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ARTICLE INFO ABSTRACT

Keywords: Many optical devices can benefit from cryogenic cooling; however, the resolution of these devices suffers from

Sorption compressor microvibration from mechanical cryocoolers. Unlike mechanical cryocoolers, sorption cryocoolers do not have

i;y°°°91er any active moving parts and are essentially vibration-free. Sorption cryocoolers are thermally driven and their
sorption

performance is highly determined by the properties of the adsorbents employed in the compressors. In this study,
the thermodynamic and dynamic modelling of sorption compressors adopting Saran activated carbon, MOF-5
and HKUST-1 metal-organic frameworks as adsorbents are conducted to find suitable adsorbents to realize
efficient compression. It is found that a sorption compressor with MOF-5 as the adsorbent has the worst per-
formance. Saran carbon has the highest mass-flow rate. And whether HKUST-1 or Saran carbon has higher ef-
ficiency depends on the operating conditions. The effects of heat sink temperature and heater power on the
performance of sorption compressors are also investigated. The analysis method can be employed to choose

Metal-organic frameworks
Activated carbon

suitable sorbent materials and operating conditions when designing sorption compressors.

1. Introduction

Many electronic devices could benefit from operating at cryogenic
temperatures [1]. Among these cryogenic electronics, optical sensors
like infrared detectors and X-ray detectors are sensitive to micro-
vibration. Widespread use of these optical sensors requires vibration-
free cryocoolers. Cryocoolers combined with mechanical compressors
still induce microvibration, although active and/or passive isolation
techniques have been employed [2]. By employing heat rather than
mechanical work, sorption cryocoolers are attractive for cooling optical
sensors because of their advantages of no oil, no vibration (except for
several check valves), no electromagnetic interference, high reliability
and long lifetime [3].

As a key component of a sorption cryocooler, a sorption compressor
is based on alternately heating and cooling porous materials as adsor-
bents to realize the gas cycle of pressurization, exhaust, depressurization
and suction. Sorption compressor adsorbs low-pressure gas at low tem-
peratures, and desorbs high-pressure gas at relatively high
temperatures.

According to the interaction between gas and adsorbent, sorption
can be divided into physical adsorption (physisorption) and chemical
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absorption (chemisorption) [4]. In physisorption, the interaction be-
tween gas and adsorbent mainly depends on the electrostatic force and
the Van der Waals force. Silica gel [5] and zeolite [6] were used as
adsorbents in the early research of sorption compressors. However, due
to the limited adsorption characteristics of these two adsorbents,
research on sorption compressors had been stagnant for years. Presently,
the physisorption compressors mainly use activated carbon as adsor-
bents [7], whereas helium-3 [8], helium-4 [9], hydrogen [10], neon
[11], nitrogen [12], argon [13], oxygen [13], methane [14], krypton
[15], xenon [16], ethylene [17], gas mixture of nitrogen and hydro-
carbons [18] are used as working fluids. However, it is found that due to
the low adsorption capacities of activated carbons at room temperature,
they often need to be precooled below ambient temperature to obtain
considerable adsorption capacities, which will increase the complexity
of sorption compressors. In chemisorption, the electron transfer, ex-
change or sharing occurs between the gas and the adsorbent, forming
chemical bonds. Metallic hydride [19] and praseodymium cerium oxide
[20] have been used for chemisorption, which are for hydrogen and
oxygen adsorption, respectively. The advantages of chemisorption ma-
terials are that they have large adsorption capacities and operate at or
above ambient temperatures. However, chemisorption is only suitable
for specific combination of working fluid and adsorbent, and its
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Fig. 1. Schematic of a sorption cryocooler, adapted from [26].

application ranges are narrow. Moreover, chemisorption in general also
has the disadvantage of irreversibility, the material degenerates over
time when cycling between adsorption and desorption.

Due to the drawbacks of the physical and chemical sorption mate-
rials, the shortage of highly efficient adsorption materials has become
the bottleneck of the miniaturization of sorption compressors. In order
to realize efficient and reliable miniature compressors, it is necessary to
explore adsorption materials with high efficiency and stability, suitable
for different working fluids and meeting the requirements of different
cooling temperatures. Compared with silica gel, zeolite and activated
carbon, Metal-organic frameworks (MOFs) have higher porosity, larger
specific surface area and larger adsorption capacity [21]. Moreover, due
to the adjustable size, shape and function of their porous structures,
MOFs can achieve comprehensive properties that other materials cannot
match. The application of MOFs in gas storage [22], separation [23] and
catalysis [24] has been widely concerned, but the application of MOFs in
sorption compressors is rarely studied [25]. This study investigates
whether MOFs are applicable for sorption compressors, and the per-
formance of sorption compressors using methane as working fluid and
Saran activated carbon, MOF-5 and HKUST-1 as adsorbents is analyzed
and compared. Section 2 presents the modelling of a sorption
compressor, including a thermodynamic model and a dynamic model. In
Section 3, the optimized efficiencies of sorption compressors with three
adsorbents under different cooling temperatures, exhaust pressures and
suction pressures are compared based on the thermodynamic model.
The actual compressor efficiencies and mass-flow rates are analyzed
based on the dynamic model in Section 4. The paper is closed with
conclusions in Section 5.

2. Modelling
A basic sorption cryocooler is composed of a JT cold stage and a

sorption compressor (see Fig. 1). The main components of the JT cold
stage include a counter-flow heat exchanger (CFHX), a restriction and an
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Fig. 2. Schematic of a compression cycle in the diagram with total adsorption isotherms and as a function of time.

evaporator. The sorption compressor consists of a container filled with
an adsorbent equipped with a heater, a heat switch [27], a heat sink, an
aftercooler, two check valves and two buffers to stabilize the suction and
exhaust pressures. The high-pressure gas from the sorption compressor
undergoes JT expansion when it flows through a restriction, resulting in
a lower temperature. In the steady state operation, the high-pressure gas
upon JT expansion produces liquid, which is contained in the evapo-
rator. The devices mounted on the evaporator can then be cooled by
evaporation of the condensed liquid. The evaporated working fluid
returns through the low-pressure line of the CFHX, thereby cooling the
high-pressure gas flowing in the opposite direction.

Fig. 2 schematically shows a compression cycle in the diagram with
total adsorption isotherms. At the initial state point A, the sorption cell is
heated. When the pressure increases to the state point B, the check valve
of the high-pressure channel opens, and the gas is desorbed from the
adsorbents and flows out of the sorption cell. When the temperature has
increased to the state point C, heating is stopped, the heat switch turns
on and the adsorbent starts to reduce in temperature. When the pressure
decreases to the state point D, the check valve of the low-pressure
channel opens, and the gas flows back to the sorption cell and is
adsorbed on the adsorbents, thus one cycle is completed.

2.1. Thermodynamic model

From a thermodynamic point of view, the ideal performance of a
sorption compressor can be estimated. The thermodynamic model is
based on the following assumptions:

(1) The temperature and pressure inside the sorption cell are
uniform;

(2) The aftercooler and the CFHX of the sorption cryocooler are both
ideal. In other words, the high-pressure gas is cooled to the
cooling temperature (T in Fig. 2) by passing through the after-
cooler, whereas the low-pressure gas from the evaporator is
heated to the cooling temperature by passing through the CFHX;

(3) Since we aim to compare the adsorbents, the heat consumed by
the heater, the container and the heat switch, as well as the heat
losses to the environment are neglected;

(4) In order to analyze the performance difference induced by the
intrinsic properties of the adsorbent materials, the dead volume
contribution due to the cell itself (e.g. tubing volume between the
adsorbent and the check valves) is neglected, and only the dead
volume due to the pores in the adsorbent is considered;

(5) The equilibrium time of adsorption and desorption is much
shorter than that of heat transfer and fluid flow, which implies
that the amount of the working fluid in the sorption cell at a
particular time can be calculated based on the pressure and
temperature.

The performance of a sorption compressor is evaluated by the effi-
ciency (1) in the thermodynamic model, which is defined by the ratio
of the change in Gibbs free energy of the working fluid to the input heat
into the compressor [28],

_ AgAXx,

N = (1)

qinpur

where Ag is the difference in specific Gibbs free energy between the
inflow and the outflow gas, Ax;, and qinpy: are the delivery amount of
working fluid and the input heat per unit mass of adsorbent per cycle,
respectively.

Since both the aftercooler and the CFHX are assumed to be ideal, the
temperatures of the outflow and inflow gas are both equal to the cooling
temperature (T.). As a result, the Ag can be expressed as [29]:

Ag = g(Py, TL) —g(PL, T.) 2)

where P, and Py are the suction and exhaust pressures, respectively.
The Axy is determined by the difference in the normalized total
adsorption amount between the state points A and C shown in Fig. 2:

Axyy = xlutlA _xmrl(,‘ = (xads +~xfre)‘A - (xuds +xfr5)|c 3)

where xq4 and Xz, are the normalized adsorbed and free gas amount,
respectively. X, is calculated according to the absolute adsorption
isotherms, whereas Xy is given by [26],
¢ Xaas

e = Py (pmr puds) @
where pj, and p,q are the densities of free gas and adsorbed phase,
respectively. p,,. is the bulk density of the adsorbent, and ¢ is the
porosity of the adsorbent.

Qinput is determined by the integration of the input heat in an infini-
tesimal step (dg;y,,) over the heating process (A—B—C in Fig. 2). dqjpp,,
is consumed by the sensible heats for the adsorbent (dg,, ), adsorbed
phase (dq; ;) and free gas (dgp. s,), and the heat of adsorption (dq,;),
written as,

i = Ao sen + AGags sen + AApre sen + AG gy 6))

The mass of the adsorbent and adsorbed phase can be regarded as
constant in each small step. According to the first law of thermody-
namics for a closed system [30], the sensible heats for the adsorbent and
adsorbed phase are given by,

Aq,yy son = Altsor 6)
dqads.:en = duads (7)

where du is the change in internal energy.
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The volume changes of the adsorbent and adsorbed phase are small
and their contribution to the internal energy can be neglected. There-
fore, the changes in internal energy of the adsorbent and adsorbed
phases can be calculated by,

ditgy, = Cy0r(T,p)dT ®
dunds = Xads (Tﬂ p)cv,nd.& (Ta p)dT (9)

where ¢, 5 and ¢, 445 are the specific heat capacities at constant volume
of the adsorbent and adsorbed phase, respectively.

The mass of free gas is assumed to be constant in a small time step
during the compression phase (A—B in Fig. 2). The sensible heat for free
gas during the compression phase can be calculated by,

dqfre..\enlAﬂB = dug, = xfre(T-,P)‘AﬁBCVﬁE(TvP)dT (10)

where Xg.|,_,p denotes the normalized mass of free gas in the sorption
cell, calculated as Eq. 4.

In discharge phase (B—C in Fig. 2), some free gas flows out of the
sorption cell with a constant exhaust pressure. If we take the gas
remaining in the cell and the discharged gas as a closed system, then this
system undergoes an isobaric process. The sensible heat for free gas
during the discharge phase can be calculated by,

Wpeenl e = Ao = 532 (1) cCpee(T.p)T an

where dhy, is the change in enthalpy, c, s is the specific heat capacity at
constant pressure of free gas, and Xp.|z_ . is the normalized mass
including both free gas in the sorption cell and the discharged gas,
calculated as,

x_/’rc(Tap)IBaC = xmrlA _xad:(T7p> 12)
The heat of adsorption dgq,; is calculated by,

A4, = Giso(T, P)[Xaas (T +dT, p + dp) — Xaus (T, p)] (13)

where gjs, is the isosteric heat of adsorption, given by [31],

RT? op

o a4

qixo(T7p) =

By combining Egs. (5)-(14), one can derive,

xfr:'(Tvp) IA—»BCvfrr'(T7p)dT

dqin ur = Cv.sor (Typ)dT + Xads (T,P)vaad_?(T7p)dT =+ {
" Xfre(Tvp)|B—>CCI7J'78(T7p)dT

RT? dp
M—p(ﬁ)’("‘“ [Xaas (T +dT ,p +dp) — Xaas (T, p)]

(15)

As a result, gimpye can be calculated by integrating dg,,,, along the curve
A—-B—Cin Fig. 2,

Ginpur = / dqin])ut Xior +/ dqinputlp (16)
A-B B-C

It should be noted that the specific heat capacity at constant pressure
was used to calculate the sensible heats of all the materials in some
studies [13,28], whereas the type of specific heat capacity was not
clearly specified in others [32,33]. For the adsorbent and adsorbed
phase, ¢, and c, are close, whereas the sensible heat of free gas occupies a
small percentage in the total input heat (less than 5% in our simulated
cases). As a result, the different calculation methods for input heat do
not result in significant differences in the efficiency and mass-flow rate.
Despite this, the calculation method presented in this study has more
clear physical meaning and is beneficial to understanding the
compression process of sorption compressors.

By combining Egs. (1)-(4) and Eq. 16, the compressor efficiency can
be calculated. For a compressor with fixed suction pressure, cooling
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Fig. 3. Cross-section of the cylindrical sorption cell in the dynamic model.

Table 1
The radial dimensions of the compressors in the dynamic model.
rpr (mm) T'sor (mm) rcont (mm) rsw (mm)
0.5 5 5.25 5.35
Table 2

The lengths of the compressors in the dynamic model.

Adsorbent MOF-5 [34-37] HKUST-1 [34-36,38] Saran [10,39]

Length (mm) 200 141 113

temperature and exhaust pressure, the compressor efficiency is a func-
tion of the heating temperature. And the optimized efficiency refers to
the maximum efficiency, which corresponds to the optimum heating
temperature. In Section 3, the optimized efficiencies of compressors
using MOF-5, HKUST-1 and Saran carbon as the adsorbents are
compared and analyzed based on the thermodynamic model.

2.2. Dynamic model

In order to investigate the effect of the finite thermal conductivities
of adsorbents on compressor performance and understand the
compressor behavior in practical cycles, a dynamic model was built and
implemented in MATLAB code. The model can be used to predict the
dynamic performance of the sorption compressor and to optimize the
compressor design. The dynamic model presented in this study is based
on the configuration of the sorption cell shown in Fig. 3. The sorption
cell consists of a heater, an adsorbent mixture, a cell container and a heat
switch. The relative positions of the components are shown in Fig. 3. The
adsorbent mixture refers to the mixture of the adsorbent, the adsorbed
gas and the free gas. The dimensions of the compressors in the dynamic
model are given in Tables 1 and 2. The radial dimensions of the com-
pressors are identical for the three adsorbents, while the sorption-cell
length for each adsorbent is inversely proportional to its bulk density
in order to compare the compressor performance under the same total
adsorbent mass condition (7.9 g in this study).

The dynamic model is based on the following assumptions:
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Table 3
The heat generation terms of the components of the sorption cell.
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Fig. 4. Element distribution along the radius direction, adapted from [33].

(1) As a result of the cylindrical configuration and long length over
diameter ratio of the sorption cell, 1-dimensional dynamic model
is adopted in this study, and only the radial temperature gradient
is considered;

(2) At a specific radius, the adsorbent, adsorbed gas and free gas of
the adsorbent mixture have the same temperature;

(3) Due to the slow flow process in the sorption cell, the pressure
drop through the adsorbent pores is neglected;

(4) The check valves are ideal, that is, the cracking pressure (pressure
difference between check valve’s inlet and outlet) is zero.

(5) Since OFF conductance of the heat switch is much smaller than its
ON conductance, it is assumed that the heat switch has an infinite
resistance at the OFF state. Therefore, the boundary condition at
the cell container is adiabatic during the heating process.
Whereas the thermal resistance at the ON state is calculated based
on Egs. (13)-(20) of literature [40].

In addition to the above assumptions, the dynamic model also in-
cludes assumptions 4 and 5 of the thermodynamic model.

In the dynamic model, the general energy conservation equations for
the components of the sorption cell can be expressed by:

oT
pes = V-(AVT) + §,,, compression/decompression phase

oT an
Persy = V-(AVT) +§,,, discharge/charge phase

The heat generation terms (g,,,) for the components of the sorption

cell are given in Table 3, where Qg is the heating power of the heater,
Dy is the heater diameter and L is the heater length (i.e. the sorption cell
length).

In compression and decompression phases, the pressure inside the
cell can be calculated by the conservation of the total mass of the
adsorbed and free gases, while the pressures in discharge and charge
phases are constant set by the check valves. That is:

Cryogenics 123 (2022) 103441

—ee el —( compression/decompression phase

d( /// Vw”dxm,(P, 7))
dt

(18)

p(t) =pu discharge phase

p(t) =pL charge phase

There are two equations for each phase (Egs. 17 and 18) and four
unknowns: T, p, Xqas and xg.. Therefore, two more equations are required
to close the equations, which are the adsorption isotherm equation
Xqas = f1(p, T) and the real gas equation of state p = f»(p,T). In this study,
the adsorption isotherms are calculated based on the data from [34,39].
And the density of free gas is derived from REFPROP according to the
Helmholtz equation of state for methane [41,42].

As shown in Fig. 4, for a control volume of one radian, the 1-dimen-
sional energy conservation equation (Eq. 17) is discretized according to
the implicit finite control volume method [43].

(T{x+l _ Tr_1+l )

it+1 i

(pe); (T — TH)AV
At

T_n+l_T(x+1
=1, v VLt
T'w e

reL+ G, AV

19)
where ¢ stands for ¢, or ¢,. n and i are the indexes of time step and
element, respectively. AV; is the control volume of i element, given by,

2 —r
E WL

AV; = (20)

As the thermal conductivity is temperature-dependent, Ay and g are the
harmonic mean values between two neighbor elements [43],

1

y—=— 21

w Ay ar, (C3Y)
AT7,) Brw T ATT) Arw

= ! 22

= L1 Mg (22)
A(T?) Arg AT} ) Arg

Through this discretization, the partial differential equations of en-
ergy conservation become nonlinear algebraic equations and can be
solved by MATLAB.

In the dynamic model, the efficiency is calculated by,

_ Amyg,Ag

Nay (23)

’ QHTtheat

where Amy, is the mass of discharged gas, teq is the heating duration.
And the mass-flow rate is calculated by,
A re
= 2

(24)

Loye

where t. is the cycle time.

To verify the dynamic model, the modelling results of the dynamic
model are compared to the simulated and measured data of the litera-
ture [32]. In the case given in the literature, the sorption cell using Saran
carbon as the adsorbent and helium gas as the working fluid was cycled
between 9.2 bar and 14.5 bar. Fig. 5 shows how the pressure and mass-
flow rate change with time as the heater is switched on with a heater
power of 30 W lasting for 12 s, and then the sorption cell is cooled down
by liquid nitrogen for 78 s. As shown in Fig. 5, there are four main de-
viations between our simulated results and measured data of the liter-
ature, which are:

(1) Measured pressure is higher than the set value of the high-
pressure check valve during the discharge phase, whereas it is
lower than the set value of the low-pressure check valve during
the charge phase (see Zoom-In A and Zoom-In B Fig. 5(a)).
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Fig. 5. (a) Predicted pressure and (b) mass-flow rate compared to the simulated and measured data of the literature [32]. The sorption cell filled with helium was
initially heated with a heater power of 30 W lasting for 12 s, followed by cooling with liquid nitrogen for 78 s. The negative and positive mass-flow rates refer to the

mass-flow rates of the discharge and charge phases, respectively.

(2) Simulated pressure reaches the exhaust/suction pressure faster
than measured pressure (see Zoom-In A and Zoom-In B Fig. 5(a)).
Correspondingly, simulated discharge and charge phases both
start earlier than measured results (see Zoom-In A and Zoom-In B
Fig. 5(b)).

(3) Measured out-flow has a small non-zero value at the end of the
discharge phase (see Zoom-In B Fig. 5(b)).

(4) Simulated peak values of out-flow and in-flow are both higher
than the measurement.

These deviations can be mainly attributed to reasons from two
aspects.

The first reason is the non-ideality of the valves, which is not taken
into account in the dynamic model. Due to the cracking pressure of the
check valves, the measured pressure is higher than the set exhaust
pressure during out-flow and lower than the set suction pressure during
in-flow. In addition, the cracking pressure of the check valves also
contributes to earlier start times of the simulated discharge and charge
phases. Furthermore, the check valve cannot close immediately, leading
to a small measured mass-flow rate at the end of the discharge phase.

The second reason is the uncertainty of the properties of the

adsorbent and the adsorption isotherms. An increase in the specific heat
capacity of the adsorbent results in a decline in the change rate of the
average adsorbent temperature and the pressure inside the cell, and thus
the delayed start times of the discharge and charge phases. Meanwhile,
the peak values of out-flow and in-flow decrease with increasing specific
heat capacity. When the thermal conductivity of the adsorbent de-
creases, the time that the pressure inside the cell reaches the exhaust/
suction pressure increases, so do the start times of the discharge and
charge phases. Whereas the peak values of out-flow and in-flow
decrease. This can be explained in such a way that a smaller thermal
conductivity of the adsorbent results in a larger temperature gradient in
the sorption cell. In other words, the inner adsorbent is over-heated
whereas the outer adsorbent is not heated sufficiently. In addition, a
decrease in the adsorption amount also leads to a lowered change rate of
pressure and reduced peak values of out-flow and in-flow.

To summarize, the integration of non-ideality of the valves, under-
estimated specific heat capacity of the adsorbent, as well as over-
estimated thermal conductivity of the adsorbent and adsorption amount
is possibly the main reason that leads to the deviation between simu-
lated and measured results. Due to the deviation, reasonable margins
should be considered using this dynamic model to design a sorption
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Saran (c) [34,39].

compressor. In this study, we focus on the performance comparison of
the three adsorbents, and the deviation is deemed to be acceptable.

3. Thermodynamic analysis
3.1. Effect of the exhaust pressure

Fig. 6 shows a comparison of the optimized compressor efficiency
among the three adsorbents. The optimized efficiency is plotted as a
function of exhaust pressure at different cooling temperatures. It is
important to realize that the highest heating temperatures for MOF-5
and HKUST-1 are limited to their decomposition temperatures, which
are generally measured as 623 K for both adsorbents [44,45]. Therefore,
the heating temperature limit is set at 600 K for these two adsorbents in
both the thermodynamic and dynamic models, whereas there is no such
limit for Saran carbon. For a given adsorbent (taking HKUST-1 as an
example), the optimized efficiency increases with decreasing cooling
temperature for a given exhaust pressure, and increases at first and then
decreases with increasing exhaust pressure for a given cooling
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Fig. 9. (a) The delivery amount of methane (Ax); (b) total input heat (qinpur)
per cycle for T;, = 250 K as a function of the exhaust pressure for the three
adsorbents. The suction pressure is fixed at 1 bar.

temperature.

The changes of efficiency are caused by multiple factors including
the delivery amount, the specific Gibbs free energy and the input heat as
shown in Fig. 7. The difference in specific Gibbs free energy between the
inflow and the outflow gas increases with increasing cooling tempera-
ture and exhaust pressure. The delivery amount of methane of a cycle,
which is determined by the total adsorption isotherms (see Fig. 8), in-
creases with the decrease in the cooling temperature for a given exhaust
pressure. However, the delivery amount of methane of a cycle does not
change monotonically with exhaust pressure for a given cooling tem-
perature because of the inconsistent optimum heating temperatures for
different exhaust pressures (see Fig. 7(b)).For a given cooling tempera-
ture, the input heat first increases with increasing exhaust pressure and
then slightly decreases after the optimal heating temperature reaches
600 K. And how the input heat changes with the cooling temperature
depends on the exhaust pressure. The input heat is mainly consumed by
four items, including the sensible heats of the free phase, adsorbed phase
and adsorbent, and the heat of adsorption, among which the sensible
heat of adsorbent accounts for the largest proportion. This indicates that
the specific heat capacity of the adsorbent should be as small as possible
in order to improve the optimized efficiency of the compressor. The
sensible heat of adsorbent first increases and then keeps constant as the
exhaust pressure achieves 40 bar. The reason is that the optimum
heating temperature corresponding to the optimized efficiency for a
given exhaust pressure first increases with increasing exhaust pressure
and then reaches the temperature limit of 600 K at 40 bar.

As shown in Fig. 6, when the cooling temperature is 250 K and the
exhaust pressure is less than 22 bar, HKUST-1 has the highest optimized
efficiency, followed by Saran carbon and MOF-5 in turn. However, as the
exhaust pressure exceeds 22 bar or the cooling temperature exceeds 260
K, Saran carbon has the highest optimized efficiency, followed by
HKUST-1 and MOF-5 in turn. Moreover, for the case with a cooling
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(d). The exhaust pressure is fixed at 40 bar.

temperature of 300 K, the highest pressures that compressors based on
MOF-5 and HKUST-1 can provide are only 11 bar and 30 bar, much less
than the exhaust pressure of Saran based compressor. As shown in Fig. 9,
the poor performance of MOF-5 based sorption compressor is mainly
due to its small delivery amount of methane, followed by the large input
heat per cycle. The delivery amounts of methane for HKUST-1 and Saran
are relatively close when the exhaust pressure is less than about 38 bar.
However, the optimal heating temperature of HKUST-1 is limited to its
decomposition temperature (600 K in this study) when the exhaust
pressure exceeds 38 bar. As a result, the delivery amount of methane for
HKUST-1 decreases significantly with the increase of exhaust pressure,
leading to lower optimized efficiency than Saran.

3.2. Effect of suction pressure

Fig. 10 shows optimized efficiency as a function of the suction
pressure for the three adsorbents. The optimum adsorbent for a given
exhaust pressure of 40 bar is determined by both the cooling tempera-
ture and the suction pressure. Saran carbon has the highest optimized
efficiency when suction pressure is less than 1 bar and the cooling
temperature is 250 K, which can be mainly attributed to its highest
adsorption amount of methane under these conditions (see Fig. 8). As
the suction pressure increases further, the optimized efficiency for
HKUST-1 becomes the highest. The optimized efficiencies for Saran
carbon and HKUST-1 with cooling temperatures of 250 K and 260 K first
increase with increasing suction pressure, peak at certain pressures and
then reduce. These trends are integrated results of the delivery amount
of methane, the total input heat and the Gibbs free energy between the
charge and discharge states as discussed in the Section 3.1. Although the
optimized efficiencies for the two adsorbents have the same trends, the
optimized efficiency peaks and corresponding suction pressures are
different. As shown in Fig. 8, the temperature dependent adsorption
amounts of methane on Saran carbon flatten out at lower pressures. This
explains why the optimized efficiency peaks for Saran carbon occur at

lower pressures than HKUST-1. In the considered suction pressure range
of 0.13 bar to 7 bar, the optimized efficiencies for MOF-5 and HKUST-1
with cooling temperatures of 270 K and 300 K increase monotonically
with suction pressure. That is mainly because the adsorption amount of
methane on MOF-5 and HKUST-1 increase almost linearly with suction
pressure in the considered range.

4. Dynamic analysis

The dynamic model is based on the sorption cell configuration that is
schematically shown in Fig. 3, where the heater is at the center of the
cell. In the model, the sorption cell filled with methane was initially at
uniform suction pressure and cooling temperature, then the cell is
heated till the temperature of the innermost layer of the adsorbent
mixture reaches 600 K, followed by cooling via the heat sink till the total
adsorption amount of methane returns to the initial value, which cor-
responds to the total adsorption amount of methane at 250 K and 1 bar.
The actual efficiencies calculated using the dynamic model are
compared with those calculated through thermodynamic model. Fig. 11
(a) shows that the actual efficiencies based on dynamic models are
smaller than those based on thermodynamic models. The difference is
mainly caused by the temperature gradient along radial direction.
Fig. 11 (b) shows that when the innermost layer is heated to 600 K, the
adsorbent along the radial direction is not heated sufficiently, resulting
in the lower actual efficiency. It is noteworthy that the actual efficiency
for HKUST-1 is lower than that for Saran carbon when the exhaust
pressure is larger than about 21 bar. Fig. 11 (c) shows the mass-flow rate
as a function of the exhaust pressure for the three adsorbents. The mass-
flow rate decreases with the increasing exhaust pressure. Among the
three adsorbents, Saran has the highest mass-flow rate.

Taking HKUST-1 as an example, the effects of heat sink temperature
and heater power on the efficiency and mass-flow rate are shown in
Fig. 12. Under given heater power of 10 W, the mass-flow rate increases
with decreasing heat sink temperature due to the reduced cooling time
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Fig. 11. (a) Actual efficiency compared to optimized efficiency as a function of
the exhaust pressure for the three adsorbents; (b) temperature profile along the
radial direction at the moment when the temperature of innermost layer of
adsorbent mixture reaches 600 K for the case with an exhaust pressure of 15
bar; (c) mass-flow as a function of the exhaust pressure for the three adsorbents.
The suction pressure, the heat sink temperature, the average cooling temper-
ature, the highest heating temperature and the heater power are fixed at 1 bar,
245 K, 250 K, 600 K and 10 W, respectively.

(see Fig. 12 (a)). However, the heat sink temperature has no effect on the
efficiency since the average cooling temperature is fixed at 250 K. Under
given heat sink temperature of 215 K, the efficiency and mass-flow rate
both have corresponding optimal heater powers, which are different
from each other and both depend on the exhaust pressure.

The dynamic analysis results indicate that heat transfer enhancement
measures should be taken to improve the performance of sorption
compressors, such as increasing the thermal conductivity of existing
adsorbents by mixing with other materials with high thermal conduc-
tivity [46], developing new adsorbents with better overall properties
(larger delivery amount, smaller specific heat capacity and higher
thermal conductivity), optimizing the sorption cell structure (for
instance, thin-plate type sorption cell [9]) among others.

10
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Fig. 12. (a) Mass-flow as a function of the exhaust pressure for different heat
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The suction pressure, the average cooling temperature and the highest heating
temperature are fixed at 1 bar, 250 K and 600 K, respectively. The heater power
is fixed at 10 W for (a) and the heat sink temperature is fixed at 215 K for (b)
and (c).

5. Conclusion

In this study, the efficiency and mass-flow rate of sorption com-
pressors, which adopt methane as working fluid and Saran carbon, MOF-
5 and HKUST-1 as adsorbents, are compared and analyzed based on
thermodynamic and dynamic models. It is found that despite the total
adsorption amount of methane on MOF-5 and HKUST-1 are both larger
than that on Saran carbon at relatively high pressure, MOF-5 based
sorption compressor has worst performance in the scope as we con-
cerned, which can be mainly attributed to its small delivery amount of
working fluid and thermal conductivity. Saran carbon has the highest
mass-flow rate. And whether HKUST-1 or Saran carbon has higher ef-
ficiency depends on the operating conditions. The effects of heat sink
temperature and heater power on the performance of sorption com-
pressors are also investigated under identical suction pressure and
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cooling temperature. It is concluded that the mass-flow rate increases
with decreasing heat sink temperature. The optimal heater power for the
efficiency differs from that for mass-flow rate. It is hoped that this study
will provide a theoretical basis for more in depth studies relating to
adsorbent selection for sorption compressors and optimization of oper-
ating conditions.
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