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Bubble-pump-driven LiBr-H,0 and LiCl-H,O Absorption Air-
Conditioning Systems
Julia Amanl, Paul Henshawz, David S-K Ting3

Turbulence and Energy Laboratory, Centre for Engineering Innovation, University of Windsor
401 Sunset Avenue, Windsor, ON, N9B 3P4, Canada

Abstract

A thermally-driven bubble pump, powered by solar or waste heat energy, is a simple and efficient
technique for lifting a liquid from lower to higher levels, after which it can flow by gravity. In this study,
solar thermal driven pumps were incorporated in the solar collector as well as in the refrigerant cycle to
provide a design of an air-conditioning system for a residential home that is independent of grid
electricity. The crystallization challenge, low pressure, and low efficiency are the main downsides of
bubble-pump-driven LiBr-H,O refrigeration systems, in comparison with other bubble-pump-driven
diffusion absorption refrigeration systems. Therefore, a complete thermodynamic analysis of each
component is necessary to improve the system performance. In this research, a thermodynamic model
was developed, introducing a new absorbent-refrigerant pair (LiCl-H,O) and comparing it with LiBr-H,O,
in a bubble pump operated absorption chiller driven by solar thermal energy. Under the same operating
condition, the highest cooling effect and the performance of the LiCl-H,O system are 49 W and
COP=0.56 compared to 34 W and COP=0.46 for a LiBr-H,O system.

Keywords: Bubble pump; vapor absorption refrigeration; energy analysis; LiBr-H,O; LiCl-H,O;
COop

1. Introduction

Due to climate change, population growth, and increasing standard of living conditions,
residential and small commercial air-conditioning demands are increasing significantly. Building
heating and cooling systems account for 50% of the total global energy consumption [1]. In
tropical countries, 70% of the total household energy is being used by air-conditioning systems
[2]. The traditional vapor compression refrigeration systems usually used for providing cooling
comfort cause a high-energy demand during the peak load period in the summer. Solar thermal
powered air-condition systems are a sustainable way to provide the cooling comfort while
reducing energy demand. The highest solar radiation also occurs during this peak period in
summer. The abundance of solar energy in tropical and developing countries all year round can
offer a suitable alternative in cooling technologies, particularly for off-grid communities.
Thermally-driven absorption cooling systems can provide air-conditioning during the summer
without compromising the grid electricity and their effect can be extended into the evening by
storing solar thermal energy. Furthermore, since the phase out of CFCs (chlorofluorocarbons)
and HCFCs (hydrochlorofluorocarbons) [3], the absorption refrigeration system, which uses an
environmentally-friendly low global warming potential refrigerant, is a sustainable cooling
technology for curbing greenhouse gas emissions.
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A vapor absorption refrigeration system (VARS) can be driven by waste heat or solar
thermal energy. LiBr-H,O and NH3-H,O are the most common refrigerant-absorbent working
pairs for this VARS. The LiBr-H,O absorption system has the advantage of higher efficiency,
but due to its crystallization and corrosion problems, NH3-H,O is more preferable for small scale
commercial or residential applications [4]. The core components of absorption cooling systems
are the absorber, generator, condenser and evaporator. A pump is a critical component of the
absorption system to circulate the refrigerant—absorbent solution from the low-pressure absorber
to the high-pressure generator. High quality mechanical/electrical energy is used to run this
pump. Furthermore, the pump must handle high temperature corrosive solutions. A thermally-
driven bubble pump, which can be powered by waste heat or solar thermal energy, can be
employed to circulate the liquid solution and generate the necessary refrigerant for the required
cooling effects [5]. In the diffusion-absorption refrigeration cycle, a bubble pump or vapor-lift
pump can be used to circulate the solution from the generator to the absorber without electrical
work input. In a bubble pump, the vapor created (via heating) increases the buoyancy of the
fluid, causing it to ascend through a vertical tube under two-phase flow conditions. For small
scale applications like residential air-conditioning, this system will be more reliable and
independent of the availability of electricity. But for larger scale applications of a bubble-pump-
operated VARS, multiple parallel pumps may be explored [6].

The conventional absorption refrigeration cycle works at two pressure levels to achieve
the saturation temperature difference between the condenser and the evaporator. But in a
diffusion absorption refrigeration system, the circulation of the solution is carried out by the
bubble pump, maintaining essentially a single pressure throughout the entire cycle. This was first
introduced by Platen and Munters in 1920 [7]. Although it is called a ‘single pressure’ system,
there are still minor pressure variations due to the flow friction and gravity. A heat-driven bubble
pump is a mechanism to move the fluid through the cycle against this flow friction and gravity.
As aresult, this thermally-driven absorption cycle does not require any electricity to create the
pressure difference. Bubble pumps are portable, operate silently, have high reliability and are
inexpensive to build [8]. These advantages make this system ideal for remote locations and to
where electricity is not available. However, their widespread application is somewhat hindered
because of their low COP compared to a conventional absorption system.

The single pressure absorption system cycle works on two thermodynamic cycles: the
ammonia-water-hydrogen cycle and the Einstein cycle. The most familiar is the ammonia-water-
hydrogen cycle which is known as the diffusion absorption refrigeration (DAR) cycle patented
by Swedish engineers Platen and Munter in1920 [7]. This cycle uses at least three working fluids
to achieve a low evaporation temperature and high condensation temperature at a single pressure
level. The third, an inert fluid is introduced to the working fluid to lower the partial pressure of
the refrigerant in the evaporator and maintaining pressure equalization throughout the system.
Thus the refrigerant can evaporate at a lower temperature in the evaporator. The most common
working fluids for this cycle are ammonia-water-hydrogen/helium where ammonia is the
refrigerant, water is the absorbent and hydrogen or helium is the inert gas which provides the
pressure equalization of the system. In the Platen and Munter cycle, the refrigerant ammonia is
absorbed by the water and its partial pressure is lowered by the inert gas hydrogen or helium.
The water separates the ammonia from the inert gas. In 1930, Albert Einstein and Szilard Leo
disclosed another single pressure refrigeration cycle which uses butane, ammonia, and water [9].
Unlike the Platen and Munter cycle, the Einstein cycle utilizes absorbate fluid for pressure
equalization instead of an inert gas. In this cycle, butane works as the refrigerant, ammonia is



used to lower the partial pressure of the refrigerant, and water is used to absorb the ammonia and
separate the butane. The Platen and Munter refrigeration cycle has been used for refrigerators in
homes, RV’s and hotel rooms since the 1920’s. The COP of this cycle is 0.15 to 0.2 [8]. Because
of the lower efficiency of this cycle compared to a conventional absorption cycle, research has
been conducted to improve the efficiency, and with the variation of the evaporator temperature,
the best published COP is approximately 0.3 [10, 11]. Though the Einstein cycle was patented in
1930, the first detailed study of the cycle was by George Alefeld in 1980. With many simplifying
assumptions, he found the cycle COP to be 0.25 [12]. In 1997, Delano analyzed this cycle
performance in detail based on Stenning and Martin’s analysis and improved the cycle
performance by adding two regenerative heat exchangers in this cycle. The best COP was 0.4
[9].

Water-based refrigerant VARSs like LiBr-H,O work on low (vacuum) pressure, whereas
NH;-H,O is a high-pressure refrigeration system. As a result, when a bubble pump is used for a
water-based refrigerant VARS, the refrigeration cycle does not work as in DAR systems. Pfaff et
al. [13] were the first to study the bubble pump for use in a LiBr-H,O refrigeration system and
the bubble pump was modelled based on intermittent slug flow using the manometer principal.
The performance of the bubble pump was evaluated experimentally in a glass tube test rig to
visualize the flow behavior. Saravanan and Maiya [6] designed and built a 50 W bubble pump
operated LiBr-H,O VARS and tested it with different operation conditions [6]. In their design,
they restricted the refrigerator height to 1.5 m to operate the system with a low-pressure
difference between the condenser and the evaporator. They used a parallel flow path and a
combination of ‘U’ tube and capillary tubes to reduce the pressure drop between the condenser
and the evaporator.

The pressure difference between the evaporator and the condenser should be low to
operate the bubble pump in water-based refrigeration systems [6]. The water vapor pressure
difference between the condenser and the evaporator of a water-salt refrigeration system is low
enough to employ the bubble pump to circulate the solution and refrigerant in the system. The
pressure drop in the connecting tubes and in the system components is a major concern for this
system because it operates under a vacuumed pressure. For a conventional LiBr-H,O VARS,
equal-pressure components are used to minimize the pressure loss, but the pressure drop could be
high in small scale applications [6]. Hence, little research has been carried out to use bubble
pumps in LiBr-H;O VARS and commercial applications are not yet practicable.

The performance of VARSs strongly depends on the thermophysical properties of the
refrigerant-absorbent working fluids [14]. Saravanan and Maiya studied water based refrigerant
working fluids for VARSs and found that LiCl-H,O has advantages over LiBr-H,O in terms of
the system performance as well as for low energy consumption. They suggested that the lower
circulation ratio (ratio of the mass flow rate of salt solution and refrigerant) in LiCl-H,O systems
is the cause of higher performance [15]. Grover et al. [16] analyzed the thermodynamic
properties of LiCl-H,O for VARSs and found that this solution can operate at lower generator
temperature. A thermophysical properties analysis of different working fluids for VARSs was
performed by Flores et al. [17] and it was found that LiCI-H,O has a higher COP over a LiBr-
H,O VARS at lower heat input because of their low C, (heat capacity) values. Gogoi and
Konwar [18] performed exergy analysis of LiCl-H,O VARSs and observed that at the same
operating conditions, LiCl-H,O systems had higher COP and exergetic efficiency values than
LiBr-H,O systems. They suggested that the thermodynamic properties of LiCl-H,O solution
account for this higher efficiency. Recently, She et al. [19] proposed a low-grade heat-driven



double-effect VARS where LiCI-H,O was used on the high-pressure side and LiBr-H,O was
utilized on the low-pressure side because LiCI-H,O has a larger vapor pressure that LiBr-H,O.
Bellos et al. [22] investigated the LiCl-H,O working pair for a double-effect absorption chiller
driven by a solar thermal collector and found that it can achieve 8% more cooling compared to a
LiBr-H;O system.

Since low efficiency is the main downside of bubble-pump-operated absorption
refrigeration systems, a complete thermodynamic analysis of each component is necessary. As
the cycle efficiency depends on the amount of refrigerant desorbed from the generator, so.the
detailed analysis of the bubble pump generator is needed before one can improve the system
efficiency. Since water is the better refrigerant for VARS, especially for air-conditioning
applications, and also because of the limitation of LiBr-H,O use in bubble-pump-operated
absorption systems due to its low vapor pressure, the present research has incorporated the
thermophysical properties of LiBr-H,O and LiCl-H,O in the bubble pump modelling. This study
has also focused on the development of a mathematical simulation model for the bubble pump
generator by using a two-phase flow model that will determine the cooling effect of the
refrigeration cycle and a thermodynamic model of every component of this cycle in order to
achieve the maximum system efficiency.

2. System Description

A schematic of a bubble-pump-operated water-based refrigerant vapor absorption
refrigeration system which can be driven by solar thermal energy is shown in Figure 1. In order
to make the system completely independent of the grid electricity, the solar collector is also
operated by a solar bubble pump in this figure. The air-cooler with the solar collector is used
only for cooling the vapor that may be produced from the collector. For the thermodynamic
performance analysis of the absorption air-conditioning system, only the refrigeration cycle
(absorption air-conditioning cycle in Figure 1) operation is described and analyzed in this study.
In an absorption air-conditioning system, the pure water vapor flows to the condenser (State 1)
from the separator, and is condensed by releasing ‘Qonq’ heat to the atmosphere by air cooling.
Then the condensed, saturated water (State 2) flows to the evaporator through the throttle valve
where its pressure is reduced for the necessary cooling effect (Q,,q) in the evaporator (State 3).
The water vapor from the evaporator (State 4) is absorbed in the absorber by the high-
concentration (strong) salt solution, which comes back from the bubble pump generator, and
becomes a low-concentration (weak) salt solution. The weak solution from the absorber (State 5)
flows to the bubble pump generator through the heat exchanger (State 6) by gravity. In the
bubble pump generator, the solution is heated by solar heat input (Q ,uppie pump)- When the
temperature of water in the solution is higher than the saturation temperature, bubbles of water
vapor start to form. Many small vapor bubbles coalesce into a big bubble and rise in the bubble
pump tube, carrying the solution above it into the separator. Water vapor separates from the
solution in the separator and the solution becomes strong (State 7) and drains back to the
absorber through the solution heat exchanger. The strong solution in the absorber rejects heat
(Qaps) to the atmosphere and absorbs the water vapor from the evaporator.



Solar Thermal Energy Absorption Air-Conditioning Cycle

| ! | |
| ! | |
I Condenser 4
} } } Waterlvapor Ocond i
I I
|
! Air Cooler | | = }
|
} } } Saturated » |
I I I
| ! | water |
! ! ! Throttle !
! b Separator Valve !
| ! I — |
! I
} E-Q I } 3 Q !
| S ! ! /\ eva |
\ 8 QO } | < E . > }
I ) I - Evaporator (
—_ | |
I ] ! I
I 5 I I
\ § ’ P © strong !
} } } g‘ solution Water vapor. 4 }
| sl |
! @
} } } 2| | Qabs }
\ Solar Colletor 1§ \
} | } 7] S —Absorber }
| ! | |
I
} ! | o strong Mlle?k |
| b [\ solution sofution }
| ! | 8 5 |
| s ) :
I
| ! L I
| | N 6 |
| ‘ T /\ = / Solution HEX > I
| ISR . \ |
| T ] solution |
I | I
| ! | Generator I

Figure 1: Flow diagram of solar absorption air-conditioning system

3. Thermodynamic and Simulation Model

For a thermodynamic model of the bubble pump operated refrigeration cycle, the
principles of mass and energy conservation have been applied for each component of the system.
In this study, the main components: generator and bubble pump, condenser, evaporator, gas heat
exchanger, absorber, and solution heat exchanger have been studied. To analyze the
thermodynamic cycle, a control volume is applied to each component.

Generator and the bubble pump:

The bubble pump heat input to the generator evaporates the water vapor and separates it
from the solution as shown in Figure 2. The strong solution is pumped back to the solution heat
exchanger through the bubble pump and separator. The mass and energy balance of the generator
and the bubble pump control volume yields:

Th6 = ml + Th7 (1)
Energy balance: Qgen = myhy + myh,; —mghg 2)

The species conservation equation for salt solution in the generator is:

X6m6 = X7Th7 (3)

where X is the LiBr or LiCl mass fraction in solution.



Bubble pump modeling:

The mass flow rate of refrigerant strongly depends on the bubble pump parameters (such
as lift tube diameter (D), lift tube length (L), height (H) of the liquid in the lift tube) and the heat
input to the bubble pump (Q,uppie pump)- The bubble pump consists of a lift tube connecting the
generator and separator. The generated vapor bubbles rise in the tube lifting the solution ahead of

it into the separator.

water vapor

)
I
HSeparator

7

strong
solution

Control Volume

6 .
weak § <:| Qbubble pump
solution

Generator

Bubble Pump Generator CV
Figure 2: Bubble Pump Generator Control Volume

In this analysis, a two-phase flow model is used to determine the flow rate of the weak
solution in the bubble pump. The following analytical model, taken from Aman et al. has been

used to describe the bubble pump performance [5].
The void fraction is the ratio of volume of the gas in the liquid over total volume of the

liquid gas mixture, an important parameter in two-phase flow to determine the flow regime as
well as two-phase pressure drop and heat transfer [5]. It can be determined as

volume of the gas in the liquid A 4)
o = = - -
27 total volume of the liquid gas mixture C, (Vl’ + l/:q') + v},

where,



ydi Vl yd4 Vg

. . v, 5
YA(gD)YE 9 A(gD)Y?’

Y = gDy

C, is the velocity profile coefficient of gas-liquid mixture (ranging from 1.2 for fully-developed
turbulent flow to 2 for laminar flow [20]), v}, is the non-dimensional vapor bubble velocity, vy is
the velocity of a vapor bubble in stagnant liquid (m/s), V; is the non-dimensional volume flow
rate of liquid, V; is the volumetric flow rate of liquid (m?/s), V:q’ is the non-dimensional volume
flow rate of vapor, V:q is the volumetric flow rate of gas (m3 /s), A is the cross sectional area of the
lift tube (mz), and D is the inner diameter of the lift tube.

From theoretical and experimental analysis, Reinemann [20] showed that non-dimensional vapor
bubble velocity can be expressed as the surface tension parameter:

V, = 0.352(1 — 3.18% — 14.77%?) (6)
where,
surface tension parameter, £ = o ¥ (7
" pgD?

If the lift tube length is L and it is partially filled with the liquid solution with height H, which is
the height of the absorber, the total pressure drop along the lift tube is the sum of the static
pressure drop and the frictional losses, and can be calculated by [5]

L 8)
pgH = pg((1 —xg)L + fﬁpvfn (1—xq) (
where, fis the friction factor for continuous flow [22] given by
0.316 9)
~ Re025
Re is the Reynolds number for a solution in liquid and vapor phase and expressed as
e = psolva (10)
U
The following equation can be established by rearranging Equation (8),
H ) ) 11
=0 —ocd)<1 +§(Vl’ +l(q')2) (b

The flow rate of vapor depends on the heat addition to the generator which is the required heat
for the bubble pump. Assuming that there is no heat loss through the lift tube of the bubble pump
and the generator, the required heat input will be used to determine the volumetric flow rate of
vapor by the following equation

Qbubble pump = :gpghfg (12)



And the mass flow rate of vapor refrigerant by the bubble pump is calculated by
my = V,p, (13)

The volume flow rate of the strong solution will be determined by using Equations 11 and 12.
And the mass flow rate of the strong solution is

Tfl7 = lesol (14)

To quantify the bubble pump generator performance, the lifting ratio is an important parameter
that is determined by the volumetric flow rate of strong solution per volumetric flow rate of
vapor and can be expressed as

y Vi (15)
7,
Solution Heat Exchanger (SHX):
strong weak
g M solution 5 solution
[y Y T s 1
| \
/ [ : \ \ 6
1 |[——Solution-HE— |
strong \ \ f >
solution - __— _____~_——_______'"_| weak
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Figure 3:Solution Heat Exchanger Control Volume
Equations 16 and 17 represent the energy balance for the solution heat exchanger [4].

Th7 Th7 (16)
T, =— T. 1—— T
6 = e Nuex 17 + ( e T]HEX) 5

where nygx is the heat exchanger efficiency.

m 17
h8:h7_Ej(h6_h5) a7

Absorber:
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Energy balance of the absorber: Qs = tighg + myhy — Mmghs (18)
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Figure 5: Evaporator Control Volume
Energy balance of the evaporator: Qe = Mighy — 1h3hs (19)
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Figure 6: Condenser Control Volume
Energy balance of the condenser: Qcon = Mm1(hy — hy) (20)

Cycle performance:
In a bubble pump operated VARS, the bubble pump solar heat input is the only primary
energy input to the generator. The coefficient of performance of this system is defined as:

useful energy output ;
COP — f gyoutput Q.

primary energy input Q.10



4. Thermodynamic properties

For the absorption air-conditioning cycle analysis, the thermodynamic properties and the
concentration of the salt (LiBr/LiCl) in water are determined by using the Engineering Equation
Solver (EES) software [21] at the equilibrium pressure and temperature for each state. The
analysis is performed considering the fluid flow is steady and the system is in a steady-state
condition.

5. Results and Analysis

The performance of each component of the bubble pump operated VARS has been predicted
by the thermodynamic analysis and the bubble pump performance has been analyzed under two-
phase fluid flow conditions. The coefficient of performance (COP) of the air-conditioning cycle
has been calculated by using two working fluids (LiBr-H,O and LiCl-H,0).

In order to validate the proposed thermodynamic model in this study, the analysis of a LiBr-
H,0 absorption system was compared with the experimental results of Saravanan & Maiya [6] in
Figure 7. Saravanan & Maiya [5] reported that the temperature of generator fluctuated, which
would result in lower performance of the system, compared to this steady-state analytical model.
The COP was calculated at different generator heat inputs for 50 W of cooling capacity at the
evaporator temperature of 7°C. It was clearly shown that the agreement between the analytical
and the experimental results are very good; the average variation is within 3.2%.

07 Presentwork X Saravanan & Maiya (2003)

05 |

corp

04 |

03

02 |

0.1 [ L L L 1 L L L L 1 L L L L 1 L L L L ]
40 60 80 100 120

Bubble Pump Heat Input (W)

Figure 7: Performance comparison of a bubble pump operated LiBr-H,O VARS between the
proposed model and the experimental results of Saravanan & Maiya [6].

Various thermodynamic properties at different stages in the cycle operation of LiBr-H,O and

LiCl-H,O absorption air-conditioning systems driven by bubble pump are shown in Table 1. The
properties have been obtained from the cycle analysis at the operating condition of Tgp gen =

10



70°C, Teona = 35°C, Tups = 35°C, Tevu = 7°C, the heat exchanger efficiency = 80%, and the bubble
pump parameters: D=10 m, L= 0.47 m and H= 0.28 m. The results of the thermodynamic model
analysis of two systems are presented in Table 2 which illustrates the strong and weak solution
concentrations, system pressures and various energy flows to and from the systems. The lifting
ratio and the cycle performance is also listed in the table.

Table 1: Thermodynamic properties at different states in LiBr-H,O and LiCl-H,O absorption
cycles at operating conditions T, = 70°C, Teona = 35°C, Taps = 35°C, Teva = 7°C, Nygx =80,
D=10 mm, H=0.28 m, and L=0.47 m.

State Temperature Pressure  Mass flow (g/s) % Concentration - Enthalpy (kJ/kg)
0 (kPa) . . . y . .
LiBr- LiCl- LiBr- LiCl- LiBr- LiCl-
H,0 H,0 H,0 H,O H,0 H,0
Bubble pump generator
ref exit (1) 70 5.627 0.014 0.021 100 100 2630 2630
Condenser ref exit (2) 35 5.627 0.014 0.021 100 100 147 147
Evaporator ref inlet (3) 7 1.002 0.014 0.021 100 100 147 147
Evaporator ref exit (4) 7 1.002 0.014 0.021 100 100 2513 2513
Absorber sol exit (5) 35 1.002 0.672 0.413  54.08 41.07 81 155
Sol HEX exit (6) 63 1.002 0.672 0.413  54.08 41.07 139 229
Sol HEX inlet (7) 70 1.002 0.518 0.335  55.60 43.77 157 265
Absorber sol inlet (8) 44 1.002 0.518 0.335  55.60 43.77 113 186

ref = refrigerant;
sol = solution

Table 2: Thermodynamic analysis of bubble pump operated LiBr-H,O and LiCI-H,O absorption

air-conditioning systems

LiBr-H,O LiCI-H,O

Generator Temp (°C) 70 70
Mass fract. weak sol (Xg) 54.08% 41.07%
Mass fract. strong sol (X5) 55.6% 43.77%
Vapor Pressure (kPa) 6.5 6.8
Bubble pump’Qbubble pump W 87T W
Generator, Qgen 73 W 87T W
Evaporator, Quyq 34 W 49 W
Absorber; Qgps 70 W 78 W
Condenser, Qons 3TW 58 W
COP 0.46 0.56
Lifting ratio, b 58.85 31.48

For the steady-state operation of a bubble-pump-driven VARS, the strong solution flow

rate is determined based on the solution flow rate required to absorb the refrigerant vapor

generated by the bubble pump. Therefore, the highest liquid (strong solution) flow rate by the
pump is not desired as proportionally less vapor (refrigerant) is generated at this stage. Figure 8
shows that the lifting ratio increases sharply as the bubble pump heat input decreases. The lower

11



(lifting ratio) limit of these curves was determined by the conditions in Table 2. Lower heat
inputs give excess liquid flow (strong solution), compared to vapor (refrigerant) flow. This is
reflected in Figure 9. It shows that the strong solution mass flow is low at low heat input whereas
the refrigerant flow rate is very low. Under these conditions, the refrigeration cycle cannot
operate efficiently. As the heat input increases, the strong solution flow rate increases and after
reaching a maximum it decreases sharply; whereas the refrigerant flow rate increases steadily as
heat input increases. Therefore, it is impractical for this refrigeration cycle to operate at low heat
input at these operating conditions. Comparing the LiBr-H,O system and the LiCl-H,QO system, it
is shown that the LiCI-H,O can operate at higher heat input values. This results in higher vapor
(refrigerant) generation which effects the system performance. According to the p-T-X (pressure,
temperature and concentration) relationship, the salt concentration in the LiBr-H,O system needs
to be higher to acquire the required system pressure to operate the system. The minimum
required pressure can be achieved for this system at the temperature of 70°C. At the operating
condition described in Table 1, the minimum concentration of LiBr-H,O in solution is 54%. The
corresponding strong solution concentration is 56%. At a constant heat input, the required
concentration becomes stronger/higher as the temperature increases, which would result in
crystallization in the bubble pump generator as well as in the absorber. In contrast, but with the
same operating conditions as the LiBr-H,O system, the LiCI-H,O requires a lower concentration
of salt (41%) in the absorber and this system can operate up to a concentration of 51% before
crystallization occurs. Hence, the LiCl-H,O system c¢an operate from 70 to 75°C, although there
is little change in the COP (0.459 to 0.460) over this temperature range. As a result of the higher
system pressure in the LiCI-H,O system, a higher amount of refrigerant vapor will be produced
as the heat input increases, resulting in a higher COP.
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Figure 8: Lifting ratio of LiBr-H,O and LiCIl-H,O VARS at different bubble pump heat input
at Tgen = 70°C.
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Figure 9: Strong solution and refrigerant flow rate by the bubble pump at different heat input
at Tge, = 70°C for LiBr-H,O and LiCl-H,O.

The coefficient of performance of LiBr-H;O and LiCl-H,O systems is compared at different
bubble pump heat inputs in Figure 10. The COP increases for both systems with increasing heat
input but suddenly drops down at certain heat input. This is because the refrigerant vapor
generation increases in the bubble pump generator as the heat input increases and this causes the
lifting of liquid solution (strong solution) by the pump. The increasing vapor flow increases the
gas void fraction in the two-phase flow mixture of the bubble pump lift tube. When the gas void
fraction exceeds 80%, there is a liquid film around the tube wall and the core of the tube fills
with vapor [9]. This is called churn flow, and as a result, there is no more liquid flow. This
situation is reached at heat inputs of 73.2 W and 87.3 W for LiBr-H,0 and LiCl-H,O systems,
respectively, at the operating conditions mentioned in Table 1. This negative effect of increasing
heat input causes the COP to drop down at a certain heat input and allows for the prediction of
the highest COP of the system. In Figure 10, it is clearly seen that the COP is higher in a LiCl-
H,O system and it provides its highest performance at higher heat input compared to a LiBr-H,O
system. The highest performances for LiBr-H,O and LiCl-H,O systems were 0.46 at 73.2 W and
0.56 at 84.7 W, respectively.
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Figure 10: Coefficient of performance of LiBr-H,O and LiCl-H,O VARS at different bubble
pump heat input at Ty, = 70°C, Teona = 35°C, Taps = 35°C, Tora = 7°C, Nypx = 80.

6. Conclusions

A water-based refrigerant vapor absorption refrigeration system (VARS), that can operate by
a solar thermally-driven bubble pump, was analyzed in this study. In this refrigeration cycle, the
pump is the key component for driving an air-conditioning system by generating the refrigerant
vapor, as well as by pumping the liquid solution to absorb this refrigerant in the absorber.
Therefore, the physical properties of the bubble pump were incorporated in this refrigeration
cycle in order to analyze the whole cycle performance. A component-by-component
thermodynamic model was developed to analyze the energy performance of the system, which
lead to improving the system efficiency. The analysis was performed using two different
working fluids in the bubble-pump-driven VARS. The LiCI-H,O system operates at high
efficiency due to its higher system pressure and thermophysical properties compared to the low
pressure LiBr-H,0 system. The crystallization problem constrains the LiBr-H,O system to
operate at lower heat input with lower performance.

Overall, the model in this study will provide an effective tool to analyse water-based
refrigerant VARS systems that can be driven by a bubble pump with solar heat input, and
simulate the effect of bubble pump operation on steady-state system performance.
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Nomenclature

A area (mz)

b lifting ratio

COP coefficient of performance
D lift tube diameter (m)

g acceleration due to gravity (m/s”)
h specific enthalpy (kJ/kg)
HEX heat exchanger

H,O water

LiBr lithium-bromide

LiCl lithiu-cloride

m mass flow rate (kg/s)

P pressure (kPa)

Q heat transfer rate (Watts)
ref refrigerant

sol solution

T temperature (°C)

X mass fraction of salt in the solution
NHEX heat exchanger efficiency
Subscripts

abs absorber

b vapor bubble

cond condenser

eva evaporator

8 gas

gen generator

) liquid

sol solution
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Solar Thermal Energy Absorption Air-Conditioning Cycle
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Figure 1: Flow diagram of solar absorption air-conditioning system
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Figure 8: Lifting ratio of LiBr-H,O and LiCIl-H,O VARS at different bubble pump heat input
at Tgen = 70°C.
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Figure 9: Strong solution and refrigerant flow rate by the bubble pump at different heat input
at Tge, = 70°C for LiBr-H,O and LiCl-H,O.
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Figure 10: Coefficient of performance of LiBr-H,O and LiCl-H,O VARS at different bubble
pump heat input at Ty, = 70°C, Teona = 35°C, Taps = 35°C, Teva = 7°C, Nypx = 80.
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Table 1: Thermodynamic properties at different states in LiBr-H,O and LiCl-H,O absorption
cycles at operating conditions T, = 70°C, Teona = 35°C, Taps = 35°C, Teva = 7°C, Nugex = 80,
D=10 mm, H=0.28 m, and L=0.47 m.

State Temperature Pressure  Mass flow (g/s) % Concentration Enthalpy (kJ/kg)

(°C) (kPa) . . . . . .
LiBr- LiCl- LiBr- LiCl- LiBr- LiCl-

H,0 H,O H,O H,O H,O H,O

Bubble pump generator

ref exit (1) 70 5.627 0.014 0.021 100 100 2630 2630
Condenser ref exit (2) 35 5.627 0.014 0.021 100 100 147 147
Evaporator ref inlet (3) 7 1.002 0.014 0.021 100 100 147 147
Evaporator ref exit (4) 7 1.002 0.014 0.021 100 100 2513 2513
Absorber sol exit (5) 35 1.002 0.672 0.413 54.08 41.07 81 155
Sol HEX exit (6) 63 1.002 0.672 0.413 54.08 41.07 139 229
Sol HEX inlet (7) 70 1.002 0.518 0.335  55.60 43.77 157 265
Absorber sol inlet (8) 44 1.002 0.518 0.335  55.60 43.77 113 186

ref = refrigerant;
sol = solution

Table 2: Thermodynamic analysis of bubble pump operated LiBr-H,O and LiCI-H,O absorption
air-conditioning systems

LiBr-H,O LiCI-H,O

Generator Temp (°C) 70 70
Mass fract. weak sol (Xg) 54.08% 41.07%
Mass fract. strong sol (X7) 55.6% 43.77%
Vapor Pressure (kPa) 6.5 6.8
Bubble pump’Qbubble pump W 87T W
Generator, Qgen 73 W 87T W
Evaporator, Q. 34 W 49 W
Absorber, Qgps 70 W 78 W
Condenser, Qons 3TW 58 W
COop 0.46 0.56
Lifting ratio, b 58.85 31.48
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Highlights:

¢ A mathematical model was developed for the operation of a bubble pump driven absorption
air-conditioning system.

e A LiBr-H,O system was modelled, and the results found to match published experimental
data.

¢ A thermodynamic analysis of the bubble pump operated absorption system was performed.

¢ A new absorbent-refrigerant pair: LiCl-H,O were used in the analysis.

e The performances of LiBr-H,O and LiCl-H,O systems were compared.
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