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In the thermal hydraulic experiments to determin parameters of heat transfer where fuel rod simulators are heated by electric
current, the preservation of the simulators is essential when the heat flux goes to the critical point. One of the most important
limits in the design of cooling water reactors is the condition in which the heat transfer coefficient by boiling in the core deteriorates
itself. The heat flux just before deterioration is denominated critical heat flux (CHF). At this time, the small increase in heat flux
or in the refrigerant inlet temperature at the core, or the small decrease in the inlet flux of cooling, results in changes in the heat
transfer mechanism.This causes increases in the surface temperature of the fuel elements causing failures at the fuel (burnout).This
paper describes the experiments conducted to detect critical heat flux in nuclear fuel element simulators carried out in the thermal-
hydraulic laboratory of Nuclear Technology Development Centre (CDTN). It is concluded that the use of displacement transducer
is the most efficient technique for detecting critical heat flux in nuclear simulators heated by electric current in open pool.

1. Introduction

One of the most important limits in the design of the water-
cooled nuclear reactors is the condition in which the heat
transfer coefficient for boiling in the core deteriorates. The
critical heat flux (CHF) is the heat flux at which a boiling
crisis occurs that causes abrupt rise of the fuel rod surface
temperature and, subsequently, a failure of the cladding
material [1]. Design of a water-cooled reactor requires a
sufficient safety margin with regard to the critical heat flux.
The importance of CHF in nuclear engineering has led to
intensive investigations worldwide over several years.

Experiments show that near the CHF time of occurrence,
a small increase of the heat flux or in the inlet temperature
of the core coolant or a small decrease in the inlet flux of the
coolant results in a change in the heat mechanism transfer,
causing an abrupt increase of the temperature in the surface
of the fuel rods, causing the cladding burnout. The boiling
crisis that causes the critical flux is usually classified into two
types as described later.

The drydout that happens when the thickness of the layer
of water drops to zero, usually happens in areas of high steam
quality and low heat flux.

The departure from nucleate boiling (DNB) happens in
the area of low steam quality when there is nucleus formation
of bubbles. This results in a departure from nucleate boiling
(DNB) inwhich steambubbles no longer break away from the
solid surface of the channel, bubbles dominate the channel
or surface, and the heat flux dramatically decreases. Vapor
essentially insulates the bulk liquid from the hot surface.

Figure 1 shows a typical boiling curve for saturated pool
boiling of water at atmospheric pressure for a temperature-
controlled environment (generally called the Nukiyama
curve) [2].

One of the rules used in the reactor projects specifies that
the heat flux, in continuous operation, should not exceed a
determined fraction of the critical flux.This value is specified
to maintain the temperature of the fuel elements cladding
in safety levels. Therefore, experiments and studies for the
development of precise correlation on heat critical flux in
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Figure 1: Typical pool boiling curve for water under atmospheric
pressure [2].

rod element assemblies give economy and safety in the
construction and operation of the nuclear reactors.

Thermal hydraulic experiments are conducted to qualify
the model calculations related to the phenomenon that hap-
pens in the system, which tries to reproduce at the maxi-
mumdexistent conditions in the core. From all these tests, the
critical heat flux determination is maybe the most important,
because it determines the operation limit of the fuel rods and
other components.

2. Detection of the Critical Heat Flux

In the thermal hydraulic experiments of heat transfer, where
rods electrically heated are used for simulation of the nuclear
fuels, the fast shutdown of the power supply is essential to
the preservation of the simulators, when the critical heat
flux is reached. Mainly in the tests whose purpose is the
determination of this parameter, the detection through a fast
and safe way facilitates plenty the tests, because the same rod
or a set of rods can be used several times.

When the critical flux is reached, there is an abrupt
increase of the wall temperature.This temperature increase is
used directly for the detection of this phenomenon, or then,
indirectly using the effects caused by temperature increase in
the physical properties of the tube. Four methods that can be
used for the detection will be described below.

2.1. TemperatureMeasuring. Critical heat flux can be detected
by significant change in output of a thermocouple attached
to the tube wall near the outlet. Usually, the thermocouple is
electrically insulated from the tube using thin mica sheet and
thermally insulated from the environment with glass wool.
Sometimes, two thermocouples are used and positioned
diametrically at the same axial location. Other times, the
thermocouple is soldered to a small copper plate which is
spring loaded against the tubewall near the outlet [3]. In some
tests, several thermocouples are welded along the wall of the
tube near the outlet, and they make the monitoring of the
temperature. When one abrupt increase of the temperature

in some thermocouple happens, the power supply is turned
off [4]. This method has several inconveniences:

(i) the speed of the detection depends on the thermo-
couple proximity of the point where the “burn-out”
happens;

(ii) the own thermocouple, depending of its diameter and
positioning, can work as a heat sink, contributing to
the “burn-out” that happens distantly from it;

(iii) the thermocouple, mainly that of small diameter, is
subject to noises originating from the electrical power
supply, needing use of filters;

(iv) difficulties in the thermocouples placement in the
wall of the tube;

(v) inertia in the thermocouples answer.

2.2. Electric Resistance Measuring. In the place where the
burnout happens, there is also an abrupt increase of the elec-
trical resistance. Electric resistance detectors typically con-
sisted of wires attached to the test section at the inlet and
outlet electrodes and a wire attached to the tube near the
outlet. The electrical resistance of the downstream section
(between the two downstream wires) is compared with that
of the upstream section in a Wheatstone bridge circuit. On
inception of CHF, a sudden rise in wall temperature occurs
causing the previously balanced bridge to become unbal-
anced and, consequently, disengaging the power supply [3].

The departure from nuclear boiling was attained by
smooth increase of the heated pipe power at the constant
coolant flow rate and was recorded by a special detector oper-
ating on the principle of a balanced bridge [5].

This method is quite efficient and independent of the
place where the critical flux happens. There are some disad-
vantages:

(i) it is subject to the noises caused by the magnetic field
of the electric current in the rod;

(ii) the sensibility is small when the rod is short (less than
600mm);

(iii) when the power supply is turned on, this method is
not very practical, with the accomplishment of the
unbalance of the bridge.

2.3. Visual Observation. In the placewhere theCHFhappens,
can be identified by the appearance of an incandescent spot
on the tube wall near the outlet. So the observer is able to turn
off the power supply. This detection method is only possible
when visual access of the cooling channel is feasible, it is also
not very reliable.

2.4. Monitoring of the Linear Expansion. The increase of the
temperature causes the dilatation of the rod. It can be shown
that when the critical flux occurs, the abrupt increase of the
temperature also causes an abrupt dilation [6]. By the use of a
sensor displacement coupled in the rod, it is possible to switch
off the power supply quickly, avoiding its destruction. This
detection method is presented in this paper.
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3. Materials and Methods

3.1. Experimental Assembly. To check the efficiency of the
dilation detection system a device test was set up as schemat-
ically shown at Figure 2. The device consists of an opened
tank in stainless steel with external diameter of 60.33mm,
wall of 2.77mm and length of 790mm. The simulator rod is
positioned and fixed in the down extremity of the vase and
electrically isolated of this.

The rod has its superior extremity free and can expand
freely. In this extremity the bobbin core of the displacement
transducer is fixed, being the coil fixed in the vase. The
transducer used at the experiment and shown at Figure 3 is
one of the magnetic types, and its operation will be described
in the following item [7].

There were built three fuel rod simulators comprised of
stainless steel tubes, with external diameter of 10.75mm and
internal diameter of 9.75mm. The lengths were, respectively,
600mm (Rod 1), 560mm (Rod 2), and 490mm (Rod 3).
Along the wall of the rods several thermocouples type K
were soldered, some being with stainless steel shielding of
1.5mmand somewithout shielding (uncoated) with diameter
of 0.2mm. Figure 4 shows the disposition of the thermo-
couples in the three used rods and the approximate place
where rupture of the rod during the tests had existed.The rods
just differed in the number and length of thermocouples.

The heating of the rod was made by Joule effect using the
ownwall of the tube as a resistor.The power supply is a 16 kW
DC rectifier with continuous voltage adjustment. A data
acquisition system monitors and records the test conditions
and provides automatic power shutdown.

The vase was filled with demineralized water in contact
with the atmosphere (open pool). After each test, the water
level was completed to compensate the evaporation caused by
the heating.

3.2. Displacement Transducer. The displacement sensor con-
sists of a transformer and a core which when moved linearly
along the coil axis causes a change in output voltage that is
proportional to the movement. It was used a displacement
transducer, model 24DCDT-050, manufactured by Hewlett
Packard (Figure 3) [7].

The assembly consists of a differential transformer coil, a
direct current (DC) excited solid-state oscillator, and phase-
sensitive demodulator in one package.The oscillator converts
the DC input to AC (alternating current) which is used to
excite the primary winding. The axial core position deter-
mines the amount of voltage induced in the secondary
windings. Each of the two secondary circuits contains a sec-
ondary winding, a full-wave bridge, and an RC filter. These
secondary circuits are connected in series opposition so that
the resultant output is a DC voltage proportional to the core
displacement from electrical center. The polarity of the
voltage is a function of the location of the core with respect
to electrical center. The electrical center is the position of the
core relative to the coil when the output is zero and is locat-
ed approximately one half along the coil length. A sim-
plified functional diagram is shown in Figure 5.

60.3 mm

Assembly

79
0 m
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Junction
(copper)

Junction
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Water
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Coil
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Displacement transducer

Figure 2: Experimental assembly.

24 mm

Figure 3: Displacement transducer [7].

The input voltage is 24 volt DC, and the ratio of output
electric/displacement is 4.17 V/mm.The resolution capability
of the transducer is theoretically infinite but in practice is
limited by themeasuring instrument connected at the output.

4. Results and Discussion

4.1. Heating by Joule Effect. The purpose of the tests was to
compare the response of the displacement transducer with
the response of the thermocouples at the time of critical flow.
For this, the level of power dissipated in the rod simulator in
certain value was adjusted and records provided by the ther-
mocouples and displacement transducers were observed.The
critical heat flux is characterized by the abrupt increase of the
records. As there were no records of the sharp rise, the power
level was increased.

When it is too close to the critical flux time, shown
by the sudden increase of a recording, the power supply is
automatically turned off. In some tests, the power supply was
not shut down to cause the occurrence of rupture of the rod
intended to observe the behavior of records.

Table 1 shows a sampling of collected data from some
tests. The temperature indicated in the table refers to the
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temperature provided by the thermocouple T1. The different
values of the maximum temperature are probably due to the
detection delay of the critical flux by the thermocouple.

In the first test, carried out with a Rod 1, just the trans-
ducer was able to detect the critical heat flux. The power was
not turned off to see if the thermocouple would be able to
detect the flow, and there was rupture of the rod.

When the rod was exchanged, it was observed that the
rupture happened about 20mm of the superior extremity.
The closest thermocouple was located about 40mm distant
from this point. It was concluded that due to the distance, the
thermocouple did not detect the burnout.

In Rod 2, the thermocouples were concentrated on the
upper part where there is a great probability of occurrence
of the critical flow. In all tests, the transducer detected the

appearance of the critical flux, and the power supply was
turned off. Test 2 was one of the few tests that the thermo-
couple could detect the burnout being detected 11 s after the
transducer detection. Figure 6 shows the evolution of the wall
temperature and the output signal of the transducer during
Test 2.

In Test 4, after the detection of the critical flux by the
transducer, purposely did not turn off the power, leaving the
rod to burn. Again the thermocouple detects the occurrence
of the burnout. When the rod was exchanged, it is observed
that the rupture happened approximately about 15mm of the
upper end and 17mm of the closest thermocouple.

In Rod 3, another thermocouple was increased concen-
trating them on the superior part. It took place ten tests with
this rod, and in just only one of them (Test 14), one of the
thermocouples detected the critical flux.

Figure 7 shows Test 14.The time delay between the detec-
tion using the displacement transducer and thermocouple T1
was 22 s. Rupture of the fuel rod in this test has occurred.

4.2. Heating with a Torch Flame. An experience was realized
where the abrupt increase of the temperature was provoked
by flame of a torch from oxyacetylene welding equipment.
This experiment was conducted to have an idea on the accu-
racy of detection by the displacement transducer and also to
know the answer in the thermocouple detection as a function
of burnout occurrence.

Rod 3 was removed from the test vase and fixed on the
downdside in the vertical position. In this ways the upper
end could dilate freely and act on the coil of the displacement
transducer.The flame of the torchwas set to themost possible
punctual, and the rod was heated at some points at different
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Table 1: Experimental results.

Test Rod Power
[W]

Heat flux
[W/cm2

]

Time
[s]

Temperature
(maximum)
[
∘C]

Rod dilation
[mm]

Thermocouple delay
[s]

2 2

0 0.0 0 52 0.05
966 5.1 86 76 0.06
3093 16.4 131 92 0.07
4656 24.6 167 103 0.07
8286 43.8 215 103 0.08
10101 53.0∗ 242 103 0.70
0 0 253 250 0.20 11

3 2

0 0.0 0 65
1019 5.4 178 100
4042 21.4 214 100
6180 32.7 228 100
7713 40.8 233 100
9049 47.8 239 100
10626 56.2∗ 257 100
0 0.0 310 100 54

4 2

0.0 0 0 74
9.0 36 36 76
23.0 90 90 102
33.2 122 122 102
48.2 142 142 102
57.0∗ 150 150 102
0.0 — — 102 Not detected

13 3

0 0.0 0 53
1717 10.4 45 59
3647 22.0 138 96
6397 38.7 159 99
9270 56.0 169 99
13869 83.8∗ 184 100
0 0.0 — 100 Not detected

14 3

0 0.0 0 20 0.4
4558 27.5 135 96 1.0
5622 34.0 173 107 0.8
12050 72.8 205 110 0.7
14440 87.3∗ 211 210 1.3
0 0.0 232 185 0.2 22

∗

Departure from nucleate boiling.

times. The signals from the displacement transducer and
thermocouple weremonitored using the videomonitor of the
data acquisition system.

When the place became red, the flame was put out and it
could be observed that the transducer immediately signaled
the beginning of burnup. It was found that these indica-
tions are simultaneous, considering the means of observa-
tion (visual and video monitor). Moreover, the response of

the thermocouple varied according to the heating location,
showing that for distances greater than 50mm, the thermo-
couple hardly could detect the temperature increase.

Figure 8 shows the graphics that indicate the delay time
in the thermocouple indication and its relationship with the
answer of the transducer, in function of the distance of the
red spot produced by the flame. The thermocouple was used
without shielding, where the inertia is smaller. The graphic
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shows that there was a great dispersion in the time of answer
of the thermocouple.

5. Conclusions

In outreactor heat transfer experiments, electrically heated
rods often simulate fuel elements. In order to prevent the
heating rod from being damaged by burnout, when the
critical heat flux occurs, a safety system is provided which
checks the axial thermal expansion of the rod. In case of a
sudden temperature increase, the corresponding elongation
causes a fast interruption of the electrical power supply.

The experiments showed that the use of the displacement
transducer is themost efficient technique to detect the critical
flux in simulators rods with direct heating in open pool.
The dilatation method of CHF detection preserved the test
section and allowed multiple tests to be conducted with a
single test section. The experiments presented here indicate
that this method is more effective than the one that uses
thermocouples. In this process, unlike the thermocouples
uses, the detection does not depend on the place where the
critical heat flux happens. In spite of no having compared it
with themethod ofWheatstone bridge (change of the electric
resistance), it can be affirmed that it is at least practical,
because it does not need previous adjustments (balancing).
The following experiment will measure the critical heat flux
and make a comparison with the theoretical values.
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