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a b s t r a c t
This paper presents an optimal design of a micro evaporator, to maximize the heat transfer coefﬁcient
(HTC) and it forms the starting point in developing miniaturized vapor–compression refrigeration system. The experimental design is adopted to determine the optimal parameters of the evaporator for realizing the inlet–outlet conditions of the refrigerating cycle, and for increasing the HTC. The number of
lateral gaps, channel width, and lateral gap size were optimized to maximize HTCs of 2062, 2029, and
1895 W/m2K for heating powers of 40, 60, and 80 W, respectively. The refrigerant and the mass ﬂow rate
were ﬁxed as R-123 and 0.72 g/s, respectively. Among the three design parameters, the channel width is
the most sensitive parameter inﬂuencing the HTC. A periodic change of ﬂow pattern was observed in the
evaporator with high HTCs, and a dryout was observed in the evaporator with low HTCs.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Recently, the heat dissipation of a mobile CPU has reached 95 W
and cooling methods such as fan-ﬁn and heat pipes have limitations because of the restricted space and the available heat transfer
efﬁciency in laptop computers. Therefore, small-sized coolers
based on vapor–compression refrigeration cycles, have been suggested as possible solutions [1–3]. Sung et al. [4] also proposed a
stack-type active micro cooler having the size 50  50  15 mm
and having comparative advantages of space, cost, and being able
to be mass produced.
The design of the evaporator is the starting point in developing effective active micro coolers because the inlet–outlet conditions of the evaporator have a standard design of expansion
valve and compressor and so the heat transfer efﬁciency of the
evaporator affects the performance of the whole system. The
evaporation of the refrigerant in a micro channel has been
widely researched, both theoretically and experimentally [5,6].
Lee and Lee [7] studied the correlation in order to represent
the heat transfer coefﬁcients of the boiling ﬂow of R-113
through a rectangular channel of width of 20 mm and found that
the heat transfer coefﬁcient increased with the mass ﬂux, and
the local quality and the effect of heat ﬂux appeared to be minor. They also found that the Kandlikar’s ﬂow boiling correlation
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covers the higher mass ﬂux range, with a 10.7% mean deviation.
Martin-Calizo et al. [8] experimentally investigated the subcooled ﬂow boiling heat transfer, for R-134a, in vertical cylindrical tubes with various internal diameters of 0.83, 1.22, and
1.70 mm and found that the classical correlations of the boiling
heat transfer could not predict the experimental heat transfer
coefﬁcient for all tested conditions.
To enhance the performance of the evaporator as a design
standard for the active micro cooler, investigations of the phenomena inside the channel and optimizing the design of whole
evaporator are clearly needed. However, the boiling phenomena
inside the evaporator are difﬁcult to deﬁne theoretically; even
the theoretical setup cannot explain the phenomena in various
conditions [8]. A few research studies have been carried out on
the optimal design of the evaporator. Murata and Hijikata [9]
analytically optimized the dimension of the cross-section of the
evaporator; however, the experimental results were not demonstrated, Chiriac and Chiriac [10] compared the performance of
the evaporator in a refrigeration system using R-134a for ﬁve
cases; however, the optimization was not conducted in a systematic manner and only an ad-hoc trial-and-error method
was adopted.
In this study, the design of experiment (DOE) methodology
introduced by Taguchi [11] has been adopted for the optimal design of the evaporator; this is a good solution for optimizing the
design of the evaporator, since the boiling phenomena inside the
evaporator are difﬁcult to deﬁne theoretically. It offers a simple
and systematic approach to optimal design for the complicated
system by using orthogonal arrays and signal to noise ratio. Details
about the DOE are explained in the next section. Using the DOE
methodology, the optimal design parameters were determined to
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maximize the HTC based on the two-stage DOE and the two phase
ﬂow in the evaporator has also been visualized.
2. Design of experiment
2.1. Design of experiment methodology
The design of experiment methodology which is called Taguchi
methodology is a robust optimal design methodology to ﬁnd optimal values of design parameters which enable to maintain the best
performance regardless of the external condition. The procedure of
DOE is as follows [12];
(1) Identifying the objectives: In the ﬁrst step of the DOE, identifying a speciﬁc objective is important. In this paper, the objective is an optimal design of the evaporator regardless to the
heating power for maximizing the heat transfer coefﬁcient.
(2) Determining the quality characteristic: The characteristic of
quality is classiﬁed into 3 types; nominal-the-best, smaller-the-better, and larger-the-better. In this paper, the objective is maximizing the heat transfer coefﬁcient, therefore it
is a larger-the-better problem.
(3) Selecting the controllable factors and noise factors: The selection of factors to be tested for their inﬂuence on the quality
characteristic is one of the most important procedure in DOE
methodology. Careless selection of controllable factors and
noise factors lead to false conclusion. After selecting the factors, their desired number of levels is determined. In this
paper, the controllable factors are number of lateral gap,
channel width, and lateral gap size and the noise factor is
a heating power. All controllable factors are three levels to
determine the optimal value.
(4) Selecting an orthogonal array: The exhaustive search of the
optimal value requires the experiment of all combination of
the factor levels under study. Orthogonal arrays provide smaller, less costly experiments. For example, a study involving 13
factors at three levels each would require 313 = 1,594,323
experiments with exhaustive search, while it would require
only 27 experiments with L27 ð313 Þ orthogonal array.
(5) Conducting the experiment and analysis: The analysis of experiment relates to calculations for converting raw data into the
representative signal-to-noise ratio (S/N ratio). By including
the impact of noise factors on the process or product as the
denominator, the S/N ratio can be adopted as the index of
the system’s ability to perform well regardless of the effects
of noise. In this paper, optimal values of the factors to maximize the heat transfer coefﬁcient in the evaporator regardless of the heating power was determined.

ant transfer part, the test section, the camera, and the collecting
container. The transfer part was composed of a gas pump with a
pressure vessel, a ﬂow meter, and a ﬂow control valve. At the inlet
and the outlet of the evaporator, pressure, and differential pressures transducers and two type-K thermocouples have been used
to measure the pressure and temperatures of the refrigerant,
respectively. A high speed camera (having a maximum frame rate
of 10,000 fps) was used to observe the ﬂow of the refrigerant inside
the evaporator at 1000 fps as this gave sufﬁcient resolution for the
experiments performed.
The test section is shown schematically in Fig. 2 and is comprised of Pyrex glass, a micro evaporator chamber, and ceramic
heater stacked between PEEK housings. A Teﬂon gasket and an
O-ring seal were used to ensure a leak-proof contact between the
Pyrex glass, the evaporator, and the ceramic heater. The thicknesses of the Pyrex glass, the evaporator, the ceramic heater, and
the gasket were 1, 1.5, 1, and 2 mm, respectively. DC power supply
which could be regulated in the ranges 0–30 V and 0–10 A was
used to supply constant heat to the ceramic heater. The temperature of the heater was measured by a resistance temperature
detector (RTD) which was attached at the bottom of the ceramic
heater. The condition of the refrigerant at the inlet is shown in Table 1.
2.3. Data reduction
2.3.1. Pressure drop
The performance of the evaporator is evaluated by using the
heat transfer coefﬁcient and the pressure drop. Ideally, inside the
evaporator, the pressure should be kept constant throughout the
procedure; it was found that the pressure drop is not signiﬁcant
during the pre-tests and this can be seen in Fig. 3 which shows that
the difference in pressure drop between the evaporators, for each
heating power, is less than 0.02 bar. This is much lower than
1 bar, which is the pressure of the evaporator outlet. In this experiment, the pressure drop was therefore not used to determine optimal design parameters and so only the heat transfer coefﬁcient
was used for optimizing the design of the evaporator.
2.3.2. Heat transfer coefﬁcient
As just stated the heat transfer coefﬁcient was selected as the
objective value for optimizing the design and the heat transfer
coefﬁcient of the evaporator is deﬁned as follows:

h¼

Qh
As ðT w  T r Þ

Inlet

ð1Þ

Outlet

2.2. Experimental apparatus
As shown in Fig. 1, the experimental apparatus included in the
optimization of the micro evaporator is comprised of the refriger-
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Fig. 2. Test section.
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Fig. 1. Experimental apparatus.
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Table 1
Operating conditions of the experimental setup.
Refrigerant

Inlet
temperature (°C)

Inlet pressure
(bar)

Mass ﬂow
rate (g/s)

Power of
heater (W)

R-123

25

1.0

0.72

40, 60, 80
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Lateral gap size (c)
Channel width (b)

Refrigerant flow
direction
Number of gaps (a)
Fig. 4. Deﬁnition of the design parameters.

Table 2
Design parameters at the various levels.

a (Number of gaps)
b (Channel width)
c (Lateral gap size)

Level 1

Level 2

Level 3

2
0.2 mm
0.5 mm

3
0.35 mm
0.75 mm

4
0.5 mm
1.0 mm

Fig. 3. Pressure drop in the micro evaporators.

where Q h is the heating power of the heater which is given as 40 W,
60 W, and 80 W, respectively, As is a surface area inside the evaporator, T w and T r are temperatures of the wall and the refrigerant,
respectively. However, as it is not possible to measure these T w
and T r directly in the experiment the heat transfer coefﬁcient has
been calculated based on the relation from the values that can be
measured from the experiment.
T w can be calculated by using the one-dimensional heat transfer
equation from the heater to the evaporator:

Tw ¼ Th 

qh t
kal

ð2Þ

where qh is a heat ﬂux from heater which is 1.48 W/m2 for the heating power of 80 W, and T h is the temperature of the heater, t is
thickness of the evaporator, which is 0.5 mm, and kal is the conductivity of aluminum, which is 237 W/m K. By inserting the parameter
values T h  T w ¼ 0:312  C is obtained, so it can be assumed that T w
and T h are approximately the same value.
Since the refrigerant is supplied in a sub-cooled state, the evaporator can be divided into two regions: an upstream sub-cooled region and a downstream saturated region. The area that the subcooled refrigerant occupies can be calculated by the energy balance
equation:

_
Al MCðT
sat  T in Þ
¼
Qh
As

ð3Þ

_ is
where Al is the area of saturated liquid inside the evaporator, M
the mass ﬂow rate of refrigerant, which is 0.72 g/s, C is speciﬁc heat
of the refrigerant, which is 0.965 kJ/kg K for the liquid state. And T sat
is the saturation temperature of the refrigerant, which is 27.85 °C
for 1.013 bar, T in is the temperature of the refrigerant at the inlet,
which is 25 °C. By inserting the parameter values, the ratio of the
sub-cooled area to the total area was obtained as 4:95  102 for
the heating power of 40 W, which means that the saturated vapor
occupies more than 95% of the total area of the evaporator for
the worst case. Therefore it can be assumed that the temperature
of the refrigerant is the same as the temperature of the saturated
gas (T w  T sat ).
Then the relation between the objective value and the measured values is determined by using:
0

h ¼

Qh
As ðT h  T sat Þ

ð4Þ

The objective of this research is to ﬁnd the optimal parameter
0
set, to maximize h , which is a modiﬁed heat transfer coefﬁcient.

2.4. Design parameters and constraints of the experimental studies
Three parameters were selected to be optimized, namely the
number of gaps, the channel width, and the lateral gap size. The
lateral gap was introduced to reduce the ﬂow instability by dispersing the vapor bubbles to the lateral direction. A graphical
explanation of each parameter is shown in Fig. 4. From practical
constraints, the height of the ﬁn was ﬁxed as 1 mm and the width,
the length, and the height of the evaporator were ﬁxed as 50 mm,
50 mm, and 1.5 mm, respectively.
The candidates for the design parameters are shown in Table 2.
To select the best parameter set, nine experiments were conducted
using the L9 ð34 Þ orthogonal array [11]. The power of the heater is
selected as a noise factor and the orthogonal array is presented
in the left side of Table 3. Along the L9 ð34 Þ orthogonal array, nine
evaporators, made of aluminum, were manufactured as shown in
Fig. 5.
3. Optimal design by experimental investigations
3.1. Intermediate result of optimal design
Along the L9 ð34 Þ array, shown in the left side of Table 3, nine
sets of experiments were conducted and the temperature of the
heater was measured in each case. The experimental result is
shown in the right side of Table 3 and its error analysis is shown
in Fig. 6. As shown in the Fig. 6, there is little error on the investigated data. Eq. (4) and the parameter values mentioned above have
been used to calculate the heat transfer coefﬁcient and the S/N ratio (signal-to-noise ratio) was also calculated to analyze the sensitivity of the parameters regardless of noise factor. Since the heat
transfer coefﬁcient was expected to be high at the optimized evaporator, a larger-the-better S/N ratio was selected where the largerthe-better S/N ratio is deﬁned as follows:

S=N ¼ 10 log

j

Pn

2
i¼1 1=yi j

n

ð5Þ

where yi is the measured output and n is the number of
experiments.
By performing the sensitivity analysis shown in Fig. 7, the intermediate optimal parameter set for the three gaps considered, led to
the channel width of 0.5 mm and lateral gap size of 0.5 mm being
identiﬁed as the best with a corresponding S/N ratio of 57.80 dB,
60.34 dB, and 58.77 dB, respectively. Among the three parameters,
the channel width was determined to be the most sensitive parameter to the heat transfer coefﬁcient. Although the best parameter
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Table 3
Intermediate experimental results based on orthogonal array L9 ð34 Þ in the design of experiment.
Experiment number

1-1
1-2
1-3
1-4
1-5
1-6
1-7
1-8
1-9

Design parameters

h ðW=m2 K)

T h (°C)

S/N ratio (dB)

a

b (mm)

c (mm)

40 W

60 W

80 W

40 W

60 W

80 W

2
2
2
3
3
3
4
4
4

0.2
0.35
0.5
0.2
0.35
0.5
0.2
0.35
0.5

0.5
0.75
1.0
0.75
1.0
0.5
1.0
0.5
0.75

50.21
41.92
41.88
64.48
42.66
39.16
53.42
40.47
49.57

90.95
58.99
52.47
102.8
58.00
46.10
91.42
54.41
71.69

138.5
107.2
83.15
138.5
113.8
60.09
134.9
86.19
138.0

790.3
1472
1657
493.9
1440
1973
714.3
1556
1029

420.1
997.7
1416
362.3
1061
1834
431.0
1109
764.9

319.5
522.4
840.8
327.1
496.0
1384
341.3
673.0
406.1

52.45
57.67
61.20
51.54
57.42
64.45
52.75
59.41
55.37

showed a bi-directional increase with a minimum at a gap size of
0.75 mm, two sets of L4 ð23 Þ orthogonal array were used, as shown
in the left side of Table 4.
The ﬁnal result of the optimal design is shown in the right side
of Table 4. The sensitivity analysis can be conducted again with the
S/N ratio for the second stage but the ﬁnal optimal S/N ratio, and
the intermediate optimal S/N ratio have a difference of 1.53 dB,
and the deviation of the second stage of experiment is 4.78 dB,
which is much lower than the value at the ﬁrst stage of the experiment, namely, 12.92 dB. This means that the heat transfer coefﬁcient has almost reached the maximum at the second
experimental stage, and the sensitivity analysis here is meaningless. Therefore, it can be decided that the result of the second stage
experiments yields the optimal parameter set to maximize the
heat transfer coefﬁcient. Assuming this, the optimized evaporator
can be concluded with the combination of variables having smallest S/N ratio, as presented in Table 4, which are three gaps, channel
width of 0.65 mm, and lateral gap size of 1.25 mm.
Fig. 5. Pictures of the micro evaporators constructed for the experimental studies.

Fig. 6. Measured temperatures and their error analysis.

set corresponded with the 6th evaporator, further experiments
should be conducted to obtain the optimal evaporator overall.
3.2. Final results of the optimal design
Based on the intermediate result, the second stage of experiments was designed where the channel width and the lateral gap
size were modiﬁed. Because the tendency of the lateral gap size

4. Flow visualization
During the experiments performed to obtain the optimal design
of the evaporator, observations of the ﬂow of refrigerant inside the
evaporator were conducted by using a high speed camera, located
above the test section, for 0.5 s at 1000 fps. Through the ﬂow visualization, it was seen that the ﬂow pattern of the refrigerant depended on the power of the heater and the values of the design
parameters.
The observed ﬂow inside 6th prototype of the micro evaporator
at 40 W is analyzed sequentially in time as shown in Fig. 8. An
elongated vapor slug of refrigerant occupies the channel and the
lateral gap (see Fig. 8a). The liquid refrigerant ﬂushes into the
channel and ﬁlls the channel (see Fig. 8b). The wall-nucleating
bubbles are generated at the channel wall (see Fig. 8c). The bubbles
are conﬁned by the channel wall and coalesce with other bubbles
to form a vapor slug (see Fig. 8d). The vapor slugs merge together
and become an elongated vapor slug (see Fig. 8e) and the process is
repeated. This periodic change is caused by a local increase of pressure drop across the channel and as the vapor slug grows, the pressure drop at that position increases. When the pressure drop
reaches a threshold value, the vapor slug is swept away by the liquid refrigerant.
Fig. 9 shows photographs of the refrigerant ﬂow of the 6th prototype of the micro evaporator at 80 W where the periodic change
of ﬂow regime also occurs, however, it is different from that at
40 W in the following aspects. The photograph is a ﬂow regime before the liquid refrigerant ﬂushes into the channel. The ﬂow regime
is an annular ﬂow although it seems to be the elongated vapor slug,
as shown in Fig. 9a. If it is an elongated vapor slug, it will move to
the outlet when the liquid ﬂushes into the channel but the vapor
does not move and the liquid ﬂow along the liquid ﬁlm at the wall
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Fig. 7. Sensitivity analysis for each design parameter.

Table 4
Final experimental results based on two tries of orthogonal array L4 ð23 Þ in the design of experiment.
Experiment number

2-1
2-2
2-3
2-4
2-5
2-6
2-7
2-8

T h ð CÞ

Design parameters

h ðW=m2 KÞ

S/N ratio (dB)

a

b (mm)

c (mm)

40 W

60 W

80 W

40 W

60 W

80 W

3
3
3
3
3
3
3
3

0.5
0.5
0.65
0.65
0.5
0.5
0.65
0.65

1.0
1.25
1.0
1.25
0.25
0.5
0.25
0.5

41.88
39.93
40.43
39.99
43.73
39.16
40.42
40.21

52.47
46.05
46.87
46.35
52.98
46.10
47.78
46.59

83.15
53.78
55.86
54.27
62.94
60.09
59.02
54.40

1657
1916
1944
2062
1324
1973
1820
1892

1416
1908
1929
2029
1255
1834
1722
1872

840.8
1785
1746
1895
1199
1384
1468
1761

61.20
65.42
65.42
65.98
61.98
64.45
64.35
65.29

Fig. 8. Periodic change of ﬂow pattern in the 6th evaporator at 40 W.

Fig. 9. Flow pattern of the 6th evaporator at 80 W.

of the evaporator (see Fig. 9b and c). As shown in Fig. 9d, the nucleation occurs in the thin liquid ﬁlm on the channel wall. The period
of the change reduces from 120 ms to 43 ms.
Fig. 10a and b show the photographs of the refrigerant ﬂow of
the 4th prototype of the micro evaporator at 40 W and 80 W,
respectively, where it can be seen that the periodic change of ﬂow
regime is not observed. At 40 W, the liquid ﬁlm of refrigerant is

Fig. 10. Flow patterns of the 4th evaporator at 40 W and 80 W.

formed on the wall of the channel and the gap so that the nucleation on the wall occurs only in the gap side of the channel (see
Fig. 10a). At 80 W, the dryout of the refrigerant occurred inside
the evaporator, so the ﬂow of refrigerant is not observed (see
Fig. 10b).
5. Conclusion
In this paper, the optimal parameters have been designed to
maximize the heat transfer coefﬁcient. The selected parameters
are the number of gaps, the channel width, and the lateral gap size
and the optimal parameter set bas been determined as 3, 0.65 mm
and 1.25 mm, respectively. The maximized heat transfer coefﬁcients are 2062, 2029, and 1895 W/m2K for the heater powers of
40, 60, and 80 W, respectively. From the sensitivity analysis, the
channel width is the most sensitive parameter amongst the design
parameters. By the ﬂow observation during the intermediate
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experiments, it was found that the periodic change of ﬂow pattern
occurs at the evaporator with a high heat transfer coefﬁcient, while
the dryout occurs at the evaporator with a low heat transfer coefﬁcient. To develop an active micro-cooler, the development of a
miniaturized expansion valve and a condenser is processing and
further studies are planned.
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