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A B S T R A C T

Counter flow heat exchangers (CFHXs) are essential elements of micromachined Joule–Thomson (JT) cryogenic
coolers. The performance of CFHXs has a crucial influence on the overall behavior of JT microcoolers. Flow
maldistribution, especially those with phase change, can adversely affect the performance of JT microcoolers.
However, the underlying mechanisms of flow maldistribution for two-phase flow in JT microcoolers remain
unexplored. Here we report the heat triggered switching of two-phase flow maldistribution in the heat exchanger
of JT microcoolers by both microscopic observations and temperature measurements. A measure against flow
maldistribution is proposed.

1. Introduction

Two-phase flow heat exchangers are vital components of many re-
frigeration and cryogenic systems, such as, air-conditioning [1], lique-
fied natural gas plants [2], air separation plants [3], superconductor
based systems [4], and cryocooolers [5,6] among others. The principal
advantages of two-phase flows are that they can provide high heat
transfer coefficients and isothermal cooling or heating. Meanwhile,
two-phase flows have drawbacks including two-phase flow instabilities
[7,8] and maldistribution [9,10]. Two-phase flow maldistribution de-
pends on factors like heat exchanger geometry, and variation in density
and viscosity induced by temperature differences. Flow maldistribution
has received considerable attention since it greatly reduces both
thermal and hydraulic performance of heat exchangers. However, most
of the research efforts have been devoted to the issues of the heat ex-
changer geometry [11,12], and only little research on the variation in
phase, density and viscosity [13–15].

Heat exchangers are essential elements of Joule–Thomson (JT)
coolers [16,17], which produce cooling at cryogenic temperatures by
expanding high-pressure gas through a JT-valve [18]. The cooling effect
is amplified by using the cold expanded gas to precool the incoming
high-pressure gas within a heat exchanger. Various types of heat ex-
changers have been adopted in JT coolers, such as Hampson heat ex-
changers [16], perforated plate heat exchangers [19], tube-in-tube heat

exchangers [20], plate-fin heat exchangers [21] and sintered heat ex-
changers [22]. These configurations mainly aim at optimizing the di-
mensions of the heat exchangers based on the correlations of Nusselt
number and friction factors available in the literature. Besides single-
phase heat exchangers, two-phase heat exchangers for mixed re-
frigerant JT cooler have also been investigated [6,5]. The design of two-
phase heat exchangers face challenges in determining the heat transfer
coefficient and pressure drop correlations [23]. In conventional heat
exchangers, the inlet states of the cold and hot streams are independent
of each other. Different from conventional heat exchangers, the inlet
state of the cold stream of the heat exchangers in JT coolers depends on
the outlet state of the hot stream. The outlet state of the hot stream, in
turn, depends on the heat absorbed by the cold stream. In this heat
exchange, the uniform distribution of a two-phase flow is crucially
important. Flow maldistribution affects the performance of the JT
cooler. However, the underlying mechanisms of flow maldistribution
for two-phase flow in JT coolers is still unexplored.

This paper provides a better understanding of the effect of two-
phase flow maldistribution. We investigate two-phase flow mal-
distribution in JT microcoolers operating with nitrogen gas. Section 2
presents the microscopic observations of two-phase flow maldistribu-
tion, whereas the temperature irregularities caused by the two-phase
flow maldistribution are described in Section 3. It is shown that the flow
maldistribution is mainly caused by a non-uniform heat load. The paper
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is closed with conclusions in Section 4.

2. Microscopic observations of flow maldistribution

In this study, two microcoolers are employed to investigate the
phenomenon of the two-phase flow maldistribution: one for micro-
scopic observations (microcooler I) and one for temperature measure-
ments (microcooler II). The microcoolers operate on basis of the
Linde–Hampson cycle. A high-pressure gas (8 MPa at 295 K in our
study) undergoes JT expansion when it passes through a flow restriction
resulting in a lower temperature. The low-pressure cold fluid (0.6 MPa
in our study) then flows back through the counter flow heat exchanger
(CFHX) thereby precooling the incoming high-pressure gas. In the
steady state operation, liquid forms after the expansion in the flow
restriction and stores in the evaporator, and the cold-end temperature
of the microcooler is determined by the boiling temperature of the li-
quid inside the evaporator. Since the critical pressure of nitrogen is
3.4 MPa, lower than the high pressure of 8.0 MPa, there is no phase
change at the high-pressure side.

The microcooler consists of three borosilicate glass wafers with
thicknesses of 400, 145, and 175 μm (top to bottom in Fig. 1). The high
and low-pressure channels were etched as rectangular channels with
supporting pillars shaped as 40 μm high truncated cones by using a
hydrofluoric acid (HF) solution with an etch rate of 4.5 μm/min and a
resolution of about 0.5 μm [24]. The geometrical dimensions of the
high and low-pressure channels and the supporting pillars are given in
Fig. 1 and a 3D graph showing the profile of isotropically etched pillars
has been given in a previous study [25]. The high-pressure channel
ends in a flow restriction, which is extended to the low-pressure
channel. Thus, a CFHX is formed by the high and low-pressure channels
and the thin intermediate glass wafer. After the etching procedure, the
three wafers were fusion bonded to one stack and separate microcoolers

were obtained by a combination of dicing and powder blasting through
the stack. The microcoolers were, usually, covered with a gold layer to
reduce emissivity, and operated with nitrogen between 8.0 MPa and
0.6 MPa, establishing a temperature of 100 K. Microcoolers I and II
have the same outer dimensions of 60.0 × 9.5 × 0.72 mm3 and the
same restriction configuration consisting of 14 parallel restriction
channels each 1.15 mm long, 0.14 mm wide, and 1.1 μm high (see C in
top plot of Fig. 1). These restriction channels were etched by using a
buffered HF solution with an etch rate of 50 nm/min and a resolution of
about 5 nm [24]. The difference between the two microcoolers is that
the evaporator of microcooler I is configured as 13 parallel channels,
each 10 mm long, 0.2 mm wide and 250 μm high, in the top wafer at
the cold end, whereas microcooler II has much shorter such channels
with a length of 1 mm (see the channels labelled with D in Fig. 1), and,
therefore, the evaporation in microcooler II mainly occurs in the low-
pressure channel. The part where two-phase flow exists is referred to as
the cold end.

Microcooler I without gold layer on top of the cold end, adopted for
the microscopic observations of flow maldistribution, is shown in Fig. 2.
The two temperature sensors (Ta and Tb) are commercial Pt 1000
sensors with uncertainties of 1 K and a surface mounted device resistor
of 510 Ω is used as a heater (HTa) with an uncertainty of 5 mW, which is
used for supplying heat to control the temperature Ta. The sizes of the
temperature sensor and the heater are 2.1 × 2.0 × 0.2 mm3 and
3.04 × 1.46 × 0.30 mm3, respectively. The two temperature sensors
and the heater are glued on the microcooler surface by using silver
paint. Because the microcooler is made of glass, we have the opportu-
nity to visualize the two-phase flow in the channels of the microcooler
during operation, and investigate the relation between the two-phase
flow maldistribution and the irregularities in temperature distributions.

The experimental setup for characterizing the microcooler has been
explained in one of our previous studies [26]. The microcooler is

Nomenclature

CFHX counter-flow heat exchanger [-]
Dh hydraulic diameter [m]
h heat transfer coefficient [W m−2 K−1]
H heater power [mW]
JT Joule–Thomson [–]
Nu Nusselt number [–]
T temperature [K]
U overall heat transfer coefficient [W m−2 K−1]

Greek symbols

δ wall thickness [m]
λ thermal conductivity [W m−1 K−1]

Subscripts and superscripts

h high-pressure fluid
l low-pressure fluid
w wall

Fig. 1. Top left: The zoomed high-pressure pillars (A), low-pressure pillars (B), restriction slits (shown in pink color, C) and 250 μm high channels (D) of a
microcooler under test. Middle left: Photo of the microcooler with high-pressure channel dimensions of 55.05 × 8.13 × 0.04 mm3, low-pressure channel dimensions
of 51.33 × 8.13 × 0.04 mm3, and overall dimensions of 60.0 × 9.5 × 0.72 mm3. Bottom left: Schematic cross-section of the microcooler showing the positions of C
and D. Right: Exploded view of the microcooler showing the positions of A, B, C, D and the flow direction through the microcooler (adapted from [17]). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mounted in a glass vacuum chamber with a pressure below 10−2 Pa.
Nitrogen gas that flows through the microcooler is supplied from a
pressurized gas bottle. At the high-pressure side, the pressure of the gas
is controlled and measured with a Bronkhorst EL-PRESS pressure sensor
with a maximum pressure of 10.0 MPa and an uncertainty of 0.05 MPa.

At the low-pressure side, the pressure of the gas is measured with a
Druck pressure sensor with a maximum pressure of 1.0 MPa and an
uncertainty of 0.0015 MPa, and the outflow is measured with a Bron-
khorst EL-FLOW mass flow meter with a maximum mass flow of
46.6 mg s−1 and an uncertainty of 0.1 mg s−1.

Fig. 3 shows eight frames of a video taken during the cool-down
process of microcooler I when the microcooler was operated with ni-
trogen gas between a high pressure of 8.0 MPa and a low pressure of
0.6 MPa at 295 K. The cool-down process refers to the cool-down
process of the cold-end of the microcooler from 295 K to 100 K. The
video was recorded at 1080 × 1920 resolution and at 25 frames per
second by using a xenon light source. At frame 1, Ta and Tb are 130 and
183 K (see temperature plot in Fig. 3), respectively, and there is no
liquid nitrogen observed. The subsequent frames (F2-F8) show the
difference between the actual video frame and frame 1. The difference
clearly indicates the occurrence of condensed nitrogen in white. At
frame 2 (25 s) liquid nitrogen is visible and Ta and Tb have decreased to
115 K and 172 K, respectively. At frame 3, Ta reaches the steady-state
temperature of 100 K, indicating that the liquid nitrogen flows to the
position where the temperature reading Ta is placed, which cannot be
observed because of the attached temperature sensor on the micro-
cooler. Meanwhile, Tb further decreases to 162 K. From frames 4 to 7,
the liquid nitrogen redistributes, and Tb decreases from 162 to 151 K,
and stabilizes at 155 K. Frame 8, similar to fame 7, indicates the mal-
distribution of liquid nitrogen at the steady state. In ideal case, the yield
of liquid nitrogen of the microcooler operating between 8 MPa and
0.6 MPa at 295 K is about 9.1% in mass. Although the liquid-nitrogen
fraction of the low-pressure fluid returning to the CFHX is low, the way
in which the liquid nitrogen is aggregated and distributed at the cold
end largely affects the microcooler performance. Due to droplet coa-
lescence driven by surface tension [27,28], the vapor–liquid interface is
clearly seen. As shown in Frame 8, there is no liquid nitrogen around
the position where Tb is placed, which is the reason that Tb stabilizes at
a relatively high temperature of 155 K.

From microscopic observations and temperature measurements, we
can conclude that the irregularities in temperature distributions as
shown in the temperature plot of Fig. 3 are due to the maldistribution of

Fig. 2. Microcooler I without a gold layer on the top of the cold end (bottom)
and the zoomed observed area (top). Ta, Tb and HTa denote two temperature
sensors and the heater on the microcooler surface. B and D refer to the low-
pressure pillars and the 250 μm high evaporator channels, respectively, which
are consistent with the symbols shown in Fig. 1. For the flow direction, see the
flow direction shown in the right graph shown in Fig. 1. The microcooler is
placed in a glass vacuum chamber with a pressure below 10−2 Pa and is sur-
rounded by a printed circuit board.

Fig. 3. Eight frames of a video taken from the cold end of microcooler I (see Fig. 2) during the cool-down process and the temperature readings in a period of 175 s.
Frames 2–8 are the subtractions of the corresponding frame and frame 1, showing the liquid nitrogen (white color), nitrogen vapor and glass material (black color).
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the liquid nitrogen. Therefore, the relation between the two-phase flow
maldistribution and the irregularities in temperature distributions is
built. The maldistribution of the liquid nitrogen can be caused by the
non-uniform flow impedance of the channels and/or the non-uniform
parasitic heat load along the microcooler. Parasitic heat load is unin-
tended heat load resulting, for instance, from conduction through
wiring and radiation. In our design, the distribution of the pillars in the
low- and high-pressure channels and the restriction slits of the micro-
cooler were uniform. The 40 μm high microchannels with pillars were
manufactured by using a chemical etching process. The difference in
the design height and the actual height was less than 5 μm, and the
difference in the actual height of different pillars was much less than 5
μm. As shown in Fig. 2, the two temperature sensors and the heater are
all located at the same side of the cold end of the microcooler. These
sensors give extra radiation losses and heat leak through bonding wires,
that results in a non-uniform parasitic heat load. Therefore, we spec-
ulate that the non-uniform parasitic heat load of a few tens of milliwatts
rather than the non-uniform flow impedance of the channels is the main
cause of the maldistribution of the liquid nitrogen.

3. Temperature measurements of flow maldistribution

To confirm our speculations, microcooler II (see Fig. 4) was adopted
to investigate the flow distribution inside the microcooler through the
readings of four temperature sensors glued on the surface of the mi-
crocooler. Two heaters (HT2 and HT4) were used for supplying heat to
control the temperatures T2 and T4, respectively. The locations of the
temperature sensors and the heaters on the microcooler are shown in
Fig. 4 and specified in Table 1.

To reveal that the maldistribution of the liquid nitrogen is mainly
caused by the non-uniform parasitic heat load, we performed three
experiments using microcooler II operated with nitrogen gas between a
high pressure of 8.0 MPa and a low pressure of 0.6 MPa at 295 K. In the
first experiment, microcooler II cooled down without extra heat loads
from heaters HT2 and HT4. As shown in Fig. 5a and b, T4 is controlled at
295 K and T1 is about 230 K at the beginning of the test. Then the
heater HT4 is switched off and microcooler II starts to cool down. T1
decreases from 230 to 100 K in about 3 min. Before T1 reaches 100 K,
the temperature differences between T2, T3 and T4 are very small.
However, as T1 reaches 100 K, the temperature differences start to
increase. Following T1, T2 reduces from 230 to 100 K in about 1 min.
At the steady state, T3 and T4 stabilize at 127 and 181 K, respectively.
As shown in Fig. 5b, during the cool-down process, the mass-flow rate
increases from 5.3 to 15.9 mg s−1 and in the steady state fluctuates at
around 13.5 mg s−1. The change in mass-flow rate is mainly caused by
the changing ratio of the density to viscosity of the nitrogen gas.

In the second experiment, microcooler II cooled down with a heat
load from heater HT2 of 16.8 mW during cool down. Fig. 6a and b show
that T1 and T4 (not T2 as in the previous experiment) stabilize at 100 K
at the steady state in this case. Meanwhile, T2 and T3 stay constant at
177 and 136 K, respectively. Apparently, microcooler II can have two
temperature distributions in the steady state, depending on the heat-
load distribution along the microcooler.

To explain the observed phenomenon, microcooler II shown in
Fig. 4 is treated as parts a and b considering the centerline as the di-
viding line. Fig. 5a and b indicate that the temperature readings of T1
and T2 are both 100 K at the steady state. However, the temperature
readings of T3 and T4 are much higher. The reason can be that part a of
microcooler II has less parasitic heat load. Because of the lower para-
sitic heat load, the nitrogen gas thus first condenses in part a and re-
turns to the low-pressure channel to precool the high-pressure gas. The
Joule–Thomson effect of the high-pressure gas is enhanced due to the
precooling. Therefore, the nitrogen gas in part a cools down and con-
denses much faster than that in part b.

In precooling the high-pressure fluid, the total thermal resistance
from low-pressure fluid to the high-pressure fluid includes two

convective resistances at the wall-fluid interfaces and the conductive
thermal resistance through the separating wall (see Fig. 1). The total
thermal resistance per unit area can be expressed as,

= + +U h δ λ h1/ 1/ / 1/h w w l (1)

where U h h δ, , ,h l w and λw are the overall heat transfer coefficient, the
convective heat transfer coefficients of the high-pressure and low-
pressure fluids, the wall thickness and the thermal conduction of the
wall, respectively. The thermal resistance of the low-pressure fluid
dominates the total thermal resistance when the nitrogen at the low-
pressure side existing in a gaseous state [25]. The convective heat
transfer coefficients h are determined by the Nusselt number, the hy-
draulic diameter of the channel, Dh and the thermal conductivity of the
fluid, λ as given by,

=h Nuλ D/ h (2)

The correlations for the Nusselt number in channels with pillars have
been reported in our previous study [25]. The hydraulic diameter is
defined as the ratio of the volume occupied by the working fluid to its
wetting area. The thermal conductivity of the liquid nitrogen at 96.4 K
and 0.6 MPa is 107.24 mWm−1 K−1, which is much higher than that of
the vapor nitrogen of 9.96 mW m−1 K−1 at the same conditions [29].
Therefore, the liquid nitrogen returning to the low-pressure channel
further cools the incoming high-pressure gas in part a, enhances its
Joule–Thomson effect, speeds up the condensation of the nitrogen gas
in that part of the microcooler, and amplifies the differences among T2,
T3 and T4. When adding an extra parasitic heat load on part a of mi-
crocooler II by using heater HT2, as we did in the second experiment,
then the nitrogen gas first condenses in part b, and microcooler II thus
has a ‘mirrored’ temperature distribution at the steady state.

The third experiment explored the effect of the non-uniform heat
load on the temperature distribution when the condensation of nitrogen
gas has occurred. In this experiment, microcooler II first cools down
without a heat load supplied from the two heaters, and the cool-down
curves shown in Fig. 7 are similar to the cool-down curves shown in
Fig. 5a and b. After 25 min, the heater HT2 is switched on with a heater
power of 140 mW for 7 min until T2 reaches 180 K, at which point HT2

is switched off. Due to the heater power, the liquid nitrogen shifts from
part a to part b of the microcooler, which is indicated by T3 and T4. As
the heater HT2 is switched off, the microcooler cools down again, but
the liquid nitrogen appears to remain in part b only, indicating by T4.
Therefore, the steady-state nitrogen distribution depends on the loca-
tion where the nitrogen condenses and collects during cool down. After
50 min, the heater HT4 is switched on with a heater power of 140 mW
for 4 min until T4 reaches 180 K. Due to the heating supplied from HT4,
the liquid nitrogen in part b is dried up, as indicated by T4. Meanwhile,
the liquid nitrogen starts to collect in part a, as indicated by T2. As the
heater HT4 is switched off, the microcooler cools down again but the

HT2

HT4

T2

T4T1

10 mm

T3
part a

part b
centre line

Fig. 4. Microcooler II with four temperature sensors (T1, T2, T3 and T4) and
two heaters (HT2 and HT4) glued on the microcooler surface. For the flow di-
rection, see the flow direction shown in the right graph shown in Fig. 1.
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liquid nitrogen remains in part a only. Therefore, the steady-state
temperature distribution of the microcooler can be flipped as a binary
switch. Compared to the second experiment, a higher heater power here
is required to influence the flow maldistribution and the extra heater
power is used for vaporizing the condensed nitrogen gas.

Temperature measurements of flow maldistribution clearly show
that the flow maldistribution is induced and can be adjusted by a non-
uniformly distributed heat load. The flow maldistribution results in a
degradation of the heat exchanger efficiency, and thus it deteriorates
the microcooler performance. To operate the microcooler effectively,
the heat load should be uniformly distributed along the cold end of the
microcooler.

4. Conclusions

The phenomenon of flow maldistribution in microcoolers has been
investigated by both microscopic observations and temperature mea-
surements. We reveal that the irregularities in temperature distributions
are due to the maldistribution of the liquid nitrogen. The flow mal-
distribution is caused by the non-uniform heat load distribution along
the microcooler and the flow maldistribution is further amplified by the
Joule–Thomson cooling effect. Moreover, the flow maldistribution
could be tuned as a binary switch by providing a non-uniform heat load
during the cool-down process and operation at 100 K. To achieve uni-
form heat load distribution, it is suggested to place sensors and devices

Table 1
Locations of the sensors on the microcooler corresponding to Fig. 4.

Centre of the sensors T1 T2 T3 T4 HT2 HT4

Location from left edge (mm) 2.3 12.9 11.9 12.9 7.7 7.7
Location from upper edge (mm) 4.5 1.5 4.3 8.0 0.7 8.8

Fig. 5. Measurements of the cool-down curves of microcooler II without an
extra heat load from heater HT2 (the first experiment). (a) Temperature versus
the time. (b) Mass-flow rate versus the time.

Fig. 6. Measurements of the cool-down curves of microcooler II with an extra
heat load from heater HT2 (the second experiment). (a) Temperature versus the
time. (b) Mass-flow rate and heater power versus the time.

Fig. 7. Measurements of microcooler II with binary-state temperature dis-
tributions (the third experiment). Top: temperature versus the time. Bottom:
mass-flow rate and heater power versus the time.
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to be cooled on a piece of well-conducting material (such as silicon)
that is thermally connected to the cold end of the microcooler.
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