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Effects of different adsorber bed designs on in-situ water uptake rate
measurements of AQSOA FAM-Z02 for vehicle air conditioning
applications
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H I G H L I G H T S

• Water uptake rate of AQSOA FAM-Z02 packed in an adsorber bed is measured in-situ.
• Effects of two different adsorber bed designs are studied on water uptake rate.
• High heat transfer surface area and small fin spacing are key features of a well-designed adsorber bed.
• Specific cooling power of 112.9 W/kg is achieved by in-situ water uptake rate measurements of AQSOA FAM-Z02.
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A B S T R A C T

Adsorption cooling systems (ACS) utilize waste heat to produce the cooling power required for air con-
ditioning (A/C) in vehicles. In addition to having an adsorbent with high adsorbate uptake rate and thermal
conductivity, different adsorber bed designs can significantly affect the performance of an ACS. In this
study, the water uptake rate of AQSOA FAM-Z02 packed in two different adsorber beds is measured in-
situ under adsorption and desorption temperatures of 30 and 90 °C, and the water vapor supplied at 20 °C.
The effects of some parameters, such as changes in the density of heat transfer fluid and stiffness of flex-
ible hosing connected to the adsorber bed, show significant contribution in the adsorbate uptake mass
measurements. To de-convolute these undesirable effects, a two-step mass measurement is performed
to precisely measure the adsorbate uptake rate. To verify the developed method, the equilibrium water
uptakes of AQSOA FAM-Z02 are measured and compared against the available data in the literature mea-
sured by a thermogravimetric analysis. Next, the water uptake of AQSOA FAM-Z02 is measured for different
cycle times, followed by calculation of specific cooling power (SCP) and coefficient of performance (COP).
Results show that high heat transfer surface area and small fin spacing are the main specifications of a
well-designed adsorber bed for ACS applications. As a result of using AQSOA FAM-Z02 and a well-
designed adsorber bed, a SCP of 112.9 W/kg and a COP of 0.34 are achieved at cycle time of 10 min.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Air conditioning and refrigeration (A/C-R) systems are responsible
for using about 30% of the total worldwide energy produced [1] and
the number of A/C-R units is expected to reach 78.8 million units by
2015. The Supplemental Federate Test Procedure (SFTP) for emission
tests of A/C systems (SC03) in vehicles with gross weight of under
2608 kg showed that A/C systems contributed to 37% of the total tail-
pipe emissions [2]. Furthermore, about 70% of the total fuel energy
released in an internal combustion engine (ICE) iswasted as a high tem-
perature heat that is dissipated through the engine coolant and exhaust

gas [3]. Waste heat-driven adsorption cooling systems (ACS) are po-
tential energy efficient replacements for vapor compression refrigeration
cycles (VCRCs) where low-grade thermal energy is available. ACS can
use the waste heat of an ICE to provide cooling in vehicles and dras-
tically reduce the fuel consumption and carbon footprint of vehicles.

A waste heat-driven ACS uses an adsorbate, such as water or
methanol, that is adsorbed and desorbed from the surface of a solid
adsorbent, such as zeolite, silica gel, or activated carbon. Most of
these materials are non-toxic, non-corrosive, and inexpensive [4],
making ACS a safe and environmentally friendly technology. ACS
operate quietly and are easy to maintain because valves are their
only moving parts [5]. However, current ACS are limited in their use-
fulness for commercial vehicle applications, specifically light-
duty vehicles, because of their bulkiness and heavy weight. Themain
challenges facing this technology are low coefficient of perfor-
mance (COP = cooling energy / input energy) and low specific cooling
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power (SCP = cooling energy / (adsorbent mass × cycle time)) that
originate from the low thermal conductivity of adsorbent par-
ticles (~0.1 to 0.4 W/mK) [6–8] and the low mass diffusivity of
adsorbent-adsorbate pairs (~10−8 to 10-14m2/s) [7,9].

To overcome these limitations, different composite adsorbentma-
terials with high thermal conductivity and high adsorbate uptake
have been developed such as the ones reported in Refs. [10–14].
AQSOA FAM-Z02 is one of these synthetic materials developed for
A/C applications byMitsubishi Chemical Ltd. [15]. FAM-Z02 showed
high durability of 60,000 cycles with no reduction in its uptake ca-
pacity and low desorption temperature of 75–95 °C [15], making it
a good candidate for ACS applications. However, its thermal con-
ductivity is 0.117 W/mK [16]. Thermogravimetric analysis (TGA) is
a well-known technique for measuring the adsorbate uptake of an
adsorbent material. In a TGA, mass changes of fewmilligrams of an
adsorbent are measured during adsorption or desorption under a
controlled temperature and pressure. Thewater vapor sorption iso-
therms of FAM-Z02measured by a TGA can be found in Refs. [17–20].
The nominal adsorption and desorption temperatures of
a waste heat-driven FAM-Z02 ACS reported in the open literature
were 30 °C and 90 °C. TGA measurements showed that the equi-
libriumwater uptakes of FAM-Z02 at 30 °C and 90 °Cwere 0.33 and
0.023 kg/kg with the water vapor source temperature maintained
constant at 20 °C [19]. Therefore, the equilibrium water uptake
difference of FAM-Z02 under these operating conditions was
0.307 kg/kg. In a real application, however, adsorption and desorp-
tionoccurunder largepressure jumpsandnon-isothermal conditions,
making the operating conditions far from the ideal found in a TGA.

Adsorbate uptake capability of an adsorbent material packed in
an adsorber bedmay be further reduced by the adsorber bed design,
interparticle mass transfer resistance, and pressure drop within the
adsorber bed, as well as effects from other components of the ACS,
e.g. condenser and evaporator. A metallic wire mesh or perforated
sheet is necessary for holding loose adsorbent grains inside the
adsorber bed, which contributes to the pressure drop andmass trans-
fer resistance. More importantly, ACS is a dynamic system and, as
a result of adsorption and desorption within short cycle times (less
than 30 min), the adsorbate uptake of an adsorbent material does
not reach the equilibrium value measured by a TGA. Due to these
geometrical and operational constrains, the adsorbate uptake ca-
pability of an adsorbent material reduces in the short periods of
adsorption and desorption processes. To quantify these effects and
measure the adsorbate uptake rate of adsorbent materials in con-
ditions close to reality than in a TGA, a variety of experiments have
been designed, as summarized in Table 1.

The main goal of these studies, tabulated in Table 1, was to find
the effects of large-scalemasses (>1 mg) of different adsorbentma-
terials with different grain sizes and number of adsorbent layers on
their in-situ adsorbate uptake rate. Riffel et al. [30], Dawoud [37],
Gordeeva et al. [38] and Santamaria et al. [39] also studied the effects
of different adsorber bed designs on the adsorbate uptake rate of
adsorbent materials. Riffel et al. [30] measured the water uptake
rate of silica gel and zeolite packed in a finned tube heat exchanger
for adsorption times of less than 3 min. They have mentioned that
the scale had to be calibrated for each set of experiments because
of the flexible tubes and different heat exchangers. However, they
had not noted the effects of the density change of the heat transfer
fluid during adsorption and desorption on the adsorber bed mass
measurements.Dawoud [37]measured thewater uptake rate of FAM-
Z02 indirectly from the performance analysis of an adsorption heat
pump. Using thismethod can bemisleading because of the thermal
masses of condenser and evaporator. For example, the thermalmass
of an evaporator delays the heat transfer from the chilled water to
the adsorbate and calculating the adsorbate uptake of an adsor-
bent material from the chilled water cooling power results in
underestimating thewateruptake. Tominimize sucherrors, therefore,

in-situ adsorbateuptake ratemeasurements arepreferred. Santamaria
et al. [39] calculated the performance of an ACS by measuring the
water uptake of FAM-Z02 with 72-90 g mass. Their measurements
showed 6–8 times higher values thanwhat they found in their large-
scale tests because of mass transfer resistances between particles
and the metal mesh wrapped around the adsorber bed, and the
designs of the condenser and evaporator of the ACS [39].

Based on the literature review, one can conclude that large-
scale adsorbate uptake rate measurements for ACS applications lead
to more realistic data than those measured by a TGA, but new pa-
rameters affect the measurements and, in some cases, they result
in underestimating the adsorbate uptake rate. In this study, we tried
to resolve some of these problems, namely, density change of heat
transfer fluid and stiffness change of flexible hosing connected to
the adsorber bed. The equilibriumwater uptake of FAM-Z02 packed
in two different adsorber beds is measured in-situ and compared
against the TGA data under the adsorption and desorption tem-
peratures of 30 °C and 90 °C, respectively, and the water vapor
supplied at 20 °C. The effects of different cycle times on the water
uptake rate of FAM-Z02 are also studied. The significance of heat
transfer fluid density change and flexible hosing stiffness varia-
tions are investigated and, finally, the maximum achievable SCP and
COP by using the adsorber beds are calculated.

2. Experimental testbed

To measure the mass exchange of an adsorbent packed in an
adsorber bed under adsorption or desorption, an experimental test
setup was designed and built as shown in Fig. 1. The adsorber bed
was placed on a scale (Setra, Supper II) with ±1 g accuracy and con-
nected to cooling and heating fluid temperature control systems,
TCSCF and TCSHF, for intermittent adsorption and desorption. A water
source at a constant temperature, shown in Fig. 1, was connected
to the adsorber bed using a vacuum rated flexible hose. This water
source served as an evaporator and a condenser during adsorp-
tion and desorption, respectively.

To test the effects of different adsorber bed designs, two heat ex-
changers with different geometries (No. 1 in Fig. 2a and 2b) were
connected to the evaporator/condenser container (No. 3 in Fig. 2a and
2b). The first heat exchanger (called Design I) was built based on the
results of Sharafian et al. [44] andwas placed inside a vacuumchamber,
as shown in Fig. 2a. The second adsorber bed (called Design II), which
was an engine oil coolermanufactured by Hayden Automotive (model
#1268), was placed in a custom-built vacuum chamber, as shown in
Fig. 2b. The heat exchangers in Designs I and II had the same mass.
However, the fin spacing and heat transfer surface area of heat ex-
changers in Designs I and II were 6.47mmand 0.235m2, and 2.34mm
and 2.8m2, respectively. To measure the temperature and pressure of
the adsorber beds and evaporator/condenser container, thermo-
couples type T (Omega, model #5SRTC-TT-T-36-36) with accuracy of
0.75%of reading indegreeCelsius, and twopressure transducers (Omega,
model #PX309-005AI) with 0–34.5 kPa absolute pressure range and
±0.4 kPa accuracy were installed. A positive displacement flowmeter
(FLOMEC,Model # OM015S001-222)with accuracy of 0.5% of reading
in L/minwas installed on the adsorber bed tomeasure the heating and
cooling fluid flow rates. Table 2 shows further details on the adsorber
bed geometries and operating conditions. It can be seen in Table 2 that
the amount of adsorbent material inside the adsorber bed of Design
II is more than that of Design I. To supply enough water vapor during
adsorption process, two evaporators of the same type were con-
nected to the adsorber bed of Design II, as shown in Fig. 2b.

The adsorber bed, packed with the FAM-Z02, was heated using
a 90 °C heating fluid and simultaneously evacuated for 8 hours to
be completely dried out. The adsorber bed was then placed on the
scale and connected to the evaporator, TCSHF, and TCSCF. For an ad-
sorption process, TCSCF circulated a 30 °C cooling fluid to the adsorber
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bed and once the valve between the adsorber bed and the evapo-
rator was opened the FAM-Z02 adsorbed the water vapor from the
evaporator. This adsorption caused the adsorber bed mass to in-
crease over time. For a desorption process, the adsorber bed was
heated up with a 90 °C heating fluid and the adsorber bed mass
reduced due to desorption of water.

3. Data analysis

The performance of the adsorber beds is evaluated by calculat-
ing the COP and SCP of the ACS. Eq. (1) gives the ideal evaporation
cooling energy, calculated based on the in-situ water uptake rate
measurements of FAM-Z02:

Table 1
In-situ adsorbate uptake rate measurements of different adsorbent materials in a large-scale test bed.

Ref. Adsorbent-adsorbate pair Adsorbent mass Purpose

Dawoud and Aristov [21] Mesoporous silica gel-water
Alumina-water
Silica gel + CaCl2 (SWS-1L)-water
Alumina + CaCl2 (SWS-1A)-water

3 g Measuring the kinetics of water sorption of loose adsorbent grains
under real ACS operating conditions

Aristov et al. [22,23] Silica gel + CaCl2 (SWS-1L)-water 0.022–0.025 g Effects of grain size (0.7-2.8 mm) and temperature (33-69 °C) on
the kinetics of water sorption of SWS-1L under real ACS operating
conditions

Dawoud [17] FAM-Z02-water 0.150 g Effects of grain size (0.7-2.6 mm) on water sorption rate of
FAM-Z02 under real ACS operating conditions

Dawoud et al. [24] Consolidated zeolite-water 3 g Measuring the kinetics of water sorption of consolidated zeolite
layer with 0.7 mm thickness on an aluminum substrate under real
ACS operating conditions

Glaznev and Aristov [25–27]
Glaznev et al. [16]

Silica gel + CaCl2 (SWS-1L)-water
RD silica gel-water
FAM-Z02-water

0.420–0.425 g Effects of residual air on water sorption rate of adsorbents under
real ACS operating conditions

Storch et al. [28] Zeolite 13X-water 180 g Effects of 3500 adsorption/desorption cycles on the equilibrium
water uptake of zeolite 13X

Schnabel et al. [29] Coated zeolite A-water
Coated zeolite X-water

0.170 g
1.030 g

Measuring water uptake rate of zeolite coated directly on a
metallic substrate

Riffel et al. [30] Silica gel-water
Zeolite water

1.051 kg
1.093 kg

Measuring water uptake rate of two different adsorbent materials
packed in a finned tube heat exchanger under real ACS operating
conditions

Solmuş et al. [31] Natural zeolite-water 1.667 g Measuring equilibrium water uptake of zeolite packed in an
adsorber bed

Ovoshchnikov et al. [32] Silica gel + CaCl2 (SWS-1L)-water - Measuring water uptake rate of SWS-1L to find different water
diffusion mechanism inside SWS-1L

Askalany et al. [33] Activated carbon-R134a - Measuring equilibrium R134a uptake of granular activated carbon
Aristov et al. [34]
Aristov [35]
Chakraborty et al. [36]

RD silica gel-water - Effects of adsorbent grain size and number of adsorbent layers on
its water uptake rate under large temperature jumps

Dawoud [37] FAM-Z02-water 204 g
1.5-2.53 kg

Calculating the kinetics of water uptake of FAM-Z02 indirectly by
using the performance analysis of an adsorption heat pump

Gordeeva et al. [38] LiBr + silica gel-ethanol 0.300 g
56-76 g

Measuring in-situ ethanol uptake rate of loose LiBr + silica gel
grains packed in finned tube heat exchangers with different
length/height ratios

Santamaria et al. [39] FAM-Z02-water 72-90 g Effect of heat exchanger geometry, adsorbent grain size and heat
transfer fluid flow rate on in-situ water uptake rate measurement
of FAM-Z02

Frazzica et al. [40] SAPO 34 + bentonite clay + carbon fiber-water 0.26-0.85 g Measuring the water uptake rate of the composite adsorbent
coated on a metallic plate with different thicknesses

Sapienza et al. [41] SAPO 34-water 4.49–33.13 g Effects of adsorbent grain size and number of adsorbent layers on
in-situ water uptake rate measurement of SAPO 34 under real ACS
operating conditions

Gordeeva and Aristov [42] Activated carbon ACM-35.4-methanol 0.5 g Effects of 0.8-4.0 mm adsorbents and number of adsorbent layers
on water uptake rate of activated carbon ACM-35.4

Freni et al. [43] Coated SAPO 34-water 84 g Measuring in-situ water uptake rate of SAPO 34 with 0.1 mm
thickness coated on an aluminum heat exchanger under real ACS
operating conditions
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Fig. 1. Schematic of the experimental test setup.
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Q J m hevap ideal adsorption adsorbent fg, ( ) = Δω (1)

where Δωadsorption is equal to Δm madsrobate uptake adsorbent , i.e. the amount
of water adsorbed during an adsorption process over the mass of
dry adsorbent, and hfg is the enthalpy of evaporation of water at the
evaporator temperature. In this study, the ideal evaporation cooling
energy refers to an evaporator with the effectiveness of one and
thermal mass of zero in which there is no temperature drop between
the refrigerant and the chilled water circulated inside the evapo-
rator. This assumption is in agreement with the data measured using
a TGA such as the data reported in Ref. [17]. The total heat trans-
fer to the adsorbent material during a desorption process is:

Q J m c T T dttotal heating hf p hf hf i hf o

desorption

( ) = −( )∫ � , , , (2)

where �mhf is the heating fluid mass flow rate and T Thf i hf o, ,- is the
temperature difference between the inlet and outlet of the adsorber
bed. Using Eqs. (1) and (2), the ideal COP and SCP of the ACS can
be calculated:

COP
Q
Q

ideal
evap ideal

total heating

= , (3)

SCP W kg
Q

m
ideal

evap ideal

adsobent cycle

( ) = ,

τ
(4)

where τcycle in Eq. (4) is the cycle time.

4. Results and discussion

4.1. Effect of changes in density of heat transfer fluid and stiffness of
hosing on in-situ mass measurements

Fig. 3 shows the variations in the heating and cooling fluid inlet
and outlet temperatures, and the mass changes of the adsorber bed
in Design II during adsorption and desorption at cycle time of 60min.
It can be seen in Fig. 3 that by cooling the adsorber bed in Design
II, adsorption process starts and mass of adsorber bed increases. At
the end of adsorption process, the mass of the adsorber bed reaches
its maximum value. By heating the adsorber bed, the adsorbate is
desorbed from the FAM-Z02 and flows to the condenser, and as a
result, the mass of the adsorber bed starts reducing, as shown in
Fig. 3b.

The heat transfer fluid used for heating and cooling of the
adsorber beds was silicone oil (Julabo, Thermal P60), which had a
density change from 909 kg/m3 at 30 °C to 854 kg/m3 at 90 °C.
Further, the stiffness of the hosing connected to the adsorber beds
changed during heating and cooling processes and affected themass
measurements. To eliminate these undesirable changes in the
adsorber bed mass measurements, the adsorber beds were discon-
nected from the evaporator/condenser container, and heating and
cooling processes were performed tomeasure the adsorber bedmass
change caused only by the variations of heat transfer fluid density
and the stiffness of the hosing. Fig. 3b indicates that these varia-
tions can have significant effects on the adsorber bed mass
measurement and, consequently, the water uptake rate calcula-
tions and should thus be de-convoluted from the measured data.

Fig. 4 shows the variation of evaporator/condenser pressure, Pevap/
cond, for Designs I and II under a cycle time of 60 min. The red line
in Fig. 4 shows the saturation pressure of water at 20 °C. It can be
seen in Fig. 4 that during the adsorption process, the adsorber beds
in Designs I and II create suction, and Pevap/cond reduces. This reduc-
tion in the evaporator pressure causes water to start evaporating
inside the evaporator. Fig. 4 also indicates that Pevap/cond is lower when
the evaporator is connected to the adsorber bed in Design II than
when it is connected to the adsorber bed in Design I, because of
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Fig. 2. Details of the experimental setup for (a) Design I and (b) Design II. 1: adsorber bed, 2: scale, 3: evaporator/condenser, 4: flexible hose, and 5: heating/cooling fluid
ports.

Table 2
Specifications of adsorber beds and operating conditions.

Parameter Design I Design II

Working pairs AQSOA FAM-Z02/water
Adsorbent particles
diameter (m)

0.002

Mass of adsorbent (kg) 0.62 1.50
Metal mass of adsorber
bed (kg)

2.80 2.87

Adsorber bed heat
transfer surface area,
Abed, (m2)

0.235 2.80

Fin spacing (mm) 6.47 (3.5 fins per inch) 2.34 (10 fins per inch)
Fin dimensions 12.7 cm (5”) diameter 43.18 × 30.48 cm (17” × 12”)
Heating fluid mass
flow rate to adsorber
bed (kg/s)

0.058 (4.1 L/min of silicone oil)

Cooling fluid mass flow
rate to adsorber bed
(kg/s)

0.062 (4.1 L/min of silicone oil)

Heat capacity of
silicone oil (kJ/kgK)

1.8

Heating fluid inlet
temperature (°C)

90

Cooling fluid inlet
temperature (°C)

30

Evaporation/
condensation
temperature (°C)

20
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higher suction created by the adsorber bed in Design II. Higher
suction by the adsorber bed in Design II causes more water evap-
oration and, as a result, the FAM-Z02 adsorbs more water vapor
within a constant adsorption time. By heating the adsorber beds
in the desorption process, water is desorbed from the FAM-Z02 and
pressures of the adsorber beds increase. Due to the pressure gra-
dient between the adsorber bed and the condenser container, water
vapor is pushed from the adsorber beds to the condenser.

4.2. Effects of adsorber bed design on the equilibrium water uptake
of FAM-Z02

To compare the equilibrium data collected using our experi-
mental setup and the TGA data reported in Ref. [19], two adsorption
and desorption isotherm tests were run under the operating con-
ditions summarized in Table 2. To run the equilibrium adsorption
test, the dried FAM-Z02 packed in the adsorber beds of Designs I
and II was exposed to the water vapor provided by the evaporator
at a constant temperature of 20 °C. As shown in Fig. 5a, the FAM-
Z02 adsorbs the water vapor and the adsorber bed mass increases
until it reaches a constant value of 30% kg/kg. It can be seen in Fig. 5a
that the mass of the adsorber bed in Design II increases faster than
that in Design I. This is because of the higher heat transfer surface
area and faster removal of the heat of adsorption from the adsorber
bed. At the adsorption time of 240 min, the equilibrium water
uptakes of both adsorber beds reach the same value. Fig. 5a also in-
dicates that the equilibriumwater uptakes measured using Designs
I and II are 3% (= 33–30%) less than that measured by the TGA
because of mass resistances inside the adsorber beds which make
the operating condition different from ideal condition.

Fig. 5b shows the desorption curves for Designs I and II under
the operating conditions tabulated in Table 2. Fig. 5b demon-
strates that the adsorber bed of Design II results in faster water
desorption from the FAM-Z02 due to the higher heat transfer rate.
Also, at the end of the desorption process the equilibrium water
uptake of FAM-Z02 in Design II is 1.6% kg/kg less than that in Design
I. The equilibrium water uptakes at the end of the desorption tests
of Designs I and II are 3.8% and 2.2% kg/kg more than that of the
TGA measurement. Finally, by comparing the running times of
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adsorption and desorption processes in Design II, one can con-
clude that the desorption time (120min) is almost two times shorter
than the adsorption time (240min) under the defined operating con-
ditions. The slope of changes in the mass measured over time is the
criterion for reaching to equilibrium under adsorption or desorp-
tion. This slope can be set by the user. We set the changes in the
mass measured over time to be less than 0.033 g/min which is equal
to 2 g changes in the mass measured over 60 min.

4.3. Effects of adsorber designs on the performance of an ACS

The FAM-Z02 water uptake differences, Δω, between two con-
tinuous adsorption and desorption processes were measured in-
situ under different cycle times, as shown in Fig. 6a. It can be seen
in Fig. 6a that the adsorber bed in Design II provides higher Δω than
that in Design I for a constant cycle time. For example, under the
cycle time of 60 min, the adsorber beds in Designs I and II provide
Δω of 3.5% and 10.8% kg/kg, respectively (three times higher uptake
for Design II). Themain reasons for this significant difference between
the Δω of Designs I and II are the high heat transfer surface area
and small fin spacing of the adsorber bed in Design II. These fea-
tures help the FAM-Z02 adsorb more water vapor during adsorption
by more quickly removing the heat of adsorption. Using the mea-
sured Δω, the SCPideal and COPideal of Designs I and II can be calculated.

Fig. 6b shows that the SCPideal of Design I varies between 23.8
and 29.3W/kg for cycle times of 60–180min. In contrast, the SCPideal
of Design II decreases from 112.9 to 63.2 W/kg by increasing the
cycle time from 10 to 120 min. Fig. 6c displays that the COPideal of
Design I increases from 0.22 to 0.40 as cycle time is increased from
60 to 180 minutes while the COPideal of Design II increases from 0.34
to 0.67 as the cycle time is increased from 10 to 120 min. Compar-
ing the SCPideal and COPideal of Designs I and II, as shown in Fig. 6,
indicates that high heat transfer surface area and small fin spacing
are two key features of a well-designed adsorber bed for ACS ap-
plications and having a proper adsorbent material, such as FAM-
Z02, is not necessarily sufficient to reach high ACS performance.

5. Conclusion

The effects of different adsorber bed designs on the perfor-
mance of an ACS were studied by in-situ water uptake rate
measurements of FAM-Z02. The results of a comprehensive liter-
ature review showed that large-scale adsorbate uptake rate mass
measurements could result in closer performance prediction of an
ACS than the adsorbate uptake rate measurements from a TGA.
However, other issues affected the mass measurements, such as
changes in the density of the heat transfer fluid and variations in
the stiffness of the flexible hosing connected to the adsorber beds.
In this study, a systematic procedure was introduced to de-convolute
these parameters from the in-situ mass measurements to get a
precise adsorbate uptake rate and uptake difference measure-
ments. The performance of an ACS was studied under different cycle
times and the results showed that high heat transfer surface area
and small fin spacing were key features of a good adsorber bed
design for ACS applications. Finally, the results indicated that a com-
bination of high quality adsorbent (FAM-Z02) and a well-designed
adsorber bed could produce a SCPideal of 112.9 W/kg and a COPideal
0.34 at cycle time of 10 min.
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Nomenclature

ACS Adsorption cooling system
A/C Air conditioning
A/C-R Air conditioning and refrigeration
cp Heat capacity at constant pressure (J/kg.K)
COP Coefficient of performance
hfg Enthalpy of evaporation (J/kg)
ICE Internal combustion engine
m Mass (kg)
�m Mass flow rate (kg/s)
P Pressure (kPa)
Qtotal Total heat transfer (J)
SCP Specific cooling power (W/kg dry adsorbent)
SFTP Supplemental federal test procedure
ω Adsorbate uptake (kg/kg dry adsorbent)
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Fig. 6. (a) FAM-Z02 water uptake difference between adsorption and desorption pro-
cesses, (b) SCPideal and (c) COPideal in Designs I and II vs. different cycle times.
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T Temperature (K)
t Time (s)
τcycle Cycle time (s)
TCS Temperature control system
TGA Thermogravimetric analysis
VCRC Vapor compression refrigeration cycle

Subscripts
adsorbateAdsorbate
adsorbentAdsorbent particles
cf Cooling fluid
cond Condenser
evap Evaporator
hf Heating fluid
i In
o Out
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