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DEVELOPING A SMALL-SIZE PROTOTYPE
FOR SOLAR COOLING
WITH ABSORPTION CHILLERS

Mahmoud:; R. K.} and El Attar; M. Z. 2

ABSTRACT

A mixture of absorbent “water” and refrigerant “ammonia” fluids
concentrated at 50% was used as a working fluid. The power source was
a solar flat plate collector FPC with gross area of 1.90 m?. The FPC
accumulates the collected solar energy in the generator vessel by the
ammonia-water mixture. Two coaxial steel cylinders worked as
condenser and evaporator. The outer cylinder circulates water to cool
the system condenser in the condensing process. In the evaporating
process (chilling), the outer cylinder is kept empty of water and the
condenser cylinder works as evaporator. Experimental testing of the
solar is assisted chiller was carried out for the evaluation of the system
components and the overall thermal performance. Experiments were
conducted in the Agricultural Engineering Department, Faculty of
Agriculture, Al-Azhar University, Assiut branch, Assiut governorates,
Egypt. It was found that the maximum system COP was 0.12 (0.04 ton of
refrigeration load). This system can be used to cool three kilograms of
potatoes crop from 30 °C to 4 °C under the experiment conditions, and
18 kilograms of potatoes can be cooled to 20 °C under the same
conditions. In the average performance, the generator FPC delivered a
14.3% of the total available solar energy in one day. Meanwhile,
generator vessel delivers 98% of FPC thermal energy or 13% from the
total, solar intensity to the condenser-evaporator set. Net energy of the
system condenser reached 55% form the energy delivered form generator
vessel, and equals to 4.43 % from the total solar intensity.
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INTRODUCTION

ost-harvest, physiological obstacles such as ethane production,

respiration and microbial attack prohibits getting high quality

horticultural products to market challenge. The quality and
storage life of fruits and vegetables may be seriously compromised
within a few hours of harvest. Bakker-Arkema et al. (1999) described the
harvesting operation as a catastrophic event, removing the product from
its source of food. They summarized ways to minimize product quality
loss in maintaining slow growth, biological activity, and spread of
microorganisms of product by lowest temperature that will not cause
freezing or chilling injury. Lipinski et al. (2013) stated that removing
field heat from agricultural products could double shelf life and reduce
spoilage rates that often exceed 40% of horticultural crops and 20 to 30
% of grain and cereal crops in developing countries according to FAO
statistics of year 2009 (fig. 1).
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Figure 1: Losses Source: WRI analysis based on FAO. 2011. Global food losses and
food waste-extent, causes and prevention. Rome: UN FAO (Cited form Lipinski,
2013).
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To lower postharvest damage, the first aqueous-ammonia absorption
refrigeration system was invented in Europe in 1815. Whitman et al.
(2005) mentioned that the absorption water chillers use heat to drive the
refrigeration cycle without having a mechanical compressor involved in
the refrigeration cycle. Steam, hot water, or the burning of oil or natural
gas are the most common energy sources for these types of chillers.

Wang (2000) remarked that vapor absorption cycle using water-
ammonia systems was popular and widely used, but after the
development of the wvapor compression cycle it lost much of its
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importance because of its low coefficient of performance (about one fifth
of that of the vapor compression cycle).
Mittal et al. (2005) agreed that the air-conditioning system utilizing solar
energy would generally be more efficient, cost wise, if it were used to
provide both heating and cooling requirements. They noticed that various
solar powered heating systems have been tested extensively, but solar
powered air conditioning systems have received very little attention. The
aim of this study is to investigate the potential and suitability of using
solar energy as a source of power to drive a prototype of an agricultural
vapor absorption chillier.

MATERIAL AND METHODS
The absorption cooling cycle (as shown in figure 2) performs in three
phases: 1) Evaporation, a liquid refrigerant evaporates in a low partial
pressure environment, 2) Absorption, the gaseous refrigerant is
absorbed-dissolved into another liquid - reducing its partial pressure in
the evaporator and allowing more liquid to evaporate. 3) Regeneration,
the refrigerant-laden liquid is heated, causing the refrigerant to evaporate
out. It is then condensed through a heat exchanger to replenish the supply
of liquid refrigerant in the evaporator.

Generator High-pressure vapor refrigerant
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Figure 2: Principle and system description of the solar-operated chilling system.
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Refrigeration cycle: vapor absorption refrigeration cycle -as shown in
figure 3, consists in its basic configuration of a Solar Flat-Plate Collector
(FPC) as thermal generator, condenser, evaporation, and absorber.

As mentioned by Kalogirou (2008), compared to an ordinary chilling
cycle, the basic idea of an absorption system is to avoid compression
work by using a suitable working pair. The working pair consists of a
refrigerant, and a solution that can absorb the refrigerant.

A mixture of absorbent —water— and refrigerant-ammonia (R-717)
ASHRAE 34 Class B2 - fluids concentrated at 50% was used as a
working fluid (WF). Traditional criteria for selection of a refrigerant
have involved a number of considerations, including efficiency, cost,
operating pressures, toxicity, flammability, material compatibility and
availability. In the generator, heat is supplied from the FPC to the fluids
mixture in the generator vessel to drive off vapor refrigerant and, as a
result, the remaining mixture becomes diluted, poor in refrigerant, and
flows to the absorber. High-pressure vapor refrigerant flows to the
condenser where it condenses to enter an expansion valve that reduces its
pressure. The outlet of the expansion valve leads to the evaporator into
which the liquid refrigerant flows and removes heat at low pressure
turning into vapor again.

Figure 3: The solar refrigerator system: 1) flat plate solar collector, 2) generator
vessel, 3) pressure gauges, 4) valve. 5) evaporator-condenser.
Generator: A solar flat-plate collector FPC was constructed and tested
according to Abdel Mawla et al. (2012) in the Agricultural Engineering
Department, Faculty of Agriculture, Al-Azhar University, Assiut branch,
Assiut governorate, Egypt. Latitude 27.19 and longitude 31.18, with
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14.08 hours day length and G; = 8200 W.h/m® per day for solar
declination angle of 23.41° (fig. 4).

Generator vessel was made of cylindrical steel pipe of 128 mm
diameter, and 600 mm in height. The pipe was selected with 4 mm
thickness to withstand high pressure resulting from vapor expansion.
Generator vessel -as shown in figure 5 - leveled above the top of the FPC
for circulating the fluids by gravitational force at desired flow rate.
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Figure 4: FPC overall dimensions constructed and tested at Assiut, Egypt.

Chiller condenser- evaporator consisted of two overlapping cylinders
to represent the condenser and the evaporator vessels as shown in figure
6. Outer cylinder is 300 mm in diameter and 400 mm of length. The inner
cylinder is 100 mm in diameter and cooled by running water in the outer
cylinder space in the generation process. While in refrigeration process,
the inner cylinder works as evaporator (without the cooling process and
the outer cylinder is empty of water). The heat transfer coefficient was
assumed independent of the fluid constant temperature.
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Figure 5: Generator storage vessel. Figure 6: Condenser -evaporator.
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System thermal analysis with composite systems, it is usual to work
with an overall heat transfer coefficient U, which is defined by an
expression analogous to Newton’s law of cooling according to equation
1.

Q=UAAT Equation 1

The overall heat energy transfer coefficient U (showed in equation 2) is
related to the total thermal resistance defining resistance R “°K/IW”" as the
ratio of a driving potential to the corresponding transfer rate; equations 4,
13, and 14. A thermal resistance may also be associated with heat
transfer by convection at a surface. From Newton’s law of cooling as
illustrated in equation 3.

1 .

U=y m FEquation 2

Q = Ah(Ts; — T,) Equation 3

R=-L Equation 4
Ak

where K is the thermal conductivity “W/m °K”, h is the heat transfer
coefficients of surface“W/m? °K”, Ts and T, are the surface and ambient
tempartures “°K”, and L is the cross section of the tested material “m”.
FPC generator thermal gain: FPC average temperature is difficult to
measure through the different components and layers (fig. 7), which
differs in its thermal properties, rather than evaluating the collector heat
removal factor Fgr. Equation 7, describes Fr calculation. Reviewing
equations 1 through 4, on the FPC can result in equations 5 through 8.

Qu=0;—Qp = G (ta)A-UppcArpc(Ty — Trn) Equation 5
Qu = mCp(Tho — Tey) Equation 6

me (Tgo _Tgi)

Fp = Equation 7
K AFPC(Gt(Ta)_ UFPC(Tgi—Tm)) 7

Qu=Fr Appc(Ge (@) = Uppc(T; = Tpn)) Equation 8
Uppc = X, ! FEquation 9

Arpc Rrpc

where Q, is the FPC useful energy gain “W/m?”,Q; is the FPC energy
gain “W/m?”, Q, is the FPC overall energy losses “W/m?”, m is the WF
mass flow rate “liters/s”,m is the mass of WF in the storage tank “kg’, C,
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is the WF heat capacity “kJ/kg °K”, Fgr is the collector heat removal
factor, T is the transmittance of the FPC covers, a is the absorptance of
the FPC plate, Ugpc is the FPC overall heat transfer coefficient “JI/m? s
°C”, Arpc is the surface area of FPC “mz”,Tci , Tho are the entrance and
outgoing temperatures of the WF *°K”, T, T, are the avrage
temperatures of working fluid of the FPC and the ambient air temprature
“°k”_and G is the solar radiation flux “W/m? per day”. Generator vessel

thermal gain Uy is obtained from equation 12.
ng = QU - Qo Equation 10

Qgv = Ugy Agy AT Equation 11
1

Ugv = T—rnea7r mintralrD 72 - Equation 12
hq' Kins ' kgv trahy Roverall
T:TaT, rs, T
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Figure 7: Heat transfer through layer of glass wool, and generator vessel surface.

where Qg is the WF absorbed energy in FPC during generation process,
Uy is the generator vessel overall heat transfer coefficient “J/m® s °C”, r;
and r, are the inner and the outer generator vessel radii “cm”, Kips is the
thermal conductivity of insulation layer “W/m °K”, Kins, Kgy are the
thermal conductivities of insulation and the generator vessel “W/m °K”,
h, and h, are the heat transfer coefficients of the inner and outer
generator vessel surfaces “W/m? °K”, Ay is the generator vessel exposed
surface area “cmz”, Roveran 1s the overall thermal resistance “°K/W”, and
ri, ry, r3 are the inner and outer generator vessel, and insulation radii
respectively “cm”.

Condenser—Evaporator thermal gain: Kassem et al. (1993) described
the energy of the evaporation according to the thermal load and desired
cooling temprature (equations 13 and 14).
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Qe = WpCp (T, max — Tomin) Equation 13

Tei =T .
Q, = =21 Equation 14
ZRoverall

where Q. is the available chilling energy during refrigeration period -
evaporator “kJ”, Qp is the magnitude of the heat removed from the
refrigerated space at temperature T, Repc overann 1S the overall thermal
resistance “°K/W?”, Cp_ is the specific heat of load material “kj’kg”, W,
cooled agricultural matieral mass “kg”, Ty mx IS initial temperature of
thermal load “°C”, and T_min is the minimum load temperature “°C”,
Thermal analysis, system insulation and covers: Thermal insulations
consist of low thermal conductivity materials combined to achieve an
even lower system thermal conductivity. Wood and glass wool were used
as thermal insulation of the system and the total resistance was calculated
according to the following equations:

RFPC = Rcovers + Rglass wool + Rwood + Rcomb Equation 15

1 X X 1 .
Repc =Y, = ——wool 4 _ “wood 4 Equation 16
Afrpc Urpc Arpc Kwoot  AFpc Kwood =~ Mcomb AFpPC

where Kyood the thermal conductivity of the wooden frame material
“W/m °K”, and Xwood, Xwool are the thicknesses of wood and glass wool
“cm”.

Generator FPC thermal losses: Heat transfer through construction and
insulation materials may include several modes: conduction through the
solid materials; or convection through the air in the void spaces; and
radiation exchange between the surfaces of the solid matrix

Nrag = ﬁ = ea(T2, + T2)(Ty + To,) Equation 17

heonv = é Equation 18

heomp = heonv + hraa Equation 19

where heony is the convection heat transfer coefficient “W/m? °K*, hyag
radiation heat transfer coefficient “W/m>* , heomp CcOmMbined convection
and radiation heat transfer coefficient “W/m? °K*, ¢ is the emissivity,
Qrag IS the radiation energy, o is the Stefan-Boltzmann constant
(5.67x10° W/m? K*), €is a radiative property of the surface termed the
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emissivity, Ts is the material surface temperature, T, is the ambient air
temperature, and T, fluid temperatures.

Generator and condenser—evaporator vessels thermal losses: Thermal
losses can be estimated with equations 20 through 22,

R = Reony + Reyr + Rins + Reony + Ryqq Equation 20
R = Reony + Reyt + Rins + Reomp Equation 21

2 r3
1 Ingy | Iny 1 1 .
R = + + + + Equation 22
2nriLh; 21K, L 2nK,L  2mroLhy  TDZhyqq

where Reony IS the thermal resistance by convection ““K/W?”, Ry is the
thermal resistance of the vessel “?K/W”, Rjns is the thermal resistance of
the insulation layer “°’K/W”, Ryaq are the thermal resistance equivlent
radiation “°’K/W?”, Reomb 18 the combined thermal resistance “°K/W”, i,
I, is the outer and inner layers of insulation “°’K/W”, r,, r; are the
cylinder inner and outer radii “cm”, L is the length of the clendrical
generator vessel “cm”, and K, is the thermal conductivity of n™ layer of
insulation “W/m.°K”.

FPC generator efficiency (nrpc) 1S a ratio of gained energy by the
vessel heat exchanger Qq, to the input thermal energy Q, (stated in
equation 8) gained from the FPC. The generator vessel efficiency ng, was
calculated Duffie and Beckman (2013) and Kalogirou (2004) as cited in
equations 23 and 24.

[ Quat

NEpe = Arpc | Gedt Equation 23

Tgi_Tm

Nrpc = Fr(ta) — FrUppc ( ) Equation 24

t
Generator vessel efficiency (n,) is a ratio of gained energy by the vessel
heat exchanger Qg, to the input thermal energy Q, (equation 8) gained
from the FPC, T. is the temperature of the WF "°K”, Tn is the
temperature of the ambient still air “°K”. The generator vessel
efficiency mg, was calculated according to equation Ty is the WF
temperatures in the generator at the end of each cycle “°K”, and Ty; IS
the WF temperatures in the generator at the beginning of each cycle
cwopr

Qgv

ng =7 Equation 25

u
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Condenser —Evaporator efficiency (17..): In each performed experiment,
the temperature of the cold fluid (water) and the hot vapor of ammonia
was recorded and the efficiency of the condenser was estimated by

Helmut Wolf (1983) equation for heat transfer (equation 26).

Nee = (X2=1eiy100  Equation 26

Thi—Tci

where T, is the condenser WF outlet temperature “°K”, T¢; is the
condenser WF inlet temperature “°K”, and Ty is the temperature of hot
WF “k”.

System overall efficiency, Cengel (2007) defined the coefficient of
performance COP as the heat load in the evaporator per unit of heat load
in the generator (equation 27). The analysis was submitted according to
El Masry (2002) and Eicker (2006) as shown in equations 28 and 29.

desired output
required input

Coefficient of Performance (COP) = Equation 27

refrigrationrate (Qe)
rate of heat addition to generator (Qg)

Qcota = Mrpc -(COP)cycle Equation 29

COP¢ooling = Equation 28

Figure 8 describes the chilling process. Generation phase as illustrated
in figure 8a starts by closing valves I, 111 and V, while valve I is opened.
The FPC thermal gain causes the ammonia-water mixture to heat up.
Circulating the mixture up the pipes to the generator storage vessel.
Ammonia vapor rises out of solution through the rectifying column and
into condenser where ammonia vapor condenses. At the end of the
generation phase, the condenser is isolated from the generator by closing
valve | and the temperature of the system allows cooling to ambient
conditions.

The refrigeration phase — figure 8b— started by opening valve 111 so
liqguefied ammonia in the evaporator vaporizes back to the absorber and
extracting heat form the evaporator space. Resulted ammonia vapor
redirected to be absorbed in the weak solution stored in the generator
vessel.

Solar radiation intensity was measured in all experiments by a
Pyranometer model PSP with sensitivity of 9 uV per W/m?, and +0.5%
linearity. Measurements ranged from 0 to 2800 W/m?. A digital
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thermocouple type K with measurement range varied from 200 to 1250
°C. Recorded system temperatures. System fluids and their mixture flow
rate was measured by the volume-time method. Fluid volumes were
measured with 500 ml glass cup with £4 accuracy at 20 °C, and time was
recorded by a digital stop-watch accurate to 1/60 s. System pressure was
measured by three stainless steel 25 bar pressure gauges. The system
ambient air speed was measured by a cup-counter type anemometer with
accuracy of 1 m/s (£5%) in the measuring range 1- 67 m/s.
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Figure 8: Configuration of the experimental setup at a) generation and b)
refrigeration process.
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RESULTS AND DISCUSSION

Figure 9 illustrates the relationship of gained temperature of the working
fluid measured at different times of the day. The relationship between the
FPC and the absorber plate temperature Tp, and ammonia-water mixture
temperature T,y is shown in figure 10.

Generator: vessel thermal performance: To minimize thermal loss from
generator vessel, a glass wool layer was used to cover the exposed
surface of the generator vessel. Measurements were taken to calculate the
amount of energy that passing through the generator. Figure 11, showed
the energy delivered to the generator vessel from the generator FPC.
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Figure 9: Daily temperature from the Figure 10: The relationship between the
FPC to the working fluid in chilling FPC absorber plate temperature and
system. Ammonia-water temperature.

Increased temperature difference decreases the amount of useful energy
passes through the generator vessel. The generator vessel heat transfer
decreased from 98% to 22.8% with increased temperature difference
from 9 to 44 °C.
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Figure 11: Heat transfer from the generator FPC to vessel in relation to temperature
difference.

Misr J. Ag. Eng., January 2015 - 350 -



BIOLOGICAL ENGINEERING

Condenser thermal performance: Results of this experiment indicated
that the efficiency varied between 55 to 25% through the day. Figure 12
illustrates the energy gain from the generator vessel to the condenser as a
function of the temperature difference of fluid.
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Figure 12: Heat transfer from generator vessel through condenser-evaporator.

Energy losses depend on the difference between inlet and outlet
temperatures of the cold fluid and the difference between inlet
temperature to each of cold and hot fluid during the process.Figure 13
shows that the system temperature changed according to solar intensity
during one day of. The system pressure changed as a function of system
energy (fig. 14).
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Figure 13: Heat transfer through chilling system at solar radiation intensities.
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Figure 14: Heat transfer flow from FPC absorber plate through chilling system at
different system pressures.
Evaporator thermal performance and COP: Solar energy flows through
the chilling system at different rates. System construction materials,
system thermal insulations, fluids, and environmental factors are crucial
in determining the system overall efficiency. Figure 15 demonstrates an
efficiency comparison for the generator FPC, generator vessel, and for
the condenser-evaporator, at different solar intensities. At average
performance, the generator FPC deliverS a 14.3% of the total available
solar energy in one day. While generator vessel passes 98% from the
generator FPC energy or 13% from the total solar intensity to the
condenser-evaporator section. Net energy of the condenser unit reached
55% form the energy delivered form generator vessel, and equals to 4.43
% from the total solar intensity (figs. 16 and 17).
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Figure 15: Chilling solar-assisted system efficiency at solar intensities
during the daytime.
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Figure 16: The coefficient of performance for the chilling solar-assisted system.
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Figure 17: Energy transfer through generator FPC, generator vessel, and condenser.

The chilling-solar-assisted system coefficient of performance COP
relationship, as found in figure 18, reached its maximum value at 0.12
(equivalent to 0.03 ton of refrigeration) and decreased as system
temperature increased. Chilling solar-assisted system was able to reduce
evaporator temperature form 30 °C to 4 °C within 100 minutes without
load as illustrated in figure 19.

Field growing crops suffer from heat gain of respiration, and from the
surrounding environment. Calculated heat load for one kilogram of
potatoes showed increase of energy load form 25 W.h to 35.4 W.h with
increasing ambient air temperature form 5 °C to 25 °C (fig. 20).
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Figure 18: The coefficient of performance for the chilling solar-assisted system.
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Figure 19: Required time for heat removal from the empty evaporator vs system
pressure.
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Figure 20: Calculated potatoes heat load at different ambient temperatures.

Chilling solar-assisted system was constructed for fast removal of crops’
field heat. The system capacities will depend on the desired final
temperature for safe transport of the crop. Figure 21, compares the net
energy to remove form one kilogram of potatoes crop to reduce its
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temperature from 30 °C to 4 °C. Summing up needed reduction of
potatoes energy, cooling energy lost for surroundings, and potatoes
respiration energies form integration of the area under curve in
figure 22. It was found that cooling energy of one kilogram of potatoes
will consume 119.65 W.h of the 399.8 W.h - evaporator available energy
or 1.33% of the total solar intensity under the experimental conditions.
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Figure 21: Potatoes thermal load energy and heat removal response.
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Figure 22: Calculated heat load removal from kilogram of potatoes and energy
transfer from condensing to evaporating processes.

From figure 23, the evaporator capacity will be three kilograms of
potatoes for temperature reduction form 30 °C to 5 °C, and 18 kilograms
for temperature reduction form 30 °C to 20 °C.
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Figure 23: Chilling solar-operated potatoes holding capacities at different chilling
temperature levels.

Chilling will take 45 minutes to reduce kilogram of potatoes from 30 °C

to 20 °C and 120 minutes to reach 4 °C as seen in figure 24.
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Figure 24: Required time for heat removal from potatoes at different temperature
levels.

CONCLUSION

Solar-assisted chilling system is a simple and cheap system to build. It
has a dual usage in post-harvest treatments, and can work as chiller or as
a heater in many agricultural applications.Enables increased horticultural
production both for domestic and export consumption. Generating
additional income for smallholder farmers and increased access to
nutritional fruits and vegetables while generating both manufacturing and
service based employment.

Chilling system generator consisted of FPC with generator vessel. FPC
optical efficiency (no= Fr (ta)) was 26% and varied according to
ambient air temperature and the rate of fluid flow. The FPC average
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efficiency under the experimental conditions was 13% at total solar
intensity of 9027.26 W/m?/day and air speed of 5.3 m/s. The lowest
obtained temperature in evaporator was 3.2 °C.
The generator FPC overall heat removal coefficient U was 8.775 W/mZ.
°C and the overall heat removal factor Fg was 0.3971. The FPC Fgr U_
was 3.485 W/m? °C and found within the value for the FPC standard (3-
8 W/m? °C). Further enhancement on optical efficiency must be made, by
changing the plastic cover to non-iron glass cover. Focused and solar
concentrator collectors are essential for large capacities of chilling load.
With 98% thermal efficiency, Generator vessel was able to deliver most
of the collected thermal mass of the solar collector (about 12% of the
total solar intensity per day. The generator vessel was able to withstand
system pressure ranging from 3.4 to 12.5 bar.
Condenser-evaporator with 55% thermal efficiency was able to deliver
4.4% of the total solar intensity energy as chilling energy per cycle.
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