
For Peer Review

Modelling of heat flux received by a bubble pump of absorption-diffusion 

refrigeration cycles 

 

Ali Benhmidene
1*

, Béchir Chaouachi
1
, Slimane Gabsi

1
, Mahmoud Bourouis

2
 

1
 Research Unit Environment, Catalysis and Process Analysis URECAP. The National 

School of Engineering of Gabès, Omar Ibn El Khattab Street, Gabes 6029, Tunisia 

2
Department of Mechanical Engineering, Universitat Rovira i Virgili, Av. dels Països 

Catalans, 26, 43007 Tarragona, Spain 

(*) Corresponding author 

Email: aahmiden@yahoo.fr   

Telephone: +216 98642512 

 

Abstract 

In the present study, the heat flux received by a bubble pump, which was 

simulated to a vertical tube 1m long and with a variable diameter, was optimized. A 

numerical study was carried out in order to solve balance equations concerning the 

water-ammonia mixture in the up flow. The two-fluid model was used to derive the 

equations.   

A numerical study was carried out on a heat flux between 1 and 70 kW.m
-2

 and 

the liquid velocity was determined. The optimum flux was determined for a tube 

diameter equal to 4, 6, 8 and 10 mm and a mass flow rate ranging from 10 to 90 kg.m
-

2
.s

-1
.  

The optimum heat flux was correlated as a function of the tube diameter and mass 

flow rate, while the minimum heat flux required for pumping was correlated as a 

function of the tube diameter. 
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1 Introduction 

The diffusion-absorption machine relies on a bubble pump to circulate the 

solution from the absorber to the boiler. A bubble pump is a fluid pump that operates 

on thermal energy to pump liquid from a lower level to a higher level. Many authors 

studied the influence of heat input and tube diameter on the performance of the bubble 

pump. Bourseau et al. [1] simulated a solar-driven bubble pump and reported the mass 

flow rates at various operating conditions. Stenning and Martin’s model [2] was the 

starting point for Delano’s [3] analysis of the bubble pump. It used an analytical 

model to investigate the influence of heat input, tube diameter and submergence ratio 

(the ratio between the liquid levels in the feeding tank and the liquid-vapor separator) 

on bubble pumps. Delano concluded that increasing the heat input to the bubble pump 

for a fixed submergence ratio increases the flow rate of the liquid through the bubble 

pump to a maximum and any further increase in the heat input decreases the liquid 

flow rate.  

Pfaff et al. [4] studied the bubble pump with a lithium bromide–water vapor 

absorption cycle. They developed a mathematical model using the manometer 

principle to evaluate the bubble pump performance. They found that the pumping 

ratio is independent of the heat input. However, the frequency of the pumping action 

increases as the heat input to the bubble pump increases, or if the tube diameter 

decreases. The model was then used to analyze an ammonia-water system and it was 

found that the diameter that maximizes the efficiency of the bubble pump is between 

4 mm and 26 mm for a liquid pumping rate between 0.0025 kg.s
-1

 and 0.02 kg.s
-1

. 

However, the efficiency rapidly decreases when diameters below the optimum values 

are used; therefore it is recommended that the diameter should be slightly larger than 

the optimum value. 
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Recently, Jakob et al. [5] reported that the indirectly heated generator with its 

bubble pump is the main new feature of a solar heat driven ammonia-water diffusion-

absorption cooling machine and that all the prototypes constructed performed well. 

The performance of three diffusion absorption refrigeration (DAR) systems, which 

differ in their generator and bubble pump configuration, was studied numerically by 

Zohar et al. [6]. They showed that the configuration that integrated both the generator 

and the bubble pump is of great interest. 

For all models, Stenning and Martin’s theoretical method [2] is used as the 

starting point to set-up the relationship between the submergence ratio and the 

velocities (through momentum and mass balances). Additionally, each model (except 

for Delano’s) uses Beattie and Whalley’s model [7] to find the two-phase friction 

factor, and the drift flux model [8] to determine the gas void fraction. The difference 

between these two models is the value of the coefficients used in the drift flux model 

[9]. In all the studies mentioned above, heat is supplied at the bottom of the tube at a 

rate that is sufficient to boil some of the liquid. 

In the present study, the bubble pump was a vertical uniformly heated tube with 

an ammonia-water mixture (40% of ammonia) operating at high pressure (P = 18 bar). 

This pressure is that of the condenser cooled with water at a temperature of 35°C. A 

numerical study based on two-fluid models was carried out to investigate the optimum 

heat flux input in the bubble pump. The effects of tube diameter and mass flux on the 

optimal heat flux were evaluated. 
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2 Mathematical modeling 

The diffusion-absorption refrigeration cycle consists of a generator bubble pump, 

an absorber, an evaporator and a condenser, and usually operates with 

ammonia/water/hydrogen or helium as working fluid. Fig. 1 shows the main 

components of an absorption-diffusion refrigeration cycle and flow configurations in 

the bubble pump [10]. 

In the diffusion-absorption cycle, the bubble pump is a heated tube that lifts fluid 

from a lower reservoir to a higher one (Fig. 1). The generator configuration is of great 

importance. Heat is usually supplied at the bottom of the tube [4, 9, 11, and 12]. In the 

present work, heat is applied along all the tube length. This configuration of the 

bubble pump has two advantageous. First, it increases the coefficient of performance 

of the cycle (COP) using minimum heat as possible and desorbing as much refrigerant 

as possible [6]. Second, it can be heated using solar thermal energy by integrating the 

bubble pump tubes and the solar collector [13-15]. 

In the present work, the two-fluid model was used for the two-phase flow region 

considering the hydrodynamic and thermodynamic non-equilibrium between the 

liquid and vapor phases. The flow configuration was not limited to the slug regime [3, 

4, 9], starting as bubbly and ending as annular (Fig.1). The mathematical model used 

is described below. 

Heating causes the onset of boiling somewhere downstream of the pump entrance. 

In the two-phase region, the general conservation equations of mass, momentum and 

energy were formulated by Ishii and Mishima [16]. In steady-state regime with 

negligible kinetic and potential energy, the conservation equations can be reduced to 

the following five equations:  
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• Phase mass equations 
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• Mixture energy equation  
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The drag force FLG is modelled according to Richter [17]: 
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C’ is a virtual mass transfer coefficient assumed to be 0.5 for bubbly flow and 0 for 

other flow regimes.  

The interfacial friction factor CFI is taken as [17]:  
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In the churn turbulent flow with medium void fraction between the bubbly and 

annular flow, CFI is interpolated linearly with the void fraction between the two values 

given in Eq. (7). 

The drag coefficient for a single bubble CD in Eq. (7), which depends on the bubble 

Reynolds number ReB, is modeled according to Wallis [18]: 
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The interfacial momentum transfers FGI and FLI caused by mass transfer, when the 

liquid is evaporated, can be determined from equations (3) and (4). The force 

associated with this velocity change is described by the following terms:  

( ) ( )1LI L L GF u uη= − − Γ −                                                                             (11) 

( )GI G G LF u uη= − Γ −                                                                                      (12) 

η is the phase distribution factor, η = 0.5 for bubbly flow regime and η = 0 for the 

other flow regimes [17]. 

The wall liquid friction FWL is modelled by Chisholm’s [19] correlation because it 

fits Baroczy’s advanced empirical correlation curves [20] quite well and takes into 

account the effect of mass flux on the friction pressure gradient. The correlation is 

expressed by the following set of equations: 

( ) ( ) ( )( )( )2 /22 /22 21 1 1
nn n

WL LoF Y Bx x x P
−− − = + − − + ∆  

                                                    (13) 

Where LoP∆  is the single-phase friction pressure drop which would exist if the total 

mass flow of the two-phase mixture flowed as liquid phase only. It is given by: 
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n = 0.25 for the Blasius equation. 
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Coefficient B in equation (13) is denoted as [19]: 
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And the true vapour mass quality is expressed as: 
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The vapour generation rate is given by the following expression: 
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The heat transfer rate qe due to evaporation can be modelled by the following 

equation: 

( )( )2 1e w sp w Lq C q C h T T= − −                                                                           (20) 

C1 and C2 were correlated by Hainoun et al. [21]: 
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hsp is the single liquid phase heat transfer coefficient given by: 

0.8 0.40.023 Re PrL
sp L Lh

D

λ
=                                                                               (23) 

ReL is the Reynolds number in the liquid phase expressed by: 

( )1
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L
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µ

−
=                                                                                             (24) 
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The wall temperature Tw is calculated from: 

( )w tp w Lq h T T= −                                                                                             (25) 

The method for expressing the forced convection boiling heat transfer coefficient htp 

is derived from Chen’s well-known correlation [22]. This method was used by Celata 

et al. [23] to predict the convective boiling heat transfer coefficient for R12/R114 

binary mixtures.  

 

3 Numerical solution  

Equations (1-5), which govern the evaporation of refrigerant flowing in the 

vertical tube, have five unknown parameters: namely, α, uL, uG, P, and HL. To solve 

this set of equations numerically, the tube was divided into infinitesimal sections. The 

heat flux, qw, and the operating conditions shown in table 1 were considered. 

The equations were solved using the fourth order Runge-Kutta method. 

 

4  Model Validation 

To validate the two-fluid model presented above a comparison of the calculated 

values for void fraction versus vapor quality using this model was compared with 

those obtained from three other models, that is: 

- The homogenous model 
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-  The Rouhani and Axlesson drift model [24]  
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- The Zivi annular model [25]. 
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Void fraction was calculated at the operating conditions reported in Table 1 and 

the heat flux and mass flux were set to constant values of 20 kW.m
-2

 and 50 kg.m
-2

.s
-1

, 

respectively. 

It can be observed in Fig. 2 that the numerical values achieved in the present work 

show similar trend to the results of other models. For void fractions lower than 0.6 

there is a great similarity between the calculated values using Rouhani and Axelsson’s 

correlation and our results, being the absolute deviation between 1.3 and 8.0 %. For 

void fractions above 0.6, the absolute deviation is larger and can reach 17.0 %. 

Regarding the Zivi’s model, which is applicable for annular flow regime (α> 0.8), it 

gives values very close to our simulation results. The absolute deviation of this model 

does not exceed 5.5% and may decrease to 0.37%. The difference deviation between 

the values from the homogenous model and our numerical results is significant. This 

is due to the fact that in the homogenous model it is assumed that both liquid and 

vapour phases are flowing with the same velocity, which is not the case in our model 

as well as in practice. 

The good agreement between these results indicates that the two-fluid model is 

suitable for the prediction of refrigerant two-phase flow in bubble pumps. 

 

5 Simulated results 

5.1 Optimum heat flux 
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Solving the system of equations of the mathematical model, as well as the values 

of void fraction, temperature and pressure, made possible the determination of the 

weak solution and refrigerant velocities through the bubble pump tube. 

The outlet velocity of the weak solution was determined for the values given in 

table 1 for heat flux, tube diameter, and mass flow rate. The liquid velocity was 

calculated once the steady-state regime was established (i.e. for a fixed mass flow 

rate; G). Fig.3 illustrates the evolution of the weak solution velocity versus heat flux 

for G = 50 kg.m
-2

.s
-1

. As it can be observed, for different tube diameters, the weak 

solution velocity increases with heat flux to a maximum value and then decreases.  

The flow regime changes from bubbly flow, for which the velocity is at its low 

value, to slug flow, where it is at its maximum value. When the velocity decreases, 

churn flow appears (Fig. 1). Experimental studies [3-6, 8] showed that the bubble 

pump is more efficient when it operates in the slug flow regime. At fixed operating 

conditions and geometrical parameters the bubble pump generates optimum heat flux 

in slug flow regime at the highest liquid velocity. Fig. 3 shows that the optimum heat 

flux depends on the tube diameter of the bubble pump.  

To model this dependency, optimum heat flux versus tube diameter is plotted in 

Fig. 4 at different mass flow rate values. This figure shows that the optimum heat flux 

depends on both tube diameter and mass flow rate. For a given mass flow rate, 

optimum heat flux is linearly related to tube diameter as follows:  

bDaqop += .                                                                                                        (29) 

Table 2 shows a and b values as well as the regression coefficient R
2
. The 

parameters a and b depend on the mass flow rate. Fig. 5 shows the evolution of these 

parameters versus the mass flow rate G. Parameters a and b vary linearly with G and 

are given, respectively, by:  
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5.82875.68 += Ga                                                                                   (30) 

24168.30 −= Gb                                                                                       (31) 

The above results show that optimum heat flux depends on both tube diameter and 

mass flow rate according to equation (32):   

( ) 24168.305.82875.68 −++= GDGqop                                                  (32) 

5.2 Minimum heat flux required for pumping  

In order to predict the minimum heat flux required for pumping the liquid through 

the bubble pump, the variation of the optimum heat flux versus mass flow rate at 

different diameters is plotted in Fig.6. This figure indicates that the optimum heat flux 

varies linearly with the mass flow rate when the tube diameter is kept constant. 

Fig. 6 shows the existence of two special parameters a’ and b’, where a’ denotes the 

slope of each line, and b’ is the ordinate at the origin that corresponds to the heat flux 

just before the liquid starts circulating. The ordinate at origin b’ is the minimum heat 

flux, denoted qmin, required for pumping, which depends on tube diameter (see Fig. 6). 

Fig. 7 illustrates that the minimum heat flux qmin varies linearly with the tube diameter 

D according to the following equation: 

2416878min −= Dq                                                                                                 (33) 

 

6 Conclusions 

The two-fluid model was used in a numerical study designed to optimize the heat 

flux required for optimal operation of a bubble pump considered to be a vertical tube 

of a given length and variable diameter. The working fluid considered was an 

ammonia-water mixture with 40% in ammonia by weight. 
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Solving numerically the governing equations of the system, the weak solution velocity 

through the tube was then calculated. By varying this velocity versus the supplied heat 

flux ranging from 1 kW.m
-2

 to 70 kW.m
-2

 the optimum heat flux was determined.  

In this study, the optimum heat flux was correlated as a function of the tube 

diameter and mass flow rate as follows: ( ) 24168.305.82875.68 −++= GDGqop . 

Also, the minimum heat flux required for pumping was correlated as a function of the 

tube diameter according to: 2416878min −= Dq  
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Nomenclatures 

A       : tube cross-section area (m
2
)  

C1      : the portion of the heating surface not covered by bubbles 

C2      : coefficient related to the pumping factor 

C’      : virtual mass coefficient 

CD     : drag coefficient for a single bubble 

CFI     : interfacial friction factor 

CP     : specific heat (J.kg
-1

.C
-1

) 

D      : hydraulic diameter (m) 

fLo     : fraction factor  

FGI       : interfacial force for the vapor due to the mass exchange (N.m
-3

) 

FLG    : interfacial force between the two phases (N.m
-3

)  

FLI     : interfacial force for the liquid due to the mass exchange (N.m
-3

) 
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FWG     : force between the wall surface and the vapor (N.m
-3

)         

FWL    : force between the wall surface and the liquid (N.m
-3

) 

g        : gravity acceleration (m.s
-2

) 

G       : mass flow in the tube (kg.m
-2

.s
-1

) 

H       : enthalpy (J.kg
-1

) 

h        : heat transfer coefficient (Wm
-2

.K
-1

) 

hfg      : evaporation heat from the liquid to the vapor (J.kg
-1

) 

L        : length (m) 

P        : pressure (Pa) 

Ph       : heating perimeter of the channel (m) 

Pr      : Prandtl number 

q         : total wall heat flux (W.m
-2

)  

RB      : bubble radius (m) 

ReB    : bubble Reynolds number 

T        : temperature, K 

u        : velocity (m.s
-1

)    

x        : vapour quality 

Xtt     : Lockhart-Martenelli parameter 

z        : axial location along the flow direction (m) 

Greek symbols 

α      : void fraction 

µ       : dynamic viscosity (Pa.s) 

ρ       : density (kg.m
-3

)  

σ       : surface tension (N.m
-1

) 

Γ       : vapor or liquid generation rate per unit mixture volume (kg.m
-3

.s
-1

) 
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∆P     : pressure drop (Pa) 

Index 

L       : liquid 

Lo     : liquid only 

Go     : vapor only 

B       : bubble 

H       : hydraulic 

L       : liquid  

In       : inlet 

G       : vapor 

OSV  : onset of significant void 

sat      : saturation condition  

W       : wall 

CV    : convective 

tp       : tow phase  
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Table 1 Operating conditions considered for simulation 

Parameter Values 

Heat flux (kW.m
-2

) 

Tube diameter (mm) 

Mass flow rate (kg.m
-2

.s
-1

) 

Tube length (m) 

Ammonia concentration at the inlet 

Inlet pressure pump (bar) 

1 - 70 

4 ; 6 ; 8 ; 10 

10 ; 30 ; 50 ; 70 ; 90 

1,000 

0,4 

18 
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Table 2 Values of parameters a, b and the regression coefficient R
2
 

Mass flow rate 

(kg.m
-2

.s
-1

) 

a ( kW.m
-3

) b (kW.m
-2

) R² 

10 

30 

50 

70 

90 

1395 

2890 

4680 

5600 

6850 

-2.09 

-1.58 

-0.81 

-0.20 

0.30 

0.9997 

0.9987 

0.9998 

0.9974 

0.9962 
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Figure captions 

Fig. 1 Main components of an absorption-diffusion refrigeration cycle and flow 

configurations in the bubble pump 

Fig. 2 Comparison of void fraction simulated with other models 

Fig. 3 Liquid velocity versus heat flux 

Fig. 4 Optimum heat flux versus tube diameter for different mass flow rates G 

Fig. 5 Variations of parameters a and b versus the mass flow rate G 

Fig. 6 Optimum heat flux versus mass flow rate for different tube diameter values 

Fig. 7 Variations of minimum heat versus tube diameter D 
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Fig. 1 Main components of an absorption-diffusion refrigeration cycle and flow 

configurations in the bubble pump 
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Fig. 2 Comparison of void fraction simulated with other models 
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Fig. 3 Liquid velocity versus heat flux 
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Fig. 4 Optimum heat flux versus tube diameter for different mass flow rates G 
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Fig. 5 Variations of parameters a and b versus the mass flow rate G 
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Fig. 6 Optimum heat flux versus mass flow rate for different tube diameter values 

 

Page 26 of 27

University of Hannover, Institut of Thermodynamics, Callinstr. 36, 30167 Hannover, Germany

Heat and Mass Transfer



For Peer Review

 

 

 

 

 

 

 

 

 

 

 

 

qmin = 878D - 2416

R2 = 0,9938

0

1000

2000

3000

4000

5000

6000

7000

0 2 4 6 8 10 12
D (mm)

m
in

im
u
m

 h
e

a
t 
fl
u

x
  
(W

.m
-²

)

 

Fig. 7 Variations of minimum heat flux versus tube diameter D 
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