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ABSTRACT

The presented paper will consider the correlation for void fraction distribution in the
subcooled boiling flow regime of downward liquid flow at low velocities. More specifically,
it will focus on the choice of the most appropriate heat and mass transfer correlation. The
experimental findings and theoretical consideration of these processes and phenomena will be
compared with RELAP5/MOD3.2.2 Gamma predictions.

1 INTRODUCTION

Downward simultaneous flow of gas and liquid, although less common in occurrences
than two-phase up-flow is important in many industrial applications in the power and process
industry. The heat transfer in vertical downward flow often takes place in chemical and
petroleum industry processes as well as in power industry including nuclear power plants. It
appears widely in U-shaped tubes or in boiler coil bundle suspending tubes. In nuclear power
plants it may appear on the primary or secondary side, especially during some transients or in
some accidental situations. It is not very commonly observed, but from phenomenological
point of view it is even more interesting than upward flow. In downward flow steam bubbles
tend to move opposite to the bulk flow, which introduces more complexity in the steady state
or transient flow development.
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Most of the published work was driven by the needs of the nuclear industry. In nuclear
reactors under certain conditions, subcooled boiling may be encountered in the core. Under
such conditions, accurate knowledge of the void distributions is required to properly predict
the flow stability pressure drop ass well the neutron moderation characteristics.

2 EXPERIMENTAL INVESTIGATION

The experiments were conducted on a circulation loop with built-in test section
consisting of a 3.2-m long insulated vertical channel with 22.7-mm inner diameter and 1.15-
mm wall thickness (Figure 1). The measured parameters were the following: mass flow,
temperature and pressure of the fluid, temperature of the wall and heat flux of the heated
channel section. The obtained results were used in comparative analysis with available
models for predicting the void fraction in subcooled boiling fluid flow regime. On the basis of
this analysis a selection of the physical model was made that was the most adequate for
considering structural and cinematic non-uniformity of physical parameters in the channel
cross section.
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Figure 1: Experimental loop

Legend:
1 - test section
2 - preheater
3 - heat exchanger

4 – press. control system
5 - flow meter
6 - pump
7 - power supply
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For the purpose of RELAP5 [1] analyses a simple input model was assembled,
consisting of 34 volumes with 33 junctions, in contact with 32 heat structures. The model
enables variations of inlet liquid parameters and power level with a simple regulator of initial
conditions in order to achieve satisfactory steady state condition before the test simulation.

2.1 THEORY

Estimation of pressure drops for two-phase down flow is important for design of such
systems. The major contributor to the total pressure gradient during vertical two-phase flow is
the static head. The static head is directly dependent on the in-situ volume fraction of the
phases. Therefore it is very important to estimate the gas void fraction accurately. However,
two-phase flow in downward direction is not very well understood as yet for proper
estimation of void fraction. Correlation available for predicting flow pattern transition, void
fraction and pressure drop is largely empirical.

Data analyses in Rashid Hasan (1989) paper [2] show that the drift-flux approach can be
easily modified for prediction of void fraction in bubble and slug flow for downwardly
systems. For downward bubbly flow, no modification from up-flow is needed except to note
that the bubble terminal rise velocity acts in the direction opposite that of the flow. Crawford
et al. (1986) noted a somewhat lower value of Co, between 0.8 and 0.85, for this flow regime
compared to value of 1.2 for up-flow. However, they used the Nicklin (1972) equation for
"Taylor" bubble rise velocity in bubbly flow regime instead of the Harmathy equation as
suggested in this paper.

The first task in this study was to determine the most appropriate correlation for axial
void distribution prediction. The adopted criterion was based on best agreement of
experimental results with various models, employing correlation Zuber-Findlay (1965),
Rouhani-Axelsson (1970) [4] or Chexal-Lellouche (1986). Following this goal the
mathematical model was used, which was based on analytical determination of pressure drop
along the test section in the experimental rig, using experimentally determined fluid
conditions at predefined locations along the test section and varying the choice of the above
listed correlations for void distribution prediction. The measured pressure drop was then
compared to the calculated results.

For the analytical prediction of pressure drop the test section was divided into 10
segments, where partial pressure drop was determined separately for each segment and the
overall pressure drop was found as the sum of partial pressure drops across the individual
segments. The pressure drop in each segment was determined to be the difference between
pressure drop due to friction and the hydrostatic pressure drop.

)()()( ndPndPndP stfr −= (1)

where

2
1)( φ⋅= ⋅ ffrfr dPndP and dzgndP fgst ⋅⋅⋅−+⋅= ))1(()( ραρα (2)
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The two-phase multiplier φ2 is defined according to Yamazaki-Yamaguchi [4]
correlation for downward two-phase flow as follows:

9.02 )1/(1 αφ −= (3)

Wall friction coefficient was calculated as in the following way:

0.3164/Re0.25 (4)

The void fraction was then determined according to the Zuber-Findlay (1965), Rouhani-
Axelsson (1970) [4] and Chexal-Lellouche (1986) correlations in the following way. Based
on Zuber-Findlay correlation the average void fraction was calculated as already described by
Ristevski et al. (1999) [6]. The Chexal-Lellouche correlation was used in the same way as by
Končar et al. (2000) [7], adapting EPRI correlation in RELAP5/MOD3.2.2 Gamma code.

The Rouhani-Axelsson correlation determines the ratio of heat spent for vapor
generation and the amount of heat transferred to fluid due to condensation, as follows. The
amount of heat used for vapor generation is:

dQb = ms r π D dz  , (5)

and the heat transferred to fluid from condensation is

dQc=kc Θ dz  , (6)

where ms (kg/m2s) is vapor generation rate, kc condensation factor and Θ subcooling. To
determine the vapor mass fraction heat balance along the test section is used in the form:

rG
dQdQdX cb −

=  , (7)

where the heat balance along dz equals:

GC
dQdQDqdz

Gc
QdQ
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p

)( −−
==

π
(8)

Vapor mass fraction is calculated by solving the above equations. Void fraction is then
determined from Zuber-Findlay correlation, as applied by Larisa (1997) [8].

Several experiments have been analyzed, characterized within the following parameter
range: mass flux from 150 to 600 kg/s.m2, heat flux between 5 and 50 kW/cm2 and inlet
subcooling between 5 and 55 K.  The influence of the drift-flux distribution parameter C0 has
also been investigated for the range of C0 between 0.9 and 1.7. It was shown that, when
applying the Zuber-Findlay correlation, the relative error between measured and calculated
pressure drops stayed below 1% within this range of C0.

3 RESULTS

Among a series of experiments the following two have been chosen to demonstrate the
agreement of RELAP5 predictions with the experimental data and to determine the void
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profile along the test section. The main characterizing parameters for the two tests performed
have been set as shown in Table 1.

Table 1: Characterizing parameters for the conducted tests

Parameter / test no. 56 91
Inlet pressure 0.551 MPa 0.15 MPa
Inlet temperature 375.1 K (102 oC) 358.4 K (85.3 oC)
Inlet subcooling 53.6 K 26.1 K
Mass flow 0.0682 kg/s 0.0666 kg/s
Mass flux 168.5 kg/s�m2 165.6 kg/s�m2

Heated section (130 cm) 80 – 210 cm 120 – 250 cm
Heater power 15.8 kW 7.57 kW

The primary concern of this study was to prove that Zuber-Findlay [3] correlation, with
the appropriate choice of some parameters within it, is adequate for modeling downward
subcooled two-phase flow. Since void fraction has not been directly measured in the
experiment, other parameters (e.g. fluid and wall temperatures) have been observed to
determine the onset of nucleate boiling and estimate the development of void profile along the
test section. Steady state was observed only, since after shutting of the heater more
complicated phenomena were observed during the disappearing of subcooled boiling flow
regime. Since this was considered to be beyond the purpose of this study, the transient
analysis of the phenomena following power shut-off was postponed.

During the initial phase of RELAP5 modeling certain difficulties have been encountered
in modeling tests, when suddenly large void fraction with annular-mist flow regime was
predicted. This did not agree with the experimental observation. Whenever the code switched
from plug to annular-mist, the test section was suddenly emptied after short pressure
oscillation. This indicated on some hidden discontinuity in RELAP5 correlation. Detailed
investigation showed that with the proper choice of time step during the initialization phase,
these oscillations were easily overcome and the RELAP5 prediction became very stable and
qualitatively acceptable.

Comparison of the Test-56 and Test-91 data to RELAP5/MOD3.2.2 Gamma prediction
can be seen on Figure 2 and. RELAP5 has predicted somewhat lower wall temperatures along
the test section, at very similar inlet and outlet fluid temperatures. Meanwhile, initial steady
state void profile from RELAP5 prediction and calculated, applying Zuber-Findlay
correlation, based on the measured pressure drops, are in very good agreement for Test-56
(Figure 3). Similarly, the onset of subcooled boiling has been observed at the same location in
the test section in RELAP5 calculation than the experimental data indicated, considering the
location of temperature measurement points, indicated by curve markers.

The comparison between calculation results and the Test-91 experimental data indicates
similar differences as for the above-described Test-56. Wall temperatures, predicted by
RELAP5/MOD3.2.2 Gamma are somewhat lower than the measured ones, while the fluid
temperatures match very good with experimental data (Figure 4). This proves that RELAP5
prediction of the heat transferred to the fluid is appropriate. On the contrary, the differences in
the initial void profile between RELAP5 prediction and calculated results, applying Zuber-
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Findlay correlation, based on the measured pressure drops, is larger (Figure 5). This
discrepancies call for further improvements of the Zuber-Findlay correlation, by performing
similar comparison for the other experiments conducted at the described test rig.
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Figure 2: Test no. 56 - wall and fluid temperatures
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Figure 3: Test no. 56 - vapor void fraction
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Figure 4: Test no. 91 - wall and fluid temperatures
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Figure 5: Test no. 91 – vapor void fraction

4 CONCLUSIONS

The subcooled void appearance and disappearance has been experimentally investigated
and theoretically studied. The wall and fluid temperature has been measured at several points
along the test section as well as mass flow and heat flux. The locations of the onset of
subcooled boiling have been determined.

The RELAP5 predictions have been shown to be in relatively good agreement with
experimental data, especially with the fluid temperature measurements. This can be concluded
both for Test-56 and Test-91, described in this paper. The experimental data and RELAP5
results show variations in wall temperature, which indicates the location of the onset of
nucleate boiling. At these locations the decrease in wall temperature is observed, while further
along the test section wall temperature slowly increases. This is not clearly seen from
RELAP5 results.

There have been some discrepancies observed in the Test-91 void profile predicted by
RELAP5/MOD3.2.2 Gamma and the calculated void profile for the Test-91 by applying
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Zuber-Findlay correlation, using the measured pressure drops and fluid conditions. These
discrepancies call for some further investigation, using a wider set of experimental data,
available from other tests performed on the described test rig.
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