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Abstract

This article presents the thermodynamic assessment of an advanced adsorption chiller
with an aim towards entropy generation minimization through the selection of
appropriate operating strategies, temperatures, and design modifications. The present
study carries out a second law analysis of a two-bed silica gel water pair-based
adsorption cooling system, with a focus on the under-explored aspects of heat recovery
strategy and auxiliary consumption reducing measures. A second law performance index
viz. specific irreversibility is introduced for effectively incorporating the entropy
generation, auxiliary electricity consumption and cooling capacity and it has been further
verified to be an indicator of second law efficiency . The performance of the system has
been numerically evaluated under the normal and passive heat recovery strategies,
where it is found that the passive heat recovery strategy offers a lower entropy
generation by 63%. The lowest specific irreversibility has been identified for a hot water
inlet temperature of 65°C. The study further investigates the second law efficiency impact
of adopting a capillary-assisted evaporator for auxiliary electricity consumption
reduction. It is observed that the specific irreversibility could reduce by up to 22% over
a conventional falling film design. The analysis and results presented in this study are
anticipated to increase the effectiveness of adsorption chillers for heat recovery

applications.

Keywords: adsorption chiller; capillary assisted evaporator; entropy generation; passive

heat recovery; silica gel-water.
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Nomenclature

A Area of cross-section of mass

transfer, (m?)

ACS Adsorption cooling system

Cp Specific heat capacity, (kJ/kg-
K)

CoP Coefficient of performance

d Heterogeneity parameter

Do Preexponential constant,
(m?/s)

Ea Activation energy, (k] /kg)

hrg Enthalpy of vaporisation,
(k]/kg)

HR Heat recovery

Ko Pre exponential Toth's

constant, (Pa1)
LMTD  Logarithmic temperature
difference

Mass flow rate, (kg/s)

N Number of segments
Pressure, (Pa)

Qst Heat of adsorption, (k]J/kg)

R Gas constant, (k] /kg.K)

Rp Radius of adsorbent particle,
(m)

Sgen Entropy generation, (kW /kg-
K)

T Temperature, (K)

t Time, (s)

X Concentration of refrigerant,
(kg/kg)

X Specific irreversibility, (k] /k])

x* Saturation concentration of
refrigerant, (kg/kg)

M Mass, (kg)

UA Heat transfer coefficient
(kW/K)

@ Time of commencement of
switch-over phase, (s)

n Second law efficiency
parameter

Subscripts

ads Adsorber

bed Adsorbent bed

chill Chilled water

cond Condenser

cool Cooling water

cyc Cycle

des Desorber

eq Equilibrium

evap Evaporator

hex Heat exchanger

hot Hot water

HT Heat transfer

in Inlet

MT

Mass transfer



out Outlet w Water
tot Total

1. Introduction

In recent years, the adsorption technology-based cooling [1-4] and heating [5, 6]
systems are gaining greater attention from researchers and scientists as a long-term
sustainable technology option to fulfill the fast-growing cooling and refrigeration
demands in the industry, small vehicles, offices, and buildings [7]. This is owing to its
capability to produce the desired effect at the required temperature using non-payable,
low-grade, abundantly available, ultra-low temperature [8, 9] thermal energy sources
found in nature as well as in household applications. Adsorption cooling systems (ACSs),
with the exception of the compression mechanism, are similar to conventional
refrigeration systems (Vapour compression refrigeration system) in terms of working
principles and operation processes [10]. However, the ineffective heat and mass transfer
processes in the adsorption cooling cycle result in a low coefficient of performance (COP),
a bulky system, and a lack of economic viability. Researchers have attempted to address
these issues through the synthesis of highly microporous [11, 12] and granular adsorbent
beds [13, 14] and the application of micro-scaled heat exchangers [15], coated adsorbers
[16], etc. such as miniaturised heat and mass transfer devices. Along with the design
improvements, attempts have been made for performance enhancement through various
operational strategies such as heat and mass recovery [17], multistage [18], etc., and
operating parameter optimization [19]. The ideal ACS consists of generally four types of
equipment; the condenser, expansion valve, evaporator, and adsorber/desorber
(thermal compressor) [20]. In reality, all the processes associated with each piece of
equipment have some amount of irreversibility within the system [21]. The entropy
generation occurring in a chiller can be associated with mass transfer, heat transfer,
and flushing, resulting in the loss of the desired effect and hence diminishing the thermal
performance of the ACS as compared to the ideal processes. In this regard, a second law-
based thermodynamic analysis can be a useful tool to perceive the irreversibilities of
various components of the chiller and their impact on thermal performance [22].

The idea of entropy generation and entropy generation number for heat and mass

transfer is first introduced by Andrian Bejan to design the heat exchanger device [23].
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From the published literature, several research attempts have been made by many
researchers in terms of qualitative analysis (second law of thermodynamics) of ACS.
Meunier et al. [24] performed a comparative theoretical investigation in terms of entropy
generation for sorption refrigeration systems such as liquid absorption, solid adsorption,
and chemical reaction heat pumps. It is then observed that the irreversibilities caused by
thermal coupling are more responsible for degrading the coefficient of performance
(COP) of adsorption-based cooling systems, while in the case of absorption cooling
systems with solution heat exchangers, the internal irreversibility dominates for the
same. Several researchers attempted to appropriately quantify the entropy generation to
understand its impact on the system performance. Meunier et al. [25] studied the
performance impact of the cycle time of an ACS using entropy production number
estimation. They observed that longer external thermal entropy generation is
significantly affected at longer cycle times, while internal thermal entropy generation is
more significant at lower cycle times. A two-bed adsorption cooling cycle using entropic
mean temperatures is investigated, which helped to identify the significance of thermal
regeneration and the influence of cycle times and heat transfer fluid flow rates on the
thermodynamic efficiency. Pons et al. (1996) analysed a two-bed adsorption cooling cycle
using entropic mean temperatures, which helped to identify the significance of thermal
regeneration and the influence of cycle times and heat transfer fluid flow rates on
thermodynamic efficiency [26]. Meunier studied the impact of cascading several beds for
a given set of heat reservoir temperatures and observed that the second law efficiency
approaches 68% of the ideal Carnot COP with an infinite number of cascaded beds [27].
Pons [28] carried out entropy generation analysis for adsorption chillers and defined
dimensionless parameters for entropy production quantification. The identification of
the optimal operational parameters of an adsorption chiller was attempted based on a
correlation fitting between the entropy production parameters. The second law analysis
has helped researchers to identify the key components and processes affecting the
system COP. Chua et al. [29] represented the batch-wise operating cycle of adsorption
cooling systems using a time-invariant T-S diagram. They have identified it to be a useful
tool for determining the energy contributions of various processes and studied the
impact of varying operational parameters [30]. In another investigation, Chua et al. [31]
identified the maximum entropy generation to be occurring in the beds with heat transfer

being the bottle neck. They have further identified that the maximum contribution is



during the switch over phase. Myat et al. [32] incorporated a genetic algorithm along
with an entropy generation minimization technique to trace the most favorable thermal
performance of ACS using different sets of working parameters. The second law analysis
has been further found to be useful in thermo-economic evaluations to assess the cost
rate based on exergy destruction in adsorption systems [33].

From the literature review, it is inferred that most of the research efforts dealt with
the assessment of entropy generation and optimization across various components of the
chiller. However, the impact of performance enhancement strategies on entropy
generation has not been studied in the literature as far as the knowledge of the authors
is concerned. This requires a holistic assessment of entropy generation at the heat
reservoirs viz., heat source and heat sink, along with that occurring at the ACS. Therefore,
the present study attempts to estimate and address these aspects, through a second law-
based analysis of a two-bed ACS under normal and a passive heat recovery operational
modes. The ACS is of 10kW cooling capacity and employs silica gel-water pair [36]. The
determination of entropy at the heat source and sink can be a crucial aspect in
determining the effectiveness of adsorption cooling systems when employed for waste
heat recovery applications. It is also observed that the impact of auxiliary power
consumption within an ACS on the overall system irreversibility has been an under-
explored area in the literature. This can be particularly useful to understand the impact
of design improvements of various components on the second law efficiency. Capillary
evaporators are one of such relatively recent developments in ACS, which are seen to
eliminate the need for a circulation pump in the evaporator chamber and save auxiliary
electric power consumption [37-41]. The present study attempts to explore the impact
of a capillary-assisted evaporator design on the second law efficiency, over that of a falling
film design. Specificirreversibility is evaluated as an indicator of the second law efficiency
for incorporating the aspects of entropy generation, cooling capacity and auxiliary
electricity consumption. To summarise, the objectives of the present study are:

i.  Entropy generation evaluation across various components of the chiller under

default operation mode.

ii. Entropy generation evaluation under passive heat recovery mode and specific
irreversibility evaluation for the two operating modes.

iii.  Specificirreversibility evaluation with a suitable capillary-assisted heat exchanger

design and comparison with the existing design.



2. System description

The two-bed adsorption chiller employing silica gel-water pair, as described in our
previous work [36], is considered for the entropy generation assessment. The heat and
mass transfer models for entropy production have been incorporated into the
numerically validated model presented in our previous work [36]. The schematic of the
10-kW two-bed adsorption testing unit is shown in Fig. 1. It has three auxiliary units; a
heating water unit for the regeneration of the bed, a cooling water unit for adsorption and
condensation, and a chilled water unit for generating the cooling effect. The flow of
heating/cooling/chilled fluid is controlled by the operation of the motorized ball valves.
The detailed working principle, experimental system layout, instrumentation and
control, and valve operation have been summarized in Yagnamurthy et al. [36]. Table 1
shows the numerical values for input parameters used in the present computational

study.

Condenser

Cooling
tower

Refrigerant
pray pump
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um um
pump water pump

Chilled wat
illed water tank

pump

Fig. 1. Schematic of two-bed silica gel-water pair-based adsorption chiller.

Table 1. Values for parameters used in the present computation [36].

Parameter Value Unit
Ko 7.3x 1077 Pa?
Qst 2559 kj/kg




x* 0.4 kg/kg

D 6 -

Do 2.54 x 1074 m2/s
Ry 1.7 x 107* M

Ea 42 kJ/mol
Mpot /cool 0.80 (under rated condition) kg/s
Meninl 0.50 (under rated condition) kg/s
Meond 0.63 (under rated condition) kg/s
(UA)bed 3.68 kW/K
(MCp)bed 68.38 kJ/K
(UA)cond 8.55 kW/K
(MCp)cond 73.39 kJ/K
(UA)evap 3.12 kWw/K
(MCp)evap 337.55 kl/K

3. Mathematical modelling

The mathematical modelling concerning the mass and energy balance for each
component of the adsorption chiller during various processes has been carried out. The
Second Law of Thermodynamics-based entropy generation analysis has also been carried
out through suitable models for the heat and mass transfer processes across various

components of the chiller along with the heat source and heat sink units.

3.1 Adsorption uptake
Téth model (refer to Eq. (1)) is adapted to compute the equilibrium uptake, where the

values of the respective parameters are given in Table 1.

KoPe (Qst/RT)

d
" {Ko pe(Qst/RT)} ]

Xeq = @/d (1)

x*

While presenting the interaction of adsorbate during the adsorption/desorption

process, the Linear Driving Force (LDF) formulation is employed, as shown in Eq. (2).

% =15 ﬁ—g (xeq — x) exp (— %) (2)

3.2 Energy balance in the heat exchangers



The first law of thermodynamics-based energy balance across the beds, condenser,
and the evaporator is given by Eq. (3), Eq. (4), and Eq. (5), respectively. as described in

our previous work [36].

dTped dx s
[(Mcp)hex + (Mcp)ads + xMadst,refrigerant] dt - MadsttE - mbedcp,w(Tbed,in -

Tbed,out) = UApeaLMTDpeq (3)

[(Mcp)cond] dT;(;nd + Mads (Z:) [( fg)cond + Cp,vapour X (Tdes cond)] =

mcondcp,w (Tcond,in - Tcond,out) = UAcondLMTDcond (4)

arT, dx .
[(Mcp)evap] % + Mg (hfg)evap (E) 4 = MchitCpw (Tchill/evap,in - Tchill/evap,out) =
aas
UAevapLMTDevap (5)
where the bed inlet temperature is computed assuming a linear relation with time for the
first valve opening duration of 9 seconds, as shown in Eq. (6).

(t (P) (9_t+(p) (6)

9

Tbed,in = lcool/hot,in X——+ Thot/coolm
3.3 Entropy generation assessment
The Second law of Thermodynamics quantifies energy destruction in terms of entropy
and explains why entropy is always positive or constant for a closed system. Therefore,
it can be a measure of a process’s tendency to ensue in a specific direction and establishes

the flow of energy in the form of heat from high-temperature to low-temperature regions.

3.3.1 Entropy generation in heat transfer
Heat transfer entropy generation for various components is estimated by dividing the
heat exchanger tube into N segments and computing the entropy generation for each

segment, as shown in Eq. (7), Eq. (8), Eq. (9), and Eq. (10).

SgenHT,ads = UAads X Y1 (T; — Tags) [ﬁ - Tll] (7)
Sgen,HT,des = UAdes Z 1(T Tes) [ - Til] (8)
Sgenmcond = 2 x T (T; = Toona) 77— = 7| (9)
Sgensir.evap = e T (T; = Tovap) [ 7 (10)



Tr,in=T .
where T; = (k'mlv—k"”“)l + Ty out and k can be ads, des, cond, or evap consequently.

3.3.2 Entropy generation in mass transfer

The entropy generation due to mass transfer in the adsorber, desorber, condenser, and
evaporator components are computed using Eq. (11), Eq. (12), Eq. (13), and Eq. (14),
respectively. For the mass transfer entropy generation across the adsorber, the
refrigerant vapor is assumed to be in thermal equilibrium with the bed due to the

negligible sensible heating fraction of the vapor in comparison to that of the bed.

Sgen,MT,ads = Mpeq [% ads % - (Sg@TadS - Sf@TadS)] (11)
Sgen,MT,des = Mbed [% des [T(is:s - (Sg@Tdes - Sf@Tdes)] (12)
Sgen,MT,cond = Mbed [% des [% + Cpvapor In (%) - (Sg@Tdes - Sf@Twnd)] (13)
Sgen,MT,evap = Mpeq [%] ads [T}pr - (Sg@Tevap - Sf@Temp)] (14)

3.3.3 Entropy generation in the heat source and heat sink
Apart from these, there is entropy generation occurring at the source (hot water tank)

and sink (cooling tower), which is computed from Eq. (15) and Eq. (16), respectively.

e Tbed,out (Tsink_Tbed,out)
Sgen,HT_sink - mflowcp,water [_ln( Tsink + Tsink (15)
sin sin
— 3 Tsource (Tsource_Tbed,out)
Sgen,HT_source - mflowcp,water [11’1 (Tb U - s (16)
ea,ou

3.3.4 Total entropy generation in the system
The total entropy generation rate (Sgentot) is the summation of heat and mass transfer
entropy generation rates across various components, as shown in Eq. (17).
Sgen,tot = Sgen,ads + Sgen,des + Sgen,cond + Sgen,evap + Sgen,HT_sink + Sgen,HT_source (17)
where the entropy generation across a particular component 'k’ is shown in Eq. (18).
Sgen,k = Sgen,HT,k + Sgen,MT,k (18)

where k can be ads/des/cond/evap.

3.3.5 Second law-based performance parameter: Specific irreversibility evaluation (X)



Apart from the cooling capacity and COP, the specific irreversibility, which is the
irreversibility per unit cooling power output of the chiller, is evaluated in the present
study as shown in Eq. (19).

cyc
Tcool,in ftzo Sgen dt

= Tcoyc
Je2o Mcniux4-18X (T chit,in—Tchitl,out) 4t

X

(19)

Further, an efficiency parameter 1 is evaluated as a ratio of the system COP and Carnot

COP for the given operating conditions, as shown in Eq. (20).
cop

= COPearnot 20
1= COPrarnor (20)
J25m hittX4-18X(T chityin—T chitl,out) 4t
where, COP = =5— —n o (21)
t=o0 MpotX4.18X(Thot,in—Thot,out)dt

COPgrnot = (1 — TCOOl'i”) < Tchillin ) (22)
T : T =T i1y i
hot,in cool,in chill,in

4. Results and Discussion

In order to validate the numerical model, the experimental values of various inlet
temperatures, including hot water, cooling water, and chilled water are utilized as the
input parameters. The profiles of outlet temperatures throughout a half-cycle for
different components of the chiller show the same pattern for both numerical and

experimental outcomes as shown in Fig. 2.

|
|
\J
50_' = Hot water_in_bed1 l *
. Hot water_out_bed1 (sim.) | N
E ' = = Hotwater_out_bed1 (exp.)
~ 40 ===« Chilled water_in I
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304 \
20+
e « o ® = © oS e - e —-—C e e, L, e o =
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Fig. 2. Experimental versus numerical profiles for various outlet temperatures.

The normalised root mean squared errors between the numerically and
experimentally estimated outlet temperatures of water streams for bed 1, bed 2,
condenser, and evaporator are found to be 6.8%, 4.2%, 4.1%, and 2.6%, respectively.
Therefore, it can be summarized that the proposed numerical modelling is found to be in
good agreement with the experimental outcomes. The entropy generation for various

phases of the operating cycle is discussed in the subsequent sections.

4.1 Entropy generation during normal operation

The present computational effort aims to comprehend the irreversibilities in terms of
entropy production caused by temperature inadequacy inside the various components
and processes, as well as within the heat reservoirs such as cooling towers and hot water
tanks. The variation of the entropy generation rate over the half-cycle duration of a
normal operation is shown in Fig. 3. The entropy generation caused by heat transfer in
the adsorber component is the dominating component. The heat transfer entropy in the
adsorber bed has a steep rise initially during the valve opening duration due to the

sudden influx of cooling water and vice-versa for the desorber bed. The heat transfer



entropy generation of the adsorbing bed gradually reduces over the adsorption cycle as
the bed temperature approaches that of the cooling water inlet. For the desorbing bed,
on the other hand, the entropy generation rate increases initially due to the flushing of
the trapped cooling water and reduces eventually as the temperature of the desorbing
bed approaches that of the inlet hot water temperature. The entropy shoot-up at the
beginning of the switch-over phase, where the cooling water enters the desorbed bed,
flushing out the trapped hot water, as explained in our previous study [36]. Further, the
entropy generation caused by mass transfer is seen to be significantly lower than that of
heat transfer, implying that the entropy change due to phase change is not as significant
as that of the entropy generation arising out of temperature differences. The mass
transfer entropy generation rate is seen to be the highest for the condensation process,
as it involves the de-superheating of the desorbed vapor along with the phase change
process, which sets it apart from the other components. The mass transfer entropy
generation rate follows the trend of the adsorption/desorption rates, which increase

initially with the change in bed temperature and eventually reduce as the beds approach

saturation.
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Fig. 3. Entropy generation during adsorption (a); desorption (b); evaporation (c); and
condensation (d) with normal operation.
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Fig. 4. Entropy generation in heat sink and heat source during normal operation.



From Fig. 4, it can be seen that the numerical profiles of entropy generation over the
period inside the cooling tower or heat sink and hot water tank or heat source have a
steep rise at the beginning of the half-cycle and then gradually decrease as the outlet
temperatures of the hot and cooling water streams approach that of the respective inlet
temperatures. The presence of high-temperature thermal energy generates a huge
amount of irreversibility at the beginning of the half-cycle in the hot water tank as the
trapped cooling water in the adsorber tube enters it. Similarly, a spike in the entropy
generation value is observed in the heat sink towards the end of the half-cycle due to the
hot water entry into the cooling tower at the beginning of the switch-over phase, as

explained in Yagnamurthy et al. [36].

Fig. 5. Percentage contribution in entropy generation by various components during
normal operation.

Fig. 5 illustrates the percentage contribution in the total entropy generation by various
components over a half cycle. The total entropy production at the adsorber occupies the
major share, followed by the desorber, heat sink, heat source, condenser, and evaporator.
The cooling water flows to the desorbed bed during the switch over phase of the half cycle
along with the adsorbing bed to ensure a longer adsorption time as explained in our
previous work [36]. This results in a marginal increase in the entropy generation during
adsorption over that of desorption. The heat sink entropy generation is due to the
streams from the adsorber bed as well as the condenser, thus causing it to have a slightly
higher entropy generation value over that of the heat source. It can be inferred that the
beds are crucial to the entropy generation followed by the heat source and sink. The heat

transfer enhancement in the adsorbent bed can be accomplished through heat exchanger



design modifications such as having a better adsorbent-to-metal mass ratio, better heat
transfer coefficient, etc. The entropy generation at the heat source and sinks, on the other
hand, can be minimized by implementing various recovery mechanisms without needing

to modify the system design, one of which is addressed in the following subsection.

4.2 Entropy generation during passive heat recovery

The passive heat recovery operation involves heat recovery from the water trapped in
the heat exchanger tubes and a portion of the desorbed bed’s thermal energy through the
diversion of the outlet streams of hot and cooling water to their alternate destinations, as
described in our previous work [36]. On employing the passive heat recovery technique,
the curves for heat transfer and mass transfer entropy generation across the adsorber
and the desorber have essentially identical behavior throughout the cycle, as depicted in
Fig 6. A sudden surge in the heat transfer entropy generation is observed towards the end
of the half-cycle, where the cross-over operation of the water streams takes place and the
flushing of trapped water streams commences. The entropy generation occurring in the
adsorption beds remains dominant, as seen with normal operation. The mass transfer
entropy generation is also seen to be the highest for the condensation process similar to

that of normal operation.
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Fig. 6. Entropy generation during adsorption (a); desorption (b); evaporation
(c); and condensation (d) with passive heat recovery scheme.

The entropy generation contributed in the chiller unit at the heat source and sinks,
heat transfer, and mass transfer during the passive heat recovery mechanism is shown in
Fig. 7. It can be seen that entropy generation follows a similar trend for both the heat
source and heat sink, with a surge towards the end of the half-cycle due to the
commencement of the passive heat recovery operation involving the flushing of beds. The
entropy generation is seen to be higher for the heat sink due to a slightly higher
temperature difference between the cooling tower water inlet and outlet streams in
comparison to that of the hot water tank at the end of the cross-over operation of the
passive heat recovery strategy. This can be attributed to the tube and valve arrangement

and the selected flow rate values of various streams for the operation of the chiller.
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Fig. 7. Entropy generation in heat sink and heat source (a); heat transfer (b); and mass
transfer (c) with passive heat recovery scheme.

4.3 Normal operation versus passive heat recovery

This section addresses the irreversibility reduction potential of the passive heat
recovery strategy against the normal operation of the adsorption chiller. The combined
total of heat and mass transfer entropies generated over a half cycle among various
components and processes of the chiller is shown in Fig. 8 for both normal and passive
heat recovery operations. It is observed that there is a slight reduction in the entropy
generation during the adsorption process with the passive heat recovery strategy in
comparison to that of the normal operation. This can be attributed to the relatively long
duration of the adsorption process due to the switch-over phase in the normal operation

in comparison to that of the passive heat recovery operation.
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Fig. 8. Total entropy generation in various components over a half cycle.

The desorption, evaporation, and condensation processes can be seen to have nearly
equal entropy generation rates for both operations, owing to their similarities. The
entropy generation at the heat source and heat sink can be seen to be significantly
reduced with the passive heat recovery strategy due to the reduction of mixing losses of
water streams of large temperature differences occurring at the end of every half cycle in
a normal operation. The percentage reductions in entropy generation by passive heat
recovery strategy are estimated as 33.63%, 63.41%, and 57.49% for adsorption, heat

source, and heat sink, respectively, over that of the normal operation.

4.4 Optimal operating temperature identification

The irreversibility per unit of cooling energy generated for both the normal and
passive heat recovery operations is shown in Fig. 9 for various hot water inlet
temperatures. The specific irreversibility first decreases and then increases as the hot
water temperature increases from 55 to 90 °C. This can be attributed to the lower cooling
energy output at lower hot water inlet temperatures and higher irreversibility at higher

hot water inlet temperatures.
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Fig. 9. Specific irreversibility variation with hot water inlet temperature.

The minimum value of specific irreversibility is seen to be at 65°C for both the normal
and passive heat recovery operations. The specific irreversibility impact on the second
law efficiency is reflected in the efficiency parameter trends shown in Fig. 10 for various
hot water inlet temperatures. It can be seen that the efficiency parameter’s value
increases with decreasing specific irreversibility, implying that the system COP reaches
closer to that of its Carnot COP. The maximum value of 1 is also seen to be at 65°C. It can
thus be concluded the heat captured at this temperature from the heat source is utilized
the most effectively to produce the desired effect with the present chiller. This finding
can be particularly useful for deciding the effective waste heat recovery technologies for
a given hot source temperature. It can also be observed that the passive heat recovery
operation yields lower X and higher n values at all the hot water inlet temperatures,
owing to its lower entropy generation. While the minimum specific irreversibility for the
normal operation is found to be 0.46 k] /K], that of the passive heat recovery operation is
seen to reduce by over 35% amounting to 0.30 kJ/k]. The improvement in n on the other
hand is seen to be 34%. Thus, the passive heat recovery mode can be said to be better
over the default mode, from the perspective of both the first and second thermodynamic

laws.



0.2

— =Normal Operation
Passive HR
0.18
0.16 -
= 014 - -
’ e =~
~
7 ~
/ -~ -
0.12 - / ~
~
~
/ ~
~
01 / ~
14
0.08 u T u T u T u T u T u T u
55 60 65 70 75 80 85 90

Hot source temperature (°C)

Fig. 10. Efficiency parameter variation with hot water inlet temperatures.

4.5. Comparison with the capillary-assisted evaporator

The chiller has a total auxiliary electric power consumption of 1.3 kW, out of which the
evaporator spray pump has a power consumption of around 100 W. This electric power
consumption of 100 W can be a direct saving with the capillary assisted-evaporator
design. Since electricity is a high-grade energy source, the electricity consumption of the
evaporator spray pump can be directly incorporated into the specific irreversibility
evaluation for comparison with that of the capillary-assisted evaporator design, as shown
in Eq. (23) and Eq. (24). A capillary assisted evaporator taken from Pialago et al. [38] is
seen to be suitable for the present chiller and has been scaled up to match the present
evaporator’s heat capacity. The heat capacity (Cp) and overall heat transfer coefficient
(UA) values of the capillary-assisted heat exchanger are 337.5 k]J/K and 2.38 kW/K,
respectively.

cyc cyc
Tcoolin ft:o Sgendt‘l'o-l f Zo dt

X = t=o (23)
spray pum cyc
pray pump Jezo MehiX* 418X (T chitgin—T chil,out)dt

Tcoolin ftcgocsgendt (24)

Xeani =
capillar cyc
p y oo MchittX4-18X(T chittin—Tchitl,out) At
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Fig. 11. Specific irreversibility variation with hot water inlet temperature.

Fig. 11 shows the comparison between the specific irreversibility values between the
two evaporator designs with a passive heat recovery operation. It can be seen that a
capillary assisted-evaporator design yields lower specific irreversibility generation by up

to 22%, mainly resulting from the savings in the electrical energy.

5. Conclusions

Entropy generation has been evaluated for various components of a two-bed silica gel-
water adsorption chiller, along with those occurring at the heat source and sink. The
second law analysis has been extended for a passive heat recovery operational mode
along with a normal operational mode, in the present study. The highest entropy
generation is found to be occurring at the adsorber followed by the desorber, heat sink,
heat source, condenser, and evaporator, respectively for both the operating strategies. An
entropy generation reduction of up to 63% is seen with the passive heat recovery mode
over that of the default operating mode. Further, the specific irreversibility evaluation
has been presented as an indicator of second law efficiency to determine the optimum
operating conditions. A hot water inlet temperature of 65°C is identified as the optimum
temperature for the most effective heat utilization and the passive heat recovery

operation is seen to reduce the specific irreversibility by 35%. Finally, incorporating a



capillary-assisted evaporator is seen to be effective for further reducing specific
irreversibility by up to 22% with the reduction of auxiliary electric power consumption.
The present study's findings aimed to facilitate the effective use of waste heat for
adsorption-based cooling applications and further the scope of capillary-assisted

evaporators for adsorption cooling systems.
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