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ABSTRACT

The RELAP5/MOD3.2.2 Gamma code was assessed against low pressure subcooled
boiling experiments performed by Zeitoun and Shoukri [1] in a vertical annulus. The
predictions of subcooled boiling bubbly flow showed that the present version of the RELAP5
code underestimates the void fraction growth along the tube. To improve the void fraction
prediction at low pressure conditions a set of model changes is proposed, which includes
modifications of bubbly-slug transition criterion, drift-flux model, interphase heat transfer
coefficient and wall evaporation modeling. The improved experiment predictions with the
modified RELAP5 code are presented and analysed.

1 INTRODUCTION

The phenomenon of subcooled boiling is important in water-cooled nuclear power
reactors, since the presence of vapor influences the system reactivity. A correct description of
thermal and hydrodynamic phenomena occurring in forced convective subcooled boiling is
thus essential for the incorporation of separate models into an overall calculational model,
such as the RELAP5 thermal hydraulic computer code, which is used to simulate transients
and accidents in nuclear power plants. Recently, much research has been devoted to safety
analyses of pool-type research reactors (SLOWPOKE, MAPLE, HIFAR) which operate near
atmospheric pressure. In these types of reactors, subcooled boiling is expected to be the
prevalent heat transfer mode at accident conditions.

2 PREVIOUS ANALYSES OF RELAP5 SUBCOOLED BOILING MODEL

The most influential parameters in the RELAP5 code which affect the void fraction
growth along the tube are: flow regime mode, vapor drift velocity, interfacial condensation,
wall evaporation rate, and net vapor generation point. An extensive study of the RELAP5
subcooled boiling model over a wide range of pressure, heat flux and mass flow conditions
was already performed by Devkin and Podosenov [2]. They have shown a rather good
agreement of RELAP5 calculations with subcooled boiling experiments at high pressure
conditions and a large underprediction of void fraction curve at conditions near atmospheric
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pressure. The set of available subcooled boiling correlations in the code is mostly based on
experiments at high pressure conditions typical for power nuclear reactors. At low pressure,
the difference between liquid and vapor densities is much larger than at high pressure, which
causes higher evaporation rates on the heated wall. The vapor and liquid enthalpies are also
significantly lower at low pressure, which altogether leads to different mechanisms of void
growth in subcooled boiling flow.  Hence, the use of present  correlations may be
questionable at low pressure conditions.

Recently, there have been a few attempts to modify the RELAP5 code for low-pressure
subcooled boiling conditions. Hari and Hassan [3] have proposed some promising
improvements of the RELAP5 subcooled boiling model, which included modification of the
bubbly-slug flow transition criterion and reduction of the condensation rate. Our recent
studies [4],[5] have shown that the models for wall evaporation and vapor drift velocity are
inadequate and modifications of both models were performed. The present work describes
modifications of several models in the RELAP5 code, including bubbly-slug transition
criterion, drift-flux model, interphase heat transfer coefficient and wall evaporation modeling.

3 RELAP5 INPUT MODEL

The ability of  the RELAP5/MOD3.2.2 Gamma code to predict subcooled boiling flow
at low pressure was assessed against subcooled boiling experiments in vertical annulus [1]. A
detailed description of the experimental setup is given in the original paper by Zeitoun and
Shoukri [1]. The conditions of simulated experiments are given in Table 1.

The RELAP5 model of the test section consists of the annular heated part 102, divided
into 10 nodes, which is preceded and followed by unheated parts simulated as branch
components 101 and 103. The temperature and mass flowrate are prescribed at the inlet of the
test section with the time dependent volume 100 and time dependent junction 105,
respectively. The pressure is specified at the inlet of the heated section and is regulated using
the pressure in the time dependent volume 104 at the test section outlet. The nodalization of
the test section is shown in Figure 1.
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Figure 1 RELAP5 nodalization of the test section
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Table 1 Low pressure experiments

Experiment q (kW/m2) G (kg/m2s) p  (bar) Tsub (oC)
LP1 213.6 161.2 1.14 13.1
LP2 480 208.1 1.14 20
LP3 508 264.1 1.5 16.8
LP4 596 263.8 1.2 20.1

4 PROPOSED MODIFICATIONS IN THE RELAP5 CODE

To improve void fraction prediction at low pressure conditions, several modifications
have been implemented in the RELAP5/MOD3.2.2 Gamma code. The model changes were
performed not only to fit the experimental void fraction data, but to capture different physical
mechanisms, which occur in low-pressure subcooled boiling flow, as well as possible. Code
changes are summarized in Table 2 and described below.

Table 2 Implemented model changes in RELAP5/MOD3.2.2 Gamma code

Modified model Model change Modified RELAP5
subroutine/input

bubbly-slug transition criterion in
volume flow regime map set to α = 0.3

PHANTVvertical flow regime
decision map

bubbly-slug transition criterion in
junction flow regime map set to α = 0.3

PHANTJ

drift-flux model introduction of Zuber-Findlay model EPRIJ
excluded Umbrella restriction option 37 on card 1(input)interfacial heat

transfer coefficient new model for Hif HIFBUB, PHANTV
wall vapor generation pumping factor ε reduced by factor 2 SUBOIL

4.1 Flow regime transition criterion

The low–pressure subcooled boiling calculations with non-modified RELAP5 code
predicted slug flow [3], while experiments from Zeitoun and Shoukri [1] indicated bubbly
flow over the entire length of the annular tube.  Hence, a modification of bubbly to slug flow
transition criterion was implemented. The void fraction threshold between bubbly and slug
flow regimes was increased from 0.01 to 0.3.

The transition limit was modified in volume  and junction vertical flow regime maps in
order to affect the interphase heat transfer and vertical interphase drag, respectively. However,
the interphase drag was not affected, since RELAP5 uses the same drift-flux model for bubbly
and slug flow conditions. The effect on interphase heat transfer was also negligible, because
of the “umbrella” restriction [6].

4.2 Drift-flux model

The current version of the RELAP5 code uses the EPRI drift-flux model [7] to
determine vapor drift velocities. Although the EPRI correlation covers a broad range of flow
and geometry conditions, our analyses [4],[6] have shown that it strongly overpredicts vapor
drift velocities for low pressure conditions. Therefore, the Zuber-Findlay drift-flux model [8]
for churn turbulent bubbly flow was implemented instead.
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4.3 Interphase heat transfer coefficient

In subcooled bubbly flow, the RELAP5 code calculates the interphase heat transfer
coefficient using the Unal-Lahey correlation [9]. In addition, the “umbrella” shaped restriction
[9] has been placed on the volumetric liquid interphase heat transfer coefficient Hif  to force
the coefficient towards small values, when the void fraction approaches either zero or one.
The umbrella restriction has no physical significance: it is strictly a numerical limit included
in the RELAP5 code to prevent numerical instabilities due to high condensation rates.

To describe the interphase condensation at low pressure conditions, the umbrella
restriction was excluded from the code and a new heat transfer correlation was used. The
implemented interphase heat transfer model was developed by Zeitoun et al. [10] and is based
on their low-pressure experimental data. At low pressure conditions the bubbles detach from
the heated surface immediately after the onset of nucleate boiling, therefore their collapse
time is shorter. The bubbles in the low temperature region are larger, which consequently
causes lower interfacial area concentration. The interfacial area concentration ai is related to
the void fraction α and to the mean Sauter diameter Ds:

si Da /6α= (1)

The model of Zeitoun et al. is based on the statement, that the void growth is strongly
correlated to the bubble size increase. They have proposed the correlation for mean Sauter
bubble diameter [11], which is based on dimensional analysis and verified on low-pressure
subcooled boiling data of water:
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The volumetric interfacial heat transfer coefficient is then calculated using the following
relation:
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The bubble condensation Nusselt number Nub was again correlated by Zeitoun et al. and is
also verified on low-pressure experimental data [10].

308.0328.061.0Re04.2 JaNu bb ⋅⋅⋅= α (4)

4.4 Wall evaporation rate

The amount of wall evaporation during subcooled boiling process is calculated in the
RELAP5 code using the Lahey’s method [9], which determines the evaporation fraction χ of
the wall heat flux q. The evaporation fraction χ is defined as:
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where ε in Eq. (5) is the pumping factor, which is defined as the ratio between the pumping
heat flux qw,pump and evaporation heat flux qw,e.
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Pumping causes the suppression of the evaporation process. The pumping factor is very high
just above the critical enthalpy hcr and approaches zero as the bulk liquid enthalpy hf goes
towards the saturation value hf,sat. RELAP5 uses the Bowring definition of ε, which gives a
rather high suppression of the evaporation process. Our previous analyses [4] have shown that
the pumping factor strongly affects the void fraction prediction and that it is overestimated for
low pressure conditions. Hence, in the present analysis the pumping factor was reduced by a
factor 2, to achieve a reasonable void fraction prediction.

5 RESULTS

Figure 2 shows a comparison between the vapor drift velocities calculated using the
EPRI model (non-modified code) and Zuber-Findlay model (modified code) for the case LP3
in Table 1. Vapor drift velocities obtained with the modified code are about 4 times lower
than velocities obtained with the non-modified code and correspond to experimental values
(about 0.25 m/s) of Zeitoun et al. [10]. Lower vapor drift velocities in vertical flows increase
interfacial drag, which, in  combination with unchanged wall evaporation (applied constant
heat flux) causes higher amount of vapor in the tube.
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Figure 2 Vapor drift velocity (LP3)

Figure 3 shows the predictions of interfacial area concentration ai for the simulated case
LP3. The modified RELAP5 code predicts larger bubble diameters (Eq. (2)), thus the
interfacial area available for interfacial condensation is correspondingly lower than in the case
of non-modified code. The changed correlation for interfacial area is used only for calculation
of the volumetric interfacial heat transfer coefficient.
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Figure 4 shows the wall evaporation rate Γw and total vapor generation rate Γtot for the
modified and non-modified RELAP5 code along the tube axis (simulated case LP3). The total
vapor generation rate is defined as the difference between wall evaporation and interfacial
condensation rates. The wall evaporation rate is significantly higher in the case of modified
code due to reduced pumping factor. The simulation with modified code also gives much
higher condensation rate, caused by increased volumetric interfacial heat transfer coefficient
Hif.
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Figure 3        Interfacial area concentration
(exp. LP3)
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Figure 4 Wall vapor generation and
total vapor generation (exp. LP3)

Comparisons of void fraction predictions against the experiments LP1, LP2, LP3 and
LP4 are shown in FiguresFigure 5,Figure 6,Figure 7 andFigure 8, respectively. It can be noted
that the model changes implemented in the modified RELAP5 code give considerably
improved void fraction predictions for all simulated experiments.
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Figure 5       Void fraction prediction (LP1)
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Figure 6       Void fraction prediction (LP2)
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Figure 7       Void fraction prediction (LP3)
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Figure 8       Void fraction prediction (LP4)
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6 CONCLUSIONS

Modifications of several models in the  RELAP5/MOD3.2.2 Gamma code have been
performed, aiming to adequately simulate subcooled boiling flow at low pressure conditions.
The model changes were performed with the purpose to capture different physical
mechanisms, which occur in low-pressure subcooled boiling flow. By introducing the
proposed modifications of bubbly-slug transition criterion, drift-flux model, interphase heat
transfer coefficient and wall evaporation modeling, a much better prediction of void fraction
growth against experimental data was achieved.

7 NOMENCLATURE

ai interfacial area concentration, m2/m3

Cp liquid specific heat, J/kg K
Dh channel hydraulic diameter, m
Ds mean Sauter bubble diameter, m
g acceleration due to gravity, m/s2

G mass flux, kg/m2s
hif interphase heat transfer coefficient, W/m2K
Hif volumetric interphase heat transfer coefficient, W/m3K
h enthalpy, J/kg
hfg latent heat, J/kg
Ja Jacob number based on liquid subcooling = ρf Cp(Tsat – Tf)/ρghfg
kf liquid thermal conductivity, W/m K
Nub bubble condensation Nusselt number = hifDs/kf
p pressure, bar
q surface heat flux, W/m2

Re Reynolds flow number = GDh/µ
Reb bubble Reynolds number = ρfvgjDs/(1-α)µ
T temperature, K
vgj vapor drift velocity, m/s

Greek letters
α void fraction
ε pumping factor
Γ vapor generation rate, kg/s m3

χ evaporation fraction
µ liquid viscosity, Pas
ρ density, kg/m3

σ surface tension, N/m

Subscripts
f liquid
g vapor
sat saturation
w wall
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