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ABSTRACT - The presented paper will mainly consider heat and mass transfer phenomenology in the
subcooled boiling regime of downward liquid flow at low velocities. More specifically, it will focus on the
effects of appearance and disappearance of two-phase flow at low liquid velocities, in the area where gravity
force has significant influence. Two among a series of tests performed on a high-pressure circulation loop,
installed in Vinea, will be analyzed. The experimental findings and theoretical consideration of these processes
and phenomena will be compared with RELAP5/NM0D3.2.2 predictions.

1. Introduction
Boiling 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. Boiling in vertical channels is important in nuclear reactors because the
formation of vapor can affect the heat transfer rate from the channel surface and also because
the presence of vapor can increase the channel pressure drop resulting in flow instability
excursions. In upflow, the buoyant and the convection forces, which are acting in the same
direction, combine to sweep the voids out of' the channel before a significant pressure effect
can occur. As the flowratc continues to decrease, the point of void formation moves further
into the channel, and the bubbles, become larger and more numerous. Initially, the effect of
the bubbles is to increase the effective roughness of the channel. IHowever, as the process
continues, the presence of voids significantly increases the frictional head loss. Since the
phenomenon is occurring in a subcooled liquid, the pressure in the channel begins to oscillate
rapidly as bubbles are formed and then condense. In down-flow, the convection forces and the
buoyancy forces are in the opposite direction. F ailure to sweep the voids from the channel can
have a significant effect upon the onset of flow instability. On top of that, because the
buoyancy acting on bubbles is in the contrast direction of main fluid flow, bubble motion is
hindered, so the vapor velocity is less than liquid velocity in downward bubble flow.

2. Experiment Description
The experiments were conducted on a high-pressure circulation loop, located in Institute of
Nuclear Science - Vinca, for studying steady state, transient and accident thermnal-
hydrodynamic phenomena and processes in nuclear power plants. The general layout of the
major components is shown schematically in Figure 1. The built-in test section, depicted in
Figure 2, consists of a 3.2-tn long insulated vertical channel with 22.7-mm inner diameter and
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1.15-mm wall thickness. The tube is electrically heated by attaching power leads to thick
copper flanges at the top and bottom. The tube is electrically insulated at both ends and
thermally insulated along its external surface. A 560 kW (4 x 20 V x 7000 A) stabilized DC
power supply is used as a heat source. The power input is measured by monitoring the voltage
across the test section and the current across a shunt in series to the tube. A close-coupled
turbine-pump is used to provide a steady forced flow of subcooled distilled water to the
bottom of the test section. The water is first heated in a storage tank to a predetermined
temperature, which is kept constant during the experiment. The flow rate is regulated by a set
of bypass and throttling valves. Fluid and wall temperatures have been measured by chromel-
alumel thermocouples with 0.5-mm diameter. Pressures have been measured with electrical
pressure transducers and mass flows by measuring pressure drops along Venturi tubes.

Legend:
I- test section
2 - preheater
3 - heat exchanger
4 - pressure control

system
5 - flow meter -

6 - pump
7 - power supply --
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Figure 1: Experimental loop
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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 data acquisition
time for each experiment was 15 sec, while 930 data have been recorded in each channel.
The measurements results, obtained at the points marked in Figure 2, 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 2: Test section scheme with locations of measurement instrumentation

The experimental methodology assumes stationary and non-stationary regimes. Non-
stationary regimes are achieved by switching off the power supply, after which the transient
from boiling to single-phase forced convection flow regime is observed.
Prior to the experiment some necessary steps are undertaken. First the experimental loop is
filled with water and pressurized to a constant predefined value. Next, constant mass flow is
assured by starting the centrifugal pump. After switching on the power supply, the parameters
are tuned to the desired initial state.
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The experiments were conducted in the
following ranges:
- heated length has been varied
between 1 - 2.5 m
- mass flux was set between 50 - 500
kglm 2 _s

- pressure varied between 0,1 - 0,8
MPa
- heat fluxes achieved were in the
range of 100 - 400 kW/m2

3. Theoretical background
Figure 3 shows schematically the
process of void appearance and i
disappearance along the test section as
it was obtained during the experiments. o ONB
The RELAP5 [1] correlation for void
fraction prediction was used based on 0

obtained experimental results for . QOOH

pressure drop and axial temperature 0

profile, compared to the predictions C9 Q3~

from Rouhani-Axelsson (1966) [21 and Sl
Zuber-Findlay (1965) [3] correlation. C ) c,
The adaption of models was performed
taking into account some parameters X
describing flow non-uniformity, void
profile, local inter-phase velocities,
thermal non-equilibrium, as well as the
zo - axial coordinate at point of I
incipient vapor formation. These
parameters were respectively: C0 -

distribution parameter, Vgj -

weighted mean vapor drift velocity and
T`+ - dimensionless liquid bulktemperaturedienionledass lqi bu Figure 3: Void appearance and disappearance
temperature, defined as (Tf- To) / ATS

Based on Zuber-Findlay correlation the following equation was derived to calculate the
average void fraction <a>:

C [X + (1 - X)/pi ±V / 

where the quality x is given by equation:

X =q A h 1 ' T (2)
G2 AAi.r AT .('1

L Ai fg
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where:

z 0 and T- - r=l-exp[- ° 1 (3)
A/ T, -T L A i

The characteristic length Al is given by:

A=-z-1 z =- Xc god p1f c, pTea -To] (4)

The rest of the parameters in the above relations are: zi - axial coordinate at point of Tf = Tsat

assuming thermodynamic equilibrium, A, - cross-sectional area, q - heat flux gh heated
perimeter, To -liquid bulk temperature at zo, Tf - liquid bulk temperature, AT, = Tsa, - To, p -
density, i -enthalpy and G is mass flow.
The distribution parameter Co, is determined by the vapor velocity and concentration profiles
across the channel. In downward flow the vapor is transported more slowly than the average
flow, values of Co<1 seem reasonable. The mean drift velocity Vgj, represents the difference
between the gas phase velocity and the average mixture velocity. For vertical upward flow,
Lahey and Moody (1977) assume that the drift velocity may be set at the bubble rice velocity
and taken as independent of flow pattern. This suggestion is followed here and Vn is taken as
the plug or cap bubble velocity recommended by Collier (1981). For downward flow,

V = =- 0.35 [g ( p p )D l pa 1, (5)

where g is acceleration due to gravity.

4. RELAP5 Model
For the purpose of RELAP5 analyses a simple input model was assembled. consisting of 34
volumes with 33 junctions, in contact with 32 heat structures [I]. 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.

5. Results
Among a series of experiments the following two have been chosen to demonstrate the
agreement of RELAP5 predictions with the experimental data. The parameters for the two
tests performed have been set as shown i n Table 1:

Table 1: Characterizing parameters for the conducted tests
.r =_ =_ _ _ ___ ._ _ _ _ _

Test 41 49

Inlet pressure 0.21 MPa 0.26 MPa

Inlet temperature 362 K (89 0C) 379 K (106 0C)

Mass flow 0.297 kg/s 0.2 kg/s

Heater power 41 kW 20 kW
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Figure 4: Test 41 - Wall temperatures after power shut-off
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Figure 5: Test 41 -Void fractions after power shut-off
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Figure 6: Test 49 - Wall temperatures after poiver shut-off
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Figure 7: Test 49 - 'Void fractions after power shut-off
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During the initial phase of RELAP5 modeling certain difficulties have been encountered in
modeling tests, where large void fraction with annular-mist flow regime should be predicted.
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
correlations, which has not been further investigated. So the number of tests for comparison
with RELAP5 has narrowed down. Therefore, the two tests, numbered Test-41 and Test-49,
were chosen for simulation, since no annular mist flow regime has been obtained along the
test section. In the experiments in the first 8 seconds steady state has been kept, after which
the power has been shut off. In RELAP5 simulations the initial steady state was 208 seconds
to assure proper initial conditions.
Comparing the Test-41 data to calculation results it can be seen from Figure 4 and Figure 5
RELAP5 has predicted somewhat lower wall temperatures along the test section, while initial
steady state void profile has been slightly overpredicted. Besides, the onset of subcooled
boiling has been observed slightly higher in the test section in RELAP5 calculation than
experimental data indicated. Voids are collapsed faster in RELAP5 calculation than in the
experiment when leaving the heated section. Also, subcooled boiling is lost more rapidly in
the calculation than in the experiment after the power shut-off.
The comparison between calculation results and the Test-49 experimental data indicates
similar differences as for the above-described Test-41. Except that the differences in the
initial void profile between RELAP5 prediction and experimental data are slightly smaller.

6. 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 good agreement with experimental data.
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.
Certain difficulties have been encountered in modeling tests with RELAP5. When large void
fraction with annular-mist flow regime should be predicted, the code suddenly switched from
plug to annular-mist flow regime and the test section was emptied after short pressure
oscillation. This gives ground for future investigation.
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