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Abstract

The growth of Lithium Bromide-Water (LiBr-H,O) absorption based heat pump is encouraged for the necessity of extracting high
heat from the electronic chips. This paper presents a simulation study of single-stage LiBr-H,O vapor absorption heat pump for chip
cooling. In this study, a detailed thermodynamic analysis of the single-stage LiBr—H,O vapor absorption heat pump for chip cooling in
the nonexistence of solution heat exchanger was performed and a user-friendly graphical user interface (GUI) package including visual
components was developed by using MATIab (2008b). The influence of chip temperature on COP (Coefficient of Performance), flow
rates and conductance was examined by using the developed package. The model is validated by using the values available in the liter-
ature and indicates that there is a greater reduction in the absorber load. The influence of chip temperature on the performance and
thermal loads of individual components was studied and it was concluded that, COP increases from 0.7145 to 0.8421 with an increase

in chip temperature.

© 2016 The Gulf Organisation for Research and Development. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Due to the advancement in semiconductor technology
there is a rapid increase in the level of power density of
the IC chips. These IC chips are working under harsh con-
ditions having a high heat flux of 100 W/cm? at a junction
temperature of more than 100 °C. Traditional convective
air cooling methods are facing complications in extracting
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high heat flux and in maintaining the IC chips at ambient
temperature below the restricted space assigned for thermal
management. A number of attempts have been made to
develop new alternate thermal solutions for chip cooling.
Thermal solutions for chip cooling can be characterized
as passive and active cooling methods. In passive cooling,
working fluid is circulated by means of gravitational force
or capillary method but in active cooling system circulation
of the working fluid is by means of a pump or a compressor
and improves the performance of the system.

Number of researchers developed passive and active
cooling methods for device cooling. Tuckerman and
Pease (1981) demonstrated the innovative method of cool-
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Nomenclature

CR circulation ratio

E energy (kJ/s)

h Enthalpy (kJ/kg)

K thermal conductivity (W/mK)

LiBr-H,O Lithium Bromide-Water
LMTD logarithmic mean temperature difference (°C)
; mass flow rate (kg/s)
pressure (bar)
rate of Heat transfer (kW)
thermal Resistance (°C/W)
shape factor
temperature (°C)
A conductance (kW/°C)
specific volume (m*/kg)

<CcH®»IO Y S

Wp pump power (kW)
X concentration (%)
Subscript

a Absorber

c Condenser

e Evaporator

g generator

i inlet

0 outlet

w wall

ws wall superheat

A Difference

ing chips by having a single-row micro-channel etched
directly into the back of a silicon wafer. Water is used as
the working fluid and the maximum obtained power den-
sity of 790 W/m?K is removed with a rise in water temper-
ature of 71 K at a pressure of drop 2 bar. Pal et al. (2002)
showed thermosyphon techniques for chip cooling using
water as a working fluid and the maximum obtained cool-
ing capacity of 80 W at average junction-to-ambient ther-
mal resistance of 0.95 KW'

Bin et al. (2012) developed copper based microchannel
heat exchangers which are used in heat absorption seg-
ments, heat rejection segments and recirculating-liquid
cooling system. The experimentation was performed on
liquid-passing heat rejection segment and microchannel-
based recirculating-liquid cooling system. The microchan-
nel liquid flow through individual fins enhances the heat
transfer performance. Copper base microchannel heat
exchangers showed there is advantage in removing high
heat flux under limited space. Bintoro et al. (2005) investi-
gated jet impinging technique using water as working fluid
to obtain a maximum cooling capacity of 200 W with a
maximum junction temperature of 90 °C. Maydanik et al.
(2005) studied the loop heat pipe where water and ammo-
nia are the two working fluids, indicating a maximum cool-
ing capacity of 130 W at minimum junction-to-ambient
thermal resistance of 0.58 kW' is achieved. Jiang et al.
(2002) showed electro-osmotic pumping using water as
working fluid with a maximum cooling capacity of 38 W
with a junction temperature below 120 °C and junction-
to-ambient thermal resistance of 2.5 KW~!. Fan et al.,
2001) developed a thermoelectric micro-cooler with maxi-
mum cooling power density of 1 kWem 2. Tan and Tso
(2004) conducted the experimental investigation for cool-
ing of mobile electronic equipment using phase change
materials. n-eicosane is used as a phase change material
and is used to absorb heat from the chips and preserve
the chip temperature at 50 °C but Hewitt et al. (2010)
reviews the Phase Change Materials (PCMs) for latent heat

thermal energy storage systems and showed the problems
in formulating the system.

Mongia et al. (2006) developed vapor compression sys-
tem at laboratory level using Isobutane as a refrigerant
with a maximum cooling capacity of 50 W at junction-to-
ambient thermal resistance of 0.25 K W' and COP of
2.25. Trutassanawin et al. (2006) carried out the experimen-
tal investigation on miniature-scale vapor compression
refrigeration systems for cooling electronic devices, having
capacities of 121-268 W for the pressure ratios of 1.9-3.2
and COP of 2.8-4.7. Chiriac and Chiriac (2010) con-
structed an analytical model using water-ammonia solution
as working pair for microelectronic cooling and obtained
maximum COP of 0.73. Kim et al. (2008) and Yoon
et al. (2007) performed a theoretical study of an absorption
based heat pump system for device cooling using LiBr-
H,O0 as working pair having a maximum cooling capacity
of 100 W and COP of 0.87.

Ebrahimi et al. (2015) explained technical and economic
problems of absorption cooling machines which are used in
data centers. The study includes the development of the
steady state model in order to do energy balance and
exergy analysis. The innovative configuration was devel-
oped by placing a generator in place of a condenser on
the chip cooling circuit. The simulation was performed
for both absorption cooling systems such as LiBr-H,O
and water—-ammonia. The LiBr-H,O absorption scheme
showed best system for data center/server operating condi-
tions. The author concludes that, there is a need of sensitiv-
ity analysis for these types of systems.

LiBr-H,O absorption pair showed its potential in
extracting high latent heat and proved ecofriendly since
water is used as refrigerant and LiBr-H,O solution as
absorption pair. From the last century, numerous experi-
mental investigations were performed on LiBr-H,O heat
pump systems by many researchers. These experimental
investigations are mainly devoted to enhance the perfor-
mance of the system or to identify the critical parameters
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that affect the performance. Mostafavi and Agnew (1996)
studied the effect of ambient temperature on the generator
temperature, concentration of strong solution, flow ratio of
the solution and on the evaporator temperature for LiBr-
H,0 absorption unit. Yoon et al. (2003) carried out an
experimental examination on double-effect LiBr-H,O
absorption cycle.

Asdrubali and Grignaffini (2005) and Aphornratana and
Sriveerakul (2007) experimentally examined the perfor-
mance of an absorption chiller with a cooling capacity of
2 kW. The outcomes indicated that the performance of
the scheme rises with the rise of the generator and evapora-
tor inlet temperature. The performance of the chiller
decreases with the rise in the condenser and absorber inlet
temperature. Marc et al. (2010) and Pongtornkulpanich
et al. (2008) experimentally studied the performance of a
solar-absorption A/C system with a cooling capacity of
10 kW operating in Italy. Melograno et al. (2009) devel-
oped an experimental test opportunity capable of gathering
performance curves from an absorption chiller with cooling
capacity up to 20 kW. Agyenim et al. (2010) experimentally
tested the performance of solar-absorption A/C systems of
capacity 4.5 kW. The test showed the average COP of 0.48
for an average peak solar insolation of 812 W/m?. The per-
formance data for specific operating conditions were
mapped.

Extensive literature is available related to the develop-
ment of simulation models to guess the performance of
LiBr-H,O in diverse operating conditions and for different
applications. Joudi and Lafta (2001) developed a steady
state computer simulation model in order to predict the
influence of several operating situations on the function
of each component and to find the performance of an
absorption refrigeration system using LiBr-H,O as a work-
ing pair.

Grossman and Zaltash (2001) developed a computer
code ABSIM (Absorption Simulation) for the simulation
of absorption schemes in a flexible and modular form mak-
ing it likely to examine numerous cycle configurations with
different working fluids.

Alva and Gonzalez (2002) and Atmaca and Yigit, 2003
established the mathematical model for the absorption chil-
ler with a capacity of 10.5 kW to determine the perfor-
mance characteristics of the system. Florides et al. (2003)
developed the mathematical model based on energy bal-
ance equations written for the absorber, condenser, evapo-
rator and generator for an absorption cooling capacity of
1 kW. Mehrabian and Shahbeik (2005) developed the com-
puter program for the design and thermodynamic analysis
of a single effect absorption chiller using LiBr—H,O solu-
tion as working fluid.

In recent decades, there was greater attention in apply-
ing the principles of second law of thermodynamics for
evaluating and assessing the thermodynamic performance
of LiBr-H,O system. Talbi and Agnew (2000) performed
exergy analysis on a single-effect absorption refrigeration
cycle using LiBr-H,O as the working fluid pair. Lee and

Sherif (2000) performed a second law analysis of a single
effect LiBr—H,O absorption refrigeration system. The influ-
ence of heat source temperature on COP and exergetic effi-
ciency was evaluated. Martinez et al. Martinez and Pinazo,
2002 utilized the statistical tool to find the influence of vari-
ation of heat exchanger areas on the performance of a sin-
gle effect machine.

Sencana et al. (2005) analyzed the exergy losses in each
component of a single stage LiBr—-H,O absorption system.
He compares exergy losses of generator and absorber with
the evaporator and condenser. The exergetic efficiency of
the system drops with an increase in heat source tempera-
ture for both cooling and heating applications. Sedighi
et al. (2007) made the exergy analysis of a single-effect
LiBr-H,O absorption refrigeration system. The exergy
analysis was performed by taking the mass and energy con-
servation into consideration with respect to the first and
second laws of thermodynamics. The results showed that,
a decrease in cooling water temperature causes an enhance-
ment in the COP and Exergetic Coefficient of Performance
(ECOP). Rising the evaporator temperature also improves
the COP; however it caused a decrease in the ECOP of the
system.

The literature reviews of the authors like Vargas et al.
(1988), Yang and Guo (1987), Atilgan and Aygun (2014),
Agrawal et al., (2015), Karno and Ajib (2008) and
Iranmanesh and Mehrabian (2012) have showed in their
studies on LiBr-H,O absorption heat pump with respect
to development, modification of the cycle, alternate work-
ing pair and simulation used for different applications cou-
pled to different energy sources.

In a review of an extensive literature no attempt
hasyet been madeto study the performance of
LiBr—-H,O based absorption heat pump for chip cooling.
The present work aims to study the performance of
LiBr—H,O based absorption heat pump especially for chip
cooling. The steady state simulation (analytical) model
was developed to analyze the influence of chip tempera-
ture on coefficient of performance, load, mass flow rate
and conductance. A user-friendly graphical user interface
(GUI) package including visual components for simulat-
ing the performances of absorption refrigeration systems
working for chip cooling is developed by using MATlab
(2008b) software. It is expected that the user-friendly soft-
ware package developed would help the researchers in cal-
culation of performance and determination of suitable
operating conditions. The software package helps in
determining the effect of chip temperature on perfor-
mance, loads, flow rates and conductance at a fast rate
with high accuracy.

2. Mathematical model of absorption heat pump for chip
cooling

In this study, the evaporator of single-effect LiBr—H,O
absorption based heat pump is placed directly on the back
of a chip as shown in Figs. | and 2 thereby maintaining the
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Figure 1. Absorption based heat pump system for chip cooling.
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Figure 2. Schematic of chip coupled evaporator.

chip temperature at ambient level. In the LiBr—H,O
absorption based heat pump system, water is used as refrig-
erant and LiBr-H,O as an absorption pair. The saturated
liquid refrigerant coming from the expansion valve (State
7) is vaporized by absorbing the heat dissipated from the
chip (State 8). The refrigerant vapor coming from evapora-
tor is exothermically condensed and absorbed into the
strong LiBr—H-O solution (state point 4) i.e. weak in water
percentage, resulting in weak LiBr-H,O solution i.e. rich in
water percentage at state point 1.The rejected heat is
absorbed by the coolant water as shown in Fig. 1. LiBr—
H,O solution is pressurized by the solution pump (State
2). In the generator, the high pressure and high tempera-
ture superheated refrigerant water vapor is created and des-
orbed from the weak LiBr solution and returns to the
refrigerant loop. The superheated water vapor condensed
in the condenser and the rejected latent heat is absorbed
by the coolant water as shown in Fig. 1.

Assumptions

e Pipe pressure drops are negligible.

e The heat gain to the evaporator from the surroundings
and the heat losses from the generator to the surround-
ings are negligible.

e In the expansion process, the enthalpy is constant.

e The water leaving the generator will be superheated
vapor, water leaving the condenser will be saturated lig-
uid and water leaving the evaporator is saturated vapor.

e The pressure in the generator is the same as the con-
denser (saturation pressure) and pressure in the evapo-
rator is the same as the absorber (saturation pressure).

e The temperature difference in the condenser, evapora-
tor, absorbent, and generator is negligible.

e The coolant outlet temperature from the absorber is the
average temperature of inlet and outlet temperature of
the coolant from the system.

e Temperature of the vapor refrigerant leaving the gener-
ator is the average temperature of inlet and outlet tem-
perature of the solution entering and leaving the
generator.

e Thermo physical properties of refrigerant with tempera-
ture and pressure remain constant.

2.1. Evaporator analysis

Fig. 2 illustrates the evaporator of single-effect LiBr—
H,O absorption based heat pump which is etched directly
into the back of a chip. The refrigerant reaches the evapo-
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rator in saturated liquid form and leaves as saturated vapor
as shown in the Fig. 2 by absorbing the heat which is dis-
sipated from the chip. The size of the evaporator used in
chip cooling applications is relatively small and extensive
literatures are available on the design of an evaporator.
Number of researchers like Ribeiro et al. (2010), Qi et al.
(2009), Mudawar and Weilin (2005), Mudawar (2011),
Coggins et al., (2006), Franca et al. (2014), Francis et al.,
(2002) and Cunha et al. (2007) showed the potential of
small parallel channels or microchannels for desired cool-
ing capacity for chip cooling. Complete thermal conduc-
tance model has been formulated for the evaporator with
the axis symmetry. The total thermal resistance of the evap-
orator i Rcopaer and Reonguction Without considering con-
vective resistance as shown in Fig. 3. The goal of the
simulation is to find the influence of chip temperature on
COP, load, mass flow rate and conductance of the heat
exchangers. The input data are: Chip temperature (To),
Total resistance (R), Inlet cooling water temperature
(Ty0), Approaching temperature of evaporator or difference
in temperature from chip to evaporator (AT;), Approach-
ing temperature of absorber (AT,), Approaching tempera-
ture of condenser (AT;3), Approaching temperature of
generator (AT,), evaporator wall superheat (ATys. ), gener-
ator wall superheat (ATws,)and Concentration difference
(AX). A typical loop of calculations can begin from point
8, whose temperature is estimated from the input informa-
tion. Assuming steam leaving the evaporator will be dry
saturated, the pressure in evaporator is same as the absor-
ber. The typical calculation is given as follows:

Ts = Ty — AT, (1)
AT, = (To — Twe) + (Twe — Ts) 2)
ATy = (To — Twe) + ATwse (3)

where, (ATws.) is the evaporator wall superheat and as
shown in Fig. 3. The evaporator wall superheat is assumed
to be less than the approaching temperature of evaporator.

Wall or surface temperature of the evaporator is given
by

TWe - TS + ATWSe (4)

EVAPORTOR

/Tube
[ ]

£ AT WSe

L
Thickness = Rconduction

(-

R

Ty

" =
iy, AirGap = Rcontact

CHIP

Figure 3. Shows thermal analysis of evaporator.

In many -circumstances, two-dimensional or three-
dimensional conduction troubles are solved using present
solutions to the heat diffusion equation. The solutions are
stated in terms of a shape factor, S, by Incopera et al.
(2007) That is, the heat transfer rate can be expressed as

Q. = SK(Ty — Ty) (5)

where, (T9 — Tywe) is the temperature change among the
chip and the wall as shown in Fig. 2. The two-
dimensional conduction resistance can be stated as:

RCOnduclion = I/SK (6)

Then Qe becomes,

Qe = (T9 - TWe)/RConduction (7)
But, it is essential to identify that, in chip cooling, the tem-
perature fall through the interface among sinks might be
considerable. This temperature alteration is due to the ther-
mal contact between the evaporator and the chip and is
known as the thermal contact resistance Rconiact. Then total
thermal resistance (R) becomes,

R = RConduclion + Rconlacl (8)
Evaporator load is given by:

. To — Twe

Q. = % (9)
T, =Tg (10)
P; =P, =Py =Ps ={(Ty) (11)
hy = £(T) (12)
hy = he = £(T7) (13)

The mass flow rate of refrigerant from the evaporator is
evaluated from the input data

m:m:mszmg:—ge (14)

(hg — hy)

To determine the conditions at point 7, the absorber and
generator must be analyzed, but T;; is not known and it
was guessed. The temperature at point 1 can be calculated
by:

T, =Ty +AT, =T, (15)
Concentration of the solution leaving the absorber is

given by:

X, =X, =1f(Ps, T)) (16)
The enthalpy of the solution leaving the absorber and

pump remains same and is given by:

h; =h, = (T, X)) (17)
From the assumption, Coolant water leaving the con-

denser is given by:

T3 = (T x2) =Ty (18)

The condensing temperature of the refrigerant is given
by:
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Te = Ti3 + AT; (19)
The condensing pressure of the refrigerant is given by:
Ps = Ps =P, = P; = {(Ty) (20)

The enthalpy of the superheated vapor refrigerant leav-
ing the generator is given by:

hs = f(Ts, Ps) (21)

Concentration of the solution leaving the generator is
given by:

X; = (X; + AX) (22)
Solution temperature leaving the generator is given by:
T; = (X3, P¢) (23)

Enthalpy of the solution leaving the generator is given
by:

h; = hy = (T3, X5) (24)
The heater temperature of the generator is given by:
Ty =Ts+ ATy (25)

Approaching temperature in the generator is given by:
ATs = (T4 — Twsg) + (Twse — T3) (26)
AT, = (T4 — Tyse) + ATws, (27)

where, ATys, is the generator wall superheat as shown in
Fig. 4.
From assumption, temperature of the vapor refrigerant
leaving the generator is given by:
T5 = (T1 + Tz) x 0.5 (28)
Circulation Ratio (CR) is given by:

S

CR——_ 1
(X5 = Xi)

(29)

Mass flow rate of weak solution leaving the absorber is
given by:

ity = 1ty = ((Xi—3X1)) X ritg (30)

GENERATOR

\;‘”/

AT,

I AT\\SR

i Thickness RConduction

T V
. i Air Gap % RCDDIICI
oL

HEATER

Figure 4. Shows thermal analysis of generator.

Mass flow rate of strong solution leaving the generator
is given by:

iy = 1ty — s (31)

Temperature of the strong solution entering the genera-
tor is given by:

T, = £(X;, Pg) (32)
The heat balance on the absorber is given by:

Q. = (g x hg) + (rirg x hy) — (riy x hy) (33)
The heat balance on the condenser is given by:

O. = 15 x (hs — hg) (34)
Total heat rejected from the system is given by:

E, =0, + 0 (35)
Coolant mass flow rate is given by:

E,

my3 = Mg = My = Wy = (36)

(Cp x (Ti3 = T))
The temperature of cooling water at absorber outlet is
then,

0. + Tw) (37)

Tll = T12 = ((Cp < M]O)

This temperature is currently related to the value pre-
dicted in equation (15). The simulation is repeated till the
last value is near enough to the preliminary value as shown
in Fig. 5.The heat balance in the generator is given by,

Qg = (n’h X hg) + (m5 X h5> — (m2 Xhz) (38)
Wall or surface temperature of the generator is given by:
Twse = Tis — (Qp X R) (39)

Once the calculation of thermodynamic properties at all
the state points of the cycle is carried out, easily design
specifications can be obtained. The thermal load, logarith-
mic mean temperature variation and conductance for the
evaporator, condenser, absorber, and generator are deter-
mined according to the subsequent formulation. Every unit
is considered as a counter flow heat exchanger; because of
this logarithmic mean temperature variation is used.

Typical Logarithmic mean temperature difference of
evaporator is as shown in Fig. 6 and is given by:

LMTD, — ((Ty = Ts) — (Twe — Ts))

= 40
log((Ty — T9)/ (Twe — Ty) (40)
Conductance for the evaporator is given by:
0
VA =MD, (“41)

Typical Logarithmic mean temperature difference of
generator is as shown in Fig. 6 and is given by:
((Tis = Ts) — (Twse — T3))

EMID: = (T — T/ (Twes — 1)) 42
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X,=f(Pe,T,), X=X,

H =T X,), H=H,
P=Py=P,=P, X,=X,+AX
CR=X,/(X;-X,)

M =((X (X=X ) M), V=M,

T, =(T,,*2)-T,,
T =T, # AT, T,=(T,+T,)*05
"o_'t('_r(." Pz_l'_\"lfs—"b
H=((Tg=h,). H=f(T=h)
H=H,

T=f(X 3P H=1(TX,)
TN P.T, =T +AT,
M =(My=-M). M= M,

Q=(MFHYHM *H (M * 1)
Q MZ ()
M, =(Q, +QVAI8%(T T, )

Varying
Parameter
T

9

INPUT
T, RAT, AT, AT, AT,
AXAT,

Tg=Ty-AT,, T,=T,
PE(T).P, =P =P.=P§
Hg=f(T=h,).H,=f(T=h)
Q=AT, R, M@=Q /(1)
M=M=M,=M,

Guess

Temperature
N

True Erroré 0 &

) :r‘lz_’ru
v~ (X, T)). DP=(P-Py)
W p—l)l‘*\'s*(('R*l)
Wpump=M “wp

Q=M H MM 1)
COP-Q /(Q_*Wpump)

!

UA=Q/AT,
UA=Q AT,

!

LMTD (T T T T (log(T-T, J(T T
LMD (1T HCF T o )T -
UA =QJLMITD,
UA=Q /LMTD,

1, =f0T, )1

fT, ), =0T )

7 1"

Error<0.001

M=M= M,;=M,,

T e (QEIS0UN )T )
Error (('l'"- T

VT inen)*100)

TINew

IIINN\_( 1 11Ne

“+(5ucss Temperature)*0.5

Display values of main
system parameters for
performance analysis
(MS-Excel)

sTor
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Conductance for the generator is given by:

0
Ay =2t 4
Y4 = v, (43)

Logarithmic mean temperature difference of condenser
is given by:

((Ts —Ti3) — (Ts — T1in))

LMTDc¢ = 44
€~ log((T — 1)/ (Te ~ Tua)) o
Conductance for the absorber is given by:
_ O
VA = LMTDc (4)

Logarithmic mean temperature difference of absorber is
given by:

(Ty = Ti) — (T — Tho)
LMTD, =
IOg(T4 — Tll)/(Tl — TlO)
Conductance for the absorber is given by:
_ O
VA = LMTD, (47)

(46)

Pump work is given by:
Wp = (Ps — Pg) x Vs x (CR + 1) (48)
COP is given by:

cop= %
(Qg +Wp)

The simulation starts from one state point in the cycle
by determining pressure, temperature and enthalpy and
continues to the subsequent state point. In order to analyze
the complete cycle, it is essential to carry out a fixed point
iteration for Ty;. The ultimate values for these properties
are assessed based on physical reasoning and compared
with the preliminary predicted values. If the final value is
not same as the initial value, the simulations are repeated
as shown in Fig. 5.

(49)

3. Software program

The simulation executes the single-effect LiBr—-H,O
based absorption based heat pump for chip cooling esti-
mated based on the polynomial expressions developed to
connect experimental vapor-liquid equilibrium and partic-
ular enthalpy- concentration information for LiBr-H,O
solutions. This is the renowned dominance of this program
as associated with other simulations which experience lack
of exact thermo-physical information. The thermo-physical
properties of water were developed in MAT lab (2008b) by
Holmgren (2006). Cantarutti et al. (2011) developed MAT
lab code for the properties of LiBr—H,O solution. These
functions were used to develop the Graphical User Inter-
face (GUI). The developed GUI contains screens as fol-
lows: the Input Page where the chip temperature,
approaching temperatures, concentration difference, Total

resistance is entered and variation of COP with chip tem-
perature can be observed in the same page and the Output
Page-1 shows the variation of thermal load, pressure, tem-
perature, mass flow rates, LMTD and conductance with
chip temperature can be seen. As an instance, the Input
Page is shown in Fig. 7 and Output page is show in
Fig. 8. The flow chart of the software program is shown
in Fig. 5. The corresponding input and output data are
shown in Tables 7-10.

4. Validation of the model

The current model was validated by comparing the
results which are available in the literature. The compara-
tive study of COPg (Enthalpy based Coefficient of Perfor-
mance) variation of the generator temperature is as shown
in Fig. 9. In this simulation, the subsequent data have been
used: T.=2°C, T,=T, =30°C and effectiveness of the
solution heat exchanger was kept zero. It can be perceived
that, as expected, the COPg value raises with a rise in gen-
erator temperature, and the results achieved from the cur-
rent simulation model are in better agreement with the
results of Romera et al. (2000). The small variation can
be attributed to the alteration among the data sets used
for the thermodynamic properties.

The model is further verified and validated by using the
reference information from the available literature in which
the generator temperature is nearer to that of the waste
heat temperature in liquid-cooled or two phase cooled data
centers (Ebrahimi et al., 2015). Table 1 shows the values of
input information from two references used for the model
verification (Ebrahimi et al., 2015; Rubio-Maya et al.,
2012). Tables 2 and 3 show the validation results. As seen
from Table 2, the deviation among present model results
and those of Rubio-Maya et al. (2012) result is lower than
10%. The deviations are due the model’s differences in com-
puting refrigerant properties as well as density and specific
heat of the solution. The comparison shows good agree-
ment among the present model and that of Rubio-Maya
et al. (2012) model. In the second verification indicated in
Table 3, the deviation among present model results and
those of Ebrahimi et al. (2015) is lower than 10% for the
entire load but, there is a greater reduction in the absorber
load up to 10%. The comparison displays good agreement
between the present model and that of Ebrahimi et al.
(2015) model.

The verification of the model is continued, the model is
executed using reference information from the open litera-
ture in which the absorption heat pump having series of
coolant flow. Table 4 shows the values of input information
from the references used for the model verification (Joudi
and Lafta, 2001). Table 5 shows a comparison among the
present model and reference models with respect to all
the state points. It is observed from the Table 5, that the
deviation among present model results and those of Joudi
and Lafta (2001) is lower than 5% with respect to temper-
ature, mass flow rate and concentration but there is greater
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Figure 8. The Output Page of the GUI.

reduction of coolant flow rate up to 16%. As seen from  those of Joudi and Lafta (2001) is lower than 3.51% for
Table 6, the deviation among present model results and  the entire load but there is a greater reduction of the absor-
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Table 1 Table 4
Input data from the reference models. Input data from the reference models.
Variable Ebrahimi et al. Rubio-Maya et al. Variable Khalid Joudi
(2015) (2012) et al.
Evaporator cooling load (kW)  201.29 201.29 Evaporator cooling load (kW) 211.1
Generator temperature (kW) 84.8 84.8 Approaching temperature of evaporator (AT;) (°C) 2.3
Condenser temperature (°C) 39.8 39.8 Approaching temperature of absorber (AT,) (°C) 0.8000
Evaporator temperature (°C) 8.6 8.6 Approaching temperature of condenser (AT;) (°C) 2
Absorber temperature (°C) 35.5 35.5 Approaching temperature of generator (AT,) (°C) 6
Solution heat exchanger 70.7 70.7 Concentration difference (°C) 0.0140
effectiveness (%) Mass flow rate of strong solution entering to the 7.94
absorber (kg/s)
Concentration of weak solution entering to the 55.2

ber load up to 10%. The comparison results show good
agreement between the present model and that of Joudi
and Lafta (2001) model.

5. Simulation results and discussion

This paper shows the results of the simulation program
to examine the performance and design characteristics of
single effect LiBr-H,O based absorption refrigeration
cycles. A typical (Chip temperature = 30 °C) absorption
heat pump is examined based on the developed model. A
set of input information is listed in Table 1. The corre-
sponding output data are shown in Tables 2-4. The follow-
ing results are obtained.

5.1. Effect of chip temperature on COP

Fig. 10 shows the system COP increasing from 0.7145 to
0.842 as Ty (Chip temperature) is increased. This is due to a
decrease in the CR from 5.0762 to 3.5273 as shown in
Fig. 11 and increase in Tg i.e. evaporator temperature from
20 to 40 °C. Kaynakli and Kilic (2007) showed that the
COP increases as CR decreases. Eisa et al. (1986), Eisa
and Holland (1986) and Garcia Cascales et al. (2011)
showed that the COP increases as evaporator temperature
increases, and the best COP is obtained with T; (Absorber
temperature) and T¢ (Condenser temperature). Also, Eisa

Table 2

absorber (%)
Temperature of weak solution entering to the absorber 36.1

°C)
Mass flow rate of weak solution entering to the 7.94
generator
Circulation ratio 46.2426
Coolant water inlet temperature 30

et al. (1986) and Eisa and Holland (1986) verified experi-
mentally that, with an increase in evaporator temperature
there is an improvement of COP. The results of Fig. 10
the current model are in better agreement with results of
references (Kaynakli and Kilic, 2007; Eisa et al., 1986;
Eisa and Holland, 1986; Garcia Cascales et al., 2011).

5.2. Effect of chip temperature on thermal load

Fig. 12 demonstrates the variations of the thermal load
as a function of Ty at a constant approaching temperatures
and constant inlet cooling water temperature of 28 °C. It
can be observed from this figure that when Tg increases,
there is a decrease in generator load (¢,) from 0.6996 to
0.5936 kW, absorber load (g,) from 0.6830 to 0.5842 kW,
condenser load (¢.) from 0.5166 to 0.5095 kW and pump
work (Wp) from 0.015 to 0.0081 W which can be observed
from Fig. 11 this is due to decrease in Kaynakli and Kilic
(2007) showed that, (g,), (¢.), (¢c) and (W p) loads decreases
as CR decreases. Aphornratana and Sriveerakul (2007) ver-

Verification of present model by comparing simulation results of Rubio-Maya et al. (2012).

Rubio-Maya et al. (2012) Deviation (%)

Variable Present study
Generator heat flow rate (kW) 258.4151
Condenser heat flow rate (kW) 205.8763
Absorber heat flow rate (kW) 253.017
Coefficient of Performance 0.7789

259.55 0.43
213.37 3.51
247.47 2.24
0.7755 0.43

Table 3

Verification of present model by comparing simulation results of Ebrahimi et al. (2015).

Ebrahimi et al. (2015) Deviation (%)

Variable Present study
Absorber heat flow rate (kW) 253.017
Generator heat flow rate (kW) 258.415
Condenser heat flow rate (kW) 205.8763
Coefficient of Performance 0.7789

241.345 4.83
246.207 4.95
206.155 0.135

0.8175 4.72
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Verification of model by comparing results with those of Joudi and Lafta (2001).

Sl.  Parameters Temperature (°C)

Mass flow rate (kg/s) Concentration (%)

No
Joudi and Present Deviation Joudi and Present Deviation Joudi and Present  Deviation
Lafta (2001)  Study (%) Lafta (2001)  Study (%) Lafta (2001)  Study (%)

1 Chilled water inlet to 12.00 12.00 0.00 10.08 10.08 0.00
evaporator

2 Chilled water outlet from 8.00 8.00 0.00 10.08 10.08 0.00
evaporator

3 Vapor evaporator to 5.70 5.70 0.00 0.089 0.0849  4.60
absorber

4 Weak solution outlet from 33.10 33.1 0.00 8.03 7.756 341 54.60 54.23 0.67
absorber

5 Weak Solution outlet from 33.10 33.1 0.00 8.03 7.756 3.41 54.60 54.23 0.67
solution pump

6 Weak Solution inlet to 33.10 33.1 0.00 4.015 4.015 0.00 54.60 54.23 0.67
solution heat exchanger

7 Weak solution inlet to 66.53 66.53 0.00 4.015 4.015 0.00 54.60 54.23 0.67
generator

8 Strong solution outlet from 74.00 73.32 0.91 3.92 3.92 0.00 56.00 55.63 0.67
the generator
Inlet hot water to generator  85.00 85.00 0.00 14.10 14.10 0.00

10 Outlet hot water from 80.00 80.00 0.00 14.10 14.10 0.00
generator

11 Strong solution outlet from 39.17 39.17 0.00 3.93 3.93 0.00 56.00 55.63 0.67
Heat exchanger

12 Weak Solution outlet from 33.10 33.10 0.00 4.02 4.02 0.00 54.60 54.23 0.67
solution sump

13 Intermediate Solution Inlet 36.10 36.10 0.00 7.94 7.94 0.00 55.20 55.20 0.00
to absorber

14 Vapor from generator to 38.00 69.92 84.0 0.089 0.0849  4.60
condenser

15  Condensate from condenser  38.00 38.78 2.05 0.089 0.0849  4.60
to expansion device

16 Inlet cooling Water to 30.00 30.00 0.00 20.10 17.05 15.17
absorber

17 Outlet cooling water from 33.39 33.67 0.83 20.10 17.05 15.17
absorber

18  Outlet cooling water from 36.00 36.78 2.10 20.10 17.05 15.17
condenser

ified experimentally that,(g,), (¢.), (¢.) and (Wp) loads
decrease as CR decreases but evaporator load (g.) remains
constant as 0.5000 kW this is due to constant in AT, as 2 °
C. Chaudhari et al. (1985) validated experimentally that
(qe) nearly remains constant with a rise in evaporator tem-
perature. The results of Figs. 11 and 12 are valid with the
theoretical and experimental of references (Kaynakli and
Kilic, 2007; Aphornratana and Sriveerakul, 2007;
Chaudhari et al., 1985).

5.3. Effect of chip temperature on concentration

Fig. 13 demonstrates the variations of the concentration
as a function of Ty at a constant approaching temperatures
and constant in inlet cooling water temperature of 28 °C.
There is a significant effect of Ty on the concentrations
and the weak solution coming from the absorber
(Xw = Xj) decreases from 50.76 to 35.27%, this is because
of an increase in evaporator pressure (Pg). Kaynakli and
Kilic (2007) and Chaudhari et al. (1985) experimentally

showed that, an increase in solution pressure (evaporator
pressure) decreases the concentration of the weak solution
coming from the absorber. Similarly, there is a reduction in
concentration of strong solution entering from the genera-
tor (X = X3) from 60.76% to45.27%, this is due to a con-
stant concentration difference (AX = X3 — X; =0.1). The
results of Fig. 13 are in good agreement with the theoretical
and experimental of references (Kaynakli and Kilic, 2007;
Chaudhari et al., 1985).

5.4. Effect of chip temperature on system temperature and
pressure

Fig. 14 demonstrates variations of the pressure as a
function of Ty at constant approaching temperatures and
constant inlet cooling water temperature at 28 °C. As Ty
increases, there is an increase in Pg from 0.0378 to
0.1117 bar this is due to an increase in Tg from 20 to 48 °
C. Joudi and Lafta (2001) showed that, as the evaporator
temperature increases there is an increase in evaporator
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Table 6
Verification of model by comparing simulation results of Joudi and Lafta (2001).

381

Variable Present study Joudi and Lafta (2001) Deviation (%)
Evaporator heat flow rate (kW) 211.1 211.1 0
Absorber heat flow rate (kW) 261.92 285 8.09
Generator heat flow rate (kW) 293.26 296.3 1.02
Condenser heat flow rate (kW) 221.61 221.7 0.040
Coefficient of Performance 0.7168 0.71 0.95
Table 7
List of Input parameters for varying chip temperature.
SI.No Parameter Symbol Value Unit
1 Base temperature Ty 30 °C
2 Total resistance R 0.002 °C/W
3 Inlet cooling water Temperature Tio 28 °C
4 Approaching Temperature of Evaporator AT, 2 °C
S Approaching Temperature of Absorber AT, 2 °C
6 Approaching Temperature of Condenser AT, 2 °C
7 Approaching Temperature of Generator AT, 2 °C
8 Concentration difference AX 0.1 %
9 Guess Temperature (outlet of water from absorber) Th 50 °C
10 Wall superheat in evaporator AT yse 1 °C
Table 8
Thermodynamic properties (SI units) of state points corresponding to input data in Table 1.
State Points Temperature Pressure Enthalpy Mass flow rate Concentration
(°C) (bar) (kJ/kg) (g/s) (Vo)
1 52.0 0.038 109.197 1.24 50.7617
2 52.0 0.370 109.197 1.24 50.7617
3 125.5 0.370 283.133 1.04 60.7600
4 71.7 0.038 283.133 1.04 60.7600
5 88.8 0.370 263291 0.20
6 74.0 0.370 117.384 0.20
7 28.0 0.038 117.384 0.20
8 28.0 0.038 2551.97 0.20
9 30.0 117.384
10 28.0 221.878 6.52
11 51.5 215.606 6.52
12 51.5 215.606 6.52
13 72.0 301.398
14 127.5
15 29.0
16 126.1
“ State point 15 and 16 corresponds to wall of evaporator and generator.
Table 9
Design specifications (SI units) corresponding to input data in Table 1.
Evaporator Absorber Generator Condenser
LMTD (°C) 3.4761 22.2964 1.2886 8.4698
UA (kW/°C) 0.1438 0.0311 0.5520 0.0611
Table 10
Heat pump performance (SI units) corresponding to input data in Table 1.
Qe Ccop CR Wp Tmax Tmin Pmax Pmin Xmax Xmin Ta = T]O T UA
(kW) (W) (°C) (°C) (bar) (bar) (%) (o) (°C) (kW/°C)
0.5 0.7145 5.0762 0.156 127.54 28 0.370 0.037 60.76 50.76 28 1.0440
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pressure, but there is no effect on condenser pressure (P3)
and remains constant as 0.3700 bar due to constant con-
denser temperature (Tg) as 74 °C. The results of Fig. 14
are in good agreement with the reference (Joudi and
Lafta, 2001). Fig. 15 demonstrates the variation of temper-
ature as a function of Ty at constant approaching temper-
atures and constant inlet cooling water temperature of 28 °
C, as Ty increases there is an decrease in heater temperature
(T14) from 127.541 to 95.5493 °C this is due to a decrease in
concentration of the solution leaving the generator result-
ing in a decrease in solution temperature of the strong solu-
tion coming from the generator (generator temperature
(T53)) from 125.541 to 93.54°C. Romera et al. (2000)
showed that, generator temperature is a function of solu-
tion concentration. Similarly, there is a constant coolant
outlet temperature from the absorber (Ty;) as 51 °C, this
is due to a decrease in concentration of the solution leaving
the absorber at constant absorber temperature (T,) as 52 °
C and constant AT,, but coolant outlet temperature from
the condenser (T;3) remains constant as 72 °C this is due
to constant condenser temperature (T¢) and ATz The
results of Figs. 14 and 15 are in line with the reference
(Romera et al., 2000).
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5.5. Effect of chip temperature on mass flow rate

Fig. 16 demonstrates the variation of mass flow rate as a
function of Ty at a constant approaching temperatures and
constant inlet cooling water temperature of 28 °C. As Ty
increases, there is an decrease in the mass flow rates of
weak solution coming from the absorber (m;) from
1.2479 to 0.9484 g/s and a decrease in the mass flow rates
of strong solution coming from the generator (mj3) from
1.0425 to 0.7389 g/s this is due to decrease in CR.
Florides et al. (2003) showed a decrease in the concentra-
tion of weak solution decreases the circulation of (m;)
and this resulted in a decrease in CR but there is an
increase in mass flow rate of refrigerant (mg) from 0.2054
to 0.2095 g/s this because of an increase in the evaporator
temperature and an increase in latent heat (AH = Hg -
— Hj), increase in mass flow rate of coolant (water) (mjg)
from 6.5226 to 5.9466 g/s, this is due to a decrease in (g,)
at constant (¢.). The results of Fig. 16 are in good agree-
ment with the references (Romera et al., 2000; Florides
et al., 2003).
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5.6. Effect of chip temperature on LMTD and conductance stant inlet cooling water temperature of 28 °C. There is a
slight decrease in trend of LMTD, from 22.0573 to
Fig. 17 demonstrates the variation of LMTD as a func- 18.7260 °C because of a slight decrease in temperature of

tion of Ty at constant approaching temperatures and con-  the strong solution arriving into the absorber (T4) from
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71.7224 to 65.2877 °C due to a decrease in strong solution
concentration coming from the generator but a minor
increase in LMTD, from 8.469 to 8.598 °C this is due to
constant coolant outlet temperature from the absorber
(T11) at constant Tg and T;3 and LMTD, varies from
1.1634 to 1.3184 °C but LMTD, remains constant as
1.4 °C. Fig. 18 shows the variation in conductance of the
absorber (UA,) and conductance of the condenser (UA,)
as a function of Ty at constant approaching temperatures
and constant inlet cooling water temperature of 28 °C. As
Ty increases, there is an increase in UA, from 0.0310 to
0.0312kW/°C and a decrease in UA. from 0.0610 to
0.0593 kW/°C, this is due to a decrease in q, and q.
decrease in UA, from 0.6014 to 0.4503 kW/°C which can
be observed from Fig. 18, this is due to an increase in the
(¢s) but conductance of the evaporator (UA.) remains
unchanged as 0.3466 kW/°C which can be observed from
Fig. 19 because of constant (g.).

6. Conclusions

In this study, thermodynamic analysis of the single-stage
LiBr—H,O vapor absorption heat pump for chip cooling in
the non existence of solution heat exchanger was per-
formed and additionally, a user-friendly visual software
package was developed in scope of this study. The model
is validated by using the values available in the literature
and indicates greater reduction in the absorber load. The
simulation results exhibited that the COP values rise from
0.7145 to 0.8421 with increasing chip temperature from
30 °C to 50 °C and a decrease in generator, absorber and
condenser loads at constant evaporator load. Further, the
CR value of the system showed its significance in deciding
the performance and design of the system. It is anticipated
that operations on LiBr-H,O vapor absorption heat pump
for chip cooling with respect to operating conditions, the
accurate and fast computation of performance and it is
possible to find suitable operating conditions and deter-
mining the effect of chip temperature on performance,

loads, flow rates and conductance at fast rate with high
accuracy by the developed user-friendly GUI.
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