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Abstract

A sorption compressor cell basically consists of a container that is filled with an adsorbent. When such a cell is thermally cycled, a
pressure difference is created by the subsequent adsorption and desorption of the gas. As a consequence, a single sorption compressor cell
inherently provides an intermittent flow. A Joule-Thomson expansion stage requires a more or less continuous flow. The standard way to
obtain a continuous flow out of a sorption compressor is to use three or more compressor cells that are operated out of phase. This paper
presents an alternative compressor concept that uses only one compressor cell, two buffer volumes and two check valves. Such a com-
pressor is easier to construct and to operate and has a higher reliability at the expense of a slight variation in the cooler’s cold-end tem-
perature. The principle was demonstrated using a sorption compressor cell that is filled with Maxsorb [The Kansai Coke & Chemicals
Co. Ltd., 1-1 Oh-Hama, Amagasaki, Japan 660] activated carbon, is equipped with a gas-gap heat switch, and uses xenon as the working
fluid. A flow of 0.52 mg/s was achieved with a low pressure of 1.39 bar and a high pressure of 17.0 bar, giving a theoretical cooling power

of 42 mW at 172 K. A sensitivity analysis on several control parameters has been performed experimentally.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

A sorption compressor cell basically consists of a con-
tainer that is filled with an adsorbent. It can act as a com-
pressor by thermally cycling the adsorbent and at the same
time controlling the gas flow to and from the system. One
can distinguish four different parts in the cycle. These are
schematically shown in Fig. 1. Starting from an initial
low (heat sink) temperature and pressure (point 1), during
the first part of the cycle (A) the sorber container is heated
while no gas can flow into or out off the compressor cell.
Adsorbed gas comes off the surface and builds up pressure
in the void volume. As a consequence, the adsorbed
amount of gas per gram of sorber material x, decreases
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while the pressure increases. During this phase, the total
amount of gas in the sorber container remains constant.
When the container is opened (point 2), high-pressure gas
flows out (phase B). The pressure in this phase is deter-
mined by the mass flow rate out off the compressor and
the rate of desorption. In Fig. 1, a constant pressure is
assumed. When most of the gas has come off the surface
(point 3), the container is cooled back to the heat sink tem-
perature and the container is closed (phase C). Gas from
the void volume now adsorbs onto the surface of the sorber
material, causing the pressure in the container to drop. At a
sufficiently low pressure (point 4), gas should be supplied to
the sorber container in order to return to the starting point
(phase D). The pressure in the cell during this phase
depends on the mass flow rate of the gas flowing into the
compressor and the rate of adsorption. So, during only
one phase of the cycle (phase B) high-pressure gas is
supplied by the cell and during another phase (phase D)
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Fig. 1. (a) Amount of adsorbed xenon per gram of sorber material during the sorption cycle for Maxsorb activated carbon. The dashed lines are sorption
isotherms. (b) Temperature, pressure, flow, and compressor status with time during the sorption cycle.

low-pressure gas is taken up by the cell. In the other two
phases no gas flows into or out off the system. Whereas
an individual sorption cell provides an intermittent flow,
a Joule-Thomson (JT) expansion stage needs a more or less
continuous mass flow in order to provide continuous cool-
ing power. In general, a continuous flow is obtained by
using three or more compressor cells. They are operated
out of phase and their phases are synchronised. A set of
valves is used to convert the intermittent flows of the indi-
vidual cells to a continuous flow through the cold stage. A
schematic picture of such a cooler using four sorption cells
is shown in Fig. 2. Bowman et al. [2] recently published an
overview of closed-cycle JT cryocoolers.

Coolers that consist of a sorption compressor with a
Linde-Hampson (LH) cold stage have several advantages.
They are thermally driven and have no moving parts, apart
from some valves. As a consequence, they can be scaled to
small sizes and can operate with an absolute minimum
vibration level. Besides, wear-related issues hardly play a
role giving the potential for a long cooler lifetime.

A disadvantage of this cooler type is the relatively com-
plex compressor design including three or more compressor
cells, each consisting of a container filled with sorber mate-
rial and equipped with a heater, a heat switch with an actu-
ator, and some means to control the heater and the heat
switch actuator. As more complicated components in a sys-
tem increase the risk of failures, a reduction of complexity
would increase the reliability of the cooler.

In the next section, we present an alternative design to
create a continuous flow with a single compressor cell thus
significantly reducing the complexity of the system. Section
3 describes the design of the set-up that was used to dem-
onstrate the proposed compressor configuration. The func-
tioning of the set-up is described in Section 4. The first part
of this section describes the time-dependent behaviour of
pressures and mass flows in the system. This paper only
addresses the compressor part of the cooler. Therefore,
Section 4 includes a discussion on the expected implications
of the compressor design on the cold stage. Besides, the
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Fig. 2. Sorption compressor with a Linde-Hampson cold stage using four
sorption compressor cells operating 90° out of phase. For more informa-
tion, see e.g. [10].

experimental results of a sensitivity analysis on the most
important control parameters are described. The paper
ends with conclusions on the proposed compressor design.

2. Single-cell compressor

A JT expansion stage requires a more or less continuous
mass flow in order to obtain a continuous cooling power.
Besides, the compressor should supply a constant low pres-
sure as this pressure is directly related to the low-end tem-
perature of the cold stage. As set out in the previous
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section, a single sorption cell supplies an inherently non-
continuous flow. An alternative to using multiple compres-
sor cells to get a continuous flow is a compressor unit that
uses only a single sorption compressor cell and two buffer
volumes separated by passive valves. This design is shown
in Fig. 3. A similar design was applied by Duband and
Suhanan [3,4], but they did not analyse the concept in
detail.

During phase A of the sorption cycle, the sorber con-
tainer is heated and pressure builds up in the sorber con-
tainer as both check valves are closed because of the
pressure differences over the valves. The high-pressure
buffer supplies gas to the cold stage which is taken up by
the low-pressure buffer, while no gas flows to or from
the compressor cell. As a consequence, the pressure of the
high-pressure buffer slowly decreases while that of the low-
pressure buffer steadily increases. Once the pressure in the
container has become higher than that of the high-pressure
buffer, the high-pressure check valve opens and a relatively
large gas flow is supplied to the high-pressure buffer, caus-
ing the pressure of that buffer to rise (phase B). When the
container is cooled down, the pressure in the container
decreases and the high-pressure check valve closes (phase
C). Again, the flow through the cold stage is maintained
by the buffers. When the pressure in the container has
dropped to below that of the low-pressure buffer, the
low-pressure check valve opens and gas flows from the
buffer to the cell (phase D).

This configuration has important advantages. First of
all, the number of components is reduced. This increases
the reliability of the compressor. Besides, controlling the
cooler is easier as only one sorption compressor cell needs
to be driven. The reliability of the design can be further
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increased by mounting a second compressor cell between
the low-pressure and high-pressure buffers. The 2 parallel
cells can be operated independently. If one of the compres-
sor cells fails, the compressor can still operate (redun-
dancy). The advantage of reduction of complexity
becomes even more pronounced when multi-staged com-
pression is applied as suggested by Bard [5]. With a two-
stage compression approach, the COP of the cooler can
be increased. Then, instead of two compressor units con-
sisting of at least six sorption compressor cells and 12 check
valves, only two sorption compressor cells, three buffer vol-
umes and four check valves are needed. Besides, in the pro-
posed lay-out no synchronisation between the different
compressor cells is needed. As a result, each cell can be
cycled at its optimum cycle frequency, and does not have
to be tuned to others as is the case in the traditional lay-
out. The cycle time will also be shorter. Therefore, the sin-
gle-cell design provides a larger mass flow per cell than in
the traditional design, assuming that the cell pumps the
same amount of gas from the low-pressure to the high-pres-
sure side during a cycle. A disadvantage of the proposed
design compared to the traditional lay-out is the slight fluc-
tuation in pressure of the low-pressure buffer. This will
result in some variation of the cold stage temperature.
Proper design of the low-pressure buffer can minimise this
temperature variation. Furthermore, this temperature fluc-
tuation can be damped passively or actively. Another dis-
advantage of the pressure fluctuations in the buffers is
that both the flow through the cold stage and the enthalpy
of cooling will slightly vary with time as shown with some
exaggeration in Fig. 3. However, the actual cooling power
of the cold stage is buffered by the evaporating liquid in the
boiler.
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Fig. 3. Single-cell sorption compressor combined with a LH cold stage. (a) Schematic drawing of the configuration. (b) Mass flow, pressure, and produced

cooling power (exaggerated vertical scale) with time.
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3. System description
3.1. Thermodynamical set points

To demonstrate the single-cell sorption compressor, we
selected xenon as the working fluid. This gas adsorbs rea-
sonably well at room temperature while at the same time
a relatively low temperature of 165 K can be reached for
a compressor low pressure of 1 bar. To liquefy the fluid
in the precooler, and hence increase the efficiency of the
cold stage [6], the high-pressure gas should be precooled
below the boiling point of the fluid at that pressure, e.g.
by means of a 2-stage TE-cooler [7]. For xenon, this implies
a compressor high pressure in the range of 16-19 bar when
the gas is precooled to 235-240 K. Of course, the selection
of the working fluid and the thermodynamic setpoints is
rather arbitrary. Also other gases can be taken depending
on the requirements of the cooler.

To test the compressor performance, the experiments
were performed without a cold stage. Instead, a tunable
needle valve was used to establish the required pressure
drop. Section 4.2 gives a theoretical description of the
expected behaviour of a LH cold stage, if it was connected
to the compressor type under investigation.

3.2. Sorption compressor cell

The design of the compressor cell is shown schematically
in Fig. 4. The cell consists of a container that is filled with a
sorber material. The sorber container has an inner diame-
ter of 9.4 mm and a length of 10 cm. It was filled with com-
mercially available Maxsorb MSC-30 activated carbon [1].
This sorber material has a surface area of 3290 m*/g and an
apparent density of 0.28 g/ml [1,8]. The charcoal was fil-
tered and particles with a diameter between 210 and
420 um were selected. The void volume between the filter
of the sorption compressor cell and the check valves is esti-
mated at 0.8 cm®. The internal void volume is about 6 cm®.
Application of other activated carbons with inherently
lower void volume fractions would improve the pressure
swing that can be achieved as less gas is lost in the void vol-

ume. However, such a sorber is not needed to demonstrate
the operation of the single-cell compressor. The sorber con-
tainer is closed by a 2 um stainless steel filter. In this filter, a
feedthrough for an Omega [9] E-type thermocouple was
welded. This thermocouple is used both for measuring
the temperature and as a heating element. While thermally
cycling the sorber container, the thermocouple is switched
between the heating mode and the measuring mode. The
sorber container is gold-plated to reduce radiative heat loss
and it is centred in a stainless steel heat sink by means of
two spacers. For a more detailed description of the com-
pressor cell, the reader is referred to Burger et al. [10].

The sorption compressor cell from Fig. 4 was heat
sinked at 20 °C. The pressure in the sorber container is
measured outside the cell with a low void-volume Kulite
pressure sensor (type XTL-190) [11]. The temperature of
the heat sink and of the ‘cold junction’ of the thermocouple
was monitored with Heraeus PT1000-resistors [12].

3.3. Gas-gap heat switch

In principle, a sorption compressor can be realised with
a fixed thermal resistance between the sorber container and
the heat sink. Then, the selected resistance is a compromise
between a large value for the heating phases and a small
value for the cooling phases. Application of a heat switch
therefore gives a larger compressor COP because less heat
leaks to the heat sink during the heating phases. Of course,
the input power of the heat switch actuator should not out-
weigh the increase in compressor COP. A fixed thermal
resistance also results in a longer cycle time as the cool-
down phase takes longer. For a compressor consisting of
multiple compressor cells synchronisation between the cells
is required. For such a design, the longer cool-down time
can be compensated by using additional cells. For the sin-
gle-cell design, this cannot be done and the absence of a
heat switch directly results in a smaller pressure swing. This
stresses the importance of the application of a heat switch
for the compressor type under investigation.

As is shown in Fig. 4, we applied a gas-gap heat switch
in our design. The heat transfer through such a gap
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Fig. 4. Schematic drawing of the sorption compressor cell.
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depends on the pressure in the gap, the dimensions of the
gap and on the properties of the gas that is applied. The
pressure dependence is used to switch the thermal contact
[13-15]. A separate sorption compressor cell that is inte-
grated in the gas-gap can be used as an actuator. This unit
can e.g. be a metal-hydride acting as a sorber material with
H, as the working gas [15,16]. To test the compressor oper-
ation in a laboratory set-up, we created the pressure swing
in the gas-gap by switching the gas-gap volume between a
low-pressure and a high-pressure ‘reservoir’ with the help
of two active valves. This, and the other components of
the experimental set-up, is shown schematically in Fig. 5.
For safety reasons, we selected helium as the working
gas despite the slightly worse heat transfer characteristics
compared to hydrogen.

A gas-gap high pressure of 50 mbar was selected. At this
pressure, the gas in the gap is nearly in the viscous regime.
For the low-pressure, 5 x 10~* mbar was taken. This is the
lowest pressure the vacuum pump could achieve. The cool-
down behaviour of the sorber container was measured for a
range of pressures. From this, the pressure-dependent ther-
mal resistance was determined. This was fitted to theory
[13-15] by using the accommodation coefficient as the fit-
ting parameter. For the selected pressures, the thermal
resistance switches between 4 x 10° K/W during the heating
phases and 0.5 K/W during the cooling phases. The pres-
sures in both the high-pressure and the low-pressure reser-
voirs connected to the gap space were measured with MKS
Baratron 627B pressure transducers [17].

3.4. Buffer volumes

The pressure variations in both buffers connected to the
compressor cell depend on the mass flow through the nee-
dle valve, the cycle time and the volume as expressed in

Eq. (1)

_ mcoolRT
VM

Here, Ap is the pressure variation in the buffer, 7., is the
mass flow through the needle valve, R is the universal gas
constant, 7 is the absolute temperature of the buffer, V' is
the buffer volume, M is the mole mass of the working fluid,
leycle 18 the cycle time, and #q,, is the period during which
there is a gas flow between the compressor cell and the buf-
fer under consideration. This formula only holds for rela-
tively small pressure variations. Furthermore, the flow
through the restriction should not exceed the flow between
the cell and the buffer. A volume of 300 cm® was selected
for the low-pressure buffer and of 50 cm? for the high-pres-
sure buffer.

AP (tcycle - tﬂow) (1)

3.5. Check valves

We used Swagelok 6L-CW4S4 valves [18] that have a
cracking pressure of 11 mbar and a pressure drop of
22 mbar for a xenon flow of 4 mg/s at 1.3 bar. The pressure
of the compressor cell rises with a rate of 0.075 bar/s during
phase A of the sorption cycle. At this rate, in total 0.3 mg
gas leaks through the valve before the leak flow falls below
1 pg/s, the noise level of the mass flow meter. This leak is
acceptable compared to the total forward flow during a
cycle, which is a few hundred milligrams. In phase C, the
check valve on the high-pressure side closes when the pres-
sure in the cell drops. Also here, the leak flow is smaller
than the noise level of the sensor. To prevent pollution of
the check valves, Valco filters with screens of 10 pm pore
size are applied on both sides of the filter. A disadvantage
of the selected check valves is their relatively large void vol-
ume. This was filled with metal, reducing it to about
0.1 cm?® for each valve. An alternative approach would be
to use microminiature check valves [19]. Such valves were
not applied because of the time and cost of manufacturing,
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Fig. 5. Schematic overview of the experimental set-up. See text for details.
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whereas low-dead volume valves are not essential to
demonstrate the compressor concept.

3.6. System control algorithm and additional instrumentation

To obtain the maximum achievable pressure difference
for a fixed value of the flow restriction, the compressor cell
should pump as much as possible gas from the low-pres-
sure buffer to the high-pressure buffer in an as short as pos-
sible cycle time. The heating phases can be sped up by
increasing the compressor input power and the duty cycle,
i.e. the fraction of time during which the thermocouple is
switched to the heating mode. However, as the thermal
conductivity of charcoal powder is low, fast heating implies
a considerable temperature profile over the heater. It
results from Fig. 1(a) that 0x,/0T is negative and
0°x,/0T* is positive, with x, being the amount of gas
adsorbed per gram of sorber material. Then, a temperature
profile over the sorber material results in less desorption
compared to the case of a uniform temperature with the
same energy input to the sorber. Although a temperature
gradient is not necessarily problematic for the pressure
swing, it can reduce the compressor efficiency dramatically.
If one aims at a maximum pressure difference, the compres-
sor cell should pump as much as possible gas from the low-
pressure buffer to the high-pressure buffer in an as short as
possible cycle time. In other words, the amount of gas that
is pumped by the compressor during one cycle divided by
the cycle time should be maximised. This means that the
compressor should be switched from the heating mode to
the cooling mode when the additional amount of gas flown
to the high-pressure buffer does not compensate the addi-
tional cycle time that is needed. This is definitely the case
when the flow to the high-pressure buffer becomes lower
than the flow through the restriction. For a compressor
design with a gas-gap heat switch, the fastest cool down
rate is obtained when the gas in the gap is in the viscous
state. Similar to the heating phases, the cooling should be
continued until the additional amount of gas that flows
to the cell does not compensate the additional time needed.

In our set-up we use a single spirally-wound heater. To
limit the temperature profile and to perform the heating
phase as fast as possible, the control algorithm initially
heats the sorber container with a duty cycle of 85%. Each
time the thermocouple is switched to the measuring mode,
the observed temperature reduces rapidly as the heat dis-
tributes more uniformly over the sorber material. When
the set maximum temperature is reached, the duty cycle
is reduced by 5%. When the heater is switched on again,
it will take some time before the set maximum temperature
is reached again as the duty cycle has been reduced. Then,
the duty cycle is again reduced by 5% and so on. The com-
pressor is switched to the cooling mode when the flow to
the high-pressure buffer has become smaller than a factor
frc times the flow through the needle valve, with fc a con-
stant that can be set in the control algorithm. During the
cooling phase, the heater is switched off and the gas-gap

is switched to the selected high pressure. Similar to the
heating phase, the cooling is continued until the flow from
the low-pressure buffer to the cell has become lower than a
factor fpa times the flow through the needle valve with fpa
again a constant which is set in the control algorithm.

The control algorithm was implemented in a LabVIEW
programme [20]. The pressures of the high and low-pres-
sure buffers are measured with Druck PTX1400 sensors
[21]. The mass flows between the buffers and the sorption
compressor cell and between the buffers and the flow
restriction are measured with Bronkhorst EL-FLOW mass
flow meters [22]. The data are sampled with a National
Instruments multiplexer board connected to an E-series
DAQ-card [20]. Each channel is sampled with 100 Hz
and averaged over 50 samples before the data was further
processed. The thermocouple data form an exception to
this, as the moment, the thermocouple is switched between
the heating and the measuring mode, is not synchronised
with the start of the averaging intervals.

4. Results and discussion
4.1. Compressor operation

The compressor was operated for more than 200 cycles
with fpc set to 1.0, fpa set to 1.2, a peak heater input power
of 7.0 W, and a set maximum temperature of 700 K. The
flow restriction was set at such a value that the high pres-
sure was above 16 bar, the pressure needed to condense
the gas in the precooler. We aimed at a value close to atmo-
spheric pressure for the low-pressure side. The behaviour
of the system during four typical cycles is shown in
Fig. 6. The heat input averaged over the total cycle was
3.2 W. The pressure in the container alternated between
1.35 and 17.2 bar. The high-pressure buffer fluctuated
between 16.4 and 17.0 bar and that of the low-pressure buf-
fer varied between 1.39 and 1.53 bar. These pressure values
varied less than 2% over the 200 cycles. The compressor
heat-sink temperature was kept fixed at 293 K. The temper-
ature of the other components varied slightly because of
temperature fluctuations in the laboratory. The average
mass flow through the flow restriction was 0.52 mg/s. The
broad band in the mass flow from the cell to the high-pres-
sure buffer is caused by the intermittent heating during
phase B. The average periods of the phases in stable oper-
ation are 199 s for phase A, 159 s for phase B, 72s for
phase C, and 168 s for phase D. When applying Eq. (1)
to these times, we obtain a pressure variation in the high-
pressure buffer of 0.63 and 0.14 bar for the low-pressure
buffer. This agrees well with the measurements described
above.

If the cell from this set-up would be applied in a tradi-
tional set-up using 4 cells, the cycle time would increase
to 796 s because of the synchronisation. Each cell would
then, on average, deliver a flow of 0.39 mg/s to the restric-
tion, assuming that the amount of gas that is pumped by
the cell during a cycle does not change. The total flow
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(see inset). In the heating mode, the temperature cannot be measured. In the measuring mode, the temperature of the thermocouple decreases because heat

flows to the surrounding charcoal.

through the restriction would be 1.56 mg/s, three times that
of the single-cell design. To get the same flow out off the
single-cell design, 3 cells of the same size should be put in
parallel. This saves one cell compared to the traditional
lay-out. The efficiency of the cooler will be unaffected.
The peak instantaneous power that is needed may be
higher for the configuration with 3 parallel cells as all 3
cells can be in the heating phase at the same time. An alter-
native is to use a single-cell that is three times larger. This is
simpler and more reliable compared to using 3 cells in par-
allel. When we assume that the chance of failures is deter-
mined by the compressor cells, the chance that the
configuration with one large cell fails during its lifetime is
three times smaller than that of the configuration with 3
parallel cells. If the heat capacity of the end caps of the
compressor cells is negligible compared to that of the wall,
which is typically the case for large length-to-diameter
ratios, and when the temperature gradient over the sorber
is negligible, the energy needed during the heating phases
per gram of sorber material is unchanged. If the cool down
time is also not affected, the efficiency of a compressor with
a single large cell is the same as that with 3 parallel cells. If
the cool down time is increased, the efficiency of the com-
pressor with a single large cell will be lower as the produced
mass flow rate is lower. The peak instantaneous input
power will be the same for both designs. One can increase
the reliability even further by placing a fourth cell parallel.
Now 2 cells must fail before the compressor cannot meet its
specifications anymore. When the chance that the compres-

sor with 3 parallel cells fails during its lifetime is K, the
chance that 1 of the 4 cells fail is %K , whereas the chance
that 2 cells fail is %Kz. If K is e.g. 3%, then the failure
chance reduces with a factor 25 when an additional cell is
placed.

4.2. Implications for the cooler

When the compressor is connected to a LH cold stage,
the variation of the pressure in the low-pressure buffer
affects the temperature of the liquid in the boiler of the
cold stage. In Fig. 7, the measured pressures from the
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Fig. 7. Calculated temperature of the liquid in the boiler of a cold stage as
derived from the pressure in the low-pressure buffer.
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low-pressure buffer are converted to the temperature of
the liquid within a boiler using GasPak [23]. This tempera-
ture varies between 170.7 and 172.6 K, a fluctuation of less
than 2 K. Apart from common techniques to control a
cooler’s cold tip temperature, with this configuration one
can reduce the variation by increasing the buffer volume
size. Also the cooling power will vary somewhat because
of the time-dependent flow through the cold stage and
the pressure-dependent enthalpy of cooling. This will result
in a variable liquid production rate, which in general is not
a problem. Assuming a precooling temperature of 235 K
and ideal counterflow heat exchangers, this configuration
would give an average cooling power of 42 mW at about
172 K if a cold stage with ideal heat exchangers would be
connected to the compressor. A larger cooling power can
be obtained by faster cycling of the compressor, by using
more cells in parallel, or by using larger cells as discussed
in the previous section.

4.3. Sensitivity analysis

A sensitivity analysis was performed experimentally to
investigate the effect of variations in the control parameters
on the compressor behaviour. Four control parameters
were investigated. These are described in Table 1. The set-
ting for each control parameter was varied while the other
parameters were kept constant. For each setting, the com-
pressor was operated for at least 18 cycles. Only the last 10
cycles, during which the compressor was in stable opera-
tion, were taken into account.

The maximum amount of power that can be obtained
from the created pressure difference, or the exergy rate, is
[24]

d(U — TysS .
%erH(hH ~ Tussn)

— i’hL(hL — THSSL) (2)

with U the internal energy and S the entropy of the gas in
the system to which the pressure difference is applied, Tys
the heat sink temperature, /i the mass flow, 4 the specific
enthalpy, and s the specific entropy of the gas. The sub-
script H refers to conditions of the gas at the high-pressure
side, whereas an L refers to the low-pressure side of the
compressor. We calculated the average of the maximum
available power during a cycle by summation of the aver-
ages of the individual terms of Eq. (2). As the compressor
is in stable operation, the mean of the first term right to the

Wmax = —

Table 1
Control parameters that were varied in the sensitivity analysis
Parameter  Description
g Tilcell— . — . .
Jec 2ol ~HPouti. upon switching from heating to cooling mode
Myestr
HULPyy e —cell s . .
fpa —2 " upon switching from cooling to heating mode
Myrestr
Pinput Peak heater power (W)
Tmax compressor set maximum temperature (K)

equal sign is zero. For the calculation we assumed that the
high-pressure gas is cooled to the heat sink temperature be-
fore it comes available to a system that converts the pres-
sure difference to work or cooling power. For 7y the
mass flow through mass flow meter B (see Fig. 5) was taken
whereas the flow measured by mass flow meter C was taken
for ;. Note that the position of the mass flow sensors, or
in other words the boundary of the system that converts
the available pressure difference to work, affects the values
that are obtained for the exergy. The sizes of the volumes
between the flow sensors and the restriction affect the flow
through the sensors even when the volumes of the buffers
remain unaltered. This influences the rate of exergy as the
pressures in the buffers are not constant during a cycle.
The compressor COP results from

N

max __ fcycle mH (hH B THSSH) dr— j;:ycle mL (hL B THSSL) d

COP= = :
Pinput jcyclepinput dt

3)

Only the input power for the heater was taken into
account. The power needed to actuate the gas-gap was
excluded.

4.3.1. Variation of fzc

The compressor cell was operated with fpc set to values
between 0.5 and 4. The other settings were as described in
Section 4.1. Fig. 8 shows the variation of pressures, mass
flows, rate of exergy and compressor COP with fgc. The
effective value of fpc is not the same as the factor that
was set in the control software. The intermittent heating
causes an oscillating flow from the cell to the buffer. The
software switches the heater off as soon as the flow drops
below fpc - fiesr. This will always be near the minimum
of the oscillations. The average flow to the high-pressure
buffer at this moment will be higher. Besides, when the soft-
ware detects that heating should be stopped, it takes some
time before the compressor cell starts cooling down and the
high-pressure check valve closes. We are interested in the
factor fgc just before this happens. To take these effects
into account, the ‘effective’ value of fgc was estimated by
averaging the flow between the cell and the high-pressure
buffer during the last two oscillations and dividing this over
the flow through the restriction. The values for the individ-
ual cycles were averaged. In the figure, the standard devia-
tion was plotted as the error.

When increasing fpc, i.e. switching sooner, both the
amount of gas that flows from the cell to the high-pressure
buffer during a cycle and the cycle time reduce. The pressure
swing of the compressor, i.e. the difference between high
pressure and low pressure, depends on the amount of gas
the compressor pumps per unit of time. At low values of

B, the pressure swing increases with increasing fpc, because

the cycle time reduces more rapidly than the amount of gas.
When fpc is increased further, the amount of gas reduces
faster than the cycle time, resulting in a decreasing pressure
swing. Note that the change in pressure swing caused by the
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Fig. 8. Behaviour of sorption compressor cell with variation of fgc. The standard deviations in pressures and mass flows are smaller than 1%.
(a) Maximum and minimum observed pressure in the high-pressure buffer. (b) Similar for the low-pressure buffer. (c) Mass flow through the restriction.

(d) Available power, averaged over a cycle. (e) Compressor efficiency.

variations in fpc is relatively small. The difference between
the minimum and maximum pressures in the low-pressure
buffer decreases with increasing values of fgc. The cycle time
goes down, mainly due to the shorter duration of phase B,
while the length of phase D remains fairly constant. This
results in a reduction in the pressure variation in the low-
pressure buffer (see Eq. (1)), whereas the pressure variation
in the high-pressure buffer is negligible.

The mass flow through the restriction depends on the
pressure difference between the high- and low-pressure buf-
fers. During a cycle, the fluctuations in mass flow, high
pressure, and low pressure are relatively small. In the
regime the compressor is operating, xenon is a near-ideal
gas. Then, |Ah| < |TAs| and the available power roughly
equals —mTysAs. A larger pressure swing results in both
a larger flow and a larger entropy difference between the
gas that flows out off and into the compressor. So, the rate
of exergy increases as the pressure difference increases.
Note that the effect of fgc on the magnitude of the avail-
able power is small. From Fig. 8(e) it turns out that the
compressor COP slightly decreases for increasing values
of fgc. Apparently, the input power decreases slower than
the exergy. The maximum pressure difference is achieved
for fpc is equal to or slightly larger than 1.

4.3.2. Variation of fp4

The compressor is switched from the cooling mode to
the heating mode when the flow from the low-pressure buf-
fer to the cell falls below fpa - 7itgesr. The effect of a change
in fpa on the compressor operation was investigated. The
results are shown in Fig. 9. When the software switches

the compressor to the heating mode, it takes some time
before the pressure in the cell builds up and the low-pres-
sure check valve closes. As we are interested in the flow just
before the check valve closes and not in fpa at the moment
the software performs the switch, a correction on fpa is
needed. As there are no oscillations in the relevant flows,
the correction factor is much smaller than for fgc. At the
moment the check valve closes, there is a distinct disconti-
nuity in the derivative of the flow. The effective value of fpa
was calculated by dividing the mass flow to the cell by the
mass flow through the restriction just before this disconti-
nuity. The standard deviations of the thus obtained effec-
tive values are smaller than 3%.

Similar to the study of changes in fgc, an increase in fpa
reduces both the cycle time and the amount of gas that is
pumped by the compressor during a cycle. For low values
of fpa, the cycle time reduces faster than the amount of gas
that is pumped. For larger values, the amount of gas
reduces faster as the length of phase D becomes small com-
pared to the lengths of the other phases. The latter hardly
change with fpa. This also explains why the pressure vari-
ation in the low-pressure buffer is barely affected by fpa,
whereas the variation in the high-pressure buffer changes
considerably.

The total amount of exergy (in Joules) that is produced
during a cycle decreases for increasing values of fpa: the
average rate of exergy hardly changes (see Fig. 9(d))
whereas the cycle time reduces dramatically. The total
amount of heat input for each cycle is roughly constant
as fpc 1s fixed. Therefore, the compressor COP reduces as
fpa Increases as is confirmed by Fig. 9(e).



G.F.M. Wiegerinck et al. | Cryogenics 46 (2006) 9-20

17.5

—_ 22.5 T T T T - -
3 is {
17.0 a =
E 16.5 ° 000 ©00 Fe) g 3 .
% 16.0 z 21.5¢ 1
< 15.5 ° 8
' 0 1 2 3 4 % 21.01 i
(a) fDA,eff E 205 |
< ! I
= 20 20.0 ' ' : : : :
§ 0.5 1.0 1.5 2.0 25 3.0 3.5
= o d foaefr
€15{y0 ooo o 88 8 @ e
3 0 o000 0000
a -3
~ x 10
& 8 . . . . : .
% 1 2 3 4 i
6 i
(b) foneft
. 4t ]
[} 2
€
. 0.52 %8 1ol S |
2 050{ g @A 8O0 o gl e
I\‘L
§ 0.48 6f ]
£ o
4 ; ; ; ; ; ;
0'460 1 2 3 4 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
(c) fon,eft (e) foneft

Fig. 9. Behaviour of sorption compressor cell with variation of fpa. The standard deviation is smaller than 1% for all pressures and mass flows

(a) Maximum and minimum observed pressure in the high-pressure buffer. (b) Similar for the low-pressure buffer. (c) Mass flow through the restriction
(d) Maximum available power, averaged over a cycle. (e) Compressor efficiency.

4.3.3. Variation of input power

The average input power to the compressor can be chan-
ged by altering the duty cycle or by varying the voltage
over the thermocouple. For the sensitivity analysis, the
voltage over the thermocouple was varied whereas the con-
trol algorithm was not changed. The results are shown in

Fig. 10. For the lowest input powers that were applied,
the compressor cell does not reach the set maximum tem-
perature, and an increase in heating power results in an
increase in the highest temperature that the compressor cell
reaches. This has a positive effect on the amount of gas that
comes off the sorber. On the other hand, also the tempera-
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Fig. 10. Effect of variation in the peak heater input power on: (a) Pressure in high-pressure buffer. (b) Pressure in the low-pressure buffer. (c) Mass flow
through the restriction. (d) Maximum available power, averaged over a cycle. (e) compressor COP. The standard deviations are smaller than 1% for all

pressures and mass flows.
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ture gradient over the sorber material becomes larger. As
0°x,/OT” is positive, this has a negative effect on the total
amount of gas that is desorbed. The combined effect is that
the amount of gas that is pumped in a single cycle reduces
slightly for increasing input powers. A larger input power
also reduces the length of the heating phases. For low input
powers, the heating phases are dominant in the cycle time,
so the total cycle time reduces significantly when the heat-
ing power is increased. As the cycle time reduces faster than
the total amount of gas that is pumped during a cycle, the
pressure swing increases.

For input powers of 5.5 W and above, the compressor
cell reaches the set maximum temperature of 700 K and
the control algorithm reduces the time-averaged input
power during the heating phase. It turns out that less gas
is pumped from the cell to the buffer while at the same time
the cycle time goes down. The reduction in the cycle time is
comparable to the reduction in the amount of gas that is
pumped. The overall effect is a moderate reduction of the
pressure swing. To achieve a high compressor COP, a
low input power is beneficial because of the lower temper-
ature profile.

4.3.4. Variation of set maximum temperature

The set maximum temperature was changed from 500 to
700 K in steps of 50 K. The results are shown in Fig. 11. A
higher maximum temperature implies a larger heat input.
As the heating power is not changed, the heating phases
take longer, resulting in longer cycle times. A higher cell
temperature also means that more gas comes off the sorber.
As a result, the amount of mass that is cycled per unit of

time increases when the maximum temperature is
increased. The pressure swing increases less than linear
with the set maximum temperature as 0°x/dT” is positive.
So, the increase in amount of desorption goes down,
whereas the cycle time increases about linearly. The total
heat input increases somewhat faster than the gain in avail-
able power. From the figure, it turns out that the optimum
compressor COP is obtained for a set maximum tempera-
ture of about 700 K.

4.3.5. Conclusions of sensitivity analysis

For the given compressor design and control algorithm,
the maximum pressure swing is obtained for effective val-
ues of fpc and fpa slightly above 1, a peak input power
of about 7W, and a set maximum temperature above
700 K. The effect of a change in the set maximum heater
temperature and the input power on the achieved pressure
swing is much larger than that of a change in fgc or fpa.
The optimum in the maximum available power roughly
coincides with the maximum in the pressure swing. An
optimum compressor COP is achieved for low values of
fac and fpa, a low heater input power, and a set maximum
temperature of about 700 K. However, for small values of
fac and fpa, the available power goes to zero. The influ-
ence of changes in fgc and fpa around the values that give
the maximum power is very small.

5. Conclusions

An alternative sorption compressor design, consisting of
a single compressor cell, two check valves, and two buffer
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volumes, was investigated. Such a design is easier to oper-
ate than a compressor consisting of multiple cells that oper-
ate out of phase. It is less complex and increases the
reliability of the cooler. The principle was demonstrated
using a set-up with a sorption compressor of about § cm?
that was filled with Maxsorb activated carbon. Xenon
was used as the working gas. A continuous flow of
0.52 mg/s was established with a pressure swing of 1.39—
17.0 bar. If the compressor would be connected to a JT
expansion stage, we expect a cooling power of about
42 mW at 172 K.

The effect of the control parameters fgc, fpa, the maxi-
mum heater temperature, and the peak input power on the
compressor operation were experimentally investigated.
From the sensitivity analysis, it appears that the effect of
the set maximum heater temperature and the input power
on the achieved pressure swing is much larger than that
of a change in fgc or fpa. An optimum compressor COP
is achieved for low values of fgc and fpa, a low input
power, and a set maximum temperature of about 700 K.
However, for small values of fgc and fpa, the power goes
to zero.
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