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ABSTRACT
Simulation of an Air Cooled Single-Effect

Solar Absorption Cooling System

with Evacuated Tube Collectors

By
Mohsen Jahandardoost
Dr. Robert F. Boehm
Distinguished Professor of Mechanical Engineering

Director, Energy Research Center

University of Nevada, Las Vegas

Consistently increasing CO2 emission and ozone depletion from synthetic
refrigerants are serious environmental issues challenging the scientific community.
Absorption cooling systems give scope of utilizing low grade energy source for
generating cooling effect. Solar energy is one of these low grade energy sources and with
considering the fact that cooling demand increases with the intensity of solar radiation,
solar refrigeration has been considered as a logical solution.

This thesis consists of two different simulation stages, in the first stage, a single
effect lithium bromide absorption cooling system with constant cooling capacity is
modeled and the effect of ambient and generator temperatures on concentration and
strong solution flow rate is investigated. Then the energy required by the generator and
the resulting coefficient of performance (COP) are analyzed by varying all parameters:
for instance, strong and weak solution concentration, generator temperature, and ambient

temperature. This simulation shows that the generator temperature needs to be increased

for higher ambient temperatures and there is one optimum generator temperature that
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gives the highest COP. The overall COP after using the control system was between 0.75
and 0.85.

In next stage of the analysis, the sun position and hot water production for cooling
season (May through September) in Las Vegas are simulated using TMY3 data and
considered using evacuated tube solar collectors. To size the collector area, the hottest
day (4th of June at 3 PM) is selected to fulfill the maximum cooling demand and
according to amount of solar radiation, ambient temperature, and energy required by
generator, the number of collectors is defined. Generally, the solar system is found to be
effective and covered 35% of heating demand to run the cooling system continuously

through the cooling season.
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CHAPTER 1 - LITERATURE REVIEW

Solar refrigeration received intense interest during 1970s when the world suffered
from the oil crisis. Solar absorption cooling system is attractive application because of the
simultaneous peak in cooling loads with the availability of solar power. There were
several projects for the development of solar cooling system and different systems
installed and tested around the world.

A 7 kW Li-Br water solar absorption system was installed in a small single story
office building in Tokyo and was tested during summer 1974 by Nakahara, Miyakawa, &
Yamamoto (1977). The flat plate collectors were used with total area of 32.2 m’® with
design outlet temperature of 75°C and were connected to an auxiliary gas fired heater.
The temperature ranges for different parts of absorption system were 65 — 75°C, 18 —
25°C, and 7.5 — 12.5°C for the generator, the condenser/absorber, and the evaporator,
respectively. The collectors showed an efficiency of 0.25 and average outlet temperature
of 75°C with tilt angle of 10° during summer. The experimental data showed with raising
the generator inlet temperature from 70°C to 95°C, the COP is decreased while the
cooling capacity is increased. The overall COP of system was 0.55, and it was concluded
that the COP and the capacity are highly dependent to condenser and evaporator
temperatures.

Yeung, Yuen, Dunn, & Cornish (1992) designed and constructed a solar powered
absorption air conditioning system on the campus of the University of Hong Kong. The
system used 20 flat plate solar collectors that were tilted 22.3° and a Li-Br water

absorption system with nominal capacity of 4.7 kW. The system was tested during



summer 1986 and the performance of absorption system was found to be reasonable for
the cooling season. The collector efficiency during the test period was 37.5%, and the
solar air conditioner showed an overall system performance of 7.8 — 8.1% and an average
solar fraction of 55%. They concluded the system COP was between 0.57 to 0.6 and
cooling capacity ranged from 1.1 to 3.3 kW depending on the thermal power available to
the generator.

The effect of using a partitioned hot water storage tank in solar absorption system
was investigated by Li & Sumathy (2001). The system was installed in the University of
Hong Kong and contained 38 m® high performance flat plate collectors and 4.7 kW
nominal cooling capacity Li-Br water absorption system. It was tested between June and
October 1999. With the tilt angle of 22.3°, the COP of the system was found to be 0.07
which according to authors’ claim was 15% higher than the same system with single
stage hot water storage tank.

Florides, Kalogirou, Tassou, & Wrobel (2002) modeled and simulated a single
stage Li-Br water solar absorption system in Nicosia, Cyprus with the TRNSYS program.
They determined the optimum system collector type and size which was a 15 m’
parabolic collector with a tilt angle of 30° for an 11 kW cooling capacity system.

A single effect solar absorption system with Li-Br water solution as working fluid
was modeled and simulated by Atmaca & Yigit (2003) for Antalya, Turkey weather
conditions. They examined various absorption cycle and solar energy parameters and
found that the increment of the minimum allowable hot water inlet temperature decreases

the absorber and heat exchanger surface area and increases the system COP. They also



concluded the system required a high performance collector and an evacuated tube
collector was the best option for the effective performance of the absorption system.

Syed et al. (2005) reported on experimental results derived through field testing of
a solar absorption cooling system at Carlos III University of Madrid during the summer
of 2003. Twenty flat-plate collector modules with total area of 49.9 m” and tilt angle of
40° were used to energize the system. A single-effect Li-Br/H,O absorption chiller of 35
kW nominal cooling capacity, while the generator temperature is 80°, was used. The
average COP was demonstrated to be 0.45 with the generator and the absorber
temperature range of 57 to 67° and 32 to 36°, respectively. The system also provided 6.4
kW cooling effect at 81°C hot water inlet temperature to the generator which was 18.3%
of nominal capacity.

Assilzadeh, Kalogirou, Ali, & Sopian (2005) simulated a single effect Li-Br water
solar absorption cooling system in Malaysia. The TRNSYS program with considering the
TMY3 data were used to model and simulate the solar absorption cooling system. They
targeted solar heat gain to find the evacuated tube collector slope and the simulation
showed that a 20° tilt angle provides the highest heat gain for a 15 m” collector area.
Their study also suggested a 0.8 m’ hot water storage tank is necessary to achieve
continuous full capacity (3.5 kW) system operation.

Pongtornkulpanich, Thepa, Amornkitbamrung, & Butcher (2008) designed and
installed a 35 kW single effect Li-Br/H,O solar absorption system at the School of
Renewable Energy Technology in Phitsanulok, Thailand. The system was installed in
2005, the data were collected over the year 2006, and the system was operated

continuously for more than 5 hr when the cooling was required. They showed that a 72



m’ evacuated tube solar collector provided an average solar fraction of 81%. They also
concluded the initial installation costs of system were higher but the operation costs were
lower. Balghouthi, Chahbani, & Guizani (2008) analyzed a single effect solar absorption
system using TRNSYS and EES software to optimize the collector properties and
absorption size for a 150 m” building in Tunis, Tunisia. The 30 m® flat plate collector
with a 35° slope and an 0.8 m’ hot water storage tank were found to be the optimum solar
system component to run 11 kW Li-Br water absorption cooling system.

Rosiek & Batlles (2009) analyzed the 70 kW single stage solar absorption system
with 160 m” flat plate collector in the campus of University of Almeria in Spain. The
collectors were tilted at an angle of 30° to the horizontal line and the generator inlet
temperature range was 70 - 95°C with cooling water inlet temperature of 24 to 31°C. The
system was tested during the year of 2006 and the average value of COP and cooling
capacity were found to be 0.6 and 40 kW, respectively.

A numerical model of the solar absorption system was conducted to predict the
performance of control parameters by Ortiz, Barsun, He, Vorobieff, & Mammoli (2010).
They refurbished old equipment at the University of New Mexico, Albuquerque’s
mechanical engineering building in 2006 and used a hybrid solar collector consisting of
flat plate and evacuated tube collectors with a tilt angle of 25°. The absorption system
was a 70 kW Yazaki single effect Li-Br water chiller with hot water supply temperatures
in the range of 70 to 95°. A TRNSY'S module was used to model the building, solar loop,
and absorption cycle. They illustrated both the COP and cooling capacity were decreased

by increasing the outflow temperature of the solar array from 85 to 95°. Mammoli,



Vorobieff, Barsun, Burnett, & Fisher (2010) validated the Ortiz et al. (2010) work with
experimental results and found the system could provide 18% of total cooling demand.

Agyenim, Knight, & Rhodes (2010) developed a domestic scale solar absorption
system with a 16 m” evacuated tube collector and a 4.5 kW single stage Li-Br water
absorption system, and ran the system during the summer of 2007 at Cardiff University,
UK. The average COP of system and the cooling capacity were 0.58 and 4.07 kW,
respectively. In another study, Praene, Marc, Lucas, & Miranville (2011) installed a 30
kW absorption system at the Institute Universitaire Technologique of Sait Pierre, French.
The system employed a 90 m”* flat plate collector and a cooling tower. The maximum
cooling capacity was found to be 17 kW during the summer of 2007.

All of the previous studies extensively concentrate on the absorption system
performance using a wet cooling tower (that keeps the absorber and the condenser
temperatures in the range of 25 to 30°C) and a flat plate collector. Most of them
monitored the performance of the system according to the solar radiation, and they didn’t
provide a strategy for sizing the collector area.

In the present study, an attempt is made to investigate the effect of various
parameters on absorption system performance. Various control systems are examined to
find the best COP of the system while keeping the concentration in the safe zone to
prevent crystallization. Because the system is air cooled, the absorber and condenser
temperatures cover a wider range of temperatures, and it is found that the inlet hot water
temperature to the generator exceeds the 95°C. A single effect Li-Br water absorption

system is modeled to find the best inlet temperature to the generator for a maximum



COP. Then a solar loop is simulated using evacuated tube collectors and Typical

Meteorological Year data version 3 for Las Vegas.



CHAPTER 2 - FUNDAMENTALS

2.1 Background

Conventional cold producing machines are based on the vapor compression
principle. They are electrically driven and cooling system operation can cause high
electrical demand during the summer. This peak load is especially high in tropical
climate regions. Their energy usage for both commercial and residential buildings is
estimated to be 45% of the whole building energy consumption (Choudhury, Chatterjee,
& Sarkar, 2010). Electricity generation from most power plants is dependent on fossil
fuels which cause substantial emissions of greenhouse gases to environment.

They also use non natural working fluids, namely, chlorofluorocarbon (CFC),
hydrochlorofluoro carbon (HCFC), or hydrofluorocarbon (HFC) as refrigerants which
have both high global warming and ozone layer depletion effects. Using these gases
contradicts the Kyoto protocol (1998) on global warming and the Montreal Protocol on
Substances that Deplete the Ozone Layer (1997).

An alternative solution for these problems is asolar powered cooling system as a
green cold production technology. Solar radiation is available in most areas, free for use,
and an excellent supply of thermal energy from renewable energy resource and embodied
energy related to solar radiation is almost negligible. The most common solar air
conditioning alternative is a solar powered absorption system. The absorption system is
similar to the conventional vapor compression air conditioning system with this
difference that the mechanical compressor is replaced with thermal compressor (the

generator and absorber). The mechanical compressor creates the pressure differences



necessary to circulate the refrigerant but in the absorption system, a secondary fluid or
absorbent is used to circulate the refrigerant.

In the absorption system, the refrigeration effect is produced by the use of heat
instead of electricity, and this heat can be from low grade source like the sun. The main
advantage of the solar absorption cooling technology is that the coefficient of
performance is higher than other thermally operated cycles, along with low noise and
vibration production.

The desirable refrigerant-absorbent combination should be highly soluble in the
absorber but should have low solubility in the generator. The combination must not have
non-reversible chemical reactions at the operating temperature. The substances should
have a large difference in their normal boiling points, as high as 200°C, so that the
absorbent exerts negligible vapor pressure at the generator temperature. The viscosity
should be low to minimize pump work. There are different kinds of mixtures for
absorption system like ammonia (NHj3)/water, lithium-bromide/water, and lithium-
chloride/water. In a water-lithium bromide vapor absorption refrigeration system, water is
used as the refrigerant while lithium bromide (Li-Br) is used as the absorbent.

There are advantages and disadvantages of the Li-Br solution. The advantages of
the system include high safety, affinity, latent heat, and stability. The Li-Br solution is
not volatile and the working pair is odorless and neither toxic nor flammable. High
affinity allows less absorbent to be circulated for the same refrigeration effect, reducing
sensible heat losses, and allows a smaller liquid heat exchanger. Also the refrigerant
(water) latent heat is high, so the circulation rate of the refrigerant and absorbent is small.

The cons of solution include the difficulty of operating at temperatures lower than 0°C



because the refrigerant has a high freezing point. Besides, Li-Br crystallizes at moderate
concentration. The solution is corrosive to some metals and has high cost. The system
operates below atmospheric pressure, resulting in system air infiltration, which requires

periodical purging.

2.2 Objectives

The first objective of this project is the development of a solar absorption cooling
configuration as a result of system simulations. There are extensive studies on solar
absorption cooling systems that use a cooling tower and consequently, the condenser
temperature is limited in the range of 25°C to 30°C so the required temperature in
generator is dropped to 90°C. The cooling tower increases the cost of the system, results
in water usage, and has a large system volume. In this simulation, a programming model
is developed for Li-Br/water absorption system with an air-to-air condenser and absorber
to be used in remote areas with limited access to electricity.

The next objective is to investigate the effect of different parameters on the solar
absorption cooling system performance. The cooling load and chilled water temperature
are assumed to be constant. In this approach the system is assumed to work all the time
when the ambient temperature is higher than 20°C. Also the condenser and absorber
temperatures are assumed to equal the ambient temperature. The solution concentration is
highly sensitive to temperature in the condenser and generator. Another important
parameter is solar insolation which provides heat in generator. Solution flow rate and

water flow rate in the collector loop are additional temperature-dependent components.



One final objective is to show the effect of controlling these parameters on system
performance. Different combinations are presented and the goal is set to achieve the
highest COP while staying in a safe concentration zone. With using an appropriate
control system, the COP between 0.75 and 0.85 can be achieved for any ambient

temperature.

2.3 Absorption Cooling System

An absorption refrigeration cycle uses the principles of heat transfer and change
of phase of the refrigerant to produce the refrigeration effect. The system provides a
cooling effect by absorbing heat from one fluid (chilled water) and transferring it to
another fluid (cooling water or ambient air). It also uses a device (thermal compressor) to
increase the pressure of the refrigerant and an expansion device to maintain the internal
pressure difference.

There are two fundamental differences between the absorption cycle and the
vapor compression refrigeration (VCR) cycle. First, the mechanical compressor in VCR
is replaced by an absorber, pump, and generator (thermal compressor). Second, the
absorption refrigeration cycle uses a secondary fluid (absorbent) to carry the refrigerant
from the low-pressure side (evaporator) to the high-pressure side (condenser). Figure 2.1
shows a schematic of solar absorption cooling system.

2.3.1 Absorption Component
The single effect’ absorption cooling system contains of four basic components

which are the generator and condenser on the high-pressure side, and the evaporator and

' The number of the effect in the cycle signifies the number of times the driving heat is used in the cycle so
a single effect means that there is one generator in the system.
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absorber on the low-pressure side. The pressure on the high-pressure side of the system is
approximately ten times greater than that on the low-pressure side. At atmospheric
pressure (14.7 psia or 101.3 kPa), water boils and evaporates at 212°F or 100°C and
when the pressure is decreased, water boils at a lower temperature. The pressure in
evaporative side is very low, near 1 kPa, so the water boils in lower temperature, 7.5°C,
and therefore refrigerant can absorb heat from chilled water which works at atmospheric

pressure and produces cooling effect (ASHRAE, 1997).

Thermal Compressor

High Pressure Vapor

Evaenated Tube Collector

:lluwﬁe_m Vapor

Figure 2.1 Schematic diagram of solar absorption cooling system

The generator is on the high pressure side of the cycle and designed to deliver the
refrigerant to the rest of the system. It uses heat to separate the refrigerant from the
solution. Because the boiling point of Li-Br is higher than water, it is easy to vaporize the
water at low pressure and remove it from the solution. A high temperature energy source
(heat generated by the sun) flows into the strong refrigerant solution, and the solution

11



absorbs this heat which causes the water to vaporize. This results in a high Li-Br
concentrated solution. The hot and weak refrigerant solution goes through the heat
exchanger and enters the absorber.

The pressure in the condenser is less than in the generator because the
temperature on the generator is higher than the condenser. The high pressure vapor
refrigerant migrates to the cooler condenser and becomes liquid by exchanging heat with
the ambient temperature. Then the high pressure liquid refrigerant passes through the
expansion valve to reduce its pressure. This causes some part of the refrigerant to boil
again and reduces the temperature of liquid-vapor mixture entering the evaporator. Inside
the evaporator, the low temperature liquid-vapor refrigerant gets in contact with the warm
return-water from the chilled water system and becomes fully vaporized.

The warm and rich Li-Br solution has a strong affinity to absorb this low-pressure
vapor refrigerant on the absorber side. During this process, the refrigerant condenses
from vapor to liquid which releases heat. This heat disperses to the ambient temperature
in the absorber. The lower pressure in the absorber, in addition to the solution’s attraction
to water, causes continuous flow of refrigerant from the evaporator to the absorber. The
strong refrigerant solution pumps to the generator and the cycle repeats again. The cool
strong solution passes through the heat exchanger to be in contact with the hot weak
solution. This heat transfer preheats the strong solution and reduces the heat energy
required to boil the refrigerant within the generator and also cools the weak solution.

Lithium bromide is a salt and has a naturally occurring crystalline structure. When
the temperature of the solution with constant mass fraction of Li-Br drops below

saturation temperature, or when the concentration of Li-Br of the solution with constant
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temperature is higher than the saturated concentration in same temperature, the part of Li-
Br exceeding the saturated condition forms solid crystals. A wet solid or slush can occur
in the piping by crystallization, and over time it could form a solid and block the flow.
Crystallization can be avoided by adding heat in that area or diluting the solution with
water from the evaporator (Herold, Radermacher, & Klein, 1996).

Properties of the Li-Br water solution can be illustrated by an equilibrium chart
based on a Duhring (ASHRAE, 1997) plot (solution temperature versus reference
temperature). Figure 2.2 illustrates this chart where the saturated vapor pressure of water
is the vertical axis in a log-scale millimeter of mercury absolute (mmHg abs) versus the
corresponding solution temperature (°C). This line also represents the saturated vapor
temperature (°C) of refrigerant. Mass fraction or concentration lines are inclined lines and
are not parallel to each other, and the crystallization line (saturation line) is at the bottom

of concentration lines.
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Figure 2.2 Single effect water Li-Br absorption cycle Duhring plot
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2.3.2 Thermodynamic of Cycle

To model an absorption cycle, four types of thermodynamic equations need to be
considered, namely, mass balances, energy balances, relations between heat and mass
transfer, and equations for thermophysical properties of the refrigerant. A flow diagram
of single effect Li-Br water absorption cycle is shown in Figure 2.3. The heat is used to
boil the water and separate it from the Li-Br solution and increase the mass fraction of Li-
Br in the solution (X4). The high pressure water vapor passes to the condenser, state 7,
where heat is removed and the refrigerant cools to a liquid, state 8. The expansion valve
changes the refrigerant pressure to a lower level, state 9, which causes some part of the

refrigerant to boil again and a mixture of liquid-vapor refrigerant enters the evaporator.
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Figure 2.3 Flow diagram for a single stage Li-Br water absorption system
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At the evaporator, the low pressure refrigerant is introduced to the atmospheric
pressure water in the chiller loop and heat is transferred from the chilled water to the
refrigerant at an amount equal to the latent heat of vaporization. The low pressure water
vapor goes to the absorber because of the lower pressure in the absorber and also high
affinity of Li-Br to water, state 10. Meanwhile, the hot weak solution passes through a
heat exchanger to preheat the strong solution entering the generator, state 3, and also a
cooler solution enters the absorber, state 5, reducing the amount of heat transfer in the
absorber. In the absorber, Li-Br absorbs the water from the evaporator to form a strong of
refrigerant solution. Since the absorption process is exothermic, the latent heat of the
phase change of the refrigerant is released to the ambient in order to keep the absorber at
the evaporator low pressure. The circulating pump brings the strong solution from the
low pressure absorber to the high-pressure generator, state 2, and the process is repeated
by absorbing heat in the generator. The thermodynamic cycle of a single stage Li-Br
water absorption cooling system is given on the equilibrium chart for different states at
various concentrations, temperatures, and pressures as shown in Figure 2.4.

The concentration of solution can be defined as the ratio of the mass of Li-Br to

the total mass of the solution which is given as:

my ;.
X = LB 2.3.1)
mp; pr + Myyater

ASHRAE (1997) suggests the following set of equations to calculate the concentration in

the Li-Br water solution:

3 3
t= z B, X"+t Z A, X" (23.2)
0 0

o (t- X0, X") (23.3)
YoA, X"
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Figure 2.4 Equilibrium chart for Li-Br water solution

Where t is solution temperature and t is the refrigerant temperature, and both of them are
in °C and X is the concentration of the solution in percentage. The A, and B, are the

equation constants and are given in Table 2.1.

Table 2.1 Constants for use in Equations 2.3.2 and 2.3.3

Ao=  2.00755 Bo= 124.937
A= 0.16976 Bi= -7.71649
A= -3.1334 x107 B,= 0.152286
As=  1.9767 x107 Bs= -7.9509 x10™*

The enthalpy of the solution is given as (ASHRAE, 1997):

4 4 4
h= Z AnX“+tz B, X" +tzz c, X" (2.3.4)
0 0 0
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Here h is the solution enthalpy in kJ/kg, t is the solution temperature in °C and X is the

solution concentration in percentage. The A, , B, , and C, are equation constants and are

given in Table 2.2.
Table 2.2 Constants for Equation 2.3.4
Ap= 202433 Bo= 18.2829 Co= -3.7008 x107
A= 163.309 B, = -1.169175 C; = 2.8878x107
A= —4.88161 B,= 3.24804 x10? | C,= -8.1313 x107
As= 63029x107 | By= —4.0342x10" | C3= 9.9117 x107
As= —29137x10* | By= 1.8521 x10°® Cs= —4.4441 x10”

The pressure in the absorption cooling system can be found through the following

equations:

D E
LogP=C+ = + — (2.3.5)
T T

T = - 2B (2.3.6)

D+ [D? - 4E(C - logP)]"”

Here T is the refrigerant temperature in degree Kelvin and P is the system pressure in
kPa. The C, D, and E are the equation constants and according to the ASHRAE (1997),
are given as 7.05, —1596.49, and —104095.5, respectively.
The enthalpy of saturated water at temperature t is found from following equation
(Miao, 1978):
hjp=(572.8 +0.417 t.) (2.3.7)
Where hyy is in kcal/kg and t. is the low pressure vapor temperature after the evaporator
in °C. The enthalpy of superheated steam at temperature t, (°C) and pressure equal to the
saturation pressure of the steam at temperature t. by taking the specific heat of water

vapor equal to 0.46 kcal/kg is given as:
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h; =572.8+0.46 t, — 0.043 t. (2.3.8)

The specific heat (kcal/kg solution °C) of Li-Br water solution at concentration X (kg Li-

Br/kg solution) is equal to (Miao, 1978):

Cy=1.01-123X+048X> (2.3.9)

Because a throttling process is isenthalpic, the enthalpy of water entering the
evaporator, hg, is equal to the enthalpy of saturated liquid leaving the condenser, hg, so

the flow rate of refrigerant can be calculated as

Q.
) = 23.10
= ( )

Where Q. is the cooling load in kcal/hr and hg is the enthalpy of pure water liquid at the
evaporator temperature and can be calculated from a psychometric chart. According to

mass balance in the absorber, the flow rate of weak and strong solution can be calculated:

m, X0+ my, Xe=m, X; = (m, + m, ) X (2.3.11)
X4 = Xs = X6 = Xy (2.3.12)
Xi=X>=Xs =X, (2.3.13)

X7 =Xs=Xo=Xi0=0 (2.3.14)

By using equations 2.3.12 to 2.3.14 and substituting the concentrations into equation

2.3.11, the mass flow rate of the weak and strong solutions are given as:

. . X4

ni, = m, (X4 'Xl) 2.3.15)
. . X4

mg = m; (X4 - Xl) (2.3.16)
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In the liquid-liquid heat exchanger between the absorber and generator, the difference of
the specific heat in the weak solution side (state 3) is the minimum so the heat exchanger

effectiveness is (London, Kraus, Shah, & Metzger, 1990):
ty - ts
t, - t,

g = (2.3.17)

g
From above equation, the temperature of weak solution leaving the heat exchanger and
entering the absorber can be calculated as:

ts =ty — & (tg — ta) (2.3.18)

And from strong solution side:

o = (QuN CXI)'(t3 - t)
Y (miy Cxa)(t, - t)

(2.3.19)

The strong solution temperature leaving the heat exchanger and entering the generator

can be calculated by rearranging equation 2.3.19:

ty=t, + [aL @%) (g—;“l‘) (te- ta)] (2.3.20)

The heat balance for different components of the absorption system, condenser,

absorber and generator, are given as:

Qc:mr (h7_h8) (2.3.21)
Qg:mr h7 + my, hs —mg hy (2.3.22)
Qa=m; hyo + my, hs —mg hy (2.3.23)

Since the pump work is negligible and the process is assumed adiabatic, the enthalpies

before and after the pump become equal (h; = hy).
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The coefficient of performance (COP) is defined as the fraction of the cooling
provided by system to the total heat introduced to the system and is given as (Miao,

1978):

refrigeration effect  Q,

pP= = e
0 external heat input ~ Q, (2.3.24)

Or

(hyo - he)(X4 - X))

COP =
[X; hs+ (X4 - X)) hy - Xy4hy]

(2.3.25)

2.3.3 Control Strategy

In order to model a single-effect solar absorption cooling system, it is important to
have a control strategy. Two control strategies are investigated in this study, namely:
concentration control and water flow rate control in the solar loop. The crystallization
happens when the temperature of the solution drops below the crystallization line on the
equilibrium chart and causes a decrease on the concentration of the remaining solution.
The condenser and absorber temperatures highly impact the concentration, and here their
temperatures are assumed to be equal to the ambient temperature so the concentration is
varied by changing the ambient temperature.

Using a variable speed pump in the solar loop allows the control of water flow
rates to the collectors and consequently the control of the temperature in the generator. It
is derived from the information covered in the next section. There it is assumed that the
total absorbed solar radiation by collectors is constant over each hour. This means that by
changing the water flow rate, the output temperature from the collectors can be changed

and it varies the heat input to the generator. Using this variable helps the program to
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simulate the solar absorption system to find the best concentration and COP for each

given ambient temperature.
2.4 Solar Radiation

Solar energy can be harvested directly in two forms, electricity or heat. The
electricity is obtained by photovoltaic material which absorbs the sunlight and transforms
it to electricity. Solar thermal is another technology related to solar energy which heat is
transferred from sunlight to a working fluid like water by a solar collector. The useful
heat gain from solar radiation is dependent to the amount of solar flux which is different
during the time of day and through the year and the receiver which can be in any
orientation and efficiency. From this point, knowing the characteristics of collector and
sun position are important to predict the system performance. In the following section,
the required equations to predict the incident solar radiation and the collectors’ heat

production are investigated.

2.4.1 Sun Position

It is essential to know the position of the sun at any time during the year for any
geographical location to design and analyze the solar system. The rotation of earth around
the sun happens every 365.25 days in an elliptical orbit. The earth also rotates around its
axis and this spin is 360.99°, which produces 24 hours during each day (Masters, 2004).
In the northern hemisphere, the inclination of the North Pole reaches its lowest angle
away from the sun on the 21% of June which produces the longest day during year and is
called the summer solstice. See Figure 2.5. In contrast, the shortest day during year

happens on the 21* of December and is called the winter solstice.
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There are also two days during a year where the lengths of day and night are equal
and these are called the equinox. Figure 2.5 also shows another important factor on earth

orbit which is the earth’s spin axis. It is tilted 23.45° relative to the ecliptic plane (earth’s

Vemnal (f'
Equinox

Mar 21

orbit plane around the sun).

152 Mkm 147 Mkm -
Summer \ < b@)d | Winter
Solstice = Y Solstice
June 21 \ / /? Dec 21
Ecliptic /’ Autumnal
plane Equinox 7

Sept21 /

Figure 2.5 Earth position relative to the sun (Masters, 2004)

The site location such as latitude and longitude and climate conditions like
ambient temperature, wind speed, and cloud cover are important to determine the sun
location and the collector performance. The geometric relations between sun and
collector can be presented through different angles and equations. One of these angles is
the solar declination, 6, which is defined as the angle between the plane of the equator
and a line drawn from the center of the sun to the center of the earth as shown in Figure
2.6. This angle varies between +23.45° to —23.45° from summer to winter and can be

found by following equation:
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360 (284 + n)) (2.4.1)

0=2345 sm( 363

Here n is day number and changes from 1 on first of January to 365 on end of December.

The solar declinations for the 21% of each month are listed in Table 2.3.
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Figure 2.6 Solar declination angle (8) is shown (Masters, 2004).

Table 2.3 Solar Declination (3) for the 21st Day of Each Month (°) (Masters, 2004)

Month | Declination | Month | Declination
Jan. —20.1 Jul. 20.4
Feb. -11.2 Aug. 11.8
Mar. 0 Sep. 0

Apr. 11.6 Oct. -11.8
May. 20.1 Nov. -20.4
Jun. 23.4 Dec. -23.4
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The sun position also needs to be defined by the location of the sun during a day
relative to the site orientations. Figure 2.7 shows some of these angles. The solar altitude
angle, B, is defined as the angle between the horizontal line and the line to the sun. The
smaller magnitudes of this angle mean the sun is closer to horizon which happens during
winter. The solar azimuth angle is the angular displacement of the sun from south of the
projection of beam radiation on the horizontal plane (Duffie & Beckman, 2006). This
angle is positive when the sun is east of south and is negative when it is west of south, as

shown in Figure 2.7.

sunrise

West of S: ¢ <0

sunset

Figure 2.7 Solar altitude (B) and azimuth angles (¢s) (Masters, 2004)

The following equations describe the relation of solar altitude and azimuth angles

with latitude (L) and hour angle (H) (Kuehn and Ramsey, 1998):

sinf=cosLcosdcosH + sinLsind (24.2)
cos o sin H
Coa 243
sin ¢, ( cos P ) ( )

24



Here L is the local latitude, and H is the hour angle. The hour angle is the number of
degrees that the earth must rotate before the sun will be directly over the local meridian
and is equal to 15° divided by the solar time (Masters, 2004). The hour angle is positive
in the morning and negative in the afternoon. The solar time is based on the apparent
angular motion of the sun across the sky. At solar noon, the sun is in the middle of its
path from east to west which is usually different from noon local time. The relation

between solar time and local time is (Duffie & Beckman, 2006):
Solar time — Local time =4 (Lg — Lioc) + E (2.44)

Ly is the local time meridian in degrees which is located in the middle of each time zone,
Lioc 1s the longitude of the site in degrees, and E is the equation of time. The equation of

time in minutes is the result of the elliptical orbit of the earth and is given as:

E =0.02292 (0. 75 + 18.68 cos B + 320.77 sin B — 146.15 cos 2B — 408.9 sin 2B (2.4.5)

360
=(n_1) — 2.4.6
B=(n-1) 363 ( )

Here n is the day number, and E varies between —15 min and +17 min

The total solar radiation received by a collector is a combination of direct beam,
diffused beam, and reflected beam. Direct radiation or beam passes in a straight line
through the atmosphere to the receiver, Figure 2.8. Diffuse radiation is scattered solar
radiation in the atmosphere by water molecules and aerosols. The sum of beam and the
diffuse radiation on a horizontal surface is called the global horizontal radiation.
Reflected radiation may come from the ground or other surfaces in front of the collector.

It is related to the ground reflectivity, p,, and the global horizontal radiation. Estimates of
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ground reflectance range from about 0.8 (snow) to 0.1 with a typical value of 0.2 for

ordinary ground or grass.
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Figure 2.8 Direct, diffused, and reflected solar radiation (W/m?) (Duffie & Beckman, 2006)

The relations between solar radiation and collectors’ tilt angle (¥), Figure 2.9, can

be derived from the following set of equations (Duffie & Beckman, 2006):

1-0.09 kr kr <0.22
Is )0.9511-0.16 ky + 4.388 k3
<= s . 0.22<kp<0.8 (2.4.7)
I, | -16.638k3+12.336k*
0.165 ky>0.8
kp = o (2.4.8)
Iy

360 n
Iy =G, (1 +0.33 cos 365 ) cos B (2.4.9)

Where 14 is the diffuse radiation, I, is total global horizontal radiation, kr is the hourly

clearness index, Iy is extraterrestrial radiation which is the solar energy received on a
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horizontal surface outside of the atmosphere, Gy is the solar constant (1367 W/m2), and n

is the day number.

\7&
' - =

Figure 2.9 Illustration of tilt (¥), solar altitude (B), solar azimuth (¢s), and surface azimuth (¢.) angles
(Masters, 2004)

After finding the ratio of diffused radiation to global radiation, the diffuse
radiation can be calculated by multiplying this ratio with the global radiation. The direct
beam can be found by subtracting the diffused radiation from global radiation (I, = I, —

Ig). Then the total radiation on a tilted surface, Figure 2.8, is given by (Duffie &

Beckman, 2006):

Ire = Ip Ry (2.4.10)
R, = c9se _ cos 0 2.4.11)

sinf}  cosfy
cos0z=cosLcosdcosH +sinLsind (2.4.12)

I+ cosZ
Iy = I (—) (2.4.13)
2

I —cosX

L= 1, pg (T) (2.4.14)

27



Here I is the beam radiation incident on a tilted collector, Ry is the geometric factor
which is the ratio of beam on a tilted surface to a beam on a horizontal surface at any
time. In this representation 0 is the angle of incidence, f is the altitude angle, 0, is the
zenith angle (the angle between vertical and the line to the sun), I is the diffuse radiation
on tilted surface, X is tilt angle, L. is reflected radiation on the tilted surface, and p, is the
ground reflectivity. The total solar radiation on a tilted surface is the sum of beam,

diffused, and reflected radiation from equations 2.4.10, 2.4.13, and 2.4.14 is:

I = Ipe + Lae + Irc (2415)

Solar radiation data are available in several forms and two most common sources
of them are data manual for flat plate and concentrating collectors (Redbook) and typical
meteorological year data (TMY). The Redbook was produced by the National Renewable
Energy Laboratory (NREL) and contains the average monthly and yearly solar radiation
for the period of 1961 — 1990 for several locations in the US. Minimum and maximum
values are also included to show the variability of a station’s solar resource. The
document also gives climatic conditions such as ambient temperature and wind speed
(Marion & Wilcox, 1994). The first set of TMY data was produced by Sandia National
Laboratory in 1978, and NREL updated it in 1994. The method behind the creation of the
TMY3 data is an empirical approach such that individual “typical” months are selected
from different years over a period of 30 years (1976 — 2005). The TMY3 data set is
composed of 12 typical meteorological months by considering the five most important
elements, namely, global horizontal radiation, direct normal radiation, dry bulb

temperature, dew point temperature, and wind speed (Wilcox & Marion, 2008). The
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TMY3 data for the cooling season, April — September, in Las Vegas is selected for the

solar absorption cooling system simulation in this study.

2.4.2 Evacuated Tube

Flat plate collectors and evacuated tube collectors are the two most well-known
solar collectors for heating fluids by sunlight. Evacuated tube collector efficiency is
lower but this type can increase water temperature higher than can a flat plate collector,
Figure 2.10. They also perform better during cloudy, rainy, and windy weather conditions
(Duffie & Beckman, 2006). The evacuated tube collector consists of vacuum sealed glass
tube as shown in Figure 2.11. Its configuration is an external glass envelope, an internal

absorber plate, and a heat pipe containing a transfer fluid.

0.9
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Figure 2.10 Efficiency of different collectors, (a) liquid flat plate, (b) liquid flat plate with black paint
absorber, (c) air heater, (d) evacuated tube, and (e) unglazed liquid flat plate (Based on Duffie &
Beckman, 2006.)
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The glass envelope has two glass tubes within each other which are joined at the
end of the collector and create a vacuum layer around the central absorber and heat pipe.
The sun’s radiation is absorbed by the copper pipe inside the glass envelope and heats the
internal fluid to the boiling point. The glass tubes are evacuated which reduces the heat
loss from the hot copper tubes. This hot fluid is in contact with water from the solar loop

at the manifold in the top of the collector where it heats the water.
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Figure 2.11 Different kinds of evacuated tube collectors are shown (Duffie & Beckman, 2006)

The performance of evacuated tube collectors depends on transmission of sunlight
through the glass cover for different incident angles. Because the tubes are optically
nonsymmetrical, Figure 2.12, the biaxial incidence angle modifiers need to be used as

recommended by Mclntire & Reed (1983). An overall incidence angle modifier (K;,) is
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taken as the product of transverse and longitudinal incidence angle modifier (IAM) and is

given by:
K= (Km)t (Kw)l (24 16)

The IAM is dependent on the type of glass used for the evacuated tube and this
varies from one manufacturer to another. One of the best sources of IAM data is the Solar
Rating and Certification Corporation (SRCC) data sheet. They evaluate different
collectors from different manufacturers under a variety of parameters and produce

transverse incident angle modifiers (IAM;) for selected angles from 10° to 70°.

Transverse Plane

Longitudinal—s
Plane

Longitudinal
Direction

Figure 2.12 The planes of the evacuated tube incident angle modifiers (Duffie & Beckman, 2006)

Sometimes the longitudinal incident angle modifier (IAM;)) and the transmittance
of the glass (1) are not given by the manufacturer or the SRCC, like the evacuated tube

collector selected for this simulation (SolarUS SL-30), which in those cases, the IAM; is
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considered to be unity. Figure 2.13 shows the IAM; from the experimental data from the
SRCC and a polynomial curve fitted to those points and the equation representing this

polynomial curve is:

(Keo)e =—4x107"° 0%+ 5.87x10™° 0° — 3.74x10° 0* + 1.13x10™ 0° —

2.4.17
1.42x107 0%+ 8.18x10° 0 + 1 ( )

For a solar incident angle smaller than 10 degrees, the IAM is considered to be unity, and

for 0 higher than 70°, it is assumed zero.
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Figure 2.13 Transverse incident angle modifier for different solar incident angles from the SRCC data

Considering (K+,); as unity, the total IAM becomes equal to (K;,); and the total absorbed
solar radiation on a tilted collector (Equation 2.4.16) can be modified as (Duffie &

Beckman, 2006):

S =1 x Ke (2.4.18)
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The SRCC also provides the efficiency equation for different collectors from
experimental data which relates the ratio of thermal energy produced by the collector to
the solar radiation received by the collector. The equation of efficiency for the collector

used in this study is (SRCC, 2011):

T;-T T.-T,)’
n=0.483 - 1.05630 ( 3 a) -0.0105 (%) (2.4.19)

Where T; is the inlet water temperature to collector, T, is ambient temperature, and S is
the total solar radiation absorbed by collector from the Equation 2.4.18. The efficiency
represents the percentage of total solar energy that is converted to useful thermal output.
With using the efficiency equation, the useful thermal energy produced by collectors can

be derived from following equation:
Qu,c = Ac Ne S (2420)

Which Qy. is the useful energy (W), A. is collector gross area (m?), 1. is collector
efficiency, and S is the total solar radiation absorbed by collector (W/m?).

The SRCC data are measured for a certain flow rate (0.0207 kg/s m?®) and when a
collector is used at a different flow rate, a flow rate modification needs to be applied to
the efficiency equation. Because of the nature of the simulation in this study that collector
flow rate is one of the parameters used in designing the solar absorption cooling system,
so this correction factor needs to be considered. Changing the flow rate affects the
temperature gradient in the flow direction which changes the collector efficiency factor
and consequently the slope of the efficiency to (T; — T,)/G line changes, Figure 2.14.

The equation which describes the line in Figure 2.14 can be presented as (Duffie

& Beckman, 2006):
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L 2
n = _p g, <u) (2.4.21)

n

(Ti— Ta)/G
Figure 2.14 Evacuated tube collector efficiency graph

Where Fy is collector heat removal factor and represents an indication of how energy is
absorbed and shown as point a in Figure 2.14 which is the intercept of the line of the n
axis. Up is collector overall heat loss coefficient and indicates the energy loss. — FrUp is
equal to the slope of the line in the plot of n versus (T; — T,)/G.

Both the interception point and the slope of the line are given by the SRCC in
addition to the efficiency equation. For the collector used in this simulation are 0.489
(intercept) and —1.718 W/m® °C (slope). From this point, the Fr and FrUL need to be
corrected by a ratio (r) to represent the effect of changing the flow rate and this ratio is

(Duffie & Beckman, 2006):

i C, -AF UL
- e [1 —exp(m—cp ] N (2.4.22)
FR Uthest
. m C Fr Up A,
F U =- Pln (1- =—== 2.4.23
LA, ( mC, (2.4.23)
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So the modified slope and the intercept point can be calculated as:

Frouse =T FR,test (2424)

Fr UL,use = Fr UL gest (2.4.25)

The flow rate correction factor (r) for the current solar absorption cooling system
is found to be between 0.995 and 1.02 from the simulation. This factor is considered as
unity for further simulations, which means the efficiency profile is considered as equal to

equation 2.4.19.
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CHAPTER 3 -SIMULATION AND RESULTS

3.1 Absorption System Performance
To model the absorption system, the following assumptions are considered:
e The system is under steady-state conditions.
e [t works under full load 24 hours a day.
e The system will turn off when ambient temperatures drop below 20°C.
e The pressure in the evaporator is equal to the pressure in the absorber.
e The pressure in the generator is equal to the pressure in the condenser.
e There is no pressure drop or heat loss in the pipes.
e All the throttling valves are isenthalpic (hg = hy).
e All the pumps are adiabatic (T; = T»)
e Refrigerant vapor leaving the generator is a high pressure saturated condition.
e Refrigerant vapor leaving the evaporator is low pressure saturated pure liquid.
e Saturated high pressure liquid refrigerant leaves the condenser.
e The strong solution leaving the absorber is saturated at the ambient temperature
(T1 = Tamp).
e The weak solution leaving the generator is at the saturated condition at the
generator temperature (T4 = T,).
e Refrigerant vapor leaving the generator has the equilibrium temperature of the
strong solution at the generator pressure with T4 = T7 = T,.

e Condenser and absorber temperatures are equal to the ambient temperature (T, =

Ta = Tamb)‘
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e Temperature of the chilled water leaving the evaporator is 7°C (T.).
e The required cooling load is 1 ton (3024 kcal/hr).
o The effectiveness of liquid-liquid heat exchangers is 0.8 (eL), between the

absorber and the generator and inside the generator.

Crystallization is one of the design points that needs to be considered. The
concentration of lithium-bromide (Li-Br) in the weak and strong solutions at different
temperatures are simulated and shown in Figures 3.1 and 3.2, respectively. Figure 3.1
shows the concentration of Li-Br in a weak solution, which decreases with increasing the
ambient temperature at constant generator temperature. Figure 3.2 demonstrates the
concentration of Li-Br in a strong solution (high refrigerant solution), which increases by

increasing the ambient temperature at constant generator temperature.

(0.00-0.10 ®(.10-0.20 0.20-0.30 m(.30-0.40 ¥ 0.40-0.50
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Concentration (kg Li-Br/kg solution)

Temperature (C) 46 4¢ 95 Senera(tgl)r
emp.

Figure 3.1 Weak solution concentration (X4) versus ambient temperature at different generator
temperatures.
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Figure 3.2 Strong solution concentration (X1) versus ambient temperature at different generator
temperatures.

According to ASHRAE (1997), the amount of concentration of lithium bromide in
solution must be less than 70% to avoid formation of salt crystals and more than 40% to
absorb water in the absorber. The probability of dropping the concentration below 40% is
at the strong of refrigerant solution line (stage 1 to 3) and above 70% is at the weak
solution line (stage 4 to 6). The concentration of Li-Br in strong solution is dependent on
the absorber temperature and the evaporative temperature. Because the evaporative
temperature is constant, the absorber temperature, which is equal to the ambient
temperature, affects the strong solution concentration.

Figure 3.3 shows the concentration of weak and strong solutions at 45°C ambient

temperature, which is maximum ambient temperature in the cooling season in Las Vegas.
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The concentration in a strong solution stays constant for different generator temperatures

because the ambient (absorber) temperature doesn’t change.
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Figure 3.3 Concentration of Li-Br in solution at a 45 °C ambient temperature.

The concentration of Li-Br in a strong solution is dependent on both the generator
temperature and the condenser temperatures. Under constant condenser temperature
(ambient), the higher generator temperature causes an increase in concentration. Figure
3.4 shows the effect of ambient temperature on strong and weak solution concentrations
at constant generator temperature (105°C). With increasing the ambient temperature, the
concentration in a strong solution decreases, while the concentration in a weak solution

Increases.
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When the concentration between the weak and strong solutions become close
together, the absorption system stops working because there is very little driving force for

concentration exchange in the generator refrigerant.
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Figure 3.4 Concentration of Li-Br in solution at 105°C generator temperature.

The refrigerant flow rate is dependent on the cooling load, the evaporator
temperature and the condenser temperature. In this simulation, the cooling load (1 ton)
and the evaporator temperature (7°C) are constant. As seen in Figure 3.5, the condenser
temperature is the only parameter which affects the refrigerant (water) flow rate.

At constant generator temperatures, the water flow rate increases by increasing
the ambient temperature. But at constant ambient temperature, which is assumed to be the
condenser temperature in this analysis, the water flow rate stays the same at different
generator temperatures. Generally, the water flow rate changes are small and can be taken

to be a constant during the cooling season in Las Vegas.
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Figure 3.5 Refrigerant flow rate versus ambient temperature for different generator temperatures.

A strong solution flow rate is dependent on strong and weak solution
concentrations. Figure 3.6 shows the strong solution concentration with changing the
ambient temperature at different generator temperatures. As seen in this graph, the flow
rate at some points becomes very large or negative. The large or negative flow rates in
reality never happen because at those conditions, the concentration of the strong solution
approaching the weak solution and the potential for any mass transfer is minimized.
Consequently, the system stops working.

When considering a control point for concentration, while omitting the
possibilities of concentrations more than 70% or less than 40%, the modified strong
solution flow rate variation is as shown in Figure 3.7. This figure shows that the flow rate

at high ambient temperature and low generator temperature is zero and the system goes

41



off. Generally, at constant generator temperature, the strong solution flow rate decreases

by increasing the ambient temperature.

©10000-12000
=8000-10000
= 6000-8000
=4000-6000
=2000-4000
=0-2000
m-2000-0

= -4000--2000

Strong solution flow rate (kg/hr)

: Senerator
AL Temp (C)

Figure 3.6 Strong solution flow rate versus ambient temperature at different generator temperatures.

Generally, at constant ambient temperature, there are different choices for
selecting the generator temperature to achieve a good strong solution flow rate, and this
flow rate can be used as a control point. When flow rate is set to 50 kg/hr and the

generator temperature is 105°C, the ambient temperature needs to be 45°C, as shown in

Figure 3.8.
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Figure 3.7 Strong solution flow rates using concentration control
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Figure 3.8 Strong solution flow rates at 105 °C generator temperature
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The amount of heat used by the generator in an absorption system is dependent on
the generator, the evaporator, the condenser and the absorber temperatures. Since T. is
constant and T, = T¢ = Tamp , this energy becomes related to the ambient temperature and
the generator temperature, as shown in Figure 3.9. At certain ambient temperatures, the
amount of required energy decreases by increasing the generator temperature. The graph
illustrates some nonuniform pattern under condition of high ambient and low generator
temperatures. Under these conditions, the concentration is out of the design range (40% <
X & X4 <70%), consequently the system practically doesn’t work.

Figure 3.10 shows both the energy required by the generator and the weak/strong
solution concentrations for different ambient temperatures, at
a fixed generator temperature of 90°C. This graph defines a decrease in generator
energy for ambient temperatures higher than 44°C, which are out of the design range. The

system doesn’t work under these conditions.

Generator energy (kCal/hr)

Figure 3.9 Energy required by generator versus ambient temperature at different generator temperatures

44



——Qg ——X4 ——XI

6000 0.80
§ 5000 o= - 0.75 _
= - kS
§ 4000 o E
< - 065 E
20 2
S 3000 - 060 5
s Q
[ N e
5 2000 0.55 %
E ‘//- - 030 g
G 1000 = - 045

O T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 0.40

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Ambient Temperature (C)

Figure 3.10 Required generator energy and concentrations versus ambient temperature at T, = 90 °C
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Figure 3.11 Modified generator energy requirement versus ambient temperature at different generator
temperatures
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Taking to the account the concentration factor, the heat required by the generator
can be modified as shown in Figure 3.11. It can be deduced that at particular generator
temperatures, the heat required by the generator increases with increasing ambient
temperature.

The coefficient of performance (COP) for the absorption cooling system is
dependent on the generator energy and the cooling load (the pump work is small and can
be neglected). The cooling load is constant so the COP becomes related to the generator
heat usage, which is related to the ambient and the generator temperatures, as shown in
Figure 3.12. This graph demonstrates nonuniform behavior at high ambient and low
generator temperatures. At these points, the concentrations of the weak and strong

solutions are out of the design range, as shown in Figure 3.13.
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Figure 3.12 Coefficient of performance versus ambient temperature at different generator temperatures
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Generally, at constant generator temperature, the coefficient of performance
reduces with increasing the ambient temperature, as shown in Figure 3.13. Also, at
certain ambient temperatures, there is a corresponding generator temperature which
produces the highest COP, as shown in Figure 3.14. At a 45°C ambient temperature for

example, the corresponding generator temperature is 105°C for the maximum COP.
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Figure 3.13 COP and concentrations versus ambient temperature at an 85 °C generator temperature

With combination of various control criteria, such as concentrations (40% < X; &
X4 < 70%), difference between concentration (0.04 < |X; — X4| < 0.2), and maximum
COP, the desired generator temperature can be calculated. Figure 3.15 demonstrates the
effect of these control points on selecting the generator temperature at different ambient
temperatures. For the ambient temperatures between 20°C to 35°C, the generator
temperature of 80°C is suitable. For each 2°C increase in the ambient temperature beyond

80°C, the generator temperature needs to be increased by 5°C.
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Figure 3.14 COP and concentrations versus generator temperature at a 45 °C ambient temperature
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Figure 3.15 Generator temperature and solution concentrations at different ambient temperatures
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The maximum generator temperature is 115°C. For higher temperatures the
concentration of the strong solution exceeds 70% and crystallization occurs. Figure 3.16
demonstrates a reduction in COP with increasing the ambient temperature, even with an

increase in the generator temperature.
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Figure 3.16 Generator temperature and COP for different ambient temperature

Figure 3.17 shows the effect of selecting appropriate generator temperatures on
the strong solution flow rate at different ambient temperatures. So Figure 3.6 can be
modified as Figure 3.17, by using appropriate control strategies. This graph demonstrates

that the solution flow rate is limited between 10 and 70 kg/hr.
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Figure 3.17 Generator temperature and weak solution flow rate at different ambient temperatures

3.2 Solar Radiation

Total solar radiation on a collector surface is related to tilt angle (X) and collector
azimuth angle (¢.). The collector direction is assumed to be south facing (¢, = 0) and the
collector tilt angle needs to be selected. Tilting the collector horizontally gives the highest
absorbed solar radiation in summer but lowest in winter. Conversely, orienting the
collector vertically provides the highest absorbed solar radiation in winter. To produce
constant energy throughout the year, the collector should be tilted at an angle equal to the
latitude of the site. The effect of different tilt angle on monthly solar radiation is shown in
Figure 3.18. Considering that the cooling season is from April to September, the tilt angle

of Latitude — 15 provides the best distribution of solar radiation. The Las Vegas latitude
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is 36.1° and fixing the collector at 21.1° gives almost the uniform average monthly solar

radiation during the cooling season.
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Figure 3.18 Average monthly solar radiation for different tilt angles

Figure 3.19 demonstrates the average monthly solar radiation in Las Vegas for a
tilt angle of latitude — 15. This graph shows a good match between the Redbook data
(Marion & Wilcox, 1994) and the simulation of average monthly radiation using TMY3
hourly data, (Equation 2.4.10, and Equations 2.4.13 through 2.4.15, which are indicated

in chapter 2).
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Figure 3.19 Average monthly solar radiations for tilt angle of Latitude — 15 in Las Vegas

3.3 Solar Absorption Cooling System Performance

Different approaches need to be considered to size the collector area in the solar
absorption cooling system: for instance, the maximum energy required in the generator,
the maximum ambient temperature, the maximum hourly solar radiation, the minimum
collector efficiency, etc. For this simulation, the maximum ambient temperature is
selected as the design point, which means the solar radiation and energy required in
generator are related to the hottest hour during the cooling season. The maximum
ambient temperature in Las Vegas according to TMY?3 data is 44.4°C which occurs on 4"
of June at 3PM. The related total solar radiation is 785.4 W/m” and the generator

temperature is 105° according to Figure 3.15. The power required by the generator to
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provide 1 ton of cooling during this hour is 4.66 kW. This energy needs to be furnished
by collectors during this hour.

As mentioned in Chapter 2, the SolarUS SL-30 collector efficiency and the
incident angle modifier (IAM) can be calculated from the SRCC data sheet. The total

heat production by one unit of collector for this hour is:
Qu,c = Ac Ne Kw Ic (331)
=3.057 m” x 0.3411 x 1.39 x 785.44 W = 1138.42 W
And the total number of collectors to provide desire heat on the generator becomes:

Energy required in the generator

= = 4.1 unit
Energy produced by one collector i (3.3.2)

By considering 4 collectors on the simulation, the total energy furnished by the solar
radiation can be shown in Figure 3.20.

Solar energy production is generally higher than generator requirement, which
comes from the collector tilt angle and the design criteria used. The maximum ambient
temperature is selected as the design criteria but the solar radiation at that time is not the
maximum amount for the season. This implies that the collector will produce more
energy than required for the times that solar radiation is higher than 785.4 W. One way to
save this energy is by using hot storage, which is not covered in this study. The other way

is to change the water flow rate to the collector by using a variable speed pump.
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Figure 3.20 Total energy produced by collectors, energy needed by generator, and total solar radiation
during the cooling season in Las Vegas

Figure 3.21 illustrates the collector energy production and the generator energy
requirement during the first week of June. The collector provides reasonable heat for the
absorption cooling system during most of the day. However the system works
continuously so during night time or cloudy conditions, an auxiliary heat source is
required

Figure 3.22 demonstrates the absorption system behavior during the first week of
June. The ambient temperature is normalized by dividing it by the maximum ambient
temperature which is 44.4°C and occurs on June 4™ at 3PM. The strong and weak

solution concentrations are in the safe zone, which shows the control approach (like
changing the generator temperature) works well. By increasing the ambient temperature,

the COP of the absorption system decreases and the concentrations of weak and strong

solution increase.
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Figure 3.21 Collector energy, generator required energy and solar radiation in the first week of June
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Figure 3.22 COP, solution concentrations, and normalized ambient temperature for the first week of June
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It is assumed that the absorption cooling system turns off when the ambient
temperature drops below 20°C and also there is excess heat produced by the collector.
The auxiliary heat source turns on when the solar energy is not enough to maintain the
generator temperature. Figure 3.23 shows the energy consumption and production during
the cooling season. The maximum cooling demand happens in month of July. The

average energy production from the solar collector is 35% of the energy demand.
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Figure 3.23 Average monthly solar energy production, auxiliary usage, and the generator heat requirement

The temperature difference between inlet and outlet of collector (AT = Teomout —
Teonin) can affect the amount of energy delivered to the generator. By increasing the

temperature difference, the flow rate to the collector needs to be reduced because the
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amount of energy delivered to the generator is constant. Figure 3.24 shows the effect of
various collector temperature differences (AT) on flow rate. A temperature difference of
10°C seems to be a good choice for running the collector system.

Also, as explained before, the flow rate correction factor is related to the collector
flow rate. Since the flow rate fluctuations are not large, this correction factor can be

assumed to be unity. As such, the correction factor can be neglected for calculating the

collector efficiency.

= A\T=5 e=——AT=]0 =—=AT=15

4.5
) ‘\
2 35 |
&
p— 3
L
<
& 25
2
2
m 2 A
=
8
o -
S 1.5
=
o
O 1 -
0.5
0 TITTTTITTTTI T eeeTT TTTTTTIT LR R R RN n R RN N RN R R RN aanns
NN AN NN NN NN NN NN NN NN NN NN NN NN SN SN
Lanl B B H o\ I o\ I o\ I o\ I e o NN o o M o o N G O WA N sl N sl N BN N BN VO RN VO R Vo W Vo BEAN RN SN RN R sl u i b B
SES5E5EE5E5S555555555555555555553
Tl T T s T DT T T T gD DT T s
N N N N N N N N N N N N N N N N N N N N N N N N N N N N
_‘l\mo\-—l\m0\~l\mc\~l\m@~l\m0\~l\mc\~l\m0\
— — — — p— — — — p— — p—
Hours

Figure 3.24 Collector flow rates for selective collector temperature’s difference (AT) at the first week
of June

As seen in Figure 3.25, the collector efficiency is negligibly affected by the AT

and it is found that the efficiency equation given by the SRCC can be used without any

modification.
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Figure 3.25 Collector efficiency for various temperature differences (AT,,) during the first week of June

Finally after applying all the control strategies and modification, the solar
absorption cooling system works as shown in Figure 3.26, during the cooling season in
Las Vegas. For the month of April, the Li-Br solution concentrations sometime go
beyond 70% or below 40% due to the ambient temperature getting below 20°C. The
system shuts down during those times as was assumed earlier.

The overall coefficient of performance (COP) of the system is approximately 0.8
which is a highly efficient single effect Li-Br/ water absorption cooling system according
to ANSI Standard 560 (2000). The 4 south facing collectors at a tilt angle of latitude - 15°
provide an average of 35% of the required monthly energy for running this system. The

water flow rate in the collector loop and the strong solution flow rate in the absorption
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side are controlled by variable speed pumps. These pumps are assumed to be controlled

by temperature feedbacks from the condenser, the evaporator, and the generator.
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Figure 3.26 COP and concentrations during the cooling season in Las Vegas

Figure 3.27 shows various flow rates in the absorption system during the first
week of June. A comparison of this chart with Figure 3.6 shows the effectiveness of the
control system on the absorption system performance. By changing the generator
temperature accordingly with the different ambient temperature, and using a variable
speed pump in collector side, the solar absorption system works at its maximum COP and
in the safe Li-Br concentration zone. The refrigerant flow rate is almost constant (5.3

kg/hr) and the strong solution flow rate increases at the higher ambient temperature.
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week of June
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CHAPTER 4 - CONCLUSIONS

Conclusions

The current work presents a study that is an assessment of the effect of controlling
various parameters on the performance of a single effect solar driven Li-Br absorption
cooling system. The condenser and the absorber are assumed to be air cooled, with their
temperatures equal to the ambient temperature. Thus, these temperatures cover a wider
range compared to a system with a wet cooling tower. Consequently, the inlet generator
temperature range is higher. Most absorbent systems with a cooling tower use a flat plate
collector, and their generator temperatures are between 65 and 95°C. This study shows
that the air cooled system needs the generator temperature of 85 to 115°C to maintain the
desired cooling demand.

The temperature lift is restricted due to crystallization concerns. This is a control
parameter used in this study in designing the absorption system, along with attaining the
maximum COP of the system. The simulation shows there is only one inlet generator
temperature corresponding to each ambient temperature that produces the highest COP
while of keeping the Li-Br concentration in the safe zone.

In this study, the SolarUS, Inc. SL-300 evacuated tube collector is selected and to
size the collector area, the maximum ambient temperature during the cooling season in
Las Vegas is used (it was 44.4°C on July 4™ at 3 PM). When considering the amount of
the solar radiation available during this hour and the required heat energy in the
generator, the number of collectors is found to be 4. The overall heat supplied by these

collectors during the cooling season is found to be 35% of the total energy required by
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the absorption system. Finally, the system shows a COP of 0.8 and the strong solution

flow rate ranges between 15 to 50 kg/hr.

Recommendation

Several improvements could be made to the solar absorption cooling system
simulation in the future. The cooling load of the absorption system is assumed in the
model as constant but realistically, the cooling demand will vary depending on the users’
temperature setting inside the building and also the ambient temperature. Another
improvement to the simulation would be to consider the effect of the heat exchanger
inside of each component in the absorption system performance. The type of the heat
exchanger and its lay out has tremendous effect in the heat transfer between the ambient
temperature and the refrigerant in the condenser, the heating fluid and the solution in the
generator, and the chilling water and the refrigerant in the evaporator. Assuming that the
dry cooling yields a fluid temperature the same as the ambient is also an assumption that
over estimates the performance and could be treated more realistically.

Further investigation within the model can be made with selecting the different
design criteria for sizing the collector area. Instead of using the hottest temperature
during the day (as used in this study), the maximum solar radiation can be selected to find
the total collector area. Another factor that could be considered is to use a tracking
collector system.

Most of the commercial buildings and schools work during 9AM to 5PM so
reducing the operation time of the absorption cooling system from 24 hours to daytime is

another change that can be considered for future studies.
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