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SYNTHESE :

Afin de développer une modélisation physique du phénomène de crise
d'ébullition, le programme expérimental APHRODITE a été mis en place à EDF.

Visant une meilleure compréhension des mécanismes de base de ce phénomène,
ce programme prévoit l'étude de l'influence des conditions expérimentales (en
particulier la géométrie des différentes sections d'essai et les conditions aux limites), et
des configurations de l'écoulement diphasique, via la mesure des distributions de taux
de vide.

Deux moyens d'essai ont été développés dans le cadre de ce programme : la
boucle d'essai APHRODITE, qui permet un fonctionnement en Fréon 12 sur de larges
gammes de paramètres thermohydrauliques, et un tomographe à rayonnement gamma
pour la mesure du taux de vide.

Les premiers essais ont été réalisés sur un tube vertical en inconel, de 6 mettes
de longueur, de 13 mm de diamètre intérieur et de 0,5 mm d'épaisseur. Cette section
d'essai, chauffée électriquement, est fortement instrumentée en température, par 168
thermocouples soudés en peau externe du tube.

Après la qualification de la procédure expérimentale, une banque de données de
flux critique a été obtenue sur de larges gammes de pression, de débit et de titre
critique. Ces résultats sont comparés dans un premier temps à des données de flux
critique d'un autre laboratoire, déterminées dans des conditions similaires. Puis ils sont
confrontés aux prédictions calculées à l'aide de plusieurs corrélations et d'un modèle
théorique de flux critique en tube.
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EXECUTIVE SUMMARY :

In order to develop a comprehensive modelling of the boiling crisis
phenomenon, the APHRODITE experimental program has been set up at
ELECTRICITE DE FRANCE.

Aiming at a better mechanistic understanding of this phenomenon, this program
will investigate the influence of the experimental conditions (among which the mockup
geometry and the boundary conditions) and the two-phase flow patterns via void
fraction distributions. It has involved the construction of a R12 test loop, which can
deliver large thermal-hydraulic parameter ranges, and the development of a gamma-ray
tomograph. ;

~ The first experiments have been carried out on a vertical inconel tube, 6 meters
long with a bore diameter of 13 mm and a thickness of 0.5 mm. This electrically heated
test section is heavily instrumented with 168 thermocouples welded along the tube, on
its outer surface.

After a refined calibration of the experimental procedure, a critical heat flux
data bank has been collected within large pressure, mass velocity and critical steam
quality ranges. These results are firstly compared with other CHF data obtained in
similar conditions. Then several empirical correlations and a theoretical model for
CHF prediction in tubes are tested against these data.
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1. INTRODUCTION

Facing the problem of Critical Heat Flux prediction, particularly for Pressurized Water
Reactor cores, a great number of experimental investigations and theoretical studies
concerning the boiling crisis phenomenon have been carried out for a number of years.
Statistical analysis of various CHF databanks have in a first time provided useful
empirical correlations.
However, the thermalhydraulic configuration encountered is quite complex and the
knowledge of the basic mechanisms involved in the physics of the phenomenon is still
incomplete.
In order to contribute to the improvement of this knowledge, the APHRODITE
experimental program has been set up at Electricité de France. For this purpose, a
Freon loop has been built and a particular attention will be paid to the boiling two phase
flow local parameters measurements.

This paper gives the objectives of the APHRODITE experimental program along with
the main characteristics of the APHRODITE test facility and its first test section
ENEE.
The experimental procedure used to obtain the first CHF databank, and the verification
tests made to determine the level of quality of the results are described.
First experimental results are compared with other CHF data, predicted values of CHF
by empirical correlations and by the semi-empirical theoretical Weisman and Pel's
model [I].

2. OBJECTIVES OF THE APHRODITE EXPERIMENTAL PROGRAM AND
ASSOCIATED MEANS

A better prediction of Critical Heat Flux can be achieved if a comprehensive modelling
of the boiling crisis phenomenon is developed. This modelling work has to be
conducted in connection with adequate experimental investigations, so that exchanges
between both approaches be as much productive as possible. In our case, the
experimental studies are performed on the APHRODITE test loop meant to receive
different test sections.

In a first phase, we need more information on the influence of factors such as the
geometry, the boundary conditions, the experimental procedure, on CHF
measurements. Though our main application concerns the boiling crisis in reactor
cores, with high heat flux densities and low vapor qualities, we have decided to collect
CHF data on a wide range of parameters.
In fact, the boundary between low and high quality domains is still unclear, and we can
expect the vapor quality to have a strong effect on the flow configuration and therefore
on the physical mechanisms.

In a second phase, physical modelling requires local measurements of the boiling two
phase flow, especially close to the wall where heat transfer and interactions between the
wall and the fluid are significant.

Particularly, the knowledge of the local phase distribution is a relevant information.
For this purpose, a gamma-ray tomograph has been developed, which can determine the
refined 2 phase-flow patterns, by means of void fraction maps. Chordal void fraction
measurements are obtained by exploration of the flow cross section with a 6 freedom
degrees robot.
A reconstruction algorithm based on least mean square methods is used to obtain the
void fraction map in the section.
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In conjonction with measurements of local thermalhydraulic parameters in the
subcooled nucleate boiling flow, the results will be used to validate physical and
numerical modellings, presently under development in the ASTRID code
(3 dimensional 2 fluid eulerian code for boiling two phase flow ).

Two test sections have been designed to be installed on the APHRODITE test loop, in
connection with specific experimental programs.

The first one, called ENEE, is presently under operation; it is an electrically heated tube.
The aims of the associated experimental program are :

- ;est of the influence of the experimental procedure used for CHF measurements
(CHF approach by increasing either electrical power or inlet temperature),

- constitution of our own CHF databank, for which we know very well all the
characteristics. These data will be collected for several heating lengths; they will be
also used to test the theoretical models found in the literature by Weisman & Pei
[1], Lee & Mudawar [2], Chang & Lee [3] and Katto [4],

- acquisition of experimental data for wall heat transfer and pressure drop coefficients
for two phase flow; comparison with correlations,

- identification and quantification of some mechanisms of the boiling crisis
phenomenon, from local measurements (spectral analysis of wall temperatures,
information from void fraction maps),

- test of the influence of the boundary conditions on CHF and confirmation of the
influence of axial heat conduction on the boiling crisis phenomenon [5],

- test of the influence of gravity on CHF.

The second test section called POSEIDON is a little more representative of the flow in
pressurized water reactors. It is a shell side flow mock-up, composed of a group of 3
electrically heated rods, alined in a rectangular channel (see figure 2). The purpose of
the associated experimental program is to characterize the subcooled nucleate boiling
flow close to the heating rods until the boiling crisis point. The following local
measurements will be performed :

- temperatures in the heating rods, the fluid and the channel walls,
- pressure drop along the channel,
- void fraction (optical probe and gamma-ray tomography),
- fluid velocities (bi-optical probe and hot film anemometry).

3. EXPERIMENTAL FACILITY : THE LOOP AND THE TEST SECTION
ENEE

The Aphrodite loop :

Freon 12 has been chosen as working fluid. The test loop is composed of 3 main
circuits :
- a pressurized water circuit (35 bar), for the pre-heating and heating of Freon, and for

conditioning of the pressure vessel for Freon,
- a Freon circuit, with a spray condenser,
- a cooling water circuit (700 kW), connected to an air cooler.

Two heating methods of the test section are available :
- direct electrical heating (500 kW, DC source), for constant heat flux tests,
- indirect heating by a pressurized water circuit

The preheating circuit also gives the possibility to establish positive vapor qualities at
the inlet of the test section.



The following parameter ranges can be covered :
- pressure : 10-35 bar for Freon (equivalent water pressure : 70-200 bar),
- mass flow rate : 0.03 -12 kg/s,
- inlet temperature: 25-10O0C.

The loop is monitored by a numerical system, which allows automatic operation.

The ENEE test section :

The test section is a high electric resistivity stainless steel tube. It is about 6 m long,
with a 13 mm internal diameter, and an 0.5 mm thickness.

It is electrically heated by Joule effect. The transfer of the electric current to the tube is
achieved by means of connections to a metallic disk. Two types of disks have been set
up at the ends of the tube. One is thicker (10 mm), and made of copper, the other is
thinner (1 mm), and made of nickel. By inversion of the tube position, it is then
possible to test the influence of boundary conditions.
A moveable clamp can also be mounted at various positions along the tube, allowing
variation of the heating length.

The tube can also be inclined at different angles, to test the effect of gravity on CHF.

This test section being subject to numerous manipulations, it has been designed with
its own support, itself mounted on the experimental facility. It can be easily reversed
and one important feature resides in its oscillating supporting, allowing for the thermal
expansion of the tube.

The instrumentation :

The instrumentation on the loop provides temperature, pressure and flow rate
measurements at different points of the main circuits. Some of the results are used for
calculations of heat balances and verification tests, or to provide test parameters, the
mass flow rate in particular. Flow measurements are made on three separate circuit
branches according to their range.
For low flow rates (<0,18 kg/s), a transducer based on Coriolis effect, thus giving
directly the mass flow rate, is used.
For higher flow rates, transducers based on vortex effect, thus giving the volumetric
flow rate, are used.

The instrumentation of the test section is schematically represented in figure 1.
It is constituted of :

- 168 Chromel-Alumel thermocouples (0 = 0.3 mm), welded on the outside tube wall
(4 thermocouples in each section, on 42 sections),

- 11 thermocouples fixed in the connecting disks,
- 11 differential pressure transducers connected to pressure taps, yielding the pressure

drop along the tube.

Immediately upstream and downstream the test section, absolute pressure transducers
measure the inlet and outlet pressures, and 8 thermocouples (4 at each end), give the
inlet and outlet bulk fluid temperatures.

The heat flux is calculated from the electrical power, given from voltage drop and
current measurements.



4. EXPERIMENTAL PROCEDURE AND VERIFICATION TESTS

The experimental procedure described here concerns the acquisition of CHF data on
the vertical electrically heated tube ENEE.

All the CHF results presented in this paper have been obtained by increasing the
electrical power applied to the tube.

First, 3 values of the parameters : outlet pressure, inlet temperature and mass flow rate,
are entered. Then, the numerical control system sets up and regulates the flow at the
selected values.

A stability test is automatically made on these parameters, checking that their msan
shift over time and their fluctuations around this shift are below imposed values. When
the test results are positive, the parameters are steady and the increase of electrical
power is started. To do so, the initial value of the power and the increment are entered.

Accounting for the thermal inertia of the test section, we have tested the influence of
these two parameters so that we could consider the transient experimental procedure to
give results similar to those that would be obtained by a steady state procedure.

From these tests, we selected the following values :

- initial power equal to 90-95% of the expected critical heat flux,
- increment equal to 0,2 kW/min.

Since apparition of the boiling crisis has an effect on the wall temperature, due to
fluid/wall heat transfer reduction, two criterions have been chosen for its numerical and
automatic detection :

- the first one is based on the wall temperature gradient over time,
- the second one is based on the wall temperature absolute value.

For each criterion, a maximum value is fixed. When the power increase is started, the
thermocouples exceeding these maximum values are printed, along with the
corresponding electrical power. As soon as 3 wall temperatures exceed the maximum
given for the second criterion, a 10% cut down of power is activated.

f

This information is sufficient to locate the point of apparition of CHF and its value.

At the same time, during the complete power ramp, all the parameters are recorded at
the acquisition period (5 s per recorded parameter), and stored in a computer. In order
to get a CHF measurement as much accurate as possible, the operator has the the
possibility to look for the last record with the tube still wet (no excursion of wall
temperature occured), and for the first record with at least one wall temperature
indicating the tube is permanently dry at this location.

The CHF is defined as the mean value of the heat fluxes measured for these 2 records.



For each CHF point, a number of verification tests are made, among which :

- coherence of inlet and outlet pressures, of bulk fluid temperatures and of wall
temperatures in each section,

- comparison of outlet temperature with saturation temperature when two phase flow
occurs at the tube exit,

- heat balance for the tube in the case of subcooled boiling at the tube exit.

Heat balances for liquid phase flows are also systematically performed at the flow
rates concerned for the CHF campaign under investigation.

A few reference CHF points are also periodically made to check the repeatability of the
results.

According to the geometrical characteristics of the test section, the calibration
operations and the experimental procedure adopted for CHF measurement, the
following measurement errors on the parameters are estimated :

AP =±0,08 bar

=±2%forQ>0,18kg/s

= ±l%forQ<0,18kg/s

ATin =±0,8°C

AWeI1CHF
WeI, CHF -±1%

= ± 0,005 m

S. EXPERIMENTAL RESULTS

The first critical heat flux databank has been obtained for the maximum heating length

LH = 5,965 m

The ranges of parameters covered are :

Pout = 10,5 to 35 bar
G = 680 to 5440 kg/m2s
Xc = -0,25 to 0,8
$c = 20to250kW/m2

Raw data are presented in figure 3, where the total number of points (161) is plotted in
terms of CHF versus critical quality, calculated from heat balance on the tube. In
figure 4, the same data are shown for different levels of outlet pressure.
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The general parametric trends are in agreement with the results from the literature. In
particular, we notice the behaviour commonly observed that, at low vapor qualities,
CHF increases with increasing mass flux, though the tendency is reversed for higher
qualities. We also observe that for low mass fluxes (G = 980 kg/m^s), where only
high vapor qualities have been reached (Xc>0,5), CHF decreases with pressure. This
behaviour is less marked for higher mass fluxes, for which intermediate and low
qualities are reached.
For intermediate qualities (Xc>0,2), where we have enough points to deduce some
trend, CHF seems to slightly decrease or even stay at about the same level, when
pressure increases.

CHF versus critical vapor quality curves show a general agreement with the linear
evolurlon commonly admitted.

One way to qualify our experimental facility and procedure is to compare our
reference CHF databank with results obtained by a different laboratory, under similar
experimental conditions. In order to avoid the intervention of any scaling law or
correlation, we had selected data from the Atomic Energy of Canada Limited
Laboratory [6] for the following reasons :
- the working fluid is Freon 12,
- the tube diameter D = 12,6 mm is close to ENEE diameter.

Figure 5 shows the results of this comparison for two values of pressure and 4 values
of mass flux.

AECL data plotted here are obtained for 3 heating lengths : 2.44 m, 3.66 m and
4.88 m.
In our case, the heating length was maximum, equal to 5,965 m; so the vapor qualities
reached are higher. Though the common vapor quality region for both databanks is
limited, we can see that CHF points overlay quite well in this region. Next CHF points
to be obtained with a smaller heating length on ENEE will fall even better in the AECL
data quality range and will give further elements of comparison.

Correlations for Critical Heat Flux in round tubes have also been considered, either in-
Freon correlation (CISE [7]) or in-water correlations (BOWRING[S], BIASI[9],
BECKER[IO]) ; for the latter, we used AHMAD 's scaling law [11] to convert our
Freon CHF data into water CHF data.
Furthermore, in order to calculate only CHF points within the domain of application of
each correlation, we had to restrict our data bank.
The following table 1 recapitulates the comparison results, in terms of mean (R) and
RMS (OR) values of the calculated CHF to measured CHF ratio (R) ; this table also
indicates the ENEE restricted parameter ranges considered and the number of data
points tested.
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Correlation

CISE for Fréon -12

BOWRING

BIASI

BIASI
(expressed with
outlet quality)

BECKER

Restricted
Data bank
(ENEE)

P<25 bar
G<2700 kg/m2s
Xc>0

Complete
Databank

P<23 bar
GS4070 kg/m2s

P<23 bar
G<4070 kg/m2s

P<i5 bar
G<3000 kg/m2s
Xc>0

Number of points

84

161

84

84

52

<j)ccalc/<|>cmeas

0,978

0,859

1,016

0,997

1,242

RMS

4,53%

14,75%

11,88%

41,50%

33,94%

Table 1 : Comparison of ENEE CHF Data vith predicted values by
correlations.

These results are also presented in figures 6.a to 6.e.
Examination of both table 1 and figure 6 shows the following points :

i) The mean value and RMS of the ratio R are quite good for the in-Freon CISE
Correlation,
ii) For Bowring and Biasi correlations (figures 6.b and 6.c), a fairly good agreement is
observed.
Predicted values by Bowring correlation are globally lower than measured ones. A
closer examination shows that the lowest points are in the domain of the highest
pressures and lowest qualities.
For Biasi correlation, fvo groups of points appear, one group of slightly overpredicted
values ( heat fluxes < 60 kW/m2 ), and another group of underpredicted values ( heat
fluxes > 60 kW/m2 ). Most of underpredicted values correspond to high pressure,
high mass flux and low quality regions.

These correlations are written in terms of inlet vapor quality, i.e :
<t>c = f(Pout,G,Xin)D,LH)

If we want to write <|>c as a function of the local critical quality, we have to use the heat
balance :

.GDhig
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We thus obtain the CHF correlation expressed as follows :

<!>c = g(Pout,G,Xc,D)

It is interesting to compare the results calculated from each form of the same
correlation. We have done the operation for Biasi, Bowring and CISE correlations.
Figure 6.d shows the results for Biasi correlation. The dispersion, characterized by the
RMS value, is much higher when the correlation is used with the critical quality.
Results are even worse for Bowring and CISE correlations, as they give negative
calculated CHF for some points.

iii) Since dispersion is emphasized when using outlet quality, it is easier to discriminate
the different correlations tested with a formulation using this parameter.
That is why we tested Becker's correlation which presents the advantage to be directly
formulated with critical quality, even if the application domain leads us to consequently
reduce our CHF data bank for the comparison.
Results are shown in figure 6.e.
They are similar to those obtained \» h Biasi correlation expressed with critical quality.
Dispersion is lower, due to the small1., t umber of points used.

As a conclusion from results given by the different CHF correlationi tested,
comparison with our data shows a fairly good agreement, at least for low and
intermediate pressures and mass fluxes, where most of the correlations are applicable.

As a first step towards physical modelling of the boiling crisis phenomenon.we also
started to test our CHF data against results given by theoretical models found in the
literature. Weisman & Pei [1] proposed the first model of this kind for boiling crisis,
in which the flow is separated in 2 regions : the bubbly layer and the core region.
Turbulent exchange between these two regions is considered as the limiting mechanism
leading to CHF. Void fraction in the bubble layer is assumed equal to 0.82 when CHF
occurs.

Since this model concerns low quality boiling crisis, we first restricted cur databank to
qualities smaller than 0.3.
Results are shown in figure 7. We can see that the mean value of the ratio R is very
close to 1, and that the RMS is equal to 30% (see figure 7.a).

Figure 7.b. shows the ratio R versus the cross section average void fraction calculated
in the Weisman & Pei model, from Lahey-Moody model [12]. The worse predictions
are given for points where the void fraction is of the magnitude of 0.6. This is coherent
with the recommendation of the authors to use the first version of their model for void
fractions less than 0.6 (an extension of the model up to void fractions of 0.8 has later
been developed [13]).
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6. CONCLUSION

A reference CHF databank has been obtained on the first mock-up tested within the
APHRODITE experimental program, aiming at a better understanding of the boiling
crisis phenomenon. This test section is an electrically heated tube, the working fluid is
Freon 12. The first results have been compared with other CHF data for Freon, and
tested against CHF calculated from several correlations (either in-Freon or in-water
correlations).
A very good agreement is obtained for the in-Freon CISE correlation. For other
correlations, fairly good agreement is observed, therefore taking part to the qualification
of the experimental facility and procedure developed.
Further CHF data will be collected for several heating length.

As a first approach to physical modelling, the theoretical Weisman & Pei model has
also been tested, showing encouraging results.
On this first mock-up, some local measurements will be also performed, and will help
to identify and quantify mechanisms of the boiling crisis. The second mock-up, a tube
bundle one, will be much more useful for this objective though; it will be tested by the
end of 1993.

NOTATIONS

D tube diameter (mm)
G mass flux (kg/m^s)
hig latent heat of vaporization (kJ/kg)
LH heating length (m)
POUI outlet pressure (bar)
Q flow rate (kg/s)
Tin inlet temperature (0C)
Wel,CHF electrical power at CHF (kW)
Xc critical quality
Xin inlet quality
ZCHF CHF location (m)
oc void fraction
<t>c critical heat flux
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Figure 5 : Comparison of the two Freon CHF databanks
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Figure 6 : CHF correlations tests

6. a : CISE correlation for Freon -12
6 . b : Bowring correlation ( inlet quality )
6. c : Bias! correlation ( inlet quality )
6 . d : Biasi correlation ( critical quality )
6 . e : Becker correlation ( critical quality )
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Figure 7 : Test of Weisman and Pel's model on ENEE CHF databank
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