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In this investigation, a low capacity absorption system has been designed 
and constructed where the mechanical pump has been replaced with a 
bubble pump, reducing the cost and eliminating the electrical power. 
Initially, a test rig bubble pump has been built with a single Pyrex tube to 
test the effect of different parameters on pumping flow rate. An absorption 
refrigeration system with a capacity of 2.5 kW has been designed and 
constructed. Results have shown that a bubble pump with five horizontal 
tubes with 2.5 mm diameter and submergence ratio of 0.4 has the best 
performance for this low capacity absorption refrigeration system. The COP 
of this structure was about 0.51 and mathematical modeling shows that 
increasing the solution concentration at generator outlet decreases the COP 
of the system.  
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1. Introduction 
 
A conventional absorption refrigeration system is running primarily on heat energy, requiring a 
mechanical energy to circulate the refrigerant–absorbent solution from the absorber (low-pressure 
zone) to the generator (high-pressure zone). Due to the high cost of these types of mechanical pumps 
their use in residential consumption are costly. Platen and Munters [1] studied the absorption 
refrigerating cycle, where the circulation of the working fluids is carried out by a bubble pump. The 
advantages of their absorption refrigeration system are silent operation, no moving parts (fans or 
pumps) and portability. 
Chen et al. [2] changed the generator configuration and increased the COP of the cycle and efficiency 
of the heating process with reduction of heat losses at cycle. The generator consists of heating 
elements, a bubble pump and a coaxial heat exchanger. Pfaff et al. [3] developed a mathematical 
model to evaluate the bubble pump's performance. A test rig has been made to validate the 
mathematical model and to evaluate the bubble pump performance. They have found that the bubble 
pump operated at slug flow regime in cyclic intervals. They have shown that the ratio between the 
strong LiBr solution flow rate and the refrigerant flow rate (water vapor) is independent of the heat 
input.  
Delano [4, 5] analyzed the Einstein refrigeration cycle; the cycle used a bubble pump to circulate the 
working fluids. He developed an analytical model to appraise the bubble pump performance. The 
analytical model has been used to investigate the influence of heat input, tube diameter and 
submergence ratio on bubble pump performance. Delano found that increasing the heat input to the 
bubble pump for a fixed submergence ratio, increases the flow rate of the liquid through the bubble 
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pump to a maximum value where a further increase in the heat input, decreases the liquid flow rate. He 
showed that increasing the tube diameter increases the flow rate through the bubble pump. 
White [6] presented another analytical model using an air-lift pump theory for the bubble pump. The 
model was developed based on mass and momentum conservation equations. An experimental test rig 
was built using an air-lift pump to analyze the bubble pump performance and validate the model. She 
found that if the bubble pump operates at slug flow regime the analytical model is reliable. 
Koyfman et al. [7] presented a bubble pump that operates continuously. The flow was pumped by 
boiling of a binary mixture (as in a real diffusion absorption refrigerating unit). Koyfman et al. [8] also 
presented an experimental investigation was undertaken to study the performance of the bubble pump 
for diffusion absorption refrigeration units.  
In this research the design and performance of a Lithium Bromide refrigeration system were 
investigated while the mechanical pump was replaced with a bubble pump. The operation and 
performance of the system has also been analyzed.  
 
2. Bubble Pump  
 
A bubble pump is a thermal fluid pump, using thermal energy to pump liquid from lower level to the 
higher level as shown in Figure 1. The generated small bubbles at the bottom of the pump tube join 
and form bigger vapor bubbles. The rising vapor bubble acts like a piston and lifts a corresponding 
liquid slug to the top of the bubble pump tube. The bubble pump operates most efficiently in the slug 
flow regime in which the diameter of vapor bubbles is approximately the same of diameter of the tube. 
The four basic flow patterns observed in vertical two phase flows are bubbly, slug, churn, and annular 
as shown in Figure 2. [9] 
 

Figure 1. A schematic of bubble pump              Figure 2. Different flow regime in bubble pump 

2-1. Theory 
 
The submergence ratio of the bubble pump describes the average pressure gradient along the lift tube. 
This parameter expressed in terms of velocities, fluid properties, and geometrical parameters. The 
governing equations are based on Figure 1. The following assumptions have been made: 
1- The frictional losses in the entrance of the lift tube have been neglected 
2- The change in momentum throughout the left tube has been neglected.  
Momentum equation from sysP to 0 gives: 
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Momentum equation from point 0 to 1 (neglecting friction) gives: 
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Conservation of mass from point 0 to 1 yields: 
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Since 10 AA = , therefore: 
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Momentum equation from point 1 to 2 yields (neglecting friction): 
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Hρ is the homogeneous density of the two-phase flow. The velocities of liquid and vapor in the region 
between point 1 and 2 are approximately equal; therefore a homogeneous density is used in this 
momentum equation. The expression for the homogeneous density can be found from the conservation 
of mass from 1 to 2. Conservation of mass from state 1 to 2 for the experimental air-lift pump setup 
yields: 
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The homogeneous density is obtained by eliminating the gas mass flow rate in Equation 7: 
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At this point, the two-phase flow terminology is needed to proceed because the flow in the lift tube is 
most clearly defined in these terms. The definitions of superficial velocities and void fraction can be 
related to the terminology used. 
Points 0 and 1 are under liquid conditions. 
Therefore: 
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While the definition of Lj is: 
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2V describes the total average velocity of the mixture: 

tt

GL

AA
V ∀=

∀+∀
=

&&&

2 (12) 

This is precisely the definition of j . Therefore: 
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Manipulating equations 11 and 13 give: 
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The void fraction is defined as the average cross sectional area occupied by the gas divided by the total 
cross sectional area of the tube. 
Therefore:    
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The momentum equation in the lift tube (from state 2 to sysP ) can be stated as [6]: 

)1(
2

)( 2

2 ερ
ρ
ρρ

−+





+

+= Lg
D
Ljj

fPP L
TP

GGLL
TPsys  (16) 

Here TPf is the two-phase friction factor ( based on average properties of liquid and gas) and TPρ is 
the two-phase density of the fluid mixture in the lift tube. Because there is no slip between the two 
phases, a two-phase density for the frictional pressure drop term is required instead of a homogeneous 
one. This two-phase density can be found by the density definition applied to the lift tube volume: 

)1( ερερρ −+= LGTP (17)

a general equation for the submergence ratio (H/L), describing the average pressure gradient along the 
lift tube can be obtained by manipulating equations 1, 2, 4, 5 and 16 [6]: 
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To observe the actual effects of diameter, submergence ratio and input heat, an experimentally single 
pipe Pyrex bubble pump has been built and tested with various diameters, submergence ratio (H/L) 
and input heat to find the best structure in an absorption system. The experimental results of the single 
pipe Pyrex bubble pump are shown at Figure 3 through 5. Figure 3 shows the vapor flow rate from 
bubble pump versus internal heat power for different pipe diameters. 
 

The vapor flow rate increases to a maximum value as the input heat increases, reaching a constant 
value at about 800 (w) where the flow regime has been changed to churn and annular from slug regime 

Figure 4. Variation of liquid flow rate 
versus internal heat power 
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Figure 3. Variation of vapor flow rate 
versus internal heat power 
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[10]. Results of Pyrex bubble pump experiments show the larger tubes have more vapor flow rate for 
the same input heat. Figure 4 shows the variation of liquid flow rate versus of the input heat.  
It is seen when the input heat increases, the liquid flow rate increases too. The results show that the 
liquid flow rate in the smaller tubes is more than that of the larger tubes. For smaller tubes, the bubbles 
fill the tubes easily and push the fluid upward, acting like a piston. 
Figure 5 demonstrates the effect of submergence ratio (H/L) on the liquid flow rate. The figure shows 
that the larger H/L has the larger liquid flow rate. At H/L less than 0.2 the bubbles reach to the surface 
of fluid rapidly. Because enough fluid doesn't exist between the bubbles therefore the fluid could not 
be lift upward.  
The experimental results show that, the vapor flow rate is increased in larger tubes than that of the 
smaller tube. Therefore the larger tubes in bubble pump are more desirable. The liquid flow rate also 
must be adequate to absorb the refrigerant at the absorber; therefore the tube diameter should be 
selected appropriately.  

 

The performance of absorption systems with bubble pump is exactly similar to the performance of 
systems with a mechanical pump, where bubble pump increases the pressure of fluid and circulate the 
fluid in the cycle. Figure 6 shows a schematic diagram of a LiBr absorption system using a bubble 
pump. 

 
3. Experimental Setup 
 
To build an absorption refrigerant system with low capacity, the amount of refrigerant (water) at 
evaporator should be calculated. Equation 19 calculates the amount of water circulating ( Rm& ) in the 
system.  

fgRe hmQ && = (19) 

Because of U-shape tube performance at this state, the quality of water entering to evaporator was 
zero. 
For a system with capacity of kW 5.2 , the required water flow rate is about r/sg075.1 (properties of 
materials obtained from EES1 library). Experimental results show that a bubble pump with five tubes 
of cm 2.5 diameter and 0.4/LH = can produce this flow rate. 
A five-tube steel bubble pump has been made. The generator and bubble pump are united in this 
system. Figure 7 shows the vapor and liquid of LiBr solution flow rates for the bubble pump. The 
principle flow regime at this pump is slug regime. Experiments show the governing flow regime in 
larger tubes will be annular and adequate liquid cannot flow to the absorber. 
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Figure 5. Effect of submergence ratio 
(H/L) on liquid flow rate 
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Figure 6. A schematic diagram of a LiBr 
absorption system with bubble pump 



Vertical tubes with low inner friction are used to increase the efficiency of pump. The heat transfer 
between bubbles and surrounding fluid will reduce the size of bubbles where small bubbles can't lift 
above the fluid and bubbles will finally be exploded.  
Increasing density of strong solution increases the absorbed vapor in the absorber, but the high density 
of solution can cause crystallization of strong solution in the absorber.  
Increasing input heat in generator increases the pressure of the condenser which has two 
disadvantages: 
1- The pumping of LiBr solution will be reduced, because the pressure at upper tank will be increased. 
2- Increasing pressure of the condenser will stop refrigeration cycle due to disturbed pressure balance 
in the cycle. Thus the input heat in generator must have an optimum amount. Figure 8 shows the 
absorption refrigeration system test rig. 
 

Figure 8. Schematic of built absorption refrigeration system 
 

Figure 7. Flow rate of vapor and strong LiBr 
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3.1. Condenser 
 
A shell and tube condenser is used where vapor flows in the shell and cooling fluid flows in copper 
tubes. The condenser performance is given by energy equilibrium (Figure 8). 
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The total heat transfer rate ( Q& ) can be determined from the following expression: 
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The overall heat transfer coefficient (U ) based on the outside surface of the tube is defined as [11]: 
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The value of the fouling factors ( oi FF , ) at the inside and outside surfaces of the tubes can be taken as 
K/kWm0.09 2 [12]. For a copper heat exchanger, k can be calculated by curve fitting method [11]. 

Equation 23 has been used in a computer program for designing the shell and tube condenser. For this 
research, the cooling water inlet and outlet temperatures must be assumed as input value.  
Assuming a turbulent flow, the heat transfer coefficients ( io hh , ) for the inside and outside flow is 
given by [13]: 
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The water properties are evaluated at a mean temperature. Nusselt's analysis of heat transfer for 
condensation on the outside surface of a horizontal tube gives the average heat transfer coefficient as 
[14]: 

25.03

)(

)(
725.0













−

−
=

owvl

lfgvll
m DTT

khg
h

µ
ρρρ

(25) 

The logarithmic mean temperature difference has been used to evaluate the necessary heat transfer 
area of the tubes. 
 
3.2. Solution Heat Exchanger 
 
One of most important points to increase the efficiency of the system is selecting a suitable heat 
exchanger. The heat exchanger warms the weak solution, coming from absorber, reducing temperature 
of strong solution coming from bubble pump before entering to absorber. Lower temperature of strong 
solution helps to absorb vapor easier. 



Eq. (23) is used to calculate the overall heat transfer coefficient. The value of the fouling factors 
( oi FF , ) for the inside and outside surfaces of the tube are taken as K/kWm0.09 2 [12] and k for copper 
will be evaluated at a mean temperature. The heat transfer coefficients io hh , for the inside and outside 
flow are determined as follows. 
The LiBr solution properties at a mean temperature are calculated and Re  is determined from  
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Where µ is the viscosity of LiBr solution, calculated by equation (31). For laminar flow, the Nusselt 
number is given [12]: 
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The Reynolds number based on the hydraulic diameter ( HD ) and the bulk temperature properties is: 
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For laminar flow, as before 66.3/ == kDhNu o [15], and therefore, oh will be evaluated. 
By substituting the above values in Eq. (23), the overall heat transfer coefficient (U ) based on the 
outside surface of the tube is subsequently evaluated. 
Finally the logarithmic mean temperature can be calculated, and the area of the heat exchanger will be 
determined Eq. (21). 
 
3.3. Evaporator 
Evaporator has been designed similar to condenser where the external heat transfer coefficient should 
be calculated by Jacob-Havkinz formula. [16] 
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Here P is the evaporator pressure, 
1P is atmospheric pressure and 1h

is convection coefficient in 
atmospheric pressure. Results 
have shown a 2m0.4  of copper 
surface for system's evaporator is 
necessary. One of the most 
important parameters in 
evaporator is the contact area 
between condensed water (from 
condenser) and copper tubes. For 
this reason a basin is used to 
shower water on the parallel 
tubes.  
The velocity of water particles 
within tubes is important; 
therefore, the distance between 
parallel tubes has been increased 
to increase the velocity of water. 
Figure 9 shows a designed evaporator sketch. 

 

Figure 9. Side and front view of designed evaporator  



3.4. Absorber 
 
In an absorber, the strong solutions, coming from bubble 
pump, absorb water vapor coming from the evaporator. In 
a recent study, a model for absorption of water vapor into 
aqueous LiBr flowing over a horizontal smooth tube was 
developed. The flow regimes at absorber are divided into 
three like the Kirby [17] model: 
(1) Falling film in contact with the tube,  
(2) Drop formation at the bottom of the tube,  
(3) Drop fall between the tubes.  
Figure 10 shows three governing regimes in strong LiBr 
solution on copper tubes. 
Icksoo Kyung et. al [18] developed a model for absorption 
of water vapor into aqueous LiBr flowing over a horizontal 
smooth tube. The results have been used to build an 
absorber for this research. 
 
Figure 11 shows a sketch and a schematic of construction 
absorber. As in the evaporator, a basin was used for 
pouring strong LiBr solution on the horizontal tubes so 
that it can easily absorb water vapor coming from the 
evaporator. 

 

(A)                                                                            (B) 
 

Figure 11. A) Sketch of absorber from two visages B) Falling solution on absorber horizontal 
tubes 
 
Figure 12 shows a schematic of the experimental system built at Guilan University with capacity of 

kW 5.2 . The machine was built with steel and a vacuum pump has been used to decrease the system 
pressure before testing. Manual and digital gages were installed in the system to measure temperature 
and pressure at all points of the system.  
 

Figure 10.Three applied regime of 
strong solution of LiBr on 
horizontal tube



Figure 12. Schematic of built refrigeration absorption System 
 
The cycle works at two levels of pressures (0.93 kPa and 9.66 kPa ). When the pressures are matched, 
the refrigerant system will work properly. In this system, a U-shape tube was used between the 
condenser and the evaporator and also another U-shape tube was used between the absorber and the 
bubble pump. The pressure difference is 8.73 kPa , where a U-shape tube with 90 cm heights produces 
such a pressure difference between the condenser and the evaporator. Although due to density of LiBr 
solution, a U-shape tube with 55 cm heights could produce this pressure difference too. The density of 
strong Lithium Bromide solution in this point is given by Equation (30) which is about 1600 3/ mkg ,
Density of LiBr solution [19]  
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A one-way valve was used between absorber and generator which prevents bubbles returning to the 
absorber, at the start of pumping. Since the volume of generator is fixed, as soon as some solution 
pumped, it will be vacuumed and let the weak solution to be pulled from absorber to generator. 



The fluid in the bubble pump has not been 
pumped continuously, because after 
completing the first cycle, it takes time to 
heat the solution and produce bubbles. 
Because the system's pressure is too low 
comparing with that of atmospheric 
pressure, these periods are too short and the 
fluid is pumped highly intermittently.  
To find suitable conditions for specific 
applications, a sensitivity analysis can be 
performed utilizing a computer program, 
which follows the mathematical 
correlations. The simulation's results show 
the effect of 3T , 5T ( 3T is the temperature of 
input weak LiBr solution to the generator, 
where 5T is the temperature of input strong 
LiBr solution to the absorber) and outlet 
solution concentration from absorber on 
system's COP (Figure 13). Increasing the outlet solution concentration, coming from the absorber 
decreases COP, because strong solution couldn't absorb necessary vapor at the absorber. The graph 
shows a higher concentration more than 56% causes a decrease of COP to less than 0.5. Results also 
show that increasing 3T can increase COP of system because of the lower energy consumed at 
generator to boil weak solution. Decreasing 5T also can increase COP because of a lower temperature 
strong solution can absorb water vapor better. 
 
4- Experimental Results 
 
The experimental results are shown in tables 1 and 2. The results are in a good agreement with results 
of G.A. Florides et al. [15] 
 

Table 1. Fluid state in different point of cycle (points shown in figure 9) 
Point m& (gr/s) P (kPa) T ( Co ) X (%LiBr) 

1 12.1 0.93 35 54 
2 12.1 0.93 55 54 
3 12.1 9.66 55 54 
4 11.03 9.66 85 59 
5 11.03 9.66 65 59 
6 11.03 0.93 65 59 
7 1.075 9.66 80 0 
8 1.075 9.66 42 0 
9 1.075 0.93 6 0 
10 1 0.93 6 0 
11 0.075 0.93 6 0 

Table 2. Heat balance of different part of cycle 
kW SymbolDescription 
2.5 eQ&Capacity (evaporator output power) 

3.6 aQ&Absorber heat, rejected to the environment 

4.9 gQ&Heat input to the generator 

2.8 cQ&Condenser heat, rejected to the environment 

0.51 COP Coefficient of performance 

Figure 13. Effect of 3T , 5T and outlet solution 
density from absorber on COP
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The data has been read from K kind thermocouples, temperature and pressure gages and solution flow 
meters. The rate of heat in the evaporator, the condenser and the absorber has been measured with the 
temperature difference between the inlet and the outlet solution. The concentration of LiBr solution 
has been measured by a density meter bulb where the input heat in the generator has been measured by 
an internal energy of natural gas and its flow rate. A calibration procedure was applied to all 
instruments described in Figure 8. Using the calibration functions for every sensor, the systematic 
errors were reduced as far as possible. The random uncertainty (U) for an experimental result (R), 
which is function of n independent parameters (xi), is estimated, according to a Gaussian statistics 
based algorithm [20]. 
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The uncertainty of instruments is given in Table 3. For the cases of thermocouples and pressures 
sensors, the uncertainty ranges given corresponds to a minimum and maximum value for the whole set 
of calibrated instruments. 
 

Table 3. Sensors used in experimental test rig 
Uncertainty Range QuantityInstrument 

)8.02.0( CC oo −±0 - 120 Co3Temperature gages 

)5.0( Co±0 - 1200 Co1Thermocouple 

)%5.28.1( −±-1 - 0 bar  2Pressure gages 
%7.2±20-70 hkg /1Strong solution flow meters 

%1.3±2-7 hkg /1Refrigerant flow meters 

%2.4±0.2-1 hm /31Neutral gas flow meter 
%8.0±0-100 % 1LiBr density meter 

Low pressure of generator causes weak solution to boil in low temperature (in atmosphere pressure it 
boils in 145 Co but here it boils in 80 Co ). High concentration of strong solution can absorb vapor of 
air, causing more water to be vaporized in the evaporator. One of the big problems of LiBr low 
capacity refrigeration system is water type condenser. These types of condensers need cooling tower 
which is for residential consumption, unacceptable. The low pressure doesn't allow use of air cooled 
condensers because the amount of pressure isn't enough to overcome the friction power in the 
condenser pipes in air type condenser. 
 
5- Conclusion  
 
In this research, a test rig bubble pump was built using a single tube to find the best diameter and 
submergence ratio for use in absorption systems. According to the primary results, a bubble pump 
with five steel vertical tubes was built which was used in a low capacity (2.5 KW ) absorption system. 
At this system, the bubble pump was combined with the generator. An evaporator, absorber, condenser 
and a heat exchanger have also been designed and constructed. The bubble pump and the generator’s 
shape play an important role in the COP of the system. Bubble pump of the system has to be tested to 
find the liquid and the vapor flow rate for each new sketch for other capacities. Generator input heat is 
almost an important parameter to balance the cycle pressure and pumping solution.  
The electrical energy has not been used in this system; therefore where this energy has high cost, it is 
more affordable. Because the temperature of generator is about 80 Co , it may utilize low potential heat 
sources, such as solar energy, to operate the cycle. Calculations have shown the primary cost of this 
system is lower than ordinary absorption refrigeration systems.  
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Nomenclature 

A – Surface of absorption system's Heat 
Exchanger ( 2m )

42DAt π= – Total cross sectional area of bubble 

pump's tubes ( 2m )

GA – Cross sectional area of bubble 

pump's tube (gas side) ( 2m )

GtL AAA −= – Cross sectional area of bubble 

pump's tube (liquid side) ( 2m )
D – Diameter of lift tube ( m )

oi DD , – Inside and outside diameters of 
tube, respectively ( m )

f – Friction factor  

TPf – Two-phase friction factor 
F – Correction factor depending on 

type of the heat exchanger 

oi FF , – Fouling factors at inside and 

outside surfaces of tube ( WKm /2 )

g – Gravitational acceleration ( 2/ sm )

fgh – Latent heat ( kgkJ / )

oi hh , – Heat transfer coefficients for inside 

and outside flow, ( KmW 2/ )

mh – Average heat transfer coefficient 

( KmW 2/ )
LH / – Submergence ratio 

tGG Aj ∀= & – Gas superficial velocity ( sm )

tLL Aj ∀= & – Liquid superficial velocity ( sm )

GL jjj +=  – Total average velocity of flow 

( sm )

k – Thermal conductivity ( mKW / )

Gm& – Mass flow rate of gas ( skg )

m& – Total mass flow rate ( skg )

DNu  – Nusselt number 

P – Pressure (Pa)
Pr – Prandtl number 
Q& – Heat Flow Rate ( kW )

Re  – Solution Reynolds number for 
vertical tube 

DeR – Reynolds number  

LG VVS = – Slip ratio between phases 

vt – Vapor saturation temperature ( Co )

wt – Wall surface temperature ( Co )

U – Average overall heat transfer 

coefficient ( KmW 2/ )
)1/( ε−= LL JV – Velocity of the liquid ( sm )

0X – Percentage of LiBr Solution 

mmx G &&= – Quality 
 
Greek symbols 
 

tG AA=ε – Gas void fraction of the flow  

G∀& – Gas volumetric flow rate ( sm3 )

L∀& –Liquid volumetric flow rate ( sm3 )

GL ∀+∀=∀ &&& – Total volumetric flow rate ( sm3 )

εGG jV = – Velocity of the gas ( sm )

mT∆ – Mean temperature difference ( K )

lnT∆ – Logarithmic mean temperature 

difference (LMTD) ( K )

0T∆ – Temperature difference between 

hot and cold fluid at inlet ( K )

lT∆ – Temperature difference between 

hot and cold fluid at outlet ( K )
ρ – Density ( 3/ mkg )

lρ – Liquid density ( 3/ mkg )

vρ – Vapor density ( 3/ mkg )

TPρ – Two-phase density 

µ – Dynamic viscosity ( 2/ mNs )

1µ – Absolute viscosity of liquid ( 2/ mNs )

ν – Kinematic viscosity ( sm /2 )
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