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A B S T R A C T

Micromachined Joule–Thomson (JT) coolers are of interest for cooling small electronic devices.

The long-term performance of JT microcoolers is limited by the clogging phenomenon caused

by the deposition of water molecules present as impurity in the working fluid. This work

investigates the clogging dynamics in a JT microcooler operating with nitrogen gas. A nu-

merical model is developed to calculate the temperature profile and the deposition rate of

water molecules along the counter flow heat exchanger and the restriction of a microcooler.

The deposition process is modeled by considering the diffusion of water molecules in ni-

trogen gas and the kinetic process of water molecules on wall surface, which are both

temperature dependent. Numerical results show that the clogging rate during cool down

is influenced by gas impurity and gas pressure. The effects of gas purity, gas pressure and

cold-end temperature on the continuous operating time of the microcooler are also

investigated.

© 2017 Elsevier Ltd and IIR. All rights reserved.
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1. Introduction

Micromachined Joule–Thomson (JT) coolers have great poten-
tial applications in cooling advanced electronics, such as optical

detectors in space missions (Derking et al., 2012; Rogalski, 2003),
low-noise amplifiers (Schleeh et al., 2013) and high-temperature
superconducting devices (Nisenoff, 1995). Matching these elec-
tronics in size and cooling requirement, JT microcoolers provide
cryogenic cooling power in the range of a few milliwatts to
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hundreds of milliwatts (Maytal and Pfotenhauer, 2013;
Radebaugh, 2009). An important effect that limits the long-
term performance of JT microcoolers is the deposition of
impurities in the working fluid resulting in clogging of the
microchannels (Lerou et al., 2007; Little, 1984; Maytal, 1998, 2010;
Wade et al., 1988; Zhu et al., 2010). Wade et al. (1988) ob-
served the clogging formation in a straight glass JT expansion
valve through a microscope and found that the ice formed ini-
tially near the low pressure side of the valve and then grew
against the flow direction. Lerou et al. (2007) imaged
thedeposition of water molecules inside the cold end and the
coldest part of the counter flow heat exchanger (CFHX) of a
JT microcooler during operation. It appeared that ice formed
in the CFHX and that then the mass flow rate slowly de-
creased until it dropped below a critical value at which the gross
cooling power was no longer able to compensate for the para-
sitic heat load to the cold end of the microcooler. At that point
the microcooler warmed up and it was clearly shown that the
zone with deposited ice slowly moved toward the cold end of
the microcooler. This is due to the fact that the temperature
gradient along the microcooler gets less steep as the cold end
warms up. Therefore, the position in the CFHX at which the
moisture deposits shifted toward the cold end. The decrease
in the mass-flow rate during operation was explained by Lerou
et al. by assuming that ice crystals deposited in the CFHX
somehow detached by the nitrogen gas flow and migrated to
the restriction thus blocking the flow. However, the migration
of ice crystals was not observed during the operation. Accord-
ing to the phase diagram of water, deposition of moisture at
a specific temperature can occur once the partial pressure of
water is higher than the solid–vapor saturation pressure of
water at that temperature. Therefore, the deposition can also
occur in the restriction of a JT microcooler and the question
was raised whether the clogging was caused by the direct de-
position of water molecules in the restriction.

In an earlier study (Cao et al., 2013), we showed that indeed
the clogging was caused by direct deposition and not by
migration of ice crystals. We presented the microscopic obser-
vation of the deposition of water molecules in the restriction.
The experimental observation matched the prediction of a model
that described the deposition process considering diffusion and
kinetics of water molecules. It was found that the deposition
rate of water molecules in the microcooler was determined by
the inlet partial pressure of water and the temperature profile
along the microcooler. Based on the direct clogging mecha-
nism, the observation of Lerou et al. (2007) can be explained as
follows: The observed deposition area of Lerou et al. was the lo-
cation of the major deposition of water molecules, which was
localized in the CFHX. However, at the same time a small amount
of water molecules was deposited in the restriction as well, which
was not observed. As time evolved, the ice layer in the restric-
tion grew, resulting in a decreasing mass-flow rate. Although the
deposition of water occurs both in the restriction and the CFHX,
it is more critical in the restriction because of its small channel
height.The mass-flow rate of the microcooler under study is de-
termined by the opening of the restriction, and thus clogging
of the microcooler means clogging at the restriction.

In the earlier study (Cao et al., 2013), the nitrogen gas was
purified by a getter filter before flowing into the microcooler.After
purification, the moisture level of the nitrogen gas was fixed at
about 1.0 parts per billion (ppb). In our recent work, a custom-
made tunable cryogenic filter was developed and the effect of
moisture level on the clogging rate was investigated experi-
mentally (Cao et al., 2015). In these experiments, different
moisture levels in the nitrogen gas were realized by control-
ling the cryogenic filter at different temperatures.

In this study, a numerical model was developed to under-
stand the clogging mechanism and explore the influence of
various parameters on the clogging rate. A comparison is made
between the earlier measurement data and results from the

Nomenclature

C constant [−]
CFHX counter-flow heat exchanger [−]
D diffusivity [m2 s−1]
h height [m]
heff effective height [m]
hice

max maximum height of the ice layer [m]
�H enthalpy flow rate [W]

JT Joule–Thomson [−]
l length [m]
�m mass-flow rate [mg s−1]

M molar mass [kg mol−1]
�ndep deposition rate [mol m−2 s−1]
p pressure [Pa]
pr reduced pressure [−]
�Q heat-flow rate [W]

R universal gas constant [J K−1 mol−1]
T temperature [K]
Tr reduced temperature [−]
vrandom random velocity [m s−1]
w width [m]

Greek symbols
α accommodation coefficient [−]
µ dynamic viscosity [Pa·s]
ρ density [kg m−3]
ω acentric factor [−]
ΩD collision integral for diffusion [−]

Subscripts and superscripts
c conduction or channel center
crit critical point
csg conduction via the surrounding gas
gw convection from gas to wall
in inlet
out outlet
pH high-pressure gas
pL low-pressure gas
r restriction
rad radiation
sat saturation
wg convection from wall to gas
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numerical model to extract the details of the dynamic heat and
mass transfer process in the counter flow heat exchanger and
the restriction of a microcooler. The results further verify the
validity of the direct clogging mechanism in the restriction
that we reported in our earlier study. In the next section of this
paper, the numerical model describing the deposition of water
molecules in a microcooler is explained. Section 3 discusses
the physics of the clogging process and the factors affecting
clogging rate including the gas purity, the gas pressure, and the
cold-end temperature. The paper is closed with conclusions in
Section 4.

2. Numerical model description

A dynamic thermal model of a JT microcooler was developed
that includes the water deposition. In the model, the
microcooler is divided into three parts (the CFHXs, the restric-
tion and the evaporator) as shown in Fig. 1. The evaporator is
treated as one element. The CFHX is split into elements of con-
stant length and each element contains three sub-elements:
a high-pressure fluid element, a material element and a low-
pressure fluid element.The restriction is also split into elements
of constant length.

In the thermal modeling, the temperature of each element
is determined by the corresponding energy balance equation.
The equation includes different heat flows, such as enthalpy flow
( �H), longitudinal conductive heat flow ( �Qc ), convective heat

flow ( �Qwg and �Qgw), radiative heat flow ( �Qrad ), and conductive

heat flow via the surrounding gas ( �Qcsg). More details on these

heat flows can be found in an earlier work (Cao et al., 2012).
The deposition rate of water molecules per unit of area on

the inner surface of the microcooler �ndep (in mol m−2 s−1) is de-
termined by the diffusion of water molecules in nitrogen gas
and the kinetic process of water molecules on the surface (Cao
et al., 2013):

�n p p
hRT

D
MRT

dep c sat= −( ) +
⎛
⎝⎜

⎞
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0 5 2

12

. π
α

(1)

Here, pc, psat (in Pa) are the partial pressure of water in
the center of the channel and the equilibrium pressure of
water molecules at the surface of the channel, respectively;
h is the channel height; R (in J K−1 mol−1) is the universal gas
constant and T (in K) is the temperature of the nitrogen gas
in the channel. D12 (in m2 s−1) is the diffusion coefficient of water
molecules in nitrogen gas; M (in kg mol−1) is the molar mass
of water; α (dimensionless) is the accommodation coeffi-
cient, which is a function of the wall temperature of the gas
channel.

In the microcooler under test, the mass-average velocity is
much smaller than the random velocity of water molecules or
nitrogen gas, which is derived from the kinetic theory rela-

tion v RT Mrandom = ( )3 0 5. .Therefore, the mass-average velocity has

little effect on the diffusion coefficient of water molecules in
nitrogen gas. The diffusion coefficient of water molecules in
nitrogen gas is estimated using the Chapman–Enskog theory
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Fig. 1 – Block diagram of the microcooler dynamic model (a), elements of the CFHX (b) and elements of a slit of the
restriction (c).
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(Poling et al., 2001) and a modified equation for high pres-
sures proposed by Riazi and Whitson (1993).The mass diffusivity
of a binary gas mixture at low to moderate pressures can be
estimated using kinetic theory, resulting in the following re-
lation (Poling et al., 2001):

D C
T

pl
M M
M MD

12

3 2

1 2
2

1 2

1 2

= +
, Ω

(2)

Here, C = ⋅ −5 96 10 24. (in J3/2 K−3/2 mol−1/2) is constant, T is the
absolute temperature (K), M1 and M2 are the molar masses of
species 1 and 2 (kg mol−1), p is the pressure (Pa), l1 2, is a
characteristic length of the mixture (m), and ΩD is the dimen-
sionless collision integral for diffusion (Neufeld et al., 1972).
The characteristic length ( l1 2, ) is estimated according to the
average of the Lennard-Jones 12-6 potential characteristic
lengths for species 1 and 2 as provided by Poling et al. (2001).

At high pressures, due to the non-ideal gas behavior the
mass diffusivity of a binary gas mixture no longer varies in-
versely with pressure as suggested by Eq. (2). An estimation
method was suggested by Riazi and Whitson (1993):

ρ
ρ

μ
μ

D
D

b cpr
12

12

1 07
* * *

= ⎛
⎝⎜

⎞
⎠⎟

+

. (3)

The superscript * refers to the low-pressure case in which

D12* is given by Eq. (2) with temperature and pressure chosen

at a specific reference case. Here, the reference case is set at
300 K and 101.325 kPa, with ρ* and µ* being the density and vis-
cosity under these conditions. In the exponent, pr is the reduced
pressure, defined as the ratio of the actual pressure to the criti-
cal pressure,

b = − −0 27 0 38. . ϖ (4)

c = − +0 05 0 10. . ϖ (5)

where ϖ is the acentric factor, a pure component constant
defined by Pitzer (1955):

ϖ = − ( ) −log10 1pr
sat (6)

where p p pr
sat sat

crit= is the reduced saturated vapor pressure
at the reduced temperature T T Tr crit= = 0 7. .

In the relevant temperature range of the microcooler, the
values of the accommodation coefficient can be represented
as (Crowley et al., 2010):
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where T is in K.
The temperature and pressure profiles of the gas in the CFHX

and restriction can be evaluated for each time step. Then, the
deposition rate can be calculated based on the known tem-
perature and pressure along the microcooler. Although the mass-
average velocity has little effect on the diffusion coefficient of
water molecules in nitrogen gas, it affects the water pressure
distribution along the microcooler, thus the deposition rate. For

the elements of high-pressure gas shown in Fig. 1, the water
pressure and the deposition rate can be related by using the mass
conservation equation of water molecules, which is given by
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where pH O
pH i

2

, and pH O
pH i

2

1, + are the water pressure of elements of

i and i + 1. ppH i, and ppH i, +1 are the gas pressure of elements of

i and i + 1. �ndep
pH i, , Adep

pH i, , MN2 and �m are the deposition rate, de-

position area, molecule mass of nitrogen gas and mass-flow
rate of element of i. Water pressure along the restriction can
be calculated in a similar manner.

The mass-flow rate of the microcooler is determined by
temperature-dependent working-fluid properties (i.e. density
and viscosity) and by the dimensions of the JT restriction. In
our design, the restriction of the microcooler consists of few
parallel rectangular channels. The mass-flow rate for fully de-
veloped, laminar flow through a rectangular channel can be
calculated as (Bejan, 1993):

�m p T
wh

l
p T
p T

dp
pL

pH
,

,
,

( ) = ( )
( )∫

3

12
ρ
μ

(9)

where w, h and l are the width, height and length of the re-
striction, respectively, and pH and pL are the high and low
pressures, respectively. ρ is the density and µ is the viscosity
which both are pressure (p) and temperature (T) dependent.With
fixed restriction dimensions, the mass-flow rate is determined
by the pressure and temperature profile along the restriction.
The pressure profile is assumed to be linear, while the tem-
perature profile can be evaluated based on the assumption that
the JT expansion is adiabatic and thus isenthalpic. In the model,
the mass-flow rate changes due to the cold-end temperature
during the cool-down process and also the change in the opening
of the restriction due to the water deposition. In the calcula-
tion, the restriction is assumed to have a rectangular cross section
with an effective height, heff, given by

h h heff ice
max= − 2 (10)

where hice
max is the maximum height of the ice layer along inner

walls (top and bottom) of the restriction channel.
The deposition rate of water molecules in the microcooler

strongly depends on the temperature profile of the microcooler.
As temperature decreases from 273 K to 100 K, the solid–
vapor saturation pressure of water decreases from 604 to
1.0 × 10−14 Pa according to the phase diagram of water as shown
in Fig. 2 (Lemmon et al., 2007). A small change in tempera-
ture can dramatically alter the water saturation pressure and
thus the deposition rate.

The exploded view of the microcooler used in this study is
shown in Fig. 3. The arrow indicates the direction of the flow
through the microcooler. The microcooler has outer dimen-
sions of 60.0 × 9.5 × 0.7 mm3. The effective length of the CFHX
is 42.6 mm. The width and height of the gas channels in the
CFHX are 8.1 mm and 40 µm, respectively.The restriction of the
microcooler 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 µm.
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3. Results and discussion

3.1. Physics of clogging process

The calculated ice formation behavior of the microcooler is shown
in Fig. 4. In this simulation, the inlet and outlet pressures of the
microcooler in the model are set at 8.75 and 0.60 MPa, respec-
tively.The inlet molar fraction of water is assumed to be 0.86 ppb,
and corresponding water pressure and solid–vapor saturation
temperature are 0.0075 Pa and 181.8 K.The temperature profile
along the microcooler changes as the microcooler cools down
from an ambient temperature of 295 to 110 K.The temperature
profile of the restriction is evaluated based on the enthalpy at
the restriction inlet and two assumptions of linear pressure profile
and isenthalpic expansion. The deposition rate is determined
by the difference between the actual water pressure and the de-
position pressure, and by the diffusion coefficient of water
molecules in nitrogen gas and the accommodation coefficient
of water described by Eqs. (2)–(7). The deposition pressure here
refers to the saturation pressure of water molecules in the high-
pressure gas of the CFHX, which corresponds to the temperature
profile of the high-pressure gas along the CFHX. The relation
between the saturation pressure and corresponding temperature

is shown in Fig. 2. The diffusion coefficient increases with de-
creasing pressure and increasing temperature of the nitrogen
gas. The accommodation coefficient of water is determined by
the temperature and increases with decreasing temperature.Fig.4
shows the nitrogen gas temperature, water pressure and de-
position rate along the high-pressure channel of the CFHX and
the restriction as the cold-end temperature decreases to 170,
150, 130, and 110 K during cool down. The cold-end tempera-
ture here refers to the temperature of the gas leaving the
evaporator to the low-pressure channel of the CFHX. As shown
in Fig. 4, the ice starts to form at the end of the high-pressure
channel and the head of the restriction when the cold-end tem-
perature reaches 170 K. As the cold-end temperature decreases
the ice grows gradually against flow direction, which is similar
to the observation of Wade et al. (1988). The deposition rate in-
creases with the increasing difference between the actual water
pressure and the saturation water pressure as indicated by Eq.
(1). The deposition rate along the high-pressure channel of the
CFHX reaches a peak value close to the location where the gas
temperature is 181.8 K. The difference in the deposition rate in
the restriction and the CFHX is mainly caused by the difference
in the channel height.The channel height of the high-pressure
channel of the heat exchanger is 40 µm, whereas the channel
height of the restriction is only 1.1 µm. As can be seen from Eq.
(1), the deposition rate increases with decreasing channel height.
Besides, the diffusion coefficient increases with decreasing pres-
sure. In the restriction, the gas expands from 8.75 to 0.60 MPa,
which results in a lower water pressure and a higher diffusion
coefficient. As the cold-end temperature decreases from 170 to
110 K, the location of the major deposition of water molecules
shifts from the restriction to the high-pressure channel of the
CFHX.The deposition rate in the restriction decreases with de-
creasing cold-end temperature (see Fig. 4).With the microcooler
reaching the set cold-end temperature, the main deposition area
gradually shifts into the CFHX and the deposition rate in the
restriction now depends on the cold-end temperature and the
water pressure at the restriction inlet.

3.2. Factors affecting clogging rate

3.2.1. Influence of gas purity
Fig. 5 shows the temperature and mass-flow rate of the
microcooler operating with nitrogen gas at different gas impurity
levels. In the analysis, the gas impurity levels are set at 0.86 and
7.29 ppb in order to compare with the measurements presented
in our earlier work (Cao et al., 2015). According to the phase
diagram of water shown in Fig.2, the deposition only occurs when
the actual water temperature is lower than the saturation tem-
perature of water.The gas purity level was determined by moni-
toring the mass-flow rate of the microcooler at different cold-end
temperatures. The mass-flow rate did not decrease as long as
the cold-end was controlled at temperatures above a certain
threshold value, and the gas impurity level was estimated based
on that certain threshold value.Assuming that the actual water
temperature at the restriction inlet was equal to the cold-end
temperature, the gas impurity levels of the two cases described
in Cao et al. (2015) were estimated at 0.5 ppb and 5.6 ppb.However,
the temperature gradient of the restriction should be considered
as discussed in the model described in Section 2. It is more
reasonable to assume that the temperature of the low-pressure

Fig. 2 – Phase diagram of water (Lemmon et al., 2007).

Top wafer

Middle wafer
Bottom waferEvaporator

CFHX

Restriction

Inlet
Outlet

Fig. 3 – Exploded view of the microcooler under study.
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Fig. 4 – Calculated nitrogen gas temperature, water pressure and deposition rate along the high-pressure channel of the
CFHX and the restriction at different cold-end temperatures of 170 K, 150 K, 130 K and 110 K. Note the difference in scale in
the plots showing the water pressure in the CFHX, the temperature and the deposition rate in the restriction. The
microcooler has a constant inlet pressure of 8.75 MPa, a constant outlet pressure of 0.60 MPa, and a constant gas impurity
level of 0.86 ppb, respectively.
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gas leaving the evaporator is equal to the measured cold-end
temperature.The temperature of the high-pressure gas flowing
to the restriction, that is the actual water temperature at the
restriction inlet, was estimated by using the above-mentioned
model with the temperature of the gas leaving the evaporator
as an input. In one case, the mass-flow rate did not decrease as
long as the cold-end was controlled at temperatures above a
threshold value of 179.0 K.The actual water temperature at the
restriction inlet calculated from the model is 181.8 K, and the
corresponding solid–vapor saturation pressure is 7.5 mPa.
The calculated gas impurity level for this condition is 0.86 ppb.
A similar analysis for the second case results in a value of 7.29 ppb.

The calculated mass-flow rate shown in Fig. 5a fits with the
measured trend during the cool-down process. During the cool
down, the mass-flow rate increases with decreasing cold-end
temperature (see Fig. 5a) due to the temperature dependent
gas properties (density and viscosity). As indicated by Eq. (9),
the mass-flow rate is proportional to the cube of the restric-
tion height. A good fit to the measurements is obtained for a
restriction height of 1040 nm whereas the design value was
1100 nm.The difference in the mass-flow rate of the microcooler
with different gas impurity levels occurs when the cold-end
temperature is lower than 175 K (see the zoomed insert in
Fig. 5a). That is because the ice forms in the restriction once
the temperature of the restriction is lower than the solid–
vapor saturation temperature of the water in the nitrogen gas.
The calculated mass-flow rates at 110 K are 3.9 and 3.8 mg s−1

with gas impurity level of 0.86 and 7.29 ppb, respectively.
The calculated cool-down curves (see Fig. 5b) are calcu-

lated based on the assumption that the restriction height is
1040 nm. The influence of gas purity on the cool-down curves
is not apparent. From the curve of mass-flow rate versus cold-
end temperature (Fig. 5a), we can see that the difference in the
mass-flow rate only occurs when the cold-end temperature is
lower than 175 K. The cool-down time from 295 to 175 K
occupies most of the total cool-down time (see Fig. 5b). The
zoomed insert shows that the cool-down time from 175 to 110 K
is shorter when the gas impurity level is 0.86 ppb.The calculated
cool-down time is shorter than the measured cool-down time,

which is mainly caused by the difference between the calcu-
lated and measured mass-flow rates.

As the restriction temperature reaches 110 K, the clogging
rate mainly depends on the water pressure at the restriction
inlet since the temperature profiles along the restriction are
similar for both the cases. According to Eq. (8), a higher mass-
flow rate means that more water molecules deposit in the
restriction.Therefore, the measured reduction rate of the mass-
flow at 110 K depends on both the inlet moisture level and the
mass-flow rate. High inlet moisture level does not necessar-
ily mean high water pressure at the restriction inlet. The water
pressure at the restriction inlet also depends on the amount
of water molecules deposited in the CFHX, which is a func-
tion of the mass-flow rate. Compared to the case with gas
impurity level of 7.29 ppb, the calculated reduction rate of the
mass-flow of the case with gas impurity level of 0.86 ppb is
better coincided with the measured value (see Fig. 5c).The mis-
match between the measured and calculated reduction rates
of the mass-flow of the case with gas impurity level of 7.29 ppb
can be caused by the difference in the mass-flow rate at the
moment that the cold-end temperature reaches 110 K. The cal-
culated mass-flow rate is higher, which results in a faster
reduction of the mass-flow rate, as explained above. The dif-
ference in the operating time at 110 K of the two measurements
is mainly due to the different radiation losses of the microcooler.
This is mainly caused by the deposition of water molecules
presented in vacuum chamber on the outside surface of the
microcooler, which is experimentally observed and reported
in our earlier study (Cao et al., 2015). The higher the local ra-
diation loss, the higher is the temperature profile along the
restriction of the microcooler, and hence a higher clogging rate.

3.2.2. Influence of gas pressure
Assuming the microcooler is operated with nitrogen gas with
a constant gas impurity level of 0.86 ppb, the influence of the
operating inlet pressure on the microcooler performance is in-
vestigated numerically. As shown in Fig. 6, the calculated
cool-down time decreases with increasing inlet pressure, because
both the mass-flow rate and the cooling power of the microcooler

Fig. 5 – Measured (Cao et al., 2015) and calculated mass-flow rate versus cold-end temperature (a), cold-end temperature
(b) and mass-flow rate (c) versus time of the microcooler with gas impurity level of 0.86 and 7.29 ppb, respectively. Note the
difference in time scales. The microcooler has a constant inlet pressure of 8.75 MPa and a constant outlet pressure of
0.60 MPa, respectively.
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increase with increasing inlet pressure. The mass-flow rate is
determined by the maximum height of the ice layer along the
inner walls of the restriction channel (see Eq. 10), and the ice
layer with maximum height is located at the restriction inlet
(see Fig. 4). The deposition rate and water pressure at the re-
striction inlet with different inlet gas pressures are shown in
Fig. 6. For cases of 8.50, 8.75 and 9.00 MPa, the water pressures
are 7.31 × 10−3, 7.53 × 10−3 and 7.74 × 10−3 Pa, and the correspond-
ing saturation temperatures are 181.6, 181.8 and 182.0 K. As
shown in Fig. 6c, the deposition rate at the restriction inlet in-
creases from 0 to a peak value and then decreases with time
first sharply and then gradually. The deposition rate is mainly
determined by the difference between the actual water pres-
sure and the saturation pressure of water. At the beginning, the
deposition rare is 0 because the saturation pressure of water is
higher than the actual water pressure.The deposition starts when
the temperature at the restriction inlet gets lower than the satu-
ration temperature of water. As the temperature at the restriction
inlet further reduces, the water molecules start to deposit in the
CFHX and the water pressure at the restriction inlet decreases
sharply and thus the deposition rate. As the cold-end tempera-
ture reaches 110 K, both the water pressure and the deposition
rate are decreasing slowly with time. That is because the
decreasing mass-flow rate results in relatively more water

depositing in the CFHX according to Eq. (8). The reduction rate
of the mass-flow at 110 K is the highest for the case of 9.00 MPa
(see Fig. 6a) because of the highest water pressure at the re-
striction inlet (see Fig. 6d) and thus the water deposition rate
(see Fig. 6c). The influence of gas pressure on the water depo-
sition rate agrees with the experimental findings of Maytal (2010).

3.2.3. Influence of cold-end temperature
Fig. 7a and b shows the calculated mass-flow rates and cold-end
temperatures as a function of time when the microcooler is op-
erated with an inlet pressure of 8.75 MPa and a constant gas
impurity level of 0.86 ppb.With the microcooler cold-end reaching
the set-point temperature, the mass-flow rate starts to de-
crease due to clogging.The deposition rate at the restriction inlet
(see Fig. 7c) depends on the water pressure at the restriction inlet
(see Fig. 7d) and that is higher at higher temperature. That ex-
plains why the clogging rate increases when the cold-end
temperature is lifted from 110 to 130 K.The calculated reduction
rate of the mass-flow has good agreement with the measured
reduction rate of the mass-flow in the first few hours when the
cold-end temperature is 110 K (see Fig. 5c). As the cold-end
temperature increases to 120 and 130 K, the calculated reduction

Fig. 6 – Calculated mass-flow rate (a), cold-end temperature
(b), deposition rate (c) and water pressure (d) at the
restriction inlet versus time with different inlet pressures.
The microcooler has a constant outlet pressure of 0.60 MPa
and a constant gas impurity level of 0.86 ppb, respectively.

Fig. 7 – Calculated mass-flow rate (a), cold-end temperature
(b), deposition rate (c) and water pressure (d) at the
restriction inlet versus time with different cold-end
temperatures. The microcooler has a constant inlet
pressure of 8.75 MPa, a constant outlet pressure of
0.60 MPa, and a constant gas impurity level of 0.86 ppb,
respectively.
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rate starts to deviate from the measured value presented in an
earlier study (Cao et al., 2015). The assumption of the effective
height (see Eq. 10) needs to be modified at higher cold-end tem-
peratures.To predict the mass-flow rate through a channel with
an ice layer having an irregular shape, the real flow field along
the channel needs to be solved via computational fluid dynam-
ics modeling, which will be explored in the future study.

To increase the operating time of a microcooler at a certain
temperature, both the moisture level of the nitrogen gas and
that of the vacuum environment should be reduced as far as
possible. Trapping most of the water molecules in the CFHX
by decreasing the temperature gradient along the restriction
is beneficial to extend the operating time of the microcooler.
The validity of this approach was verified by experiments in
an earlier study where the operating time was increased from
10 to 50 hours (Cao et al., 2013). The operating time can be
further extended by replacing the parallel slits of the present
restriction by a single microchannel having a height-to-
width ratio close to 1. To reach the same mass-flow rate, the
impedance of that channel should be equal to that of the par-
allel slits.To further increase the opening for a given impedance,
vortex throttle can be used as demonstrated by Maytal (1998).

4. Conclusions

The phenomenological understanding of the clogging process
in a microcooler was presented. The numerical model well ex-
plains how the moisture in the working fluid affects the mass-
flow rate of the microcooler during cool down. A high moisture
level results in a low mass-flow rate. As the molar fraction of
water in the nitrogen gas decreases from 7.29 ppb to 0.86 ppb,
the calculated mass-flow rate at 110 K increases from 3.8 to
3.9 mg s−1. Once the microcooler reaches the set cold-end tem-
perature, the moisture level at the restriction inlet depends on
both the original moisture level of the nitrogen gas and the
mass-flow rate through the restriction. The water pressure at
the restriction inlet increases with increasing inlet gas pres-
sure, and thus the reduction rate of the mass-flow at 110 K
increases as the inlet pressure increases. As the cold-end tem-
perature increases from 110 to 130 K, the main deposition area
shifts to the restriction gradually, which results in higher clog-
ging rate. Based on study outcomes, we propose that the
clogging process can be delayed by changing the tempera-
ture profile and the geometry of the restriction.
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