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refrigerant and the use of a rade thermal energy as the driving energy source. In this paper,
an experimental investigation of a reheating two-s adsorption chiller was conducted, and the
working principle of the &&le was also introduced. The coefficient of performance and the cooling
cap@Wy were calculated fo analyze the performance of G chiller. Our objective was to identify
rhegcr of the temperature of the heat source and the effect of cycle time on the performance if
the chilled water outlet temperature is fixed at 9°C during the experiment. Experimental results
showed that the performance of the chiller improved with increasing heat source temperature and
that a total cycle time between 2000 to 2500 s yields better performance for the chiller.

The adsorption refr:'gemnh%ﬁfer is environmentally friendly because of the use of a natural

KEY WORDS: reheating adsorption chiller, fixed chilled water outlet temperature,
COPF, cooling capacity

1. INTRODUCTION

The adsorption refrigeration chiller has sustained an increased interest over the past
three decades. The adsorption refrigeration chiller system is regarded not only as an
alternative cooling system for reducing the use of chlorofluorocarbons (CFCs) and
hydrofluorocarbons (HCFCs) but also as an energy-efficient technology (Dieng and
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NOMENCLATURE

Cw isobaric specific heat of water, Subscripts

Jkg K ads adsorption
cop cient of performance chill chiller
m mass flow rate, kg/s con condenser
P pressure, kPa des desorption
Q heat transfer, kJ evap evaporator
T temperature, °C in inlet
1 time, s mr mass recovery
HEX heat exchanger out outlet
P-T-X pressure, temperature, ph preheating

concentration pe precooling

Wang, 2001). Recently, the system has been considered promising due to the use of
a low-grade heat source temperature. Many theoretical and experimental investiga-
tions have been conducted not only on a single-stage (conventional stage) chiller but
also on the advanced-stage operational chillers (Farid et al., 2011; Lu et al., 2011:
Rezk and Al-Dadah, 2012; Xia et al., 2009; Uyun et al., 2009; Mivazaki and Akisawa,
2009). The reheating twigptage adsorption chiller is one of the advanced stages of the
adsorption chiller. Saha et al. (2003) mvestigated the performance of a thermally ac-
tivated silica gel-water adsorption refrigeration cycle by applying a multibed scheme.
Boelman et al. (1995) experimentally evaluated the commercial two-bed adsorption
chiller under a typical cfglic steady-state operation. Chua et al. (2001) investigated
the improvement of the utilization of waste heat and reduction of the chilled water
outlet @mperature fluctuation. Ng et al. (2006) and Wang et al. (2007) also investi-
gated the performance of the adsorption chiller experimentally, but the temperature
of the chilled water outlet was not fixed. The reheating two-stage adsorption chiller
has also been investigated experimentally. Alam et al. (2007) mnvestigated the perfor-
mance of the chiller and compared the reheating two-stage adsorption chiller with the
conventional single- and two-stage chillers. The chilled water outlet in this experi-
ment operated with fluctuating temperatures. Khan et al. (2007) also investigated the
reheating two-stage adsorption chiller, but the temperature of the chilled water outlet
was not fixed.

Maintaining a constant chilled water outlet temperature is also of equal importance
to improve the conversion efficiency of the chiller so that a maximum cooling ca-
pacity can be delivered (Tong et al., 2001). However, maintaining a constant chilled
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water outlet temperature during the experiments is difficult because the outlet water
temperature cannot be set up automatically. @f§om this point of view, the main objec-
tive of this investigation was to {gntify the effects of the heat source temperature and
cycle time on the performance while the chilled water outlet temperature was kept
constant at 9°C. The total cycle times of 1000 s and 2500 s are representative of the
reheating adsorption chiller with short and long cycles. Understanding of the short
and long cycles is based on how long (time is in seconds) the cycle time is applied in
the experiment.

2. aORKING PRINCIPLE OF REHEATING TWO-STAGE
ADSORPTION CwLLEFlS
2

Figure la shofs the schematic diagram of a reheating two-stage adsorption chiller,
while Fig. 1b shows the P-T—X diagram for standard conditions. The chiller consists
of four heat exchangers (i.e., HEX1, HEX2, HEX3, and HEX4), two evaporators, and
two condensers. The adsorbent heat exchangers of the chiller are operated through
six thermodynamic processes in a full cycle, namely, adsorption (1-2), mass recov-
ery with cooling (2-3), preheating (3-4), desorption (4-5), mass recovery with heating
(5-6). and precooling (6-1). In the adsorption process, a refrigerant (water) is evapo-
rated in the evaporator and the temperature (7,y,) and heat (Ogy,) are taken isobari-
cally from the chilled water. An evaporation process occurs and produces a cooling
effect. Heat for the evaporation of the water is supplied by flowing chilled water at a
low heat source temperature. In thgggfirst half cycle, HEXT is heated by hot water and
HEX3 1s cooled by cooling water. When the pressures of HEX 1 and HEX3 are nearly
equal, both are then connected by opening the connecting valve, allowing the vapor
to flow from HEX1 into HEX3. This process is known as the mass recovery process.
Heating and cooling processes are continued during the mass recovery process. HEX1
1s heated by hot water, and HEX3 1s cooled by cooling water to provide more cooling
capacity. During this process, refrigerant circulation 1s stopped by closing all refriger-
anyalves. This process is known as the preheating/precooling process.

When the pressures of HEX1 and HEX3 are nearly equal to the pressures of the
condenser and evaporgpy. the valve between HEX1 and the condenser (as well as the
valve between HEX3 and the evaporator) is opened, allowing the refrigerant to flow.
The adsorption and desorption process then begins. In this process, the refrigerant
from HEXI 1s transferred to the condenser, and then it will condense by releasing
heat to the heat sink.

Finally, the liquid refrigerant flows from the condenser to the evaporator through a
U-shaped tube to control the pressure differential between the condenser and evapora-
tor. To complete one cycle, the next part of the process 1s the same as the first half-
cycle, but HEX3 is the desorber and HEX1 is the adsorber. HEX2 and HEX4 also
follow a process similar to HEX 1 and HEX 3 in the full cycle.
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FIG. 1: (a) Reheating two-stage adsorption chiller scheme; (b) P-T-X diagram
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3. EXPERIMENTAL PROCEDURE POR THE REHEATING
TWO-STAGE ADSORPTION CHILLER

3.1 Experimental A@aratus

The experimental setup of the reheating two-stage adsorption chiller, which has been
mnstalled 1n the laboratory of the Tokyo University of Agriculture and Technology. 1s
shown in Fig. 2. The experimental setup 1s designed to test various operating modes
of the adsorption cycle. The chiller has six adsorption/desorption heat exchangers
(HEXSs), two condensers, and two evaporators. Though the chiller has six HEXs, only
four HEXs (i.e., HEX1, HEX2, HEXS, and HEX6) were used in this experiment, with
the other two HEXs (i.e., HEX3 and HEX4) being not used. The chiller alsofgps three
types of reservoir tanks that have been installed outside the room. namely .a hot water
tank, a cooling water tank, and a chilled water tank. Silica gel type A, which consists
of spherical particles 2-20 nm in size, and water are used as the adsorbent/refrigerant
pair in this chiller.

Table 1 shows the chiller operating strategy to complete one full cycle of the re-
heating two-stage chiller. The cyele consists of ten operational modes (A-J). There
are two pairs of HEXs: one pair is HEX1 and HEX 5, and the other pair is HEX 2

FIG. 2: The experimental adsorption chiller
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TABLE 1: Chiller operating strategy of the reheating two-stage chiller

HEX Mode
A | B |c|D |E F | 6 |[H| 1 |13
1 Des Mrh | Pc Ads Mrc Ph
2 Mrh | Pc ‘ Ads Mre ‘ Ph l Des
5 Ads | Mrc [ Ph Des | mrh | P
6 Mc | Ph | Des Mh | Pe | Ads

Ads = adsorption, Mrh = mass recovery on heating, Pc = precooling. Des = desorption, Mrc =

mass recovery on cooling, Ph = preheating

and HEX6. The mass recovery process occurs between each pair. In the first half-cy-
cle, when one pair of HEXs (1 and 5) 1s in the desorption—adsorption process (mode
A to C), at the same time, another pair of HEXs (2 and 6) 1s completing the mass
recovery process (mode A) and the preheating/precooling process (mode B). After one
HEX pair (2 and 6) has gone into the adsorption—desorption process (mode C to F), at
the same time, the other HEX pair (1 and 5) is completing the mass recovery process
(mode D) and the precooling/preheating process (mode E). In the second half-cycle
(1.e., mode F to mode J), the HEX pair (1 and 5) acts in the same way as the HEX
pair (2 and 6) and vice versa. In mode C and mode H. there are two HEX pairs un-
dertaking the adsorption—desorption process simultaneously.

3.2 Instrument and Test Procedures

Three types of measurements were performed in the experiment for the tempera-
ture, pressure, and mass flow rate. The concentration of a refrigerant in the HEXs
cannot be measured directly, so that parameter was approached using the temper}
ture and HEX pressure calculations. In HEXs, thermocouple sensors are used to
measure the temperature of the HEXs, refrigerant vapor, and the inlet—outlet water
temperature.

Similarly, §Bj condensers and evaporators, thermocouple sensors were also used to
measure the temperature of the ¢¥fhdenser and evaporator, the inlet—outlet temperature
of the condensers, and the inlet—outlet temperature of the chilled water. Pressure sen-
sors were used to measure the pressures of the HEFfJeondenser, and evaporator. Elec-
tromagnetic flow meters are used to measure the flow rate of the cooling water and
the heatgp water of the HEXs, the flow rate of the cooling water fgjo the condenser.
and the flow rate of chilled water into the evaporator. All sensors were connected to
a data logger, and the measurements were performed every second. A computer was
used to save the measured data. The position of the measurement point is marked in
Fig. 3.
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FIG. 3: Measurement point on a four-HEXs chiller

3.3 Parameter Settings

Table 2 presents the standard experimental parameters applied during the experiment.
The important point of the experiment was that the chilled water outlet temperature
was maintained constant at 9°C. Applying this extent of control over this parameter
required extra attention during the experiment because the chilled water outlet tem-
perature cannot be set up automatically on the machine. The chilled water outlet tem-
perature was controlled by adjusting the flows for the chilled water outlet tempera-
ture. The cycle timparameters (in Table 3) were distributed in every mode based on
Table 1 to observe the effect of cycle time on the performance.

4. PERFORMAI\EE INDICATOR INDEX

2
Theggerformance of the reheating two-stage adsorption chiller is indicated mainly by
the coefficient of performance (COP) and the cooling capacity (CC), which can be
examined as follows.
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Parameter ‘alue Unit
Temperature 60, 65,70, 75 °C
Hot water
Flow rate 1.8 kg/s
) ) Temperature 30 °C
Cooling water in
Flow rate 1.4 kg/s
) ) Temperature 14 °C
Chilled water in
Flow rate 0.17 kg/s
) Temperature 9 °C
Chilled water out
Flow rate 0.1-0.4 kg/s
TABLE 3: Parameter condition
Two-stage reheatin
n Z g
A B C D E F G H 1 J Cycle time (s)
100 30 240 100 30 100 30 240 100 30 1000
200 30 290 | 200 30 | 200 | 30 290 | 200 30 1500
300 30 340 | 300 30 | 300 | 30 340 | 300 30 2000
400 30 390 | 400 30 | 400 | 30 390 | 400 30 2500
500 30 440 | 500 30 500 30 440 | 500 30 3000
600 30 | 490 | 600 30 | 600 | 30 490 | 600 30 3500
700 30 540 | 700 30 | 700 | 30 540 | 700 30 4000
Single stage
[ 420 | 30 [ 420 | 30 | 900

4.1 Coefficient of Perfornance

During the heating mode, the heat input from the heat source ((J;;) is the heat input

into the generator and can be estimated as:

feyele

Qin = mhutcw j (Thut-m - Thol(,ul )t .

(1)

The heat released by the evaporator (Qevap) 1s the heat entering the evaporator and
can be expressed as
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"cwlc

Oevap = MehillCw [ Teniny, — Tenitl,, )t - 2)

0

The COP can be written as the ratio between the heat released by the evaporator and
the heat iput:

Q

Cop = ==& | (3)

]
=

4.2 Cooling Capacity

The cooling capacity is the average of the heat released by the evaporator in one cycle
process and can be written as

"c)'clc

CC = meyinCw [ Tenin, _Tchill‘,m)a%“ : )
0 cycle

2
where nitpgy - Hichill s Thot » and Tepin are the hot water gass flow rate. chilled water
mass flow rate. hot vgFpr temperature, and chilled water temperature, respectively, Cy,
denotes the isobaric specific heat of water (4180 J/kg K). The quantities /oy, and dt
denote the cycle time and time interval (s), respectively. The suffixes “in” and ‘out’
refer to inlet and outlet water flows.

5. RESULTS AND DISCUSSION

5.1 Temperature and Pressure Histories

Figure 4 illustrates the temperdjre histories of the four HEXs of the chiller with the
heat source temperature at 60°C and a total cycle time of 2000 s. In the beginning
(300 ), HEX2 and HEX6 are in the mass recovery process, HEX2 is in the heating
mode, and HEXG6 1s in the cooling mode (mode A). At the beginning, the temperature
and pressure of HEX2 decrease and that of HEX6 increase suddenly after the tem-
perature of HEX2 is mcreased and HEX6 1s decreased due to heating by hot water
and cooling by cool water. As a result, HEX2 starts to desorb and HEXG6 to adsorb
water vapor very fast. In mode B, HEX2 1s in the precooling process and HEXG6 1s in
the preheating process. The temperature of HEX2 decreases and the pressure declines.
The temperature and pressure of HEX6 increase. The next process 1s the desorption
process for HEX2 and the adsorption process for HEX6 (modes C, D, and E). In this
process, HEX2 operates on the evaporator pressure and HEX6 operates on the con-
denser pressure. The refrigerant in the evaporator will be evaporated and adsorbed by
HEX2. At the same time, the adsorbed refrigerant of HEX6 will be released to the
condenser in the adsorption process and then condensed in the condenser. Up to mode
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E 1s a first half-cycle, and the next process (mode I to I) is similar to mode A to E,
but the adsorber and desorber positions will be changed in each of the HEX pairs,
which is shown in Fig. 4.

Figure 5 shows that the pressure and temperature of condenser 1 increase drastical-
ly when the condensation process begins or when condenser 1 1s connected to the HEX.
The rate of heat from the refrigerant vapor received by the condenser is not equal to the
rate of heat adsorbed by the cooling condenser. The increase occurs until a certain point
when the released refrigerant is condensed in the condenser in large quantities. After
exceeding the maximum point, the pressure and temperature of condenser 1 will start to
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FIG. 4: Temperature (a) and pressure (b) histories of heat exchangers of the chiller
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decrease, while the pressure and temperature of condenser 2 will start to mcrease. The
trend of evaporator temperature and pressure is the opposite trend of the condenser.
When the evaporator is used during the evaporation process, the temperature as well

as the pressure decrease until a minimum point and then increase.
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5.1 Effect of Heat Source Temperature on Performance
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The effect @h the temperature of the heat source on performance is shown in Fig. 6a,
where the chilled water outlet temperature was 9°C and the total cycle time was

0.3 7
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=] 33
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FIG. 6: Effect of the heat source temperature on: a) performance; b) P-T-X diagram
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1300 s. The COP and cooling capacity both increased with the heat source tem-
perature.

The reason that the COP and cooling capacity both increased with the heat source
temperature is explained in Fig. 6b, which shows that the concentration difference
increases from point A to B if the heat source temperature increases. £ the difference
between the maximum and miniffm concentration levels expands with increag in
the heat source temperature, the cooling capacity [ well as the COP improves with
increase in the heat source temperature. A greater amount of refrigerant will therefore

be adsorbed and desorbed.

5.3 Effect of Cycle Time on Performance

The effect of the cycle time on performance (the COP and cooling capacity) is
shown by Fig. 7a. Seven cycle times are chosen from 1000 s to 4000 s to represent
the short cycle and the nng cycle (Table 3). The experimental conditions were set
up with the heat source temperature and chilled water outlet temperature at 60°C and
9°C, respectively.

The highest levels of performance were attained between cycle times of 2000-
2500 s. When cycle times were less than 2000 s, a sufficient time was not available
for the process of adsorption/desorption. The result 1s therefore a low level of per-
formance. In cycle times longer than 2500 s, the performance decreases drastically
because the adsorption tends to be relatively less intense.

Longer cycle times cause more refrigerant to be adsorbed and desorbed. More cool-
ing energy should therefore be produced in one cycle. However, an excessively long
cycle will create a reduction in the average cooling power. Longer cycle times pro-
duce more cooling power with a relatively lower consumption of driving heat. The
COP was therefore observeggo increase uniformly within cycle times less than 2500 s.
Further explanation of the effect of cycle time on the performance can be illustrated
by the Duhring diagram in Fig. 7b. Two cycle times (1000 s and 2500 s) were cho-
sen as representative of the short cycle and long cycle. Longer cycle times give suf-
ficient time to reach the maximum—minimum concentration. The figure shows that the
Duhring diagram at longer cycle times generates more expansion than the short cycle
time.

5.4 Performance Comparison between the Reheating Two-Stage Chiller
and the Single-Stage Chiller

A performance comparison between the reheating two-stage (short and long cycle) chiller
and the single-stage chiller is presented in Fig. 8. The parameter conditions based on Table 3
were applied during the experiment. The four heat exchangers were used for a single-stage
cycle comparing the performance between the chillers.
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FIG. 8: Performance comparison among the short reheating, long reheating, and single stage
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Based on Fig. 8, the reheating two-stage chiller with a long cycle provid better
COP values than a short cycle time and a single stage. The COP expanded with the
cyele time because the adsorption chiller with a long cycle time produced a r@g§ively
higher cooling effect. According to the figure, the cycle time is responsive to the heat
source temperature. For a low heat source temperature, the COP value for the reheat-
ing adsorption cycle with a [fjhg cycle time is better than the reheating short cycle
and single stage. For a high heat source temperature, the COP of the single stage is
superio)

The cooling capacity obtained from the reheating adsorption cycle with the long
cycle and the short cyele 1s better than the single stage with a low heat source temper-
ature. However, the short cycle time offered better cooling capacity with a relatively
high heat source temperature compared to the other cycle.

6. CONCLUSIONS

The following concluding remarks can be drawn from the present study:

(1) the heat source temperature and cycle time are the influential factors for the
reheating two-stage cycle chiller;
(11) the performance of the chiller increased with increasing heat source temperature;
(111) a total cycle time of 2000 s to 2500 s gives better performance for the chiller:
(vi) for a relatively low heat source temperature, both short cycles and long cycles
of the reheating two-stage cycle chiller offer better performance than the single-
stage chiller.
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