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Together with the developing nanotechnology, nanofluids and nanoparticles are
used as working fluid in energy applications. It is foreseen that nanoparticles have
high heat conduction coefficient and it will increase system performance by us-
ing as a working fluid in energy systems. Many studies in the literature show that
nanofluids increase the heat transfer rate by improving heat transfer. In this study,
a performance analysis of an absorption cooling system using solar energy was
performed as numerically. LiBr-Al,Os-water nanofluid has been used in the cool-
ing system as working fluid. The thermodynamic values and calculations used in
the analyses were performed with Engineering Equation Solver program. Heat
load necessary for the generator is provided with a flat plate solar collector. For
different operation condition, the variation of COP values was determined depend
on AL,Os-water nanoparticle concentration ratio. When the Al,Os-water nanoparti-
cle concentrations are changed as 0%, 0.5% and 0.1%, it was determined that the
COP values increased. Nanoparticles added to the refrigerant at certain concen-
tration values affects the COP values positively of cooling systems. Maximum COP
value is 0.86 for 85 °C generator temperature and 0.1% Al,Os-water nanoparticle
concentration. The lowest COP value was obtained for the 75 °C generator tem-
perature. When the AL,Os-water nanoparticle concentration was increased togeth-
er with the generator temperature, COP values also increased. When the nanopar-
ticle concentration of the working fluid increases, the viscosity of the nanofluid can
be increases. Due to, increased viscosity increases the pressure drop in the flow
channel and the pump power required for the flow. Thus, minimum viscosity with
maximum thermal conductivity optimisation in applications is very important.
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Introduction

Today, nanotechnology is an extremely important issue for developed countries. It
is necessary that to carry out theoretical and experimental studies because the increase use
of nanotechnology applications. When dimensions of the device production materials become
smaller, their working speed increases and new and superior properties of material are emerg-
ing. Nanotechnology provides to design, production and control of new materials with aid of
structures and components in nanoscale [1]. Many properties of engineering materials are due
to internal structures in micrometer level. The superior properties of the materials produced on
the nanoscale are due to their structures ten or several hundred times smaller than the micro
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meter. As the nanodimensions of the materials are reduced, the quantum properties of those
materials come to the forefront. This situation also offers superior properties of the material [2].
Nanotechnology has a very important potential for many sectors. Nanotechnology is started
to be used in areas such as nanomedicine, manufacturing, energy, electronics and smart cities.

In absorption cooling systems, the compressor used in conventional cooling systems
is replaced by a thermal compressor. Thermal compressor is consisting of generator, heat ex-
changer, absorber, pump and expansion valve. The necessary heat for the generator can be
obtained from sources such as solar energy, geothermal energy and waste heat energy. In this
study, the heat required for the generator is provided by solar energy. Schematic representation
of LiBr-Al,O;-water absorption cooling system powered by solar energy is given in fig. 1.
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Figure 1. Schema of LiBr- AL,O;-H,0 absorption cooling
system powered by solar energy

Elberry et al. [3] investigated power plants using absorption refrigeration cycle. The
energy of the exhaust waste heat was used for the power of the cooling system. The effects of
different working parameters such as ambient temperature, relative humidity, compressor inlet air
temperature, on performance were examined. It is determined that there is an 11% increase in the
electricity produced when the inlet air temperature decreases. Sun et al. [4] have analyzed sin-
gle-effect absorption refrigeration systems using R1234yf ionic liquid as working fluids. The ef-
fects of production, evaporation, condensation and absorption temperature and compression ratio
on cooling performance and circulation rate were examined under different operating conditions.
Wu et al. [5] investigated the effect of LiBr-H,O nanofluid on magnetic field for vapor absorption
as experimentally. They determined that increasing the rate of vapor absorption is related to the
frequency of nanoparticle motion and related. Dai et al. [6] have examined NH;-H,O absorption
heat pump using solar collector as heat source. A mathematical model of the heat pump has been
created. They showed that the heat exchanger size of the solution cooled absorber had the highest
effect on the cycle. It has also shown that adding solar collectors to the cycle can reduce operat-
ing costs by more than 25%. Arafia et al. [7] have investigated n-butane absorption refrigeration
system using merchant hydrocarbons as absorbents. Waste heat was used as the heat source in
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the cycle. Different evaporator, condenser and absorber temperatures were compared to select the
most suitable working fluid in the absorption cooling system. The results revealed that the best
performance among working fluids was achieved with butane/heavy naphtha. Liu et al. [8] have
studied that performance analysis of a coupled LiBr-H,O absorption chiller/kalina cycle for using
of low grade waste heat. As a result of the study, it shows that for all analyzes, the optimum turbine
inlet pressures were achieved as 3200-3300 kPa for certain conditions. De [9] have compared of
solar-driven single and double-effect LiBr-H,O vapor absorption cycle for cold storage. They
have developed a thermal model of cooling systems. In addition, an economical model has devel-
oped to calculate the pay-back period. Xu et al. [10] have theoretically examined the convective
thermal properties of nanofluids in porous foams. They determined that the pressure drop in nano-
fluid caused an increase in nanoparticle concentration. Also, the raise in foam porosity reduction
the Nusselt number. Xu et al. [11] have evaluated the physical properties of nanofluid and metal
foam in different types of flow and heat transfer. They have summarized the properties of flow
and heat transfer. Xu et al. [12] have examined the numerical analysis of convective heat transfer
of a nanofluid in porous foams. They used the lattice Boltzmann (LB) method. As a result of the
study, they found that the decrease in porosity, Reynolds number, and Darcy number, increased
Nusselt number. Xu et al. [13] investigated the effects of thermal conductivity and concentration
of nanoparticle on natural-convection. They found that natural-convection increase depend on
Nusselt number and porosity. Xu et al. [14] examined the flow and heat transfer properties of the
nanofluid-flowing from metal foams. The results have found that the increase in the volume frac-
tion of nanoparticles increases the pressure drop and Nusselt number. Ghaneifar ez al. [15] have
carried out mixed convection heat transfer of Al,O; nanofluid in a horizontal channel. Results of
paper show that heat transfer increases due to the low thermal resistance for a high sources ther-
mal conductivity. Moreover, the results show that the effect of nanofluid concentration on average
Nusselt number is low, the effect on Reynolds number is high. Chen et al. [16] have investigated
on bubble specifications of time periodic subcooled flow boiling in annular ducts due to wall heat
flux oscillation. Results show that the bubble parameters do oscillate periodically in time and are
at the same frequency as the applied wall heat flux. Tariq et al. [17] have examined thermal per-
formance of normal-channel facile heat sink using water and TiO,-H,O nanofluids. Results pre-
sented that the base temperature of normal-channel facile heat sink was been like as mini-channel
integral fin heat sink. The pressure drop of normal channel was found higher for when compared
to mini channel heat sink. Shahsavar et a/. [18] have investigated melting and solidifcation in a
wavy double pipe latent heat thermal energy storage system as numerically. Results determined
that effect of waviness on the pumping power is very low for dimensionless wavelengths high-
er than two. Bechir et al. [19] examined heat and mass transfer enhancement by using binary
nanofluid in NH;-H,O bubble absorption processes. The study determined that the addition of
nanoparticles improved the absorption performance in the bubble adsorption process. Jaballah et
al. [20] examined the enhancement of the performance of bubble absorber using hybrid nanofluid
as a cooled NH;-H,0O absorption system. The results determined that the hybrid nanofluid is the
best refrigaration platform. Hybrid nanofluids provide high heat transfer amount due to their high
thermal conductivity and specific heat. Jaballah et al. [21] have investigated influence of hybrid
nanofluid and refrigerant flow direction on heat and mass transfer improvement. The results of
study show that the absorption process depends on the direction of refrigerant flow and the type
of working platform.

There are studies in the literature showing that nanoparticles improve heat transfer
and system performance. However, some studies have shown the opposite of these results.
Therefore, studies on this subject should continue rapidly. This study showed that the AL,O;
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nanoparticles added to the working fluid increased the heat transfer and system performance.
It will continue to be used in nanofluid refrigeration systems, chemical processes and nuclear
reactors as studies increase and positive results are achieved. In this study, alumina (Al,Os)
particles were added to the working fluid in the LiBr-Al,Os;-water absorption cooling system
powered by solar energy. The effects of the added nanoparticle on cooling system performance
have been examined.

Thermodynamic analysis

In this paper, while Al,05-H,O nanofluid is refrigerant, lithium bromide is adsorbent
in absorption cooling system. The working principle of this system can be summarized as fol-
lows according to fig. 1. Refrigerant vapor is produced from the weak solution (state Point 3)
using generator heat (solar energy). The rich solution (state Point 4) transmits back to the ab-
sorber by means of the heat exchanger and expansion valve. The refrigerant vapor come from
the evaporator (state Point 10) is absorbed into the rich solution (state Point 6) in the absorber
(state Point 1). After that, the weak solution is pressurized by the pump and it enters the gener-
ator by-passing the heat exchanger for heat recovery. The refrigerant vapor come from the gen-
erator condenses in the condenser (state Point 8), thereafter gets throttled by expansion valve.
Lastly, refrigerant evaporates in the evaporator to produce cooling.

In this cycle, the mass-flow rate, specific and energy balances can be recognized:

D ity =Dty (1)
z Xin mm = z Xout mout (2)
ZQ+ZW+Zmln in Zmouthout =0 (3)

my =y 4)
where m [kgs™'] is the mass-flow rate of working fluids and water, m1, = 11y, H, = Hy, Wz = iy,
I’i’l5 = I’i’l4, 7’i’l6 m5, mg m7, and m9 = mg

Energy balance on the evaporator can be defined as eq. (5) [22]:

QE = myghyg —nghy (5)
Op =1y C, (Ti7 —Tig) = UALAT, g (6)
Evaporator temperature, 7%, can be calculated using [23]:
_To-Ty
L=
1[TJ ™
I

T =Ty )— (T3 — T

AT, = (B, -To)-(T5-1%) )

ln[Tn TIOJ
Tig =1y
Since 71,0 1s known, mass balances in the absorber evaporator can be calculated and

written:

X1 = Xghlg 9)
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x;: mass fraction
x;=x(T;, B) for LiBr and H,O (10)

X =0, X, =0, X, =X, X3 =Xy, X5 =Xy, Xg =X5, X3 =Xy, Xg = Xg

P, =P(I;,x;) for LiBr and for H,O (11)
PZ :PS :Bl :PS :P7 :PS :Rﬁgh’ R :Pé :P9 :PIO = Plow

where Ppg= 9.66 [kPa], P~ 0.934 [kPa] (pressure values were calculated by EES), ambiant
temperature 7, = 25 °C, evaporator temperature 7;, = 6 °C, generator solution exit temperature
T, =90 °C, weak solution mass fraction x; = 55%, and sttrong solution mass fraction x4 = 60%.

Solution heat exchanger exit temperature 75 = 65 °C (pressure values were calculated by
EES). Generator vapor exit temperature 77 = 85 °C (temperature values were calculated by EES).

The thermodynamic properties at the Point 5 can be determined from the energy balance
on the solution heat exchanger using eqgs. (12) and (13), and assuming an adiabatic state [24-28]:

myhy +myhy = nshy + mishs (12)
Qhex =m (h3—h2)=n'14 (h4_h5) (13)
T,-T,
Efthex = o> it hex = 0.04
(& T;‘_Tz €.
C. - n'14(h4 —h5) C - ity (h3 —hz)
| Ty
T, T, T,-T,

where h; = h(T,, x;) for LiBr and H,O and 7; = T(#;, x;) for LiBr and H,O.
Concentration of solution at the absorber and generator, the pump work can be ob-
tained [29]:

Wy =myv (P, ~R) (14)
hy =h + ﬁ (15)
m
V; = v(]} , xi) for LiBr and H,O (16)
Energy balance on the absorber can be defined [30]:
Op = ringhyg + rirghs —rinhy (17)
QA :mlz Cp (T14_T13):UAAATmA (18)
Absorber temperature, 7, can be calculated:
7~ =T
h{Tl] (19)
Ty

(20)
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my = My + Mg (21)

By applying the energy ba lance for the solution, the generator is given:
Qg = rivghy + rivyhy = rinshy (22)
My =My + 1y, Ti3Xy = HiyX, + 1y (23)
O =my,C, (Tn —le):’h7h7+’h4h4_”'13h3 =UAGAT,g (24)

m 1-x

f=-t=—"% (25)

MMy X3 — Xy

Generator temperature, 7, can be calculated using:

(7, -7)-(T,-1)

AT, = (26)
11’1( T]l — T4 \J
I -T;

The condenser heat can be determined from an energy balance using [31, 32]:
Qc =1y (h7 _hs) (27)
Qc = mlSCp (Tl6 —Tis ) =UA:AT,¢ (28)

Condenser temperature, 7, can be calculated using:
Ta—-Ts)— (T3 — T,

AT, = (% -Tis) (G~ T) 29)

In ( (T;ﬂ - TiS ) j
(T
The COP for the absorption cooling system is defined as the ratio of the sum of the
evaporator heat load, generator heat load and pump power. The COP is defined [33, 34]:

COPcooling == O =7 (ml(.)hlo _n/f9h9) (30)
O +W, (m4h4 + 1y hy — s hy ) +W,
If W, is neglected:
COPcooling = Q_E =" mthlf) — m9h(.) (3 1)
Oc  Mahy +1it7hy —rishy
S e
COPhcating = M (3 2)
s
06 =0, (33)

Solar collectors are modeled with the formulation as using eq. (34) and eqgs. (35)-(37):

O, = A.1gne (34)
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The uniform solar heat flux O, on the absorber tube of the collector for the generator
and absorber is defined [35-39]:

0, = Fpd[(za) I -U, (T, - T,)] (35)

where Q, is the useful energy collected in system collectors and 4. — the collector area. The
collector efficiency 7. is:

nc=FR{(m)—UL i a}mcp(nef—n) (36)
R

where T, [°C] is the collector inlet temperature, 7, [°C] — the environment or ambient tem-
perature, 7 — the transmission coefficient, o — the absorption coefficient, U, [Wm2K™']
— the overall heat transfer coefficient, and F — the solar-collector efficiency factor. Typical val-
ues of za and U, for the evacuated tube collector are commonly taken as 0.84-0.86 and 0.8 W/
m?K, respectively, [36-38, 40-43].

In this work, nanofluids are considered as the working fluid (Al,O;) for the hot loop.
Physical properties of the Al,O; nanoparticles and water in the calculations are presented in
tab. 1. Nanofluid thermal conductivity, specific heat capacity, density and dynamic viscosity are
evaluated with egs. (35)-(37).

Table 1. Physical properties of nanomaterial and water [44, 45]

Material p [kgm] C, [Jkg 'K '] K[Wm'K']
Nanoparticle, np AlO; 3970 765 40
: poi(T, P) Cout(T, P) kT, P)
Base fluid, bf Water | 2997 kg/m® | o= 0.605 j/kgK for= 0.605 W/mK

Several correlations for specific heat capacity of the nanofluid are available but the
below formula [35, 46-50]:

1- C, o+ C
Cput = ( ‘//)be pp,bf Prp Cpmp . Copr =G, (T, x) (37)
nf

The density of nanofluid is evaluated:

Pnt :(1_l//)pbf + pl’lp’ Pnt :p(Tnx) (38)

where p., pyr, and p,,, are the nanofluid, base fluid, and nanoparticles densities, respectively, and
y is the volume fraction [43, 51-56]:

mlch,nf(ﬂz -1 ) = A1,

- . . . (39)
Og =my,C, o (T11 -T ) =1z hy +myhy —mshy = UAGAT, 5

Results

The COP values were determined of absorption cooling system for different generator
temperatures and nanoparticle concentrations and are given in fig. 2. The Al,O; nanoparticle
concentrations were changed between 0 and 0.1. Both increasing the nanoparticle concentra-
tions and increasing the generator temperature caused a significant increase in COP values. The
COP value is 0.71 in the operating condition where the generator temperature is 75 °C, and it
reaches 0.86 when the generator temperature rises to 85 °C. It is seen fig. 2 that nanoparticles
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added to the refrigerant at certain concentration values change the COP values positively of
cooling systems.

The COP values depending on the change in nanoparticle concentration were deter-
mined and are given in fig. 3. As the nanoparticle concentration in the working fluid increas-
es, the thermal conductivity coefficient of the nanofluid increases. As an effect of this, as the
amount of heat the evaporator extract from the environment will increase, the COP value also
increases. The highest COP value was found to be about 0.86 for 85 °C generator temperature.
This value was followed by COP value is 0.77 and generator temperature is 80 °C. The lowest
COP value was obtained for the 75 °C generator temperature. When [5, 13, 15] are examined,
it is seen that the nanoparticles added to the working fluid increase the heat transfer. Hence, the
increase in COP seen in fig. 3 is supported by these results. Moreover, as seen in fig. 3, only
increasing the nanoparticle concentration is not enough to increase the COP value. Increasing
both the nanoparticle concentration and the generator temperature would be more suitable for
increasing the COP value in absorption cooling system.
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Figure 2. Change of COP with Figure 3. Change of COP with AL,O;
generator temperature nanoparticle concentrations

Changes of heat transfer rate depending on generator temperatures were calculat-
ed and are given in fig. 4. Increasing the generator temperature increases the amount of heat
transfer in the evaporator. It is clearly seen that the nanoparticle added to the working fluid
increases the heat transfer in the system elements. Nanoparticles increase the heat transfer co-

42 efficient of the fluid, as a result, it increases heat

S 4 transfer too. In addition, features that appear in
S 28 nanometer size such as the interfacial layer be-
g tween the particles, the random movement of the
5 36 particles (Brownian motion) and Kapitza resis-
g 34 tance are also very important in the increase of
% 32 ppeeet heat transfer. As the nanoparticle concentration
T in the working fluid increases, the thermal con-
28 ductivity coefficient of the nanofluid increases.
26 | Hamida et al. [33] investigated the effect of cop-
75 76 77 78 79 80 81 82 83 84 s8s pernanoparticles on the absorption of vapor into
Generator temperature, T, [°C] a liquid film of LiBr aqueous solution flowing

Figure 4. Change of heat transfer rate down over a cooled vertical channel. The results

with generator temperature showed that binary nanofluids increase the mass
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and heat transfer more than the base liquid, and the efficiency of the nanofluid is higher than the
efficiency of the base liquid [22]. Similarly, the heat transfer in the absorber increases depend-
ing on the generator temperature. In this process, the effects of nanoparticles were seen. Also,
with the increase of the generator temperature, there was a slight decrease in the heat transfer
in the condenser.

Conclusions

In this study, a performance analysis of an absorption cooling system was performed.
Heat load necessary for the generator was provided with a flat plate solar collector. The
LiBr-Al,Os-H,0 nanofluid has been used in the absorption cooling system as working fluid.
Change of COP values was determined for different operation conditions depend on Al,05-H,O
nanoparticle concentration ratio. This study showed that nanoparticles added to the working
fluid in absorption cooling systems increase the COP. In the absorption cooling system in this
study, using the nanoparticle together with increasing the generator temperature increases the
cooling performance. Therefore, in an absorption cooling system, several variables need to be
optimized to achieve optimum cooling performance. As result of this study, it has been ob-
served that the nanoparticles added to the working fluid increase the heat transfer and therefore,
affect the system performance positively. Nanoparticles increase the heat transfer coefficient of
the fluid, as a result, it increases heat transfer too. As the nanoparticle concentration in the work-
ing fluid increases, the thermal conductivity coefficient of the nanofluid increases. However,
as the nanoparticle concentration of the working fluid increases, the viscosity of the nanofluid
also increases. Also, increased viscosity increases the pressure drop in the flow channel and
the pump power required for the flow. Therefore, it is very important to achieve a ‘minimum
viscosity with maximum thermal conductivity’ balance in practice.

There are studies in the literature showing that nanoparticles improve heat transfer
and system performance. However, some studies have shown the opposite of these results.
Therefore, studies on this subject should continue rapidly. It will continue to be used in nano-
fluid refrigeration systems, chemical processes and nuclear reactors as studies increase and
positive results are achieved.
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Nomenclature

A —surface area, [m?] T  —temperature, [°C]

A. —area of collector absorber plate, [m?] T, — absorber temperature, [°C]

C - specific heat capacity, [Jkg K] Tz — evaporator temperature, [°C]

C, —specific heat, [Jkg'K™] Tc - condenser temperature, [°C]

F —solar-collector efficiency factor Ts — generator temperature, [°C]

Iz  —solar irradiance, [kWm7?] AT — dimensionless temperature difference
m; —mass-flow rate, [kgs™] U - heat transfer coefficient, [Wm2K™]
P —pressure, [kPa] U, —overall heat transfer coefficient, [Wm=K™']
O, - absorber heat load, [kW] v —velocity, [ms™]

Oc - condenser heat load, [kW] W, —pump work, [kW]

Or — evaporator heat load, [kW] x  —mass fraction

Qhex — solution heat exchanger heat load, [kW]

Oc — generator heat load, [kW] Greek symbols

Q. - uniform solar heat flux, [kW] o —absorption coefficient
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¢  —effectiveness Subscripts
n. —solar collector efficiency in  —inlet
T — transmission coefficient of  —nanofluid
w  —nanoparticle volume fraction np - nanoparticle
p - density, [kgm™] out — outlet
1,2,3 — state point
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