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Abstract

In CIAE a great number of film boiling experimental data have been obtained at steady state by
using directly heated hot patch technique, covering the range of pressure 0.1-6MPa and mass flux of
23-1462 (23-500 mainly) kg/m2s. It is observed that in dispersed flow film boiling significant thermal
nonequilibrium exists, and the heat transfer coefficients exhibit strongly history-dependent nature.
Based on the experimental results a mechanistic model and a tabular method are proposed, and the
assessment of RELAP5/MOD2.5 is made.

1. INTRODUCTION

Film boiling may be encountered during the blowdown and reflood phases in the loss of
coolant accident (LOCA) of a nuclear reactor. Precise calculation of the heat transfer of the film
boiling is important because the maximum temperature in the fuel elements is primarily determined
by the heat transfer in this regime.

Film boiling occurs in dispersed flow purely, or in inverted annular flow over a thort length
followed by dispersed flow. Therefore, the calculation of the heat transfer in dispersed flow film
boiling is particularly interest for the analysis of a reactor accident. In the dispersed flow film boiling
the main path for the heat transfer is from the wall to the vapor and then to the liquid droplets,
characterized by the thermal nonequilibrium between the vapor and liquid droplets. Especially at
lower pressure and/or lower flow, which is typical condition for the refiooding process of a LOCA,
the thermal nonequilibrium is significant, presenting a major challenge for the calculation of heat
transfer[l]. This is due to the fact that (I) the thermal nonequilibrium is dominated by the interfacial
exchanges of the heat, mass and momentum, which are poorly understood and are difficult to measure
in experiment at present, and (2) it is difficult to establish the film boiling regime of flowing water at
steady-state by using a conventional experimental technique, so that the data are not adequate.

So far great number of correlations and models of the film boiling heat transfer have been
available in literature. Significant discrepancies exist among them as to the calculated values and
even the parametric trends. A comprehensive review has been given by Groeneveld[2], and it is
concluded that "reliable post-CHF correlations are not yet available for low flows and pressure" and
"caution should be exerted in using these correlations as here the data base is scarce". Since
Groeneveld[3] first applied the hot patch to establish the steady-state film boiling regime, great
number of data have been obtained by many researchers with this technique, and the database of the
film boiling has been greatly extended[4-6].

Recently, Leung et al.[7] and Efanov et al[8] developed the look-up tables for the film boiling
heat transfer coefficients, based on the AECL data bank and IPPE data bank, respectively. Compared
to the correlations and models, the table method has advantages of higher accuracy, wide range of
validity and convenience for updating. Neverthless, the table is heavily relied on the database, so that
it can not be used with confidence for those ranges where the database is limited, e.g., for lower
pressure and/or lower flow conditions.
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In 1984 the author successfully applied a modified version of the hot patch technique (so-called
directly heated hot patch) to establish the film boiling regime at stable condition in China Institute of
Atomic Energy (CIAE) [9]. Since then, a great number of data have been obtained over wide range of
conditions with emphasis on lower flow region [10-13]. The effects of various parameters have been
systemetically studied. In the experiment the vapor superheats have also been obtained, which are
important for the development of physical model. Significant therrhal nonequilibrium exists in the
dispersed flow film boiling (DFFB), associated with extremely complicated parametric trends and
strong history-dependence of the heat transfer coefficiences. Based on the measurements of both wall
and vapor temperatures a mechanistic model and a tabular method have been proposed [14,15], and
the assessment of RELAP5/MOD2.5 has been made. This paper presents the typical results,
discussions and the comparison of experimental results with some other prediction methods.

2. CIAE STEADY-STATE FILM BOILING EXPERIMENT

2.1 Directly heated hot patch technique

The experiment is performed in
vertical tubes with water flowing upward
inside. At both ends of the boiling length the
local thickness of the tube is reduced with
about lmm in height (Fig.l). When the tube
is heated directly by the electric current, a
hot patch is created there due to higher local
resistance. It catches the quench front there,
and the film boiling is stably maintained
downstream. The hot patch is very small, so
that the axial conduction can prevent it from
an excessive temperature rise or burning out.
The heat fluxes in the boiling section and
preheat section are controlled separately by
different supplies. The directly heated hot
patch can reach very high heat flux, enabling
the experiment to cover a wide range of
conditions. The hot patch of the test section
associates with the transition from the pre-
CHF to post-CHF regime. This is similar
with the rewetting front of the fuel element
during the reflooding process. Both of them
reach the critical heat flux.

Hot patch

Hot patch
\

Fig. 1 The test section with the measurement
of both wall and vapor temperatures

2.2 Measurement of the vapor superheats

As shown in Fig.l, the vapor is drained in a bypass near the outlet, where the droplets are
separated from the vapor due to greater inertia and vapor superheats can be measured. The vapor
draining in the bypass is controlled by a valve. At larger draining rate the vapor comes not only from
the boundary zone but mainly from the core. The measured value does not vary with the draining rate,
representing the mean vapor temperature of the section. At low or medium flow the vapor superheats
are successfully obtained, showing significant thermal nonequilibrium. The measurement is failled at
higher flow as the droplets are not well separated from the vapor. For this condition the
nonequilibrium is expected to be less important.

The measurement of vapor temperatures is verified by two methods: (1) The vapor
temperatures are taken near the outlet where the quality is relatively high and the effect of droplet on
the vapor convection heat transfer is not important, so the vapor temperature can be reasonably
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estimated by a traditional heat transfer correlation for vapor flow. The deviation between the
measurement and calculation is comparable with the accuracy of experiment. (2) The vapor
temperatures are also measured using another technique [13]. The results obtained with two different
techniques agree with each other.

2.3 Experimental results

The experiments are carried out in tubes of 6.8mm and 12mm ID, covering the range of
pressure 0.1 - 6.0 MPa, mass flux 23 - 1462 (23-500 mainly) kg/m2s , local quality -0.05 - 1.36 and
heat flux 1.5 - 48.8W7 cm2, as shown in Fig.2. The typical distributions of heat transfer coefficients
along the length are exemplified in Fig.3 by plotting the h (=q/(Tw-Ts)) against equilibrium
quality xe (xe increases linearly as the distance increasing for uniform heating). The extremely
complicated parametric trends and strong history-dependence of the heat transfer coefficients are
observed. The effects of major parameters have been discussed in the previous papers. The history-
dependence of the heat transfer coefficients and the entrance effect are discussed hereafter.

2.3.1 History-dependence of the heat transfer coefficients

In Fig.3, the results for the runs with same flow conditions but different inlet qualities are
displayed on one figure. As seen, at the same pressure and mass flux a given equilibrium quality
generally corresponds to different heat transfer coefficients for different inlet qualities, suggesting the
history-dependence of the heat transfer coefficients. This effect is the result of thermal
nonequilibrium, and is particularly strong at lower flow condition.

The thermal nonequilibrium is evidenced by the measurement of vapor superheats. At P =
O.lMPa, G = 25kg/m2s and XQ = 0-0.8, for instance, the vapor superheat measured at the position of
2m from the dryout point is generally up to 500K, while the temperature difference between the wail
and vapor, T*-Tv, is less than 200K; and at P = 6MPa, G = 400kg/m2s, the vapor superheat there
reaches about 250K, and Tw-Tv is around 200K.

In the DFFB the thermal nonequilibrium is controlled by the fractions of the wall heat going to
the liquid for evaporating into vapor. This fraction, k, may vary over nearly the whole range of 0 - 1.0
with the flow conditions. At lower flow and higher quality, only small fraction of heat goes to the
liquid but most to the vapor, thus, the vapor generation along the length is small and the vapor and
wall superheats increase greatly along the length. Therefore, the heat transfer coefficients
(= q f(Tw -Ts)) decrease steeply and exhibit strong history-dependence. On the contrary, at higher
flow and lower quality conditions the major part of heat goes to the liquid and less to the vapor, so the
heat transfer coefficients exhibit increase trend, and the history effect is less important.

2.3.2 Entrance effect

In the practical applications the film boiling may "occur at different heating condition at the
dryout point and upstream. Therefore, over the entrance region the thermohydraulic condition in the
flow is not fully developed, and there would be some uncertainty in calculation of the heat transfer.
The inverted annular flow generally sustains over a shorter length, so this entrance effect would be
appreciable. Neverthless, the dispersed flow film boiling can sustain over a very long length, and after
a distance the hydraudynamic condition is essentially developed and the effect due to the axial heat
conduction at the dryout point is diminished, so that the entrance effect becomes not appreciable. It is
noted that the stable film boiling experimental data obtained in CIAE, AECL and Winfrith. are close
to each other except for the entrance region. In the present experiment the hot patch is very small
(only about lmm in height), and the dryout initiates from the upper edge of the hot patch. Therefore,
the energy from the hot patch to the dryout side is mainly by axial conduction in the wall, and it only
makes a minor contribution for the evolution of thermal nonequilibrium beyond the entrance region.
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3. PREDICTION METHODS

0. 3
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Based on the steady state data a mechanistic model[14] and a tabular method[15] have been
proposed.

3.1 Mechanistic model[14]

The mechanistic model is based on the
motion, mass and energy equations for two fluids
with the closure laws on the vapor-droplet heat
transfer, drag coefficient and droplet diameter. It
calculates the vapor and wall temperatures along
the length step by step. This model is similar with
that developed by Arrieta and Yadigaroglu [16].
Two major modifications are made for its
application in wider range of conditions: (1) an
enhancement factor F is introduced to account for
the effect of the droplets on vapor convection
heat transfer, which is important for lower quality
condition, and (2) different expressions for the
droplet diameter are used for the DFFB initiated
from the break-down of IAFB and from the
dryout of annular flow, respectively. The present Fi§- 4 T h e e r r o r distribution of the calculation of the
mechanistic model calculates the CIAE DFFB mechanistical model for wall temperature

data (L > 0.1m) for the wall temperature with the
average error (AVG) of 2.1% and root-mean-square error (RMS) of 8.9%, respectively (Fig.4).
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The mechanistic model can be easily implemented in the two-fluid six-equiation system codes,
such as RELAP5 and CATHARE. It has sound physical basis and is capable of the calculation of the
heat transfer for various complicated conditions of a reactor accident, e.g. transient with non-uniform
heating. This has been attempted in RELAP5/MOD2.5 by modifying some constitutive equations [17].

3.2. Tabular methodf 15]

The nonequilibtium parameter is introduced, which is defined as[18]

r _ Xg XQ

(1)

where
xa is the local actual quality,
xe is the quilibrium quality,
xo is the inlet quality (at the dryout point),

and the k is expressed as

K — • IT -k -ITKq Kj Kx

where

(2)

kg is the correction factor for the effect of heat flux,
kd is the correction factor for the effect of diameter,
kx is the correction factor for the effect of local quality,

and the ko ha. function of the pressure, mass flux, inlet quality.
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The calculation of the mechanistic model
shows that over the main portion of the boiling
length the k does not vary appreciably, except
for the entrance region. In the present method
the k is approximated as a constant for the
whole length. This treatment is similar with that
in the Plummer correlation[18] in which the k is
independent of local quality. It does not
produce a great difference for the calculation of
wall temperature since the vapor superheating
over the entrance region is not important, as
shown in Fig. 5.

The values of the ko are obtained from the
calculation of the mechanistic model and are
tabulated with three parameters: P,G and x0

[15].

Having the value of k, the Xa is
calculated , and the vapor temperature is then
evaluated by the heat balance equation

x,, H fg

pg

(3)

where

by

Hfg is the latent heat,
Cpg is the vapor specific heat,
Ts is the saturation temperature.
Finally, the wall temperature is calculated

(4)

where
q is the wall heat flux to the coolant,
hc is the heat transfer coefficent for

the convection,
hr is the heat transfer coefficents for

the radiation.
and the hc is evaluated by the correlation for
convection heat transfer in pure steam flow

), multiplied by an enhancement factor F,

i.e.,

Nuf = Nuf0F (5)

The convection heat transfer coefficients
for pure steam are calculated with[19]

(6)
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and the enhancement factor F is estimated
by[14]

0.40

' = 1 +2.32(1+ 0.01P)e" (7)
i

0.20 -ij .-?•

where
? is the pressure in bar,
xa is the actual quality,

For the present conditions, the radiation
heat flux is generally less than 5% of the total
wall heat flux and is not considered.

The present tabular method has been
used to calculate the CIAE data bank for We >

0.00

-0.20

-0.40 -,
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10 = (GX)2D/(pga) and L > 0.1m,
-0.80

which cover basically the dispersed flow and
the transition between the dispersed flow and
inverted annular flow. In the present calculation
the correction fatctor for the diameter is
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Quality Xe
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Fig.6 The error distribution of the calculation of
present tabular method for the heat transfer
coefficient

K =
0.26

(8)

and the effects of local quality and heat flux are not considered (kq=l and kx=l).
2192 data points ( L > 0.1m, We > 10 ) are calculated for the wall temperature with the AVG of

1.4% and RMS of 7.2%, respectively. ( Fig. 6).

4. COMPARISON OF CIAE DATA WITH OTHER PREDICTION METHODS

The CIAE data are calculated with the Sergeev correlation[19]. The AVG and RMS are -48.1%
and 50.4% for the wall temperatures (Fig.7), and 80.1% and 97.9% for the heat transfer coefficients,
respectively. The discrepancy between them would be mainly due to the fact that part of CIAE data
are out of range of Sergeev correlation, and also due to the difference in the conditions (at steady state
for the CIAE data and at transient for the database of Sergeev correlation)

The CIAE data are calculated with the Leung's look-up table with the AVG of 5.4% and RMS
of 30.2% for the wall temperature (Fig.8). The RMS of 30.2% is much greater than that of 6.73% in
calculation of the AECL data bank with the same table. This is expectable since the most of CIAE
data lie on the region where the leung's table has no database. Especially the Leung's table is based on
the local conditions and can not reflect the history effect.

The comparison of the CIAE data with the Plummer correlation is made in Fig.9a. The AVG
and RMS are 18.1% and 28.9% respectively, for the calculation of wall temperature. The larger
deviation corresponds to low quality region. At this condition the effect of droplets on the convection
heat transfer is appreciable, which is not considered in the Plummer correlation. By introducing the
enhancement factor, F (Eq.7), to the Plummer correlation the RMS is decreased to 12% (Fig.9b).

5. ASSESSMENT OF RELAP5/MOD2.5 WITH THE CIAE DATA BANK

By setting reflood flag off, the best estimate system code RELAP5/MOD2.5 can calculate the
stable film boiling experiment. It has been performed to assess the model based on the CIAE data
bank[17]. The comparison of the calculations with the experimental results reveals some shortages in
the physical models of the code as follows:
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(a)- original (b)- modification with factor F

At some experimental conditions the post-dryout is not predicted over the test section, which is
determined by the criterion of the onset of film boiling.
The liquid-wall friction (FWALF) is calculated as in the pre-CHF regime. This is not the true in
the film boiling, where the FWALF is negligeable as the liquid does not contact with the wall. It
results in an underprediction of the liquid velocity, Vf, (or an overprediction of Vg-Vf) and thus,
an overprediction of the interfacial heat transfer.
In the code the wall heat transfer (qw = qwi + q%vv) is essentially accounted by a vapor convection
correlation as the calculated qwj is negligeable small for the experimental conditions. Therefore,
the significant effect of droplets on the heat transfer at low quality condition can not be predicted
by the code.
The droplet diameter is determined by the criterion of the critical Weber number (WED = 1.5).
This is only the true for the DFFB preceeded by the IAFB. While for the DFFB initiated from the
dryout of annular flow the droplets are generated upstream of the dryout point by the entrainment
from the thin liquid film and are much smaller than those in the previous case.

These models in the RELAP5/MOD2.5 are modified as follows:
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(i) As the criterion for the onset of film
boiling the empiric correlation of the
minimum film boiling temperature is
introduced, which was derived from
the CIAE steady-state experimental].

(ii) The FWALF is set to be zero.
(iii) The convection heat transfer between

the wall and vapor is evaluated by the
Dittus-Boelter correlation multiplying
the enhancement factor, F (Eq.7), to
account for the effect of droplets.

(iv) An expression of the droplet diameter
is introduced for the DFFB initiated
from the dryout of annular flow, and
for the DFFB preceeded by the IAFB
the WED is increased from 1.5 to 5.0.

With the modified version of the
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Fig. 10 Calculation of the vapor temperature
with modified model of RELAP5/MOD2.5

RELAP5/MOD2.5 the calculations of the experimental results are improved substantially. Fig. 10
exemplifies the calculation of the vapor temperature along the test section with the modification of
these models for the run with P = 5.62MPa, G = 416.6kg/cm2s, Xi = 0.383 and q0 = 20.2W/cm2. The

code(O) denotes the original version of the code, the code(M) denotes the code(O) with modification
of the model of minimum film boiling temperature.

6. CONCLUSIONS

A great number of film boiling experimental data have been obtained at steady-state condition
by using the directly heated hot patch technique. They have greatly extended the database and
covered the range of interest for the reactor accident. The dispersed flow film boiling exhibits
significant thermal nonequilibrium and strong history-dependence of the heat transfer coefficients.
Based on the data, the mechanistic model and the tabular method are proposed, and the assessment of
RELAP5/MOD2.5 is made. The present methods have provided appropriate approaches for the
calculation of such complicated dependence of the heat transfer in dispersed flow film boiling. They
will be refined for extended range of conditions.
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