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ABSTRACT

Microcoolers machined from glass wafers based on Joule-Thomson (J-T) expansion have been
investigated for many years at the University of Twente. After successful development of single-
stage J-T microcoolers with a cooling capacity of around 10 mW at 100 K, research is being carried
out to attain lower temperatures to 30 K using multiple stages. As an initiative in this research
effort, a simplified dynamic model of a two-stage microcooler has been developed using Matlab®

to analyze the cooler performance. The first stage operates with nitrogen as the working fluid from
80 bar high pressure to 6 bar low pressure and is used to precool the second stage. The second stage
operates with neon from a high pressure of 40 bar to a low pressure of 1 bar. The model is composed
of single lumped heat capacities at both the evaporators and the precooler. These capacities are
linked via thermal resistances and are cooled by the evaporating fluids. The effect of the counter-
flow heat exchanger (CFHX) length on the performance of the two-stage microcooler is discussed.
The length of the CFHX in the second stage between precooler and evaporator is very critical
regarding the cool-down time. Based on the model, a preliminary design is made with the envelope
dimensions of 8.30 x 37.00 x 0.72 mm that has a cooling power of 5 mW at 27 K. It cools down in
less than 3 hours with a corresponding mass flow rate of 2.6 mg/s of nitrogen and 1.5 of mg/s neon.

INTRODUCTION

Devices such as infrared detectors, low-noise amplifiers and superconducting devices require a
low temperature and little cooling power with a range of a few milliwatts.1,2 Most of these devices
need temperatures lower than 100 K. The temperature range (from room temperature to the operat-
ing temperature) is too large for a single-stage cooler. A large temperature range results in a large
pressure range in the cycle which puts forward higher requirements for the compressor. One way of
dealing with this situation is to implement a multi-stage cooling process. In addition, the efficiency
can be increased via multi-staging.

Since the 1980s, several attempts have been made to build a micro refrigerator to cool the above-
mentioned devices.3,4 At the University of Twente, research on microcoolers has been investigated for
many years. Burger et al.5 investigated how to build a small cryocooler via micromechanical tech-
niques. Lerou et al.6-8 designed and produced microcoolers with cooling powers of about 10-20 mW
at 100 K. Currently, our research is focused on developing single-stage coolers with higher cooling
powers and incorporating sorption compressors.9  Also, the development of multistage microcoolers
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is investigated. This paper presents the analysis of a two-stage microcooler for cooling power of 5 mW
at around 30 K.

TWO-STAGE MICROCOOLER MODEL

A simplified model of a two-stage microcooler based on the Linde-Hampson cooling cycle has
been developed and is shown Figure 1. In the first stage, nitrogen is used as the working fluid with
a high pressure of 80 bar and a low pressure of 6 bar. The first stage is used to precool the second
stage that operates with neon at a high pressure of 40 bar and a low pressure of 1 bar. The model is
composed of single lumped heat capacities at the evaporators and at the precooler. Each evaporator
is assumed to have a heat capacity equal to that of the evaporator material plus half of the counter-
flow heat exchanger (CFHX) adjacent to it. The lumped element heat capacity of the precooler is
the sum of the heat capacity of the precooler itself and half of each of the adjacent CFHXs. The
CFHXs are assumed to have no heat capacity other than the above-mentioned lumped capacity
elements. These capacities are linked via thermal resistances and are cooled by the evaporating
fluids.

The two-stage microcooler lumped model is expressed by the following energy balances:

(1)

(2)

(3)

where m.l and m.ll are mass flow rates of the first and the second stage. Q
.
load1, Q

.
load2 and Q

.
load3 are

thermal loads from the microcooler environment, and Q
.
 pre is the conductive heat flow from the

Figure 1.  Schematic diagram of the two-stage microcooler (left) and lumped-element model (right).
ε1, ε2, ε3 - heat exchanger efficiencies of CFHX 1, CFHX 2, CFHX 3; R - thermal resistance between
precooling stage and evaporator l; C1 - heat capacities of evaporator I and half of CFHX 1; C2 - heat
capacities of evaporator II and half of CFHX 3; C3 - heat capacities of precooler, half of CFHX 2 and half
of CFHX 3.
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precooler to evaporator l. Because the emissivity of glass is relatively large, the cooler’s surface is
covered with a thin gold layer to decrease radiation losses. Emissivity of a smooth gold layer is in
the order of 0.02.10 Tpre, Tevapl and Tevapll  are the temperatures of precooler and the evaporators,
respectively. h refers to enthalpy, and in, out, pH and pL refer to inlet, outlet, high pressure line and
low pressure line, respectively. C1, C2 and C3 are the heat capacities of the three lumped elements.
As mentioned above, the CFHXs have no heat capacity other than their contribution to the lumped
elements at the evaporators and the precooler. In the model, each CFHX is fully characterized by its
efficiency as follows:

(4)

where i refers to the number the CFHX shown in Fig. 1.
This CFHX efficiency, however, is flow dependent. Since the mass flow rate varies during cool

down, the efficiency has to be expressed in terms of the mass flow rate. The efficiency estimated
from steady-state is used as a reference. Given certain geometry, the CFHX performance in steady-
state was evaluated via the static model introduced by Lerou at al.10. Equation (4) yields the steady-
state efficiency ε∞ with steady-state mass flow rate m.

∞. The efficiency during cool-down as a func-
tion of mass flow rate m. appears to be approximated by

(5)

The temperature boundary conditions for the CFHXs are:

(6)

Because of the small dimensions of the restriction and a low mass flow rate, the flow through
the restriction is laminar. Furthermore, we assume the evaporator to be isothermal at a temperature
equal to that of the evaporator, because the evaporator is in direct thermal contact with the restric-
tion.6, 7 In that case, the mass flow rate is given by the following equation10, 11,

(7)

where w, h and l are width, height and length of the restriction, pH and pL are the high and low
pressure respectively, ρ (p,Tevap) and μ (p,Tevap) are density and viscosity as a function of pressure
and temperature, respectively.

TWO-STAGE MICROCOOLER GEOMETRY

The geometry of the two-stage microcooler is based on a design that was realized by Lerou et
al.8 These coolers consist of a stack of three glass wafers. The high and low pressure lines are etched
as rectangular channels in the top and bottom wafers. The high pressure line ends in a flow restric-
tion, which is connected to the low pressure line by an evaporator volume . Thus, a CFHX is formed
by the high and low pressure channels and the thin intermediate glass wafer. The two stages are
assumed to be placed side-by-side as schematically shown in Fig. 1 as described by Lerou et al.8
CFHX 1 is assumed to be thermally isolated from CFHX 2, whereas the precooler in between

CFHX 2 and CFHX 3 is assumed to be in direct thermal contact with evaporator. The thermal

resistance between these two components is fully determined by the glass of the separating walls.
In the geometry that we consider, the height of the three-wafer stack is 0.72 mm and the channels
are 50 ìm high. The intermediate glass wafer in the CFHXs has a thickness of 0.10 mm. Further
parameters are given in Table. 1. In the present study, the length of the CFHXs varies.
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RESULTS AND DISCUSSION

Effect of CFHX Length
The most important optimization parameters of a microcooler CFHX are its length and the

thickness of the intermediate glass wafer. The latter should be as small as possible but is limited to
0.10 mm due to manufacturing limitations. Therefore, we specifically investigated the effect of the
length of the CFHXs. Based on the relation between efficiency and mass flow rate, the effect of
CFHX length on the cooler performance was analyzed. Two of the three CFHX lengths are fixed
whereas the target one is varied.

The change in length of CFHX 1 from 20 to 35 mm increases the gross cooling power of the first
stage from 36.1 mW to 38.4 mW due to an increase in the efficiency. Subtracting the precooling
power and the parasitic heat loads, a net cooling power remains available at the first-stage evaporator
as depicted in Figure 2. The net cooling power reaches its maximum at a length of 25 mm as shown in
Figure 2. There is no gain in net cooling power with increase in the length of CFHX 1 from 25 to 35 mm
due to an increase in radiation losses and precooling power. Fig. 2 also shows the net cooling power at
the second stage, which is almost constant. The CFHX length affects the cool-down time because of
increased heat capacity from 5.2 hours to 5.5 hours, although not substantially.

When the length of CFHX 2 is changed from 10 to 25 mm with CFHX 1 and CFHX 3 fixed at 25 mm
and 15 mm, respectively, the gross cooling power at the first stage is constant (37.5 mW) but the net power
appears to increase as shown in Figure 2. The reason is that the outlet temperature of the high-
pressure flow of CFHX 2 decreases with increasing length (higher efficiency). Therefore, less power
is needed for precooling.

Table 1. Two-stage microcooler geometry (dimensions in mm except for restriction height).

Figure 2.  Effect of the CFHX length on the net cooling (left: CFHX 1, right: CFHX 2).
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Varying the length from 5 to 20 mm with CFHX 1 and CFHX 2 both fixed at 25 mm slightly
affects the net cooling power of the first stage as shown in Figure 3. However, the net cooling power
of the second stage is significantly affected because of the changing CFHX efficiency and parasitic
heat load. At a length of 5 mm, the cooler does not reach a stable low temperature at all. The length
of CFHX 3 also markedly influences the cool-down time as shown in Figure 3 which is due to the
changing heat capacity.

Cooler Performance with Fixed CFHX Length
Based on the study of CFHX length, a length of 20 mm for CFHX 1 and 2 was chosen when

CFHX 3 is 10 mm long. The dynamic behavior of this preliminary design is studied in detail. The
temperatures of both evaporators and precooler versus time are shown in Figure 4 where the cool-
down times of the first stage and the second stage are 0.34 hr and 2.83 hr, respectively. The rapid
increase of precooler temperature at 2.83 hr is induced by the significant rise of mass flow rate of
the second stage as shown in Figure 5. The mass flow rate depends on fluid viscosity and density
according to Eq. 7. Thus, the mass flow rate rise can be explained by a change in fluid property with
evaporator temperature. After the evaporator temperature has reached the boiling temperature, the
mass flow rate of the first stage stabilizes at around 2.6 mg/s while the second stage remains steady
at about 1.5 mg/s. The cooling powers (gross and net) at both stages are shown in Figure 6. The net
cooling power of the second stage stabilizes at 5.0 mW meeting the design requirements. The peaks
in the gross cooling power of the first stage and the second stage are induced by the peaks in mass

Figure 3.  Effect of CFHX 3 length on the net cooling power (left) and cool-down time (right).

Figure 4.  Temperature versus time of both evaporators and precooling stage.
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flow rates of both stages. As a further effect of the peaking mass flow rate, the first-stage evaporator
cools down relatively quickly and the temperature difference between evaporator l and the pre-
cooler increases. As a result, the conductive heat flow from precooler to evaporator l increases,
thereby decreasing the net cooling power of the first stage. This explains the first dip in the net
cooling power coinciding with the peak in the gross cooling power at the first stage. The drop of the
net cooling power of the first stage at 2.83 hr is induced by the increasing precooling power because
of the rise of mass flow rate of the second stage.

CONCLUSIONS
A simple lumped-element model was developed for a two-stage microcooler. The first stage

operates with nitrogen as the working fluid from 80 bar high pressure to 6 bar low pressure. The
first stage cooler is used to precool the second stage which operates with neon, from a high pressure
of 40 bar to a low pressure of 1 bar. The effect of the CFHX length on the cooler performance is
specifically investigated. The CFHX adjacent to the evaporator of the second stage is critical in
determining the cool-down time and net cooling power. With an increase in length, the cool-down
time increases, and with the decrease in length, the net cooling power decreases. A preliminary
design was made with overall dimensions of 8.30 x 37.00 x 0.72 mm that has a cooling power of 5 mW
at 27 K. It cools down less than 3 hours with corresponding mass flow rate of 2.6 mg/s of nitrogen
and 1.5 mg/s of neon. Future research will be focused on more detailed modeling of this prelimi-
nary design by integrating with full CFHX model.

Figure 5.  Mass flow rate versus time for both cooler stages.

Figure 6.  Gross and net cooling powers versus time for both cooler stages.
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