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Abstract
A novel double heat pipe type adsorber, which uses compound adsorbent of CaCl2 and expanded graphite to improve the adsorption
performance, is designed. The double heat pipes are integrated into the adsorbers in order to solve the problem of the corrosion between
seawater and the steel adsorber in ammonia system and improve the heat transfer performance of the adsorber. There are two kinds of
heat pipes integrated with the adsorber. One is the split type heat pipe for heating the adsorber in desorption phase, the other one is the
two-phase closed thermosyphon heat pipe for cooling the adsorber in adsorption phase. The performance of two-adsorber adsorption
chiller integrated with double heat pipes is predicted. The heat transfer performance of the heat pipes can meet the heat demands for
adsorption/desorption of the adsorbent when the heating/cooling time is 720 s and mass recovery time is 60 s. When the exhaust gas
temperature is 550 1C, the cooling water temperature is 25 1C, the inlet and outlet chilled water is 10 and 15.6 1C, respectively; the
simulation results show that the cooling power and COP of this adsorption system are 5.1 kW and 0.38, respectively.
r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Adsorption refrigerator and heat pump have been
thought to be environmentally benign and cost-effective
when driven by recovered waste heat [1]. In comparison
with absorption systems, an adsorption system has no such
problems as coolant pollution, crystallization and fractionation, while in comparison with vapor compression
refrigerating systems, it has the advantages of simple
control, low initial investment and less noise [2–4].
For an adsorption system that uses the refrigerant of
ammonia, copper cannot be used to manufacture the
adsorber for ammonia due to the corrosion of copper by
the refrigerant. Moreover, the adsorber of an ammonia
system cannot be cooled directly by water because of the
possible corrosion between water and the material of
adsorber, which is always steel. Such indirect heat transfer
process will reduce the heat transfer performance. FurtherCorresponding author. Fax: +86 2134206776.
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more, with the application of a medium heat transfer ﬂuid
between the hot or cold source and adsorber, the whole
system will add much more valves to switch the medium
heat transfer ﬂuid between hot source and cold source.
That will decrease the reliability and increase the cost of the
system.
Heat pipes are reasonable for cooling and heating in
adsorption refrigeration systems, not only due to its high
heat ﬂux density, but also due to the absence of any moving
parts to drive the heat transfer medium. Vasiliev et al. have
successfully demonstrated the use of heat pipes in adsorption refrigerators [5–7].
With good design ideas, it is possible to use heat pipes to
heat or cool adsorbers, which put the adsorbers in contact
with the heat-pipe working medium for heating and
cooling [8]. Wang et al. [9] used the two-phase closed
thermosyphon type heat pipe to heat and cool the
adsorber, the heat transfer performance is simulated and
the simulated results show that the average heating/cooling
power for desorption/adsorption are 571/643 W, which
could meet the heating/cooling demands of adsorbent for
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Nomenclature
A
Ak24
Ak48
ca
cal
cfe
cp,n, cp,y
cp,f
cp,wl
COP
L
Keq
(KA)ad
(KA)c
(KA)de
(KA)e
_ cool
m
_ cool
m
_ e;de
m

_ e;cond
m

_f
m
_ mr
m
m24, m48
Ma
Mc
Me
Me,0
Me,w
Mﬁn,ad
Mt,ad
n24, n48
Peq
Pn,des
Pn,ads
qst
Qref

sectional area (m2)
constant Arrhenius factor from CaCl2  2NH3
to CaCl2  4NH3 (s1)
constant Arrhenius factor from CaCl2  4NH3
to CaCl2  8NH3 (s1)
speciﬁc heat of adsorbent (kJ kg1 K1)
speciﬁc heat of aluminum (kJ kg1 K1)
speciﬁc heat of steel (kJ kg1 K1)
speciﬁc heat of gaseous ammonia and liquid
ammonia (kJ kg1 K1)
speciﬁc heat of exhaust gas (kJ kg1 K1)
speciﬁc heat of chilled ﬂuid (kJ kg1 K1)
coefﬁcient of performance
latent heat of ammonia (kJ kg1)
constant value in the adsorption rate equation
heat transfer coefﬁcient of adsorber in adsorption phase (kW K1)
heat transfer coefﬁcient of condenser
(kW K1)
heat transfer coefﬁcient of adsorber in desorption phase (kW K1)
heat transfer coefﬁcient of evaporator
(kW K1)
Mass ﬂow rate of chilling water (kg s1)
mass ﬂow rate of cooling water (kg s1)
mass ﬂow rate of refrigerant evaporated in the
evaporator corresponding to the desorbing
chamber in the mass recovery process (kg s1)
mass ﬂow rate of refrigerant corresponding to
condensed in the evaporator corresponding to
the adsorbing chamber in the mass recovery
process (kg s1)
mass ﬂow rate of exhaust gas (kg s1)
mass ﬂow rate of refrigerant in the mass
recovery process (kg s1)
kinetics parameters of adsorption rate equation
mass of adsorbent (kg)
mass of ammonia condenser (kg)
mass of evaporator (kg)
mass of liquid refrigerant at the equilibrium
state (kg)
mass of ammonia in the evaporator (kg)
mass of aluminum ﬁns (kg)
mass of heat transfer tube (kg)
kinetics parameters of adsorption rate equation
equilibrium pressure (Pa)
the pressure of evaporator corresponding to
the adsorber in desorption phase (Pa)
the pressure of evaporator corresponding to
the adsorber in adsorption phase (Pa)
adsorption heat (kJ kg)
cooling power of the system (kW)

Qh
T
Ta
Tad,in
Tad,out
Tc
Tchill,in
Tchill,out
Tcool,in
Tcool,out
Te
Teq
Tf,in
Tf,out
t
vnv
X
X24
X48
xmax
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heating power of the system (kW)
temperature (K)
temperature of adsorber (K)
cooling water inlet temperature of condenser
corresponding to cooling heat pipe (K)
cooling water outlet temperature of condenser
corresponding to cooling heat pipe (K)
condenser temperature (K)
chilled ﬂuid inlet temperature (K)
chilled ﬂuid outlet temperature (K)
cooling water inlet temperature of condenser
(K)
cooling water outlet temperature of condenser
(K)
evaporator temperature (K)
equilibrium temperature (K)
exhaust gas inlet temperature of exhaust gaswater heat exchanger (K)
exhaust gas inlet temperature of exhaust gaswater heat exchanger (K)
time (s)
speciﬁc volume of gaseous ammonia (m3 kg1)
the global conversation of adsorbent from
CaCl2  2NH3 to CaCl2  8NH3, X ¼ x/xmax,
the global conversation of adsorbent from
CaCl2  2NH3 to CaCl2  4NH3
the global conversation of adsorbent from
CaCl2  4NH3 to CaCl2  8NH3
the maximum adsorption capacity of adsorbent (kg kg1)

Greek letters
DH
DS
e
D1,2,3
t
rSB

enthalpy of transformation for Clausius–
Clapeyron equation (J mol1)
entropy of transformation for Clausius–
Clapeyron equation (J mol1 K1)
porosity of the adsorbent
process index
time function (s)
molar density of salt in the compound
adsorbent (mol m3)

Subscripts
24
48
EG
eq
ads
des
in
out

related to the reaction to convert
CaCl2  2NH3 to CaCl2  4NH3
related to the reaction to convert
CaCl2  4NH3 to CaCl2  8NH3
expanded graphite
equilibrium state
adsorption phase
desorption phase
inlet
outlet
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adsorption/desorption, respectively in a cycle time of
10 min. In the base of this research, Wang et al. integrated
the split type heat pipe into the adsorber to heat and cool
adsorber and built a chemical adsorption refrigeration test
rig [10–12]. The experimental results show that at the
evaporating temperature of –15 1C, its average cooling
power is 1.37 kW, refrigeration COP is 0.41 and SCP is
731 W kg–1 for each adsorber.
Wang et al. [13,14] combined a heat-pipe heat exchanger
with the evaporators of two adsorption/desorption units to
output continuous refrigerating capacity in a novel silica
gel–water adsorption chiller. Yang et al. [15] also combined
a gravity heat pipe into the silica gel–water adsorption
room air conditioner.
For solving the problem of corrosion between seawater
and the steel adsorber in ammonia system, improving the
heat transfer performance of the adsorber and decreasing
the number of valves used in the system, a novel double
heat pipe type adsorber is designed and simulated. The
heating pipe of the split type to heat the adsorber; the
cooling pipe is the two-phase closed thermosyphon type
heat pipe to cool the adsorber. The results show that this
novel type adsorber can work in a highly effective way, and
the heat and mass transfer of the adsorber satisfy the
requirements.
2. System description
Fig. 1 shows the structure of the designed double heat
pipe type adsorption chiller. This novel adsorption chiller
is composed of two working parts, including Part I and
Part II. Part I is the ammonia thermal compressor, Part II
is the ammonia refrigerator. Part I is composed of three
components: condensers, adsorbers and exhaust gas–water
heat exchanger. The condensers (20 in Fig. 1) are shell-tube
heat exchanger, which the cooling water ﬂows inside the
tubes and the cooling heat pipe working medium (water
vapor) condenses on the outside surface of tubes. The
function of condensers is to condensate the working
medium (water vapor) in the cooling heat pipe and takes
out of heat in the adsorber. Expanded graphite (EG)–
CaCl2 compound adsorbent (10 in Fig. 1) is ﬁlled in the
adsorber. There are two adsorbers (2 in Fig. 1) in part I, so
the ammonia could be adsorbed in or desorbed out of the
adsorbers from the ammonia refrigerator alternately. The
exhaust gas–water heat exchanger (6 in Fig. 1) is also a
shell-tube heat exchanger, in which the exhaust gas ﬂows
through the tubes and the water is heated and evaporated
on the outside surface of tubes. The function of exhaust
gas–water heat exchanger is to obtain heat from the
exhaust gas and supply it to the adsorber.
Part II is composed of two components, namely
ammonia condensers (16 in Fig. 1) and ammonia ﬂooded
evaporators (17 in Fig. 1). The function of ammonia
condensers is to condensate desorbed ammonia from
adsorber in desorption phase. The adsorber would adsorb
ammonia in the evaporator in adsorption phase and the

Fig. 1. Schematic diagram of the designed double heat pipe type
adsorption chiller: I. ammonia thermal compressor; II. ammonia
refrigerator; 1. cooling water cycle; 2. adsorber; 3. shell of the ammonia
thermal compressor; 4. water vapor channel of heating heat pipe; 5.
ammonia channel; 6. exhaust gas-water heat exchanger; 7. exhaust gas; 8.
ball valve for cooling water; 9. condensed water in cooling heat pipe; 10.
compound adsorbent; 11. cooling heat pipe working medium (water); 12.
butterﬂy valve for water vapor; 13. heating heat pipe working medium
(water vapor); 14. ball valve for cooling water; 15. condensed ammonia;
16. ammonia condenser; 17. ﬂooded ammonia evaporator; 18. liquid
ammonia; 19. chilled water cycle; 20. condenser for cooling heat pipe; 21.
condenser for ammonia vapor; 22. ball valve for mass recovery between
two evaporators.

evaporation of ammonia inside evaporator provides
refrigeration effect to chilled ﬂuid.
There are two ammonia condensers and two ammonia
ﬂooded evaporators. One ammonia condenser and one
ammonia ﬂooded evaporator are composed of an independent ammonia refrigerator unit, which is connected to
adsorber in the part I. Two independent refrigerator units
are linked by the mass recovery tube, the mass recovery ball
valve (22 in Fig. 1) controls the open and close mass
recovery tube. Both the ammonia condensers and ammonia
ﬂooded evaporators are shell-tube heat exchangers, cooling
water and chilled water ﬂow into the tube and ammonia is
condensed or evaporated on the outside of the tube.
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There are only ﬁve valves for one whole system. Valves A
and C control the water vapor coming into the adsorber,
valves B and D control the cooling water ﬂowing into the
condensers. Valve E controls the mass recover open or
close between one two ammonia evaporators.
2.1. Cooling heat pipe
The cooling heat pipe is of two-phase closed thermosyphon type. As shown in Fig. 1, the cooling heat pipe is
composed of two parts, evaporation zone and condensation zone. The evaporation zone is the outside surface of
the adsorber and the condensation zone is the condenser.
The working medium of cooling heat pipe is water.
Fig. 1 shows valve D is opened and valve B is closed.
When the cooling heat pipe working medium ﬂows into the
evaporation zone, it is heated and evaporated to be water
vapor (because the temperature of adsorber is very high
after desorption process). In the phase change process from
water to water vapor, the heat of adsorber is transferred
efﬁciently to working medium of cooling heat pipe (the
latent heat of vaporization of water is 2258 kJ kg1). So the
adsorber temperature decreases quickly during the vaporization process. The water vapor condenses on the
condensation zone when the cooling water ﬂows through
the condenser. In this phase change process from water
vapor to water, the heat of water vapor is transferred
efﬁciently to the cooling water. The condensed water (9 in
Fig. 1) falls back to the evaporation zone and it would be
evaporated again. In this process, the adsorbent temperature decreases and ammonia is adsorbed by the adsorbent.
2.2. Heating heat pipe
The heating heat pipe is of split type. As shown in Fig. 1,
the heating heat pipe is also composed of two parts,
evaporation zone and condensation zone. The evaporation
zone is the exhaust gas–water heat exchanger and the
condensation zone is the heating heat pipe channel inside the
adsorber. The working medium of heating heat pipe is water.
Fig. 1 shows valve C is opened and valve A is closed.
Water is heated to water vapor by exhaust gas in the
exhaust gas-water exchanger. Then the water vapor comes
to the adsorber and condenses on the surface of heating
heat pipe channel (4 in Fig. 1) inside the adsorber. In the
phase change process from water vapor to water, the heat
of water vapor is transferred efﬁciently to the adsorber. So
the adsorber temperature increases quickly during the
condensation process. The condensed water ﬂows back to
the evaporation zone through heating heat pipe channel. In
this process, the adsorbent temperature increases and
ammonia is desorbed out of the adsorbent.
2.3. Compound adsorbent
The compound adsorbent is a mixture of CaCl2 and EG
and the refrigerant is NH3. This compound adsorbent has
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been studied for its adsorption performance and heat
transfer performance in our previous works [16–18]. In
these researches, the addition of EG in CaCl2 solved the
agglomeration problem that happened in the repeated
adsorption/desorption reaction of CaCl2 and NH3 and
improved the adsorption capacity of CaCl2. Also the
consolidated compound adsorbents of CaCl2 and EG have
higher thermal conductivity than that of CaCl2 powder.
2.4. Working principle
The cycle process of the designed double heat pipe type
adsorption chiller is different from that of the conventional
two-bed single-stage adsorption chiller. As an example, the
chiller startup is from the adsorption phase for the left
adsorber and desorption phase for the right adsorber (as
shown in Fig. 1). The whole cycle process has four modes:
(1) Left adsorber in adsorption phase and right adsorber in
desorption phase: As shown in Fig. 1, in this process valve C
and valve D are opened and valve A, valve B and valve E
are closed. At the moment of start, temperature of left
adsorber is high (about 120 1C) because it just ﬁnished
desorption phase, temperature of right adsorber is low
(about 40 1C) because it just ﬁnished adsorption phase.
When valve C is opened, water vapor ﬂows into the right
adsorber to heat the adsorber. Thus, the heating heat pipe
in right adsorber starts to work and the temperature of
right adsorber increases. The refrigerant vapor desorbed
from the right adsorber is cooled down to condenser
temperature in the ammonia condenser by the cooling
water. Then it falls down to the right evaporator. In
desorption process of right adsorber, the pressure in the
right chamber also increases with temperature. When the
pressure in right chamber is higher than in left chamber,
the working medium of cooling heat pipe in right chamber
is pushed to the left chamber. When valve D is opened, the
cooling heat pipe starts to work and the temperature of left
adsorber decreases. The left adsorber is in adsorption
phase. The refrigerant (NH3) in left evaporator is
evaporated at the evaporating temperature and seizes heat
from the chilled water. The compound adsorbed in the left
adsorber adsorbs the evaporated refrigerant vapor and the
adsorption heat is transferred to the cooling water by the
cooling heat pipe. At the end of this mode, there is
ammonia liquid level difference between the left and right
evaporators. So the next mode is the mass recovery process
between the left and right ammonia ﬂooded evaporators.
(2) Mass recovery from right ammonia flooded evaporator
to left ammonia flooded evaporator: As shown in Fig. 2(a),
in this mode valve E is opened. When the adsorption and
desorption process is over, the quantity and pressure of
ammonia in left and right ﬂooded evaporators are different
(level of ammonia in right evaporator is higher than in left
evaporator). For keeping the same quantity of ammonia in
one left and right evaporators, valve E is opened. Because
of the huge pressure difference between the left and right
evaporators, ammonia in the right evaporator ﬂows into
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Fig. 2. (a) Mass recovery process (from right evaporator to left evaporator); (b) left adsorber in desorption phase and right adsorber in adsorption phase
and (c) mass recovery process (from left evaporator to right evaporator).

the left evaporator in a very short time. When the ammonia
pressure in the two evaporators reaches equilibrium, the
mass recovery mode ﬁnishes and valve E is closed.
(3) Left adsorber is in desorption phase and right adsorber
is in adsorption phase: As shown in Fig. 2(b), in this mode

valve A and valve B are opened and valve C, valve D and
valve E are closed. The working principle in this mode is
almost the same as in mode (1). In this process, the left
adsorber is in desorption phase and the right adsorber is
in adsorption phase. At the end of this mode, there is
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ammonia liquid level difference between the left and right
evaporators.
(4) Mass recovery from left flooded evaporator to right
ammonia flooded evaporator: As shown in Fig. 2(c), in this
mode valve E is opened. The working principle in this
mode is almost the same as in mode (2). When valve E is
opened, ammonia will ﬂow from left evaporator into the
right evaporator. While the ammonia pressure in the two
evaporators reaches equilibrium, the mass recovery mode
ﬁnishes and valve E is closed.
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constant Arrhenius factor and the value of Keq is 0.5. Peq
and Teq were calculated by the Clausius–Clapeyron
equation
lnðPeq Þ ¼ 

DH DS
þ
.
RT
R

(5)

The global conversion of adsorbent in the adsorber was
calculated by considering the contribution of each reaction
in the total adsorbed ammonia as follows:

3. Mathematical model

dX ð4ðdX 48 =dtÞ þ 2ðdX 24 =dtÞÞ
¼
.
dt
6

In this simulation, a mathematical model based on
lumped parameters is introduced. In order to simplify the
analysis, some assumptions are generally made as follows:

The parameters of Eqs. (3) and (4) are identiﬁed by the
experimental data tested by Olivera [19], and the value of
these parameters is listed in Table 1.

(1) Since the ﬁn-tube adsorber has high heat transfer
efﬁciency, the temperature of the adsorbent is uniform;
(2) The pressure of ammonia in the adsorber is uniform
because the mass transfer channel is quite large inside
the adsorber;
(3) The refrigerant is adsorbed uniformly in the adsorber
and it is gaseous in the adsorbent;
(4) The evaporating temperature is identical to the
temperature of the liquid in the evaporator;
(5) The heat conduction of the shell connecting the
adsorber to the condenser or the evaporator is
neglected;
(6) The system has no heat losses (or refrigerating output
loss) to the environment.

3.2. Energy equations

3.1. Adsorption equations
A nonequilibrium adsorption/desorption process occurs
in a practical adsorption cooling system with reactions (1)
and (2). So a nonequilibrium adsorption rate equation is
used in the simulation [19]:
CaCl2  8NH3 þ DH 1
CaCl2  4NH3 þ DH 2

P1 ;T 1

! CaCl2  4NH3 þ 4NH3 ,

P2 ;T 2

! CaCl2  2NH3 þ 2NH3 ,

m24
dX 24
P
n24
¼ Ak24 ð1  X 24 Þ
K eq24
RTrSB
dt



P
1
1

 ln
,
Peq24
T T eq24

m48
dX 48
P
n48
¼ Ak48 ðX 24  X 48 Þ
K eq48
RTrSB
dt



P
1
1

 ln
,
Peq48
T T eq48

(1) Energy balance for adsorber: The heating and cooling
heat pipes are taken as one part in the desorber and
adsorber, and the function of heat pipes are taken into
account by the heat transfer coefﬁcient of adsorber (KA)ad
and heat transfer coefﬁcient of desorber (KA)de.
d
f½M a ðca þ cp;n Xxmax Þ þ cfe M t;ad þ cal M fin;ad T a g
dt
dX
dX
xmax þ ð1  d1 Þcn;v M a
xmax ðT e  T a Þ
¼ M a qst
dt
dt
_ cool cp;w ðT ad;in  T ad;out Þ
þ ð1  d1 Þm
_ f cp;f ðT f;in  T f;out Þ,
þ d1 m
ð7Þ
where d1 is the process index:
(
1; desorption process
d1 ¼
,
0; adsorption process

d1 ¼
(1)
(2)

ð4Þ

where X is the global conversation of adsorbent, X ¼ x/
xmax; T is the temperature of adsorbent, P the pressure of
the adsorbent, e the porosity of the adsorbent, rSB the
molar density of salt in the compound adsorbent, Ak the

h

8
>
< 1;

T f;out T a
T f;in T a

¼ exp

>
: 0;

T w;out T a
T w;in T a

¼ exp

(8)

ðKAÞde
_ f cp;f
m

h

i

ðKAÞad
_ cool cp;w
m

i.

(9)

(2) Energy balance for condenser:
cfe M c

ð3Þ

(6)


dT c
dX des
dX des
xmax þ cnv M a
xmax ðT c  T a Þ
¼ d1 LM a
dt
dt
dt

_ cool cp;w ðT cool;in  T cool;out Þ ,
ð10Þ
þm



T cool;out  T c
ðKAÞc
¼ exp
.
_ cool cp;w
T cool:in  T c
m

(11)

Table 1
Identiﬁed kinetics parameter of adsorption rate equation
Ak24 (s1)
5

2.24  10

n24
2

m24
2

Ak48 (s1)
4

2.05  10

n48

m48

1

1
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(3) Evaporator:
d
½ðcp;w M e;w þ cfe M e ÞT e 
dt
dX ads
_ chill cpwl ðT chill;in  T chill;out Þ
xmax þ m
¼ ð1  d1 Þ½LM a
dt
dX des
xmax ,
þ d1 ½cp;n ðT e  T c ÞM a
ð12Þ
dt



T chill;out  T e
ðKAÞe
¼ exp
.
_ chill cp;w
T chill;in  T e
m

(13)

The vapor is assumed as an incompressible ﬂow and the
ﬂow resistance of ammonia vapor is neglected. The
pressure drop between the two evaporators in the mass
recovery process can be calculated as follows:
_ 2mr
vnv m
(19)
2A2
where A is the sectional area of mass recovery channel.
The Martin–Hou equation [20] is introduced to calculate
the state parameters for ammonia vapor:

Pn;des  Pn;ads ¼

Pn;v ¼
3.3. Liquid refrigerant equilibrium in evaporator
¼
dM e;w
dX ads
¼ M e;0  M a
xmax ,
(14)
dt
dt
where Me,0 is the mass of liquid refrigerant at the
equilibrium state.
3.4. Equilibrium equations in the mass recovery process
When the adsorption and desorption process is over, the
quantity and pressure of ammonia in left and right ﬂooded
evaporators are different. For keeping the same quantity of
ammonia in the left and right evaporators, the mass
recovery valve is opened. Because of huge pressure
difference between the left and right evaporators, the
ammonia in one evaporator ﬂows into another evaporator
in a very short time. When the ammonia pressure in the
two evaporators reaches equilibrium, the mass recovery
mode ﬁnishes.
Energy balance of evaporator:
d
½ðcp;v M e;v þ cfe M e ÞT e 
dt
_ chill cp;wl ðT chill;in  T chill;out Þ,
¼ Ld2 þ d3 m
where
(
d2 ¼
(
d3 ¼

_ e;evap
m
_ e;cond
m

for desorbing chamber
,
for adsorbing chamber

1;

T e pT chill;in

0;

T e 4T chill;in

,

RT
A2 þ B2 T þ C 2 expðKT=T c Þ
þ
V b
ðV  bÞ2
A3 þ B3 T þ C 3 expðKT=T c Þ
A4
þ
þ
3
ðV  bÞ
ðV  bÞ4
A5 þ B5 T þ C 5 expðKT=T c Þ
þ
.
ðV  bÞ5

ð20Þ

The values of parameters in the Martin–Hou equation
for ammonia are listed in Ref. [20].
3.5. Performance parameters equations
Cooling power:
R tcycle
_ chill ðT chill;in  T chill;out Þ dt
cp;wl m
Qref ¼ 0
,
tcycle
Heating power:
R tcycle
_ f ðT h;in  T h;out Þ dt
cp;f m
,
Qh ¼ 0
tcycle
COP ¼

Qref
.
Qh

(21)

(22)

(23)

ð15Þ
4. Simulation procedure and experimental validity
(16)

(17)

_ e;cond are, respectively, the mass ﬂow
_ e;evap and m
where m
rates of refrigerant evaporated in the evaporator corresponding to the desorbing chamber and condensed in the
evaporator corresponding to the adsorbing chamber.
Mass equilibrium:
Ma

5
X
f i ðTÞ
ðV
 bÞi
i¼1

dX des
dX ads
_ e;evap ¼ m
_ e;cond  M a
_ mr ,
xmax þ m
xmax ¼ m
dt
dt
(18)

_ mr is the refrigerant mass ﬂow rate in the mass
where m
recovery process.

The system of differential equations (Eqs. (3)–(20)) were
solved simultaneously by numerical integration using
ﬁnite-difference substitution in the derivatives. The temperature is assumed to be uniform in adsorbers, evaporators and condensers. For the speciﬁc heats of metals,
adsorbent and adsorbate, average values are adopted
throughout the entire temperature range. Refrigerant mass
ﬂows between evaporator and adsorber, condenser and
desorber, adsorber and desorber are taken as equivalent in
the model. The parameters considered in the simulation are
shown in Table 2.
In the numerical solution of the equations, successive
substitution of newly calculated values was used with six
iterative nested loops in repeating the calculations until the
discrepancy in heat balances was less than 2%; the
converging factor is taken as 103 (or 0.001) for all
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Table 2
Physical property parameters used in the simulation

0.6

Symbol

Value

Unit

cp,w
ca
cal
cfe
cnv
cp,f
cp,wl
qst
KAde
KAad
KAc
KAe
L
mchill
Ma
Mﬁn,ad
Mt,ad
Mc
Me
Me,0
xmax

4.180
0.919
0.905
0.465
3.180
1.097
3.044
2450
1123
1258
1764
11400
1330
0.31
20.0
22.0
88.0
13
29.4
30
0.8

kJ kg1 K1
kJ kg1 K1
kJ kg1 K1
kJ kg1 K1
kJ kg1 K1
kJ kg1 K1
kJ kg1 K1
kJ kg1
W K1
W K1
W K1
W K1
kJ kg1
kg s1
kg
kg
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Fig. 3. Variation of the heating/cooling time with the cooling power and
COP (60 s mass recovery time, cooling water inlet temperature: 25 1C,
chilling ﬂuid inlet temperature: 10 1C).
0.40
Exhaust gas temp: 550°C
Exhaust gas temp: 350°C

0.35

5. Result and discussion

COP

parameters. The calculations are made with a time interval
of 1 s.

0.30

5.1. Heating/cooling time
Fig. 3 shows the cooling power and COP variation with
heating/cooling time. The COP increases a little with the
extension of the heating/cooling time when the exhaust gas
temperature is 550 and 350 1C. The cooling power
decreases with longer heating/cooling time. There is a
cross point between the COP curve and cooling power
curve in Fig. 7 when the heating/cooling time is 720 s and
the exhaust temperature is 550 1C. Thus the optimal
heating/cooling time for this system is 720 s when the
exhaust gas temperature is 550 1C. The COP and cooling
power are 0.38 and 5.1 kW, respectively, when the heating/
cooling time is 720 s and exhaust gas temperature is 550 1C.
The COP and cooling power are 0.31 and 4.2 kW,
respectively, when the heating/cooling time is 630 s and
the exhaust gas temperature is 350 1C. The mass of
adsorbent is 20 kg in each adsorber.
Fig. 4 shows the mass recovery time variation with COP
of the adsorption system. In the range of mass recovery
time 0–250 s, the COP gets its maximum value when the
mass recovery time is 60 s and the exhaust gas is 550 or
350 1C. The reason for the variation of COP is that there is
a huge pressure drop (about 2.5 MPa) between the two
evaporators when the mass recovery happens. The mass
recovery process will ﬁnish in a very short time and there is
no sense in extending the recovery time to increase the
cooling power output. So the value of COP will decrease

0.25

0.20
0

50

100

150

200

250

Mass recovery time (s)

Fig. 4. Variation of the mass recovery time on the COP (720 s heating/
cooling time).

when the mass recovery time is longer than the optimal
value (60 s).

5.2. Heat transfer fluid temperature variation
Fig. 5 shows the temperature proﬁle of the cooling water
when the heating/cooling time is 720 s and the mass
recovery time is 60 s. The inlet temperature of cooling
water is 25 1C. As shown in Fig. 1, the cooling water ﬂows
into the right ammonia condenser to condensate ammonia
and then comes into the left condenser to condensate the
cooling heat pipe working medium (water). It is shown in
Fig. 5 that the cooling water outlet temperature increases
from 25 to 43 1C in 0s to 200 s. This indicates that the heat
released by ammonia and water is higher than what the
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Fig. 5. Temperature proﬁle of cooling water (720 s heating/cooling time,
60 s mass recovery time, cooling water inlet temperature: 25 1C, chilling
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Fig. 7. Temperature proﬁle of chilled ﬂuid (720 s heating/cooling time,
60 s mass recovery time, cooling water inlet temperature: 25 1C, chilled
ﬂuid inlet temperature: 10 1C).

temperature, about 15.6 1C, because of the mass recovery
process that happens between the two evaporators. At the
end of the mass recovery process, there is no more cooling
power output from the evaporators so the chilled ﬂuid
temperature would increase to the highest temperature
again.
5.3. Adsorber temperature variation

100
0

500 1000 1500 2000 2500 3000 3500 4000 4500
time (s)

Fig. 6. Temperature proﬁle of exhaust gas (720 s heating/cooling time, 60 s
mass recovery time, cooling water inlet temperature: 25 1C, chilling ﬂuid
inlet temperature: 10 1C).

cooling water could transport and the temperature of
cooling water increases in the beginning. Later the heat
released by ammonia and water become smaller from 200
to 780 s so that the cooling water temperature decreases
from 43 to 30 1C.
Fig. 6 shows the temperature proﬁle of exhaust gas. As
shown in Fig. 6, the exhaust gas outlet temperature
changed from 165 to 145 1C when the two adsorbers
switched (valve B and valve D switched). The reason for
this is the different heat consumption of adsorbers in
the desorption process. Before the valves switched, the
adsorber is at the end of desorption process and the
thermal energy it needed is small. After the valves switched,
the adsorber is at the beginning of desorption process
and the thermal energy needed is quite large. So the
variation trend of exhaust gas outlet temperature is a
gradual increase and then a gradual decrease when the
valves switched.
Fig. 7 shows the variation of chilled ﬂuid temperature.
Chilled ﬂuid outlet temperature reduces to 14.8 1C in the
adsorption process. Then it decreases sharply to the lowest

Fig. 8 shows the variation of adsorber temperature. The
speeds of adsorber temperature variation in desorption/
adsorption phase are the evaluation criteria of the adsorber
heat transfer performance. For right adsorber, when the
right adsorber switches from adsorption phase to desorption phase, the temperature increases from 43 to 118 1C
in 12 min. Then the right adsorber starts adsorption
process and the temperature decreases from 118 to 43 1C
in 12 min. The cycle time is 24 min and the temperature
variation range is 118–43 1C. In comparison with the test
results of split heat pipe type adsorption test rig [21], the
adsorber temperature variation range is 100–35 1C and the
cycle time is 50 min, the heat pipe working media is water.
Obviously, the heat transfer performance of double heat
pipe adsorber is better than that of the split heat pipe type
adsorber. It costs only half-cycle time of split heat pipe type
adsorber and the temperature variation range is even larger
than in split heat pipe type adsorber.
Fig. 8 also shows the inﬂuence of mass recovery that
happens in ammonia evaporator at the adsorber temperature. When the mass recovery happens at the end of
desorption phase, the adsorber temperature decreases ﬁrst
and then increases. When the mass recovery happens at the
end of adsorption phase, the adsorber temperature
decreases ﬁrst and then increases. At the beginning of
mass recovery process, the right adsorber desorbs a lot of
refrigerant in a very short time because of the huge pressure
difference between the two adsorbers. The desorption
reaction is endothermic, the heat that the right adsorber
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even larger than in split heat pipe type adsorber.
(3) It also simpliﬁes the adsorber structure and decreases
the cost because there are only ﬁve valves in the whole
system.
(4) When the exhaust gas temperature is 550 1C, the
cooling water temperature is 25 1C, the inlet and outlet
chilled water are at 10 and 15.6 1C, respectively; the
simulation results show that the cooling power and
COP of this adsorption system are 5.1 kW and 0.38,
respectively.
(5) For a better cooling power and COP of the system, a
heating/cooling time of 720 s and mass recovery time of
60 s are recommended.
(6) The mass recovery process has a great inﬂuence on the
adsorber temperature and chilling ﬂuid temperature.
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needs exceeds the supplement of heating heat pipe so the
adsorber temperature decreases ﬁrst. With the proceeding
of mass recovery process, the desorption reaction become
slow and the heat given by the heating heat pipe exceeds
that adsorber needed by the and the temperature of right
adsorber increases consequently. For the mass recovery
process of left adsorber, the adsorption reaction is an
exothermal reaction. So the adsorber temperature variation
is reverse trend with the mass recovery process of right
adsorber.
6. Conclusions
A novel chemical adsorption chiller integrated with
double heat pipes for heating and cooling the adsorber
is designed and simulated. This system employs the
CaCl2/EG–ammonia as working pair and is driven by
the waste heat of exhaust gas. There are two types heat pipe
integrated with the adsorber. One is the split type heat pipe
for heating the adsorber in desorption phase, the other is
the two-phase closed thermosyphon for cooling the
adsorber in adsorption phase. As the simulation using the
lumped parameters model shows, the cooling power is
more than 5 kW and COP is 0.38 under available working
conditions. The typical working conditions are a cooling
water inlet temperature of 25 1C, a chilled ﬂuid inlet
temperature of 10 1C and exhaust gas inlet temperature
of 550 1C. Through the analysis of the perdition results,
some conclusions can be drawn for this work as follows:
(1) The double heat pipe type adsorber can solve the
problem of corrosion between sea water and steel
adsorber in ammonia system;
(2) This novel structure of adsorber can improve the heat
transfer performance in the adsorber. The adsorber
could be heated up or cooled down from 118 to 43 1C in
12 min. It costs only half-cycle time of split heat pipe
type adsorber and the temperature variation range is
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