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A B S T R A C T

There is an increasing need for localized cooling in integrated circuit/microfluidic chips, where

cooling is currently achieved by relatively large and bulky cooling systems. Joule–

Thomson (JT) cryocoolers are suitable to address these size limitations because they have

no cold moving parts and, therefore, can be easily miniaturized.We present a JT microcooler

with parallel two-stage expansion that cools down to a no-load temperature of 83 K with

an ambient temperature of 295 K, whereas a single-stage microcooler typically cools to about

100 K. In addition, this microcooler has the attractive feature of providing cooling powers

at two temperature levels without additional manufacturing or processing steps. In chang-

ing the temperature at the first expansion position, the cooling power can be exchanged

between the two expansion stages. A dynamic model was developed to predict the actual

performance of the microcooler. The accuracy of this model was verified through the com-

parison between experimental and simulation results.

© 2016 Elsevier Ltd and IIR. All rights reserved.
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1. Introduction

Thanks to their small heat capacities, microfluidic chips are
widely used in fluidic applications where rapid thermal re-
sponse is required. For instance, microfluidic chips have been
used in cryofixation for correlative microscopy (Mejia et al.,

2014), study of ice nucleation (Stan et al., 2009), cryoprotection
for protein crystallography (Garman, 2003), and quenching of
chemical reactions (Lin et al., 2003). In these applications active
and localized cooling is required. Also electronic devices such
as infrared detectors (Rogalski, 2003), low-noise amplifiers
(Wadefalk et al., 2003) and superconducting devices (Koo et al.,
2011) benefit from cooling down to cryogenic temperatures.
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Widespread use of these microfluidic chips and electronic
devices requires cryocoolers that have small dimensions and
matched cooling capacities. Among a variety of cooling cycles
(de Waele, 2011), cooling based on Joule–Thomson expansion
(Maytal and Pfotenhauer, 2003), thermoelectric effect (Sales,
2002) and anti-Stokes fluorescence (Seletskiy et al., 2010) are
suitable for miniaturization because they have no cold moving
parts and therefore can be scaled down to match sizes and
power consumptions of devices to be cooled. However, ther-
moelectric and anti-Stokes fluorescent cooling are currently
not efficient for cooling devices down to cryogenic temperatures.

Since the 1980s, several research groups around the world
have tried to miniaturize JT cryocoolers (Chorowski et al., 1994;
Garvey et al., 1983; Holland et al., 1998; Lerou et al., 2006; Lin
et al., 2010; Mikulin et al., 1992; Park et al., 2008; Zhu et al., 2011).
Most of the microcooler designs were based on a Linde–

Hampson cooling cycle with a single JT expansion. Lerou et al.
(2007) developed microcoolers with a cold-end temperature of
107 K operating with nitrogen gas between 8.0 and 0.6 MPa.
These microcoolers did not reach 96 K (i.e. the boiling tem-
perature of nitrogen at 0.6 MPa), mainly due to the pressure
drop along the low-pressure channel. We, therefore, devel-
oped a microcooler with two expansion stages to reduce the
pressure drop along the low-pressure line and thus to reach
a lower temperature. Compared to the microcooler with single
expansion, this microcooler can provide cooling power at two
temperature levels with the same total gross cooling power.
The same three-wafer stack micromachining technology that
we use for our standard single-stagemicrocoolers can be applied
for the two-stage expansion design. It requires almost no ad-
ditional labor, which differs from conventional manufacturing
processes where the componentsmust be assembled and joined
together. A four-wafer stack JT cryocooler with serial two stage
expansion operating between 0.1 and 12 MPa was presented
by Little (1984, 1990). The difference between the parallel and
serial two-stage expansion cycles will be clarified in Section
2. As mentioned above, in this paper we present a three-
wafer stack microcooler with parallel two-stage expansion,
fabricated by using only micromachining technology. Com-
pared to a four-wafer stack design, microcoolers with three
wafers are easier to fabricate with acceptable yields and good
efficiency. Meanwhile, microfluidic chips and electronic devices
that can benefit from cooling can be directly integrated with
the microcooler due to the similar MEMS manufacturing
process. The basic operation of the microcooler with two-
stage expansion is explained in Section 2 and the geometry
of our design in Section 3. A dynamic model of the microcooler
that is used to determine the dimensions of the microcooler
is also introduced in Section 3.The measurement set-up is de-
scribed in Section 4 and a typical cool-down measurement is
presented in Section 5. Measurements and simulation of the
cooling power at both stages are also discussed in Section 5.
The paper is closed with conclusions in Section 6.

2. Operating principle

The cold-end temperature of a JT-cooler is determined by the
boiling temperature of the working fluid in the evaporator,
which depends on the pressure of the evaporator. The pres-
sure of the evaporator is determined by the outlet pressure of
the low-pressure channel and the pressure drop along that
channel. With a fixed outlet pressure, a lower cold-end tem-
perature can, therefore, be realized by decreasing that pressure
drop. To evaluate the influence of various parameters on the
pressure drop in a channel, a simplified analysis is presented
here. The pressure drop in a fully developed incompressible
flow can be calculated using the Darcy–Weisbach equation

Δp f v
L

Dh

= ρ 2 1
2

(1)

where f is the Darcy–Weisbach friction factor. ρ and v are the
density and the mean velocity of the fluid, respectively. Dh and
L are the hydraulic diameter and the length of the channel.

Nomenclature

C constant [-]
CFHX counter-flow heat exchanger [-]
Dh hydraulic diameter [m]
Evap evaporator
f Darcy–Weisbach friction factor [-]
h channel height [m]
HPF high-pressure fluid [-]
�H enthalpy flow rate [W]
JT Joule–Thomson [-]
L length [m]
LPF low-pressure fluid [-]
m constant [-]
�m mass-flow rate [kg s−1]

p pressure [Pa]
�Q heat-flow rate or cooling power [W]
R restriction
Re Reynolds number [-]
T cold-end temperature [K]
v mean fluid velocity [m s−1]
w channel width [m]

Greek symbols
μ dynamic viscosity [Pa s]
ρ density [kg m−3]

Subscripts and superscripts
I first expansion stage
II second expansion stage
c conduction
csg conduction via the surrounding gas
gw convection from gas to wall
in inlet
out outlet
pH high-pressure gas
pL1 low-pressure gas I
pL2 low-pressure gas II
pre precooling
rad radiation
wg convection from wall to gas
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Because of the small dimensions, the flow in the channels
of a microcooler is expected to be laminar. For a fully devel-
oped laminar, incompressible flow, the friction factor depends
only on the Reynolds number (Re), given by:

f CRe Rem= <( )2300 (2)

the constant C and m both depend on the geometry of the
channel (Bejan, 1993; Vanapalli et al., 2007), where C is a posi-
tive number and m is a number between −1 and 0.

The Reynolds number is the ratio of inertial forces to viscous
forces and is given by

Re vDh= ρ μ (3)

where μ is the dynamic viscosity of the fluid.
In microcoolers, the channel width (w) is much larger than

the channel height (h), then the hydraulic diameter (Dh) of the
channel is approximately equal to two times of the channel
height. Substituting Eq. (2) into Eq. (1), we obtain the follow-
ing equation:
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The gross cooling power of a JT-cooler is given by the product
of the mass-flow rate ( �m ) and the difference in specific en-
thalpy between the high and low-pressure gas at the warm ends
of the counter flow heat exchanger (CFHX) of the JT-cooler. For
a microchannel without supporting pillar matrix (m = −1), the
pressure drop along the channel with fixed dimensions and
fixed mass-flow rate is proportional to the ratio of viscosity and
density according to Eq. (3). This ratio, usually, increases with
increasing temperature and decreasing pressure as, for the case
of nitrogen, is shown in Fig. 1. Therefore, the lower the tar-
geted evaporator temperature, and the corresponding outlet
pressure, the more critical the influence of the pressure drop
is.

Following Eq. (4), at fixed gas properties, the pressure drop
along a channel can be reduced by decreasing the mass-flow
rate, the channel length or the Darcy friction factor of the

channel, or by increasing the size of the channel. Reducing the
mass-flow rate results in a lower gross cooling power, whereas
a smaller channel length or a larger channel size both will lower
the heat exchanger efficiency.Also, smaller length or larger size
of the channel will increase the thermal conduction through
the material from the warm end to the cold end and thus will
reduce the net cooling power. The Darcy friction factor can, in
general, only be reduced at the expense of a lower heat trans-
fer in the CFHX.

As an alternative, the use of a two-stage expansion cycle
is an ingenious way to reach a lower temperature without losing
gross cooling power of the JT cooler. The two-stage expan-
sion cycle has two alternative configurations: serial two-
stage expansion (Fig. 2 top) and parallel two-stage expansion
(Fig. 2 bottom). In serial two-stage expansion (Little, 1984), all
the high-pressure gas passing CFHX I is expanded through a
first restriction (R I). Part of the high-pressure gas is then re-
turned and the remaining gas is expanded further through the

Fig. 1 – Ratio of the viscosity and the density of nitrogen
gas at different temperatures and pressures.

R I

18

4

3

56

7 2

I 
X

HF
C

II 
X

HF
C

R II

Evaporator

18

2

3

56

7

4

R I

I 
X

HF
C

II 
X

HF
C

R II

Evaporator

Fig. 2 – Schematic of a JT cooler with serial two-stage
expansion (top) and a JT cooler with parallel two-stage
expansion (botttom) and corresponding processes drawn in
temperature-entropy diagrams.
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second restriction (R II). In parallel two-stage expansion, only
part of the high-pressure gas is expanded through a first re-
striction and returned at a relatively high temperature. The
remaining gas continues to the second restriction and cold-
tip evaporator. In both configurations, the mass-flow rate in
the evaporator return line can be reduced and thus also the
pressure drop along that line. The loss in gross cooling power
at the cold tip due to the decreasing mass-flow rate is com-
pensated by establishing a lower temperature of the high-
pressure gas at the entrance of the second restriction. The
difference between the two cycles is that the mass-flow rate
through the second restriction of the cycle with parallel two-
stage expansion is far less dependent of the pressure drop in
the return line after the first restriction. Although there is a
certain mismatch in the heat transfer between the returned
gas of the second restriction and the high-pressure gas in CFHX
I of the cycle with the parallel two-stage expansion, the mis-
match can be compensated by the heat transfer between the
gas and the wall material. In our design, the cycle with par-
allel two-stage expansion is adopted, in which the high-
pressure gas after passing CFHX I is split into two gas streams.
In one gas stream, most of the gas flows through the first re-
striction to the low-pressure channel of CFHX I (2→3→8). Due
to the pressure drop in that low-pressure channel, the gas does
not follow the isobaric line (3→8′). In this case, the expansion
along the low-pressure channel (3→8) has a distributed JT effect
(Maytal, 2014) in addition to the major expansion through the
restriction (2→3). The second gas stream flows to CFHX II and
then to the second restriction (2→4→5). Because the mass-
flow rate through the second restriction is small, the pressure
drop along the low-pressure channel connected to the second
restriction is relatively small. Therefore, this small amount of
gas nearly follows the isobaric line (6→8) and thus a lower cold-
end temperature can be obtained. Besides achieving lower
temperatures, the additional expansion stage can also be used
to change the temperature profile along the CFHX to in-
crease the cooling capacity (Tao et al., 2015).

3. Geometry and design

The cooler with parallel two-stage expansion is realized with
only three glass wafers as shown in Fig. 3. In this design, most
of the gas passes through the first restriction and returns to
the outlet via the through-holes in the middle wafer. Only a
small amount of the gas flows to the CFHX II and passes
through the second restriction to reach a lower temperature.

In our earlier work, D263T glass is chosen as the fabrica-
tionmaterial and the thicknesses of the top,middle and bottom
wafers are chosen as 400 μm, 145 μm and 175 μm, respec-
tively (Cao et al., 2012). We aim to design a microcooler with
a cooling power of 50–100 mW at 85 K when the microcooler
is operated with nitrogen gas between 8.0 and 0.1 MPa. A
dynamic model of the microcooler was developed to deter-
mine the dimensions of the CFHXs and restrictions.

In the model, the microcooler is divided into four parts (two
CFHXs, two evaporators) as shown in Fig. 4. Evaporator I also
works as a pre-cooler of the high-pressure gas flowing through
the CFHX II. The CFHXs and the evaporator I are split into el-

ements of constant length. Evaporator II is treated as a single
lumped element. Each element of the CFHX I and the evapo-
rator I contains four sub-elements: a high-pressure fluid
element, a material element and two low-pressure fluid ele-
ments.The two low-pressure fluid elements are both thermally
connected to the material element as shown in Fig. 3. Each
element of the CFHX II contains three sub-elements: a high-
pressure fluid element, a material element and a low-pressure
fluid element. The separate elements in the model are con-
nected by enthalpy flow ( �H ), longitudinal conductive heat flow

( �Qc) and the convective heat flow ( �Qwg and �Qgw ). Moreover,

the radiative heat flow ( �Qrad ) on the microcooler outer surface

and conductive heat flow via the surrounding gas ( �Qcsg) are also

taken into account. More details on the calculation of these
heat flows can be found in an earlier study (Cao et al., 2012).

The outer dimensions of the microcooler design as deter-
mined by themodel are 60.0mm × 9.5mm × 0.72mm.Thewidth
and height of the gas channels in the CFHX are 8.1 mm and
40 μm, respectively. Restriction I consists of 8 parallel slits each
1.0 mm long, 0.135 mm wide, and 1.1 μm high, whereas re-
striction II consists of 4 parallel slits each 1.0mm long, 0.028mm
wide, and 1.1 μm high. In our microcooler designs, the JT ex-
pansion is not a purely isenthalpic (adiabatic) process. It also
tends to isothermal conditions (ideal thermal contact to the
evaporator).According to their dimensions, the evaluatedmass-
flow rates through the restrictions I and II are 7.6–9.9 mg s−1

at 125 K and 0.6–1.1 mg s−1 at 85 K, respectively. A detailed dis-
cussion on the evaluation of the mass-flow rates can be found
in an earlier study (Cao et al., 2013).The actual mass-flow rates
through the two restrictions will be determined by the mea-
sured total mass-flow rate and the measured net cooling power
at the second expansion, which will be introduced in Section
5.Themicrocooler was fabricated by using onlymicromachining
technology.The slits of the restrictions were etched with buff-
ered hydrofluoric acid (HF), which are the pink channels shown
in Fig. 5.Thanks to the transparency of glass, the pillars in the
low- and high-pressure channels of the CFHX are also visible

Outlet
Inlet

Restriction II

Restriction I

CFHX I

CFHX II

Fig. 3 – Exploded view of the microcooler with parallel two-
stage expansion.
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in Fig. 5. These channels were also HF etched. In the manu-
facturing process, only the inlet and outlet feedthroughs were
powder blasted. After the discrete machining of the three
wafers, they were fusion bonded to one stack. Separate
microcoolers in the stack were obtained by dicing the stack with
a suitable mask. A 0.2 μm layer of gold was deposited on the
microcoolers to increase the reflectivity of the surface thereby
lowering the thermal radiation heat load from the warm
environment.

4. Measurement set-up

In the experimental set-up, nitrogen gas (purity level 5.0) is sup-
plied from a pressurized gas bottle. The gas flows through a
pressure controller and a getter filter to the microcooler. The
getter filter is used to remove impurities from the gas (espe-
cially water) to about 1.0 parts per billion (ppb) to prevent
clogging due to water deposition (Cao et al., 2013). The

microcooler is mounted in a glass vacuum chamber where a
vacuum 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 measured with a mass-
flow meter. A pressure relief valve at the outlet maintains a
constant outlet pressure and also prevents air from flowing into
the system.

The microcooler used in the measurements is shown in
Fig. 6.Temperatures of the two restrictions are measured with
Pt1000 sensors (TI and TII) as shown in Fig. 6. Surface mounted
device resistors are used as heaters for supplying heat to the
microcooler to measure the cooling power of the two expan-
sions. The temperature sensors and heaters are glued on the
microcooler with conducting silver paint and connected to the
printed circuit board using 25 μm diameter bond wires made
of 99% aluminum and 1% silicon. The function of the silicon
piece between the heater and the microcooler is to uni-
formly distribute the heat generated by the heater.The gas in-
and outlet ports of the microcooler are connected to the supply
and vent-off lines with indium seals for leak tightness.

5. Measurement and simulation

The microcooler was operated with nitrogen gas at high pres-
sures of 8.0 and 8.5 MPa and a low pressure of 0.1 MPa. The
temperature readings of TI and TII were recorded during cool
down tomeasure the temperatures at the two expansion stages,
see Fig. 7. In the first few minutes, TI cooled down faster than
TII. That is because the opening of restriction I is larger than
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Fig. 4 – A block diagram of the dynamic model of the microcooler with parallel two-stage expansion. Temperature nodes
indicated by rectangular symbols serve as boundary conditions. (Evap: Evaporator, HPF: High-pressure fluid, LPF: Low-
pressure fluid.).

350 µm

350 µm

Fig. 5 – Photographs of slits of the two restrictions. Top:
Restriction I, Bottom: Restriction II.

HeaterInlet

Outlet

Si pieceHeater

TI TII

Fig. 6 – Photograph of the microcooler with two silicon
pieces, two heaters and two Pt 1000 temperature sensors.
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that of the restriction II, which results in a higher mass flow
rate and more cooling power.The cooling power at the second
expansion stage increases with decreasing TI because the gas
flowing to CFHX II is precooled to that temperature. As a result,
the cooling rate at TII increases with decreasing TI, which leads
to TI and TII reaching the same temperature at a certain
moment. At a high pressure of 8.0 MPa this is after 10 minutes
at a temperature of 193 K, and at 8.5 MPa it is after 8 minutes
at 175 K.The mass-flow rate increased with decreasing TI and
TII mostly because the gas density increased. After that, TII

dropped steeply and reached 83 K in 1–2 minutes.With TII sta-
bilizing at 83 K, two-phase flow was formed in the second
evaporator and flows to the area around TI, which causes TI

to further cool down to 83 K in the following 3–4 minutes. Due
to the two-phase flow, the high-pressure gas entered the two
restrictions at different temperatures, resulting in a decrease
in the mass-flow rate. As the operating high pressure was in-
creased from 8.0 to 8.5 MPa, the cool-down time of the second
stage decreased from 12 to 9 minutes.

The cooling power available at the expansion position was
measured by applying heat in a PID control loop. In this ex-
periment, heat was supplied after 35 minutes for the case of
8.0 MPa and TII was controlled at 85 K. As shown in Fig. 7, the
mass-flow rate increased from 6.6 to 10.7 mg s−1 as TII ap-
proached 85 K. For the the case of 8.5 MPa, the mass-flow rate
increased from 7.0 to 11.2 mg s−1 as TII was increased from 83
to 85 K. The increase in the mass-flow rate was caused by the
evaporation of liquid in the two-phase flow at both expan-
sion stages, resulting in higher temperatures of the gas as it
entered the two restrictions. In the meantime,TI increased due
to the evaporation of the two-phase flow at restriction I (from

83 K to 120 K at 8.0 MPa and from 83 K to 116 K at 8.5 MPa). At
8.0 MPa the measured cooling power was 88 mW, whereas at
8.5 MPa 98 mW was measured.

Since the microcooler has two expansion stages, it can
provide cooling powers at two temperature levels simultane-
ously. In another experiment with a high pressure of 8.0 MPa,
the cooling powers available at the two expansion stages were
measured by controlling TI at different temperatures whereas
TII was stabilized at 85 K. As shown in Fig. 8, the heater powers
required for stabilizing TI and TII at 125 and 85 K are 24 and
70 mW, respectively. With TI stepwise increasing from 125 to
150 K, the cooling power at TII at 85 K decreases from 70 to
40 mW.The available cooling powers at the two expansion po-
sitions at different TI are summarized in Table 1. The cooling
power atTI increased with increasingTI, while the cooling power
at TII decreased as shown in Fig. 8 and Table 1.

Based on the measured cooling power at TII, the mass-
flow rate through the restriction II was estimated by using the
model presented in Section 3.Then, the mass-flow rate through
restriction I is the difference between the measured total mass-
flow rate and the estimated mass-flow rate through restriction
II. Based on the mass-flow rate through restriction I, the cooling
power at TI was evaluated using the model.

The temperature and pressure profiles of CFHX I, evapora-
tor I and CFHX II at steady state with TI and TII controlled at
125 K and 85 K, respectively, are shown in Fig. 9. In CFHX I, the
temperature gradients increase toward the cold end, and so
do the temperature differences between high and low-pressure
gas flows. The latter is due to the difference in specific heat
capacities of the high and low-pressure gases. In CFHX II, the
difference in specific heat capacities is quite small and hence

Fig. 7 – Top to bottom: temperatures of both stages, mass-flow rate, and cooling power at the second expansion stage (Left:
high pressure 8.0 MPa, right: high pressure 8.5 MPa).
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the temperature difference is also relatively small. Due to the
pressure drop through the outlet hole and parts of the gas
channel of the microcooler, the outlet pressures of the two low-
pressure gas streams in the CFHX are higher than the outlet

pressure of the microcooler of 0.1 MPa as shown in Fig. 9. The
calculated absolute pressure in evaporator II is about 0.14 MPa
(see Fig. 9), and the corresponding boiling temperature at this
pressure is 80 K. The measured temperature TII without PID
control was 83 K as shown in Fig. 7, and the difference of 3 K
is mainly caused by the thermal resistance between the tem-
perature sensor and the working fluid resulting from the poor
conductance of the glass wafer and the convective heat ex-
change between the working fluid and the glass wafer. The
calculated pressure in evaporator I is about 0.27 MPa (see Fig. 9),
and that pressure corresponds to a boiling temperature of 87 K.
However, when heating at TII in order to stabilize that tem-
perature at 85 K,TI stabilizes at about 120 K (see Fig. 7). Heating
at TII increases the temperature of the low-pressure return gas
after the second expansion and results in a higher heat load
to the high-pressure line prior to the first expansion.As a result,
the first expansion is no longer able to produce liquid and TI

is above the equilibrium boiling point of 87 K. The calculated
mass-flow rates and cooling powers of the first expansion at
different TI are summarized in Table 1.The difference between
the measured and the calculated cooling power atTI was within
7 mW.

6. Conclusions

A Joule–Thomson (JT) microcooler with two parallel expan-
sion stages has been designed, manufactured and tested.

Fig. 8 – Top to bottom: temperatures of both stages (TII

stabilized at 85 K), mass-flow rate, cooling power at the
first expansion stage, and cooling power at the second
expansion stage (high pressure 8.0 MPa).

Table 1 – Mass-flow rates and cooling powers at the two
expansion stages. The JT microcooler was operated
between 8.0 and 0.1 MPa. TI was controlled at different
temperatures whereas TII was stabilized at 85 K ( �Q and
�Q pre stand for cooling power and precooling power,

respectively).

Case a b c d e f

Meas. TI (K) 125 130 135 140 145 150
Meas. �m (mg s−1) 11.2 11.6 11.9 11.8 11.5 11.2
Meas. �Q at TI (mW) 24 45 60 65 69 71
Meas. �Q at TII (mW) 70 60 51 46 42 40
Calc. �m of RI (mg s−1) 10.5 10.9 11.2 11.1 10.8 10.4
Calc. �m of RII (mg s−1) 0.7 0.7 0.7 0.7 0.7 0.8
Calc. �Q pre at TI (mW) 28 44 56 61 64 64

Fig. 9 – Steady-state temperature (Top) and pressure
profiles (Bottom) of the CFHX I, Evaporator I and CFHX II.
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Compared to a basic JT cooler with single expansion, a
two-stage expansion can establish a lower temperature thanks
to the lower pressure drop of the return gas channel con-
nected to the second restriction while it maintains the same
gross cooling power. The microcooler having outer dimen-
sions of 60 mm × 9.5 mm × 0.72 mm and containing two
restrictions with a height of 1.1 μm was fabricated by
micromachining technology. When the microcooler was op-
erated with nitrogen gas at high pressures of 8.0 and 8.5 MPa
and a low pressure of 0.1 MPa, the microcooler cooled down
from 295 to 83 K in 12 and 9 minutes, and had a cooling power
at 85 K of 88 and 98 mW, respectively. The cooling power can
be exchanged between the two stages by changing the
temperature of the first expansion stage. When the
temperature at the first expansion position was increased from
125 to 150 K, the cooling power at 85 K decreased from 70 mW
to 40 mW and the cooling power at the first expansion posi-
tion increased from 24 to 71 mW for the case of 8.0 MPa. A
dynamic model for predicting the performance of the
microcooler was validated through the comparison of simu-
lations and measurements of cooling powers at different
temperatures.
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