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Abstract

This thesis deals with the numerical results of a three-bed adsorption chiller with
different cycles, using mass recovery scheme to improve the cooling effect. In the present
numerical solution, the heat source temperature variations are taken from 50°C to 65°C
(for cyclel) and from 50°C to 90°C (for cycle 2) and along with coolant inlet temperature
at 30°C and the chilled water inlet temperature at 14°C. Silica gel-water is chosen as
adsorbent-refrigerant pair. In the new strategy, mass recovery process occurs in all bed.
In operational strategyl, the configuration of beds in the three bed chiller with mass
recovery are taken as uniform in size, but in operational strategy2, the configuration of
Hex3 is taken as half of Hexl or Hex2. A cycle simulation computer program is
constructed to analyze the influence of operating conditions (hot and cooling water
temperature) on COP (coefficient of performance), CC (cooling capacity) and chilled
water outlet temperature. The performances in terms of cooling capacity (CC) and
coefficient of performances (COP) are compared with those of conventional three-bed
mass recovery scheme. Results show that the optimum COP values are obtained for hot
water inlet temperature at 65°C along with the coolant and chilled water inlet temperature
are at 30°C and 14°C, respectively. It is also seen that the cooling capacity (CC) and
coefficient of performances (COP) can be improved up to 50%, 13% (for cyclel) and 8%,
9.5% (for cycle 2) respectively than that of the conventional mass recovery cycle if heat

source temperature is considered to be 65°C.
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Nomenclature

A area (m?)

Co Specific heat (J kg'K™)

Dso Pre-exponential constant (m?s™)

Ea activation energy (J kg™)

L latent heat of vaporization (J kg™)

. mass flow rate (kg s™)

Ps saturated vapor pressure (Pa)

q concentration (kg refrigerant / kg adsorbent)

q Concentration equilibrium (kg refrigerant / kg adsorbent)
Qst isosteric heat of adsorption (J kg™)

R gas constant (J kg*K™)

Rp average radius of a particle (m)

T temperature (K)

t time (s)

U heat transfer coefficient (W m2K™)

W weight (kg)

Subscripts

ads adsorber, adsorption hw hot water
cond condenser in inlet

chill  Chilled water out outlet

cw Cooling water S silica gel
des desorber, desorption se sorption element
eva evaporator w water

hex heat exchanger Wy water vapor
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Chapter 1

Introduction

1.1 Introduction

Over the past few decades there have been considerable efforts to use adsorption
(solid/vapor) for cooling and heat pump applications, but intensified efforts were initiated
only since the imposition of international restrictions on the production and utilization of
CFCs and HCFCs. The severity of the ozone layer destruction problem due to CFCs and
HCFCs has been calling for rapid developments in environment friendly air conditioning
technologies. With regard to energy use, global warming prevention has been requiring a
thorough revision of energy utilization practices towards greater efficiency. From this
perspective, interest in adsorption systems has been increased as they do not use ozone
depleting substances as refrigerants nor do they need electricity or fossil fuels as driving

sources.
1.2 Literature Review

Most of the advanced cycles in adsorption refrigeration/heat pump are proposed to
achieve high Coefficient of Performance (COP) and/or Cooling Capacity (CC) values.
Few cycles, however, are proposed to utilize relatively low temperature heat source. Saha
et al. [1] proposed two-stage chiller where the driving heat source temperature was
validated experimentally. A two-stage silica gel-water adsorption refrigeration cycle can
exploit the heat source of temperature around 60°C with the cooling source at 30°C. Khan
et al. [2] studied the performance investigation on mass recovery three-bed adsorption
cycle. Later, Khan et al. [3] proposed and investigated numerically the advanced three-
bed adsorption chiller employing mass recovery scheme. Saha et al. [4] studied waste
heat driven dual-mode, multi-stage, multi-bed regenerative adsorption system. A novel

adsorption chiller, namely, “Three-bed adsorption chiller” is also investigated by Saha et
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al. [5] and shown that waste heat recovery efficiency of the three-bed system is about
35% higher than that of the two-bed system.

In the promotion of environmentally friendly energy utilization systems, one major goal
is to develop CFC-free refrigeration/ heat pump systems that utilize waste heat or
renewable energy sources. Heat driven sorption (adsorption/ desorption) cycle is one of
the promising candidates to utilize waste heat at near environment temperature so that
waste heat below 100°C can be recovered. In the moment absorption (liquid-vapor) is the
most promising technology in area of heat driven heat pump/refrigeration technologies,
however, adsorption (solid-vapor) cycles have some distinct advances over the other
systems in view points of their ability to be driven by relativity low temperature heat
source, which is highly desirable and investigated by Kashiwagi et al. [6]. In the last
three decades, extensive investigations on the performances of adsorption
refrigeration/heat pump systems have been conducted considering various
adsorbent/refrigerant pairs, such as zeolite/water, activated carbon/ammonia, activated
carbon/methanol and silica gel/water. It is well known that the performance of adsorption
cooling/heating system is lower than that of other heat driven heating/cooling systems.
Specially, absorption system provided that the available heat source temperature is at
75°C or higher. From this context, many authors proposed and/or investigated the
adsorption cooling and heating system to improve the performance. In order to improve
the performance of such cooling systems, Douss and Meunier [7] proposed a cascading
cycle with a higher COP of 1.06. Stitou et al. [8] analyzed different cascading cycles
which coupled solid-gas reactions with the liquid-gas absorption process. Wang et al. [9]
incorporated heat and mass recovery processes into the continuous cycle to improve its
thermal performance. Recently, Leong and Liu [10] modeled a combined heat and mass
recovery adsorption cycle employing a compact zeolite adsorbed bed and obtained COP
values which are slightly better than those of Wang and Wang [9]. To improve the
coefficient of performance, Shelton et al. [11] proposed a thermal wave regenerative
adsorption heat pump system. In a similar effort, Critoph [12] proposed a forced
convection adsorption cycle. Meunier [13] investigated the system performance of

cascaded adsorption cycles in which an active/methanol cycle is topped by zeolite/water
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cycle. Pons and Poyelle [14] investigated the effect of mass recovery process in
conventional two bed adsorption cycle to improve the cooling power. Later, Wang [15]
showed that mass recovery process is very effective for the high evaporating pressure lift
as well as for the low regenerating temperature. Akahira et al. [16] investigated two-bed
mass recovery cycle with novel strategy, which shows that mass recovery cycle with
heating/cooling improves the cooling power. Alam et al. [17] analyzed four-bed mass
recovery cycle with silica gel/water pair employing a new strategy to improve the cooling
effect. Recently, Saha et al. [18] analyzed a dual-mode, multi-bed adsorption chiller to
improve the heat recovery efficiency and Khan et al. [19] studied two-stage adsorption
chiller using re-heat parametrically to utilize low-temperature waste heat as heat source.

Adsorption cooling system is a noiseless, non-corrosive and environment-friendly energy
conversion system. So, many researchers around the world have made significant efforts
to study such a cooling system in order to commercialize it. Following are some

representative examples.

The silica gel/water adsorption chiller driven by the waste heat source has been
successfully commercialized in Japan, as reported by Saha et al. [20]. Waste heat at the
temperature between 50°C and 90°C abounds in industry. It is seldom utilized, but
usually discharged into the environment at present. A multi-bed regenerative adsorption
chiller design has been proposed by Chua et al. [21]. The simulation results have showed
that, using the same waste heat source, a four-bed chiller generated 70% refrigerating
capacity improvement compared with a typical two-bed chiller, and a six-bed chiller
generated 40% refrigerating capacity improvement compared with a four-bed chiller.
Alam et al. [22] proposed and analyzed re-heat two-stage adsorption chiller which can be
operated with driving heat source temperature range between 50°C and 90°C along with a
heat sink at 30°C, COP of the re-heat two-stage chiller is higher than that of two-stage
chiller and also found, the re-heat two-stage chiller produces effective cooling even

though heat source temperature fluctuated between 50°C and 90°C.

Adsorption chillers are usually driven by heat, so these chillers are attractive for reducing
electric power demand peaks resulting from air-conditioning and refrigeration equipment

loads. The variety of heat sources available for driving the adsorption refrigeration cycle
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makes this a technology that contributes to CO; reduction by utilizing non-fossil fuel,
such as solar energy or waste heat from industrial process, as its driving source by Ng et
al. [23]. It has been reported that the fixed beds of porous materials in the adsorption
refrigeration cycles tend to be low performance, long cycle time and make the system
over-sized due to poor heat and mass transfer rates in the adsorption bed by Qu et al.
[24].

Most of the research in this field focuses on developing advanced cycles in order to
improve chiller performance to be competitive with other systems. Silica gel-water is
widely used as an adsorbent-adsorbate pair in adsorption refrigeration system. Compared
to other adsorbents, silica gel can be regenerated at a relatively low temperature that is
below 100°C. It also has a large uptake capacity for adsorption of water up to 35%-40%
of its dry mass, which has a high latent heat of evaporation. Because of the low
regeneration temperature, a silica gel-water adsorption chiller can utilize industrial waste

heat or renewable energy resources in Chu et al. [25] and Ng et al. [ 26].

The intensive research on developing silica gel-water adsorption chiller has been done by
many researchers. For example, the multi-bed multi-stage cycle is able to produce a
cooling effect at low heat source temperature such as below 100°C. To utilize the low
heat source temperature, a three-stage silica gel-water adsorption cycle was proposed and

examined by Saha et al. [27].

The performance of the adsorption refrigeration cycle can be enhanced by applying a
mass recovery cycle into the adsorption cycle. The mass recovery cycle is produced by
interconnecting the two beds for depressurizing and pressurizing after desorption and
adsorption process, respectively. Akahira et al. [28, 29] determined that the mass
recovery cycle provides heating to the desorber and cooling to the adsorber. They
reported that the cycle produces better performance than that of conventional mass
recovery without heating and cooling. The mass recovery cycle can also be applied to
multi-bed and multi-stage cycles. Alam et al. [30] introduced the mass recovery cycle
into a two-stage adsorption cycle, namely, a re-heat two-stage adsorption cycle. A similar

effort was also made by khan et al. [31], applying the scheme to a three-stage adsorption
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cycle. They reported that the cycle produces a higher COP value than those of
conventional two-stage and three-stage cycles. The advanced mass recovery cycle was
also applied to a three-bed cycle. Khan et al. [32] proposed and numerically evaluated a
three-bed mass recovery cycle. They reported that the cycle performance is better than
that of the three-bed single stage proposed by Saha et al. [2]. Uyun et al. [33] proposed
and investigated numerically the advanced three-bed adsorption cycle employing heat
and mass recovery cycle. They obtained that the performance of the cycle are superior to
those of three-bed of single stage and mass recovery cycle. Recently, Khan et al. [34]
studied experimentally on a three-bed adsorption chiller and reported that it provides
better COP values for 65°C-75°C heat source temperature.

1.3 Present Problems

In the present work, mass recovery process occurs in all bed. In the new strategy
additional heating and cooling accelerate the desorption/adsorption process; thus the
system provides the better cooling output. A cycle simulation computer program is
constructed to analyze the influence of operating conditions (hot and cooling water

temperature) on COP (coefficient of performance), CC (cooling capacity), # (chiller

efficiency) and chilled water outlet temperature.

1.4 Objectives of the present study

The primary objective of the study is to determine the numerical result of a three-bed
adsorption chiller with different cycles. To get the optimum cooling capacity (CC) and

the coefficient of performance (COP) of the chiller, we want to investigate the following

» To determine the highest COP values, it is important to operate the chiller with

renewable energy or waste heat of temperature below 100°C as the driving heat
source.

» To investigate the influence of the heat source temperature on a three-bed

adsorption chiller which calculate the cooling capacity and its improvement

ratios.
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*  Numerical results are analyzed in terms of cooling capacity and coefficient
of performance by varying heat transfer fluid (hot and cooling water) inlet

temperatures and adsorption/desorption cycle time.

1.5 Outline of the Thesis

This dissertation contains four chapters. In chapterl, a brief introduction is presented with

aim and objective. This chapter also consists a literature review of the past studies.

In chapter 2, we have numerically studied the performance of a three-bed adsorption
chiller (equal bed) with mass recovery scheme. Mass recovery process occurs in all bed.
The performances in terms of cooling capacity (CC) and coefficient of performances
(COP) are compared with those of conventional three-bed mass recovery scheme [4]. The
cycle simulation calculation indicates that the optimum COP value is 0.6214 for hot
water inlet temperature at 65°C along with the coolant and chilled water inlet temperature
are at 30°C and 14°C, respectively.

In chapter 3, the numerical results of a three-bed adsorption chiller (unequal bed) using
silica gel-water as the adsorbent-refrigerant pair are presented. The configuration of Hex1
and Hex2 are identical, but the configuration of Hex3 is taken as half of Hex1 or Hex2. A
cycle simulation computer program is constructed to analyze the influence of operating
conditions (hot and cooling water temperature) on COP (coefficient of performance), CC

(cooling capacity), n (chiller efficiency) and chilled water outlet temperature.

The comparison of the numerical results between the proposed cyclel and the proposed
cycle 2 are discussed in chapter 4. Both of the cycles were tested at the same conditions
based on the input parameters. The proposed cyclel gives better CC and COP value than
the proposed cycle 2. Finally, the dissertation is rounded off with the overall conclusion
and recommendations for further study of the present problem are outlined.
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Chapter 2

Numerical Study of a Three-Bed Adsorption Chiller With Mass
Recovery (Equal Bed)

2.1 Introduction

In this chapter the performance of a three-bed adsorption chiller with mass recovery has
been numerically studied. The mass recovery scheme is used to improve the cooling
effect and a CFC-free-based sorption chiller driven by the low-grade waste heat or any
renewable energy source can be developed for the next generation of refrigeration. Silica
gel/water is taken as adsorbent/adsorbate pair for the present chiller. The three-bed
adsorption chiller comprises with three adsorber/desorber heat exchanger, one evaporator
and one condenser. In the present numerical solution, the heat source temperature
variation is taken from 50°C to 65°C along with coolant inlet temperature at 30°C and the
chilled water inlet temperature at 14°C. In the new strategy, mass recovery process occurs
in all bed. A cycle simulation computer program is constructed to analyze the influence
of operating conditions (hot and cooling water temperature) on COP (coefficient of

performance), CC (cooling capacity), #»(chiller efficiency) and chilled water outlet

temperature.

2.2 Working Principle of the Mass Recovery Chiller

The schematic diagram and time allocation of the proposed three-bed mass recovery
chiller are shown in Fig.2.1 and Table 2.1, respectively. The three-bed mass recovery
chiller comprises with three sorption elements (adsorber / desorber heat exchangers), a
condenser, an evaporator, and metalic tubes for hot, cooling and chilled water flows as
shown in Fig. 2.1. The design criteria of the three-bed mass recovery chiller are almost
similar to that of the three-bed chiller without mass recovery which is proposed and
developed by Saha et al. (2003) and (2006). The configuration of beds in the three bed
chiller with mass recovery were taken as uniform in size. Operational strategyl of the
proposed chiller is shown in Table 2.1. In proposed design, mass recovery process 0ccurs
in all bed. To complete a full cycle for the proposed system, the chiller needs 20 modes,
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namely A,B,C,D,E,F, G, H, I,J,K, L, M, NO, P, Q,R, Sand T as can be seen from
Table 2.1.
Table 2.1: Operational strategyl of three bed chiller with mass recovery

Pre-cooling

Desorption I Mass recovery with heating I Pre-heating
Adsorption é

I Mass recovery with cooling

Cooling wa}terl Qeond +out X Closed
YT

X X Opened
g e
Vo condenser LL ¢ \V2 V: valve
T < Vs :
out Vi1 T >V, Hot W-ater E ¥ Vi COO“ng Wa.ter

Hot water Hex1

nna Vapor
Refrigerant

Evaporator Capillary Tube

Fig2.1: Schematic of three bed chiller with mass recovery

19



Cooling waterl
in

i

\y4
- X
____________ . V: valve
V2 Condenser Vv
T Vs :
out Vi, T V4 Hot water | ¥ Vio Cooling water
in i 4 In
Qdes |:‘y ' Qads
in Vo out  w V out
Hot water  Hexl Hex3 NP Hex2
Vs :
Evaporator
X | . Vapor
V, . Ve —> Refrigerant
out in Evaporator Capillary Tube
Q.. = Chilled water
Fig2.1: Schematic of three bed chiller with mass recovery (Mode-A)
Cooling wgterl Qcond +out X Closed
ny T T
7 | | X Opened
- i
____________ . V: valve
T V2 Condenser Vv
5
out v Pc V, Y Vi, Cooling water
11 : ! n
in —
Qdes |:<y ' |:> Qads
in Vo out v out
Hot water  Hexl Hex3 ; ? Hex2
Vs :
Evaporator
X | V. Vapor
VAN .
v, . Ve —> Refrigerant
out n

Evaporator Capillary Tube
Qe @ Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-B)
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ﬁ X

7 | | X X Opened
- V: valve
V2 Condenser oV
X # v X Cooling water
out Vi Vs CaolingI watef Vio g‘_ i
Qdes ﬂ : |:> Qads
in Vo > 5
Hot water  Hex1 Hex3 u ‘ Hex2 Out
t=v, |
Evaporator
| ............. i
X Vapor
V, : Ve — Refrigerant
out in

Evaporator Capillary Tube
Qeva ' Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-C)

Cooling waitr:ei Qcond +out X Closed
{ | | X X Opened

____________ . V: valve
V2 Condenser § Vi
Vs :
X 1K |
out Mh Vi Mc Va Cooling water V1o Cooling water
— n ~— 1N
Qdes Ify N : |:> Qads
in V out
Hot water Hexl ’ Hex3 : Vs Hexz OUt
Vs :
Evaporator
| ____________ i _
X R Vapor
vV, Ve —> Refrigerant
out mn Evaporator Capillary Tube

Qv Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-D)
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Rl 4
____________ . V: valve
V2 Condenser oV
5 i
Pc Vi Ph V, . Y Vi Ph
in : r—
Ques ﬂ i |:> Quads
V. out
Hex1 * Hex3 Vs Hex2
Vs :
Evaporator
| e [ - Vapor
X Refrigerant
Vi . Vs .
out in Evaporator Capillary Tube

Qeva Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-E)

Cooling Wa}tei Qeond +out X Closed
Y TT

x | | X X Opened

____________ . V: valve
V2 condenser § Vi
Vs i T
out Vi T == Va ot water | ¥ Vio Hot water
ater ; in
in ] r—
Ques ﬂ i |:> Qads
in V out
Hex1 ? Hex3 Ve Hexe Out
Vs :
Evaporator
b | Vapor
0 4 Refrigerant
Vl R V6
out in Evaporator Capillary Tube

Qeva ' Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-F)
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Cooling water| Qcond
i lﬁ+ out X Closed
| | o X Opened
- X .

V2 Condenser

<]
shd <
—>

out V, Y Hot water
Vi Pc in <« in
Ques ﬂ ' |:> Quads
in Vo out 'y out
Cooling  Hexl Hex3 v AN Hex2
water s 5
Evaporator ;
b | Vapor
JAN Refrigerant
Vv, - Vs
out In Evaporator Capillary Tube

Qeva Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-G)

Cooling wa}tei Qcond +out X Closed
T

7 | | 7 X Opened
—— A
v, R Y V: valve
2 Condenser ; 7
Vs : T
X X
out Vi V4 Cooling water Vio Hot water
: in e N
Qdes |_‘r> ' |:> Qads
in Vs But L\ out
Cooling  Hexi HEXST L, AN Hex2
water 3 5
Evaporator ;
e B - Vapor
AN Refrigerant
Vv, Vs

out in

Evaporator Capillary Tube
Qe.va  Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-H)
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Cooling wa}';erl Qcond +out X Closed
| | J X Opened

V
2 Condenser

Y Y

out Vi, Mc Vi Cooling water Vi~ Mh Hot water
in e 1N
: A
Qdes I_‘r> ' #% |:> Qads
n ! —
n V. :
Coollng Hex1 ° Hex3 V out V8 Hex?2 out
water s
Evaporator ;
Y | Vapor
JAY Refrigerant
V, . Vs
out in Evaporator Capillary Tube

Qeva  Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-I)
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Fig2.1: Schematic of three bed chiller with mass recovery (Mode-J)
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Fig2.1: Schematic of three bed chiller with mass recovery (Mode-O)

Cooling Wa}tei Qeond +out X Closed
Y TT

| | 7 X Opened
— X
____________ . V: valve
V2 condenser ; Vi
== Vs i T
out Vi T =\, Hot water vV, Hot water -
in <
Qdes ﬂ : |:> Qads
in Vg out E V. out
Cooling  Hexl Hex3 N Hex2
water Va i
Evaporator ;
— [ mwmln [ - Vapor
A Refrigerant
V, N Vs
out in Evaporator Capillary Tube

Qeva ' Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-P)

27



Cooling water| Qcond |
i lﬁ+out X Closed
i | | 7 X Opened
A

V2 Condenser

>«
Skdqd <
—

out V Ly Hot water
Vi1 Pc 4 in . < i
Qdes |:‘y : |:> Q g
- ads
in V. out .
. Hex1 ? Hex3 = Ve Hex2 ©OUt
Cooling V; i
water Evaporator
— | Vapor
X Refrigerant
v, & - Vs
out n Evaporator Capillary Tube

Qv Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-Q)

Cooling wa}terl Qcond +out X Closed
ny LT

L | | X X Opened

V V: valve
2
Condenser

—

v

out Vi V4Coo|ing Watér V1o Hot water
in e N
Ques |_‘r> ' |:> Qads
in Vs But N\ out
Coollng Hex1 Hex3 T - V i 8 Hex2
water 3 5
Evaporator ;
i | Vapor
A Refrigerant
v, - Vs
out n Evaporator Capillary Tube

Q.va  Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-R)

28



Cooling wate

1

Qcond

T

- -

____________ . X V: valve
V2 Condenser § Vi
=7 <_ ° 4— : S
X i X
out c Vi V, Cooling water Vi Mh Hot water
in e 1IN
Qdes I_‘r> ' |:> Qads
in V9 out : Vg out
Cooling ~ Hexl Hex3 Ay, ; Hex2
water s ?
Evaporator
| ............ .
X Vapor
V, : Vi Refrigerant
out in Evaporator Capillary Tube
Qeva | Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-S)

|

Qcond

T

Cooling wate

- -

____________ . X V: valve
Va Condenser Vi
Ph Vi Ph \ v V1o Pc
in i <
Ques ﬂ |:> Qads
out ;
V ;
Hex1 ? Hex3 Vs Hex2
Vs :
Evaporator
| Commaln | - Vapor
X Refrigerant
V, - Vs
out in Evaporator Capillary Tube
Qv Chilled water

Fig2.1: Schematic of three bed chiller with mass recovery (Mode-T)

29



In mode A, Hex1 and Hex3 work as desorber. The desorption-condensation process takes
place at condenser pressure (Pcong). The desorber (Hexl, Hex3) is heated up to
temperature (Tges) by heat input Qges, provided by the driving heat sources. The resulting
refrigerant is cooled down by temperature (Tcong) in the condenser by the cooling water,
which removes condensation heat, Qcng. HeEX2 works as adsorber in mode A. In the
adsorption-evaporation process, refrigerant (water) in evaporator is evaporated at
evaporation temperature, Teva and seized heat, Qeva from chilled water. The evaporated
vapor is adsorbed by adsorbent (silica gel), at which cooling water removes the

adsorption heat, Qags.

Mode B is the pre-cooling process for Hex3. In pre-cooling process, Hex3 is isolated
from evaporator, condensed or any other beds. Cooling water is supplied to the bed for
short time (30s) in this period. Hex1 works as desorber and Hex2 works as adsorber in

mode B also.
Mode C is the adsorption process for Hex3, Hex2 and desorption process for Hex1.

In mode D, Hex3 (at the end position of adsorption-evaporation process) and Hex1 (at the
end position of desorption-condensation process) are connected with each other
continuing cooling water and hot water, respectively that can be classified as two-bed
mass recovery process. This time Hex3 is isolated from evaporated and Hex1 is isolated
from condensed. Here mass recovery occurs only bed to bed. In this mode Hex2 works as
adsorber. When the concentration levels of both beds Hex1 and Hex3 reach in nearly
equilibrium levels, then warm up process will start, called mode E (pre-heating or pre-

cooling).

In mode E, Hex2 and Hex3 are heated up by hot water, and Hex1 is cooled down by
cooling water. When the pressure of Hex2 and Hex3 are nearly equal to the pressure of
condenser then Hex2 and Hex3 are connected to condenser. When the pressure of Hex1

is nearly equal to the pressure of evaporator then Hex1 is connected to evaporator.

In mode F, Hex2 and Hex3 work as desorber and Hex1 works as adsorber.
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Mode G is the pre-cooling process for Hex3. In this mode, Hex2 works as desorber and

Hex1 works as adsorber.

Mode H is the adsorption-evaporation process for Hex1l and Hex3. Hex2 works as

desorber in this mode.

In mode I, Hex3 (at the end position of adsorption-evaporation process) and Hex2 (at the
end position of desorption-condensation process) are connected with each other
continuing cooling water and hot water, respectively that can be classified as two-bed
mass recovery process. When the concentration levels of both beds Hex3 and Hex2 reach
in nearly equilibrium levels, then warm up process will start, called mode J (pre-heating

or pre-cooling). Hex1 works as adsorber in this mode.

Mode J is the pre-heating/pre-cooling process for all bed. In this period, Hex1 and Hex3

are heated up by hot water; Hex2 is cooled down by cooling water.

Modes K, L and M are same as modes A, B and C respectively. In mode K, L and M

Hex1 and Hex3 work as desorber and Hex2 works as adsorber.

The mode N is same as mode D. In these modes, Hex2 (at the end position of adsorption-
evaporation process) and Hex1 (at the end position of desorption-condensation process)
are connected with each other continuing cooling water and hot water respectively. In
this mode Hex3 works as adsorber. When the concentration levels of both beds Hex1 and
Hex2 reach in nearly equilibrium levels, then warm up process will start, called mode O

(pre-heating or pre-cooling). The mode O is same as mode E.

Modes P, Q and R are same as modes F, G and H respectively. In mode P, Q and R, Hex2

and Hex3 work as desorber and Hex1 works as adsorber.

The mode S is same as mode I. In mode S, Hex1 (at the end position of adsorption-
evaporation process) and Hex2 (at the end position of desorption-condensation process)
are connected with each other continuing cooling water and hot water, respectively that
can be classified as two-bed mass recovery process. When the concentration levels of
both beds Hex1 and Hex2 reach in nearly equilibrium levels, then warm up process will

start, called mode T (pre-heating or pre-cooling). Hex3 works as adsorber in this mode.
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Mode T is the pre-heating/pre-cooling process for all bed. In this period, Hex1 and Hex3
are heated up by hot water; Hex2 is cooled down by cooling water. Mode T is the last
process for all beds, after this mode, all beds will return to its initial position (Mode A).

That’s why to complete one cycle, it needs 20 modes.

2.3 Mathematical Formulation

2.3.1 Energy balance for the adsorber/desorber

Adsorption and desorption heat balances are described by identical equations, where heat
transfer fluid (water) temperature term Ti, and T, denotes cooling water upon adsorption
and hot water upon desorption. Tex denotes reactor bed temperature. The adsorbent bed
temperature, pressure and concentration are assumed to be uniform throughout the
adsorbent bed. The heat transfer and energy balance equations for the adsorbent bed can

be described as follows

Tw, out =Thex + (Tw in _Thex)exp _M (21)
m, C o
d dq
a {(Ws (C ps +C pw q)+thex C pcu +thex C pAl )Thex } = Ws QStE
d .
- 5Wscpw{7(Thex _Teva)+ (1_ 7)(Thex _va )}d_(t:l+ mWpr(Tw, in _Tw,out) (22)

where, ¢ is either 0 or 1 depending whether the adsorbent bed is working as desorber or

adsorber and y is either 1 or O depending on whether the bed is connected with

evaporator or another bed.

Equation (2.1) expresses the importance of heat transfer parameters, namely heat transfer

area A, and heat transfer coefficientU, , . The left hand side of the adsorber/desorber

hex *
energy balance equation (2.2) provides the amount of sensible heat required to cool or
heat the silica-gel(s), the water (w) contents in bed as well as metallic (hex) parts of the
heat exchanger during adsorption or desorption. This term accounts for the input/output
of sensible heat required by the batched-cycle operation. The first term on the right hand
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side of equation (2.2) represents the release of adsorption heat or the input of desorption
heat, while the second and third terms represent for the sensible heat of the adsorbed
vapor. The last term on the right hand side of equation (2.2) indicates the total amount of
heat released to the cooling water upon adsorption or provided by the hot water for
desorption. Equation (2.2) does not account for external heat losses to the environment as
all the beds are well insulated.

2.3.2 Energy balance for the evaporator

In the present analysis, it is assumed that the tube bank surface is able to hold a certain
maximum amount of condensate and the condensate would flow into the evaporator

easily. The heat transfer and energy balance equations for evaporator can be expressed as

Tchill,out = Teva + (Tchill,in _Teva)exp _M (23)
My Cp,chill
d _ do.g _ A0 geq
dt {(Vveva,wcpw +Wevan,eva )Teva}_ LWs dt Wstw(Tcond Teva) dt
+ Mehin Cp,chiII(TchiII,in _Tchill,out) (2-4)

where the suffixes chill and eva indicate chilled water and evaporator respectively. The
left hand side of equation (2.4) represents the sensible heat required by the liquid
refrigerant (w) and the metal of heat exchanger tubes in the evaporator. On the right hand
side, the first term gives the latent heat of evaporation (L) for the amount of refrigerant
adsorbed (dgags /dt), the second term shows the sensible heat required to cool down the
incoming condensate from the condensation temperature Tcng to Vvaporization
temperature Teys and the last term represents the total amount of heat given away by the
chilled water.

2.3.3 Energy balance for the condenser

The heat transfer and energy balance equations for condenser can be expressed as
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Tcond, out — Tcond + (Tcw, in Tcond )exp _Uc:)ndﬂ (25)

M, pr
d y |
Mo C (T i = Tonenr) (2.6)

where the subscripts cw and cond indicate cooling water and condenser, respectively. The
left hand side of equation (2.6) represents the sensible heat required by the metallic parts
of heat exchanger tubes due to the temperature variations in the condenser. On the right
hand side, the first term gives the latent heat of vaporization (L) for the amount of
refrigerant desorbed (dqges /dt), the second term shows the amount of sensible heat
requirement to cool down the incoming vapor from the desorber at temperature Tges tO
condenser at temperature Tcongs and the last term represents the total amount of heat

released to the cooling water.

2.3.4 Mass balance

Mass and heat balances are based on the assumption that both the temperature and the
amount of refrigerant adsorbed are uniform in the adsorbent beds. Since the temperature
in an adsorption cycle are unsteady state, the energy balance equations (2.2, 2.4, 2.6)
must account for sensible heat input and/ or output during cycle period. The mass balance

for the refrigerant can be expressed by neglecting the gas phase as

dVveva,w — _Ws(dqdescond + dqeva—ads j (27)
dt dt dt

where, subscripts des-cond and eva-ads stand for the vapor flow from desorber to

condenser and evaporator to adsorber, respectively.

2.3.5 Absorption rate

The absorption rate is expressed as
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d .
d_(t] =k.a, x (q - q) (2.8)

where, the overall mass transfer coefficient for absorption is given by
ka, = (15D, )/(R, f (2.9)

The absorption rate is considered to be controlled by surface diffusion inside a gel
particle and surface diffusivity is expressed by Sakoda and Suzuki [35] as a function of

temperature by

D, = D, xexp[-(E, )/(RT)] (2.10)

and q is the amount absorbed in equilibrium with pressure P, (TW) and is derived from the

manufacturer property data by the following equation

. 0.8x[P,(T, )/ P.(T,)]

S

1+0.5x[P,(T,)/P.(T,)]

S

(2.11)

where P.(T,) and P,(T,) are the saturation vapor pressure at temperature T, (water
vapor) and T, (silica gel), respectively. The saturation vapor pressure and temperature

are correlated by Antoine’s equation, which can be written as

(2.12)

P, =133.32 x exp(18.3 _ 3820 j

T-46.1

2.3.6 Measurement of the system performance

The performance of a three-bed adsorption chiller with mass recovery is mainly
characterized by cooling capacity (CC), coefficient of performance (COP), waste heat

recovery efficiency (7 ) and can be measured by the following equations
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tcycle

r;]chill C. J.(Tchill,in — Tonintout )dt

Cooling Capacity (CC) = ! " :

cycle

t
M chin C w _[ (Tchill jin _Tchil ,out ) dt
Coefficient of performance (COP) = 0 :

teycle
J. (T _Thot,out ) dt

0

cycle

M not C

w hot ,in

tcycle
Mehill CW '[(Tchill,in -T
0

i

0

)dt

chill,out

and the waste heat recovery efficiency (7) =

t

r‘.ﬂwCW hot,in _Tcool,in)dt

The base line parameter values (Khan et al. [3]) and standard operating conditions

adapted in simulation are presented in Table 2.2 and Table 2.3, respectively.

Table 2.2 Baseline parameters

Values Adopted in Simulation
Symbol Value Unit
Arex 1.45 m?
Aeva 0.665 m?
Acon 0.998 m’
Cos 924 J/kg.K
Cow 4.18E+3 J/kg.K
Cp,chil 4.20E+3 Jkg.K
Dso 2.54E-4 m?/s
E, 2.33E+3 Jkg
L 2.50E+6 kg
Qst 2.80E+6 Jkg
R 4.62E+2 Jkg.K

36



Rp 0.35E-3 m
Uads 1380 W/m?-K
Udes 1540 W/m?-K
Ueva 3550 W/m?-K
Ucond 4070 W/m?-K
Wi 14 kg
Wew 5 kg
Co.eu 386 J/kg.K
Cpal 905 Jkg.K

Wihex 12.67 kg

Wihex 5.33 kg

Wevaw 25 kg

Table 2.3 Standard operating condition

Temperature [°C]

Flow rate (kg/s)

Hot water 50 ~ 65 0.4
Cooling water 30 0.74[=0.4(ads)+0.34(cond)]
Chilled water 14 0.11
Cycle Time 2400s=(1100 ads/ des+40 mr+30ph+30pc) sx2

Ads/des = adsorption/desorption, mr = mass recovery, ph/pc = pre-heat/pre-cool

2.4. Solution procedure (Finite difference technique)

In the present analysis, a cycle simulation computer program is developed to predict the
performance of the three-bed chiller with mass recovery. The systems of differential

equations (2.1) — (2.12) are solved by finite difference approximation with a time step 1
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sec. The results taken in the study are from the cyclic steady state conditions. A real
chiller starts its operation with unbalanced conditions, however, after a few cycles
(typically 2-3 cycles) it reaches its cyclical steady state condition. Therefore, an iteration
processes has been employed in solution procedure to fix all the initial values for the
cyclic steady state conditions. In the beginning of the solution process, the initial values
are assumed and finally those are adjusted for the cyclic steady conditions by the iteration
process. When two beds are connected with evaporator or condenser, the vapor pressure
is unknown that are calculated through the Antonie’s equation as the vapor temperature is

calculated from the energy balance equation of evaporator or condenser.

It is however, difficult to calculate the saturated vapor pressure when two-beds are
connected with each other, which are essential for the calculation of adsorption/
desorption rate inside the adsorbent beds. In this state, vapor pressure is assumed initially

and the amounts of vapor adsorbed/desorbed by the beds are calculated.

Conceptually, the desorbed vapor from one reactor bed (Hex1) should be equal to the
amount of adsorbed vapor by the other reactor bed (Hex3). If these amounts are not equal
then vapor pressure are adjusted for next iteration. Once the satisfactory convergence
criterion is achieved, then process goes for the next time step. The convergence factor for

all parameters of the present study will be taken as1072.
The calculations are shown here for desorber given in equations (2.1) and (2.2).
For heat transfer equation

We know that the heat equation for water as

Qwater =m Cp (Twi - Two)
Again, we know from thermodynamics, Logarithms Mean Temperature difference

(Two _Tad )_ (Twi _Tad )
In(Two _Tad J
Twi _Tad
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Thus heat equation for water becomes

Q. = LMTD *UA

or,
Two _Tad
In
Twi _Tad
UA .
or, = —me
Two _Tad
In
Twi _Tad
1 mc
or, =——2F

or, Two _Tad = (Twi _Tad )exp _.U—
m Cp

or, Two =Tad +(Twi Tad )exp _.U—A
mc

For energy balance equation

d d .
a {(Wscs + WeCslges + Wees Coes )Tdes } = Wstt d_? +mc, (Tin _Tout )
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dq des T dqdes

( )dees
W,C, +W,C,Q+ Wy, Cpeq +Ww,C

=W
dt dat * +Qu dt
+ n’;w Cy Tin _Tdes - (Tin _Tdes)exp - .UA
mW CW
Let, w,C, +W,C, 0+ W, Csos =7
T -
Or,]/ i +WCT ql qll WQst ?Il
+ r;’]"" Cw Tin _Tdes _Tin exp| — +Tdes exp| — VA
mW CW mW CW

Let, NTU= .UA

mW CW
or, y 1 _AtT rwer Aq. 1y, I "% q' Ly myc, {T, (L—exp(— NTU))-T,,. (L—exp(= NTU))}
or, yT‘ —A;I' +w,c,T, Rl Aq"l -w QSt q"l + M c,(1—exp(=NTU))(T, - T,..)

or, 7(T| _Ti )+ WsCsTl (ql qi—l)= Wstt (ql - qi—1)+ Atmy Cy (Tin _Tdes )(1 —exp(— NTU ))

Let, EXPN=1-exp(-NTU)

or, T, {;/ +w,C, (g g, )+ At-m,c, EXPN} — T, +w,Q,(q, —q,, )+ At-m,c,- EXPNDT,
Let, EXPND=m. ¢, EXPN

or, T, {7+Wscw(qi _qi—l)+At' EXPND}: 7Ty +W,Qq (qi _QH)"‘A'[ -Ti, -EXPND

7T +w,Q, (g, —q,, )+ At-T, .EXPND

or, T, =
y +w.c,(q—q,, )+ At-EXPND
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/T, +W,Q AqQ+At-T, [EXPND
(Wscs + W C\, (fj + WiesCes )+ WC, (q| - qi—1)+ At- EXPND

or, T, = [a, ;4 = Aq]

) Iy +W,QuAq + At-T, EXPND
W,C, +W,C, (20, =0, )+ W, Cyee + At- EXPND

or, T

Similarly, we can discretize the energy balance equations for the evaporator and

condenser.

2.5. Results and discussion

In order to clarify the performance of mass recovery cycle, cycle simulation runs are
performed. Since our main interest is to utilize the low grade waste heat as the driving
source, the investigation was conducted for hot water between 50°C and 65°C.

2.5.1 Effect of driving heat source temperature on CC and COP

Figures 2.2(a) and 2.2(b) show heat source temperature variation on CC and COP,
respectively. It is seen that CC for three-bed mass recovery chiller increases with the
increase of heat source temperature from 50°C to 65°C with a cooling water inlet
temperature of 30°C. This is because the amount of refrigerant circulated increases, due
to increased refrigerant desorption with higher driving source temperature. Another
reason is that, in the proposed cycle, Hex1l and Hex2 connect with Hex3 one by one
during mass recovery, which accelerates cooling effect. The CC is improved due to the
mass recovery process. The mass recovery process generates more desorption heat and
that is transferred from the desorber through desorbed vapor. So, in the low heat source
temperature (50°C-65°C), proposed chiller gives better performance. The optimum COP
value is 0.6214 for hot water inlet temperature at 65°C along with the coolant and chilled
water inlet temperature are at 30°C and 14°C, respectively. The delivered chilled water

temperature is 6 °C for this operation condition.
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2.5.2 Effect of cooling source temperature on CC and COP

Figure 2.3(a) and 2.3(b) show the effect of cooling water inlet temperatures on CC and
CORP, respectively. In the present simulation, cooling water mass flow rate into adsorber
is taken as 0.4kg/s, while for the condenser the coolant mass flow rate is taken as 0.34
ka/s. The CC increases steadily as the cooling water inlet temperature is lowered from
40°C to 20°C. This is due to the fact that lower adsorption temperatures result in larger
amounts of refrigerant being adsorbed and desorbed during each cycle. The simulated
COP values also increases with lower cooling water inlet temperature. For the three bed
chiller the COP value reaches 0.6975 with 65°C driving source temperature in

combination with a coolant inlet temperature of 20°C.
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2.5.3 Effect of driving heat source temperature on chiller efficiency, »

Figure2.4(a) presents the waste heat recovery efficiency,n,as a function of heat source

temperature. For three-bed proposed cycle employing mass recovery scheme with
heating/cooling, n rises from 0.0522 to 0.0649 as the hot water inlet temperature is

increased from 50°C to 65°C with a cooling source 30°C. This is because improvement of
cooling capacity of the proposed chiller in this range.

2.5.4 Effect of driving heat source temperature on chilled water outlet
temperature

The effect of heat source temperature on average chilled water outlet temperature is
depicted in Fig.2.4(b). The chilled water temperature level needs to be considered
according to demand side requirement. Mass flow rate of chilled water can control the
outlet temperature of chilled water. From Fig.2.4(b), it is seen that the cyclic average
chilled water outlet temperature of the proposed cycle decreases with the increase of the
driving heat source temperature. Low chilled water outlet temperature is expected from

real machine.
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2.5.5 Effect of cycle time on CC and COP

CC and COP variations with adsorption/desorption cycle time are depicted in Fig.2.5(a).
The sensible heating/cooling time is kept constant 30s. The highest CC values are
obtained for cycle time between 2100s and 2700s. When cycle times are shorter than
900s, there is not enough time for adsorption or desorption, so CC decreases abruptly. On
the other hand, when cycle times are greater than 2700s, CC decreases gradually as the
adsorbent approaches to its equilibrium condition. From the same Figure, it can also be
observed that COP increases uniformly with longer cycle time. This is because of the

lower consumption of driving heat with longer adsorption/desorption cycles.

2.5.6 Effect of mass recovery time on CC and COP

Mass recovery cycle is very simple but effective to operate. For operating conditions such
as high-condensing temperatures, low-evaporation temperatures, or low-generation

temperatures, mass recovery operation is strongly recommended by Wang [15].
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Figure 2.5(b) shows the effect of mass recovery process time on CC and COP. It is shown

that both CC and COP values are decreased with the increase of mass recovery time.

Both CC and COP values are maximized when mass recovery time is 40s with 65°C

driving source temperature.
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Fig 2.5(a): Cycle time effect on CC

and COP

2.6 Comparison of the results
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Fig 2.5(b): Effect of mass recovery time

on CC and COP

In comparison to the three-bed chiller with mass recovery cycle, the chiller performance

of the proposed cycle is higher compared to the conventional cycle in terms of the CC

and COP values, especially for heat source temperatures 65°C. Both of the cycles were

tested at different conditions are presented in Table 2.4 and Table 2.5 respectively.

Table 2.4: Cycle time = 2400s, Mass recovery = 40s (Proposed Cycle)

Heat Source CC[kW] COP[-] Tenittout [°C]
Temperature[°C]
50 1.7463 0.5226 10.4585
55 2.5285 0.5906 8.7646
60 3.2153 0.6178 7.2771
65 3.7981 0.6214 6.0148
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Table 2.5: Cycle time = 1800s, Mass recovery = 140s (Khan et al. [2])

Heat Source CC[kW] COP[-] Tenittout [°C]
Temperature[°C]
5 0.4197 0.1791 13.4095
55 1.1796 0.3713 11.7633
60 1.8779 0.4786 10.2505
65 2.5168 0.5480 8.8664
70 3.0703 0.5921 7.6674
75 3.5490 0.6227 6.6304
80 3.9472 0.6425 5.7679
85 4.2679 0.6541 5.0732
90 45110 0.6574 4.5468

From Table 2.4, it is clearly found that the coefficient of performances (COP) of the
proposed cycle is higher than that of the conventional mass recovery cycle if heat source
temperature is 65°C. It is also seen that the coefficient of performances (COP) can be
improved up to 13% than that of the conventional cycle if heat source temperature is
considered to be 65°C. A novel adsorption chiller, namely, “Three-bed adsorption
chiller” is also investigated by Saha et al. [5] and shown that the COP value of the three-
bed chiller is 0.38 with driving source temperature at 80°C. In this circumstance, two
adsorber beds will be connected with the evaporator and will enhance evaporation. Most
of the research in this field focuses on developing advanced cycles in order to improve
chiller performance to be competitive with other systems. So in the low heat source
temperature, the proposed cycle gives better COP value than Saha et al. [5]. It should be
noted that the cooling capacity (CC) of the proposed cycle is much better than that of the
conventional mass recovery cycle (see Table 2.4) in the range of heat source temperature
from 50°C to 65°C. However, the proposed cycle produces a high cooling capacity. The
cooling capacity can be improved more than 50% using the proposed cycle from that of

conventional cycle.
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The ability to produce a low chilled water outlet is one of the indicators to test the
performance of the new cycle. The performance of the proposed cycle is much better than
that of the conventional cycle because the chilled water outlet temperature of the
conventional cycle is higher than that of the proposed cycle as shown in Table 2.4.
According to Table 2.4, the proposed cycle is able to produce chilled water at lower
temperature than that of the conventional cycle.

2.7 Conclusion

A three-bed mass recovery chiller (equal bed) with silica gel as adsorbent and water as
adsorbate is proposed and the performances are evaluated by numerical technique. There
is an increasing need for energy efficiency and requirement for the system driven with
low temperature heat source. For the utilization of the demand, multi-bed mass recovery
cycle is presented and the effects of operating conditions are investigated. The following
concluding remarks can be drawn from the present analysis:

Q) The main feature of the proposed chiller is the ability to be driven by
relatively low temperature heat source. The chiller can utilize the fluctuated
heat source temperature between 50°C to 65°C to produce effective cooling
along with a coolant inlet at 30°C.

(i) In the cycle simulation study, hot and cooling water temperatures are the most
influential parameters. CC increases with the increase of hot water
temperature and opposite tendency for cooling water temperature. Highest
COP value (0.6214) is obtained for hot water inlet temperature at 65°C.

(iii)  Inthe low heat source temperature, COP improves significantly.

(iv)  Waste heat recovery efficiency, rises from 0.0522 to 0.0649 as the hot water

inlet temperature is increased from 50°C to 65°C with cooling source at 30°C.
(V) Delivered outlet chilled water temperature of the proposed cycle decreases
with the increase of driving heat source temperature.
(vi)  The mass recovery process has greater influence on the performance with a
lower heat source temperature, such as 65°C, which may help to obtain a COP
increase of more than 13%.
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Chapter 3

Performance Evaluation on Mass Recovery Three-Bed Adsorption
Chiller (Unequal Bed)

3.1 Introduction

The thermodynamic framework of a three-bed adsorption chiller (unequal bed)
employing mass recovery scheme, which is driven by low temperature heat source is
portrayed in this chapter and the performance of the proposed chiller is evaluated
numerically. The innovative chiller is powered by waste heat or renewable energy
sources of temperature between 50°C and 90°C along with a coolant of inlet temperature
at 30°C for air-conditioning purpose. The three-bed adsorption chiller comprises with
three adsorber/desorber heat exchanger, one evaporator and one condenser. In the present
strategy, mass recovery process occurs in all bed where the configuration of Hex1 and
Hex2 are identical, but the configuration of Hex3 is taken as half of Hex1 or Hex2. The
cycle simulation calculation indicates that the COP value of the three-bed adsorption
chiller with mass recovery is 0.6003 with a driven heat source temperature at 65°C in
combination with coolant inlet and chilled water inlet temperatures at 30°C and 14°C,

respectively.

3.2 Working Principle of the Mass Recovery Chiller

The schematic diagram and time allocation of the proposed three-bed mass recovery
chiller are shown in Fig.3.1 and Table 3.1, respectively. The three-bed mass recovery
chiller comprises with three sorption elements (adsorber / desorber heat exchangers), a
condenser, an evaporator, and metalic tubes for hot, cooling and chilled water flows as
shown in Fig. 3.1. The design criteria of the three-bed mass recovery chiller are almost
similar to that of the three-bed chiller without mass recovery which is proposed and
developed by Saha et al. [2003] and [2006].

Operational strategy 2 of the proposed chiller is shown in Table 3.1. In proposed design,

mass recovery process occurs in all bed. To complete a full cycle for the proposed
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system, the chiller needs 20 modes, namely A, B,C,D,E,F, G H, I, J, K, L, M, N,O, P,
Q, R, Sand T as can be seen from Table 3.1.

Table 3.1: Operational strategy 2 of three bed chiller with mass recovery
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Pre-heating

Adsorption
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Mass recovery with cooling

Pre-cooling
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Fig3.1: Schematic of three bed chiller with mass recovery

49



Cooling waterl
in

i

\y4
- X
____________ . V: valve
V2 Condenser Vv
T Vs i
out Vi, T Vs Hot water | ¥ Vio Cooling water
| —<«— in i 4 In
Qdes |:‘y i Qads
in Vo out V out
Hot water  Hexl Hex3 NP Hex2
Vs :
Evaporator
X | . Vapor
V, . Ve —> Refrigerant
out in Evaporator Capillary Tube
Qe = Chilled water
Fig3.1: Schematic of three bed chiller with mass recovery (Mode-A)
Cooling wgterl Qcond +out X Closed
ny T T
7 | | X Opened
- i
____________ . V: valve
T V2 Condenser Vv
5
Vv Cooling water
out Vi Pc ¢ in . v Vo l € in
Qdes |:<y : |:> Qads
: out ;
in Vo w V out
Hot water  Hexl Hex3 ; ? Hex2
3 ;
Evaporator
X | V. Vapor
v, @ —> Refrigerant
R 6
out n

Evaporator Capillary Tube
Qe @ Chilled water
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Fig3.1: Schematic of three bed chiller with mass recovery (Mode-H)
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In mode A, Hex1 and Hex3 work as desorber. The desorption-condensation process takes
place at condenser pressure (Pcong). The desorber (Hexl, Hex3) is heated up to
temperature (Tges) by heat input Qges, provided by the driving heat sources. The resulting
refrigerant is cooled down by temperature (Tcong) in the condenser by the cooling water,
which removes condensation heat, Qcong. Hex2 works as adsorber in mode A. In the
adsorption-evaporation process, refrigerant (water) in evaporator is evaporated at
evaporation temperature, Teva and seized heat, Qeva from chilled water. The evaporated
vapor is adsorbed by adsorbent (silica gel), at which cooling water removes the

adsorption heat, Qags.

Mode B is the pre-cooling process for Hex3. In pre-cooling process, Hex3 is isolated
from evaporator, condensed or any other beds. Cooling water is supplied to the bed for
short time (30s) in this period. Hex1 works as desorber and Hex2 works as adsorber in

mode B also.
Mode C is the adsorption process for Hex3, Hex2 and desorpion process for Hex1.

In mode D, Hex3 (at the end position of adsorption-evaporation process) and Hex1 (at the
end position of desorption-condensation process) are connected with each other
continuing cooling water and hot water, respectively that can be classified as two-bed
mass recovery process. This time Hex3 is isolated from evaporated and Hex1 is isolated
from condensed. Here mass recovery occurs only bed to bed. In this mode Hex2 works as
adsorber. When the concentration levels of both beds Hex1 and Hex3 reach in nearly
equilibrium levels, then warm up process will start, called mode E (pre-heating or pre-

cooling).

In mode E, Hex2 and Hex3 are heated up by hot water, and Hex1 is cooled down by
cooling water. When the pressure of Hex2 and Hex3 are nearly equal to the pressure of
condenser then Hex2 and Hex3 are connected to condenser. When the pressure of Hex1

is nearly equal to the pressure of evaporator then Hex1 is connected to evaporator.

In mode F, Hex2 and Hex3 work as desorber and Hex1 works as adsorber.
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Mode G is the pre-cooling process for Hex3. In this mode, Hex2 works as desorber and

Hex1 works as adsorber.

Mode H is the adsorption-evaporation process for Hexl and Hex3. Hex2 works as

desorber in this mode.

In mode I, Hex3 (at the end position of adsorption-evaporation process) and Hex2 (at the
end position of desorption-condensation process) are connected with each other
continuing cooling water and hot water, respectively that can be classified as two-bed
mass recovery process. When the concentration levels of both beds Hex3 and Hex2 reach
in nearly equilibrium levels, then warm up process will start, called mode J (pre-heating

or pre-cooling). Hex1 works as adsorber in this mode.

Mode J is the pre-heating/pre-cooling process for all bed. In this period, Hex1 and Hex3

are heated up by hot water; Hex2 is cooled down by cooling water.

Modes K, L and M are same as modes A, B and C respectively. In mode K, L and M

Hex1 and Hex3 work as desorber and Hex2 works as adsorber.

The mode N is same as mode D. In these modes, Hex2 (at the end position of adsorption-
evaporation process) and Hex1 (at the end position of desorption-condensation process)
are connected with each other continuing cooling water and hot water respectively. In
this mode Hex3 works as adsorber. When the concentration levels of both beds Hex1 and
Hex2 reach in nearly equilibrium levels, then warm up process will start, called mode O

(pre-heating or pre-cooling). The mode O is same as mode E.

Modes P, Q and R are same as modes F, G and H respectively. In mode P, Q and R, Hex2

and Hex3 work as desorber and Hex1 works as adsorber.

The mode S is same as mode I. In mode S, Hex1 (at the end position of adsorption-
evaporation process) and Hex2 (at the end position of desorption-condensation process)
are connected with each other continuing cooling water and hot water, respectively that
can be classified as two-bed mass recovery process. When the concentration levels of
both beds Hex1 and Hex2 reach in nearly equilibrium levels, then warm up process will

start, called mode T (pre-heating or pre-cooling). Hex3 works as adsorber in this mode.
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Mode T is the pre-heating/pre-cooling process for all bed. In this period, Hex1 and Hex3
are heated up by hot water; Hex2 is cooled down by cooling water. Mode T is the last
process for all beds, after this mode, all beds will return to its initial position (Mode A).

That’s why to complete one cycle, it needs 20 modes.

The standard operating condition for the chiller operation is presented in Table 3.2

Table 3.2 Standard operating condition

Temperature [°C] Flow rate (kg/s)
Hot water 50 ~90 0.2
Cooling water 30 0.54[=0.2(ads)+0.34(cond)]
Chilled water 14 0.11
Cycle Time 2100s=(950 ads/ des+40 mr+30ph+30pc) sx2

3.3. Results and discussion

Since our main interest is to utilize the low grade waste heat as the driving source, the
investigation was conducted for hot water between 50°C and 90°C. The effect of

operating temperature (hot and cooling water) is calculated by the simulation runs.

3.3.1 Effect of driving heat source temperature on CC and COP

Figures 3.2(a) and 3.2(b) show heat source temperature variation on CC and COP,
respectively. It is seen that CC for three-bed mass recovery chiller increases with the
increase of heat source temperature from 50°C to 90°C with a cooling water inlet
temperature of 30°C. This is because the amount of refrigerant circulated increases, due
to increased refrigerant desorption with higher driving source temperature. Another
reason is that, in the proposed cycle, Hex1l and Hex2 connect with Hex3 one by one
during mass recovery, which accelerates cooling effect. The CC is improved due to the
mass recovery process. The mass recovery process generates more desorption heat and
that is transferred from the desorber through desorbed vapor. So, in the low heat source

62



temperature (55°C -65°C), proposed chiller gives better performance. The optimum COP
value is 0.6003 for hot water inlet temperature at 65°C along with the coolant and chilled
water inlet temperature are at 30°C and 14°C, respectively. The delivered chilled water

temperature is 8°C for this operation condition.

4.5 0.62
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= ™ |
éz 5 &= 0.52
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Cycle Time=2100s #Aass £e3c0%vcery =40s
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- Heat Source Temperature[°C]
Heat Source Temperature[°C]

Fig 3.2(a): The effect of heat source
temperature on CC

Fig 3.2(b): The effect of heat source
temperature on COP

3.3.2 Effect of cooling source temperature on CC and COP

Figure 3.3(a) and 3.3(b) show the effect of cooling water inlet temperatures on CC and
CORP, respectively. In the present simulation, cooling water mass flow rate into adsorber
is taken as 0.2 kg/s, while for the condenser the coolant mass flow rate is taken as 0.34
ka/s. The CC increases steadily as the cooling water inlet temperature is lowered from 40
to 20°C. This is due to the fact that lower adsorption temperatures result in larger
amounts of refrigerant being adsorbed and desorbed during each cycle. The simulated
COP values also increases with lower cooling water inlet temperature. For the three bed
chiller the COP value reaches 0.6519 with 65°C driving source temperature in
combination with a coolant inlet temperature of 20°C.
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3.3.3 Effect of driving heat source temperature on chiller efficiency,

Figure 3.4(a) presents the waste heat recovery efficiency,r, as a function of heat source

temperature. For three-bed proposed cycle employing mass recovery scheme with
heating/cooling, # rises from 0.0805 to 0.0931 as the hot water inlet temperature is

increased from 50°C to 65°C with a cooling source 30°C. This is because improvement of
cooling capacity of the proposed chiller in this range. It is also observed that 7 is boosted

by about 25% than that of conventional cycle demonstrated by Khan et al.(2005).

3.3.4 Effect of driving heat source temperature on chilled water outlet
temperature

The effect of heat source temperature on average chilled water outlet temperature is
depicted in Fig.3.4 (b). The chilled water temperature level needs to be considered
according to demand side requirement. Mass flow rate of chilled water can control the
outlet temperature of chilled water. From Fig.3.4 (b), it is seen that the cyclic average
chilled water outlet temperature of the proposed cycle decreases with the increase of the
driving heat source temperature. Low chilled water outlet temperature is expected from

real machine.
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3.3.5 Effect of cycle time on CC and COP

CC and COP variations with adsorption/desorption cycle time are depicted in Fig.3.5 (a).
The sensible heating/cooling time is kept constant 30s. The highest CC values are
obtained for cycle time between 1800 and 2400 s. When cycle times are shorter than
900s, there is not enough time for adsorption or desorption, so CC decreases abruptly. On
the other hand, when cycle times are greater than 2400s, CC decreases gradually as the
adsorbent approaches to its equilibrium condition. From the same Figure, it can also be
observed that COP increases uniformly with longer cycle time. This is because of the

lower consumption of driving heat with longer adsorption/desorption cycles.

3.3.6 Effect of mass recovery time on CC and COP

Mass recovery cycle is very simple but effective to operate. For operating conditions such
as high-condensing temperatures, low-evaporation temperatures, or low-generation

temperatures, mass recovery operation is strongly recommended by Wang [15].
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Figure 3.5 (b) shows the effect of mass recovery process time on CC and COP. It is
shown that both CC and COP values are decreased with the increase of mass recovery

time. Both CC and COP values are maximized when mass recovery time is 40s with 65°C

driving source temperature.
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Fig 3.5(a): Cycle time effect on CC

and COP

3.4 Comparison of the results

COP[]

4 0.7
—CC
......... COP
3+ - 0.5
2 A - 0.3
Cycle=2100¢
Tyt =65"C
T, =30 C
1 T T T T T 01
0] 50 100 150 200 250 300

Mass Recovery Tume[s]

Fig 3.5(b): Effect of mass recovery

time on CC and COP

In comparison to the three-bed chiller with mass recovery cycle, the chiller performance

of the proposed cycle is higher compared to the conventional cycle in terms of the CC

and COP values, especially for heat source temperatures 65°C. Both of the cycles were

tested at different conditions are presented in Table 3.4 and Table 3.5 respectively.

Table 3.3: Cycle time = 2100s, Mass recovery = 40s (Proposed Cycle)

Heat Source CC[kW] COP[-] Tenittout [°C]
Temperature[°C]
50 1.3453 0.5359 11.3605
55 1.8792 0.5866 10.2041
60 2.3289 0.6003 9.2299
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65 2.7227 0.6003 8.3769
3.0467 0.5901 7.6751

70

75 3.3364 0.5793 7.0477

80 3.5788 0.5658 6.5225

85 3.7942 0.5537 6.0560

90 3.9930 0.5437 5.6254

Table 3.4: Cycle time = 1800s, Mass recovery = 140s (Khan et al.[2])

Heat Source CC[kW] COP[-] Tenitiout [°C]
Temperature[°C]
50 0.4197 0.1791 13.4095
95 1.1796 0.3713 11.7633
60 1.8779 0.4786 10.2505
65 2.5168 0.5480 8.8664
70 3.0703 0.5921 7.6674
75 3.5490 0.6227 6.6304
80 3.9472 0.6425 5.7679
85 4.2679 0.6541 5.0732
90 45110 0.6574 4.5468

From Table 3.3, it is clearly found that the coefficient of performances (COP) of the
proposed cycle is higher than that of the conventional mass recovery cycle if heat source
temperature is 65°C. It is also seen that the coefficient of performances (COP) can be
improved up to 9.5% than that of the conventional cycle if heat source temperature is
considered to be 65°C. It should be noted that the cooling capacity (CC) of the proposed
cycle is much better than that of the conventional mass recovery cycle (see Table 3.3) in
the range of heat source temperature from 50°C to 65°C. The cooling capacity can be
improved more than 8% using the proposed cycle from that of conventional cycle.
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The ability to produce a low chilled water outlet is one of the indicators to test the
performance of the new cycle. The performance of the proposed cycle is much better than
that of the conventional cycle because the chilled water outlet temperature of the
conventional cycle is higher than that of the proposed cycle as shown in Table 3.3.
According to Table 3.3, the proposed cycle is able to produce chilled water at lower
temperature than that of the conventional cycle.

3.5 Conclusion

A novel three-bed chiller (unequal bed) with mass recovery scheme is proposed and the
performances are evaluated by numerical technique. There is an increasing need for
energy efficiency and requirement for the system driven with low temperature heat

source. The following concluding remarks can be drawn from the present analysis:

Q) The main feature of the proposed chiller is the ability to be driven by
relatively low temperature heat source. The chiller can utilize the fluctuated
heat source temperature between 50°C to 90°C to produce effective cooling
along with a coolant inlet at 30°C.

(i)  Cooling capacity of the proposed chiller is increased as heat source
temperature is increased from 50°C to 90°C and cooling water inlet
temperature is decreased from 40°C to 20°C.

(it)  The optimum COP value (0.6003) is obtained for hot water inlet temperature
at 65°C in combination with the coolant and chilled water inlet temperatures
are 30°C and 14°C, respectively. The delivered chilled water temperature is
obtained at 8°C.

(iv)  Adsorption/desorption cycle time is very sensitive to the heat source
temperature. The highest CC values are obtained for cycle time between
1800s and 2400 s in the present study.
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Chapter 4

Comparison of the Result between Two Cycles

4.1 Introduction

The comparison of the numerical results between the proposed cyclel and the proposed
cycle 2 are discussed in this chapter. In cyclel, the configuration of beds in the three bed
chiller with mass recovery were taken as uniform in size but in cycle 2 the configuration
of Hex3 is taken as half of Hex1 or Hex2 (where Hex1 and Hex2 are identical). Results
show that the cooling capacity (CC) and coefficient of performance (COP) of the
proposed cyclel is much better than that of the proposed cycle 2 in the range of heat

source temperature from 50°C to 70°C.

Table 4.1: Cycle time = 2100s, Mass recovery = 40s

Proposed Cyclel Proposed Cycle2

Heat Source

Temperature CC[k\N] COP['] Tenitiout [OC] CC[k\N] COP[-] Tehitlout [OC]
[°C]
50 1.6332 0.4524 10.7371 1.0652 | 0.4128 11.9672
55 2.4351 0.5289 9.0003 1.6190 | 0.4853 10.7674
60 3.1288 0.5615 7.4978 2.0845 | 0.5130 9.7593
65 3.7298 0.5703 6.1962 2.4967 | 0.5248 8.8662
70 4.2444 0.5674 5.0816 2.8432 | 0.5247 8.1156

4.2 Comparison of the result between two cycles

Figures 4.1(a)-4.1(c) show the comparison of the numerical results between the proposed
cyclel and the proposed cycle 2. Both of the cycles were tested at the same conditions
based on the input parameters presented in Table 4.1. From the figure 4.1(b), it is clearly
found that COP of the proposed cyclel is higher than that of the proposed cycle 2 if heat

source temperature is 65°C. It should be noted that the cooling capacity (CC) of the
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proposed cyclel is much better than that of the proposed cycle 2 (see Fig.4.1(a)) in the

range of heat source temperature from 50°C to 70°C.

The ability to produce a low chilled water outlet is one of the indicators to test the
performance of the new cycle. The performance of the proposed cyclel is much better
than that of the proposed cycle 2 because the chilled water outlet temperature of the
proposed cycle 2 is higher than that of the proposed cyclel as shown in Figure 4.1(c).
According to Figure 4.1(c), the proposed cyclel is able to produce chilled water at lower

temperature than that of the proposed cycle 2.
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Fig 4.1(a): Performance comparison of CC between
the proposed cyclel and cycle2
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Fig 4.1(b): Performance comparison of COP between
the proposed cyclel and cycle2
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4.3 Conclusion

The comparison of the numerical results between the proposed cyclel and the proposed

cycle 2 are discussed in this chapter. Both of the cycles were tested at the same

conditions based on the input parameters. The following possible outcomes can be drawn
from the present analysis:

Q) The main feature of the proposed chiller is the ability to be driven by

relatively low temperature heat source. The chiller can utilize the fluctuated

heat source temperature between 50°C to 70°C to produce effective cooling

along with a coolant inlet at 30°C.

(i)  The cooling capacity (CC) and coefficient of performance (COP) of the
proposed cyclel is much better than that of the proposed cycle2 in the range
of heat source temperature from 50°C to 70°C. The optimum COP value is

obtained for hot water inlet temperature at 65°C.

(i)  The performance of the proposed cyclel is much better than that of the
proposed cycle2 because the proposed cyclel is able to produce chilled water

at lower temperature than that of the proposed cycle 2.
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Overall Conclusion

A three-bed adsorption chiller with different cycle has been numerically studied to
improve the cooling effect (using mass recovery scheme). The main feature of the
proposed chiller is the ability to be driven by relatively low temperature heat source
below 100°C. The chiller can utilize the fluctuated heat source temperature between 50°C
to 65°C (for cyclel) and 50°C to 90°C (for cycle 2) respectively to produce effective
cooling along with a coolant inlet at 30°C. It is found that the cooling capacity (CC)
increases with the increase of hot water temperature and reverse tendency for cooling
water temperature. In the low heat source temperature, COP improves significantly. It is
also seen that the cooling capacity (CC) and coefficient of performances (COP) can be
improved up to 50%, 13% (for cyclel) and 8%, 9.5% (for cycle 2) respectively than that
of the conventional mass recovery cycle for fixed heat source temperature 65°C. It should
be noted that the proposed cycle is able to produce low outlet chilled water than that of
the conventional cycle. The highest CC values are obtained for cycle time between 2100
s and 2700s (for cycle 1) and 1800s and 2400s (for cycle 2) respectively in the present
study. Finally, it may be concluded that the mass recovery process has greater influence
on the performance with a lower heat source temperature, such as 65°C, which may help
to improve COP more than 13% (for cyclel) and 9.5% (for cycle2) respectively.

72



K/
L4

Extension of this work

This thesis deals with the numerical study of a three-bed adsorption chiller with
different cycles, where connection of the bed with the evaporator is excluded
during pre-heating or pre-cooling time. If we connect any one of the bed with the
evaporator may give better performance to the existing system, which may pave

the way for the provision of future works related to this system.
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