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ABSTRACT

Forced convective boiling is of great interest for several applications in the power and process
industry, particularly in nuclear plants. Under certain nominal, incidental or accidental conditions,
boiling crisis (considering Departure from Nucleate Boiling as well as Dry-Out) may lead to
mechanical damage of the heated surface. An accurate prediction of the conditions leading to the
occurrence of this phenomenon is then essential. It is believed that such an objective cannot be
reached unless a good and accurate description of the associated two-phase flow is provided. In our
work, we propose to use thermal anemometry for measuring the void fraction, the liquid
temperature and liquid velocity for high pressure and high temperature Freon R134A boiling flow.
Experiments have been conducted in a circular tube whose inner diameter and length are 19.2mm
and 3.5m, respectively. The tube is heated by Joule effect. The sensor (hot-wire d ~ 5 pm) has been
operated with the Constant Current mode (CCA) and the multiple overheating method, which is
classical for gas measurements but seems to be very innovative for liquid flows. This method, has
been used to access simultaneously the liquid velocity and temperature. To consider for
temperature effect on velocity calibration, a new non-dimensional representation of the calibration
curve has been proposed. The frequency response of the probe has also been improved using a
digital compensation method. The method has been first checked for single-phase flows and has
shown that it was possible to get very accurate measurements of both mean and fluctuating liquid
and temperature profiles. For boiling flows, a specific two-steps approach has been developed to
first measure the void fraction where it is necessary to set a high overheat ratio leading to boiling on
the wire surface and second to measure the liquid temperature and velocity for the case where
boiling on the wire surface is not acceptable due to the multiple overheating method. An innovative
method using probability density functions has been adapted from the pioneering work of Delhaye
(1969).

Some tests have been conducted for boiling flows and the experimental results have been compared
to previous ones using thermocouples and optical probes for respectively the liquid temperature
and the void fraction. The experimental uncertainties have been carefully analyzed and they are
estimated to be close to 0.5°C for the liquid temperature, +2% for the void fraction (absolute
uncertainty) and 5% for the liquid velocity (relative velocity). Those data aim to be used for
NEPTUNE_CFD code validation.
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1 INTRODUCTION

Forced convective boiling is of great interest for several applications in the power and process
industry, particularly in nuclear plants. Under certain nominal, incidental or accidental conditions,
boiling crisis (Departure from Nucleate Boiling) may occur resulting in the meltdown of the heated
surface. An accurate prediction of the conditions leading to the occurrence of this phenomenon is
then essential. It is believed that such an objective cannot be reached unless a good and accurate
description of the associated two-phase flow is provided. This work concerns the development of
thermal anemometry for measuring the void fraction, the liquid temperature and liquid velocity
under boiling flows. The paper is organized as following: the first part will be devoted to the
presentation of the experimental device and the methodology which has been developed to use
thermal anemometry within single phase flows. The second part of this article will focus on the
boiling flows configuration and will detail the two-steps approach which has been specifically
developed in order to measure the void fraction as well as the liquid velocity and temperature
profiles. The experimental results will be presented and discussed in the third section. Finally, a
conclusion will summarize the presented work and will identify some perspectives about the work
that still needs to be performed in order to improve the quality of measurements.

2  EXPERIMENTAL SET-UP
2.1 Description of the experimental rig

As high-pressure steam-water experiments would be too expensive and difficult to achieve,
Refrigerant R134A has been used as coolant fluid for simulating the operating conditions of a
pressurized water reactor. Indeed, thanks to R134A’s physical properties, it is possible to reproduce
PWR’s flow characteristics but for a much lower pressure, temperature and heat fluxes. The
corresponding operating conditions are determined using five scaling criteria (Stevens and Kirby,
1964):

¢ Almost identical geometry (cross-section, heated area, cross-sectional area),

* Same vapor/liquid density ratio to scale the R134A system pressure P,

(7))
Pg/ 1344 Pa/ water

e Same Weber Number We to scale the R134A mass flux G,

G?’R G?R
P =75 (2)
Pf9) r13aa P9/ water
¢ Same Boiling number Bo to calculate the corresponding heat flux g, in R134A,
= (3)
<thg R1344 Ghrg water
* Same inlet equilibrium quality x4 ;,to determine the R134A inlet temperature,
hyin — by hiin — hy
(xeq'in)R134A - (xeq'in)Water < <h— “\ T (4)
19 /R1344 19 /water

Where P, Pg) O, hyin, hf, hfg, dp and R denote the saturated liquid density, the saturated vapor
density, the interfacial tension, the inlet liquid enthalpy, the saturated liquid enthalpy, the latent
heat, the heat flux and the radius of the pipe, respectively. These similarity criteria lead to the
following flow characteristics for the R134A loop (see Table 1).
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Control parameters Water R134A
Exit pressure [MPa] 10to 16 1.4t02.6
Mass flux [kg.m?2.s] 500 to 5000 500 to 5000
Heat flux [MW.m?] 0.5to3 0.01t00.20
Inlet temperature [°C] 50to 320 20 to 80
Equilibrium exit quality [-] -0.3t0 0.5 -0.3t00.5
Re [-] 5.10* — 10° 5.10* — 10°

Table 1: Water operating conditions and corresponding R134A flow characteristics. Re is the
Reynolds number defined as: Re = GDy /u

DEBORA is a Freon R134A rig working within the ranges0 —4.5 kg/s, 10 —100°C,1 —
41 bar and 0 — 200 kW. Figure 1 gives a schematic of DEBORA. It is made of a pump, a pre-heater
which imposes the temperature at the inlet of the test section, the test section whose description is
given just after, a direct condenser and two heat exchangers which cool the liquid before it returns
to the inlet of the pump. The circuit is pressurized by a thermal pressurizer. The test section (Figure
2) is a single vertical Stainless Steel (316 TI) tube with a circular cross section. The internal diameter
is dinr = 19.2 mm and the external diameter is d.,; = 21.2 mm. The length of the test section is
L.n, = 3.485m and it can be heated by Joule effect in whole or in parts, thanks to two power
rectifiers who can deliver an electric current I = 1250 A at a voltage U = 80 V. The test section is
thermally insulated on its external face with a 6 cm layer of rock wool, so that thermal power losses
can be neglected. The test section boundary conditions are measured by using a Coriolis flowmeter
for the mass flow rate, Platinum sensors for the inlet and the outlet temperature, pressure sensors
for inlet and outlet pressure (pressure taps are located in the non-heated part of the tube i.e. 0.01 m
before and after the heated length), and an ammeter and Voltmeter for the electrical power. In
addition, wall temperatures are measured by using three Platinum micro-probes (Pt 100, JUMO
Platinum Temperature sensors) glued to the external face of the heated tube. They are located
0.02 m before the end of the heated length and are distributed on a ring every 120°.

Local measurements into the fluid are performed at the outlet of the test section by using a device
which is able to move the probe along one diameter (flow is assumed to be axisymmetric). The
accuracy of positioning is £10 wm and the moving resolution is close to+10 um. Table 2
summarizes the uncertainties of the boundary conditions measurements.

Sensor type Uncertainty Stability
Inlet temperature Platinum sensor +0.2°C +0.1°C
Outlet temperature  Platinum sensor +0.2°C +0.1°C
Mass Flow Rate Coriolis Flowmeter +0.1% +0.5%
Wall Temperature Micro Platinum sensor (JUMO) +0.6°C +0.1°C
Pressure Pressure sensor +0.01 bar +0.5%
Heat Power Voltmeter/ammeter +3% +0.5%

Table 2: Experimental uncertainties for the boundary conditions

The stability of the thermal hydraulic conditions has been measured. The fluctuations of the control
parameters of the loop have been registered during a seven hours test. The results are shown in
Table 2. For example, we can notice that the fluctuation of the inlet temperature never exceed, in
absolute value +0.1°C .

2.2 Hot wire anemometry: Case of single-phase Flow

2.2.1 General principle
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The principle of thermal anemometry consists on putting one or several sensors heated by Joule
effect in an incident flow. The heated elements are then cooled by heat exchanges with the
surrounding fluid. The resistance of the sensor is changed by the cooling through the flow. The
change of the wire electrical resistance is then an indirect measurement of the velocity or the liquid
temperature (Bruun, 1995)

(1) Pressurizer

(5) Heat exchanger 2

(8) Mixer tap
B VAVAVAV/2 o = ]
|
~‘ (8) Test section
(4) Heat exchanger 1
J
q_‘]
A
(3) By-pass (6) control valves
T e
| By} L |
®r (7) Preheater
ump

Figure 1: Schematic of DEBORA loop
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<«—— Inlet temperature : T;
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Figure 2: Description of the test section and the instrumentation moving system
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When the thermal balance (steady state) is reached, the power produced by the Joule effect is
completely evacuated by convection (equation 5):

R, I? = hrdl(T,, — T,) (5)

Where T,,, Ry, I, Ty, h, d and | denote the equilibrium temperature and resistance of the sensor,
the electrical current injected in the sensor, the fluid temperature, the heat exchange coefficient,
the diameter of the probe and the length of the sensor, respectively. The electrical resistance of the
sensor can be expressed as:

Ry, = Ra[l + a, (T, — Ta)] (6)

where T, , R,, T, and a, denote a reference temperature, the electrical resistance of the wire at
temperature T, and the coefficient of thermal sensitivity of the wire, respectively

By combining equations 5 and 6 and by introducing the Nusselt numberNu,, = hd/A, the electrical
resistance of the wire R, can be expressed as:

Ro agR, R,I?

R,, = <R, =Ry +—7—

w __agR,I? w0 Nu,, rtl Ag (7)
NuW,chlAf

Where the subscript f means that the thermophysical properties are evaluated at the film
temperature (equation 10).

Thus, for low values of the electrical current I (cold wire mode), the resistance of the wire R, is
close to Ry which means that the temperature of the wire is very close to the fluid temperature
(T,y~Ty). On the other hand, for higher values of the currentl, the temperature of the wire
increases. The sensor operates in hot wire mode and the resistance R, depends on both the
temperature of the fluid Ty and the velocity through the Nusselt number Nu,, (. The operating
temperature of the sensor can be characterized by the overheat ratio a,, defined asa,, =
(Rw — Ro)/Ro = ag(T,y, — To).

Sensors are thin metallic wires (Tungsten, Platinum, Platinum-Rhodium) with typical diameters of
d =0.5—-5pum and typical length ofl = 0.1 — 1 mm. For liquids, hot-films sensors (thin film
deposited by sputtering on quartz support) are often used because of their robustness but they have
bigger diameter (d~70 um). In our study, since Freon R134A is an excellent electrical insulator, we
used Tungsten wires with smaller diameters as 2.5 pm and 5 wm and a sensible length of 700 pm.
Their smaller size is offering a better temporal and spatial measurement resolution compared to film
probes. However, preliminary tests have shown that wire probes were chemically attacked by Freon
R134A due to oxidizing nature of the Fluorine, but that film probes were not impaired. In order to be
protected, the wire probes were coated with a layer of Sapphire deposited by Atomic Layer
Deposition. The layer thickness was 20 nm. Results have confirmed that such a thickness is sufficient
to get an effective protection.

2.2.2 Multiple overheating method

Due to its simplicity, we decided to operate the sensor in the constant current mode. Thus,
and as shown by equation 7 , measuring both the liquid velocity and temperature requires at least
two different sensors overheats: (i) a low current (cold wire mode) for temperature measurements
(ii) a high current (hot-wire mode) for velocity measurements. In such an approach, velocity
measurement is then impacted by the accuracy of the temperature measurements, when the
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injected current is low. To overcome this limitation, the multiple overheating method was used.
Originally developed by Corrsin (1947) this method has largely been used for measurement within
single-phase gas flows. However, to our knowledge, this is the first time that this method is used in a
liquid flow.

The multiple overheating method consists of successively injecting several currents into the wire for
an imposed liquid velocity and temperature. For each value of the injected current, the equilibrium
resistance of the wire R,, and the dissipated power R,,I? are measured.

According to equation 7, while assuming that the Nusselt number does not depend on the overheat
ratio, the curve R, (R,,I?) expected to be linear. R, is the intercept of the curves and only depends
on the liquid temperature T, whereas the slope is a function of the Nusselt number, and therefore
of the fluid velocity. By carrying out this procedure for several velocity/temperature samples, it
becomes possible to calibrate the probe by connecting the fluid temperature T, to the wire recovery
resistance R, and the Nusselt number Nu,, r to the incident velocity of the flow U and to the
temperature of the liquid Ty. During the effective measurement process, this procedure will be
reversed in order to obtain both the velocity and the temperature from the calibration curve defined
by the equation 7.

8.2 T T T T T T
[+] Pad
/g L Fs
r /: o Vi ?f Fl d
B.Af A sl R A .
L S i #
. TR A
Praky ¥, J_,-J' £ 5%
R A S n !
i
g g LS A /'Dfﬁi‘ " 4 : 4 &
Li{ L E L A i
"I:-JlD«" 7 y _.f’ "_"l
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7ok et AL il i
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Figure 3. RW(RWIZ) for several values of liquid temperature and velocity. The subscript "0" means
that the thermophysical properties are evaluated at the liquid temperature. The subscript " f"
means that the thermophysical properties are evaluated at the film temperature (see equation 10)

Figure 3 shows typical curves R,, (R, 1?) for several liquid temperatures T, and liquid velocities
(Rey,o 2 pLUd/uy). As expected those curves are linear. Duly, the recovery resistance Ry (intercept
of the curves) only depends on the fluid temperature but not on the fluid velocity. Nevertheless, the
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Nusselt number, which corresponds to the slope of the curves, seems to be strongly influenced by
the liquid temperature.

Calibration is performed within the test section under adiabatic conditions. For an imposed mass
flowrate and liquid temperature T, we directly deduce the liquid temperature calibration curve
Ry (T,) from Figure 3. The probe is located on the axis of the tube where the liquid velocity is
calculated using the correlation of Zagarola and Smits (1998), whose accuracy is + 0.55%, according
to the authors. Once the velocity on the axis is known, the Nusselt number Nu,, , can be calculated
and the calibration curve NuWIO(ReW,O) can be obtained. Typical results are shown on Figure 4.

10
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~ == Theoritical curve (DANTEC 55P11) 2
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Figure 4 : Calibration curve for liquid temperature. Measurements were performed using a hot-
wire probe d = 5 pm
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Figure 6: Calibration curve for the liquid velocity expressed in terms of Nu,,,/Pr, . Measurements
were performed using a hot-wire probe d = 5 um

To overcome the influence of the liquid temperature on the velocity calibration curves (Figure 5),
which would imply to use a different velocity calibration curve for each temperature, we replace the
Nusselt number Nu,, o by Nu,,o/Pry where the Prandtl number is defined as Pr £ uC,/A. Such

8
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non-dimensional representation (Figure 6) allows to gather all the calibration data on a single linear
curve whatever the liquid temperature. This original approach makes easier to consider the
temperature effect on the velocity calibration process.

2.2.3 Frequency compensation procedure

To compensate the thermal inertia of the sensor and then improve the bandwidth of the
anemometer (which is of a great importance for measuring the fluctuating quantities), we use a
method of digital signal processing which makes possible to compensate a posteriori for the sensor
filtering effect. Widely described by Tagawa et al. (1998) or Arwatz et al. (2013)), the method simply
consists of applying an amplifying filter to the experimentally measured voltage. This amplifying
filter has its cutoff frequency equal to the theoretical cutoff frequency of the anemometer f. but
with an opposite.

According to Comte-Bellot (1976), the theoretical cut-off frequency can be expressed as:

T[dchwpw(l +ay)

fo21/2n7, =

where ¢,,, and p,, are the specific heat capacity and the density of the wire. An order of magnitude
of the cut-off frequency can be calculated.

The Nusselt number of the wire can be given for example by the correlation of Kramers (1946):

Nuy, s = 0.42 Prf? + 0.57Pry% /Rew,f 2

Where the subscript f means that the physical properties are evaluated at the film temperature
defined by:
_ T, + T (10)

Ty is the liquid temperature whereas T,, is the wire temperature.
We consider the following thermal hydraulic conditions:

*  Flow velocity 2 m/s

* Liquid temperature T, = 20 °C

* Pressure P, = 14 bar

* Overheatratioa,, = 0.1

e Tungsten wire : diameter 5 um

Under such conditions, the theoretical cutoff frequency given by equation 9 is close to 105 Hz. This
frequency must be compared to the highest frequency that may be encountered in the in the flow.
According to Albrecht et al. (2003), the expected highest frequency in the flow is given by :

u 11
fmax,f — mRe3/4- ( )

Where u depicts a characteristic mean velocity that we choose to be equal to the mean axial velocity
at the tube exit and L a macro length scale that we choose to be the tube diameter. Re is the
Reynolds number whose order of magnitude is, according to thermal hydraulic conditions given
previously close to 5.10°5.
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We obtain a maximum frequency whose order of magnitude is close to 200 kHz. Thus, strictly
speaking from a theoretical point of view, it should be necessary to implement a frequency
compensation process for the hot-wire signal in order to be able to correctly characterize the
structure of the turbulent field. Nevertheless we can show that this has only a weak influence on the
quality of the measurements.

According to Charonko and Prestridge (2017) or Pope (2000), orders of magnitude of the Taylor and
Kolmogorov micro-scales of the flow, Ay and ng respectively, are given by:

Ar =V10.d .Re~1/2 (12)
And
ng = d.Re~1/* (13)

For thermal hydraulic conditions given above, those scales are estimated to Ay ~ 100 um and
Nk ~ 2 wm respectively. The order of magnitude of the full-scale is given by the radius of the pipe
(R ~ 10 mm). According to the diameters of our probes, namely 2.5 and 5 um, we therefore
conclude that we should be able to characterize structures whose characteristic length is greater
than the Taylor micro-scale, provided frequency bandwidth is wide enough. However, this point
needs to be checked since most of the turbulent kinetic energy will be dissipated at the lowest
frequencies corresponding to the integral scale.

In Figure 7, we plotted the power spectral density for different values of the cutoff frequency (from
500 Hz to 5 kHz). The considered flow is an adiabatic single-phase liquid flow whose working
conditions are:

* Pressure: P, = 26 bar,

* Mass velocity G = 1000 kg.m™2s~1
* Liquid temperature Ty = 19.9C

*  Probe radial positionr* = 0.8

* Overheatratioa,, = 0.18

10°®
—— -‘\~,
10 8L \\\\/\,\W J
Pl ; T
LT "
© “\“
k5]
@
a
e 2
S )
© 10
z
5]
0.
- filtered without compensation
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-16 I I .
10 .
10° 10" 102 10° 10"

Frequency [Hz]

Figure 7: Power spectral density with and without frequency compensation P, = 26 bar

10
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Figure 8 : Turbulent fluctuations of the velocity P, = 26 bar - G = 1000 kg.m™%s™1-T, =
19.9°C - a,= 0.18

We can see that the hot wire compensation frequency process has only a weak influence on the
calculated power spectral density. Using the procedure described in the next section (2.2.4), we also
plotted on Figure 8 the turbulent fluctuations of the liquid velocity for different values of the
compensation frequency. It can be seen that the measured turbulence rate seems to be very weakly
influenced by any change of the hot-wire compensation frequency. This indicates that most of the
turbulent kinetic energy do correspond to flow structures associated to frequencies lower than 500
Hz. This behavior was expected since the frequency corresponding to the integral scale of the flow
(that canbe obtained by dividing the flow flow velocity by the pipe radius) is about 250 Hz. It is
therefore normal that we no longer measure a lot of energy for frequencies greater than 500 Hz.

2.2.4 Procedure for measuring turbulent quantities

In order to measure the turbulent fluctuations of velocity and temperature, we use the
fluctuation diagram method. The method consists of expressing the fluctuation of the instantaneous
sensor voltage e, as a function of the fluctuation of the liquid velocity u’ and the liquid temperature
T' as:

! ! !
o _pl gL (14)
ew UL T,
Where F 2 dIn(e,,)/0In(U;) and G £ d1n(e,,)/d In(T}) are velocity and temperature sensitivity
coefficients. Since the Nusselt number Nu,, varies linearly with the square root of the Reynolds
number Re,, as shown in section 2.2.2, the expressions for the sensitivity coefficients F and G can
be simplified as:

Ay Ay m k (15)
F =05 ; G = —ayT, + (1+ ——+—)
1+a, Folw Ty, Ut Ty

Where the coefficients n, m, k only depend on the fluid thermophysical properties and are defined
as:

11
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_ 0In(p) _dIn(A) ~ 0dln(p)
P amT) ™ T AT’ T aIn(T,)

For calculation details, the reader should refer to Corrsin (1947) and Morkovin (1956).

It is possible to deduce from equation (8) the equation of the so-called fluctuations diagram by
squaring, time-averaging and finally dividing equation (8) by G2 after combining with equations (9)
and (10):

(16)

—5 0.5
ey w2 [uz T2 T2
JH@®) =X = |®2 <=> +2R— Ry + <:> (17)
Where Ry 7 and R are definedas Ry r = e and R & — g respectively.
w7

Equation 17 is a parabolic equation whose coefficients are directly linked to the fluctuating
quantities that are under investigation. The experimental procedure then consists of varying the
coefficient R by injecting several currents into the sensor to obtain the experimental curve 7 (R).
Then, by using the least squares regression method, we can determine the fitting coefficients of the
parabola (equation 17) and deduce the variances of the velocity and temperature fluctuations u'2

and T'2 as well as their correlation u'T’. It can be noticed that the temperature fluctuations T2 are
given by the intercept of the diagram and the velocity fluctuations are given by the slope of the
asymptote. As a result, the measurement accuracy of the temperature fluctuations is greatly
affected by the signal-to-noise ratio of the hot wire at low overheating whereas the accuracy of the
velocity fluctuations measurements depends on the correct determination of the asymptotic slope
which requires to operate at high overheat ratios.

2.3 Hot wire-anemometry: Case of boiling flow

In case of boiling flow, the main problem is to determine the Phase Indicator Function (PIF). As
the heat transfer coefficient between the sensor and the surrounding fluid is lower when vapor is in
contact with the probe, the temperature of the sensor increases and so does the wire voltage,
resulting in a voltage peak, whose level is distinct from the voltage fluctuations due to the
turbulence. The higher overheat ratio a,,, the more marked is such behavior. Then, classically, a
threshold method applied on the raw signal or on its derivatives leads to a correct phasic
discrimination. This method has been widely used for adiabatic flows (Liu and Bankoff (1991); Farrar
et al. (1995)).

Unfortunately, some preliminary tests have shown (Figure 9 to Figure 12) that similar results
for Freon R134A would require overheat ratio leading to boiling occurrence over the sensor surface.
Indeed, when the overheat ratio is too weak, the voltage peaks corresponding to vapor bubbles
passing over the sensor are too low and they can’t be distinguished from the voltage changes
resulting from the velocity and temperature fluctuations or from the noise. So, it appears that in
order to properly identify the phase which is in contact with the sensor, it is necessary to allow
boiling on the sensor’s surface. Dix (1971), who performed void fraction measurements using
anemometry in Freon R113 boiling flows already mentioned this result and indicated that such
operating conditions were acceptable for determining the void fraction, despite the boiling
occurrence on the surface of the sensor. However, according to the methodology presented in
section 2.2, it is not possible to measure the liquid velocity under boiling conditions on the surface of
the sensor because the method is based upon the assumption of a single-phase convective heat
transfer between the sensor and the surrounding fluid.
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Figure 9: Fluctuations of the normalized voltage of the sensor (e,,/€,, ) a,, = 0.01. Boiling occurs
ata,, > 0.04. Void fraction a = 4%
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Figure 10: Fluctuations of the normalized voltage of the sensor (e,, /e,, ) a,, = 0.05 . Boiling
occurs at a,, > 0.04. Void fraction ¢ = 4%
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Figure 11: Fluctuations of the normalized voltage of the sensor (e, /e, ) a,, = 0.07 . Boiling
occurs at a,, = 0.04. Void fraction a = 4%
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Figure 12: Fluctuations of the normalized voltage of the sensor (e, /e,, ) a,, = 0.14. Boiling
occurs at a,, = 0. 04. Void fraction a = 4%

As a consequence, we propose a two-steps approach to perform the measurements under boiling
conditions: (i) a first step devoted to void fraction measurements and where boiling over the
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sensor’s surface will be allowed and (ii) a second step devoted to the determination of both the
liquid velocity and temperature with no boiling occurrence on the sensor’s surface. However, as it
will be explained later, this second step will require the knowledge of the void fraction. Both steps
are then complementary.

2.3.1 Void fraction determination

As explained before, the method for void fraction measurement is based upon a thresholding of
the voltage signal. First the raw signal is filtered with a band pass filter whose cutoff frequencies are
f =50Hz and f = 10 kHz to eliminate both low-frequency voltage fluctuations below 50 Hz and
high frequency noise above 10 kHz (a complete description of the experimental set-up is given in the
Appendix). Then the derivative of the signal is calculated and numerically amplified to get a better
contrast between both phases. Finally, two thresholds (low and high levels) are applied to the
resulting signal in order determine the PIF. Those two thresholds are expressed as s; =6 X
max(le,|) and s; =& X min(|e,|) respectively so that their influence can be studied by only
varying the parameter §.

Once the PIF is determined, the void fraction can be obtained by time-averaging the PIF. The
parameter § has been determined by comparing the void fraction measured by anemometry and
the void fraction measured using an optical probe for a given test. Despite the optical probe cannot
be considered as a perfect measurement instrument, we will consider in this study that the void
fraction measured with optical probe is a baseline measurement since, according to Garnier et al.
(2001), the absolute uncertainty for the void fraction measurement by using an optical is £2%. One
should note that Garnier et al. (2001) performed measurements with optical probes in very similar
operating conditions to the current ones.

Figure 13 and Figure 14 show the results of this analysis. On Figure 13, the value of § is
determined by using anemometry to get the same local void fraction than the one measured by the
optical probe for a given radial location r* = 0.8. The optimum value seems to be § = 0.01%.

We plotted on Figure 14 the results of a sensitivity analysis to study the impact of the
parameter § on the whole radial void fraction profile determination. We can notice that this value of
6 leads to the best reconstruction of the void fraction profile, despite its value has only been
determined for one particular void fraction. If we consider a higher value, we underestimate the void
fraction whereas that is the contrary for too low values of this parameter. Consequently, this value
will be retained for all the future tests.
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Figure 13: the best value of §is determined for void fraction measured at r* =r/R = 0.8
Measurements have been performed with a Tungsten wire probe d = 5 ym
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A sensitivity analysis concerning the influence of the overheat ratio on the void fraction
determination has also been performed (see Figure 15). It appears, as expected, that it is necessary
to impose a high overheat, leading to boiling occurrence on the sensor’s surface, in order to get an
accurate value of the void fraction.
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Figure 15. Influence of the overheat ratio on the void fraction determination using anemometry.
Boiling occurs for a,, = 0.04

2.3.2 Liquid velocity and temperature measurements

We propose to use a methodology based upon the study of voltage distributions as suggested
by Delhaye (1969). This author performed void fraction and liquid velocity measurements in an
air/water flows using a hot-film probe operated in Constant Temperature Mode. He analyzed the
sensor’s voltage signal e, in terms of voltage distribution and showed that the result can be seen as
the superposition of two distributions, one being associated to the liquid phase, the other one
characterizing the interaction between the gas and the sensor (hatched part on Figure 16).

Delhaye (1969) also indicated that the void fraction a; was given by the ratio between the area of
the gas part of the histogram (hatched part of the histogram By ypos on Figure 16) and the whole
area of the voltage distribution B;,;. Once done, the voltage distribution corresponding to the liquid
phase (corresponding to points @, Oand R on Figure 16) can be deduced.

This method has been used but adapted to our conditions, especially because the voltage
distribution only reveal one peak, as shown on Figure 17 which can be explained by the interaction
between the sensor and the gas phase (the bubbles size and the contact time between the probe
and the bubble are so small that the sensor is not completely dried when in contact with the vapor).
To determine the voltage distribution corresponding to the liquid phase, we first determine the void
fraction a;, for a given set of thermal hydraulic conditions, using the procedure described in
previous section. Then in the second step, we determine contribution corresponding to the vapor
phase, which is approximated by the hatched part of the curve plotted on Figure 18.
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Figure 18: Determination of the voltage histogram which corresponds to vapor phase. The hatched
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The parameter N, is calculated according to the ratio between the areas Bgrppy and Bgop Where it
is is equal to the void fraction a;. Once done, we obtain the voltage distribution for the liquid phase
ROP and the average value of the voltage corresponding to the liquid phase e, ; defined as:

S 2rop €w (D[N (@) — No]
i Yrop[N () — No]

The associated electrical resistance R, ; is defined as R,,;, = e,, /1. In similar manner to what has
been done for the case of single-phase flow, we have plotted on Figure 19 the

curve Ry, 1 (Ry 117/ 2¢).

(18)

The red dotted line represents the curve which is obtained without any treatment. As we can see,
this curve is no more linear. Such a behavior can easily be explained by the fact the heat transfer
between the sensor and the surrounding fluid is no longer convective due to boiling occurrence on
the surface of the wire. On the contrary, after the phasic discrimination procedure, which is
represented by the black dotted curve appears to be linear. According to the multiple overheating
method, this indicates a purely single-phase convective heat transfer. This result confirms the
validity and the efficiency of the proposed methodology for the phasic discrimination. As previously,
the liquid velocity can be deduced from the slope of this linear curve, whereas the liquid
temperature corresponds to the intercept of the curve. Furthermore, we can notice that it is
possible to directly access the liquid temperature without any phasic discrimination, since both
curves (red and black) having the same intercept. The uncertainty of the velocity measurement is
estimated to be 5%.
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Figure 19. R, (R, 1%/ A;) after phasic discrimination (r* = 0.8, a; = 0.35)

3  EXPERIMENTAL RESULTS

3.1 Single Phase Flows

The tests conditions are described in Table 3. Measurements have been performed with a hot-
wire whose diameter is 5 pm. Data points were taken at 13 radial positions over one-half diameter.
The overheat ratio a,, ranges from 0.14 to 0.2.

Run P G Tin Op Tout

(bar) (kg.m2.s?) (°C) (kwW.m?) (°C)
G3Q0 13.9 2998 20.0 0 20.0
G3Q20 13.9 2998 20.0 21.0 23.4
G3Q40 13.9 2995 20.1 394 26.6
G3Q60 13.9 2999 20.0 59.9 29.9
G3Q80 13.9 3000 20.1 81 33.7

Table 3 : Experimental conditions of the R134A DEBORA data base for heated single-phase flows

Run G3Q0 aimed to check the assumption of axis symmetry of the flow. As we can see on Figure 20,
the axis-symmetry of the flow seems to be good according to the uncertainties.

Figure 21 and Figure 22 display the non-dimensional liquid velocity and temperature profiles for the
tests described in Table 3. We also have plotted the theoretical liquid velocity and temperature
profiles obtained using the model of Deissler (1963) coupled with the Prandtl’s analogy assumption
on the same figure. In our experiments, the nearest measurement position is located at 0.3 mm
from the wall.
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We can notice that there is a good agreement between the experimental results and the theoretical
profiles. In addition, mass and energy balances have been checked and are less than 3 % and 0.2 °C
respectively. Some turbulent fluctuations measurements have also been performed for adiabatic

flows at a pressure of 26 bar and a mass flux of 1000 kg.m™2s~1 .
T T T T T T T T
s (N 71 - % 1
o 1 @ L """" "
E ij ﬂ%‘““m:ﬂ—
& gof o T
° ¥ T
= I A,
E % ‘h"-q
& sk }\ “?ﬂ i
= %,
[+ .
: %
@ ‘\
= *
£ A
» \
: 4
e | e Model of Deissler (1963 ) %
w06 A4
\
;“‘_n % Hot-wire probe d = 5 pm @ r*>0 i
= i
% QO Hot-wire probed = 5um " <0 H
05 Ill"
!
!
1
01 02 03 04 05 06 07 08 09 1

Ir*l

Figure 20 : Liquid velocity radial profile for Run G3QQ0. U is the velocity on the axis of the tube.
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The results are plotted on Figure 23. For R>0.02, we can observe a linear behavior as predicted by
equation 17 for adiabatic configuration, where no temperature fluctuations are expected. In
addition, we can also notice that the slope seems to be weakly affected by the cutoff frequency. This
probably indicates that most of the energy is at large scales, i.e. low frequencies within the energy
spectra. On the other hand, for low values of R (which corresponds to low overheat), the
experimental data deviate from the linear behavior, which has no physical soundness but can be
explained by a too low signal-to-noise ratio.

3.2 Boiling flows

Five tests have been performed (see Table 4) using a hot-wire probe whose diameter is d =
S5um and length is [ = 700 ym . Those tests have been performed in two steps: (i) first, void
fraction measurements then (ii) liquid and temperature measurements.

Run P G Tin dp
(bar) (kg.m2.s?) (°C) (kW.m™3)
Q200Te29 14.6 2780 29.0 203
Q140Te37 14.6 2780 37.0 141
Q110Te41 14.6 2780 41.0 112
Q81Te45 14.6 2780 45.0 81
Q48Te48 14.6 2780 48.0 48

Table 4. Experimental conditions of the R134A DEBORA data base for boiling flows

For those conditions, void fractions and liquid temperature have also been measured with an optical
probe and a thermocouple whose diameter was 250 um. Figure 24 and Figure 25 show the
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comparison between the experimental results performed with anemometry and those obtained
using the technics previously mentioned. The parameter § is set to 10™* as recommended before.
We can see that there is a very good agreement between both kinds of instrumentation for void
fraction as well as for temperature measurements. Concerning the void fraction, the maximum
deviation is 5 % which is consistent with the uncertainty of the optical probe that is estimated to be
close to 2%. Those differences may be explained by a spatial filtering effect of the wire sensor due
to its length (I ~ 700 um) which is larger than the characteristic size of the optical probe
(I ~ 10 pum).

Concerning the liquid temperature profiles, the maximum deviation is 0.5 °C, which is consistent
with the uncertainty of the thermocouples, since they have been carefully calibrated. Those results
confirm the accuracy of the measurements performed by thermocouples even if those
measurements have been performed without any phasic discrimination procedure.

Figure 26 and Figure 27 display the liquid and the vapor velocity profiles measured by both
anemometry and optical probes. We observe that the liquid velocity increases with the heat flux. In
the same time, the profiles are flattening. This behavior results from the void fraction increasing
which implies a fluid acceleration. The velocity increase also induces an enhancement of the
turbulent mixing which also tends to flatten the profiles. We can notice a very similar behavior for
the vapor velocity profiles. We can also see that the relative velocity between the vapor and the
liqguid seems to be constant in the core but tends to increase as we get closer to the heated wall for
high heat fluxes. This indicates that it will probably be necessary to consider for mechanical non-
equilibrium conditions to describe the flow behavior in the vicinity of the wall.
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Figure 24: Comparison between void fraction profiles measured by anemometry and optical probe
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Figure 25: Comparison between liquid temperature measurements performed with anemometry
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25



Submitted to NED 2020

oogob?Pooooao
oooo?® o
oo oOoOQ o
o
o

5O W
000000000.400.4
V008 .4
v Lo PN
VvV
o o
vVVvwv o O
al Vvv v Q 4
v i o
v O
= Vv v e
= Vg v
£ v A
-~ v =
) V.o
v
=2 v
25k v ]
v
v
v
...... #p--o-- D48T048
AL Qa81Te45 |
<ofpeeee Q110Te41
-- Q140Te37
-o-geeoe o= Q200T029
15 1 1 1 1 1 L 1 1 1
0 0 0.2 0.3 < 05 06 07 0.8 3 1

Figure 27: Vapor velocity profiles measured by optical probes

4 CONCLUSIONS

In this paper, we have proposed a methodology for measuring the liquid velocity, temperature
and void fraction profiles within a Freon R134A boiling flow using thermal anemometry. We use the
multiple overheating method whose application for liquid is innovative. To overcome the influence
of liquid temperature on velocity calibration, we proposed a new dimensionless representation of
the calibration curve. Using the fluctuation diagram, it has been possible to access the velocity
fluctuations for single phase flows. Concerning boiling flows, a two-steps approach has been used.
The void fraction is measured first with boiling over the surface of the sensor. The liquid velocity and
temperature are then measured using the voltage histogram method. Furthermore, the liquid
temperature may be accessed with a good accuracy without any phasic discrimination procedure.

Some perspectives can be listed for going on this work. First concerns the maximum overheat
that can be achieved on the surface of the sensor. This limitation prevents getting accurate
measurements from the velocity fluctuations. A possible idea would be to deposit a smoothing
coating on the sensor to fill the cavities on its surface who act as nucleation sites. DLC (Diamond Like
Carbon) could be a good candidate. Another prospect would concern the enhancement of the signal-
to-noise ratio at low overheat to perform more accurate measurements of the liquid temperature
fluctuations. Finally, it could also be interesting to develop a sensor made of several wires to
measure the vapor velocity by cross-correlation.
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Appendix

The experimental set-up is described in Figure 28. Operated under constant current mode (CCA),

the circuit is mainly made of:
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Figure 28 : Description of the measurement circuit

The sensor, which includes the wire-probe whose electrical resistance is R,, and its
connecting device whose electrical resistance is R.. The connecting device is composed of
the prongs whose electrical resistance Ry, is given by the probe manufacturer (R, = 0.5 ()
and the receiving apparatus whose electrical resistance Rp, is measured using a short-circuit
resistance (Rg, = 0.4 (). The probe is manufactured by DANTEC ® (model 55P11).

A regulated power supply (Keithley® 2450) which is able to supply current up to 1A for a
voltage of 21V.

A Shunt resistor (R; = 10 ) which is used by Kledy to accurately measure the current which
is delivered by the power supply by measuring the voltage at its terminals.

An acquisition board. Kledy used a National Instrument NI6259 including 32 analog input
channel and whose resolution is 16 bit to get a digitalization as accurate as possible. The
maximum sampling frequency is 300 KHz for all the input channels. During the tests, the
sampling frequency is 60 kHz.

Two additional devices are included in the circuit:

a band pass filter whose cutoff frequencies are f =50 Hz and f = 10 kHz to eliminate
both low-frequency voltage fluctuations below 50 Hz and high frequency noise above 10 kHz
A measurement amplifier whose gain can adjusted between 20 and 80 dB. This device is
interesting when measuring the voltage fluctuations at the wire terminals. This is specifically
useful if you aim to perform turbulence measurements or if you operate under boiling flows
to make the distinct between liquid and vapor phase, which is closely linked to the voltage
fluctuations at the sensor’s terminals.

Table 5 sums up the main characteristic of the devices included in the whole measurement chain.

Device Range Accuracy Resolution
-10V/+10V +1.92mVv 52 v
I -5V / +5V +1.01 mVv 156 pv
ﬁfz_‘;‘;g'on board 2V / 42V + 410 pV +13 pv
-1V / +1v +220 pv +13 pv
-0.5V / +0.5V +130 v +8uVv
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-0.2V / +0.2V +74 pv 16UV
-0.1V / +0.1V +52 uv + 6V
Power supply 1mA /10 mA 0.02% + 1.5 pA 500 nA
Keithley 2450 10 mA /100 mA 0.025% + 15 pA 5 nA
100mA /1A 0.0067% + 900 pA 50 uA
Measurement Amplifier 10V 0.1% [-]
DLPVA 100-FD
Shunt Resistor 10Q 0.01% [-]
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Table 5: Characteristic of the measurement chain





