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We present an optimal design for an oriﬁce in a small cooler. The objective of the optimal design is to
maintain constant superheat at the outlet of an evaporator while the ﬂow rate and cooling load are changed.
Four parameters are chosen for the optimal design: the diameter of the oriﬁce, the aspect ratio between
length and diameter, the entrance angle to the oriﬁce, and the surface roughness. R-123 is used as the
refrigerant. We perform a simulation to check the sensitivities of each parameter, and we determine the
oriﬁce diameter as the most sensitive design parameter among the four parameters to maintain
the constant superheat. To ﬁnd the optimal oriﬁce diameter, experiments are performed on oriﬁces of
various diameters. To simulate the vapor-refrigeration cycle, the inlet condition of the oriﬁce upstream ﬂow
is ﬁxed at 3 bar and 60  C. The superheat is measured at the outlet of the oriﬁce while the cooling loads vary
by 60, 80, and 100 W and the ﬂow rate varies by 20e70 mL/min. An oriﬁce diameter of 350 mm is selected as
the optimal value to keep constant superheat at the evaporator outlet for various ﬂow rates and cooling
loads. The resulting optimal oriﬁce design will be used in a small cooler.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Recently, heat dispersion in portable electronics has become
a critical issue [1e3]. Passive air-cooling systems such as fan-ﬁns
and heat pipes have cooling capacity limitations. An active cooler
based on vaporecompression refrigeration cycles has been
proposed as a possible solution. The authors proposed
a 50  50 mm2 stack-type active cooler [4] and have recently
changed the design of the cooler as shown in Fig. 1(a).
Fig.1(b) shows refrigerating cycle of the small active cooler which
was developed by the authors. Each process of AeD in Fig. 1(b) is
matched to characters of device in Fig. 1(a). The compressor (A), that
is rotary vane type, compresses refrigerant vapor which is from the
evaporator. The refrigerant vapor loses heat and changes to liquid
state through the condenser (B) with a heat pipe. Then, the oriﬁce (C)
changes the liquid to two-phase vapor in isenthalpic process. The
evaporator (D), that has micro lateral gaps, takes the heat from a heat
source and supplies saturated vapor (or overheated vapor) to the
compressor (A). The whole process is repeated until steady-state.
In the vapor-compression refrigeration cycles which is
explained previously, an expansion device is required for the
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isenthalpic process between the condenser and the evaporator. The
expansion device receives liquid state refrigerant from the
condenser and converts the refrigerant into two phases. Since wet
steam causes poor compressor performance, the expansion device
should maintain constant superheat at the outlet of the evaporator
by changing the evaporator inlet condition. An oriﬁce is commonly
used as the expansion device in small coolers because of its simple
structure. Determination of the oriﬁce geometry is very important
since the oriﬁce is a passive device. Many researchers suggest
analyses on ﬂow characteristics through a micro-oriﬁce [5e9]. Such
research is typically focused only on the performance of the oriﬁce.
To apply the oriﬁce to a small active cooler, oriﬁce research to ﬁnd
the correlation to the other components that consist of the active
cooler such as an evaporator and condenser is required.
We focused on the major role of the oriﬁce to design an active
cooler: conservation of constant superheat at the evaporator outlet.
Superheat of the evaporator outlet should be maintained as
constant for stable operation of a vapor-compression refrigeration
cycle. Therefore, the superheat of the evaporator outlet was chosen
to establish an objective function for the optimal design of the
oriﬁce. We used the evaporator developed in our previous research
[10]. The superheat must be maintained in an appropriate range
because large superheat decreases the efﬁciency of an active cooler,
and small superheat cannot achieve the refrigeration cycle. In this
study, the target superheat was set to 1  C.
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Table 1
DPs and levels.

A
B
C
D

Diameter
Aspect ratio
Entrance angle
Roughness

Level 1

Level 2

Level 3

300 mm
1.7
40
6.3 S

350 mm
2
45
25 S

400 mm
2.3
50
100 S

DP-based experiments for various conditions. Our conclusions are
given in Section 5.
2. Problem deﬁnition
Our optimal design was performed in two steps: simulation to
determine the most sensitive parameter, and experiments to
determine the ﬁnal optimal value. This section describes the
objective function, the DP, and constraints for the optimal design.
Before starting to explain the detail procedure, it is important to
mention why we perform the optimization process in two steps of
simulation and experiment. In our experience, simulation is
sometimes not perfectly coincident to the experimental data;
especially in phase-change heat transfer problems. In this point of
view, we cannot trust the absolute value of the simulation in the
expansion device, but we just believe the sensitivity analysis which
gives us relative data. We can reduce the design parameters by
sensitivity analysis, then we ﬁnd the ﬁnal optimal value by small
numbers of experiments. By the two-step optimization by simulation and experiment, we can say the optimization procedure
becomes efﬁcient and feasible.
2.1. Objective function
The objective of the optimal design is to determine DPs for
a constant superheat of 1  C. We adopted the Nominal-the-Best
signal-to-noise (S/N) ratio [11] as the objective function as follows:
n
X

Fig. 1. (a) Concept of stack-type micro-cooler. (b) Refrigerating cycle of the cooler.

S=N ¼ log
The optimal design was performed in two steps. First, the sensitivities of four design parameters (DPs) e diameter, aspect ratio,
entrance angle, and roughness e were analyzed by simulation. Then
we choose the most sensitive parameter among the four parameters
for experimental veriﬁcation. Experiments were performed by
varying the most sensitive parameter while the oriﬁce inlet condition
was ﬁxed and the cooling load on the evaporator and the ﬂow rate
were changed. The optimal value of the most sensitive parameter was
determined by measuring the superheat of the evaporator outlet. The
optimal value is also the most robust DP since we considered the
variation of the superheat in the objective function.
The rest of the paper is organized as follows. Section 2 deﬁnes
the optimal design problem according to the design of experiment
methodology. Section 3 presents the results of the simulation used
to ﬁnd the most sensitive DP. In Section 4, we describe the optimal

i¼1
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!2
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n

;

(1)

where ei is the difference between the measured superheat and the
objective value of 1  C, and n is the number of simulations or
experiments. By introducing the S/N ratio as the objective function,
we can ﬁnd the most robust DP that maintains the superheat
near 1  C.
2.2. Parameters
The four design parameters to be optimized are the diameter,
aspect ratio, entrance angle, and roughness. Fig. 2 shows the
geometric meaning of each design parameter. The aspect ratio is
the ratio of the oriﬁce length to the oriﬁce diameter.
2.3. User condition (noise factor)
There are two noise factors (NFs) that simulate the real operation
of the active cooler: the cooling load of the evaporator and the ﬂow
Table 2
Three combinations of NFs.

Cooling load
Flow rate
Fig. 2. Cross-section view of the oriﬁce design.

NF1

NF2

NF3

60 W
30 mL/min

80 W
40 mL/min

100 W
50 mL/min
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Table 3
Simulation results based on orthogonal array L9(34).
Simulation number

Design
parameters
(levels)
A

B

C

Noise factors

D

NF1

NF2

S/N ratio

NF3

Superheat ( C)
1
2
3
4
5
6
7
8
9

1
1
1
2
2
2
3
3
3

1
2
3
1
2
3
1
2
3

1
2
3
2
3
1
3
1
2

1
2
3
3
1
2
2
3
1

1.908
1.797
1.866
1.884
1.915
1.925
1.885
1.941
1.905

1.924
1.813
1.855
1.901
1.904
1.909
1.900
1.935
1.909

1.933
1.801
1.862
1.896
1.891
1.939
1.903
1.907
1.888

38.014
41.788
44.849
40.860
38.445
36.367
40.240
34.849
38.939

rate. It should be possible to use the active cooler to cool both the low
heat generation device and the high heat generation device. To ﬁnd
a robust solution, cooling loads of 60, 80, and 100 W were applied.
The ﬂow rate can be changed during the operation using the
compressor power and heat dispersion rate. We used R-123 refrigerant with a ﬂow rate between 20 mL/min and 70 mL/min. By
applying the two NFs, we can ﬁnd a robust solution while the user
condition changes.
2.4. Constraints
The inlet condition of oriﬁce upstream ﬂow was ﬁxed at a liquid
state at 3 bar and 60  C. The inner diameter of the pipe (the blue
arrow in Fig. 2) was ﬁxed at 2 mm (For interpretation of the
references to color in this paragraph, the reader is referred to the
web version of this article.).
3. Simulation
As discussed in the previous section, four DPs are to be optimized: the diameter, the aspect ratio, the entrance angle, and the
roughness. The objective was to ﬁnd the most sensitive DP to
enhance the objective function among the four DPs. The most
sensitive DP was then experimentally analyzed in detail.
3.1. Design of simulation
A simulation to evaluate the sensitivity was performed based on
the design of experiment (DOE) methodology [11]. The DOE was
performed as follows: i) Choose possible DP candidates at two or
three levels. ii) Make the NF combination of extreme user conditions. iii) Design the experiment with an orthogonal array. iv)
Determine the optimal value from sensitivity analysis for each DP.
In the simulation, we attempted to ﬁnd only the most sensitive DP
among the four DPs.

Fig. 4. Sensitivity analyses for each design parameter.

Table 1 shows the possible DP candidates. Three levels of DPs
were selected to check the sensitivities for each DP. The cooling
load supplied to evaporator and ﬂow rate of the refrigerant through
the oriﬁce were considered as NFs. NF combinations were designed
as shown in Table 2 to simulate extreme user conditions.
An orthogonal array of L9(34) was used in the simulation as
shown on the left side of Table 3. Orthogonal arrays have the
advantage that the number of simulations can be reduced. For
example, for an analysis of four DPs (as was the case in our
research), 34 ¼ 81 simulations are required for each NF in an
exhaustive searching method. By using the L9(34) orthogonal array,
nine simulations for each NF is enough to check the sensitivity on
each DP.
3.2. Performing the simulation
Simulations were performed using ANSYS CFX software (Version
13, ANSYS Inc., Canonsburgh, USA). To calculate the superheat at the
evaporator outlet, we simulate the vapor quality at the outlet of the
oriﬁce by the ANSYS CFX software. The posture of the simulation is
shown in Fig. 3. Then, the enthalpy at the outlet of the evaporator,
hout, can be calculated as follows:

hout ¼ hin þ

Q
;
_
m

(2)

where hin is the enthalpy at the outlet of the oriﬁce calculated from
the simulated vapor quality, Q is the heat exchange of the refrigerant in the evaporator which is same as the cooling load (note that
we assume the housing of the evaporator is well insulated), and
_ is the mass ﬂow rate. The superheat at the outlet of the evapom
rator can be simply calculated from the resulting hout.
Nine simulations were performed based on the L9(34) orthogonal array, and the resulting superheats are shown in the center of
Table 3. The results were analyzed using the S/N ratio.
3.3. Sensitivity analysis
The sensitivity of each DP regardless of NFs was analyzed using
the Nominal-the-Best S/N ratio (Eq. (1)). By maximizing the S/N

Fig. 3. Result of ANSYS simulation: simulation number 5 (the diameter ¼ 350 mm, the aspect ratio ¼ 2, the entrance angle ¼ 50 , and the surface roughness ¼ 6.3 S. a) NF1 (60 W,
30 mL/min), b) NF2 (80 W, 40 mL/min), c) NF3 (100 W, 50 mL/min).
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Fig. 5. Schematic diagram of experimental apparatus.

ratio, we obtained the most robust DP that maintained a constant
superheat of 1  C. The S/N ratio determines how the system
performs despite the effects of noise by including the inﬂuence of
NFs in the denominator [11]. The resulting S/N ratio is shown on the
right side of Table 3. According to the orthogonal array, the S/N ratio
for each level of DP can be calculated. For example, the S/N ratio of
level 2 of B is the average of the S/N ratio of simulation numbers 2,
5, and 8.
The results of the sensitivity analysis of each DP are shown in
Fig. 4. We note that the diameter (A) and the entrance angle (B)
have high sensitivity that can be expressed by the variation
between the maximum and minimum value of the S/N ratio. In
contrast, the other two DPs do not have high sensitivity with
respect to the objective function.
To increase the objective efﬁciently, it is important to see the
shape of sensitivity curve of the two sensitive DPs. In the curve of
the entrance angle, the sensitivity is not high in the high S/N ratio
region, which means the objective function reaches almost the
maximum around 45 and 50 ; thus we cannot expect to increase
the objective sharply by increasing the entrance angle. In the curve
of the diameter, the sensitivity is high in the high S/N ratio region.
Therefore we can efﬁciently increase the objective function by
varying the sensitive DP in the high S/N ratio region; i.e., the
diameter. In terms of manufacturing cost, it is efﬁcient to reduce the
number of experiments. Therefore, we performed the optimization
experiment only on the diameter.
4. Experiments
4.1. Set-up of experiment
A diagram of the experimental apparatus is shown in Fig. 5.
A liquid volumetric pump (KPV-22-SF-S, Cheon-Sei Industries,
Korea) was used to draw R-123 refrigerant from a liquid vessel.

A ﬂoat ﬂow meter (custom made, KITS, Korea) for liquid R-123
measured the volume ﬂow rate. Heating tape regulated the
experimental oriﬁce inlet conditions. A pressure sensor (Model
206, Setra Systems, Boxborough, USA), differential pressure transducers (Model 230, Setra System), and a type-K thermocouple were
used to measure the pressures and temperatures of the refrigerant
at the inlet and the outlet of the oriﬁce. Cartridge heaters were
adhered under the evaporator to apply the cooling load. A direct
current (DC) power supply provided constant power to the
cartridge heaters to achieve various cooling loads. A pressure
transducer and thermocouple measured the pressure and
temperature of the refrigerant, respectively, at the outlet of the
evaporator. All experimental equipment was insulated using
expanded polystyrene tubes and polyether ether ketone (PEEK)
housings.
Fig. 6(a) shows the manufactured oriﬁce samples. The entrance
angle is 45 and the aspect ratio is 2. Four oriﬁce samples were
manufactured with diameters of 300, 350, 400, and 450 mm. A microevaporator with a lateral gap, shown in Fig. 6(b), was installed after
the oriﬁce sample [10]. During the experiments, the inlet condition to
the oriﬁce was maintained at 3 bar and 60  C by the heating tape.
Cartridge heaters under the evaporator supplied cooling loads of 60,
80, and 100 W. The volumetric pump controlled the ﬂow rate in the
range of 20e70 mL/min for each oriﬁce sample. Note the two varying
conditions of the cooling loads and the ﬂow rate simulate the user
condition to ﬁnd a robust diameter of the oriﬁce.
The calculation for the superheat at the evaporator outlet was
made as follows. The saturation temperature was derived from
measured pressure at the evaporator outlet. Then, the superheat
was determined by subtracting the saturation temperature from
the measured temperature at the evaporator outlet. All data were
measured at the steady-state condition. Some data at low ﬂow rate
and high cooling load resulted in inconsistent results; thus, we did
not consider these data in the analysis.
4.2. Results
Before we discuss the superheat, we would like to explain
measured pressure drop and ﬂow rate. In theory, the pressure drop
and the ﬂow rate have strong correlation in single phase ﬂow;
however, the pressure drop maintains constant while the ﬂow rate
affects the vapor quality in two-phase ﬂow. In our experiments, the
pressure drop is measured by constant in the region of interest. And
the ﬂow rate turns out to be proportional to the vapor quality which
is going to be used to calculate the superheat as explained in
Section 4.1.

Fig. 6. Photo of (a) oriﬁce samples, and (b) micro-evaporator with cartridge heaters.

S. Jin et al. / Applied Thermal Engineering 31 (2011) 2631e2635

2

20

15
1
0.5

10

0

S/N ratio ( d
dB)

Superheat ( )

1.5

5
-0.5
-1

0
250

300

350
400
Diameter (µm)

450

500

Fig. 7. Superheat of refrigerant at the evaporator outlet and S/N ratio for each oriﬁce
diameter: red dotted line denotes the objective superheat of 1  C. The shape of the
point denotes different cooling loads: the square, triangle, and circle mean 60 W, 80 W,
and 100 W, respectively. The color of the point denotes different ﬂow rates: red,
orange, yellow, green, blue, navy, and purple indicates 25, 30, 35, 40, 50, 60, and 70 mL/
min, respectively. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

The superheat at the evaporator outlet and the S/N ratio for each
ﬂow rate and cooling load are shown in Fig. 7. The 350 mm oriﬁce
had the largest S/N ratio of 18.2 dB, and the 450 mm oriﬁce had the
second largest S/N ratio of 18.1 dB. Note that there is no signiﬁcant
difference between the two diameters. However, in the design
problem based on the Nominal-the-Best S/N ratio, we should
consider the error between the measured value and the objective
value of 1  C since the largest S/N ratio only guarantees the smallest
variation. In other words, the S/N ratio guarantees the robustness of
the DP and the error guarantees the performance. In the error
analysis, the 350 mm oriﬁce showed an error of 0.19  C and the
450 mm oriﬁce showed an error of 0.40  C. Therefore, 350 mm was
determined to be the optimal oriﬁce diameter to ensure both
robustness and performance.
We note that the 300 mm oriﬁce had a higher S/N ratio than the
S/N ratio of the 350 mm oriﬁce in the simulation, and 350 mm was
determined to be the ﬁnal optimal DP in the experiments. We think
that the incoincidence between simulation and experiment is from
some factors that the simulation cannot simulate such as ﬂow
resistance and the correlation between the oriﬁce and the evaporator. Second, the superheat of the 400 mm oriﬁce at 60 W resulted
in temperature below the saturation point in the experiment. This
is very interesting since the 450 mm oriﬁce resulted in positive
superheat. We suspect that this phenomenon is due to a correlation
effect between the oriﬁce diameter and the cooling load. Research
on this correlation could be an interesting topic for future work.
5. Conclusions
We conducted an optimal design of the geometric parameters of
an oriﬁce for constant superheat at the evaporator outlet regardless
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of variations in ﬂow rate and cooling load. An objective function
that considered the deviation of the superheat, four DPs of oriﬁce
geometry, user conditions of various cooling loads and ﬂow rates,
and a constraint on the inlet condition was deﬁned. Sensitivity
analysis by simulation was performed and we determined the
diameter of the oriﬁce as the most sensitive DP to maintain the
constant evaporator outlet superheat. Experiments were conducted
on various diameters to ﬁnd the optimal diameter. The cooling load
and the ﬂow rate were varied in the experiment. 350 mm was
determined to be the optimal oriﬁce diameter, with the largest S/N
ratio of 18.2 dB and the smallest difference of 0.19 to the objective
superheat of 1. The resulting oriﬁce diameter of 350 mm will be
applied to develop an active micro-cooler based on a vaporcompression refrigeration cycle.
We believe the two-step optimization procedure of simulation
and experiment can be adopted to other design of micro-cooler for
both efﬁciency and feasibility. Also, our approach to use the
superheat instead of the vapor quality has an advantage of
simplicity in measurement. Additionally, the resulting superheat
can be used to construct the whole refrigeration cycle of a microcooler.
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