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A Microfabricated Flow Controller
for Refrigerant Expansion

David Yashar, Piotr A. Domanski, and Don L. DeVoe

Abstract—A flow controller for refrigerant expansion is
reported. Devices are fabricated using a micromolding technique
that is developed for thick nickel electrodeposition. The device
consists of a short-tube restrictor with an integrated normally
open valve, which, when actuated, presents a controllable blockage
into the flow passage to obstruct the flow. Fabricated devices are
evaluated with compressed air, with up to 22% reduction in mass
flow rate at maximum actuation of the restrictor. The devices
are also evaluated in an R134a vapor compression system of
1.5–2 kW, with the ability to control mass flow that is found to
be greatly influenced by the vapor compression cycle’s operational
parameters. After the inlet pressure, the level of subcooling proved
to be the most important parameter. For a cycle operating between
29 ◦C and 4 ◦C, saturation temperatures in the condenser and
evaporator, respectively, actuation of the device reduced the re-
frigerant mass flow rate by 3.5% with 0.6 ◦C subcooling and up to
10.8% with 5 ◦C subcooling. [2006-0216]

Index Terms—Microfabricated valve, refrigerant expansion,
SU-8.

I. INTRODUCTION

THE VAPOR compression cycle is commonly used to
move thermal energy from a low-temperature reservoir to

a high-temperature reservoir. Operation of the cycle requires
that a refrigerant, flowing in a loop, undergoes four distinct
processes: 1) compression; 2) condensation; 3) expansion; and
4) evaporation. Refrigerant expansion is described: As the
process by which high pressure nearly saturated liquid refrig-
erant undergoes, a rapid reduction in pressure and partially
(generally in the range of 15%–25% by mass) changes to vapor
phase. This is generally accomplished by passing the refrigerant
through some restrictive flow-metering device or passage.

Most small vapor compression systems use simple fixed-area
flow restrictors as their expansion device. The simple design
and low cost make them well suited for many applications.
A major disadvantage of these devices is that they must be
designed for a unique operating condition. Therefore, a sys-
tem with a fixed-area expansion device loses efficiency when
operating away from its design point, which routinely occurs
through changes in the heating or cooling load, or in response
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to a refrigerant leak. Improved operational efficiency can be
realized if the expansion device has the ability to control the
mass flow rate of the refrigerant, so that the demands of the
application are aptly met, as this is the case with thermostatic
expansion valves (TXVs); however, the expected improvement
in system efficiency must be able to offset the higher cost
of the TXV. If variable restriction devices could be produced
at a low cost, then they would become economically viable
in small systems as main expansion devices. Automotive air
conditioning systems, for example, could employ such devices
to improve their operational efficiency, ultimately translating
to an improvement in fuel economy. Furthermore, they may
be employed to control the flow through individual circuits
of larger heat exchangers as components of smart refrigerant
distributors [1].

Fabrication technologies that are developed for microelectro-
mechanical systems (MEMS) processes have been widely
explored as a means to develop fluidic valves. A silicon boss-
and-valve seat type valve that is developed by Henning et al.
[2], [3] has been demonstrated as a refrigerant expansion con-
trol device operating with mass flow rates of up to 3 g/s and
differential pressures of up to 1 MPa. This device was fabricated
using wet bulk silicon etching and relied on thermal expansion
of an enclosed liquid to seal a valve seat with a membrane.
Williams et al. developed a microvalve for which refrigerant
expansion is named as a possible application [4], [5]. The
valve was made from a three-layer stack of silicon, with valve
operation based on thermal actuation of a sliding plate, which
alters the dimensions of an orifice.

One aspect that must be considered when evaluating any
valve that is developed for refrigerant expansion control is the
minimum open area passage through the device. Vapor com-
pression systems are constructed from metallic components,
which are assembled through soldering and brazing; therefore,
a certain level of particulate entrainment is expected within the
refrigerant. If the flow of refrigerant is routed through a passage
consisting of tight turns and small openings, it may be difficult
to pass particles that are entrained in the refrigerant. Thus, it is
desirable to ensure that the fluid passage is capable of passing
entrained particles with ease. The present device meets this
requirement by using a straight channel that is approximately
1000 µm wide by 500 µm tall, with no tight turns or small
openings within the flow passage.

II. DEVICE FABRICATION

The basic concept of the refrigerant expansion device that
is described here is rather simple. A fixed-area flow restrictor
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Fig. 1. Cross-sectional diagram of an assembled refrigerant expansion device
in its (a) zero-power and (b) fully actuated positions.

is combined with a microfabricated actuator that is capable of
controlling the degree of obstruction within the flow path. When
the device is in a zero-power state, the flow passage is similar
in nature to a common short-tube restrictor. As power is applied
to the actuator, the flow passage becomes increasingly blocked
by an obstruction that is fixed to one of the boundaries, thereby
increasing the resistance and reducing the flow rate. Schematic
drawings of the device in actuated and unactuated modes are
shown in Fig. 1(a) and (b), respectively.

Each component of the device was fabricated by electrode-
position of metal into an array of microfabricated molds. The
molds were fabricated using SU-8 formulation 2100 negative
photoresist, and nickel was employed as the structural material.
The device was fabricated in three discrete pieces, as labeled in
Fig. 1, namely: 1) a diaphragm/piston section; 2) a flow channel
section; and 3) a flow channel cap. The diaphragm/piston
section comprises a 150-µm-thick circular membrane with a
1-mm-tall 950-µm-diameter cylindrical piston that is located at
its center and a ring on its perimeter for mechanical stability.
The flow channel section consists of a 500-µm-thick nickel
plate with a 1-mm-diameter hole at the center, which mates with
the piston. Two 500-µm-tall vertical walls that are separated
by a 1-mm gap are connected to one side of the plate and
positioned such that they lie on either side of the hole. These
walls and the portion of the plate that lies between them make
up the bottom and sides of the flow channel. The channel
extends a short distance beyond the periphery of the plate, so
that connections to external fluidic conduits may be made. The
flow channel cap consists of a 500-µm-thick nickel film, which
spans the length of the flow channel and includes a wall on
either side to provide enhanced sealing of the channel.

The micromolded stack is mounted on top of a brass capsule
whose 2.1-mL volume was filled with polyalkalene glycol
(PAG). An electric resistance heating element and a thermocou-
ple were secured within this reservoir. The device is controlled
by regulating heat addition to the PAG through the heating
element. In response to a small amount of heat addition, the

Fig. 2. Fabrication sequence for piston/diaphragm section.

temperature of the PAG increases, which decreases its density
and flexes the membrane outward, forcing the piston into the
flow path, thereby restricting the flow.

The process flow that is used to fabricate the piston/
diaphragm section is outlined in Fig. 2. Similar process flows
were employed for the other sections. Beginning with a cleaned
substrate [Fig. 2(a)], a thin layer of SU-8 is deposited, soft
baked, and flood exposed over the entire area [Fig. 2(b)]. This
layer is necessary to prevent the final device from contacting
the substrate. Next, a 500-µm layer of SU-8 is spun on top,
soft baked, and patterned with the negative image of the piston
[Fig. 2(c)].

There are many challenges in the construction of SU-8 molds
that are greater than 1 mm thick, as required for the expansion
device design. The most difficult obstacle is the development
of large residual stresses [6], which often cause thick SU-8 to
buckle, shatter, or lose adhesion to the substrate. Furthermore,
the magnitude of this stress becomes greater as SU-8 is de-
posited in thicker and thicker layers [7]. The bulk of the stress in
SU-8 is generated during the development stage of processing.
This observation was determined by examining the curl that
is induced in the substrates upon immersion in the developer
solution of propylene glycol methyl ether acetate (PGMEA).
In order to successfully develop SU-8 films that are thicker
than 1 mm, a 900-µm-thick 10-cm-diameter silicon wafer was
employed as the substrate since thinner wafers were found to
either bow in excess of 1 cm or shatter when immersed in
PGMEA.

Thick SU-8 layers were deposited in 500-µm-thick incre-
ments. Each 500-µm layer was formed by spinning on a
250-µm layer of SU-8 at 1000 r/min, soft baking for 1 h at
95 ◦C, and repeating the process with another 250-µm layer.
After spin coating each 500-µm-thick layer, a thick edge bead
was formed at the wafer periphery. A photolithography mask
was used to expose only the outer edge of the wafer, forming an
SU-8 dish that is defined by the polymerized edge bead. SU-8
formulation 2025 was next dispensed into the dish and leveled
using the edge of a glass plate. The SU-8 then underwent an
extended low-temperature soft bake at 75 ◦C for 18–22 h to
drive off the solvents. The resulting unpolymerized SU-8 thick
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film was sufficiently flat for contact photolithography to be
performed. Each 500-µm layer was given a UV exposure dose
of 5.4 J/cm2.

In Fig. 2(d), another 500-µm-thick layer of SU-8 is de-
posited, soft baked, and patterned with the negative image of the
piston and the stability ring. In Fig. 2(e), a 150-µm-thick layer
of SU-8 was spun on top of the stack at 1850 r/min, soft baked
for 35 min at 95 ◦C, and patterned with the negative image of
the diaphragm using an exposure dose of 3.3 J/cm2.

Once all layers of SU-8 were deposited and exposed, the en-
tire stack was given a postexposure bake for 19 h at 75 ◦C. The
wafer was submersed in PGMEA [Fig. 2(f)] for development.
With the resulting overall thickness, the development process
took approximately 80 min with agitation and periodic changes
of the developer solution. All SU-8 layers were developed
together to minimize interfacial stress between layers. The
structure remaining after development is the mold that was used
to produce the piston/diaphragm section of the device. Next,
the entire substrate was coated with a 480-nm-thick layer of
gold by sputtering [Fig. 2(g)]. The metallic plating base was
deposited on top of the SU-8 molds, rather than underneath
them, because the adhesion between SU-8 and sputtered gold is
not as great as that between SU-8 and silicon. The molds were
then filled with Ni via DC electrodeposition [Fig. 2(h)] with a
current density of 12.7 mA/cm2. The electrodeposition process
took approximately 90 h until the Ni grew sufficiently beyond
the mold thickness. In Fig. 2(i), the Ni was ground and polished
to the desired thickness.

Finally, the pieces were removed from the SU-8 molds
using thermal shock [Fig. 2(j)]. Removing cured SU-8 from
the micromolded metal pieces is a substantial challenge, and
numerous chemical and plasma methods for SU-8 removal have
been explored [8], [9]. However, with features as large and me-
chanically rigid as the ones that are employed for the refrigerant
expansion device, a much simpler method was developed. Since
the SU-8 molding was near its maximum stress limit, placing
the wafer on top of a 500 ◦C hot plate for 5–10 s caused the
rigid SU-8 to shatter, leaving the nickel micromolded pieces
and the silicon wafer intact.

After solvent cleaning, the Ni pieces were joined to each
other and to the brass capsule by a bake-soldering method.
Since some of the features on the micromolded pieces inher-
ently make good conduits for solder to flow, a method was
devised to ensure that no solder neared these features. Solder
was ground up into small chards and mixed with soldering
flux. This mixture was then painted into the crevices between
adjoining surfaces using a thin wire, and the assembled stack
of pieces was placed onto a hot plate until it could be visually
verified that the solder chards were melted. Once the prototype
was assembled, it was connected to a pair of copper tubes, and
its performance was benchmarked.

III. EXPERIMENTAL RESULT AND DISCUSSION

A. Fabrication Results

It was observed that the openings in the SU-8 molds were
slightly smaller than intended. This is because of the number of

Fig. 3. Electron micrograph of a flow controller without flow channel cap.

exposure steps and the overall thickness of the SU-8. Misalign-
ment and scattering both result in dark fields receiving some
UV radiation. In addition, there is some difficulty removing
undeveloped SU-8 from the bottom of a 1000+-µm deep trench,
which correspond to features at the top of the metallic objects;
this ultimately results in rounded edges. In general, this process
resulted in Ni positive features (posts and walls) that were
slightly thinner than the target and in negative features (holes
and trenches) that were slightly wider. As an example, the
intended geometry of the piston was to be that of a cylinder
that is 1000 µm tall, with a diameter of 950 µm. For the
tested device, the height of the piston was 993 µm, with the
diameter at the top of the post measuring 900 and 913 µm along
two perpendicular chords. Detailed characterization maps and
tables can be found in [10].

An electron micrograph depicting a partially assembled de-
vice is shown in Fig. 3. Note that a small clearance exists
between the nominal position of the piston and the flow channel
floor due to the effects that were discussed previously. Some
clearance is necessary to ensure that the device will function,
while excessive clearance will reduce the amount of control that
the piston can exert on the fluid passing through the channel.
1) Compressed Air Testing: Initial testing of a fabricated

prototype was performed to demonstrate its ability to control
the flow of compressed air. Before experimental testing, the-
oretical performance of the refrigerant expansion device was
computed using a commercially available computational fluid
dynamics (CFD) software package. Numerical simulations
were performed to calculate the mass, momentum, and energy
equations within a domain that is representative of the valve’s
flow channel. Each data point was acquired by a simulation
over a geometrical mesh that is representative of the device at
a specified level of piston actuation. Air was modeled as the
fluid passing through the device, with constant inlet boundary
conditions of 300 K and 316 kPa, an exit pressure of 202 kPa,
and adiabatic walls. These conditions were chosen since they
can be easily replicated with laboratory measurements. The
CFD analysis determined the mass flow rate of air as a function
of piston displacement. Simulations were performed, assuming
a flow channel of rectangular cross section with a width of
1000 µm and a height of 500 µm, which are the designed
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Fig. 4. Measured relationship between reservoir temperature and piston
extension, with displacement relative to channel floor.

feature specifications of the device. To simplify the simulation,
the piston was assumed to fully occlude the width of the
flow path.

Initial testing of a fabricated device was performed to evalu-
ate its ability to control flow using a test apparatus consisting of
a compressed air source, a needle valve to control the upstream
pressure, another needle valve to control the downstream pres-
sure, and an inverted graduated cylinder in a water bath for air
collection. The objective was to measure the flow rate of air
through the prototype for various actuation levels while holding
the inlet and exit pressures constant. The supply and back
pressures were adjusted manually to be as close as possible
to the inlet and outlet boundary conditions that are used for
CFD analysis of 316 and 202 kPa, respectively. In all cases,
the supply pressure was between 312.5 and 317.6 kPa, and
the back pressure was between 200 and 204 kPa. For each
measurement, the power input to the device was held constant,
while the needle valves were adjusted, so that the upstream and
downstream pressures matched the prescribed conditions. Once
they were met, the air passing through the device was collected
over a measured period of time and used to calculate the mass
flow rate.

Prior to taking the air flow rate measurements, a relationship
was derived to calculate the piston displacement based on the
thermophysical properties of the PAG, the capsule geometry,
and the measured PAG temperature. However, the actual rela-
tionship between these parameters could only be determined
through destructive testing by cutting the flow channel cap from
the device and measuring the piston displacement over a range
of oil temperatures. Thus, while the theoretical relationship was
used as a tool to aid in initial interpretation of experimental
measurements, the device was dissected once testing was com-
pleted, and measurements were taken to determine the real rela-
tionship between the oil temperature and the piston extension.
This relationship, as shown in Fig. 4, was subsequently used
to fit all of the measured data. As evident from this plot, the
device did not exhibit any displacement at low temperature.
This behavior is likely due to the presence of a small void in the
capsule that must collapse before significant pressure change is
realized.

The results from the CFD and experimental measurements
for compressed air flow are shown in Fig. 5. Two observations

Fig. 5. CFD predicted and experimentally measured (95% confidence) com-
pressed air flow rates through the expansion device relative to piston actuation
height.

from this figure should be noted. First, the measured air flow
rate at zero actuation is 17% less than the simulated value. This
discrepancy is primarily due to differences between the simu-
lated and experimental device dimensions. While the channel
width of the experimental device was 75 µm wider than the
simulated, the measured channel height was 100 µm smaller,
resulting in an overall cross-sectional area that is 14% lower
than that of the simulated geometry, leading to the lower exper-
imental air flow rate in the fully open (zero piston displacement)
device.

A second observation is that, while the slope of the simulated
data changes in the vicinity of 150-µm piston displacement, the
slope of the experimental data does not change significantly
over the range of data. Considering the numerical simulation
results, the first two data points, which correspond to zero
actuation and a piston height of 125 µm, show a flow regime
that is subsonic throughout the entire domain. A transition from
entirely subsonic to choked flow occurs somewhere between
the 125-µm data point and the 180-µm data point. Here,
the passage becomes small enough to accelerate the flow to
Mach 1 between the piston top and the upper channel wall.
For any level of actuation beyond this transition point, the
flow rate is directly related to the cross-sectional flow area. In
contrast, the experimental data does not reveal the flow regime
transition. This difference is believed to result from incomplete
blocking of the microchannel width in the experimental device.
While the simulation assumed a piston diameter that is matched
to the channel width, the experimental device was fabricated
with a measured piston diameter that is 168 µm smaller than
the channel width. The geometry that was employed in the
simulation was chosen to simplify the numerical analysis while
providing substantive information about the general relation-
ship between piston displacement and fluid flow through the
constriction. As a result of the gap between the piston and chan-
nel walls, the flow does not become choked over the 300-µm
piston displacement range that is considered in the experimental
study. Thus, the measured mass flow rate data follow a similar
trend as the CFD simulations at low piston displacements.
Overall, the measured mass flow rate was reduced by 22%,
as the piston was pushed to its maximum distance of 300 µm
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Fig. 6. Steady-state refrigerant mass flow rate for two levels of actuation.

into the flow channel. Higher piston displacements were not
attempted to avoid the possibility of damaging the actuator
membrane.
2) Testing in a Vapor Compression System: Tests were also

performed to measure the mass flow rate of refrigerant passing
through the microfabricated device in an R134a vapor compres-
sion laboratory system of 1.5–2 kW. The performance was first
evaluated at steady state with a fixed set of device inlet and
exit pressures. The condenser exit pressure was held constant at
750 kPa (Tsat = 29 ◦C), and the evaporator inlet pressure was
338 kPa (Tsat = 4 ◦C), while the level of liquid line subcooling
was varied. Two levels of actuation were used to characterize
the operation of the device, corresponding to high and low
levels of interaction between the piston and the flashing refrig-
erant. For the low actuation level, the piston was not engaged
with the flow, effectively making the device perform as a short-
tube restrictor. At the high level of actuation, the piston was
elevated into the flow channel. Fig. 6 shows the results of these
measurements.

It is interesting that the effect on the mass flow rate from ac-
tuating the device is strongly related to the level of subcooling.
At low levels of subcooling, the effect is very small, showing,
on average, 3.5% difference at 0.6 ◦C subcooling. As the level
of subcooling is increased, so is the impact of the device’s
actuation; at 5 ◦C subcooling, there is a 10.8% difference in
the refrigerant mass flow rate.

It has been observed through short-tube flow visualization
experiments [11] that, as subcooling is increased, the transition
point from liquid to two-phase flow moves further downstream
within the short tube. Extending these observations to the work
in this paper, it seems likely that this trend can be explained
by the transition point from liquid to two-phase flow, being
closer to the point of interaction with the piston, which would
effectively make the transition less dependent on the level of
subcooling. Further laboratory experimentation is necessary to
evaluate this.

The system’s dynamic response was also evaluated with a
square-wave input that is applied to the electrothermal actuator.
Three power levels were applied to the device, with progres-
sively higher power each time, until the maximum output of
the heater was reached. For the initial operation, the condenser

Fig. 7. Transient response of condensing pressure and subcooling to escalat-
ing square-wave input power.

Fig. 8. Transient response of system capacity to escalating square-wave input
power.

exit conditions were approximately 725 kPa with 4 ◦C of
subcooling.

Fig. 7 shows the transient response of the vapor compression
system including inlet subcooling and inlet pressure as a func-
tion of piston position. Fig. 8 further reveals that the difference
in system capacity between the unactuated device and the
maximum input power level is only about 5%. There are a few
factors that can help explain this limited response. One factor is
that the piston was designed to have clearance inside the chan-
nel and therefore has a slightly smaller diameter than the width
of the flow channel; thus, it does not completely block off this
area. In addition, the heater that is used to input power to the de-
vice was slightly undersized and, consequently, was not capable
of elevating the piston to the top of the flow channel. Combined,
these two effects limited the maximum amount of flow channel
blockage. Despite these limitations, the system capacity was
shifted by approximately 100 W using a device input of only
2.75 W. Even for this preliminary study, the demonstrated per-
formance may be sufficient modulation for some applications.
Different operating conditions will, of course, produce different
results.
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Another factor is that the behavior of this device is, in gen-
eral, similar to that of a short-tube restrictor, in which the flow
rate is strongly influenced by the level of subcooling. When
the device becomes more restrictive, the refrigerant migrates
to the high-pressure portion of the system, which causes the
condensing pressure and subcooling to both increase. With any
type of flow-metering device, the pressure differential across
the device is the driving potential for the flow (although, in
the case of expansion in this configuration, the mass flow
rate is unaffected by the low side pressure). Therefore, raising
the condensing pressure will increase the flow potential. The
subcooling, however, is not an obstacle for most other types
of flow-controlling devices since the refrigerant is typically
flashed at the exit plane of these devices. Due to the fact
that the upstream pressure and subcooling both increase when
the device is actuated, two driving potentials for the flow are
increased, and the overall impact of the increased restriction is
lessened.

IV. SUMMARY

The design, fabrication, and testing of a microfabricated
refrigerant expansion device have been presented in this paper.
A prototype of this device was constructed and demonstrated
on both an air flow test bench and an R134a vapor compression
system of 1.5–2 kW. Both steady-state and transient tests were
performed. The steady-state tests showed that the level of flow
control is strongly dependent on the refrigerant subcooling.
The transient tests were performed to demonstrate the system’s
response to actuation of the device.

For the air flow measurements, it was demonstrated that
this device could change the flow rate by approximately 22%
under the given flow conditions with 300-µm piston eleva-
tion. However, the underlying physics of flow with liquid-
to-vapor phase transition is vastly different from single-phase
gaseous flow. With volatile refrigerant, the piston interaction
will certainly impact, if not be the cause of, the onset of the
liquid-to-vapor transition within the device. The data in this
paper show that the flow through the device with some piston
actuation is less sensitive to subcooling than the flow through
the unactuated device. With zero piston actuation, the change
in mass flow rate was 16.8%, as the subcooling was increased
from 0.6 ◦C to 5.0 ◦C; with actuation, the change in mass flow
rate was 9.1% over the same set of operating conditions. A
possible explanation is that the location of the flow’s liquid-
to-vapor transition point is fixed by the piston, which would
limit the subcooling’s effect on the mass flow rate. Ultimately,
introducing the piston changes the relationship between mass
flow rate and subcooling. Therefore, data show that this device
exerts much greater flow control at higher levels of subcooling.
At 0.6 ◦C subcooling, the difference between the mass flow
rates of the actuated and unactuated device is 3.5%; at 5 ◦C,
this difference increases to 10.8%.

In order to develop this device to a usable standard within
industry, a considerable amount of work must be done. Since
this is the first pass at a new concept, a number of the auxiliary
components and measurement techniques need to be redesigned
to improve the performance of this device. In addition, the

results of the vapor compression system tests pose exploratory
work that is related to refrigerant expansion within the complex
flow geometry that is prescribed by this device.
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