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This article reports the evaluation of a Joule-Thomson (JT) cooling system that combines two
custom micromachined components—a Si/glass-stack recuperative heat exchanger and a
piezoelectrically actuated expansion microvalve. With the microvalve controlling the flow rate, this
system can modulate cooling to accommodate varying refrigeration loads. The perforated plate
Si/glass heat exchanger is fabricated with a stack of alternating silicon plates and Pyrex glass
spacers. The microvalve utilizes a lead zirconate titanate actuator to push a Si micromachined valve
seat against a glass plate, thus modulating the flow passing through the gap between the valve seat
and the glass plate. The fabricated heat exchanger has a footprint of 1 X1 c¢m? and a length of 35
mm. The size of the micromachined piezoelectrically actuated valve is about 1 X 1X 1 cm?. In JT
cooling tests, the temperature of the system was successfully controlled by adjusting the input
voltage of the microvalve. When the valve was fully opened (at an input voltage of —30 V), the
system cooled down to a temperature as low as 254.5 K at 430 kPa pressure difference between inlet
and outlet at steady state and 234 K at 710 kPa in a transient state. The system provided cooling
powers of 75 mW at 255 K and 150 mW at 258 K. Parasitic heat loads at 255 K are estimated at

approximately 700 mW. © 2011 American Vacuum Society. [DOI: 10.1116/1.3545917]

I. INTRODUCTION

Applications for cryogenic microsystems, which range
from the cooling of vacuum microenvironments for material
growth and analysis, optical detectors that are deployed in
spacel_3 to c1ryosurgery,4_8 have a number of requirements.
For example, many such systems must maintain high stabil-
ity at various cryogenic temperatures. While providing suffi-
cient cooling power, the systems should have small size and
weight. For the space applications, this is primarily moti-
vated by cost of launching the equipment into space. For the
cryosurgical applications, this is necessary to minimize the
invasiveness of the procedure and is also motivated by cost
and convenience, i.e., a portable, small instrument with low
manufacturing and operating cost is desired.

Due to the absence of cold moving parts and the conse-
quent potential for high reliability, Joule-Thomson (JT) cool-
ers are suitable for miniaturization and can be implemented
with simple structures that are compatible with silicon/glass
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microfabrication. Compared to traditional JT coolers that use
metals, a micromachined silicon/glass JT cooler is attractive
because it can accommodate integrated sensors while still
providing high thermodynamic efficiency and low cost mass
production. Furthermore, the potential for magnetic reso-
nance imaging compatibility makes Si/glass JT coolers at-
tractive for cryosurgical tools.

In a JT system, often, the cooling is adjusted by using a
heater to consume excessive cooling power; hence, cooling
power is wasted and the total energy consumption is in-
creased. Alternate means of accommodating varying loads
and target temperatures are beneficial. In an alternative ap-
proach (Fig. 1) that is less wasteful of energy, cold, high-
pressure fluid leaving a recuperative counterflow heat ex-
changer expands through an adjustable valve. This is
potentially cost effective in applications that demand cooling
units for multiple locations with different target temperatures
because only one compressor is necessary and the total size
and weight of the systems are tremendously reduced. For
example, in a distributed cooling network, many similar JT
cooling units can be installed in parallel and the refrigerant is

©2011 American Vacuum Society 021005-1
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expansion valve

refrigeration load

FiG. 1. (Color online) In a JT system, high-pressure, hot fluid at state (1)
passing through a counterflow recuperative heat exchanger is precooled by
the low-pressure, cold fluid returning from the refrigeration load. The cooled
high-pressure fluid leaving the heat exchanger at state (2) expands through a
valve and reaches a low temperature at state (2a) due to the JT effect. The
cold, low-pressure fluid flows through the heat load, where it is warmed by
the refrigeration load and reaches state (3). It is fed back into the heat
exchanger and warmed to state (4).

distributed to these units from an external compressor. The
expansion microvalve can modulate the flow rate of refrig-
erant and, as a result, precisely control each cooling unit.
Furthermore, when operated only in the vapor phase or with
mixed gas the valve can be used to modulate temperature
and flow rate. Ultimately, a temperature sensor at the cold
end can be used to measure the temperature and servo-
control the microvalve aperture.

Micromachined cryocoolersg_12 have been developed to
cool small integrated circuits to cryogenic temperatures in
order to improve signal-to-noise ratio and the speed of the
system. However, many of these coolers provide cooling
power limited to the milliwatt range, which is insufficient for
many space applications and cryosurgical applications. This
article reports a JT cooling system that integrates a microma-
chined Si/glass-stack recuperative heat exchanger and a pi-
ezoelectrically actuated expansion microvalve. (Portions of
this work have been reported in conference abstract form by
Zhu et al."’) The temperature at the cold end of the system
can be adjusted by modulating the opening of the microv-
alve. This system can accommodate higher heat loads and
has potential utility in distributed cooling networks for space
applications, or in cryosurgical applications, without the re-
quirement of heaters for temperature control.

Il. DESIGN AND FABRICATION OF COMPONENTS

The core components of a JT system are the counterflow
heat exchanger and the expansion microvalve. The system
utilizes a micromachined Si/glass perforated plate counter-
flow heat exchanger14 and a piezoelectrically actuated expan-
sion valve;'"” these two components were separately evalu-
ated in different contexts. This section summarizes the
essential design and fabrication aspects of both components.

There are two major requirements for an efficient coun-
terflow microheat exchanger. (1) Good heat conductance be-
tween the hot and the cold streams is necessary in order for
the incoming high-pressure refrigerant to be precooled by the
outgoing refrigerant. Materials and structures that provide
high heat transfer conductance between the two streams are
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FIG. 2. (Color online) Perforated plate counterflow heat exchanger: (a) sche-
matic diagram and (b) photograph of the fabricated device with an inset
close-up SEM image of the Si slots. The heat exchanger is divided into two
regions: a hot region, where the hot flow (from left to right, in red) passes
through one side of the Si plates and the glass spacers, and a cold region,
where the cold flow (from right to left, in blue) passes through the other side
in an opposite direction. The glass spacers are bonded to the adjacent Si
plates in order to allow a good seal between two regions and to prevent
leakage from each region to the ambient. The footprint of the microma-
chined perforated plate heat exchanger is 1 X 1 cm? and the length shown in
this figure is about 20 mm (25 dies). The longest fabricated heat exchanger
was about 35 mm long (43 dies). The thickness of each Si plate is 500 wm,
and the thickness of each glass spacer is 300 um. The two sets of slots that
are visible in the Si plate are the ends of the high-pressure and low-pressure
flow channels.

required. Structures that provide a high ratio of heat transfer
area to volume can enhance heat transfer between the fluid
and the heat exchanger surface area. However, the resulting
increase in the streamwise pressure drop must be taken into
account in the design. (2) The streamwise heat conduction
inside the heat exchanger should be small. Heat conduction
along the fluid direction can reduce the temperature gradient
between cold end and hot end.

The Si/glass heat exchanger [Fig. 2(a)] is comprised of a
stack of alternating silicon plates and Pyrex glass spacers.
The thermal conductivity of single crystal Si is about 150
W/m K at room temperature, but also depends on doping
level and temperature. The thermal conductivity of Pyrex is
about 1.4 W/m K at room temperature and does not vary too
much over the range of interest for this work. The high-
conductivity Si plates have numerous narrow slots to create a
large heat transfer surface area and allow heat to conduct
between two separate flow regions within each plate. The
low-conductivity glass spacers reduce streamwise heat con-
duction between the adjacent Si plates. This results in a large
temperature gradient along the length of the heat exchanger
when a hot stream and a cold stream pass through the heat
exchanger in opposing directions. The heat exchanger is fab-
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ricated in a four-mask, six-step fabrication process.14 The Si
slot structures are formed with a double-sided KOH etch of a
(110) Si wafer, following which Pt resistance temperature
detectors are patterned on selected dies for temperature mea-
surement. The glass spacers are patterned by through-wafer
HF:HNOj etching. The Si plate and the glass wafer are an-
odically bonded together and the bonded sandwich is diced.
The dies are stacked and bonded with STYCAST 2850FT
epoxy to form a heat exchanger. Figure 2(b) shows a photo
of the micromachined perforated plate heat exchanger and a
scanning electron microscopy (SEM) photo of the silicon
slot structures etched by KOH on a (110) silicon wafer. The
device has a cross section of 10X 10 mm? and length of up
to 35 mm (stack with 43 dies). A numerical model for the
performance of the heat exchanger has been described by
White er al.'®

To accommodate cryogenic cooling, the expansion valve
must have appropriate flow modulation capability over a
wide range of operating temperatures. The valve must be
able to withstand a large pressure difference as the gas
expands through the valve and achieves the JT effect.
The valve should be normally open or partially open to
provide a fail-safe operation that does not block refrigerant
flow and avoids excessive pressure buildup in the system.
Several microvalve actuation schemes have been reported
in the past, including electromagnetic actuation,'” electro-
static actuation,lg_21 and thermal actuation, such as
therrnopne‘,umatic,22’23 bimetallic,”*® and shape memory
alloys.27 Piezoelectric actuation is attractive because it can
provide high force with relatively low power consumption.
Figure 3(a) illustrates the microvalve design. The valve op-
erates by pushing a bulk Si micromachined valve seat that is
suspended from a Si frame against a Corning No. 7740 Pyrex
glass substrate. The glass plate has inlet and outlet holes and
allows the flow to pass through the gap between the valve
seat and the glass plate. The flow rate is thus controlled by
the size of the gap. A commercially available multilayered
lead zirconate titanate (PZT) stack (Physik Instrumente, Ger-
many, PLO055) is used to drive the Si valve seat. The PZT
stack has a footprint of 5X5 mm? and a height of 6 mm.
The detailed fabrication and assembly process of this valve
were reported by Park et al.”” and a numerical model of this
valve was reported by Brosten et al. % Macor ", a machinable
glass/mica ceramic that is also nonporous, was used for
packaging the valve in order to minimize the temperature
expansion mismatches between materials and thus avoid in-
hibition of valve operation. The fabricated microvalve with a
ceramic enclosure [Fig. 3(b)] has a size of 1X1X1 cm?.
The microvalve can operate at temperatures down to 80 K
and only consumes 0.16 uW of power in steady state."”

lll. INTEGRATION OF JT SYSTEM AND TEST
FACILITY

Figure 4(a) illustrates the simplified flow schematic of the
test setup. A heat exchanger is mounted between a pair of
stainless steel headers [Fig. 4(b)] that provide flow connec-
tions; one end is connected to a microvalve in order to as-
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FIG. 3. (Color online) Piezoelectric microvalve design: (a) schematic dia-
gram of the microvalve structure and (b) photo of a microvalve packaged
with a ceramic housing. The overall size of housing is about 1X1
X1 cm?®. The inset shows a close-up of a fabricated valve seat.

semble a simple JT system. (The microvalve can be replaced
by a jewel orifice for gas expansion.) A heater is attached to
the copper tube between the microvalve and the cold inlet of
the heat exchanger. The heater is not used for temperature
control, but rather to simulate a heat load at the target. The
entire JT system is placed into a high vacuum insulated
Dewar [Fig. 4(b)]. An external compressor is used to drive a
closed JT cycle by pressurizing the gas as it circulates back
from the low-pressure returning stream. Ethane is used as the
refrigerant in these proof-of-concept experiments because it
has a large JT coefficient in the operating pressure range
(0-1 MPa) and therefore provides a large cooling power.
Temperatures and pressures at the hot inlet (of the heat
exchanger), hot outlet, cold inlet, and cold outlet [respec-
tively, denoted in Fig. 4(a) by subscripts 1, 2, 3, and 4] are
measured using type E thermocouples that have absolute un-
certainties of =1 K. Digital pressure gauges are used to mea-
sure the absolute pressures at the hot inlet and cold outlet.
Before the working fluid flows into the hot inlet of the heat
exchanger, the mass flow rate is measured at room tempera-
ture using a Bronkhorst F-132M mass flow meter calibrated
using nitrogen. The mass flow rate reading is converted to
ethane based on formulas recommended by the manufac-
turer. The details for converting the reading and calculating
the uncertainty in the flow rate were reported by White.”’
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FIG. 4. (Color online) Test facility: (a) simplified schematic diagram of the
test facility and (b) photo of the actual setup inside the Dewar.

Prior to the evaluation of the cooling system, a separate
setup is used to first characterize the microvalve. This setup
uses a Bronkhorst F-132M mass flow meter and pressure
gauges located on both upstream and downstream of the mi-
crovalve. The mass flow rate and pressure difference across
the valve are recorded at room temperature.

IV. EXPERIMENTAL RESULTS

Figure 5 shows the typical results for ethane flow rate
modulation by the microvalve. The input voltage range of the
valve is from —30 to 100 V. The relationships of mass flow
rate and pressure difference for commercially available jewel
orifices are also included in this plot. By comparison, the
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FIG. 5. (Color online) Ethane mass flow rate as a function of pressure dif-
ference in valve characterization test and JT tests. The mass flow rate is
measured at room temperature in all tests.

microvalve provides a flow restriction that can vary between
the value provided by a 0.057 mm? (0.01 in. in diameter)
jewel orifice and the value provided by a 0.086 mm? (0.013
in. in diameter) jewel orifice (provided by Bird Precision
Corporation). As shown in Fig. 5, the flow rate range that the
microvalve can modulate is more than 0.02 g/s at a pressure
difference of 430 kPa.

Figure 6 shows the temperature drop at the cold inlet from
the hot inlet (75—T)) as a function of gas pressure between
inlet and outlet (P, —P,) in the JT test when the heater is off.
All data were recorded when the system reached steady state.
This figure also shows how the temperature can be adjusted
by the flow modulation of the microvalve. The small flow
modulation of the microvalve limits the modulation range of
temperature to about 5-8 K. This is possibly due to exces-
sive leakage flow at a high inlet pressure when the valve is
supposed to be fully closed. The lowest steady-state tempera-
ture that the system can achieve at the cold end of the valve
(T) is about 254.5 K at 430 kPa pressure difference between
the hot inlet and the cold outlet with the valve input voltage
at =30 V.

The system is able to sustain inlet gas pressure as high as
1 MPa without leakage and can, in principle, achieve lower
temperatures than those shown in Fig. 6. However, due to

o valve JT test
-40 | —=— 0.114 mmZ orifice JT test
45| —*— 0.057 mm? orifice JT test

Temperature Drop From Inlet (K)

_50 1 1 1 1 1
0 100 200 300 400 500

Pressure Difference (kPa)

FI1G. 6. (Color online) Temperature drop at the valve or orifice from inlet
temperature as a function of pressure difference between inlet and outlet in
the JT test. Since the input voltage of the microvalve is —30-100 V, the
region between two dashed lines is the temperature region that the JT system
can control at a given input pressure.
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FiG. 7. (Color online) Transient response of the JT cycle when it is cooling
down. The refrigerant flow is reduced by clogging as the temperature 7,
reaches around 244 K at the hot outlet, which is very close to the microv-
alve. This is mainly due to the impurities freezing within the microvalve.

impurities freezing inside the system, the refrigerant flow is
significantly reduced when the hot outlet temperature (7’)
reaches 244 K. Similar clogging problems have been re-
ported by Lerou et al® Figure 7 shows the transient re-
sponse of this JT system at a pressure difference of 710 kPa
and illustrates the clogging problem. As the hot outlet tem-
perature (T,) reaches 244 K, the flow is reduced to nearly
zero by impurities and the temperature increases due to para-
sitic heat loads. A possible source of contamination was the
oil-lubricated compressor used in this system. Finally, when
the system warms up and 7, increases to 246 K, the impuri-
ties melt, the flow can pass through the valve, and the tem-
perature of the system drops down again. The system thus
repeats the cooling cycle and the cold inlet temperature (75)
oscillates between 234 and 236.5 K.

Ideally, the system should be able to reach a desired tem-
perature within tens of minutes. As shown in Fig. 7, the
cooling down rate of this JT system is very slow mainly
because the thermal mass of the whole system is large com-
pared to the cooling power. The total thermal mass of the
metal components such as the headers, tubing, and fittings
dramatically slows down the transient response of the JT
system. (In the future, the heat exchanger and the micovalve
should be integrated together in order to eliminate all unnec-
essary tubing and fittings and thus reduce total thermal mass
to a much lower level.)

Figure 8 shows the experimentally measured cooling
power that the system can provide when the input voltage of
the microvalve is —30 V. For these tests, ethane mass flow
rate was kept at 0.098 g/s and the inlet pressure was around
535 kPa. The heater was turned on to simulate a heat load.
The system provided cooling powers of 75 mW at 255 K and
150 mW at 258 K. For a system that utilizes the microma-
chined heat exchanger without the microvalve, the estimated
parasitic heat load at the low end of the temperature range is
approximately 500 % 30% mW.” In practice, the losses are
somewhat higher, particularly for the system under consider-
ation here. The high end of the plot in Fig. 8 shows that the
system had a cooling capacity of 800 mW at 297 K, where
the parasitic heat load approaches zero. If the efficiency of
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FIG. 8. (Color online) Temperature drop as a function of heater power. In
this test, the inlet pressure was maintained at P;=535 kPa and the input
voltage of the valve was —30 V. The measured pressure difference
(P,-P,) is 435 kPa and the ethane mass flow rate is 0.098 g/s.

the heat exchanger were constant, we would estimate the
actual parasitic heat load to be approximately 700 mW based
on the coldest test temperatures. Some of this load may be
attributed to heat conduction through tubing and the electri-
cal leads embedded within the heat exchanger and the micro-
valve. However, there are also multiple factors that affect the
efficiency of the JT cycle as the cold end temperature de-
creases. These include, for example, the change of the JT
coefficient, the increase of the conductivity of Si, and the
increase of parasitic heat load, which includes both conduc-
tion and radiation. Hence, the results shown in Fig. 8 are
sensitive to the test conditions and not necessarily represen-
tative of largest performance achievable by the device.

V. CONCLUSIONS

This effort has demonstrated a closed loop JT cooling
system using a micromachined perforated plate Si/glass heat
exchanger and a piezoelectric expansion microvalve for
modulating the refrigerant flow and thus the cooling tem-
perature. The microvalve opening can be adjusted so that it is
approximately equivalent to a commercially available jewel
orifice ranging from 0.057 mm? (0.010 in. in diameter) to
0.086 mm? (0.013 in. in diameter). With ethane as the
refrigerant, the system provided cooling powers of 75 mW at
255 K and 150 mW at 258 K. Experiments showed that the
system could achieve 254.5 K at 430 kPa pressure difference
at steady state and 234 K at 710 kPa in transient mode. Due
to impurities freezing inside the valve, the system was
clogged as the hot outlet temperature (7,) reached around
244 K. With ethane as the refrigerant, it should be possible to
achieve minimum temperature in the proximity of 185 K.
With the use of a more purified supply of refrigerant and
improved thermal insulation to reduce parasitic heat loads, it
is anticipated that a lower temperature is achievable because
the system is robust enough to sustain inlet pressure as high
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as 1 MPa without internal and external leakages. In the long
term, a system of this type may be used in a distributed
cooling network or in a cryosurgical tool.
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