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Abstract

The prediction of critical heat flux (CHF) in rod bundles of light water reactors is basically
performed with the aid of empirical correlations derived from experimental data. Many CHF
correlations have been proposed and are widely used in the analysis of the thermal margin during
normal operation, transient, and accident conditions. Correlations found in the open literature are not
sufficiently verified for the thermal-hydraulic conditions that appear in the CAREM core under normal
operation: high pressure, low flow, and low qualities. To compensate this deficiency, an experimental
investigation on CHF in such thermal-hydraulic conditions is being carried out. The experiments have
been performed in the Institute of Physics and Power Engineering of Russian Federation. A short
description of facilities, details of the experimental program and some trends in the preliminary results
obtained are presented in this work.

1. INTRODUCTION

The CAREM nuclear power plant design [1] is based on a light water reactor,
selfpressurized, using several once-through steam generators. The mass flow of the coolant on
the primary circuit is achieved by natural circulation. The primary system concept is of the
integrated type, where the core, steam generators, and the steam dome are allocated inside the
pressure vessel. The fuel element design for CAREM core is of the hexagonal type. The
thermal-hydraulic parameters of the core in normal operation are:

Pressure 12.25 MPa
Mass Flux 540 kg/m2/seg
Inlet Temperature 284 C
Outlet Temperature 326 C

Considering the concept of the reactor, one of the main points to be studied is the core
behaviour and its thermal margin to critical phenomenon like the critical heat flux, under
normal operation and transients. Typically, in PWR and BWR type reactors the prediction of
CHF is made through correlations, developed "ad hoc" for the geometry of the fuel element
and for a narrow range of thermal hydraulic conditions. Taking into account that the mass flow
rate in the core of the CAREM reactor is rather low than typical light water reactors, due to
the natural circulation cooling, most of these correlations must be verified in that range before
used. Unfortunately, not many experimental data are available in that range to carry out the
verification.

To compensate this deficiency, an experimental investigation on CBF for the particular
thermalhydraulic conditions and fuel element geometry of CAREM reactor is being carried
out. The main goal of the experimental program is to generate a substantial database to develop
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a prediction methodology for CHF that would be applicable to the CAREM core, covering a
wide range of thermal-hydraulic parameters around the point of normal operation, i.e.:

Pressure 10-13 MPa
Mass Flux 200-700 kg/m2/seg
Quality -0.15 to 0.15

In order to minimize the cost of the program, most of the tests were performed using
Freon as coolant in a low-pressure thermal-hydraulic facility. These results are extrapolated to
water conditions through scaling models. A small quantity of tests in a narrow range was
performed using water as coolant in a high-pressure loop facility to verify the scaling model of
extrapolation.

The experiments were performed in the thermal-hydraulic facilities of the Institute of
Physics and Power Engineering of Russian Federation.

In the present paper a description of the Freon and Water facilities are presented, some
details on the design of the experimental program and trends in the preliminary evaluation of
the results are also presented.

2. FACILITY DESCRIPTIONS

2.1. Freon test facility-STF

The STF (Freon Thermal-physical Facility "STEND" in Russian) is a loop that involves
the following elements: two canned pumps, a preheater, two test channels, six heat exchangers
(coolers), an air separator and two Freon tanks. Figure 1 shows a diagram of the facility. The
piping, like all other elements of primary circuit, is made of stainless steel tubes of an internal
diameter of 50 mm. The designed pressure of the facility is 5.0 MPa.

The pumps can operate either in parallel, in series or independently one from each
other. The flow rate is 20 mVhr each, and the pressure head is of 1.0 MPa. The pumps also
provide a sufficiently high head (0.8 MPa) even with a flow of up to 30 m3/hr.

The preheater is manufactured as an electrically heated tube. Its electrical power is 160
kW and in case this power is not enough, hot water from an external circuit is supplied to the
secondary side in two heat exchangers. Alternately, if lower temperatures are required, cool
water is supplied.

Two places for different test channels are available: one of the channels can be under
preparation for testing, whereas the second one is used in tests. The maximum height of test
channels is approximately 8 m.

Freon tanks are placed below the level of the test loop and test channel, providing the
coolant discharge at the pre-testing stage. These reservoirs are also used as steam pressurizers
during the tests, where electrical heaters are located. They are also provided with an exterior
annular chamber where hot or cold water can be supplied. The electrical heaters are mainly
used to keep the pressure in the loop at the prescribed level, while the hot or cold water fed to
the annular chamber provides fast filling of the loop either with coolant or its discharge. The
capacity of each reservoir is 0.25 m3.
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1. Test section
2. Auxiliary heat exchanger
3. Economizer
4. Main heat exchangers
5. Pumps
6: Preheater
7. Degassing system
8. Loop refill control
9. Freon storage tanks.

FIG. 1. Scheme of STF Facility.

The power supply of the test channel is provided by a direct current generator of an
electric capacity of 540 kW (equivalent to 8 MW for water) driven by a synchronically motor.
The power can be changed smoothly from zero to the maximum value (0-6000 A, 0-90V).

To measure the most important parameters of the tests (inlet and outlet temperatures,
flow rate, pressure, pressure drop, etc.) two independent devices are used. Usually, the
number of measurements used in experiments of critical heat flux, in bundles with 19-25 rods,
is approximately 120 to 150. Among them 50-100 are for temperature of rods, and several
dozens for electric power, coolant temperatures, pressure and pressure drop measurements.
The sampling time of all 150 measurements is about 0.1 sec.

A summary of the main parameters of this facility is presented in the Table I.

2.2. Water test facility W-200

The W-200 facility (Water, 200 bar of pressure) consists of several loops for different
purposes (different pressures, different flow rate). In Figure 2 a diagram of the facility is
presented. The main loop includes the following elements: main pumps, two high pressure
injections pumps, a preheater, two boxes for test channels, twelve heat exchangers (coolers)
and three pressurizers. The piping and all other elements of the primary circuit are made of
stainless steel. The tube's diameter of main loop is 50 mm. Maximum height of test section is
l l m .
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This facility includes several auxiliary systems: high-pressure nitrogen system (for
pressurization and for pressure equalization in test section to prevent deformation of heated
elements) distilled water supply, electrical power supply and data acquisition system.

TABLE I. MAIN PARAMETERS OF STF FACILITY

Pressure
Coolant temperature
Maximum Flow rate
Pump pressure head
Test section power
Test section height
Data acquisition system

UP to 5.0 MPa (25.0 MPa for water)
Up to 120 C .
40 mVhr
2.0 MPa (Max.)
540 MW. DC current (8 MW for water)
Up to 8 m
150 channel. 1.5 Hz

1. Test section

2. Economizers

3. Heat exchangers

4. Canned pumps

5. Pressurizers

6. Preheater

7. High pressure feed pump

8. Distiller

FIG. 2. Scheme of W-200 Facility.

An alternate current from two induction regulators in high voltage level and 20
transformers in low voltage circuit provides the power supply of the test channels. The
maximum power is 2 MW.

The preheater is manufactured as electrically heated tubes. Its electrical power is 500 kW.

Two main rotor canned high-pressure (250 bar) pumps can provide 10 mVhr.each, and
a pressure head of 2.0 MPa. The low-pressure pump (10 bar) provides up to 15 m3/hr.

The W-200 facility is used to study CHF in high and low-pressure regions, hydraulics
water hammer phenomenon and heat transfer under accident condition.
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A summary of the main parameters of the water is presented in Table II.

TABLE II. MAIN PARAMETERS OF W-200 FACILITY

Pressure Up to 20 MPa
Coolant temperature Up to 370 C
Maximum Flow rate 30 mVhr
Pumps pressure head - 2 MPa (max.)
Test section power 2 MWatt (max.)
Test section height UP to 11 m
Data acquisition system 150 channel 1.5 kHz

3. TEST SECTION DESCRIPTION

The test section consists of a bundle of nineteen rods located in a test channel having
hexagonal cross section. The same test channel is used in both facilities. Details of the test
channel are presented in Figure 3.

Indirectly electrically heated rods simulators were used in the bundle in the Freon
facility while direct electrically heated rods were used for the water facility. These simulators
were designed to produce uniform axial heat flux. To detect the CHF occurrence, more than 70
thermocouples were located inside the cladding of simulators at the end of the bundle.

4. DETAILS OF THE EXPERIMENTAL PROGRAM

The main goal of all CHF tests is to obtain the critical phenomena reproducing the same
thermal-hydraulic conditions that will occur in every core region. It implies to relate the CHF
value obtained under local parameters, in an axial position of a test section to the heat flux in
the same position of a real fuel assembly located in the core. Some characteristics of the fuel
assembly seem to influence the value of the CHF and must be studied: the presence of unheated
rods in the fuel bundle, the non-uniformity in the heat flux and the grid spacers. Beside, there
is a fact that in pressurized reactors the quality is negative in the high heat fluxes region, so
CHF values for subcooled liquid are necessary.

The best way to analyze the influence of such characteristics is to carry out experiments
studying the separate effect of each using a case as reference. The reference case was a test
section with 19 rods, with uniform axial and radial heating, using the geometry characteristic
of the CAREM fuel assembly, 9-mm rod diameter, 13.8 mm of pitch and 1.4 m of heated
length.

Considering that for qualities below 0.15 the local condition hypothesis is valid, it is
not necessary to study the influence of non-uniformity in the axial heat flux.

On the other hand, in case of radial non-uniform heat flux, the mixing efficiency
between subchannels must be studied. To cover this effect, tests using a bundle with 19 heated
rods, where the seven central rods have 15% of power higher than the bundle average, were
performed.
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To cover the effect of non-heated rods in the CHF, tests using a bundle with 17 heated
rods and 2 unheated rods were performed.

A rhomboidal cell grid spacer type was used in all of these tests. The study of the
influence of grid spacers over the CHF was not included in this stage of the program.

FIG. 3. Test Channel with the 19 Rod Bundle Simulator.
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In order to verify the range of outlet qualities that can be obtained with the reference
test section under different conditions, preliminary theoretical analyses were performed.

Estimations using typical correlations like EPRI [2], for a heated length of 1.4 m,
nominal flow rate and pressure of the CAREM core, show that even under the lowest inlet
temperature that can be possibly reached in the loop, the CHF phenomena appears near to the
region of positive qualities. It means the requirements to reach negative qualities is not
achieved with a test section of only one length. Table III shows these results.

TABLE HI. ESTIMATION OF CHF USING A HEATED LENGTH 1.4 m

p

MPa

12.25

12.25

12.25

12.25

12.25

G

Kg/m2/s

540

540

540

540

540

T

C

40

140

240

284

300

PowEPRI

kW

77.6

63.1

47.6

40.1

37.0

XEPRI

-0.031

0.119

0.280

0.358

0.391

P- pressure; G-mass flow rate; T-inlet temperature; Pow-power per rod, X-equilibrium mass quality at CHF point

As can be seen, in order to obtain the data in subcooled region X = -0.15 - 0.0 it is
necessary to reach CHF phenomena in shorter lengths. The simplest way was to use the shorter
rod bundle. Preliminary calculations showed that to get CHF with negative qualities using
lower inlet temperatures as 50 - 100 C in water, it was necessary to decrease the heated length
of the bundle to 0.7 - 1.0 m.

Considering the use of Freon as a coolant, the length of the test section was reduced to
0.5 m, because the minimum lower inlet temperature in the loop that can be reached in normal
condition is 25 C, corresponding to 200 C for water. The results of this preliminary estimation
are presented in Table IV.

As result of these considerations and analysis, the experimental program was planned.
A summary of the performed tests is given in the following sections.

TABLE IV. ESTIMATION OF CHF USING A HEATED LENGTH 0.5m

p

MPa

12.25

12.25

12.25

12.25

12.25

G

Kg/m2/s

540

540

540

540

540

T

C

40

140

240

284

300

PowEPRI

kW

43.9

35.8

27.0

22.8

21.0

XEPRI

-0.50

-0.27

-0.01

0.11

0.16

P- pressure; G-mass flow rate; T-inlet temperature; Pow-power per rod, X-equiiibrium mass quality at CHF point
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4.1. CHF EXPERIMENTS IN FREON TEST FACILITY

The major part of the tests has been carried out in this facility. Freon facility was used
within the range of operating parameters meeting the same thermal-hydraulic parameters for
CAREM core in water, that is:

Pressure 1.6 -2.2 MPa
Mass Flux 170 - 600 kg/m2/s
Inlet Temp. 19 - 57 C

An appropriate distribution of the experimental points was adopted to obtain a
correlation covering the range previously specified.

Four bundle configurations have been tested in this facility:

Bundle Configuration No. 1

Tests using a bundle with 19 heated rods, heating length of 1.4 m, uniform radial
power distribution and the same quantity, and axial position of grid spacers used in the full
scale CAREM fuel element, were performed.

More than 100 CHF points, under different conditions within the range of operating
parameters meeting the required thermal-hydraulic parameters for CAREM core in water, were
obtained.

Bundle Configuration No. 2

Tests using a bundle similar to bundle No. 1, but with non-uniform radial power
distribution to study the mixing effect were performed.

More than 25 CHF points, under different conditions within a reduced range of
operating parameters meeting the required thermal-hydraulic parameters for CAREM core in
water, were obtained.

Bundle Configuration No. 3

Tests using a bundle with 17 heated rods and 2 unheated rods, heated length of 1.4 m,
uniform radial power distribution and the same quantity, type and axial position of grid spacers
used in the full-scale CAREM fuel element were performed to study the effect of unheated rods
on CHF.

More than 40 CHF points, under different conditions in a reduced range of operating
parameters meeting the required thermal-hydraulic parameters for CAREM core in water, were
obtained.

Bundle Configuration No. 4

Tests using a bundle with 19 heated rods, heating length of 0.5 m, uniform power
distribution and the same type of grid spacer used in the full-scale CAREM fuel element were
made to obtain critical heat flux condition with negative local thermodynamic qualities.
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More than 100 CHF points under different conditions within the range of operating
parameters meeting the required thermal-hydraulic parameters for CAREM core in water were
obtained during these tests.

4.2. CHF EXPERIMENTS PERFORMED IN WATER TEST FACILITY

The purpose is to verify the methodology of modeling the conversion factors from
Freon conditions to water conditions. The investigations were performed using the bundle
configuration No.l previously used in the Freon facility but using directly heated rods due to
the high powers involved.

The tests were carried out within a limited range of thermal-hydraulic parameters using
water with pressures up to 13 MPa. More than 25 different points were obtained in these tests.

5. EXPERIMENTAL RESULTS AND DISCUSSION

In this section an evaluation of preliminary results obtained in the Freon loop with
bundle No. 1 for the range of positives outlet qualities is presented. Such evaluation is made
using a one-dimensional model to obtain the local thermal-hydraulic parameters and two typical
methods to predict the CHF: EPRI correlation and CHF Look-up Table [3].

EPRI correlation was derived under the hypothesis of constant inlet condition and uses
the "Critical Power Ratio" (CPR) as the figure of merit to predict the power at the CHF point
[4]. The Look up table is a methodology that uses as figure of merit the "Departure to nucleate
boiling ratio" to predict the CHF. So no direct comparison could be made between them.

Using the method presented in [5] it is possible to use the Look up Table to obtain the
"critical power ratio".

In Figure 4, a histogram showing the capability of prediction of EPRI correlation is
showed. As can be seen the mean value is a little greater than unity but the standard deviation
is acceptably low (approximately less than 10 %)

o

<
O
t -
LJL

o
35

0.6 0.7 0.8 0.1 10 \ \ 1 Z 1.3
POWER PREDICTED/POWER MEASURED

FIG. 4. EPRI Correlation Prediction.

1.4
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In Figure 5 the same evaluation using the Look up table to get the CPR value is
showed. In this case the correction factors used were developed especially for the geometry of
a CAREM fuel element and adjusted with experimental data from VVER CHF experiments [6].
The result shows a mean value close to the unit and a standard deviation smaller than EPRI
correlation.

CPR - AECL Lookup Table

t -
z
o
a.

U.

o

2 0 -

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

POWER PREDICTED/POWER MEASURED

FIG. 5. AECL Look Up Table Correlation using CPR Figure.

Figure 6 shows the prediction of the Look-up table using the figure of DNBR. As can
be seen, the mean value is very near to the unit and the standard deviation has an acceptable
value according to the figure of DNBR.

DNBR - Look Up Table

o
Q.

<
o
u.
o

0.6 0.8 1.0 1.2 1.4
HEAT FLUX PREDICTED/HEAT FLUX MEASURED

FIG. 6. AECL Look Up Table Correlation Using DNBR Figure.
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6. CONCLUSIONS

The experimental program developed to build a database to study the CHF phenomena
in the thermal-hydraulic range foreseen in the CAREM core has been presented. Tests at high-
pressure, low flows and low qualities, where experimental data are scarce or non-existent have
been performed. More than 250 experimental points under different conditions in the Freon
loop and more than 25 point in the water loop were obtained in this program.

Different types of test sections were assembled to simulate different geometric regions
in the fuel element as well as radial uniform and non-uniform power generations were tested to
study the mixing effect in the bundle. Besides this, and to obtain CHF data under average
subcooled conditions, a bundle with 35 % of the full length of fuel element was tested.

The preliminary results from Freon loop show that correlations like EPRI present a
good agreement, but the mean value is greater than the unity. The Look up Table, with
adequate correction factors, shows better prediction and a mean value close to the unity. These
results are being verified with the results obtained in the water loop in order to check the
scaling model applies.

In the future, additional tests will be carried out to study the influence of different grid
spacer designs and the distance between them and the CHF point.
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