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Abstract:  Water and ethanol were selected as refrigerants, 13x molecular sieve, silica gel, activated carbon and
adsorbents NA and NB prepared by authors were selected as adsorbents, and the performance of adsorption working pairs in
adsorption refrigeration system was studied. The adsorption isotherms of adsorbents (NA and NB) were obtained by
high-vacuum gravimetric method. Desorption properties of adsorbents were analyzed and compared by thermal analysis
method. The performance parameters of adsorption refrigeration of different adsorption working pairs were studied on
experimental device of adsorption refrigeration cycle. The results show: (D The maximum adsorption quantity of water on
adsorbent NA arrives at 0.7 kg/kg, and the maximum adsorption quantity of ethanol on adsorbent NB is 0.68 kg/kg,
which is 3 times that of ethanol on activated carbon; @ The refrigeration volume of NA-water working pair is 922 k]/kg,
the refrigeration volume of NB-ethanol is 2.4 times that of activated carbon-methanol; ® As friendly to environment and

no public hazard adsorption working pair, NA-water and NB-ethanol can substitute for carbon-methanol in adsorption

refrigeration using low-grade thermal energy.
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Recent studies on ecological impact of traces of
halocarbons in the atmosphere have shown that the
emission of chlorofluorocarbons (CFCs) affects the
ozone layer around the globe and will lead to greenhouse
effects. So the CFCs are restricted and prohibited in the
world. Thus, on the one hand, there exists a technical
interest to develop heat driven refrigerators or heat
pumps, and on the other hand, there exists an
ecological interest to find other solution than using CFCs
as a refrigerant. On this background, adsorption
refrigeration systems have received more and more
attention and developed very fast as a type of system
friendly to environment and a kind of effective means of
using low-grade thermal energy. They have many other
advantages compared with compression refrigeration,
such as simple construction, no moving components, no
solution pumps, being able to be driven directly by
low-grade thermal energy and no need for electricity.
The key of adsorption refrigeration is to develop the
adsorption material with excellent performance.

Three known adsorption working pairs have been
investigatedil]. The first is 13x molecular sieve-
water' >*) . The adsorption saturates at low aqueous
partial pressure, after which the amount adsorbed

becomes almost independent of pressure. At ambient
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temperature, molecular sieve can adsorb large
quantities of water vapor even at low partial pressure,
corresponding to high condenser temperature. Since
water has high latent heat of vaporization and a
convenient boiling point, the 13x molecular sieve-water
pair is one of the most preferred working pairs. The
disadvantage of this working pair is that desorption
needs high regenerating temperature. The second is

3] Such a system can operate at a

silica gel-water
lower temperature (70 — 80 °C) and is suitable for
using low-grade thermal energy and solar energy, but
its refrigeration ability is lower than that of 13x
molecular sieve. The third is activated carbon-
methanol'® . Methanol has a high boiling point (64.7
°C) and a low solidifying point ( — 98 °C) and the
adsorption system using it as adsorbate can produce a
temperature below 0 °C, but its latent heat of evapo-
ration is only half that of water and it is harmful to the
environment .

In this paper, a new kind of adsorption working
pairs with two adsorbents NA and NB is presented.
Water and ethanol are selected as adsorbates and the
performance of adsorption refrigeration of adsorbents
NA and NB, 13x molecular sieve, silica gel and

activated carbon is investigated.
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1 Experiment
1.1 Main materials and reagents

Main materials and reagents used in the experi-

ments are represented in Tab.1.

Tab.1 Main materials and reagents
Name Specification Manufacturing plant
13x molecular sieve Power Nanjing Inorganic
Silica gel 100 mesh Chemical Plant
7-AL Oy Power Taizhou Chemical
Concavo-convex stick stone < 100 mesh  Accessory Ingredient Plant
Active carbon Commercial ~ Liyang Activated
product Carbon Plant
M ium chlorid
agnestum crionde Commercial  Jinghua Chemical
Strontium chloride ) .
S product Plant of Shanghai
Strontia hydrate
Commercial Appllcl‘J‘ Chem‘lstry ‘Plant
Water glass of Nanjing University of
product
Technology
Fthanol AR The First Chemical

Reagent Plant of Nanjing

1.2 Adsorbent preparation

Mixed method is adopted to prepare for adsorbents
in the experiment. A schematic diagram of adsorbent
preparation process is shown in Fig.1. First, a certain
amount of samples are weighed at selected mixture ratio
of materials. Second, the samples mentioned above are
abraded to fine particles and mixed uniformly. Third,
fine particles are stirred with water and prepared
sphericity by hand or bar shape by extruding machine.
Then the adsorbent samples (i.e. NA and NB) are

gained after drying and calcinations.

[Adsorption materials| [ Bonding | [ Calcinations

i
[ Pretreatment || Mixing || Shaping |

[Pore expanding materials | | Stabilizing agent |[Adsorbent samples]

Fig.1 A schematic diagram of adsorbents preparation process
1.3 Adsorption isotherm

The adsorption isotherms of adsorbents NA and NB
are determined by using high-vacuum gravimetric
method in vacuum adsorption apparatus.

The main steps of the experimental procedure
were: the adsorbent sample was activated at 450 °C for
2 h in a Muffle furnace, then the adsorbent was put into
the basket and the whole apparatus was vacuumized.
When the pressure and the temperature were 0.1 Pa
and 300 °C, respectively, such conditions were kept for
3 h. Some samples to be adsorbed were introduced,
and the length difference of quartz spring before and

after adsorption was measured by cathetometer. The
equilibrium adsorption quantities of adsorbent in
different obtained.

cathetometer was 0.02 mm, and sensitivity of quartz

pressure  were Accuracy of

spring was 37 — 40 cm/g.
1.4 TG-DTA analysis

The desorption performances of adsorption working
pairs, such as 13x-water, silicon gel-water, NA-water,
activated carbon-alcohol, NB-alcohol etc. are experi-
mentally researched with differential thermal analysis

balance of type WCT-1.
1.5 Appratus of adsorption refrigeration cycle

The whole experimental device is made of glass

(see Fig.2). It can remain vacuum below 0.1 Pa for

about 24 h.

Fig.2 Simulation device of adsorption refrigeration cycle system
1—Valve; 2—Mercury manometer; 3—Vacuum electric couple pipe;
4—Liquid reservoir; 5—Thermocouple; 6—Condenser; 7—Evaporator;
8—Refrigeration room; 9—Feed inlet; 10—Adsorber; 11—Heater;
12—Vacuum system
The adsorption refrigeration experiment includes
two processes: adsorption refrigeration process and
heating desorption process. System valve was closed
when the system vacuum blowed 0.1 Pa before the
experiment began.
Turn on the evaporator valve after the adsorbent in
adsorber was desorbed and cooled down. Adsorbent

adsorbed Liquid

refrigerant absorbed heat from

refrigerant in the evaporator.
evaporated and
refrigeration room. Thus the refrigeration occurred.
The refrigeration process finished when the adsorbent
was saturated. Turn off the evaporator valve and
cooling water flowed into the condenser. The adsorber,
rich in adsorbed refrigerant, was heated from an initial

temperature to regenerating temperature. When the
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system pressure increased to condensation pressure,
the refrigerant vapor condensed in the condenser. Turn
on the evaporator valve when adsorber temperature
increased to a certain level and no refrigerant gas would
condense in the condenser. When the refrigerant
condensed in the condenser flowed into the evaporator,
turn off the evaporator valve. Then adsorber was cooled
down to ambient temperature and the next adsorption

refrigeration cycle began.
2 Results and Discussion
2.1 Adsorption quantity

In adsorption refrigeration cycle, the adsorption
quantity of adsorbent is used to evaluate the
performance of working pairs for given adsorbent. The
high-vacuum gravimetric method is used to determine
adsorption isotherms of a series of working pairs in this
paper. The adsorption isotherms of NA-water and
NB-alcohol are shown in Fig.3 and Fig.4.
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Fig.4  Adsorption isotherm of NB-ethanol (27 °C)
It is clear in Fig.3 that the shape of NA-water

adsorption isotherm is a part of Brunauer type

Il (classification for shape of adsorption isotherms) . In

likely that

completing

adsorption process, it is multilayer

adsorption  occurs  after monolayer
adsorption. Though the adsorption isotherm does not
belong to favorable one, the adsorption quantity that
can reach 0.7 kg/kg is very large.

Fig.4 shows that the of NB-alcohol

adsorption isotherm is a part of Brunauer type [ll . With

shape

the increase of partial pressure of the component, the
adsorption quantity increases, till the relative satura-
tion value reaches the vicinity of 1. The fovea shape of
curve results from interaction in adsorbed molecules,
which makes the adsorption heat of first layer less than
condensation heat. The maximum adsorption quantity
of alcohol on self-prepared adsorbent NB reaches 0.68
kg/kg, which is three times of that of alcohol on

activated carbon.
2.2 Desorption performances

In adsorption refrigeration process, it is an
important step for adsorbate to desorb from a saturated
adsorbent. The

desorbed level directly influence on the performance of

desorption temperature and the
adsorption refrigeration system.

The thermal analysis of adsorption working pairs,
NA-water,

activated carbon-alcohol, NB-alcohol etc. is carried

such as 13x-water, silica gel-water,

out and desorption performance of adsorption working

pairs measured is shown in Tab.2.
Tab.2 Thermal analysis of adsorption working pairs

Working pairs Peak temperature  Maximum weight  Initial desorption Desorption terminal

/C lost/(mg + min™")  temperature/°C temperature/ °C
13x-water 159 0.26 56 220
NA-water 115 1.32 55 154
13x-ethanol 167 178 55 346
ZL\::;::-G e(,llheuml 81 13 » 153
NB-ethanol 104 106 58 149

It can be seen in Tab.2 that the peak temperature
of the prepared adsorbent NA is 115 °C, less than the
peak temperature (144 °C) of adsorbent 13x, and the
adsorbent NA has a larger weight lost rate and a
desorption terminal temperature of 154 °C, which is
66 °C lower than that of 13x. These indicate that the
adsorbent NA has not only larger adsorption quantity,
but also lower desorption temperature, which can be
used in adsorption refrigeration system with good
performance and developing potential .

Activated carbon has the lowest peak temperature,
which suggests that activated carbon-ethanol can be
desorbed at lower temperature. The adsorbent NB’s
peak temperature, desorption terminal temperature and

the temperature to maximal weight lost rate are lower
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than 13x’s, and its desorption terminal temperature
and initial desorption temperature are equivalent to
activated carbon’s. The peak temperature of NB-etha-
nol is slightly higher than that of the activated carbon-
ethanol, while activated carbonethanol
to NB-ethanol,
NB-ethanol is similar to activated carbon-ethanol.

In addition,

s superior

except that desorption condition of

the thermal analysis experiment
shows that at temperature of 313 °C there is an evident
heat liberation peak in thermal analysis figure of 13x
molecular sieve. This probably results from a catalytic
reaction occurring on ethanol and releasing reaction
heat that has an effect on the molecular sieve at this
temperature. Therefore, the working pair of 13x
molecular sieve-ethanol has a poor heat-steady perfor-

mance.

2.3 Characteristic curve of adsorption refriger-
ation

The adsorber temperature rises rapidly in adsorp-
tion process because of the emission of adsorption heat
Then it

gradually drops to ambient temperature. The evaporator

at the beginning of adsorption refrigeration.

rapidly when the refrigeration
Then the

because evaporator exchanges heat with the fluid in

temperature drops
process begins. temperature  increases
refrigeration room. The refrigeration room temperature
drops gradually. When the evaporator temperature and
refrigeration room temperature are almost the same and
the adsorbent

saturates and adsorption refrigeration finishes.

both have the increasing tendency,
From
Fig.5 - Fig.9, we can see that the refrigeration time of
molecular sieve-water is the shortest, the midst is

prepared NA-water, and the longest is silica gel-water.

80
73.4C —A— Evaporator temperature
70 —0— Refrigeration room temperature
—®— Adsorber temperature
© 60 »-
:
i 50 |-
3
40
.-.—-.—..'_._.
30
20 1 1 1 1 1 1
0 100 200 300 400 500 600

Time/min

Fig.5 Characteristic curve of adsorption refrigeration

for silica gel-water (30.5 °C)
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Fig.6 Characteristic curve of adsorption refrigeration

for 13x-water (29.5 °C)

80
73.2C _a— Evaporator temperature
—0— Refrigeration room temperature
—®— Adsorber temperature
e Ot
£
£ ¢
&
£ 40¢
| \\*L\‘—\.—
20
1 1 1 1 1 1
0 100 200 300 400 500 600
Time/min

Fig.7 Characteristic curve of adsorption refrigeration

for NA-water (29.5 °C)
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Fig.8 Characteristic curve of adsorption refrigeration

for NB-ethanol (24.1 °C)

2.4 The effect of regenerating temperature on
desorption volume

In refrigeration cycle, the more the refrigerant

volume gives out during the process for heat and
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Fig.9 Characteristic curve of adsorption refrigeration

for activated carbon-ethanol (29.5 °C)
desorption, the more capability of the refrigerant’s
re-desorption is and the better effect of cooling is.
Generally, one hopes that not only desorption process
can tun under the low regeneration temperature, but
also larger desorption quantity can be obtained; so that
the efficiency of energy use and the coefficient of
performance (COP) of adsorption refrigeration system
can be enhanced. The value of COP is influenced by
many factors, such as round-robin mode of system,
refrigeration volume and performance of heat and mass
transfer of system, from the simple simulation device
mentioned above, and the value of COP can be
estimated.

Tab.3 gives desorption and refrigeration volume of
desorption working pairs on refrigeration cycles at
different regeneration temperatures. It can be seen that
desorption volume of self-prepared adsorbent is larger
than that of 13x molecular sieve at each regeneration

temperature, especially at lower regeneration tempe-

rature.
When the regeneration temperature is over
200 °C, the desorption volume of NA adsorbent

increasing is little, which suggests that self-prepared
adsorbent NA can work at low temperature and its
capability is superior to 13x molecular sieve.

That the 13x molecular sieve’s desorption to
ethanol is relatively little suggests that it’s hard to
desorb and regenerate; activated carbon whose
adsorption quantity is much larger than that of 13x
molecular sieve is easy to adsorb; the self-prepared
adsorbent NB has the largest adsorption quantity which
can get to 0.572 kg/kg at 150 °C. All these suggest
that self-prepared adsorbent NB has larger adsorption

refrigeration volume and there is so good potential that

it can substitute for active carbon-ethanol working pair.
Tab.3 Desorption and refrigeration volume of adsorption
working pairs on refrigeration cycles at different regene-

ration temperatures

- Desorption Desorption Refrigeration
Sorption ol 1
‘king pairs temperature volume volume
"o /C /(kg-kg") (k) - kg
100 0.0331 28
13x-ethanol
200 0.0867 72
Activated 80 0.140 118
carbon-ethanol 120 0.189 159
90 0.325 274
NB-ethanol

120 0.454 383
150 0.572 452
100 0.078 190
Bxewat 150 0.118 302
rowater 200 0.158 385
250 0.186 454
300 0.21 512
100 0.21 522
150 0.31 756
NA-water 200 0.36 883
250 0.37 903
300 0.38 922

2.5 Refrigeration volume

Refrigeration volume is an important factor to
affect adsorption refrigeration.

Usually, simplified method is adopted to calculate
refrigeration volume. The difference of sensible heat is
ignored and desorption volume of adsorbent in
adsorption refrigeration cycle is used to calculate
desorption refrigeration volume. The following is the
equation:

Refrigeration volume (Q,.;) = (desorption volu-
me) x (gasification latent heat of adsorbent at
corresponding temperature)

Tab.3 shows refrigeration volume of different
working pairs on refrigeration cycles. It can be found
that NA-water has large refrigeration volume of 922
kJ/kg. The refrigeration volume of NA is 1.8 ~ 2.7
times that of 13x at the same condition and the
refrigeration volume’s reducing of NA following with
the reducing of regeneration temperature is slower than
At temperature of 100 °C, the
refrigeration volume after desorption is 522 kJ/kg,
which is higher than 13x’s (512 kJ/kg) . These suggest

that self-prepared adsorbent NA not only has large

other adsorbents.

refrigeration volume but also has a wide working
temperature using range, and can be used at middle
and low temperature. At temperature of 120 C, the
refrigeration volume of NB-ethanol is 2.4 times that of

adsorbent NB is

desorbed at 90 °C, and its refrigeration volume is 1.7

activated carbon-ethanol; after
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times that of activated carbon’s, which is desorbed at
120 °C. This shows that NB is adsorbent with good
capability and development prospect and can be driven
by low-temperature heat source such as solar energy

etc.
3 Conclusions

1) The maximum adsorption quantity of water on
prepared NA arrives at 0.7 kg/kg, which is 2.3 times
that of water on 13x. The maximum adsorption quantity
of ethanol on prepared NB is 0.68 kg/kg, which is
three times that of ethanol on activated carbon.

2) In the view of adsorption refrigeration cycle
time, the prepared NA is superior to silica gel but
molecular sieve is the best. From the point of utilizing
low-temperature waste heat, the prepared NA is a
promising adsorbent to substitute for molecular sieve.

3) The refrigeration volume of NA-water is 922
kJ/kg. The refrigeration volume reaches 522 kJ/kg at
the regeneration temperature of 100 °C, which is higher
than that of 13x-water at 300 °C regeneration tempera-
ture (512 kJ/kg). This working pair is suitable for
adsorption refrigeration, which uses middle or low
temperature heat source.

4) Working pair NB-ethanol has a large refri-
geration volume and low regeneration temperature. lts
refrigeration volume is 2.4 times that of activated
carbon-methanol. It can be well applied in such a

situation where large refrigeration volume and low

i R IR Bl ) 0%

£ #

regeneration temperature are required. As a friendly to
environment and no public hazard adsorption working
pair, the prepared NB-ethanol can substitute for
activated carbon-methanol in adsorption refrigeration

using low-temperature heat source.

References

[1] Cui Qun, Tao Gang, Yao Huqing. Study progress on adsorbent
for solid adsorption refrigeration[ J]. Journal of Nanjing Uni-
versity of Chemical Technology, 1999,21(6):102 — 107. (in
Chinese)

[2] Douss N, Meunier F. Experimental study of cascading adsorp-
tion cycles[ J]. Chemical Engineering Science , 1989,44(2):
225-235.

[3] Zhu Ruigi, Han Baoqi, Lin Meizhen, et al. Experimental in-
vestigation on an adsorption system for producing chilled water
[J]. International Journal of Refrigeration , 1992, 15(1):31 -
34.

[4] Bidyut B Saha, Atsushi Akisawa, Takao Kashiwagi. Silica gel
water advanced adsorption refrigeration cycle[ J]. Energy —
The International Journal ,1997, 22(4) . 437 - 447.

[5] Passos E, Meunier F, Gianola J C. Thermodynamic perfor-
mance improvement of an intermittent solar powered refrigera-
tion cycle using adsorption of methanol on activated carbon[ J] .
Heat Recovery Systems & CHP, 1986, 6(3):259.

[6] Pons M, Grenier Ph. Experimental data on a solar-powered ice
maker using activated carbon and methanol adsorption pair J] .
ASME Journal of Solar Energy Engineering, 1987,109:303 —
310.

TRITHH R

% o &

SR

(BT T KPATERE, HF 210009)

m =

3K LEE A 13x 4F 0 AREIR 7B PR B VA B B B TR ) NANB ZH 5%, 89 B B TR x84 %) 4

PEALAT T AT . A S AE T EMIRT A4 E M A NA fo NB 49 R 558 25 A #0A7 ik xR
FEGBER AR IRAT T AT AR MR A VAR R K E EAFR T R TR 6y 4 AR s A s SR &
A (D B IR A NA ST 69 3 KR 2 &34 0.7 kg/kg; B FI R M7 NB 2T LB 69 x KA 234
0.68 kg/kg, & &M R 3T TEER M E 49 3455 Q) NA-/K TR st 4] 42 52 922 kJ/kg, NB- T 8% T Jit %
B R A F R AT B 2.4 45 ;O NA-KA» NB-T B2 SRBE A AF AL A R TR *, TH
AR E R T B TS R T KIS AR IR 3 0 B ) A R A

KR EWE A, TR, FRA,HAE
HES %S TBo



