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a b s t r a c t

Micromachined Joule–Thomson (JT) coolers are attractive for cooling small electronic devices. However,
microcoolers operated with pure gases, such as nitrogen gas require high pressures of about 9 MPa to
achieve reasonable cooling powers. Such high pressures severely add complexity to the development
of compressors. To overcome this disadvantage, we combined a JT microcooler with a thermoelectric
(TE) pre-cooler to deliver an equivalent cooling power with a lower pressure or, alternatively, a higher
cooling power when operating with the same pressure. This hybrid microcooler was operated with nitro-
gen gas as the working fluid at a low pressure of 0.6 MPa. The cooling power of the microcooler at 101 K
operating with a fixed high pressure of 8.8 MPa increased from 21 to 60 mW when the precooling tem-
perature was reduced by the thermoelectric cooler from 295 to 250 K. These tests were simulated using a
dynamic numerical model and the accuracy of the model was verified through the comparison between
experimental and simulation results. Based on the model, we found the high pressure of the microcooler
can be reduced from 8.8 to 5.5 MPa by lowering the precooling temperature from 295 to 250 K. Moreover,
the effect of TE cooler position on the performance of the hybrid microcooler was evaluated through sim-
ulation analysis.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Many electronic devices can benefit from operation at lower
temperatures, which results in lower thermal noise [1,2], higher
speed [3], larger bandwidth [4], or even superconductivity [5,6].
Micromachined Joule–Thomson (JT) coolers are attractive for cool-
ing these electronics, because they have no moving cold parts and,
therefore, can be scaled down to match the size and power con-
sumption of these electronics. JT microcoolers produce cooling
power by the expansion of a high-pressure gas through a flow
restriction. This cooling power can be increased by pre-cooling
the incoming high-pressure gas by the cold low-pressure gas in a
counter flow heat exchanger (CFHX). The temperatures of the
low- and high-pressure gas flows will approach closest at some
location, referred to as the pinch-point. The maximum possible
cooling capacity per unit of mass flow is the minimum isothermal
enthalpy difference (Dhmin) between the low- and high-pressure
gas flows over the temperature range spanned by the CFHX. For
pure gases, Dhmin usually occurs at the warm end of the heat
exchanger. The isothermal enthalpy difference increases with
increasing high pressure and with decreasing warm-end tempera-
ture. Usually, a high pressure is needed to achieve sufficient refrig-
eration, which adds complexity to the development of a
compressor for the closed-cycle operation of a JT cooler.

In order to deliver an equivalent cooling power with modest
high pressures, the high-pressure gas can be pre-cooled at the
warm-end entrance of the CFHX. Precooling can be realized by
using thermoelectric (TE) coolers. TE coolers are semiconductor
devices that can directly convert electricity into cooling power at
an interface [7]. TE coolers offer similar advantages as JT coolers,
such as compact structure, free of moving parts, high reliability
and spot cooling. Compared to TE coolers, JT coolers can reach
lower temperatures with higher efficiencies [8–10]. Lester [11]
investigated the possibility of increasing the efficiency of a closed
cycle JT cooler by using a TE cooler. Precooling by a TE cooler at
240 K was employed in a closed cycle JT microcooling configura-
tion by Burger et al. [12] and Lin et al. [13]. Burger et al. developed
a 169 K microcooler with a cooling power of 200 mW when it was
operated with ethylene gas between 0.2 and 1.5 MPa. Lin et al.
realized a 140 K JT microcooler operating with a five-component
mixture between 0.07 and 1.4 MPa. An open JT system for cooling
an infrared detector array was investigated by Bailey [14]. The run
time of the system was extended by using TE precooling. This
paper describes a hybrid microcooler that combines a 100 K JT
cooler with a TE cooler to increase the cooling power or reduce
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the high pressure of the JT cooler. In the next section, the perfor-
mance improvement of a JT cooler through TE precooling is ana-
lyzed based on the assumption of ideal operation of CHFXs and
pre-cooler. The measurement set-up is described in Section 3 and
the simulation of the performance of the hybrid microcooler is
explained in Section 4. Section 5 discusses the measurement and
simulation of the performance of the hybrid microcooler. The
paper is closed with conclusions in Section 6.
2. Analysis

The schematic of a JT microcooler with a pre-cooler and the cor-
responding thermodynamic cycles drawn in a temperature-
entropy plot are shown in Fig. 1. The cooling capacity (gross cool-

ing power of the hybrid microcooler) _Qload is defined by:

_Qload ¼ h6 � h5ð Þ _m ¼ Dh6;5 _m ð1Þ

Here, h is specific enthalpy, and _m is the mass-flow rate.
If there is no heat flow from the environment to the CFHX and

assuming the JT expansion to be isenthalpic, then Dh6;5 ¼ Dh7;3.
Extending the energy balance to the total CFHX, we can write:

Dh6;5 _m ¼ Dh8;1 _mþ _Qpre ð2Þ

where _Qpre is the precooling power.
To analyze the efficiency of this hybrid microcooler, its coeffi-

cient of performance (COP) in the steady state is derived. Further-
more, it is assumed that there are no parasitics and all cooling
energy of the TE cooler is used for precooling the high-pressure
gas of the JT microcooler. The COP of the hybrid microcooler is
defined as the ratio of the gross cooling power of the JT microcooler
and the sum of the electric power, WTE, supplied to the TE cooler
and the change in Gibbs free energy of the working fluid of the
JT microcooler during compression, as follows:

COP ¼ Dh6;5 _m
WTE þ Dh1;8 � ThDs1;8ð Þ _m ð3Þ

where Th is the ambient temperature.
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Fig. 1. A schematic of the Linde–Hampson cycle of a JT microcooler with a TE pre-
cooler and a temperature-entropy diagram representing the thermodynamic ideal
cycles of the hybrid microcooler.
The COP of the TE cooler is defined as the ratio of the gross cool-
ing power of the TE cooler, used as precooling power, _Qpre, to the
electric power input to the TE cooler:

COPTE ¼
_Qpre

WTE
ð4Þ

The steady-state energy balance of the pre-cooler gives:

_Qpre ¼ Dh2;3 _m ð5Þ
Substituting Eqs. (2), (4) and (5) into Eq. (3) results in:

COP ¼ Dh8;1 þ Dh2;3

Dh2;3=COPTE þ Dh8;1 � ThDs8;1ð Þ ð6Þ

The overall COP of a multi-stage TE cooler, is a function of the
COP of each stage. We consider an n-stage TE cooler with the
COP of each stage to be equal and denoted by COP�

TE. Then, the
overall COPTE is [15],

COPTE ¼ 1þ 1=COP�
TE

� �n � 1
� ��1

ð7Þ

The COP of each stage of the n-stage TE cooler is given by an
approximate expression [15]:

COP�
TE ¼ n COPS

TE þ 0:5
� �

� 0:5 ð8Þ

Here, it has been assumed that the temperature of each stage is

equal to ðTh
TE � Tc

TEÞ=n, where Tc
TE and Th

TE are the cold- and warm-

side temperatures of the TE cooler. Then COPS
TE is given by [15,16]:

COPS
TE ¼

Tc
TE 1þ ZTð Þ0:5 � Th

TE=T
c
TE

� �

Th
TE � Tc

TE

� �
1þ ZTð Þ0:5 þ 1

� � ð9Þ

where ZT ¼ S2r=j is the figure-of-merit of the TE cooler, S; r; j
and T are the Seebeck coefficient, the electrical conductivity, the
thermal conductivity and the absolute temperature, respectively
[17].

The hybrid microcooler discussed in this paper uses a two-stage
TE cooler. Therefore, the COP of a two-stage TE cooler will be ana-
lyzed. Fig. 2a shows the COP of a two-stage TE cooler with the
warm side at 295 K as a function of the cold-side temperature for
several figures-of-merit. The COP increases with an increasing
figure-of-merit at a fixed cold-side temperature and approaches
the Carnot-cycle efficiency for an infinite ZT. The efficiency of the
TE cooler for a constant figure-of-merit rapidly decreases with
increasing temperature difference between the warm and cold
side.

The relation between the COP of the hybrid microcooler and the
precooling temperature is shown in Fig. 2b. The working fluid of
the JT microcooler is nitrogen gas, and the high and low pressures
of the nitrogen gas are 8.8 and 0.6 MPa, respectively. The COP of
the hybrid microcooler increases with increasing figure-of-merit
of the TE-cooler for a constant precooling temperature. At a con-
stant figure-of-merit a lower precooling temperature is beneficial
but at too low temperatures the COP decreases due to the decreas-
ing COP of the TE cooler. Commercially available TE materials [16]
have a figure-of-merit, ZT, of about 1. According to Fig. 2b the opti-
mal precooling temperature with ZT equal to 1 is about 230 K and
the corresponding COP is about 0.1.

Fig. 3a shows the gross cooling power of the hybrid microcooler
per unit of mass-flow rate of nitrogen gas (kg s�1) as a function of
the precooling temperature for several high pressures. Here, the
low pressure of the JT microcooler is set to a constant value of
0.6 MPa. This specific gross cooling power of the hybrid micro-
cooler increases with increasing high pressure and decreasing pre-
cooling temperature. The specific gross cooling power of the hybrid



Fig. 2. (a): COP of a two-stage TE cooler as a function of cold-side temperature for different figures-of-merit, ZT; (b): COP of the hybrid microcooler with TE precooling as a
function of the precooling temperature for different ZT values. The warm-side temperature of the TE cooler is 295 K. The working fluid of the JT microcooler is nitrogen gas
between 0.6 and 8.8 MPa.

Fig. 3. Specific gross cooling power (a), specific total input power (b) and COP (c) of
the hybrid microcooler with a two-stage TE precooler as a function of precooling
temperature for different high pressures. The figure-of-merit, ZT, of the material of
the TE cooler is 1 and the warm-side temperature of the TE cooler is 295 K. The low
pressure of the JT microcooler is 0.6 MPa.
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microcooler without precooling at a high pressure of 8.8 MPa is
about the same as that of the hybrid microcooler precooled to a
temperature of 250 K with a high pressure of 6.0 MPa. Hence, the
precooling in a hybrid microcooler relaxes the requirement of high
pressure for reaching the same cooling power.

Fig. 3b shows the total specific input power of the hybrid micro-
cooler (sum of the ideal compressor power and the electric power
supplied to TE cooler power) as a function of the precooling tem-
perature for several high pressures. The total input power of the
hybrid microcooler at a constant precooling temperature increases
with increasing high pressure of the nitrogen gas. At a constant
high pressure, the precooling temperature has little influence on
the total input power of the hybrid microcooler when the precool-
ing temperature is higher than 240 K. That is because the input
power of the TE cooler power is much smaller than the compressor
power, which is independent of the precooling temperature. How-
ever, when the precooling temperature is reduced to below 240 K,
the COP of the TE cooler power gets very low, which causes the
total input power of the hybrid microcooler to increase rapidly
with decreasing precooling temperature.

Fig. 3c shows the resulting COP of the hybrid microcooler as a
function of the precooling temperature for several high pressures.
It increases with increasing high pressure of the nitrogen gas. At a
fixed high pressure, the COP of the hybrid microcooler shows a
maximum that for all cases is around 230 K. This maximum is
determined by the performance of the TE cooler as shown in
Fig. 2b. In this analysis, the hybrid microcooler without precooling
at a high pressure of 8.8 MPa has almost the same COP as that of
the hybrid microcooler precooled to a temperature of 250 K with
a high pressure of only 5.0 MPa.
3. Measurement setup

In the experimental set-up, the working fluid, nitrogen gas (pur-
ity level 5.0) is supplied from a pressurized gas bottle. The gas
flows through a pressure controller and a getter filter to the micro-
cooler. The getter filter is used to remove impurities from the gas
(especially water) to about 1.0 part per billion (ppb) level to pre-
vent clogging due to water deposition [18]. The microcooler is
mounted in a glass vacuum chamber where a pressure of less than
0.01 Pa is maintained. At the low-pressure side, the pressure of the
gas is measured with a pressure meter, and the outflow is mea-
sured with a mass-flow meter. A pressure relief valve is used at
the outlet to maintain a constant outlet pressure and also to pre-
vent air from flowing into the system.

The hybrid microcooler used in the experiments and its cross
section are shown in Fig. 4a–c. The JT microcooler made of borosil-
icate glass (D263T) has outer dimensions of 60.0 mm � 9.5 mm �
0.72 mm. The height of the gas channels in the CFHX is 40 lm.
The JT restriction consists of 7 parallel rectangular slits with a
length of 2.8 mm, a width of 0.14 mm and a height of 1.1 lm. With
respect to the microcooler, the cold interface of the TE cooler has a
width of 8.8 mm and a length of 6.6 mm. The center of the TE
cooler is located at a distance of 28 mm from the cold end of the
JT microcooler. The length and width of the silicon piece between
the JT microcooler and the cold side of the TE cooler both are
9.5 mm. The hybrid microcooler is mounted into a flange and sur-
rounded by a printed circuit board (PCB) as shown in Fig. 4d. A heat
sink made of braided copper wire is used to transfer the heat that is
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rejected by the TE cooler to the outside of the vacuum chamber.
The temperatures are measured with DT diode sensors at the cold
end of the microcooler and at the pre-cooler indicated by Tc and
Tpre, respectively (temperature sensor locations shown in Fig. 4a
and b). Surface-mounted-device resistors are used as heaters for
supplying heat in order to control the temperature and measure
the cooling power. The function of the silicon pieces is to uniformly
distribute the heat generated by the heaters or the cooling pro-
duced by the TE cooler. The temperature sensors, heaters and sili-
con pieces are glued on the microcooler with silver paint and
connected to the PCB using manganin wires with a diameter of
100 lm. The gas inlet and outlet ports of the microcooler are con-
nected to the tubes with indium seals for leak tightness.
4. Modelling

In order to simulate the performance of the hybrid microcooler,
a dynamic numerical model was developed. In the model, the
hybrid microcooler is divided into four parts (two CFHXs, an evap-
orator and a pre-cooler) as shown in Fig. 5. These parts are con-
nected by enthalpy flow ( _H) and longitudinal conductive heat
flow ( _Qc). In addition, the radiative heat flow ( _Qrad) on the micro-
cooler outer surface and conductive heat flow via the surrounding
gas ( _Qcsg) are taken into account. The CFHXs and the pre-cooler are
split into elements of constant length and each element contains
three sub-elements: a high-pressure fluid element, a material ele-
ment and a low-pressure fluid element. The evaporator is treated
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as a single element. In the CFHX elements again enthalpy flow,
conductive heat flow and radiation play a role, but also convective
heat exchange between wall and fluid is taken into account. In the
simulation, we assume that material elements of the pre-cooler
have the same temperature as that of the silicon piece between
the JT microcooler and the TE cooler (see Fig. 4). A more detailed
discussion on the modelling of the CFHXs can be found in an earlier
study [19].

5. Measurement and simulation results

5.1. Effect of precooling temperature

The JT microcooler was operated with nitrogen gas at a high
pressure of 8.8 MPa and a low pressure of 0.6 MPa. At a precooling
temperature (Tpre) of 250 K, the cold-end temperature (Tc) of the JT
microcooler decreased from 295 to 99 K in about 20 min (see
Fig. 6). The mass-flow rate increased from 0.67 to 4.1 mg s�1 and
fluctuated at around 3.2 mg s�1 after 20 min. The cooling power
available at several precooling temperatures was measured by con-
trolling Tc at 101 K with a heater at the cold end of the microcooler
in a PID control loop. As shown in Fig. 6, the mass-flow rate of the
microcooler increased gradually from 3.2 to 3.6 mg s�1 with the
cold-end temperature increasing from 99 to 101 K. With Tc con-
trolled at 101 K, no excess liquid nitrogen will be present in the
return line anymore. As a result the temperature profile along
the restriction changed and since the flow rate depends on fluid
density and viscosity (both temperature dependent), also the
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Fig. 6. Measurement results of the hybrid microcooler operated with a high pressure of 8.8 MPa, a low pressure of 0.6 MPa and several precooling temperatures. (a) Cold-end
temperature (Tc) and mass-flow rate of the microcooler versus time. (b) Cooling power of the microcooler and the precooling temperature (Tpre) of the TE cooler versus time.
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mass-flow rate changed. The heater power required for stabilizing
Tc at 101 K (indicating the net cooling power at that temperature)
was about 60 mW with a mass-flow rate of 3.65 mg s�1. The
method is repeated to measure the net cooling power at several
precooling temperatures (see Fig. 6).

The net cooling power of the microcooler at different precooling
temperatures was calculated using the model discussed in Sec-
tion 3 and the measured mass-flow rate and temperature as inputs.
The measured and calculated results are summarized in Table 1.
The difference between the measured and the calculated net cool-
ing power is within 7 mW. The calculated precooling power indi-
cates the heat absorbed by the TE cooler from the JT microcooler,
which decreased with increasing precooling temperature. In case
‘f’ shown in Table 1, the TE cooler was switched off and the pre-
cooling temperature was not controlled during the measurement.
The calculated precooling power in this case was �7 mW, which
can be due to the conduction between the heat sink and the micro-
cooler. At even higher temperature, the TE element had to apply
heat instead of cooling in order to stabilize at the set-point ‘pre-
cooling’ temperature.

5.2. Effect of high pressure

Fig. 7 shows the cooling power of the hybrid microcooler at
101 K with a constant precooling temperature of 250 K. The JT
microcooler was operated at a constant low pressure of 0.6 MPa
and several high pressures. As the high pressure decreased from
8.8 to 6.0 MPa, the mass-flow rate decreased from 3.65 to
3.24 mg s�1, and the corresponding net cooling power decreased
from 60 to 2 mW. The unstable heat powers in the cases of 8.0
and 7.0 MPa were caused by the reducing mass-flow rates due to
water depositing in the JT restriction [18]. To reduce the deposition
rate, three measures are proposed. The first measure is to decrease
the water fraction in the supply gas using a filter at cryogenic tem-
peratures rather than at room temperature. The second measure is
to the increase the length of the silicon piece glued on the cold end
of the JT microcoler to make a thermal link between evaporator
and the relevant part of the CFHX [18]. The third measure is to
Table 1
Cooling power of the hybrid microcooler at 101 K and precooling power of the TE cooler a
0.6 MPa.

Case a b

Measured precooling temp. (K) 250 260
Measured mass-flow rate (mg s�1) 3.65 3.67
Measured cooling power (mW) 60 50
Calculated cooling power (mW) 58 47
Calculated precooling power (mW) 37 19
replace the designed restriction with a height-to-width ratio of
1.1/140 by a longer restriction with a larger height-to-width ratio.

The measurement details are listed in Table 2, which also
includes the calculated cooling power based on the measured
mass-flow rates and temperatures. The maximum difference
between the measured and the predicted net cooling power was
about 2 mW in the considered measuring range as shown in
Table 2. The calculated precooling power that was required to sta-
bilize at 250 K decreased with reducing high pressure and mass-
flow rate.

Comparison of Figs. 6 and 7 indicates that the cooling power of
the microcooler operating at a high pressure of 8.8 MPa and a pre-
cooling temperature of 295 K is almost equal to that of the micro-
cooler operating at a high pressure of 7.0 MPa and a precooling
temperature of 250 K, which is about 20 mW. However, the
mass-flow rates, the efficiencies of the CFHX of the two cases are
different, respectively. Assume, by redesigning the cooler, we can
realize a mass-flow rate of 3.9 mg s�1 at a precooling temperature
of 250 K. Then, our model indicates that a pressure of only 5.5 MPa
would be required to establish a cooling power of 20 mW.

5.3. Effect of TE cooler position

The effect of the TE cooler position on the performance of the
hybrid microcooler was evaluated using the above-discussed
model of which the accuracy was validated by the comparison
between experimental and simulation results. In the measurement
set-up, the center of the TE cooler is located at a distance of 28 mm
from the cold end of the JT microcooler. The position of the TE
cooler determines the lengths of CFHXs I and II of the JT micro-
cooler under test, which in turn determine the efficiencies of these
CFHXs. In the simulation analysis, the hybrid microcooler was
assumed to be operated with a high pressure of 8.8 MPa, a low
pressure of 0.6 MPa and a precooling temperature of 250 K. As
shown in Fig. 8, the net cooling power of the microcooler increases
as the TE cooler is shifted from the cold end to the warm end of the
JT microcooler because of the higher efficiency of CFHX II. And
meanwhile, the required precooling power also increases due to
t several precooling temperatures. The JT microcooler was operated between 8.8 and

c d e f

270 280 295 276
3.87 3.90 3.92 3.90
44 35 21 38
40 29 14 34
2 �15 �41 �7
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Fig. 7. Measurement results of the hybrid microcooler operated with a low pressure of 0.6 MPa, a precooling temperature of 250 K and several high pressures. (a) Cold-end
temperature (Tc) and mass-flow rate of the microcooler versus time. (b) Cooling power and high pressure of the microcooler versus time.

Table 2
Cooling power of the microcooler at 101 K and precooling power of the TE cooler at
different high-pressure settings. The microcooler was operated with a low pressure of
0.6 MPa and a precooling set-point temperature of 250 K.

Case a b c d e

Measured high pressure (MPa) 8.8 8.0 7.0 6.5 6.0
Measured mass-flow rate (mg s�1) 3.65 3.42 2.88 2.56 2.24
Measured cooling power (mW) 60 45 23 12 2
Calculated cooling power (mW) 58 44 22 10 0
Calculated precooling power (mW) 37 31 23 18 15

Fig. 8. Effect of the TE cooler position on the performance of the hybrid microcooler
operated with a high pressure of 8.8 MPa, a low pressure of 0.6 MPa and a
precooling temperature of 250 K.
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the decreasing efficiency of CFHX I. When the distance between the
center of the TE cooler and the cold end is 18 mm, the precooling
power is �36 mW, which means the TE cooler applies heat instead
of cooling. As the distance increases to 33 mm, the COP of the
hybrid microcooler reaches the peak value of 0.068. Further
increase in the distance has little effect on the efficiency of CFHX
II and none on the net cooling power. However, the required pre-
cooling power increases greatly, caused by the decreasing effi-
ciency of CFHX I due to the lower length of CFHX I.
6. Conclusions

A hybrid microcooler consisting of a JT microcooler and a TE
cooler has been developed and tested. The effects of the precooling
temperature of the TE cooler, the operating high pressure of the JT
microcooler and the position of the TE cooler on the cooling power
of the hybrid microcooler were investigated. The JT microcooler
was operated with nitrogen gas at a low pressure of 0.6 MPa. With
a fixed high pressure of 8.8 MPa, the cooling power of the hybrid
microcooler at 101 K increased from 21 to 60 mW when the pre-
cooling temperature was reduced by the thermoelectric element
from 295 to 250 K. A dynamic numerical model was developed
for simulating the performance of the hybrid microcooler and this
model was validated with the experimental results. Based on the
model, we found that the high pressure of the microcooler can
be reduced from 8.8 to 5.5 MPa by lowering the precooling temper-
ature from 295 to 250 K. In general, we can conclude that the inte-
gration of a JT microcooler with a TE cooler relaxes the
requirements of the compressor and/or may be used to increase
the cooling performance.
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