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Abstract

In this paper, the developed algorithm was described, which can discriminate the local phase temperature in the two-phase flow measured by a
self-designed micro-thermocouple with an outer diameter of 12.7 µm. The algorithm used to calculate the temperature of each phase was based on
the response time of the micro-thermocouple and the exponential regression method. This algorithm was verified by conducting experiments with
an optical chopper and a laser. It was shown that the more accurate temperatures were measured, when the newly proposed algorithm was used.
Moreover, this algorithm was applied to the measurement of the liquid temperature in subcooled flow boiling. The measured liquid temperatures
in subcooled flow boiling were used to assess the capability of the CFX-4.2 code, additionally.
© 2007 Elsevier Masson SAS. All rights reserved.

Keywords: Micro-thermocouple; Optical chopper; Exponential regression method; CFX-4.2
1. Introduction

In the case of subcooled boiling, thermal non-equilibrium
phases, vapor and liquid phases coexist, and bubble condensa-
tion at the bubble-liquid interface is the major mechanism of
heat transfer. The measurements of the phase temperatures play
an important role in the determination of the interfacial heat
transfer coefficient for bubble condensation, which is required
to constitute the governing equation for energy transfer. Thus,
various sensors and algorithms designed to accurately measure
the fast changes in temperature caused by phase transfer have
been developed using a micro-sized sensor to measure temper-
atures. The temperature distribution in the case of subcooled
boiling was measured by Jiji and Clark [1] and Walmet and
Staub [2]. However, they did not provided any reliable statisti-
cal information on the distribution of the temperature between
the liquid and vapor phases. Delhaye et al. [3] used the statis-
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tical information provided by the Probability Density Function
(PDF) of temperatures to determine the void fraction and tem-
peratures in the case of subcooled boiling using 25 and 20 µm
micro-thermocouples. Also, Roy et al. [4–7] measured the tem-
peratures of the liquid and vapor phases with the PDF method
using R-113 as the working fluid. The micro-thermocouples
used in these studies were of the complex type, with a disk-
shaped junction being used to fabricate them. Nakamura et
al. [8] used a copper-constantan thermocouple with a diameter
of 0.1 mm to investigate the fluid flow and local heat trans-
fer around a cube mounted on the wall of a plane. Recently,
Warrier et al. [9] used a micro-thermocouple with a diameter
of 0.25 mm to measure the liquid temperature. However, the
method that they used to measure the liquid temperature was
deficient, in that it involved recording the lowest temperature
observed during the measurement period.

Studied involving the measurement of the phase tempera-
tures have generally been performed using a micro-thermo-
couple, in order to obtain a fast time constant. Among these
studies, the PDF method and statistically ensemble averaging
method were widely used for the statistical analysis of the mea-
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Nomenclature

a coefficient of an exponential function
A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

ATD averaged temperature displacement . . . . . . . . . . . K
b coefficient of an exponential function
Bi Biot number
c coefficient of an exponential function
C correction constant . . . . . . . . . . . . . . . . . . . . . . . . . . K
Cp specific heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . J/kg K
h convection heat transfer coefficient . . . . . W/m2 K
I,Y coefficient matrix
l time interval to calculate averaged temperature . . s
L multiplier of parameter l

s time interval to calculate displacement of the
averaging temperature . . . . . . . . . . . . . . . . . . . . . . . . s

S multiplier of parameter s

STD standard deviation
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
�t time intervals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
V volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3

Greek letters

α,β, γ coefficients of exponential function
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

τ time constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
Λ coefficient matrix

Subscripts

0 initial
1φ single phase
air air
bubble bubble
crit criterion
exp experiment
i ith position
J junction
k kth index
m medium
max maximal
min minimal
resolution resolution
sured temperatures. However, when a fast response time is re-
quired, such as in the case of subcooled boiling, it proved to
be difficult to obtain accurate value for the temperature of each
phase with the PDF and ensemble averaging methods.

The objective of this study is to develop an algorithm which
can provide a more accurate estimate of the phase temperature
using a self fabricated micro-thermocouple (12.7 µm, K-type).
The applicability of the developed algorithm is verified by con-
ducting an experiment with an optical chopper. The experimen-
tal results for the liquid temperature estimated by the developed
algorithm are compared with CFX-4.2 to assess CFX-code’s ca-
pability.

2. Algorithm used to estimate the phase temperature

The lumped energy balance equation corresponding to the
hot junction of the micro-thermocouple can be written in the
form of Eq. (1). In this study, the Biot number is less than 0.1,
and heat transfer effects of conduction and radiation can be ne-
glected.

dTJ

dt
= − t

τ
(TJ − Tm) (1)

Therefore, the lumped temperature becomes:

TJ (t) = Tm + [
TJ (0) − Tm

]
e−t/τ (2)

where TJ (0) refers to be the initial temperature of micro-
thermocouple and τ is a time constant defined as:

τ = ρJ VJ CpJ

hmAJ

(3)

Here, ρJ ,VJ and CpJ are the density, volume and specific heat
of the junction, respectively, AJ is the surface area of the junc-
tion exposed to the fluid and surroundings and hm is the convec-
tion heat transfer coefficient at the junction with respect to the
medium passing through the junction. The characteristic curve
has an exponential form, which is dependent on the time con-
stant in Eq. (3). Therefore, the temperatures of the surrounding
elements passing the junction, such as air bubbles and water,
can be measured using this characteristic of the heat transfer at
the junction.

The algorithm is developed using these characteristics and
consists of two steps. The first step is to discriminate the phases
and the second step is to estimate the phase temperatures. The
process of the developed algorithm is shown in Fig. 1. Each
procedure is explained in detail in the following sections.

2.1. Discrimination of phases

In the first step of the developed algorithm, the phase be-
tween the vapor and liquid in the raw data obtained from the
micro-thermocouple was discriminated to find the characteris-
tic temperature curve piece by piece. The temperature at the
hot junction begins to change at the moment when the hot junc-
tion comes into contacts with the other phase, assuming that
the wetting effects of the micro-thermocouple can be neglected.
The gradient of the temperature variation has a maximum or
minimum value at the time-point when the medium at the
hot junction is changed due to its exponential characteristics.
Taking into consideration the effects of noise and fluctuation,
the averaged temperature displacement (ATD) of the tempera-
ture change can be defined and calculated at each time point,
i + S/2, as:

ATDi+S/2 =
∑k=(i+S)+L

k=(i+S) Tk − ∑k=i+L
k=i Tk

(4)

L
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Fig. 1. Flow chart of the developed algorithm.

Fig. 2. Averaged temperature displacement.
where l is the time interval used to calculate the averaged tem-
perature. s is the time interval used to calculate the displace-
ment of the averaging temperature at each time-point as shown
in Fig. 2, where t, l and s mean i�t , L�t and S�t , respec-
tively. 1/�t is the sampling rate of the data acquisition system.
These two parameters play a role in reducing the effects of noise
in the actual micro-thermocouple signal.

L is designed to reduce the effects caused by resolution of
the data acquisition system and noises. The value of L is deter-
mined so as to satisfy Eq. (5).

STD(〈T (t)〉)
STD(T (t))

< 0.1 (5)

where STD is the standard deviation and L plays the role of to
reducing the standard deviation to 10% of the original raw data.

S is used to take into consideration the time constant of the
micro-thermocouple, noisy and fluctuating temperature signal
when the ATD is calculated. Assuming that the displacement
between the first and second time points must be higher than
the STD of noisy and fluctuating temperature signal, in order to
discriminate the temperature change, the value of S must satisfy
the following equation:
∣∣T (t0 + s) − T (t0)

∣∣ = ∣∣�T e−t0/τ
(
e−s/τ − 1

)∣∣ � 1

2
Cexp (6)

where Cexp is a correction constant which is determined exper-
imentally using the relation as:

Cexp = Max
(|�T1φ |, |2�Tresolution|

)
(7)

Here, �T1φ refers to the temperature width of the measured
signal of each phase at the steady state and �Tresolution refers
to the temperature resolution, which is dependent on the data
acquisition system.

Assuming min(|�T |) = 4|Cexp| for the exponential regres-
sion method, then the next inequality equation must satisfy the
following relations
∣∣e−s/τ − 1

∣∣ � STD(Cexp)

− t0
τ

� STD(Cexp)

|�T |
∼= STD(Cexp)

|4Cexp| (8)

|�T e |



S.-J. Kim, G.-C. Park / International Journal of Thermal Sciences 46 (2007) 1112–1125 1115
Fig. 3. Determination of S-value.
Fig. 4. Concept of the ATD calculation.

The value of S must satisfy the following equation

s = (S�f ) � 0.0125τ (9)

Fig. 3 shows the meaning of S which is that the value of
s(= S�f ) must be greater than 1.25% of the time constant
of the micro-thermocouple. S is used to average the tempera-
tures over the short time interval, while taking into considera-
tion the fluctuations of the temperature signal with noise. Since
the absolute magnitude of the ATD decreases as the value of
S increases, the ATD offers the advantage of having a smooth
shape. However, distinguishing between true and false ATDs
generated by noises becomes more difficult.

If a single bubble passes through the junction of the micro-
thermocouple, the ATD has a maximum value at the time when
the bubble starts to pass through the junction and a minimum
value at the time when the bubble has passed through the junc-
tion completely, as shown in Figs. 4 and 5. The time points
corresponding to the maximum or minimum value are indepen-
dent of the values of S and L as shown in Fig. 5.

Although the temperature at the hot junction is fixed, calcu-
lated values of the maximum or minimum points of the ATD
can nevertheless be incorrect due to the noise and the fluctu-
Fig. 5. Sensitivity analysis of ATD parameters.

ation of the medium. Thus, the threshold should be designed
so to correctly discriminate between the vapor and liquid tem-
peratures. The value of this threshold is proportional to S and
inversely proportional to L. Thus, it can be determined as,

ATDthreshold = Cexp
S

L
(10)

This ATD, which is the primary information concerning the
phases, includes the time region containing areas where ex-
treme values of the ATD exist satisfying the threshold condi-
tions of the ATD.

In the next step, the start and end time points of the phase
changes at the junction should be determined. However, the
micro-thermocouple may not have enough time to detect the
fast change in temperature if the distance between successive
bubbles is too short. The detection of bubbles may be rejected
by the ATD threshold condition, which was been described in
the previous step. Since this can cause actual bubbles to be
neglected, backward and forward searching procedures are im-
plemented in this algorithm, in order to obtain the necessary
information on bubbles, which were overloaded under the ATD
threshold condition. It is possible that the start position of the
(n + 1)th bubble can be situated at the end position of the nth
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Fig. 6. Forward searching procedures.

Fig. 7. Backward searching procedures.
bubble in the ATD information determined by ATD threshold
condition, as shown in Fig. 6. This is possible because the mag-
nitude of the ATD at the end position of the nth bubble is less
than ATDthreshold. There are two possible cases, as shown in
Fig. 6. The first case is where the end position of the nth bubble
is positioned in the negative ATD region passing through the
0 ATD value, as shown in Fig. 6(a). In this case, the end posi-
tion of the nth bubble is taken to be situated at the point where
the ATD reaches zero by forward searching. The second case is
where the ATD does not pass through the 0ATD value shown in
Fig. 6(b). In this case, the end position of the nth bubble is taken
to be situated at the point where the ATD reaches a minimum,
between the start position of the nth bubble and the start posi-
tion of (n + 1)th bubble by forward searching. Thus, the end
position of the nth bubble can be found by forward searching
from start position of the nth bubble.

On the other hand, the start position of the (n + 1)th bubble
can be found by backward searching from the end position of
the (n + 1)th bubble. There are two possible cases here, which
are similar to those in the forward searching procedures. These
procedures are shown in Fig. 7.

As the final step of in the discrimination of each phase sec-
tion, the criterion of the bubble width is applied to the time
information, which successfully satisfies the above sequences.
The criterion of the bubble width condition is used to remove
the non-physical data corresponding to the bubble residence
time, which can be calculated using the noisy signal and the
averaging process.

2.2. Determination of phase temperature

The bubble temperature is determined based on the char-
acteristics of the temperature measured by the micro-thermo-
couple and the information used to discriminate the phases,
which was referred to in the previous section. It is assumed that
the temperature change occurs along the exponential curve, as
described in Eq. (2), so it can be rewritten as follows

T (t) = α + βeγ t (11)

When the temperature is increased by the bubble, T is the tem-
perature at the junction, and α and β refer to Tmax = (Tbubble)

and Tmax − Tmin = (Tbubble − Tliquid), respectively. When the
temperature at the hot junction of the micro-thermocouple is
decreased by the cold water, and α and β become Twater and
Tliquid − Tbubble, respectively. −1/γ is the time constant of the
micro-thermocouple.

If the residence time at the hot junction of the micro-
thermocouple is smaller than the time constant or its magni-
tude is of a similar orders, the hot-junction will not reach the
temperature of the exponential curve. Thus, the temperature
data is only a part of the entire exponential curve. That is, the
convergent temperature can be determined by the exponential
regression method, which was proposed by Langer [10]. The
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Fig. 8. Self designed and fabricated micro-thermocouple.
procedures used in the exponential regression method can be
summarized as follows.

Let yi and S(a, b, c) be given by

yi = α + βeγxi (12)

S(a, b, c) =
n∑

i=1

[
yi − (

a + becxi
)]2 (13)

where, yi are the measured values, which have the form of an
exponential function at xi such as temperatures, and a+becxi is
the regressed function to be found. Therefore, S(a, b, c) refers
to the residual between the measured values and the regressed
values. Neglecting the high order terms of the Taylor expansion
as for c at xi , Eq. (13) can be expressed as

Λ = I−1Y (14)

where each matrix is defined as follows,

Λ =
⎛
⎝

a(c0)

b(c0)

b(c0)c0

⎞
⎠ (15)

Y =
⎛
⎝

∑n
i=1 yi∑n

i=1 yie
c0xi

∑n
i=1 xiyie

c0xi

⎞
⎠ (16)

I =
⎛
⎝

n
∑n

i=1 ecxi
∑n

i=1 xie
cxi

∑n
i=1 ecxi

∑n
i=1 e2cxi

∑n
i=1 xie

2cxi

∑n
i=1 xie

cxi
∑n

i=1 xie
2cxi

∑n
i=1 x2

i ecxi

⎞
⎠ (17)

The coefficients of Eq. (12) are updated by the repeating the cal-
culation after guessing the initial values and, then, calculating
the temperatures of the phases. Finally, each calculated temper-
ature is used to build the probabilities of the temperature and to
form the PDF.
3. Experiments

3.1. Experiments for verifying algorithm

3.1.1. Fabrication of micro-thermocouple
The micro-thermocouple manufactured in this study has an

outer diameter of 12.7 µm and is shaped like a hot-wire type as
shown in Fig. 8. The micro-thermocouple is fabricated using a
couple made of alumel-chromel wire (K-type).

The hot junction is twisted and a ceramic tube electrically
insulates each wire. A needle then supports each wire, in order
to protect it against the fluctuations caused by the water and
bubbles. The wire, which has an outer diameter of 12.7 µm, is
extended using a read wire with an O.D. of 127 µm by pressing
it into the needle and sealing it with epoxy. Each wire adjacent
to the junction in the needle is fixed with epoxy.

3.1.2. Dynamic calibration
The dynamic calibration of the fabricated micro-thermo-

couple is performed using Argon-Ion laser beam and shutter as
shown in Fig. 9. The developed algorithm was verified, by con-
ducting various experiments using an optical chopper (Stanford
Research Systems, Inc. Model SR540). The aim of this cali-
bration is to find the time constant of the micro-thermocouple,
which determines the response time of the micro-thermocouple.
The camera shutter is alternately closed and opened so as to in-
termittently expose the heat source to the hot junction.

The ice-point device was used to make the cold junction’s
temperature the freezing point and the other thermocouple was
used to know the temperature in the ice-point device, i.e.,
the temperature of the cold junction. The cold junction was
made by 127 µm wires and connected to the hot junction.
The composed devices to measure temperature are depicted
in Fig. 10. Before the micro-thermocouple is used, the micro-
thermocouple was calibrated in the iso-thermal box (Gemini
857/I, Isotech Co. Error ±0.05 ◦C) with RTD (Calibrated Pt
100 Probe, Error ±0.01 ◦C) as the reference temperature de-
vice. The uncertainty of the micro-thermocouple is ±0.1◦C.
When the compositions for measuring temperature are same to
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Fig. 9. Schematic diagram of experimental facility with optical chopper.
Fig. 10. Composed devices to measure temperature.

Fig. 10, the uncertainty in the measurement of the temperature
is ±0.27 ◦C. The used uncertainty data are summarized in Ta-
ble 1.

The calibration was performed using a flow rate of water of 0
to 1.2 m/s. The laser power was varied from 3 to 9 W. The laser
power is varied in order to adjust the sudden differences in tem-
perature at the hot junction. The beam is intercepted using the
shutter and measurements are conducted when the shutter is re-
peatedly open and closed. The temperature data were acquired
by means of an A/D board (DT3003-PGL) during a period of 2
seconds with of sampling rates of 300 kHz.

The experiments were conducted for the various conditions
of liquid velocity and optical chopper frequency. Table 2 shows
the four experimental cases with different optical chopper fre-
quencies used for dynamic calibration. The role of the optical
Table 1
Uncertainty of micro-thermocouple

Contents Absolute uncertainty

Micro-thermocouple ±0.100 ◦C
DAS ±0.244 ◦C
Iso-thermal box ±0.050 ◦C
Reference temperature device ±0.010 ◦C

Table 2
Experimental cases

Experiments Frequency of optical chopper (Hz) Residence time (ms)

Case 1 32 15.625
Case 2 64 7.813
Case 3 128 3.906
Case 4 256 1.953

chopper is to intercept the heat emanating from the laser. The
micro-thermocouple is subjected to thermal variation by adjust-
ing the frequency of the optical chopper. The opening of the
optical chopper, which allows the heat from the laser to pass,
corresponds to a bubble, while the closing of the optical chop-
per, which cuts off the heat, corresponds to the relatively cold
liquid phase. The frequency of the optical chopper is related
to the residence time of the bubble at the hot junction. For ex-
ample, when the frequency of the optical chopper is 256 Hz,
the residence time becomes 1.953 ms as shown in Table 2. The
temperature in the steady state is determined before and after
the operation of the optical chopper, in the form of minimal and
maximal temperatures, which are measured and are separately
time-averaged in each case. Those values are used to transform
the temperature into the PDF with and without the developed
algorithm.
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Fig. 11. Experimental apparatus used to measure the subcooled flow boiling.
Table 3
Experimental cases of the subcooled flow boiling

Case Flow
rate
(LPM)

Liquid
velocity
(m/s)

Heat
flux
(kW/m2)

Inlet
subcooled
degree (K)

Inlet
pressure
(MPa)

G1Q1 17.9 0.5729 96.695 20.655 0.11823
G2Q1 13.9 0.4449 96.695 23.320 0.12216
G2Q2 81.125 23.410 0.11875
G3Q3 10.0 0.3201 67.377 23.680 0.12473
G3G2 80.978 22.843 0.12430

3.2. Measurement of liquid temperature in subcooled boiling

The fabricated micro-thermocouple and the developed algo-
rithm were used to measure the liquid temperature in a sub-
cooled flow boiling experiment. Fig. 11 shows a schematic
diagram of the flow boiling loop and a photograph of the mea-
suring devices. The flow channel is a vertical concentric an-
nulus with a length of 2.870 mm with the heated inner tube.
The inner tube, which has an outer diameter of 19 mm is com-
posed of a heated section and silver-soldered copper electrodes
at both ends of the heated section. The heated section is a 1.870
mm long inconel 625 tube with a 1.5 mm wall thickness. This
heated section is preceded and followed by 500 mm long and
by 690 mm long, copper tubes, respectively. The outer tube is
composed of Pyrex tube, so that visual observation or taking a
photograph is possible, and stainless tubes with 32 mm inner
diameter.

The inlet and outlet temperatures were measured by RTDs,
which were calibrated within ±0.2 K. The static pressure was
measured at the inlet, outlet and measured point by DPI260
(Drug Co.) and the errors are ±0.001 MPa. The mass flow
rate was measured by a variable-area flow meter whose er-
ror is ±5%. The micrometer was used to traverse the micro-
thermocouple and it has the resolution of 1/100 mm.

The micro-thermocouple was installed at the position corre-
sponding to L/Dh = 125.4, and the temperature was measured
at 0.6, 0.7, 0.9, 1.3, 1.8, 2.4, 3.1 and 3.8 mm from the heated
wall, radially. The experimental conditions are listed in Table 3.
The signal from the micro-thermocouple is monitored using an
A/D-board (DT3003-PGL) for a period of 12 seconds at sam-
pling rates of 167 kHz.

The results of measuring local liquid temperature using
micro-thermocouple were compared with CFX-4.2.

4. Results

4.1. Experiments conducted to verify the algorithm

Figs. 12 and 13 show the results of the dynamic calibra-
tion. Figs. 12 and 13 show the time constant distributions when
the hot-junction is exposed to the heat source due to the sud-
den opening of the shutter and when the shutter suddenly in-
tercepts the heat source, respectively. The fabricated micro-
thermocouple has a time constant of about 2–4 ms, except that
the water is in the stationary state. The results show that the
fabricated micro-thermocouple has a fast time constant corre-
sponding to the values reported in previous studies (1991, 1993,
1994 and 1995), even though the device is manufactured in
this study was much easier to fabricate. From the results, it is
noted that the fabricated micro-thermocouple can measure the
temperature of both the bubbles and the liquid even when the
residence times of each phase at the junction are as low as sev-
eral milliseconds. Also, the results show that the time constants
have a similar value for various conditions, and which is inde-
pendent on the laser power. Thus, the time constant is almost
unchanged by the difference in the temperature of the phases.

Fig. 14 shows the measured temperature and different phase
regime distinguished by the developed algorithm. The long-
dashed and dash-dotted lines correspond to periods of heating
by the laser and the cooling by liquid, respectively. The solid
lines indicate the raw data temperatures. The areas surrounded
by the long-dashed line in Fig. 14(a). refer to the periods of
the time during which the temperature is increased by the heat
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Fig. 12. Time constants with various flow-velocities (exposure of heat source).

Fig. 13. Time constants with various flow-velocities (closure of heat source).

source. After the optical chopper intercepts the heat source, the
periods of time when the temperature is decreased by the liquid
are expressed as areas surrounded by the dash-dotted lines on
the right-hand side of Fig. 14(b). The calculated results show
that the algorithm developed in this study successfully distin-
guishes those regions in which temperature changes exist.

The comparisons of the two PDF transformed temperatures
obtained from the original raw data and the data calculated
by the developed algorithm are shown in Fig. 15. The PDF
transformed temperatures obtained without the algorithm are
determined directly from the raw data, which is well used in
previous study. The PDF transformed temperatures determined
with the algorithm are obtained by transforming the data, which
are calculated by the algorithm developed in this study. The
open symbols refer to the PDF transformed temperatures ob-
tained from the raw data and the closed symbols refer to those
obtained from the data calculated by the developed algorithm.
Tmin refers to liquid temperature and Tmax refers to the temper-
ature of the hot junction heated by the laser. Meanwhile, the
measured temperature refers to the averaged liquid and laser
beam temperature in the steady state, not undergoing tempera-
ture change due to the optical chopper.

The results show that the PDF transformed temperature ob-
tained from the calculated data by means of the developed algo-
(a)

(b)

Fig. 14. Phase distinctions by the developed algorithm. (a) Vapor phase. (b) Liq-
uid phase.

rithm is more accurate than the PDF transformed temperature
obtained directly from the raw data. According to the experi-
mental results, the developed algorithm can distinguish phases
and estimate each temperature quite accurately. 95% of data is
within ±15% error. Also, even if the temperature of the hot
junction does not reach the steady state, the algorithm more ac-
curately estimates the temperature.

4.2. Measurement of liquid temperature in subcooled boiling

The subcooled boiling experiments have complex flow con-
ditions, which are different from those in the experiments with
the optical chopper. In the case of the experiment with the
optical chopper, there were no liquid fluctuations. The liquid
temperatures were determined as the peak temperatures in the
temperature PDF. However, in this subcooled flow boiling, the
changes in temperature are caused by the phase change and
liquid fluctuations. For example, when the temperature is in-
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(a)

(b)

(c)

Fig. 15. (a) Comparison of measured and PDF transformed temperatures (Vliquid = 0.148 m/s). (b) Comparison of measured and PDF transformed temperatures
(Vliquid = 0.444 m/s). (c) Comparison of measured and PDF transformed temperatures (Vliquid = 0.741 m/s). (d) Comparison of measured and PDF transformed
temperatures (Vliquid = 1.036 m/s). (e) Comparison of measured and PDF transformed temperatures (Vliquid = 1.332 m/s).
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(d)

(e)

Fig. 15. (Continued.)

Fig. 16. Flow phenomena in subcooled region.
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Fig. 17. Liquid temperature profile.

creased, the cause of the temperature change can be vapor pass-
ing through the hot junction or high temperature liquid passing
through the junction due to liquid fluctuations. In contrast, the
temperature is decreased by the phase change from vapor to
low temperature liquid and by low temperature liquid inflowing
into the hot junction, which is caused by the liquid fluctuation.
Thus, the liquid temperatures are determined as the expectation
values of the measured temperatures.

In the subcooled flow boiling, there are various fast and com-
plex phenomena, which are caused by bubbles, and wakes that
the bubbles invoke. In subcooled flow boiling, the liquid fluctu-
ates due to the mixing of the liquid by convection and vapor
condensation. The raw data for the temperature signals cor-
respond to the direct temperature of the micro-thermocouple,
which undergoes thermal change due to liquid fluctuations and
phase changes. Thus, the raw temperature signals do not show
the actual temperature changes, due to the problem of thermal.
Fig. 16 shows these phenomena, schematically. The liquid is
heated by bubble condensation and convection and is cooled by
quenching of the bulk liquid, which is relatively cold. Fig. 17
shows the temperature trends at the point (P ) on the line of
(A)–(A′) in Fig. 16. The dashed line refers to the temperature
when the residence time is longer than the time constant. In
this case, the temperature can reach the convergent tempera-
ture. The solid line shows the case where the residence time is
insufficient to reach the convergent temperature, such as in the
general case. In this case, the micro-thermocouple undergoes
thermal inertia. The convergent temperature can be found by
means of the developed algorithm and is shown as the dotted
line in Fig. 17. The raw data include not only the liquid temper-
ature, but also the vapor temperature. Therefore, a distinction
needs to be made between the liquid and vapor temperatures,
which coexist in the raw data. The temperatures of raw data are
divided into two temperatures, which are high and low temper-
ature, when the developed algorithm is applied. The purpose of
this division is to extract the major temperatures from the fluctu-
ations of temperature present in the raw data. The high temper-
atures extracted by the algorithm refer to the major increase in
temperatures of the liquid, while the low temperatures extracted
(a)

(b)

(c)

Fig. 18. (a) Temperature spectrum of liquid and vapor (case G1Q1, R =
0.6 mm). (b) Temperature spectrum of liquid and vapor (case G1Q1,
R = 1.3 mm). (c) Temperature spectrum of liquid and vapor (case G1Q1,
R = 3.8 mm).
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(a) (b)

(c) (d)

(e)

Fig. 19. Comparison of measured and calculated temperature. (a) Case G1Q1. (b) Case G2Q1. (c) Case G2Q2. (d) Case G3Q2. (e) Case G3Q3.
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by the algorithm refer to the major decreases in temperatures of
the liquid. The vapor temperatures are filtered using the differ-
ence in the time constants between the vapor and the liquid. The
liquid temperature can be determined as the expectation value
of the high and low temperatures.

The distinctions of low and high liquid temperature by the
algorithm are depicted in Fig. 18. These figures are the results
at the 0.6, 1.3, and 3.8 mm from the heated wall in case of
G1Q1. In Fig. 18(a), the temperature peak induced by bub-
ble is observed. However, as going far from the heated wall,
the magnitude of the peak is smaller and then disappears in
high-subcooled region as shown in Figs. 18(b) and (c). To mea-
sure local liquid temperature, purely, the portion of the vapor
temperature is needed to eliminate. Thus, the pure temperature
portions by liquid are considered in raw data with the algorithm
using differences of time constants between liquid and vapor. In
addition, the representative temperatures of low and high liquid
region in the local position are found with the algorithm. The
obtained temperature of the low and high liquid temperature
used to determine the liquid temperatures as the expectation
values

The liquid temperature estimated by the algorithm and the
results of CFX-4.2 code are plotted in Fig. 19 with error bars.
The triangle symbols in Fig. 19 refer to the estimated liquid
temperature obtained with the developed algorithm. The dash-
dotted line shows the results obtained with CFX-4.2. In Fig. 19
the results obtained with CFX-4.2 show that the liquid temper-
atures are a little overestimated, as the distance from the heated
wall is going far away. However, the calculated temperature
with CFX-4.2 show comparatively good agreement with the es-
timated temperatures obtained using the developed algorithm.

The decline gradient of temperature in CFX is gentler than
experiments and this means that CFX has the higher thermal
mixing by turbulence. For a high liquid velocity, the most of
bubble condensation occurs near the heater and the thermal
boundary layer is thinner as the liquid velocity increases. Thus
the temperature gradient is steeper. From experimental results,
the liquid temperature gradient in the direction of the heater in-
creased rapidly as the liquid velocity increases. However, CFX-
4.2 does not follow those trends, which is suggested from the
weakness of wall temperature calculation capability of CFX.

5. Conclusion

In this study, a micro-thermocouple having a diameter of
12.7 µm was fabricated and an algorithm was developed to
estimate the temperature of each phase, when phase changes
exist at the hot junction of the micro-thermocouple. The re-
sponse time of the micro-thermocouple is measured by dynamic
calibration and it was shown to be of the order of several mil-
liseconds. The newly proposed algorithm was verified by con-
ducting experiments simulating phase changes using an optical
chopper and laser. According to the experimental results, the
developed algorithm estimate 95% of temperature data within
±15% error.

The fabricated micro-thermocouple and the developed algo-
rithm were used to measure the liquid temperature in subcooled
flow boiling. In this study, the fluctuation and phase change
could be measured using the fabricated micro-thermocouple.
The temperature was classified into the major temperatures
needing to be compensated using the developed algorithm, ex-
cept in the case of the vapor temperature. The estimated liq-
uid temperature to be the expectation value for the extracted
temperatures applying the developed algorithm compared with
the CFX-4.2 code. The results showed the CFX-4.2 made a
good agreement with the estimated liquid temperature, compar-
atively. However, the calculated result didn’t follow the rapid
increased trends of liquid temperature when the liquid veloc-
ity increased. This shows the necessity of improving subcooled
boiling model in CFX-4.2 code.
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