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Exhaust gas from automobile can be used to drive adsorption cooling based air conditioning
system for the vehicle cabin. This study describes the thermodynamic framework of a two stage
indirect exhaust heat recovery system of automotive engine and an effective lumped parameter model
to simulate the dynamic behaviors of an adsorption chiller that ranges from the transient to the cyclic
steady states. Silica gel and water are used as adsorbent - adsorbate pair. The adsorption chiller model
is developed from the rigor of mass and energy balances of each components of the system
employing the experimentally confirmed isotherms and kinetics data of silica gel-water system. The
performances of the chiller are calculated in terms of COP (Coefficient of Performance) and SCP
(Specific Cooling Power) for different operating parameters such as cycle time, switching time,
exhaust gas temperatures and flow rates. From the simulation, it is found that the exhaust energy of
a six cylinder 3000 cc private car is able to produce enough cooling power for the car cabin. It is also
observed that the driving heat source temperature of the adsorption cooling system does not remain
constant throughout the cycle time rather it varies in the range depending on the design of the heat
recovery system. The optimized COP and SCP of cooling system are found to be 0.47 and 0.25

kW/kg, respectively.

Keywords: Adsorption Chiller, COP, Silica gel — water, SCP

1. Introduction

Due to the population boom in the last four decades of
twentieth century, the private transport requirement is
being raised very fast. The number of cars registered
worldwide in 1960 was 98,305 whereas this number
increased seven times and reached to 707,764 in 2010".
The conventional automotive air conditioners (AC) of
these cars use the engine shaft power to run the
mechanical compressor. It imposes an extra 10% load on
engine, which in turn increases the fuel consumption and
exhaust gas production?. The growing number of cars and
their AC-systems are consuming more fuel which
contributes to serious energy crisis. It causes ecological
problems also by emitting CO», SOx, NOx, lead etc. with
the exhaust gas of engine®>. The specific fuel
consumption of the vehicle can be minimized by utilizing
the exhaust gases as motive energy source of cooling
system. Thermally driven cooling devices such as
ab/adsorption cooling system employ waste heat to
produce chilled water. It can open a new avenue for the

sustainable development of environmentally friendly air-
conditioning system. It should be noted that 35% of total
energy supplied to a petrol engine based private car
remains unused and wasted as exhaust gas®”. Employing
the unused exhaust heat, adsorption cooling system for
automotive car can be developed where the refrigerant
(water vapor) pressure is raised from the evaporator
pressure to the condenser pressure during the desorption
processes. Heat is thus pumped from low temperature
region (car cabin) to the environment. Regardless of
having energy saving and environmentally friendly
features, the adsorption cooling system is not being used
as automotive air-conditioner due to its low coefficient of
performance, low specific cooling power and complex
exhaust energy recovery system. Previous research
activities reported that the Coefficient of Performance
(COP) and the Specific Cooling Power (SCP) of
adsorption cooling cycle (ADC) using silica gel+water are
0.4 and 0.3 kW/kg, respectively®2,

Numerous researches were carried out to study the
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performance of ADC for automotive AC in terms of COP
and SCP. Wang, R.Z. et al. designed an adsorption air-
conditioner for the driver’s cabin of a diesel locomotive
system with zeolite-water as working pair’®. The
influences of operating conditions on the system
performances were analyzed by simulation and
experiments. In this paper, the temperature of each
component ranging from transient to steady state was
simulated with respect to cooling capacity and COP. The
effects of sorption beds, evaporation and condensation
temperatures on cooling capacity and COP were
experimentally measured for various cycle and switching
times. Metrans transportation centre investigated the
feasibility of required cooling needs for commercial
tractor-trailer refrigeration and transit bus air conditioning
employing exhaust heat with adsorption refrigeration
systems?. An experimental vapor compression air
conditioning system utilizing adsorption compression was
refurbished and operated to verify previously reported
coefficient of performance (COP) and specific cooling
power (SCP) values. Lambert, M. A. and Jones, B. J.
carried out a conceptual and embodiment design of an
exhaust-powered adsorption air conditioner’?). The design
was preceded by the detailed discussion of automotive
cooling requirements and compared with other thermally
powered cooling technologies.  They presented the
detailed design and analysis of an automotive adsorption
AC, particularly the critical components, adsorption bed
and desorption bed in another study*". Zhong,Y.F. et al.
proposed an adsorption air conditioning system to provide
cooling for heavy-duty vehicles’”. This system was
powered by waste heat when the engine is running. A
model of the adsorption system using zeolite-water
working pair was developed and the system performances
with different operating cycles were reported®?. The
dynamic performance of the system provided guidance for
the system control and energy minimization. Verde M. et
al. developed a dynamic model of water-zeolite based
adsorption-desorption system for the cooling of vehicle
cabin employing the waste heat at the engine hydraulic
loop and calculated the sequential operation of (a)
adsorption-desorption cycle, (b) the condensed water per
cycle and (c) the cooling effects produced at the
evaporator’?),

The previous studies> %3 presented the modelling and
simulation to predict the performances of the adsorption
cycles and they did not describe and investigate the
behaviors of the exhaust gas heat recovery system, which
drives the adsorption cooling system and influences its
performances significantly. This paper aims to evaluate
the exhaust gas heat recovery system with its complete
dynamic model which is able to estimate the temporal
behaviors of all the heat transfer fluids over time. This
study also presents a lumped model of adsorption cooling
system using silica gel, water as adsorbent adsorbate pair
and combines it with the model of exhaust gas heat
recovery system. Finally it looks into the effects of cycle

time, switching time, exhaust gas temperature, cooling
water temperature and mass flow rates of exhaust gas, hot
water and cooling water on COP and SCP of adsorption
cooling system.

2. Description of adsorption cooling system

The design of adsorption cooling system for automotive
air conditioning comprises five main components: two
sorption beds (adsorption bed and desorption bed), an
evaporator, a condenser and a metering valve and these are
shown in Fig. 1. The flow of refrigerant (here water)
through these components is controlled by sequentially
opening and closing of valves V1, V2, V3 and V4. The
hot and the room temperature cold water circulation
through the sorption beds are controlled by switching on
and off the valves S1, S2, S3, S4, S5, S6, S7 and S8
alternatively as shown in Figure 1. The chilled water
receives heat from the vehicle cabin and flows through the
tube side of the evaporator. On the shell side of the
evaporator, the refrigerant water receives the heat as latent
heat of evaporation at very low pressure (about 1 kPa) and
evaporates at the temperature of about 7°C. The water
vapor is then adsorbed onto the porous surface of the
adsorbent material within the adsorption bed at evaporator
pressure. In this study, silica gel-water pair is chosen as
the adsorbent-adsorbate pair, as it is available and its
minimum regeneration temperature is also low, which is
about 65°C339. Since the adsorption is an exothermic
process and the water adsorption capacity of silica gel
reduces at higher temperature, cooling water must flow
through the adsorption bed. During the desorption process,
the hot water is circulated though the desorption bed and
water vapor is desorbed. The regenerated water vapor
goes to the condenser for condensation purposes, and
finally the condensed water is refluxed back to the
evaporator via the u-tube or the metering valve. The
cooling water that passes through the adsorption bed and
condenser is circulated through the air cooled radiator of
the car to reduce its temperature to the atmospheric
temperature. The metering valve maintains the pressure
difference between the evaporator and the condenser. Two
sorption beds are utilized to achieve continuous cooling
by alternating the adsorption and desorption process in
each bed. Each cycle consists of two operations, namely
the normal operation and the switching operation. During
the normal operation mode, the adsorption and desorption
processes take place in the sorption beds. All the beds are
isolated from the evaporator and condenser during the
switching operation. The adsorption bed is preheated by
hot water so that its pressure increases from evaporator
pressure to condenser pressure. On the other hand, the
cooling water is circulated through the desorption bed in
order to reduce its pressure from condenser pressure to the
evaporator pressure. The cooling effect is obtained only
during the normal or adsorption/desorption operation.
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1. Exhaust Energy Source
2. Economizer

3. Generator

4. Adsorption Bed

5. Desorption Bed

6. Evaporator

7. Condenser

8. Metering Valve
9. Air cooled radiator

Refrigerant Control Valve: V1, V2, V3, V4:

Cooling Water/Hot Water Switching Valve : S1, S2, S3, S4

Fig. 1 Schematic Diagram of Exhaust Gas Driven Adsorption Cooling System.

3. Exhaust energy recovery system

Adsorption cooling system needs adsorption and
desorption processes simultaneously to achieve
continuous cooling. The desorption process requires heat
energy inflow to regenerate the adsorbed water vapor.
This driving heat energy can be obtained from automotive
engine exhaust gas. Considering the COP of the system
0.4, 7.5 kW exhaust energy is needed to deliver 3kW
cooling capacity which is the typical cooling load for a 4-
seater small automobile. The internal combustion engine
of six cylinders (3000 cc) possesses an average exhaust
gas temperature of 353°C and it is released to the
surrounding environment as waste heat’*3!:37, Part of this
waste heat can be recovered and used as the heat energy

source for the adsorption cooling system. In order to
achieve this, a heat recovery system is designed and
simulated. In this study, water is considered as adsorbate,
therefore, the high temperature of exhaust gas renders it
impractical to directly transfer heat from exhaust gas to
the adsorption cooling system. To solve this problem, a
two-stage heat recovery system comprises two parallel-
flow shell and tube heat exchangers are designed. The first
heat exchanger serves as an economizer and the second
one as a generator — which is directly connected to the
adsorption cooling system as shown in Fig. 1. These two
heat exchangers are then connected by heat transfer oil
with in a closed-loop. The heat transfer oil (Shell Heat
Transfer Oil S2) with Cp of 2.67 kJ/kg-K and flash point
0f 220°C is chosen to serve as working fluid®®.

The economizer is a gas-to-liquid heat exchanger where
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the exhaust gas flows through the shell side and oil
through the tube side. The exhaust gas heats up the
intermediate fluid oil. This heated oil then goes into the
generator where it circulates through the shell side and
water through the tube side. Heat is transferred from oil to
water. Hot water from the generator is finally circulated
through the desorption bed to provide the desorption
energy to the ADC. The exhaust heat recovery system
with a 3 kW adsorption cooling system with its can be
installed behind the back seat of a car sacrificing some
luggage space.

4. Thermodynamic model

4.1 Adsorption isotherms and kinetics

Adsorption isotherm model is used to determine the
amount of adsorbate vapor uptake under equilibrium
conditions at different temperatures and pressures. Several
isotherm models have been developed for the simulation
of ADC. In this study Toth's isotherm model*-4" is
employed and is given by equation (1).

Hd
w K _exp —4as \p
. m 0 RT
w = :
WV g
1+ Koexp adSP

where w* is the amount of adsorbate at equilibrium
conditions, wy, denotes the monolayer uptake capacity,
Hags 1s the heat of adsorption, Ky is the pre-exponential
constant and t is the dimensionless Toth’s constant. The
experimentally measured isotherm data are fitted with
equation (1). The fitted parameters are shown in Table 1.

Table 1 Isotherm properties of silica gel*+-3°).

w, H
Type m KO (Pa") ads|
(kg/kg) (kI/kg)
Silica gel 0.4 7.3x10°13 2800 8

The transient uptakes of water vapor on silica gel for
various temperatures and pressures are given by adsorption
kinetics, which is calculated by the linear driving force
(LDF) model***? as shown in equation (2).

-FE
15D, exp .
—= 5 (w —w)
dT R,
where Dy, is the kinetic constant, E, is the activation energy,
Ry, is the particle radius, w* is the equilibrium uptake, and
w denotes the instantaneous uptake. LDF equation
parameters are listed in Table 2.

()

Table 2 LDF equation parameters of Silica gel’*3.
Type D E
S" “l R
mS) | (kJ/mol)
Silica
gel 2.54x104 42 0.17x1073

4.2 Energy balance

In this manuscript, the lumped parameter model is used
to describe the energy balance of all components of
adsorption cycle, where the components of heat
exchangers such as tube, fin metal, fluids and adsorbent
materials are assumed to have the same temperature at the
beginning of the cycle or t = 0. The energy balance of the
economizer is presented by

= me.Eg(TEg.in - 3)
TEg,out) - me,Oil(TOil,Out - TOL'l,in)

where M is the mass of the heat exchanger tube, €, yx is
the specific heat capacity of the heat exchanger tube
material dThx gg/dt is the rate of change of heat exchanger
temperature, m is the mass flow rate of exhaust gas,
Cp.k¢ 1s the specific heat of exhaust gas, Tgg i, and Tgg oyue
are the inlet and outlet temperatures of exhaust gas, my;;
is the mass flow rate of oil, C, o;; is the specific heat of
oil, and Ty 0yr and Ty are the inlet and outlet
temperatures of oil. Equation (3) shows that the rate of
change of heat exchanger temperature is proportional to
the amount of energy supplied by the exhaust gas and
inversely proportional to the amount of energy delivered
to the oil. The outlet temperature of the oil from
economizer is estimated using log mean temperature
difference method and is expressed by eqn. 4.

Toiout = Tuxeg + (Tou,m —
4)

U }
. ’
moi1Cp,0il

THX,Eg) €Xp {

where U is the overall heat transfer coefficient of heat
exchanger determined by the Dittus-Boelter equation*?, A
is the heat transfer surface area. The hot oil from the
economizer is circulated through the generator and flows
back to the economizer. So the outlet temperature of oil
from economizer is considered as the inlet temperature of
the generator. The energy balance of the generator is given
by

dTyx0il _
Myx,00Cpux + MouCpou) —— =
mOile,Oil(TOil,in = Towout) —

®)

Myater Cp,water (Twater,Out - Twater,in)
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where M,;; is the amount of oil which is always stored in
the generator, M, q.r 1S the mass flow rate of water,
Cpwater 15 the specific heat of water, Ty g¢eroue and
Twaterin are the outlet and inlet temperatures of water.
Toi1,0ut» the outlet temperature of oil from generator is
considered as the inlet temperature of the economizer. The
outlet temperature of water is estimated by equation (6).

Twater,Out = THX,Oil + (Twater,in -

(6)

—UA }
MwaterCpwater

THX,Oil)exp{ ,

The hot water outlet from the generator is used to heat up
the desorption bed. Hence the outlet temperature of water
from the generator is used as the hot water inlet
temperature of the sorption bed. The energy balance of the
sorption bed is given by equation (7).

(Madscp,ads + MHX,bede,HX +

ATads/des AWqds/des
MabeCp,abe) dt - iHadsl\/[a,ds dt + (7)

mcw/hw Cp,cw/hw (Tads/des) (Tcw/hw,in -

Tcw/hw,out) ’

where the left hand side of the equation provides the
amount of sensible heat required to cool down or heat up
the adsorbent, adsorbate and heat exchanger tube. The
first term on the right hand side represents the heat input
during desorption process or the heat released during
adsorption process. The second term indicates the total
amounts of heat added to the system during desorption or
heat released during adsorption process. The outlet
temperatures of the water from both sorption beds are
calculated by equations (8) and (9) respectively.

Tcw,out = Tbed + (Tcw,in -
(®)

~UA }
mcwcp,cw(Tbed)

7}ed)exp{4

Thw,out = Tbed + (Thw,in -
©))
Tbed)exp { 5

-UA }
Mpw Cphw (Thed)

The energy balance of the condenser is expressed by'3-!4

dTCOTl
(Mref Cp (Tcond) + MHX,cond Cp,HX) 4 =

cond dt
d es
hf(Tcond)Mads V;atl - (1())
mcw Cp,cw (Tcond) (Tcond,out -

dw,
hfg (Tcond)Mads d(ies

Tcond,in) -

The outlet temperature of water from condenser heat
exchanger is given by

Tcond,out = Teona + (Tcond,in -

UA } 1n
mcp,hw(Tcond)

Tcond)exp {

The energy balance of the evaporator'*>'¥ is written as

daT,
(Mgszj:cp (Tevp) + MHX,evp Cp,HX) % =
mchw Cp,chw (Tevp) (Tchw,in -
dwgads AWges

hfg (Tevp)Mads T - hf (Tcond)Mads dt

(12)

Tchw,out) -

The outlet temperature of water from evaporator heat
exchanger is given in equation (13)

-UA (13

mcp, chm(zévp) )

T =T -{T . =T )ex
evpout  evp evpin - evp

4.3 Mass balance

Neglecting the mass of gaseous phase of refrigerant, the
mass balance of AD cooling system is written as,

eref dWads dwdes
dt __M“‘“( ac T dt)

where M,;s is the amount of adsorbent used per
sorption bed, w,4s and wg,s is the amount of water
vapor adsorbed and desorbed during adsorption and
desorption processes.

(14)

4.4 System performances

The energy required to regenerate the water vapor from
the adsorbent is expressed by

Qaes = mhwcp (Tdes)(Thw,in - Thw,out)

Concurrently, the energy rejected to adsorb water vapor
into the adsorbent material is calculated by

Qads = mcwcp (Tads)(Tcw,out - Tcw,in)

The heat removed from the regenerated water vapor to
change its phase to liquid is estimated by

Qcond = mcw Cp,cw (Tcond)(Tcond,out

(15)

(16)

(17

cond,in)
The energy received from the chilled water to evaporate
the refrigerant water is given by

Qevp = mchw Cp,chw (Tevp) (Tchw,in (1 8)
- Tchw,out)
The energy balance of the ADC can be written as

Qges + Qeup = Qgues T Qcona (19)

The cycle average heat supplied by the exhaust gas to the
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circulating intermediate heat transfer fluid (oil) is given by

tC cle
fo > mEng.Eg(TEgrin — TEQ'Dut)dt (20)

tcycle

QEg =

Here tcyqe 1s the total duration of adsorption or
desorption processes and switching process and is
expressed by

e2y)

tcycle = tads/des + tswitching

The amount of heat received by oil per cycle time from
exhaust gas and delivered to water is estimated by

tC cle _+
Jo ¢ 01 Cp 00 (Towim — Towoue)dt — (22)

tcycle

Qou =

The cycle average heat added to regenerate the vapor at
the regeneration bed is

tC cLe
fo Y 11101Cp.0it (Toivin — Toiout)dt (23)

tcycle

Qou =
The cycle average heat removed from the car cabin to the

chilled water is given by

tC cle -
fo vel mchwcp,chw(Tchw,in - chw,out)dt (24)

tcycle

Qroaa =

Finally the performance of the ADC is calculated in terms
of COP and SCP and are given by

COP — QLoad (25)
add

SCP = f;{ﬂ (for two bed systems) (26)
*Mads

5. Results and discussion

In order to meet the cooling requirement of a private car
cabin, a 3 kW adsorption cooling system has been
designed. On the basis of cooling capacity, an exhaust gas
heat recovery system has been designed in such a way that
7.5 kW heat can be transferred from the exhaust gas to the
oil and finally the same amount of heat can be delivered
to water to regenerate the adsorbate vapor from the
desorption bed. Design parameters of all the heat transfer
components and the operating parameters of adsorption
cooling system used for simulation are listed in Table 3.
The thermodynamic behaviors of the heat recovery system
and performances of the ADC in terms of COP and SCP
stemmed from the proposed model are discussed in this
section.

Fig. 2 presents the exhaust gas outlet temperature from
the economizer with time. Due to the very high heat
transfer from exhaust gas to oil initially because of

250

N
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u
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S
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0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
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Fig. 2. Exhaust gas outlet temperature from economizer.

higher temperature difference between them, exhaust gas
outlet temperature is low at the beginning. But with the
increase in time, receiving heat from exhaust gas oil
temperature increases. As a result heat transfer from
exhaust gas decreases and exhaust gas outlet temperature
increases. It reaches the ultimate temperature 200°C after
the normal desorption time 420 sec.

140

Toil_out

%

Toil_in

Temperature (°C)
[-2)
o

40

20

0

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
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Fig. 3. Inlet and outlet temperature of oil from economizer.

During the switching period hot water from generator
flows through the cold adsorption bed instead of hot
desorption bed, so the heat transfer from exhaust gas to oil
increases and exhaust gas outlet temperature decreases
again. Fig. 3 shows the temporal evolution of heat transfer
oil. It can be observed that the oil inlet and outlet
temperatures of the economizer increases with time from
30°C as it receives heat from the exhaust gas and is
circulated through the economizer and generator where it
delivers the heat to water. At the beginning of switching
period, both the oil inlet and outlet temperature drops up
to 107°C and 91°C respectively due to the transfer of
cooling water to the economizer.
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Table 3 Parameter values used in simulation.

M4 6 kg Mepw—evp 0.14 kg/s
Cp.ads 0.921 KJ/kg [25] Ueyp 4.835122 KW/m?-K [42]
Myx peaCo.nx 10.456 Kg . (KJ/kg-K) Agvp 0.15548 m? [designed value]
Uped 0.250 KW/m>-K  [25] M 5kg
Aped 5m? M 25 kg
mcw_bed 03 kg/S Tchw,in 120 C
mhw—bed 03 kg/s Tcw—bed—in 30°C
MHX,conde,HX 0-215434Kg*(KJ/kg'K) Tcw—cond—in 30°C
Mew—cond 0.18 kg/s t cycle 420 Sec
Ucond 7.641651 KW/m?-K [42] t sw 30 Sec
Acond 0.119907 m?> [designed value] Moi 0.11
Mpyx evpCpux 0.279306 kg*(KJ/kg-K) Cpoil 2.67 KJ/kg-K [38]
Mg, 0.03 kg/s Myater 0.3 kg/s
CpEq 1.15 kg/s Mpyx £qCoux 1.76079 kg*(KJ/kg-K)
Mpyx 0uCpux 0.11031 kg*(KJ/kg-K) Unx kg 0.1049215 kg*(KJ/kg-K)
UHX,OH 7.6758831 kg*(KJ/kg'K) [38] AHX,Eq 0.492 m2
Auxoil 0.030748 m> [designed value]
100
120
90
100 Twater_out 80 T_bed2 T_bedl
§ 0 70
g 60 gso
§ %50 T_cond
E‘ Twater_in 2 20
; 40
e ——
30 /
20 20
T _evp
0 10 .. S —
[} 150 300 450 600 750 900 1050 1200 o -
Time (Sec) 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850

Fig. 4 Inlet and outlet temperature of water from generator.

Fig. 4 shows the transient thermal behavior of hot water.
Due to heat transfer from the heated oil, the water outlet
temperature increases at the beginning of the adsorption
cooling cycle. Hot water ranging from 55 to 100 °C is then
circulated to the desorption bed where it releases heat
energy for the desorption of water vapor. Once the
switching period starts, the hot water passes through the
adsorption bed (initial temperature of 31°C). Due to 60°C
(= 90 — 30) temperature difference, the water outlet
temperature suddenly falls down and reaches 64°C from
93°C when switching period is over. As time progresses,
the adsorption bed receives heat from the hot water and its
temperature increases. As a result heat transfer from oil is

Time (Sec)

Fig. 5. Transient temperature profiles of the major
components of ADC.

reduced and the water temperature increases again until
the next switching period starts.

Fig. 5 shows the temporal profiles of the major
components of ADC for the parameters listed in Table 3.
It can be observed from the Figure that the evaporator
temperature varies from 7°C to 10°C during adsorption
period. It can also be noticed that the evaporator
temperature drops initially from 8°C to the lowest
evaporator temperature 5°C and then increases up to 8°C.
This is because of the higher adsorption rate at the
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beginning of the adsorption cycle. During the switching
period, as there is no adsorption and the chilled water
continues to absorb heat energy from the car cabin, the
evaporator temperature increases further from 7°C to 8°C.
The condenser temperature shows the opposite trend of
evaporator temperature. During operation periods, the
condenser temperature increases from 31°C to 36°C
initially due to the higher desorption rate at the beginning
of desorption and then falls down to 32°C. The condenser
temperature decreases further to 31°C during the
switching period because there is no desorption. On the
other hand, the adsorption bed temperature shows a
decreasing trend from 55°C to 31°C during adsorption
period as 30°C cooling water flows through the reactor.
During the switching period, the hot water passes through
it and temperature increases from 31°C to 59°C. On the
other hand, the desorption bed temperature increases from
55°Cto 91°C. It should be noted here that previously, most
of the researchers assumed around 80°C as constant hot
water temperature due to the nature of hydrophobicity for
the water vapor pressures of 6 kPa at 80°C [29-33 ]. This
study found that the hot water outlet temperature from
generator is not constant but it increases from 30°C to
93°C. So initially the rate of increase of desorption bed
temperature is lower than the previously reported values.
As a result, it takes the whole desorption period to reach
the ultimate bed temperature 91°C linearly. During the
switching period the cooling water of 30°C flows through
the bed so that its temperature decreases up to 43°C.

0.6 0.3

SCP (kW/Kg)

150 250 350 450 550 650 750 850 950

1050

Cycle Time (sec)

Fig. 6 Effect of cycle time on COP and SCP.

Fig. 6 shows the effects of cycle time on the
performances of adsorption cooling system. It shows that
both the COP and SCP increase with the cycle time when
cycle time is shorter than 450 s. Because adsorption and
desorption bed reaches the saturation at 450 s. The COP
and the SCP reach their peak values at 0.5 and 0.24 kW/kg,
respectively. The rate of adsorption and desorption
decreases for the longer cycle time. So the cooling effect

decreases but the heat of desorption increases. Hence both
the COP and SCP drop at the longer cycle time.

0.481 0.254

0.48 0.253

0.252
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0.477
0.249

0.476
0.248

0.475 0.247
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10 15 20 25 30 35 40 45
Switching Time (Sec)
Fig. 7 Influence of switching time on ADC performance.

Fig. 7 depicts the consequences of switching time over
adsorption cooling system performance. It shows that the
switching time does not affect the system performance as
much the cycle time does. It can be realized that both the
COP and SCP are low for shorter switching time. The
shorter switching time causes higher adsorption bed
saturation pressure and lower desorption bed saturation
pressure which leads to the insufficient adsorption and
desorption effect.
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Fig. 8. Effect of exhaust gas temperature.

Fig. 8 describes the effect of Exhaust gas inlet
temperature on COP and SCP of adsorption cooling
system. It shows that COP is low for very high and very
low exhaust gas temperature. Because the low exhaust gas
inlet temperature causes insufficient desorption effect but
on the other hand very high exhaust gas inlet temperature
decreases the rate of desorption (dw/dt) as it reaches closer

_19_

SCP (kW/kg)



Performance Study of Adsorption Cooling Cycle for Automotive Air-conditioning

to the corresponding equilibrium uptake capacity. The
maximum COP 0.52 is obtained at the exhaust gas inlet
temperature of 270°C. In contrast the SCP increases with
the increase in exhaust gas inlet temperature.
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Fig. 9 Effect of exhaust gas flow rate.

Fig. 9 describes the effect of exhaust gas flow rate. It
shows that the COP decreases for the very low exhaust gas
flow rate because it cannot produce sufficient desorption
effect. The COP reaches its maximum value (~0.52) when
the exhaust gas flow rate is 0.02 kg/s. Further increase in
exhaust gas flow rate does not increase the desorption
effect significantly which causes a reduction in COP. The
SCP increases with the increase in exhaust gas flow rate
and remains almost constant after reaching its maximum
value of 0.3 when the exhaust gas flow rate is 0.055 kg/s
as at this flow rate almost all the vapor regenerates from
the bed. Hence an increase in the flow rate does not
improve the desorption rate of the system. As a result the
the SCP remains constant.
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Fig. 10 Effect of cooling water flow rate.
The optimized values of the COP and the SCP can be

noted from Figure 9 are 0.5 and 0.26 kW/kg when the
exhaust gas flow rate is 0.03kg/s.

Fig. 10 explains the effect of the cooling water flow rate.
It shows that the increase in the cooling water flow rate
increases both the COP and the SCP. Since the higher
cooling water flow rate reduces the adsorption bed
saturation pressure and desorption bed vapor pressure, the
adsorption and desorption effect enhances. As a result the
COP and SCP of ADC both increases with the increase in
cooling water flow rate. At higher cooling water flow rates,
the cooling energy requirement increases but both the
COP and the SCP do not improve significantly, the
optimum values of the COP and SCP are 0.47 and 0.25
kW/kg when cooling water flow rate is 0.32 kg/s.

6. Conclusions

The present study models mathematically and simulates
an adsorption cooling system that symbiotically combines
(i) the exhaust heat generated from the automotive engine
through an economizer and generator, and (ii) the re-
cooling of adsorption beds and condenser by air cooled
radiator. Dynamic responses of the heat recovery system
have been investigated by simulating the presented
mathematical modelling of ADC. In addition to this an
adsorption cooling system has been designed for average
private car cabin cooling load of 3 kW. Finally the models
of the heat recovery system and the adsorption cooling
system have been combined to investigate the optimized
performances of the overall system in terms of COP and
SCP for different operating parameters. The main findings
of this study are as follows:

e Heat obtained from the exhaust gas of a six
cylinder 3000 cc petrol engine based private car
can produce enough cooling for its cabin without
increasing fuel consumption.

e Hot water inlet temperature to the desorption bed
is not constant rather it varies in a range
depending on the design of heat exchangers of
the heat recovery system.

e Desorption bed temperature during desorption
period varies linearly.

e  Optimized COP and SCP of a 3 kW adsorption
cooling system using silica gel + water as
adsorbent + adsorbate pair are 0.47 and 0.25
kW/kg respectively.
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1))

2)

3)

4)

5)

6)

7)

Nomenclature
A | Area (m?) h Enthalpy (Kj/Kg)
C, | Specific heat (Kj/KgK) t Time (s)
D, | Kinetic Constant (m?/s) U Overall heat transfer coefficient (kW/m*K)
E, | Activation Energy (Kj/Kg) COP | Coefficient of Performance
w* Equilibrium uptake (Kg/Kg of Adsorbent) SCP | Specific Cooling Power
Wy, | Limiting Uptake (Kg/Kg of Adsorbent) Subscripts
w Instantaneous Uptake (Kg/Kg of Adsorbent) ads | Adsorption
K, | Pre-exponential constant des | Desorption
0 Heat cw Cooling Water
R Ideal Gas Constant (Kj/Kg-mol) hw Hot Water
T Temperature (°C) HX | Heat Exchanger
P Pressure (KPa) chw | Chilled Water
R, | Particle Radius (mm) cond | Condenser
M | Mass (Kg) evp | Evaporator
m | Mass flow rate (Kg/s) ref | Refrigerant
Eg Exhaust Gas
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