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Abstract

In the present study, the ammonia-water mixing flow in a bubble pump is
numerically simulated. The flow patterns of a two-phase flow in a bubble pump were
studied under different conditions of heat flux and tube diameter. A one-dimensional
two-fluid model was developed under constant heat flux. This model was used to
predict the variations of void fraction, liquid and vapor velocities throughout the tube.
Then, the void fraction profile and the curve of liquid velocity versus vapor velocity
were used to predict the flow patterns along the tube length. It was found that at heat
fluxes below 15 kW.m™ bubbly, slug and churn flows are the dominating regimes, and
the length of these flow regimes depends on the tube diameter. For heat fluxes higher
than 15 kW.m™, the bubble pump operates under the churn and annular regimes, and the

bubble pump performance is improved when the tube diameter increases.
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1 Introduction

A bubble pump is simply a vertical tube into which the liquid and vapor streams,
coming from the boiler or generator, enter at the lower end. The liquid fills the lift tube
to a designed depth. The vapor traveling upwards through this section forms bubbles

that act like pistons and drive liquid slugs up the remainder of the tube.

The experiments and theoretical considerations showed that, for a specific heat
input, the diameter of the lift tube has no effect on the pumping rate if the pump is
running in the slug or churn flow regimes [1-3]. When the maximum lift-tube diameter
is exceeded, the flow pattern changes from slug flow to an intermittent churn-type flow
[4,5]. The bubble pump model presented by Delano [6] assumed that all flow takes
place in the slug flow regime. At first, it may seem that a pump tube with a larger
diameter would always be advantageous. However, increasing the diameter when the
liquid flow is constant will eventually cause the assumed slug flow to change to bubbly
flow. White [7] showed a rapid decrease in efficiency when the diameter drops below a

particular value. This rapid decrease is due to the transition from slug to churn flow.

According to what has been reported above, the studies available in the open
literature on flow patterns in a bubble pump are mainly based on experimental
measurements. These studies showed that the bubble pump is more efficient when
operating under the slug flow regime [7, 8]. The flow pattern prediction of flow boiling

in a bubble pump has not been deeply studied in the literature. Chilshom’s correlation
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[9] (Eq. 1) is usually used to calculate the tube diameter of the bubble pump. This
correlation, which calculates the maximum tube diameter for which the slug flow
regime occurs [10], has the disadvantage that requires the existence of a single flow

regime along the tube. However, in a bubble pump several flow regimes can coexist.

D<| 71 1)

Regarding the regime transition in a bubble pump, White [7] used the equation of
Hewitt and Wallis [11] to predict the regime transition from slug to semi-annular flow.
But, there is very scarce information on the regime transition in a bubble pump from
bubbly to slug flow or from semi-annular to annular flow. Moreover, the effect of heat

flux received by the bubble pump on the flow pattern has not been studied.

On the other hand, flow pattern can be predicted using other criteria such as the void
fraction profile. Radovich and Moissis [12] considered individual bubble fluctuations
within a cubic lattice structure and determined a relation between frequency of bubble
collision and void fraction that indicated that the collision frequency was very high at a
void fraction of 0.3. The transition from bubbly to slug flow occurs at the void fraction
around 0.3 [13, 14]. Also, according to experimental data, when the void fraction is less
than 0.2 transition to slug regime is rarely occurs and the fraction is seldom more than

0.3 [14].
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Barnea and Brauner [16] considered that the formation of highly aerated liquid slugs
was the reason for transition from slug flow to churn flow. When the void fraction in the
liquid slugs reaches 0.52, the separation between bubbles is too small and collision and

coalescence cannot be avoided.

In annular flow, decreasing the vapor flow rate reduces the void fraction, and if it
becomes critical liquid bridges may be formed by the crests of interfacial waves. Under
this condition, the transition from annular flow to intermittent (churns or slug) flow
takes place. By comparing void fraction data with theoretical predictions for annular
flow and intermittent flow, Wallis [17] obtained a critical void fraction of 0.80. Barnea
[18] suggested that when the void fraction is lower than 0.76, annular flow will change
to intermittent flow because of the liquid blockage. Haberstroh and Griffith [19] studied
slug-annular transition in various fluid systems and with several tube diameters. They

found that transition occurred at a void fraction of between 0.80 and 0.90.

In the present study, the bubble pump was a vertical uniformly heated tube that
operates at high pressure (P = 18 bar) with ammonia-water mixture. Flow patterns were
simulated for operating conditions involving different heat fluxes and different tube
diameters. They were predicted by void fraction profiles and liquid velocity curves

versus vapor velocity curves.

2 Mathematical Model
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Most of the models reported in the literature for two-phase flow in a bubble pump
use Beattie and Whalley’s method [20] and the drift flux method (Zuber and Findlay
[21]) to calculate the two-phase friction factor and the gas void fraction, respectively.
The difference between these models is the value of the coefficients used in the drift
flux model.

In the recent decades, significant developments in the two-phase flow formulation
have been accomplished by introducing and improving the two-fluid model. The two-
fluid model can be considered the most detailed and accurate macroscopic formulation
of the thermo-fluid dynamics of two-phase flow [22-24]. This model treats the general
case of modeling each phase or component as a separate fluid with its own set of
governing balance equations.

In the present work, the two-fluid model is used to predict the void fraction profile
and the superficial velocity in each phase. This model considers non-equilibrium

hydrodynamic conditions.

2.1 The Two-Fluid Model. In the two-phase region, the general conservation
equations of mass, momentum and energy were formulated by Ishii and Mishima [25].
For the steady state with negligible kinetic and potential energy, the conservation
equations are reduced to the following five equations:

e Phase mass equations
d
E(apeue ) =TI (2)

% (l—a)pLuL]:FL 3)

e Phase momentum equations
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d dpP
E(OCPGUCZS)"'O!E"‘O‘/)GQ =-Fy —Fo —Fg (4)

d dP
E((l_a)pLUE)+(1_0‘)5"'(1_“)@_9 =—Fy +Fe —Fy (5)

e Mixture energy equation

d
= (1-a)pu H, +apusHg | =

qw I:)h
A

(6)

2.2 Interfacial Momentum Transfer. The drag force; F ¢ is modeled according to

Richter [26]:
3C d
Fi :_DFI Vapg (ug _ULXUG —u [+Cpgusa dz(uG -u,) (7)

C’ is a virtual mass coefficient taken as:
e (C’=0.5 for bubbly flow
e (C’ =0 for other flow regimes.

- D
C, =C \E 1-« L7 &_
FI D ( ) 2 DB
The interfacial friction factor Cg is taken as { for bubbly flow (8)
Cy, =0.005(1+75(1-a))

for annular flow

In the intermediate flow regimes with a medium void fraction between the bubbly
and annular flow, Cg is interpolated linearly with the void fraction between the two
values given in Eq. (8).

The drag coefficient for a single bubble Cp in Eq. (8) depends on the bubble Reynolds

number Reg:
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C, - R24 (1+0.15Re2™)  Re, <1000
eB

C, =044 Re;>1000
where

_2pRs (1-a)|ug —u|
H

Re,

The interfacial momentum transfers Fg, and F; caused by the mass transfer can be
determined from Eq. (4) and (5) while the liquid evaporates. The force associated with

this velocity change is described by the following terms:
F, =—1-7) (u —ug) 9)
Fo == (Ug —u,) (10)
Where n is the phase distribution factor, n = 0.5 for bubbly flow and n = 0 in the other
flow regime [27].

The wall-liquid friction Fy, is modeled by Chisholm’s correlation [28] because it
fits Baroczy’s advanced empirical correlation curves [29] 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:

Faw = (L (2 =2)BXe 2 (01— )72 427 AR, (11)
Where AR, is the single-phase friction pressure drop that would exist if the total mass
flow of the two-phase mixture flowed as a single liquid phase. It is given by:

2
ap =25 G

o B (12)

n = 0.25 for the Blasius equation.
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AP 0.5 f 0.5
y=| oo | of e (13)
AI:>L0 fLO

Coefficient B in Eq. (11) is denoted as:

2-n
B=CY 22 +2
Y -1

2
Where C=lc /&[u“—g&J (15)
u.\ o u. o

And the true vapor mass quality is expressed as:

(14)

X = (16)

U
Ug

1
Jl-ap

a  pPs

1

2.3 Vapor Generation Rate. The heat transfer rate g. due to evaporation can be

modeled by the following equation:
qe = CZ (qw - Clhsp (Tw _TL )) (17)

C,and C, were estimated by Hainoun et al. [30]:

C, ~1- 22 for a S%
Tosv 4 (18)
C, =0 for g » %osr
T
2
C2 — Tw _Tsat (19)
TW _TL
hsp is the single liquid phase heat transfer coefficient given by:
X’L 0.8 0.4
h, = 0.0233 Re "° Pr, (20)

Rey is the Reynolds number in the liquid phase expressed by:
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_ GD(1-x)

Re, (21)
H
The wall temperature Ty, is calculated from:
Q= hrp (Tw _TL) (22)

The method for expressing the forced convection boiling heat transfer coefficient hy,
is derived from Chen’s well-known correlation [31]. This method was used by Celata et
al. [32] to predict the convective boiling heat transfer coefficient for R12/R114 binary
mixtures. The convective boiling heat transfer coefficient can be expressed as the
arithmetic summation of the two-phase convection contribution he, and the boiling

contribution hyp:

htp = hcv + hnb

(23)
h,=Fh, et h,=5h

npb

The factor F represents the acceleration effect of liquid due to vapor shear stress.
The pool boiling heat transfer coefficient hn, is computed for the same value of wall
super heat as for forced convective boiling. The factor S represents the suppression of
nucleate boiling due to the liquid flow.
Several correlations have been proposed for calculating F, S and hyp. In this paper we

have used Chen’s correlation [31]:

F=1 for i30.1
Xtt

1 0.736 1 (24)
F= 2.35(— —0.213j for —>0.1
Xtt Xtt

The Lockhart-Martinelli parameter is expressed by:

i: o 05 iy 0.1(L]0_9 5)
Xt | p, My 1-x
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S=(1+2.35.10°Re,"")" (26)

05, 029, 024 _ 024 sat
o L fg ]

0.79 045 _ 049
hnpb:o.omzz( A O P JATsatO'Z“AP ors @7

where Rey, is the two-phase Reynolds number expressed by:

Re, = 1 S1=X)D (28)
My
ATy =T, T And AR, =P, (T,,) P (Ta)
The vapor generation rate is given by the following expression:
=T, = &* (29)

"y, +Cp AT,

3 Numerical Resolutions

Equations (2-6), which govern the evaporation of refrigerant flowing in the vertical
tube, have five unknown parameters, namelyea, u, ug, P, and H.. To solve this set of

equations numerically, the tube was divided into infinitesimal sections. The heat flux,
gw,» and the following inlet operating conditions for the refrigerant were considered:
— Inlet saturation pressure or inlet mixture temperature;

— Mixture mass flow rate;.

— Inlet flow quality.

The mixture is assumed to be saturated in inlet of bubble pump tube. The correlation
between P-T-X, for the liquid phases, is given by Bourseau and Bugarel [33]. The

density of the liquid mixture is calculated according to Tiliner-Roth and Friend [34].

Ali Benhmidene 10



Hyo, enthalpy of mixed liquid phase is given by Patek and Klomfar [35]. The vapor

density and the enthalpy are only depended on the pressure.

PG = pg, sat (P).

Hg = hg, sat (P).
The equations were solved using the fourth order Runge-Kutta method at operating
condition shown in table 1. Flow patterns were predicted by establishing the void
fraction profiles along the tube length and the liquid velocity versus vapor velocity

curves.

4 Model Validations

The calculated values of void fraction versus vapor quality using the two fluid
model were compared with those obtained from the homogeneous model, Rouhani and
Axelsson’s correlation [36], and Zivi’s correlation [37] (See Annex).

From this Fig. 1 we observe 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 (o> 0.8), it
gives values very close to our simulation results. The absolute deviation of this model
does not exceed 5.5% and decrease to 0.37%. However, the difference between the
values from the homogenous model and our numerical results is significant, being the

deviation higher for the bubbly flow regime, for which the velocity deviation can reach
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80 %. This deviation decreases for slug flow regime but is still important, while for the

annular flow regime it decreases up to 20%.

5 Results and Discussion

5.1 Void Fraction Profiles. In the present study, the bubble pump was a vertical
uniformly heated tube with an ammonia-water mixture. The void fraction profiles
simulated for different tube diameters and different heat fluxes are shown in Fig.2-4.
For all the curves, the void fraction increases at first with length and then becomes
constant. This is because the amount of vapor generated increases when the heat flux
increases along the tube.

Fig. 2 shows that the zone length for which the void fraction reaches its maximum
value is as much significant as tube diameter is larger. This behavior is not clear for the
strong heat fluxes (Fig. 3 and Fig. 4).

The effect that heat flux has on the void fraction is shown in Fig. 5. It can be seen
that heat flux has a decreasing influence on the behavior of the void fraction when the
value of heat flux increases. This decrease was probably due to the effect of flow

regimes inside the tube pump.

5.2 Performance of the Bubble Pump. The variations in the liquid superficial
velocity versus vapor superficial velocity are reported in Fig. 6-8. For a low heat flux,
the curve slope is the same for all tube diameters (Fig. 6). However, as the tube
diameter increases, the outlet liquid velocity decreases. This is because the volume

weight increases with the tube diameter. The pumping ratio (U /Ug) is constant for
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different tube diameters. In this heat flux range, then, the bubble pump performance is
not influenced by the tube diameter.

When heat flux is increased to 15 kW.m™ (Fig. 7), the liquid velocity is maximum
for small diameters (6 and 8 mm), but not for diameters of 10 and 12 mm. This can be
explained by the effect of gravity on the pumping ratio.

For a higher heat flux (25 kW.m™), the liquid velocity value is maximum for all
diameters at the same vapor velocity of 3 m.s™ (Fig. 8). This is due to the fact that the
liquid velocity decreases when the void fraction is constant in the tube. The constant
value of vapor velocity for which the liquid velocity starts to decrease is related to the
maximum void fraction and the mass flow rate at a given heat input. This is because the
mass flow rate is constant and the maximum void fraction value is independent of tube
diameter (Fig. 4). For 25 kW.m™, the outlet pumping ratio increases as the diameter of
the tube increases. The bubble pump performs better at greater tube diameters in these

operating conditions.

5.3 Flow Patterns. In this section flow patterns are simulated by using the void
fraction profiles and the liquid velocity versus vapor velocity curves.

5.3.1 Void Fraction Profiles. The critical void fractions for transition from bubbly
to slug, slug to churn and churn to annular are, respectively, 0.3, 0.55 and 0.8.

Fig. 2-4 plots the limit flow patterns for different diameters and heat fluxes. The
influence of the operating conditions on the lengths of different flow patterns can be
observed. Tables 2-5 summarize the lengths of the zones occupied by the various flow

patterns.
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Tab. 2 shows the different regimes for 5 kW.m™ heat flux. It can be seen that the
churn flow regime dominates the other regimes for all tube diameters except 6 mm. The
length of the bubbly, slug and churn regime zones increases with the tube diameter,
while the length of the annular regime zone decreases. This is because, at small
diameters, flow patterns are controlled by surface tension; however, at higher tube
diameters, the gravitational effect becomes more pronounced [7].

If the heat flux is increased to 10 kW.m™ (see Tab. 3-5), the annular and churn flow
regimes become dominant followed by bubbly and slug regimes. For a heat flux higher
than 15 kW.m™, the annular flow becomes the dominant regime. For example, for a
tube diameter of 10 mm, the annular regime occupies 68% and 80% of the tube length
for 15 and 25 kW.m, respectively.

5.3.2 Liquid Velocity Versus Vapor Velocity Curves. In the same conditions the
flow patterns can be deduced from liquid velocity versus vapor velocity curves. In
bubbly flow regime, the vapor phase is in the form of bubbles distributed within the
liquid continuum (i.e. the vapor velocity increases but the liquid velocity is constant).
The flow pattern can reach the limit of the bubbly regime zone when the vapor phase
elevates the liquid phase (i.e. liquid velocity does not have a constant value and the slug
regime starts at this point).

The slug to churn transition was rather difficult to describe exactly, because of
disagreement over the mechanisms responsible for triggering churn flow. For the
transition from slug to churn flow in upward vertical tubes, there were four major
mechanisms:

* Entrance effect [13, 38, 39],

* Wake effect [14],
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* Bubble coalescence [16],

* Flooding [40, 41].

The liquid velocity versus vapor velocity curves do not make it possible to locate the
slug-churn transition abscise along tube.

The transition of churn to annular flow regime was marked by a sharp change in
slope, and was at approximately the same vapor velocity for all tube diameters. Churn-
annular transition regimes are located at points at which the liquid velocity decreases
and the vapor velocity increases. Fig. 8 plots the limits of the flow regimes.

Flow patterns are influenced by such parameters as the diameter of the boiling tube,
heat flux and many others. The void fraction profile is the best method for determining

the length of the zone occupied by each regime and defining the regime transition.

6. Conclusion

Flow patterns in the bubble pump were simulated using a two-fluid model. The

following conclusions have been drawn:

e The behavior of the void fraction depends on the tube diameter and the heat flux.
For a low heat flux (q<5kW.m™?), the void fraction does not achieve its
maximum value even at a high diameter. For 5 kW.m?, the flow patterns
revealed by the void fraction profile show that bubbly, slug and churn flow
regimes dominate annular flow at the highest tube diameter (for a tube diameter
of 12 mm 30%, 24% and 46% of the tube’s length is occupied by bubbly, slug
and churn flow, respectively). When the tube diameter decreases, the length of

annular flow increase from zero to 40% of the tube’s length.
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e For a high heat flux (q = 15 kW.m™), the void fraction is maximum for all tube
diameters. The performance of the bubble pump increases with the tube
diameter. The bubble pump functions in churn and annular flows at this heat
flux.

e The flow patterns transition can be determined from the curves of liquid velocity
versus vapor velocity obtained by numerical simulation. Using this method, the

slug to churn transition is not defined.
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Nomenclatures

A = tube cross-section area, m’

B = defined in Eq. (13)

C = defined in Eq. (14)

C; = the portion of the heating surface not covered by bubbles
C, = coefficient related to the pumping factor

C’ = wvirtual mass coefficient

Cp = drag coefficient for a single bubble

Cr = interfacial friction factor

Ceo = specific heat, J.kgt.C*
D = hydraulic diameter, m

F = convective boiling factor
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fLo = fraction factor

Fe = interfacial force for the vapor due to the mass exchange, N.m™
F.e = interfacial force between the two phases, N.m?
Fu = interfacial force for the liquid due to the mass, N.m™ exchange, N.m™

Fwe = force between the wall surface and the vapor, N.m™

Fw. = force between the wall surface and the liquid, N.m™
g = gravity acceleration, m.s™

G = mass flux flowing in the tube, kg.m2.s™

H = enthalpy, Jkg*

h = heat transfer coefficient, Wm?2K™*

hiy = evaporation heat from the liquid to the vapor, Jkg?
L = length, m

n = Blasuis constant

P = pressure, Pa

Pn = heating perimeter of the channel, m

Pr = PrandIt number

qv = heat flux component for generating the vapor on the wall surface, W.m™
g = total wall heat flux, W.m™

Rg = bubble radius, m

Reg = bubble Reynolds number

S = suppression of nucleate boiling factor
T = temperature, K

u = velocity, ms®

X = vapor quality
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Xtt = Lockhart-Martenelli parameter
Y = definedin Eq. (11)
z = axial location along the flow direction, m

Greek symbols

a = void fraction

u = dynamic viscosity, Pa.s

p = density, kg.m?

o = surface tension, N.m™

I = vapor or liquid generation rate per unit mixture volume, kg.m>.s™
n = phase distribution parameter,
AP = pressure drop, Pa

Indice

L = liquid

f = Fluid

Lo = liquidonly

Go  =vapor only

B = bubble

H = hydraulic

L = liquid

In = inlet

G,g = vapor

OSV = onset of significant void

sat = saturation condition
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w = wall

CV = convective

sp = single phase

tp = tow phase

nb = nucleate boiling
npb = nucleate pool boiling

Annex: Void Fraction Correlations
e Homogenous model

N
P X
e Rouhani and Axelsson drift flow model
X Do 2 ) | x  1-x) 118 olp. - ps) |
a="21l1+0120-x) L2 [—+ J+ {g P pG} (1-x)
Pe G, Pc PL Go PL

e Zivi model

o =

-1

1

0.67 1
PL X

o =
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Table 1. Operating conditions considered for simulation

Parameter Values
Heat flux (kW.m™) 5:10:15:20: 25
Tube diameter (mm) 6;8;10;12
Mass flow rate (kg.m?2.s™) 20
Tube length (m) 1.000
Ammonia concentration at the inlet 0.4
Inlet pressure pump (bar) 18
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Table 2. Length of regime zone for different tube diameters at 5 kW.m™ of heat flux

Diameter (mm) Zone regime length (m)
bubbly Slug churn annular
6 0.15 0.12 0.29 0.44
8 0.2 0.16 0.40 0.24
10 0.24 0.22 0.56 0.08
12 0.3 0.24 0.46 0
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Table 3. Length of regime zone for different tube diameters at 10 kW.m™ of heat flux

Diameter (mm) Zone regime length (m)
bubbly Slug churn annular
6 0.09 0.07 0.16 0.68
8 0.11 0.09 0.18 0.62
10 0.14 0.1 0.24 0.52
12 0.16 0.12 0.30 0.42
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Table 4. Length of regime zone for different tube diameters at 15 kW.m™ of heat flux

Diameter (mm) Zone regime length (m)
bubbly Slug churn annular
6 0.05 0.05 0.1 0.8
8 0.07 0.06 0.12 0.75
10 0.09 0.07 0.16 0.68
12 0.11 0.09 0.18 0.62
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Table 5. Length of regime zone for different tube diameters at 25 kW.m™ of heat flux

Diameter (mm) Zone regime length (m)
bubbly Slug churn annular
6 0.03 0.03 0.06 0.88
8 0.04 0.04 0.08 0.84
10 0.05 0.04 0.10 0.81
12 0.07 0.05 0.12 0.76
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