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Abstract: A mathematical model of the bubble pump is established by employing the governing equations;
the continuity, momentum and energy equations. The model was used to evaluate the performance of the
pump under different geometrical and operational conditions. Different parameters including the pump tube
diameter, the pumping head, and solar heating input were considered in the analysis. The flow rates of both
phases (liquid and vapor) were predicted for each set of parameters. Methanol was used as the working fluid.
The performance is presented for a number of different scenarios. The flow was found to be increased with
both larger diameters and low static heads, while it has a roughly sine curve with the heat input. A set of
results show that for a tube diameter of 10 mm and pumping head of 450 mm, increasing the heat input from
300 W to 500 W increases the mass flow rate of vapor from 0.04 kg/sec to 0.08 kg/sec, while the liquid flow

increases from 0.075 kg/sec to 0.22 kg/sec, respectively. Generally, the results of this study were found to be in
fair agreement with published results.
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A Mathematical Model for The Performance of Solar Heating Driven Bubble Pumps
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1. INTRODUCTION

Both photovoltaic and solar thermal energy systems have been used over the last few decades to cover
the refrigeration needs for both domestic and industrial purposes. Ullah et al. [1] presented a review covers
different solar thermal refrigeration systems, with an attention to solar absorption refrigeration and solar
adsorption refrigeration systems employing various working fluids.

The main components of vapor absorption refrigeration systems are the absorber, generator, condenser,
and evaporator, as indicated in Figure (1). A pump is a critical component of the system for circulating the
refrigerant-absorbent solution from the low pressure absorber to the high pressure generator. A thermally-
driven bubble pump can be powered by solar thermal energy. In such cycles, a bubble pump can be used to
lift the solution from the absorber to the generator while it desorbs the refrigerant vapor. Theoretical and
experimental work has been conducted in order to test the bubble pump for vapor absorption refrigeration
systems. The pump model was validated with water at atmospheric conditions. The bubble pump tube
diameters are taken as 6 to 10 mm and at different heat inputs [2].
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Figure (1). A Diffusion-Absorption Cycle.

A bubble pump is a fluid pump that uses solar thermal energy to lift liquid from a lower level reservoir to
a higher level reservoir. It does not contain any moving parts [3]. The bubble pump, as shown in Figures 2,
is nothing but a vertical tube of relatively small circular cross-section attached to upstream and downstream
reservoirs [4]. The idea of this heat driven bubble pump has been first applied in single pressure absorption
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refrigeration systems, such as the Platen and Munters diffusion-absorption cycle and Einstein cycle in 1928.

Delano [3] addressed the design of a bubble pump for use in a single pressure absorption refrigeration
cycle by utilizing the principle of momentum balance and carefully treated the slip condition between the
phase velocities of the two-phase flow. Sathe [5] used Delano’s model and evaluated the performance of
the bubble pump both analytically and experimentally, and his results were used to derive a relationship
between heat input and mass flow rate of vapor, mass flow rate of liquid, and pumping ratio. Susan Jennifer [6]
worked on bubble pump design and performance. She carried out experimental studies and her results were
compared with previous models. Recently, a research paper authored by Koyfman, et al [7],where it studied
the performance of the bubble pump for diffusion refrigeration units and concluded that a low driving head
is reccommended to achieve higher flow rates.

Benhmideneetal. [8] providealiterature review on bubble pump used in diffusion-absorption refrigeration
systems. A numbers of bubble pump configurations are considered. Han-Shik et al. [9] developed a new solar
water heater system using a solar bubble pump instead of an electric pump. An evacuated tube collector
is employed to generate steam that used to operate the pump. The proposed system is compared with the
conventional solar water heaters. They show that the bubble system achieves an efficiency of 10% higher than
that of the conventional electric pump system.

In a solar driving bubble pump, the solar collector acts as the generator. Evacuated tube collectors are
considered to have high efficiency, medium price, and commercial availability. A single and multiple lift tube
indirectly or directly solar heated bubble pump are used [10]. The performance of three different indirectly
heated, solar powered bubble pumps/generators were investigated and discussed [11]. The disadvantage of
these systems is a very low COP. Therefore, the configuration of the generator and bubble pump is of great
importance. In order to increase the COP, it must utilize minimum heat as possible and desorb as much
refrigerant as possible from the solution [10].

The equation of Chilshom and Taitel is used by Jakob et al. [12] to dimension the tube diameter pump,
where slug flow was calculated for tubes with an inner diameter ranging from 5 to 41 mm. To study the
boiling flow stability in the solar bubble pump, Benhmidene et al. [13] used a drift model. The pressure drop
in the bubble pump was predicted. The result shows the influence of heat flux input in the bubble pump and
the mass flux on the stability of flow in the pump.

In the present study, a mathematical model of the bubble pump was developed by using derived equations
based on the continuity momentum and energy equations. Under different geometrical and operating
conditions, this model is employed to evaluate and assess the bubble pump characteristics, including the
determination of the flow rates of the pumped liquid and vapor. In order to validate and evaluate the achieved
mathematical model, the obtained results are compared with theoretical and experimental results of recently
published research studies.

2. MATHEMATICAL MODEL

The basic governing equations; the continuity, momentum, and energy conservation equations were used
to develop the required mathematical model [14]. Bernoulli’s equation is employed to derive the submergence
ratio, h/L, which describes the average pressure gradient along the lift tube. The model is divided into two
partial flow fields as indicated below; liquid phase flow region along the unheated tube and two phase flow
region along the driven vertical heated column. The model developed with the objective of obtaining results
that can be instructive in demonstrating how the heat driven bubble pump, depicted in Figure 2, operates in
practice. Here, the heat transfer takes place along the vertical tube as indicated in the Figure.
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A. Liquid Phase Flow

The liquid phase flow, assigned by the letter “f”, was predicted by evaluating the liquid flow out of the
lower reservoir to the entry of the bubble pump vertical heated tube, as indicated in Figure 2. Here, the flow
is considered to be an incompressible flow with negligible pressure loss. Bernoulli’s equation can be applied
along a streamline connecting the liquid free surface of the lower reservoir with the entry section of the tube
at point 1 in Figure 2. Then the static pressure at the entrance of the pipe can be written as:

P =R+ pigh - 30V (1)

Where P_is the ambient static pressure at the free surface of the lower reservoir, p, is the density of the
liquid, h is the static head difference, g is the acceleration of gravity, and V| is the tube fluid velocity at point 1.
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Figure (2). Thermal Bubble Pump Control Volume.

A small control volume is taken at the beginning of the lift tube, as shown in Figure 2. As this control
volume positioned at the start of the heated column, it is assumed that the only liquid phase enters this control
volume, while a mixture of vapor bubbles and liquid leave this control volume. The continuity equation
applies to the indicated heated control volume, hence, the mixture velocity at the exit of the control volume,
V2, can be written as [15];

V2=Vl(1+z,—’j) )

Where szg is the volumetric flow rate of the vapor and S;Zf is the volumetric flow rate of the liquid.

B. Liquid Momentum Equation
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The equation of momentum applies to the indicated control volume, while the frictional effects on the

control surface are very small and can be neglected. Therefore, the static pressure at the outlet section can be

determined by the following relationship;

P2:Pl+ptVl(V2'Vl) 3)

Where, P is the static pressure, and V is the flow velocity. Employing equations (1) and (2), we may have;

ViV
Pz = P0+ pfgh‘%pfvf‘*' pfA1 £ (4)

Where A is the cross-sectional area of the lift tube.
Two Phase Flow

The flow along the heated column, which extends from point 2 to the end of the vertical tube, is classified

as two phase flow consisting of vapor bubbles and liquid of the working solution. The governing equations
would be applied to the control volume in this region.

i.

Two Phase Continuity Equation

Conservation of mass is applied along the lift tube starting from point 2.Inaddition to that, a number of

relationships, related to the two phase flow behavior, were used for the sake of simplification and for use in
the forthcoming equations in the appropriate manner. These can be written and interpreted in the following
arrangements; the mass of the vapor is coming from the same mass of the liquid, hence;

Figure (3). A simplified model for two-phase over an element of lift tube.
dm, =- dmy; (5)
The vertical gas mass flow rate gradient is;

N
e LA (6)

The vertical liquid mass flow rate gradient is;
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dérzlf = %(Afpf\/f)

7)

ii. Two Phase Momentum Equation

Referring to the control volume, Figure (3), the momentum equation can be applied for vapor and liquid

phases, separately. As well known, the summation of all acting forces on the control volume should equal to
the rate of change of momentum. Thus, for the vapor phase, the equation is;

-A,dP-dF, - S - A,dzp,g = m,dV, + V,dri, - Vidri,

®)
While for the liquid phase, the equation takes the form;
-A:dP - dFi +S - Ardzpig = midV 9)
Adding Eq. (8) to Eq. (9) and using Eq. (5), results in
-AdP - dF, - dF: - gdz (A:p: + A, 0,) = d(m, V, + m: Vi) (10)

The net frictional force acting on each phase may be expressed in terms of the areas occupied by each
phase. Thus;

(dF, +S) A (5 )pdz
(dF-8) =- A¢ () d (11)
(dF, +de) A( P)

Where F is the frictional force, S is the force due to the gas-liquid interface, A_is the cross-sectional area

g [
occupied by gas, and (dp/dz) ;. is the pressure gradient due to the frictional force in gas phase. Substitution of
Eq. (11) into Eq. (10), gives;

-AdP - (-A( (éP > dz) gdz(Arpr + A, px) = d (mh, V, + Vi) (12)

follows;
@ = (G () ()

Where (dp/dz), is the pressure gradient due to friction, (dp/dz), is due to the static head, and (dp/dz) is due
to the fluid acceleration. Now, expand each term as follows;

dP\ 1 d _ 1 dF
(), = B = 5 (14)

Divide equation (12) by the element volume Adz, one can find the pressure gradient along pump tube as

(13)

By using the known relationships for the two-phase flow, the other two terms are;
dpP
(@) = g(ap, +(1-a)pr) (15)

dp » d (X0, (L-x)vr
(@) =¢ dz( « T {-a) (16)

Where a is the void fraction, G is the mass flux, x is the mass quality, and O is the specific volume
iii. The Homogeneous Model
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The homogeneous model was used, considering the two phase flow can be treated as a single homogeneous
phase possessing mean fluid properties [16]. For a steady homogenous flow, the basic equations reduce to the

following form;

(4E) =2 ov i+ g (17)

Where “f_“ is the Fanning friction factor for the assumed homogeneous flow model, considering the two
phases to flow as a single phase [14]. 11 is the homogenous fluid density [6] which is given by;

0 =ap, +(1-a)p (18)

Thus, the pressure difference relationship is to be derived;

Pz'Po = ZfTP%(_)Vf‘F% (19)

Where W is the weight of fluid in the bubble pump lift tube. Equation (19) is to be simplified by assuming
that the density of the vapor phase is negligible compared to that of the liquid. Using the two phase relationships
and Eq. (2), the pressure difference becomes;

AA
Vi

p:gl
vg 1)
+| ===
(e

Where (s) is the slip ratio. Now, equating Eq. (20) with Eq. (4),one may find the ratio of the static head in
the lower reservoir to the height of the lift tube as;

1+ +

P - B = 2fw %()VIZ (20)

1

+7v
1
+( ==
! <st>

Taking the friction factor for laminar liquid flow in a circular tube as f=64/Re, the above equation becomes;

h _ V¢

L 2g

v V.V
1+$+4fTP%<1+—"’> (21)

2 \z

Vi, Y
2gL(<1+%)> oLA

f

1 0
Yy
V[S

Vi + (22)

v,
+=£ +
1 v, 1

According to the common practice in this field, the working fluid is selected to be Methyl Alcohol,
CH,OH, or Methanol. Considering the number of the element control volumes is n along the pump lift tube
indicated in Figure (4), the static pressure at the outlet from the n* element control volume can be calculated
from the following equation;

Vi

12814t Vi

prgl
& A

A ]
st

+

P.=PF+ (23)

1+

While the heating power required to produce the desired vapor flow rate is,
Q = 0.V, hy (24)

Where h_is the latent heat of the working fluid at the working saturated temperature. Once the volumetric
liquid flow rate is calculated, the mass flow rate of the pumped liquid may be calculated from the following

known equation;
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Ihf = prf (25)

More detailed derivation can be found elsewhere; Elshawesh [14].

—p\Vapor
F 3
— Control Volumes, n
L
] LiTid
] Il
w_.n-"" 1 h

Figure (4). The lift tube is divided into small control volumes.

3. RESULTS AND DISCUSSIONS

The performance of the bubble pump is evaluated under different geometrical and operational conditions.
Three different tube diameters are used; d=6, 8, and 10mm. Three different driving heads are considered;
h=0.45, 0.5, and 0.55m, while the input heat is variable and it goes to 500W.The present results are compared
with published results presented in two recent experimental studies made by Sathe [5], master of the
technology project report, and Koyfman, et al [7], a research paper. This comparison was made with the
objective of validating and benchmarking the results of the present mathematical model. The following sub-
sections present the effect of each of these design parameters on the pump performance.

i. Effect of the Driving Head

In this analytical study the driving heads were changed at three different levels and each level was studied
individually to find out its effect on the mass flow rate of the pumped liquid with the increase of the heat
input. For a tube diameter of 10mm, Figure 5 shows that at low values of heat input, the mass flow rate drops
slightly. This could be attributed to the high liquid viscosity resulting in high frictional force which in turn
limits the buoyancy effects. However, as the input heat is increased, the viscosity decreases, the frictional force
also decreases, resulting in an increase of both the buoyancy effect and the liquid mass flow rate of pumped
liquid. This is clearly shown in Figure 5.
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Figure (5). The variation of mass flow rate of pumped Methanol liquid ford =10 mm and L = 1.8 m.

From Figure 5, it can be clearly seen that increasing the driving head decreases the mass flow rate for the
same quantity of heat input. This result can be attributed to the fact that increasing the driving head means
higher mechanical energy resistance and, therefore, lowering the mass flow rate. Increasing the driving head
leads to a greater amount of liquid (in the lift tube) to be heated and, therefore, lowering the liquid temperature
for the same amount of heat input resulting in a less chance of experiencing a two phase flow phenomena. It
can also be noticed that, for each driving head, increasing the heat input results in a slight decrease in mass
flow rate at the beginning and then after reaching a minimum value, the mass flow rate increases in almost
a linear manner. This trend of the results has a fair agreement with the trend obtained by Koyfman et al [7],
Figure 6.

On the other hand, lowering the driving head, within the range of the studied heads, the velocity of
entering liquid to the bottom of the lift tube decreases, the flow resistance may increase and the temperature
of the input heat rises resulting in a relatively higher vaporization rate and thus more vapor will be available
to drive the liquid to the upper reservoir.
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Figure (6). Variation of mass flow rate of pumped liquid for d = 10 mm and L = 1.6 m; Koyfman, et al [7].

Figure (7) presents the effect of the static head obtained by Sathe [5]. Referring to the above results, it can
be noticed that that there is a difference among Sathe [5], the present study and the published Koyfman [7]
results, where she found that the flow rate of the pumped liquid increases as the driving head is increased.
However, the logical judgment goes with Koyfman et al and present trends.
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Figure (7). The variation of mass flow rate of pumped liquid for d = 10 mm and L = 1.6 m; Sathe [5].
ii. Effect of the Pump Tube Diameter

Figures (8 and 9) represent the relationship between the liquid mass flow rate and input heat for different
tube diameters while the driving head is kept fixed at 0.45 and 0.55 m, respectively.
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Figure (8). The variation of mass flow rate of pumped liquid with heat input for different tube diameters,
h=0.45m.

It was noticed that as the pump tube diameter increases the mass flow rate of the pumped liquid also
increases with the increase of input heat. This may be justified, as the pump tube diameter increases, the
frictional pressure drop decreases thereby decreasing the resistance to the flow motion. That is increasing the
efficiency of the bubble pump and it results in increasing the liquid mass flow rate.
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Figure (9) The variation of mass flow rate of pumped liquid for h = 0.55 m and L = 1.6 m; the present study.

The behavior of the bubble pump remains with the same trend for different tube diameters, that the
mass flow rate of the pumped liquid decreases with heat input, reaches the minimum value and then will
start increasing with further increase in the heat input. At high heat inputs of 500 W, the difference between
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the liquid mass flow rates for 10 mm pump tube and 8 mm pump tube is much higher, about 200 %, than
the difference between the liquid mass flow rates for 8 mm and 6 mm pump tubes. This is due to the high
liquid flow rate gradient at high heat inputs. Around the heat input of 300 W, the obtained present results are
similar to the results published by Sathe [5], Figure (10). This cannot be compared with the results obtained
by Koyfman, et al [7], as they used one tube diameter only.

iii. Variation of the Vapor Mass Flow Rate

The vapor mass flow rate is directly proportional to the heat input. It is clear from Figure (11) that the
driving head does not influence the vapor flow rate much. A lower driving head results in a slightly higher
vapor flow rate. This is because of the decreased force exerted by the liquid column. The vapor flow rates
are closely parallel along a range from the small values of the input heat to 300W and then the flow rate for
driving head of 0.45 m slightly deviates from the other two curves.

This can be explained in that the vapor flow rate increases with the decrease in the driving head (h) at the
high heat input. This means that as the flow rate decreases at the beginning of the thermal heating, the liquid
temperature increases and consequently the formation of vapor bubbles increases which leads to an increase
in the flow rate of the liquid rushing upwards to the top reservoir.

In this analytical study it was noticed that the vapor mass flow rate increases with the increase in the
input heat, i.e. there is a direct relationship between the vapor mass flow rate and the input heat. This result
agrees totally with the result obtained by Sathe [5], as shown in Figure (12), while Koyfman, et al [7], have not
studied this relationship.
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Figure (10). The variation of mass flow rate of pumped liquid for h = 0.55 m and L = 1.6 m; Sathe [5].
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Figure (12). The variation of mass flow rate of vapor for d = 10 mm and L = 1.6 m; Sathe [5].

4. CONCLUSIONS
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o A mathematical model is developed for the simulation of the behavior of the bubble pump, considering
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the effects of the pipe diameter, driving static head, and heat input.
o Theliquid and vapor mass flow rates are calculated for different geometrical and operating conditions.

o Through working with the driving head range, it was concluded that a low driving head is recommended
to achieve a higher mass flow rate of the pumped liquid.

o Through working with the tube diameter range, it was concluded that increasing the thermal pump tube
diameter results in an increase in mass flow rate of the pumped liquid.

o The obtained results have the same trend and in some cases they coincide with the other published
results.
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