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ABSTRACT :

This study suggests a new theoretical analysis for the thermal bubble pump system. The
main application of this system is to replace the mechanical pump in vapor absorption
refrigeration system. The analysis is based on utilizing one-dimensional slug flow model to
describe the void fraction in the riser tube of the pump, and adopting an appropriate method
to evaluate the two-phase frictional pressure drop. The model is capable to predict the
maximum pumping capacity of the pump in terms of the operation and configuration
parameters. Three tube diameters (6.5,10, and 14mm) with four submergence ratios (0.5, 0.6,
0.7, and 0.8) were experienced using water as a working fluid. Results indicate that the
maximum pumping capacity is positively increased with increasing the submergence ratio
and tube diameter at a fixed riser tube length. The maximum pumping capacity is found to be
independent of the liquid temperature at the inlet to the generator under the assumption of
stable operation of the pump. It is obtained that the slip ratio decreases with the increasing of
the submergence ratio and slightly decrease with the decreasing of the tube diameter.
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Nomenclatures:

English Symbols:
A:Area(m?).

Bi123: Coefficientsin eq.(13).

2
Bo: Bond number:(((pL =~ Pyg)-9-Dris )/GL) _
c: Specific heat(kJkg.K))
D: Diameter (M )

Fr: Froude number :(Gtot/(gDrisphz))
f: Friction factor

G: Mass Flux= /A (kg/m?.s)

g: Gravity(m/s?)

h: Enthalpy(kJkg).

J: Superficia velocity(m/s).

L: Length(m).

. Mass flow rate(kg/s)

N : The dimensionless inverse viscosity.
P: Pressure(Pa)

Q: Heat power(W).

Re: Reynolds number ~ ((pu.D)/ ﬂ),

Rsubm: Submergence ratio ris

S: Slip ratio.

T: Temperature(K).

t: Time(s).

U: Velocity(m/s).

U,: Taylor bubble rise velocity in a stagnant
liquid (m/s).

V : Volume (m°).

V : Volume flow rate (m%s).

We: Weber number= ((GtotzDris )/(thL)) .
X: Dryness fraction(kgy/Kgior).-

Z: Height(m).

Zg4: Driving head(m).

Greek Symbols:

p: Density (kg/m°).

v: Specific Volume (m¥/kg).
A: Difference

¢*: Two phase multiplier

Kk pipe roughness(m)

A1 2. Parametersin eq.(10).
a: Void fraction.

w: Viscosity(kg/m.s).

o: Surface tension(N/m)

/. Taylor bubble fraction length.
I': Parameter in eq.(32).

w: Parameter in eq.(33).

o: Liquid film thickness(m).
7: Shear force(kg/m?).
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Subscripts
0,1,2: State point numbers.

atm: Atmospheric.
film: Liquid film.
fri: Frictional.

GO: Gasoverall.
gen: Generator

g: Gas.

gra: Gravitational.
GLS: Dispersed gas bubbles in the liquid
slug.

h: Homogenous.

L: Liquid.

LO: Liquid overall.
LS: Liquid slug.
max: Maximum.
ris: Riser tube.
sat: Saturation state.
SP: Single phase.
TB: Taylor bubble.
tot: Total.

TP: Two phase.

u: Unit cell.

v: Vapor.

Abbreviations:

BPVARS:Bubble pump operated vapor
absorption refrigeration system.

LiBr: Lithium Bromide

EES: Engineering equation solver.
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1.INTRODUCTION:

The bubble pump is merely a vertical tube that does not contain any moving parts and is
submerged at its lower part in aliquid to a certain level Fig(1). Heat is applied at the bottom of
the tube (the vapor generator) at a rate sufficient to vaporize some of the liquid. The resulting
vapor bubbles occupy the cross section of the tub and rises upward. The rising vapor bubble
acts like a piston due to its buoyancy force, it lifts a corresponding amount of liquid to the top
of the bubble pump (the separator). The main application of vapor-lift pump is to replace the
mechanical pump in absorption refrigeration system. This will leads to introduce a fully heat
activated refrigeration system.

Delano (1998) studied theoretically and experimentaly the vapor bubble pump used in the
Einstein diffusion Vapor Absorption Refrigeration System (BPVARS). The Stenning and Martin
(1968) model was firstly modified to analyze the performance of the bubble pump. A constant
value of 2.5 for the dip ratio was assigned. The theoretical results were correlated to fit the
experimental date. Furthermore, the maximum flow rate points werefitted by linear approximation.

Sathe (2001) studied theoretically and experimentally the vapor-lift pump that used for the
diffuson BPVARS. The Delano’s (1998) methodology was adopted with methyl acohol as a
tested fluid. The fluid pulses out of the bubble pump per unit time were found to increases with
increase in the heat input. Moreover, the mass flow rate of vapor increases linearly with the heat
input while the pumped liquid mass flow rate first increases, reaches a maximum value and then
decreases with the increase in the hesat input. The theoretical modd predicts lower result from that
found experimentally.

Koyfman et al. (2003) carried out an experimental investigation on a closed continuous bubble
pump apparatus used for the diffuson BPVARS. The tested fluids were organic solvent as
absorbent and hydro-chlorofluorocarbon (R22) as arefrigerant. The results showed that the bubble
pump operates at the dug flow regime with a churn flow regime at the entrance of the bubble pump
tube.

Zhang et a (2006) carried out an experimental investigations on the performance of the bubble
pump with a lunate channel. The proposed bubble pump configuration consist of a smal tube
locates eccentrically inside a larger one and the whole assembly is mounted inside a bigger
diameter pipe. They concluded that a pump with combined diametersratio of 16/32 mm. issuitable
for arefrigerator with cooling capacity of 4.8 kW using heat source temperature of 75°C .

Vicatos and Bennett (2007) proposed multi tube bubble pump for enhancing the performance of
the diffuson BPVARS. The Delano’s model (1998) was modified to evaluate the performance of
multi tube bubble pump arrangement. It is concluded that the multiple lift tube bubble pump is a
viable and workable solution to increase the refrigeration capacity without any change in the
coefficient of performance.

Shihab and Morad (2012) performed a theoretical and experimental study on the vapor bubble
pump. The Delano’'s model (1998) was modified and the method that was recommended by
Stenning and Martin (1968) was devel oped to evaluate the frictional pressure drop. Theoreticaly, it
is found that the length of the riser beyond 1.3 m has insignificant effect on its performance. The
theoretical prediction of the pumping capacities were lower than the experimenta results for all
values of tube diameter and submergence ratios. A new K-factor equation was introduced to
correlate the theoretical result with the experimental data.

Faisal (2012) studied the performance of LiBr-Water pumpless absorption refrigeration system.
A smulated test rig of the thermal bubble pump was fabricated using water as a test fluid. Three
tubes diameters were tested 6.5, 10, and 14 mm with riser tube length of 1.5 m. It isfound that for
fixed generator input temperature of 102 °C and a riser tube of 10 mm diameter, the pumping
capacity reached its maximum of 0.0295 kg/s and 0.043 kg/s for submergence ratiosof 0.5and 0.7
respectively, then the pumping capacity fallen down at higher heat supply. The same trend of the
pumping capacity variation with heat input was similar for other riser tub diameters. Experimental
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observations showed that the two phase dug flow was dominant at the maximum pumping of the
bubble pump while an annular flow appeared beyond the maximum point.

The present study is focused to establish a mathematical model of the bubble pump with two-
phase dug flow mechanism relating the pump capacity and its geometrical configuration adopting
an approach to evaluate the frictional pressure drop based on general working fluid properties.

2.MODELING APPROACH:

The analytical model is based on the conservation of the mass, momentum, and the energy. Itis
to predict the pumping capacity for a specified pump configuration and operation parameters. The
analysisisintroduced for atmospheric thermal bubble pump with water as aworking fluid with the
following assumptions.

1. Steady state, one-dimensional, incompressible adiabatic flow.

2. The generator produces saturated water and vapor.
3. Negligible pressure drop due to the friction in the pipes and fittings before the vapor generator.

Referring to thefig. (1), applying the mass balance equation from point 1 to point 2 assuming the
two-phase mixture at the exit of the generator is homogenousyields (Darby, 2001):

Mot = P1AEnY1 = PrAgenlUo =M +m, «y
The homogenous mixture density is given by (Wallis, 1969):

po = (v @=x) +v,X)" )
Where:

X =m, /My 3

The generator pressure (P») is saturated pressure at the generator temperature (T>):
I:)2 = Psat (Tz) 4)

Appling Bernoulli equation from the liquid surface at the downcomer to point 1 yields (Darby,
2001):

P, = Pam + 009 (Rsubm Lis +2 gen) -0.5p,U 12 Q)

Where R istheratio of driving head (Z , ), to the bubble pump riser length (L, ):

subm

R = Zd / I-ris (6)

subm

By using this dimensionless parameter (R, ), the bubble pump performance can be evaluated

regardless the values of the riser and downcomer lengths.
At the generator, heat energy is added to produce vapor with dryness fraction (x). Applying the
energy balance for the generator gives (Faisa ,2012):

Qgen = Myt (h2 - hl) (7)
h, =h,.@1-x)+xh, 8
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h, , h, : are the specific enthalpies of the saturated liquid and saturated vapor respectively at the

generator temperature.
Next, applying the conservation of momentum for the generator resultsin (Darby, 2001):

. 2
Mot (U 2 _Ul) = I:)1'A‘gen - I:)2 Agen ~FPn Agenzgeng — f (O-SPU 2 )denﬂDgen ©)
f : The Fanning friction factor given by (Darby, 2001):

12 1/12
f - z[(f’j . 1,} (10)
Re) (4 +4,)
Where:
16 16
4, =|2.457In - ! 42:(3753(’) . Re=(D.pU)lu
(7/Re)™ +0.27(x/ D) Re

A typica value of (k) isgiven to be 0.002 mm for awide range of materials (Darby, 2001).

Actually, the most important challenge for the present model is to represent an expression to
calculate the two-phase pressure drop across the riser tube. Determining such expression, the
analytical model of the bubble pump will be completed. This can be achieved through expressing
the pressure drop to become as the ability of the buoyancy force to overcome the gravitational and
friction force of the flowing mixture (Collier & Thome 1994):

(PZ - Patm) = APTP = APgra + APfri (11)

The gravitation term represents the weight of the fluids (body force) and the friction term
represents the shear force (surface force) at the wall.

Frictional Pressure Drop:

The frictiona pressure drop in the two-phase flow has a special treatment. It is usually related

with the single-phase pressure drop (4Psp) by what is called "Two-Phase Multiplier ¢2". The
two-phase frictional pressure drop is given by (Collier & Thome 1994):

2 2
Apfri =¢°Lo 'APSP,fri,LO =¢°co 'APSP,fri,GO (12)

Where the values of (4PspsiLo) and (4Pspsico) are the single-phase frictiona pressure drop.
The
subscript (LO) and (GO) refer to assumption that al mass flow rate of the two-phase is assumed to
be dl-liquid (Liquid Overal) or al-gas (Gas Overdl). In this study, the Friede multiplier is
adopted. This multiplier relates the two phase pressure drop with the single-phase pressure drop. It
was obtained by optimizing an equation for a large data base of two-phase pressure drop
measurements (Collier & Thome 1994):

3.24B,B,

1t Fro.045Weo.o35 (13)

¢|_o2 =B
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Where:
Pq-flo Py Hy Hy
We = GtotzDris Fr = Gtot
PnoL gDrisph2

The value of the single phase frictional pressure drop (AP, . ) iSfound as (Darby, 2001):
APsp grio =(2 fLoVLGtot2 Lyis)/ Dris (14)

Where;

D,;, - Riser tube diameter

G,y - Total massflux whichisequal to the massflow rate per unit of cross sectional area.
f_ o : The single-phase fanning friction factor that can be calculated using eq.(10).

All fluid properties are found in the EES software packages (Klein & Alvarado, 2004).
Gravitational Pressure Drop:

The gravitational term (4Pgra) represents the weight of the mixture column in the tube (Collier
& Thome 1994):

AF)gra = prp-9.Lis =[pL(1-a)+ Py (2)].9-Lyis (15)

Where: (o) isthe void Fraction defined as the area of the pipe cross section occupied by the gas
to the total riser tube area,(Collier & Thome 1994)i.e:

a= Ayl A (16)

The two phase density (p1p) differs from the homogenous density given in eq.(1), wherethereis
no dip between phases, but in the two-phase density, the dip between phasesis considered.

In this study, the maximum liquid discharge is expected to take place when the flow pattern is of
dug flow; therefore a one-dimensiona slug model is adopted to describe the void fraction.

One-Dimensional Slug Flow Model:

In this model, a steady and fully developed dug flow is described as a regular succession of
identical unit cells. The unit cell consists of a bullet shaped gas bubble surrounded by aliquid film
and attached with aliquid slug as shown in thefig.(2).

In multiphase flow, the large bubble of the lighter phase that formed by coalescence of
small bubblesiscalled "Taylor bubble". The term is named after G. |. Taylor (Wallis, 1969).

The one-dimensional dug flow model is based on the following assumptions:

1. Theflow isincompressible with constant properties.

2. The expansion of the Taylor bubblesis negligible.

3. All units move steadily upwards at a constant trandation velocity without any deformation.

4. The bullet shaped Taylor bubbles are modeled analytically as cylinders.

The following items represent the necessary formulas for analyzing the one-dimensiona sug
flow:
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Superficial Velocity:
It is the velocity of the flowing phases or it can be defined as the velocity that each phase
would haveif it occupied the entire area of the pipe alone, i.e (Collier & Thome 1994):

jg :vg /AriS ; jL :vL/Aris a7)

Gas Mass Balance:
From fig.(2), it can be seen that the gas enters the riser continuoudly at a volume flow rate of

(\/'g ) and superficial velocity of (jg). Taking the flow of a unit cell entering at section (O-O) and

leaves at section (O’ —Q'), the gas flow occurs intermittently in a two forms. These are the long
bullet shaped gas bubble known as "Taylor Bubble" and the unmerged small gas bubbles found in
theliquid dug.

Let (t,) be the time for the dug unit to pass through the fixed cross section (O’ —Q’) and
(trs,tLs) bethe passing times of the Taylor bubbles and liquid dug respectively (Orell & Rembrand
1986), s0:

t, =t +1 (18)
Moreover (Abdul-Mgeed & Al-Mashat 2000) :

VA

Z
tTBzzi;tLS:A;tu: u (19)
Urg Urg Urg
During a time (t,), the volume of the gas (Vg) passing through the (O’ —0') equa to the

volume of the Taylor bubble plus the volume of the dispersed gas bubblesin the liquid Slug Abdul-
Majeed & Al-Mashat 2000), so:

Vg :Vg,TB +Vg,l_s :vg,TB trg +vg,LS ts (20)

The void fractions at the Taylor bubble section and at the liquid Sug section are given by
(Abdul-Majeed & Al-Mashat 2000):

zh ;A Zh (21)
Aris Aris

The volume flow rate of the gas leaving as a Taylor bubble and as dispersed bubbles in the
liquid dug are given by (Abdul-Magjeed & Al-Mashat 2000):

Qg

Vyrs =UrgArg =Urgarg A (22)
Vg,LS =Ugis Ass =Ugrs s Avis (23)
Substitute egs.(19),(22),and (23) in g.(20), give:
Z Z
Vg =Urgarg Aristrs +Ugs s Avistis =Urgarrg Avis U s s Ajs = (24)
B B

During the unit cell time period, the volume of the gas entering continuoudy through the section
(0-0) is(Orel & Rembrand 1986):
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z

Vg :Vg .tu - Jg 'AI’iS Uiu (25)
B

Equating eg.(24) with (25) and simplify gives:
Jg = BazgUqg + (- B)asUgis (26)
Where:

Zig g

_‘tm e 27)

p Z t

Liquid Mass Balance:
The mass balance of the liquid phase flowing within the Slug unit can be derived following the
same approach of the gas mass balance. During the time period (t;5 ), there is a downward flow of

liquid film that rounded the Taylor bubble as it passes through section (O’ —Q"). The resultant
continuity equation is (Abdul-Majeed & Al-Mashat 2000):

JL=Us(@-a5)A-B)-UgnBl-am) (28)

Two-phase Mixture VVolume Balance:

Assuming the dug flow is incompressible, the mixture volume balance may be obtained with
respect to control surfaces that cut through the liquid Slug and Taylor bubble sections. This will
result in two equations following the same steps in the gas and liquid mass baance (Orell &
Rembrand 1986):

Jot = Jg +JL =Ugs-as tUs.(1-as) (29)
Jtot =Urg-arg —U g -(1—a75) (30)

The four continuity egs. (26), (28), (29), and (30) do not form a set of independent equations
and only three of them are needed to close the model.

Taylor Bubble Rise Velocity:

This is a very important parameter in the dug flow modeling. It represents the trandation
velocity for the dug unit. Nicklin's et al. (1962) were the first who recognized that the bubble
velocity inaflowing liquid is a superimposition of two components as (Collier & Thome 1994):

UTB :1'2jtot +Uo (31)

White and Beardmore (as sighted in (Wallis, 1969) give a generd formulafor the rise velocity
of the Taylor bubble in astagnant liquid (U ) as:

U, =T'4/(9.Dy;s) (32)

Where:

r- 0.345{1— Exp(— 060;2'; ﬂ {1_ Exp(mﬂ (33)
. (0]
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Where:
3 2
pL(PL— Pg)-9.Dy . Bo_ PL=Pg) 9D
Nf = 5 , 0=
Hy oL

=10 when N, > 250

»=69(N;) % when18< N, <250
w=25 when N; <18

The dimensionless inverse viscosity N; is the ratio between the root of the Froude number and the
Reynolds number. For higher values of dimensionless inverse viscosity (usualy when N¢>300),
the flow is considered inviscid in the liquid near the bubble nose (Wallis, 1969). This assumption
applies only when viscosity has a negligible influence. The bubble velocity increases as Ny
increases. The Bond number (Bo) is the ratio between the gravity and surface tension forces. For
higher vaues of Bond number (usualy when Bo>100), the effect of surface tension will be
negligible and this occurs when the pipe diameter satisfies the condition (Wallis, 1969). Increasing
Bond number resultsin higher bubble's vel ocity.

Slug Bubbles Velocity:

The absolute rise vel ocity of the dispersed gas bubbles (Ugs) istreated in the same way like the
Taylor bubble. Many researchers recommended Harmathy's equation (as sighted in Collier
& Thome (1994)) for the rise velocity of dispersed bubblesin a stagnant liquid, so:

o ( _ ) 0.25
UgLs =U +1.5{ LI ~ Py } (1-a.s)° (34)

2
PL

The Liquid Film Thickness:
Theliquid film thickness (0') isrelated to (g )(Orell & Rembrand 1986) as:

2
Qg = ':WB D 1- 20 )? (35)
ris

. D.? D.
r'is ris
Several methods are found in literature to relate (Urim) with (6). The simple way that is adopted
her is given by Orell & Rembrand (1986) which make force balance of the liquid film neglecting
theinterfacia shear force aong the Taylor bubble and assuming no pressure drop acrossit:

1 2
PL-9-Afim-Z1g = 771Dy Zrg = (f E'pL'U fim )7 -Dyis-Z1g (36)

Where friction factor (f) is a function of Reynolds number (based on hydraulic diameter) and
pipe roughness (Darby, 2001):

_ 400 Asim U fim (37)
”'Dris M

Re

The explicit form for (f) given by the eg. (10) is used.
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Liquid Slug Void Fraction:

The basic difficulty in the dug flow modeling is concerned with the gas content in the liquid
dug (Ordl & Rembrand 1986, Abdul-Mgeed & Al-Mashat 2000). In the absence of a predictive
method, two limiting cases have been recognized (Orell & Rembrand 1986), namely idea slug
flow (0.s=0) and (0. s=0.3). The latter vaue represents the upper void fraction limit observed in
the bubbly flow. In this study the maximum allowable void fraction is consdered since it best
describe the real situation.

Slug-Unit Void Fraction:

The dug unit void fraction is defined as the ratio of the gas volume in the Taylor bubble plus the
liquid dug sections relative to the dug unit volume. The dug unit void fraction is assumed equal to
the riser void fraction according to the principle of cell analysis Orell & Rembrand (1986), hence:

oy = - B+as(1- ) (38)

Slip Ratio:

It isthe ratio of the gas phase velocity (Ug) to the liquid phase velocity (U, ) (Collier & Thome
1994), i.e:

Thisterm could be related to void fraction and dryness fraction(Collier & Thome 1994) as:

S :(Xj_ L (1—“) (40)
1-xJ)\ py a
3.RESULTS AND DISCUSSION:

The theoretical equations governing the performance of the bubble pump are solved to obtain the
whole pump behavior based on water properties. The solution algorithm is shown in fig.(3) and the
computer code is written by Engineering Equation Solver (EES) software. The inputs to the one
dimensional slug model are the properties of the phases and the superficia velocities and the main
output is the total void fraction. The "By-Section” numerical method was used in the maor
iteration while the inner iteration was solved by the usual try and errors method.

In the present study, the riser tube length is fixed to 1.5 m while three diameters are tested; 6.5,
10, and 14 mm. The selected submergence ratios are 0.5, 0.6, 0.7, and 0.8.

The Engineering Equation Solver (EES) Software:

The complete modeling for this study was done using the Engineering Equation Solver (EES)
software program, which is developed by F-CHART SOFTWARE" (Klein & Alvarado, 2004).

The EES is a software package with a built-in thermodynamic and transport property relations
of many commonly found substances such as air, water, and most refrigerants. These features
makes the EES is a very helpful tool for solving the problems in thermal engineering. In this
study, the "Procedure-Call" mode, was used in which one can build his own iteration the
logical statement "IF...THEN..ELSE, GOTO, REPEAT-UNTIL....etc" as well as the
"FUNCTION" statement to reach the solution all are used.

The Effect of the Heat Input:

The pump discharge characteristic curve in terms of the pumped liquid is obtained as a function
of the heat input. Figs. (4,5,6) revea that for any riser tube diameter and submergence ratio, the
mass flow rate of the pumped liquid increases with increasing the amount of the heat input until it
reaches a maximum discharge point. Then any further increase in the supplied heat will cause the
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liquid mass flow rate to become lower. The physical explanation for this behavior can be attributed
to the increase in the frictional pressure drop due to the increase in the vapor mass flow and due to
the expected change in the flow pattern from dug to mainly annular shape, this explanation
coincides with the explanation of Delano (1998), Sathe (2001), and Shihab et a. (2012). In the
annular flow pattern, the liquid dragged up mainly by the action of shear stress between high
velocity vapor and the liquid and partialy by the buoyancy action at which condition the dip ratio
is too high. When the heat input is lower than the optimum point, the vapor buoyancy effect still
has the ability to overcome the additional frictional pressure drop. This ability appearsin a further
increase in the pumped liquid up to the maximum point.

Fig.(7) shows comparison between the results of the present analyticd model and Faisa's
(2012) experimenta results the pumping capacity for water input temperature to the generator of
102 °C and for 10 mm riser tube diameter. This figure indicates that the theoretical results have a
comparable trend in their variation with that obtained experimentally by Faisal. This comparison
verified the applicability of the present model to describe the bubble pump behavior.

It can be mentioned her that the generated amount of vapor is linear related to the amount of
heat supplied at the generator as long as the supplied water is saturated as shown in fig.(8). In this
case the variation of vapor mass flow rate will be independent of the submergence ratio. This
behavior is mainly due to the latent heat of vaporization. This property is amost constant within
the selected submergence ratios.

The variation of pumping ratio (the ratio of volume flow rate of the pumped liquid to volume
flow rate of the vapor), with the heat input for a given pump tube diameters and different
submergenceratio areillustrated in Figs. (9, 10, and 11). The pumping ratio which may consider as
an indicator of the pumping efficiency decreases with the increase in heat input for all diameters
and submergence ratios. This is due to the increase of vapor flow rate and the consequently
increase in pressure head loss. It isnoticed that the pumping ratio increases with the increase of the
pump tube diameter with the same amount of heat supply. Bigger the diameter, smaller is the
pressure drop and higher is the mass flow of the pumped liquid then higher is the liquid pumping
rate.

Effect of Generator Inlet Temperature:

Fig.(12) shows clearly that the maximum pumping capacity is independent of the liquid
temperature entering the generator, it is only need more heat for the sensible heating prior to the
evaporation. This fact is true for any tested submergence ratio. Therefore, the whole pumping
characteristic curveis merely shifted to a higher heat input point with the same maximum pumping
capacity. According to thisfact, it isuseful to draw the discharge characteristics with respect to the
submergence ratio instead of heat input and confine the attention to the maximum pumping
capacity point.

Effect of the Submergence Ratio:

Referring again to Figs.(3,4,5), they show aso how the pumping capacity varies positively with
the increasing of submergence ratio. They reveals that for any riser tube diameter, an increase in
the submergence ratio (and thereby the driving head), leads to an increase in the maximum liquid
discharge associated with a decrease in the optimum vapor mass flow rate. These facts are
represented clearly in the figs.(13, 14). The main causes of this behavior are due to the decrease in
the pump lift (Lis-Z¢) and the increasing of the driving head relative to a fixed riser tube height.
For
the 10 mm tube diameter, the increase in the submergence ratio from 0.5 to 0.8 causes the
pumping capacity to increase from 0.0316 to 0.0564 kg/s, i.e., a percent increase of 78.5%. Fig.(14)
shows clearly that the optimum vapor flow rate decreases as the submergence ratio increases. This
behavior is occurring mainly due to the increase in the driving head aswell asdueto theincreasein
the saturation temperature. Increasing the temperature leads to reduce the gravitational force and
make the fluid to be less viscous which leads to less frictional force. All these effects make the
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pumping process easier and attributes smaller amount of vapor to overcome the flow restrictions.
For example, using the 10mm tube diameter, the increase in the submergence ratio from 0.5to 0.8
causes the vapor flow rate to decrease from 0.0835 to 0.0635 g/s, i.e., a percent decrease of 24%.

Effect of the Riser Diameter:

Examining fig.(13) explains that the maximum pumping capacity of the bubble pump with
larger tube diameter is higher than that of the smaller diameter. That fact comes from the lowering
of the frictiona pressure drop when using larger tube. However, the larger pumping capacity
requires a higher amount of vapor mass flow rate that necessary to produce a larger bubble that
could occupy the tube cross section and to lift the increasing trapped liquid. For example, a a
submergence ratio of 0.6, the increase in the tube diameter from 6.5 to 10 will cause the pumping
capacity to increase by 223%. Further increase to 14 mm will increase this percent to 646%.
However, the larger tube requires a higher heat input that conjugate with a higher mount of vapor
generation.

Variation of the Slip Ratio:

Fig.(15) shows how the dip ratio at the optimum pumping point varies with the submergence
ratio. The dip ratio isadirect result from the slug model that describes the void fraction in the riser
tube at any time. The figure reveals that the dip ratio deceases as the submergence ratio increases.
This behavior is due to the decrees in pump's lift as the submergence ratio increases which requires
alower vapor mass flow rate (and thereby lower vapor velocity) relative to the water velocity. The
figure also demonstrates that the dlip ratio decreases as the riser tube diameter decreases whichisa
direct result from the lowering of the required optimum vapor mass flow rate and thereby lower
vapor velocity. The dip ratio varies approximately from 1.44 to 2.15 for the selected submergence
ratios and tube diameters.

4.CONCLUSIONS:

From the discussed results, the following conclusions are drawn:

1. The therma bubble pump of a given diameter, submergence ratio, and length has a limited
maximum pumping capacity at a specified vapor mass flow rate.

2. The maximum pumping capacity of the thermal bubble pump is found to be independent of
the liquid temperature at the inlet to the generator, while it is positively affected when both the
submergence ratio and riser tube diameter are increased.

3. The optimum vapor mass flow rate decrease as submergence ratio increase and increases with
increasing tube diameter.

4. The dip ratio decrease as submergence ratio increases and it dightly increase with increase
the tube diameter.
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RECOMMENDATION:
It is strongly recommended to verify the mathematical model with experimental data.
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