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Abstract. Based upon a prototype heat powered heat-regenerative adsorptive air conditioning system, the effects
of step times (heat recovery, mass recovery, and half-cycle) on the coefficient of performance (COP) and specific
cooling power (SCP) are studied. The characteristics of real thermodynamic cycles and dynamic SCP are also
analyzed. Strong dynamic behavior was found in that the COP and SCP varied with step times. It is found in
experiment that a long heat-recovery time usually leads to a lower SCP. But both the COP and SCP can be increased
16% and 6%, respectively, if a very short time—0.5 min of mass recovery is initiated before heat-recovery. The
appropriate half-cycle time for the prototype is about 20-25 minutes for which the SCP and COP are excellent.
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1. Introduction

Adsorption is widely used in the fields of separation,
purification etc. (Pons, 1998). Recently, due to the se-
rious problem caused by ozone depletion and global
warming, the application of adsorption was extended to
the refrigeration system, since benign fluids can be used
in adsorption refrigeration systems (Meunier, 1999).
Compared with traditional refrigeration systems, ad-
sorption systems have additional advantages (Luo and
Tondeur, 2000).

Prototype development is a key procedure for com-
mercial application. Various adsorption refrigeration
prototypes have been developed. For example, carbon-
methanol solar-powered ice maker (Pons and Grenier,
1987), zeolite-water/carbon-methanol cascading heat
pump (Douss, 1993), carbon-ammonia convective
thermal-wave air-conditioning system (Critoph, 1996),
multi-effect complex compound ammonia sorption ma-
chines (Vasiliev et al., 1996), thermal-wave heat pump
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(Miles and Shelton, 1996), and three-stage silica gel-
water chiller (Saha et al., 1997) etc. These prototypes
can be powered by low-grade thermal sources such as
solar energy, natural gas and waste heat (Wang et al.,
1999). As predicated (Meunier, 1999), the waste heat
adsorptive air conditioning system may be a possible
breakthrough.

The term of ‘heat-recovery’ is popular in the re-
search field of adsorption refrigeration. It means a heat
recovery process between the generator and adsorber
included. The heating power can be adequately uti-
lized when switching between the generator and ad-
sorber. Such viable combination of recycling waste
heat and heat-recovery will make the adsorption re-
frigeration system more competitive. A waste-heat
powered carbon-methanol heat-regenerative adsorp-
tive air-conditioning prototype has been designed and
constructed (Gui and Wang, 2001), and many exper-
iments on the prototype have been carried out. This
research focuses on half cycle, since both the peri-
odicity of the working parameters and its symmetry
relative to half cycle are good in prototype experiment
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(Gui et al., 2002). It was found that the step times, such
as heat-recovery time, mass-recovery time, and half-
cycle time affect the performance greatly. The system
shows strong dynamic behaviors.

2. Experimental Prototype

Due to the great influence of the heat capacity of
metallic adsorber and thermal fluid on the system per-
formance, a novel adsorber was particularly designed
on the premise with less heat capacity ratio (the heat
capacity ratio of metallic adsorber and thermal fluid
to adsorbent Ry is only 3.11). The cross section
is shown in Fig. 1. A prototype of carbon/methanol

heat-regenerative adsorptive air-conditioning system
was built (shown in Fig. 2) upon this kind of adsor-
ber. In conjunction to Fig. 2, a brief description for the
structure and the basic working principle of the air-
conditioning system is given as below:

(a) The air-conditioning system consists of two adsor-
bers, one condenser and one evaporator. An electric
heating boiler is used as the heat source for des-
orption and an inter-cooler for heat rejection from
adsorption. Meanwhile, the thermal fluid of both
adsorbers are connected to the heating boiler and
the inter-cooler respectively through both of the
heating and internal cooling fluid circuits respond-
ing to the switch of desorption and adsorption. In
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Figure 1. The cross section of a novel adsorber.
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Figure 2. A heat-recovery adsorptive air conditioning prototype.
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addition, a cooling tower is used as the heat sink,
which receives the heat discharged from the con-
denser and the inter-cooler. And a cold-water box
is used for transferring vaporization heat from air-
conditioned room to the evaporator.

(b) Refrigerant vapor desorbed by the generator en-
ters the condenser and turns into saturated refrig-
erant liquid. It passes through a flow-control valve
and reaches the evaporator. Subsequently, satu-
rated refrigerant liquid gasifies in the evaporator
motivated by pressure difference between evapo-
rator and adsorber. The continuously supplying of
cooling-power mainly depends on continuous ad-
sorption of refrigerant vapor by adsorber, which is
guaranteed by the switch between the desorber and
adsorber.

3. Heat-Recovery and Mass-Recovery

In the heat recovery process of prototype experiment,
heat is recycled from one adsorber to the other when
switching them so that the heating power can be ade-
quately used. It can be seen from Fig. 2 that the two
adsorbers are in connection by the thermal fluid cir-
cuit (the ball valves 1-5 are open in the heat-recovery),
and the connection from the two adsorbers to the heat-
ing boiler and cooler are blocked (other ball valves are
closed). Consequently, the two pumps drive the ther-
mal fluid in the circuit between two adsorbers during
this process.

The heat-recovery can be schematically expressed as
Fig.3ina p-T-x diagram. For example, in the first half
cycle, adsorber 2 has provided the recovered heat Q..
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Figure 3. A schematic chart for the heat-recovery system.

for some part of sensible and desorption heat needed
by adsorber 1. The energy input Q;, from the heat-
ing boiler is just needed to meet the demand of the
other part of desorption heat of adsorber 1, so heat-
recovery is helpful to increase the cycle COP. For an
ideal complete heat-recovery, the temperature T;, of the
hot adsorber (adsorber 2 in first half cycle) at the end
of heat-recovery should be the same as the tempera-
ture 7;; of the cold one at that time, but it takes too
long for the heat-recovery time to improve the perfor-
mance (see the analysis in Section 6). Consequently,
ideal complete heat-recovery is not suitable, usually
there should be a temperature difference between Tj,
and Tj; in real cycle.

Mass-recovery could be initiated before heat-
recovery. It denotes a particular step in which two ad-
sorbers are simply connected by the refrigerant circuit.
As is clear in Figs. 2 and 3, when adsorber 1 (cur-
rently as generator) is desorbed, it is at the generation
temperature Ty and condensing pressure p. that is to
be cooled to serve as adsorber. While adsorber 2 (cur-
rently as adsorber) has adsorbed refrigerant, it is at the
adsorption temperature T,, and evaporating pressure
pe that is to be heated to serve as generator at that
time. More desorption could be achieved by pressure
reduction of adsorber 1, or more adsorption could be
obtained if the pressure of adsorber 2 is increased. In
this closed adsorption system, the connection between
two adsorbers will meet such demands, the two adsor-
bers pressure will be equalized by the internal mass
recovery and will reach an equilibrium pressure close
10 pm = (pe + pe)/2 (Wang, 2001),

From Fig. 2, the operation for the mass-recovery can
be easily achieved by the connection of adsorber 1 and
adsorber 2 via the solenoid valves 6-7 in the refrigera-
tion circuit (other solenoid valves are closed). A great
deal of refrigerant vapor enters into the adsorber 2 from
the adsorber 1, so the two adsorbers reach pressure bal-
ance very quickly. The mass-recovery process helps to
increase the amount of refrigerant in the cycle, due to
more desorption in the desorber and also more adsorp-
tion in the adsorber (Wang, 2001). Consequently, the
refrigeration capacity can be increased. Without addi-
tional heat input, this simple process may contribute to
increase the system performances, COP and SCP.

In a real system, mass-recovery followed by heat-
recovery is very meaningful, and the end of mass-
recovery is indicated by pressure balance of the two
adsorbers. Thereafter, the pure heat-recovery is in suc-
cession. From the analysis of basic working principle
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of the prototype, the advantages of the heat-recovery
plus mass-recovery processes can be deduced as
follows:

(a) Through mass-recovery, the adsorber at the exact
adsorption end (future desorber) receives more re-
frigerant, which will generate more refrigerant to
condenser. The adsorber at the exact desorption
end (future adsorber) discharges more refrigerant,
and will adsorb more refrigerant from evaporator.
Consequently, the refrigerant circulation capacity
isincreased, with the result that the specific cooling
power SCP will be increased.

(b) Without mass-recovery, COP increases with the
increase of heat-recovery time, while SCP will
be reduced. But through mass-recovery, the pres-
sure of the cold adsorber rises quickly. The re-
frigerant vapor flows into the cold adsorber and
is adsorbed, which may cause more heat recov-
ered due to additional adsorption heat, so the ef-
fect of heat-recovery is enhanced. It leads to tem-
perature increase of the cold adsorber. At the
same time, the temperature of the hot adsorber de-
creases rapidly because of additional desorption
from mass-recovery, so a better COP can be ob-
tained with very short mass-recovery time.

These two virtues of mass-recovery have been val-
idated in the experiments: Under a given set of op-
erating conditions (heat reservoir temperature 7, =
103°C, environment temperature 7, = 24°C, supply-
air temperature 7t = 13°C, heat-recovery time t, = 3
min, half-cycle time + = 15 min), the following
performances—COP = 0.244 and SCP = 106 W/kg
are obtained for pure heat-recovery. If 0.5 min mass-
recovery is added just before heat-recovery, COP =
0.283 and SCP = 113 W/kg are obtained. So the 0.5 min
mass-recovery makes COP increase 16% and SCP in-
crease 6% under this condition. As is shown in Fig. 4,
the recorded data for these two cycles with and with-
out mass-recovery are quite different in Clapeyron di-
agram. Obviously, the mass-recovery cycle consists of
the process aa’ to increase pressure and the process bb’
to reduce pressure in Fig. 4, which agrees to the above
analyses. Butit can also be seen from Fig. 4 that 0.5 min
mass-recovery in this occasion is not enough to make
the two adsorbers reach pressure equilibrium. Due to
the extended cycled adsorptive capacity A X (expressed
in Fig. 6) (Wang, 2001), the system performance can be
improved.
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Figure4. The Clapeyron diagram with and without mass-recovery.

4. Half-Cycle Time

This prototype adopts granule activated-carbon as ad-
sorbent, with the result that the rise and drop rate of
adsorber temperature is not very high. So the half-cycle
time cannot be too short in real cycle.

On the one hand, with the increase of cycle time, re-
frigeration effect (kJ) increases due to long adsorption
time, but the refrigeration time also increases. Contrar-
ily, the cooling power probably reduces, which leads
to a lower SCP. So there is an optimal half-cycle time
for the highest SCP.

On the other hand, with the increase of cycle time,
COP increases owing to more efficient desorption
and adsorption. If heat release to the environment is
concerned, long cycle time means consuming more
energy in the heating boiler during a long period,
which may result in the increase of consuming energy.
So there is an optimized cycle time for a maximum
COP.

To verify these analyses, prototype experiments
are particularly designed under four sets of operat-
ing conditions (heat reservoir temperature 7y, = 103°C,
environment temperature 7, = 26°C, supply-air tem-
perature Ty=12°C, heat-recovery time f, =2 min,
half-cycle time = 12 min/15 min/20 min/25 min). The
relation of the system performance versus half-cycle
time is obtained, which is shown in Fig. 5.

From Fig. 5, both COP and SCP are small under
very short half-cycle time due to small refrigerant cir-
culation capacity caused by insufficient desorption and
adsorption. With the increase of half-cycle time, both
COP and SCP rise up quickly. SCP reaches a peak
value when the half-cycle time is about 20 minutes,
and COP reaches the peak value when the half-cycle
time is about 25 minutes.
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Figure 5. The influence of half-cycle time on COP and SCP.

So under the above experimental conditions, the ap-
propriate half-cycle time for the prototype is about
20-25 minutes when both SCP and COP are excellent.

5. Real Thermodynamic Cycle

Under three sets of operating conditions (heat reser-
voir temperature 7, = 103°C, environment temperature
T, =28°C, supply-air temperature 7= 12°C, heat-
recovery time #, =2 min, cycle time 2t =30 min/
40 min/60 min), a p-T-X diagram is obtained shown
as Fig. 6. This figure shows three real thermody-
namic cycles of the above cycle times and also a
schematic ideal thermodynamic cycle (heat-recovery
cycle). According to Fig. 6, it can be concluded as:

(a) The schematic ideal cycle consists of four pro-
cesses: isosteric sensible heating—ab, isobaric
desorption—bc, isosteric sensible cooling—cd,
and isobaric adsorption—da. There are similar four

processes in the three real cycles, as is also shown
in Fig. 6. To a certain degree, it can be seen that
experimental results are consistent with the ideal
condition.

(b) Theoretically, the process bc and da are at constant
pressure and the process ab and cd are isosteric. It is
satisfied that the adsorptive capacity in concentra-
tion Xcone, the adsorptive capacity in dilution Xg;
and the condensing pressure p. of the three real cy-
cles maintain basically stable. But there are some
differences between model and experiment. It can
be seen that the evaporating pressure p. in three
real cycles fluctuates greatly with temperature.

(c) Obviously, the area enclosed by real cycle curve
turns larger when cycle time increases from 30 min
to 60 min. The plot of In p versus —1/7 is a way
for denoting work. Both the energy consumed in
the heating boiler and the cycle refrigeration effect
increase with cycle time increasing.

(d) It is well known that the real cycles are non-
equilibrium adsorption cycles, though adsorption
and desorption process is assumed to have reached
equilibrium at different moment of every half cycle
in the model (Gui and Wang, 2001). As is shown
in Fig. 6, the cycled adsorptive capacity AX is ex-
tended with the increase of cycle time, which is
caused by more adequate adsorption under longer
cycle time. It indicates that real cycle becomes
closer to steady state under longer cycle time.

6. Dynamic Specific Cooling Power

The terminology—specific cooling power (Gui and
Wang, 2001) is defined for a whole cycle. In order

Figure 6.
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Figure 7. The characteristics of dynamic specific cooling power.

to study the dynamic characteristics of refrigeration
during in a cycle, dynamic specific cooling power is
defined as:

Mep X Ceh X 8Ty
M.

In Eq. (1), M, is mass of activated-carbon adsorbent;
Mehs Cch and 8Ty, are mass flow rate, specific heat ca-
pacity and inlet and outlet temperature difference of
chilled water respectively.

According to Eq. (1), the characteristic curve of dy-
namic specific cooling power is obtained from pro-
totype experiment under a set of operating condi-
tions (heat reservoir temperature 7, = 100°C, environ-
ment temperature 7, = 30°C, supply-air temperature
T; = 13°C, heat-recovery time #, = 3 min, half-cycle
time ¢+ = 20 min), which is shown in Fig. 7.

Any half cycle in Fig. 7 can be taken for discussion.
The beginning of half cycle (the end of heat-recovery)
corresponds to the peak value of evaporating temper-
ature T.. At the beginning of half cycle, the adsorp-
tion potential between adsorber and evaporator is very
strong, which leads to a high vaporization rate in evap-
orator, so SCPy quickly rises to its peak value. But the
transferring rate is not high enough for the whole re-
frigeration effect to export from evaporator; a part of
refrigeration effect is consumed to reduce methanol lig-
uid temperature in evaporator, which leads to a quick
drop of evaporating temperature 7.

Gradually, adsorption capacity becomes small and
adsorption rate becomes slow, so T; rises and SCPqy
drops. Until the beginning of heat-recovery process, the
adsorber does not stop adsorbing refrigerant vapor from
evaporator. SCPy4 drops a little and T, rises a little at
that time, which lead the latish small decrease of T, and
the small increase of SCP4 respectively, because of the
function of the heat capacity of evaporator. Thereafter,
SCPq drops until its minimum, which corresponds to
maximum 7, (also the end of heat-recovery), and the

SCPy = e))

half cycle ends. Since SCPy is relatively small in the
whole heat-recovery process, it can be concluded that
too long heat-recovery time leads to lower overall SCP.

It is verified by experimental results under two
sets of operating conditions (heat reservoir tempera-
ture Ty, = 107°C, environment temperature T, = 33°C,
supply-air temperature 7y = 12°C, heat-recovery time
. =3 min/2 min, half-cycle time # = 15 min). For the
former, SCP = 85.6 W/kg and COP = 0.31 is obtained.
For the latter, SCP = 103 W/kg and COP = 0.31 is
obtained.

For these two conditions, it is in good agreement
with the above analysis that SCP reduces with the in-
crease of heat-recovery time. COP maintains fixed due
to short half-cycle time ¢ (equaling 15 min). The con-
suming power of heating boiler reduces with long heat-
recovery time #;, but the cooling power also reduces.
Because both reducing amplitudes are almost equiva-
lent in short cycles, COP basically maintains stable. So
for a relatively short cycle, heat-recovery time should
also be short.

7. Discussion and Conclusion

For consolidated adsorbers or coated surface heat ex-
changer, SCP value currently approaches 1 kW/kg
(Meunier, 1999). Under some experimental conditions
on the prototype, SCP is close to 150 W/kg and COP
above 0.4 are obtained (Wu et al., 2000). For the use of
particle adsorbent, 150 W/kg are still a relatively high
value at present. If the thermal fluid (water is presently
adopted) in the prototype is replaced by oil, the heat ca-
pacity ratio will decrease significantly. Consequently,
the performance will be improved, which will be veri-
fied on future experiments. In view of the waste heat uti-
lized, the potential application of waste-heat powered
heat-regenerative adsorptive air-conditioning system
will be great.



Heat-Regenerative Adsorptive Air-Conditioning System 163

From the experimental analysis on the dynamic
characteristics of the heat-regenerative adsorptive air-
conditioning prototype, some conclusions are drawn as
follows.

(a) Combining mass-recovery with heat-recovery in-
creases the SCP.

(b) The appropriate half-cycle time for the prototype
is about 20-25 minutes under certain experimental
conditions.

(c) Real thermodynamic cycles for heat-regenerative
adsorptive air conditioning consist of four-steps, as
do the ideal counterparts.

(d) Dynamic SCP is relatively small in overall heat-
recovery process, so a long heat-recovery time
leads to lower SCP.

Nomenclature

M Mass (kg)

t Half-cycle time (min)
t Heat-recovery time (min)
c Specific heat capacity (J kg~!'°C™1)

COP Coefficient of performance

SCP  Specific cooling power (W/kg)

m Flow rate (kg/s)

R Heat capacity ratio

X Adsorption capacities (kg/kg)

Qi Energy input from heating boiler (J)
QOou  Heat dissipation via inter-cooler (J)
Qi Heatrecovered (J)

T Temperature (°C)

Ty Generation temperature (°C)

Tn Adsorption temperatures (°C)

T; Cold adsorber temperature at the end of
heat-recovery (°C)

T Hot adsorber temperature at the end of
heat-recovery (°C)

ot Temperature difference (°C)

p Pressure (Pa)

De Condensing pressure (Pa)

De Evaporating pressure (Pa)

Subscripts

c Activated carbon adsorbent

h  Heat reservoir

f  Supply-air from fan-coil

0  Environment

ch  Chilled water
d  Dynamic

e Evaporator
conc Concentrated
dil Dilution

mf Metallic adsorber and thermal fluid to
adsorbent
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