the
reduced test data, the physical model was corrected to
account for parametric dependencies. Upon plotting the
ratio of the experimental to physical model-predicted
entrainment rates, a correction related to the vapor
generation rate was arrived at to fine-tune the physical
model to better represent the actual experimental data.
This model has been developed over a range of data to
include pressures, flow rates, and energy release rates
that encompass prototypical parameters characterizing
a conventional PWR reflood scenario.

It should be noted that the proposed model set tends
to under-predict droplet size, so, it was necessary to
continue to utilize the FLECHT-163 COBRA-TF (Paik
et al., 1985) droplet size correlation for the code calcu-
lations performed. Therefore the model set proposed in
this section is primarily used to predict the entrainment
mass flow rate at the quench front. More detailed jet
stability and breakup analyses with the use of advanced
droplet size data such as that from the Penn State Rod
Bundle Heat Transfer (RBHT) program (Hochreiter
et al., 1998), could lead to a further improvement in this
model set such that it may be used for actual droplet size
prediction.

The model was implemented into the COBRA-TF
finite difference thermal hydraulic systems analysis
computer code, so as to utilize the code to predict in-

dependent sets of integral transient test data not used in
the model development process. The prediction of sev-
eral sets of the FLECHT SEASET rod bundle reflood
experiments utilizing the upgraded COBRA-TF code
shows that the proposed quench front entrainment
model performs satisfactorily over a range of proto-
typical reflood conditions, and can be a great benefit for
improving advanced safety analysis predictive capabili-
ties. Additionally, the proposed quench front entrain-
ment model shows a limited sensitivity to calculational
hydraulic node size, which adds important flexibility
and confidence in the performance of complex system
calculations.
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