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ABSTRACT: In this research, hydrodynamics of the Bubble Train Flows (BTF) in circular
capillaries has been investigated by Direct Numerical Simulation (DNS).The Volume of Fluid Based
(VOF) interface tracking method and streamwise direction periodic boundary conditions has been
applied. The results show that there exists an appropriate agreement between DNS and
experimental correlation results. The recirculation time as an important parameter, which affects
the mass transfer of gas-liquid slug flow through the capillaries channel, has been calculated. The
effects of different parameters such as capillary length, capillary diameter, unit cell length, and
surface tension on recirculation time have been investigated. Afterwards, the DNS based
correlation has been proposed for BTF recirculation time in a circular capillary.
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INTRODUCTION

Monolith reactors are increasingly considered for
multiphase catalytic reactions such as hydrogenations [1],
hydrodesulphurization [2], oxidations [3], bioremediation [4]
and Fischer—Tropsch synthesis [5]. These reactors
have shown many advantages over conventional reactors
such as high catalytic surface concentration, high mass
transfer rate, low pressure drop, and ease of scale up.
In monoliths, the predominant flow pattern is a Bubble-
Train Flow (BTF) of elongated bubbles. BTF regime is
an unsteady periodic flow of identical bubbles in regular
sequence form. In this flow regime the bubbles, which

are separated by liquid slugs, fill almost the entire channel
cross-section and travel with the same axial velocity.
Optimization of mass transfer in monolith reactors
requires profound understanding of the principle transport
processes. The mass transfer from Taylor bubble
to surrounding liquid slug takes place by two different
modes. The first mode is the mass transfer to liquid film,
flowing down the sides of the bubble, and the second one
is the mass transfer from the two bubble capes to liquid
slug. This mode of mass transfer is strongly influenced
by radial mixing of the liquid moving as a slug [6].
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Radial mixing in bubble train flow in capillaries
is affected by the length and frequency of bubbles. Some
researchers reported that the length and frequency of
bubbles plays a crucial role in heat and mass transfer
enhancement in BTF regime. Horvath et al. calculated
the radial mixing in slug flow through circular pipes
by the bulk controlled reaction rates, measured in tubes
with immobilized enzyme on the inner wall [7]. They reported
that the radial mass transport in BTF regime increases
rapidly with decreasing the liquid slug length.
The experimental data reveals the remarkable effects of liquid
slug and gas bubble hydrodynamics on mass transport
in BTF regime.

The parameter that can be used as an index of radial
mixing in BTF regime is recirculation time [8].
The estimation of recirculation time in BTF regime needs
the detailed knowledge of its hydrodynamics. At this point,
numerical simulations provide a beneficial tool to explore
the hydrodynamics characteristics of the multiphase
regime. Due to increase in computational power, multi-
phase Direct Numerical Simulation (DNS) become
feasible. In this approach the flow filed is obtained
by solving the Navier-Stocks equation and appropriate
interface capturing technique. There are different tracking
methods for simulation of multiphase flow; some
researchers used these methods to simulate Taylor
bubble, such as VOF [9], Level set [10], and marker point [11].
Among these methods, Volume Of Fluid (VOF) is
the most widely used method.

In literature, the hydrodynamics of BTF regime was
simulated both in entire capillary length and in a single
unit cell. Modeling of BTF regime in entire capillary
length is very difficult and needs a high computational
cost. Some researchers have modeled the BTF regime
in entire capillary length [12-16]. Modeling of BTF regime
by this method requires only the superficial velocities of
two phases as an input and the void fraction, the bubble
velocity are calculated as a part of the solution. However,
when using such an approach, a long computational
domain is required to obtain fully developed BTF regime [17].
Moreover, it needs a refined computational grid in order
to capture flow features accurately.

Some researchers have modeled fully developed BTF
regime in a single unit cell where liquid flows over
the stationary bubble and the moving channel wall [18-22].
This approach not only can reduce the computational
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complexity significantly, but also requires flow
parameters such as the slug length, void fraction and
the bubble velocity as input parameters. In this approach
mixture velocity was specified at the inlet and fully
developed boundary condition at the outlet. The wall
velocity has been guessed initially and then iteratively
updated until the bubble no longer moved in axial
direction, so this method also needs a large computational
effort.

Another approach to model BTF regime is
combination of the above methods, in which one unit cell
is considered and a bubble moves through this cell [23-26].
In this approach the periodic boundary conditions are
used in the streamwise direction. The use of periodic
boundary conditions requires a special treatment of
the pressure term in momentum equations. To this aim,
a reduced pressure is defined and the buoyancy force and
the axial pressure gradient appear as source terms
in the Navier—Stokes equation. With these source terms
the bubble moves up and after elapsing enough run time
the bubble shape eventually becomes steady. This approach
has been used for simulating the hydrodynamics of BTF
regime in a circular capillary in this study.

On the grounds of this fact that the mass transfer
in BTF regime is strongly affected by the recirculation time
in liquid slug, in this work DNS has been used for
calculating the recirculation time. In this paper we
investigate, to our knowledge for the first time, the effects
of parameters such as capillary length, capillary diameter,
unit cell length, and surface tension on recirculation time
in laminar BTF through circular capillary. Based on the
results of DNS a predictive correlation has been proposed
for BTF recirculation time in a circular capillary.

MATHEMATICAL MODELING
Hydrodynamics

Fig. 1 shows the computational set-up for two
dimensional axisymetric simulation of laminar bubble
train flow. The coordinate system is defined by taking y
as axial direction and x as the radial direction.
The gravity vector points in the negative y-direction.
The boundary conditions used in this study have been shown
in Fig. 1. In order to simulate bubble train flow,
the approach of Gidersa et al. [23] has been used.

Two phase computations and interface tracking in this
work are based on the VOF method. In the VOF model,
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Fig. 1: Schematic of computational set-up for simulation of
bubble train flow.

the variables such as pressure and velocity are shared
by both phases and correspond to volume-averaged values.
The volume-averaged conservation equations for mass
and momentum describing the flow of two immiscible
incompressible fluids are respectively:

0

%Jrv-(pmum):o 1)
ﬁ( Up )+ V- (PrlUpmln ) = )
at PmUm PmUmUm ) =

-Vp+V-u, (Vum +(Vum)T)+pmg+fG

Mixture density and dynamic viscosity are determined
by volume fraction averaging.

Pm = 0pg +(1—a)p. 3)
Hm = optg +(1-a)p

Gas liquid surface tension creates a pressure jump
across the interface and in equilibrium its gradient must
be equal to extra body force inserted in the momentum
equation. The momentum equation is written for the
whole domain but this force is noticeable only at interface
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by giving the transitional area a finite thickness.
The discontinuous pressure jump can be calculated [27]:

f, = —G[V : @—Z'D(w) (4)

It is thus necessary to know the gas volume fraction
in the entire computational domain. Tracking the interface
between phases is accomplished by the solution of
a continuity equation for the volume fraction as follows:

a—(X—ku~V()L=O (5)
ot

When computational cell is completely filled with gas
phase, a is equal one and in reverse is zero. The interface
can be found in the cells with 0<o<I.

Because the pressure p in equation (2) is not periodic,
thus equation must be recast in a form which is suitable
for a domain with periodic boundary conditions.
For this purpose the pressure is split as follows:

p=P-p g8, X+ (6)
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By this modification on pressure then the momentum
equation can be written as

%(pmum)+v'(pmumum): (7

A
~-VP+V-u,, (Vum +(Vum)T)+(pm —PL)Q—L—p+fc

uc

Discritization and solution method

The Fluent 6.3.26 is used to model two- dimensional,
axisymmetric, transient, two-phase Taylor flow in
a circular capillary. The volume-of-fluid method is used
to identify the gas-liquid interface by solving a volume
fraction equation for one of the phases. An explicit
geometric reconstruction scheme is used to represent the
interface by using a piecewise-linear approach [28].
The fluids are assumed to be incompressible and isothermal
and to have constant fluid properties. The finite volume
method [29] was used to discretize the transport equations.
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Table 1: Comparison of the calculated liquid film thickness and experimental correlation (a=0.324).

( Near wall mesh size (um) Computational Time (hr) Liquid film thickness (um) DNS Liquid film thickness (um) correlation [31] )
75 55 46 36
3.75 140 40 36
L 1.875 486 38 36 )
0.0145F film around the Taylor bubble, in this work this thickness
e, is chosen as a parameter that distinguishes the grid size.
\ Owing to this reason, the grid size has been refined
E  ooup 555 in the vicinity of the wall (Fig. 2). Table 1 compares
< . . . .
5 5 the numerical calculated film thickness with the one
3 ootk ‘\\ that obtained using Aussillous and Quere empirical
N correlation [31]. In this table the results for 3mm
\ capillary with unit cell length of 15 mm and gas volume
0.013% \ fraction of 0.324 for the air (pe=1.2 kg/m®, p= 1.78e-05 Pas)

0 0.0005 0.001
r(m)

0.0015

Fig. 2: Typical computational grid for DNS simulation
(Luc=15mm, dc=3mm, &=0.324, and 6=0.072 N/m).

Convection terms in momentum equations were
discretised with a High Resolution (HR) differencing
scheme proposed by Jasak [30]. Diffusive flux terms
in momentum equation were divided to orthogonal and
non-orthogonal terms. The non-orthogonal terms could be
calculated by previous time step values and corrected
in an internal loop. Due to computational expense of this
method and because the non-orthogonality of meshes was
minor and time step size was also small with respect to
other time scales in this flow process, no correction
was executed in solution algorithm. Volume fraction needs
to be smoothed in order to calculate the curvature and
consequently fs, Brackbill [27] used a B-spline as an
interpolation function to smooth the volume fraction and
this method was used in the present work.

RESULTS AND DISSCUSSION
Grid-Independence Study

In order to take account of the hydrodynamics of BTF
regime, uniform structured grid was used. Fig. 2 shows
one of the computational grid (the interval size/capillary
diameter is 1/400 near the wall and for flow domain is
1/200), used in this study. One of the most important
parameters in the BTF regime is the thickness of liquid
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and water (p.=1000 kg/m3, p = 0.001 Pa s) system
has been reported. A total run time of 1 s was used
for each run of the simulations. The 7.5, 3.75 and 1.875 pum
near wall grid on a cluster workstation (4 Intel® Xeon®
E5335 Quad Core, 2 GHz 8 MB cash CPU with 16 GB
RAM) took 55, 140 and 486 h for a simulation run.
In these cases, by grid refinement the time step also
becomes smaller to fix the Courant number at constant
value. As shown in this table, the gaining result deviation
for near wall grid size of 3.75 um and 1.875 um is less
than 5%. From the grid independency analysis, the grid
size of 3.75 um is chosen for near wall and the grid size
of 7.5 pm was used for the reset of domain. With this grid
size the time step of 4x10°5s leads to appropriate results.

Solution Initialization

In Direct Numerical Simulation method explained
in the modeling section, the gas volume fraction in unit cell
must be set at the beginning of the simulation. Due to low
Mach number (<0.3) gas is assumed incompressible, this
volume fraction remains constant during the simulation
and the two phase flow hydrodynamics is affected by
this value. At high gas volume fraction the initial shape of gas
bubble may leads to wrong results. Fig. 3 shows
the effect of the initial gas volume fraction on air-water
two phase hydrodynamics in 2mm capillary with 8mm unit
cell length and 0.76 gas volume fraction. As can be seen
in Fig. 3A and Fig. 3B, when the solution is initialized
with the rectangular bubble shape, after a while the front
and the rear of the bubble join together and the Taylor
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Fig. 3: The effect of the initial Taylor bubble shape on two phase hydrodynamics (Luc=8mm, dc=2mm, £&=0.76, and 6=0.072 N/m).

bubble is broken. Fig. 3C and Fig. 3D show that for
the mentioned condition when the initial bubble shape
consists of rectangle and two caps, the desired flow
regime is obtained and after enough simulation time
the steady bubble shape is formed (Fig. 3D). Our numerical
simulations show that for lower gas volume fraction
(less than 0.5) any initial bubble leads to the good results,
but for higher gas volume fraction the initial bubble diameter
must be slightly lower than the pipe diameter in order to
obtain acceptable results.

Fig. 4 shows the mechanisms of air bubble formation
and rising in 3mm capillary with 15mm unit cell length and
0.17 gas volume fraction. The initial bubble shape consists
of rectangle and two capes. As can be seen in this Fig.,
at the starting of the simulation the liquid film around the bubble
is reduced by decreasing the bubble length. This process
continues until the liquid film reaches its equilibrium
condition and no longer changes, and the bubble starts rising

through the capillary, if at this stage we do not have mass
transfer, there is no variation in bubble shape.

Validation

The results for air-water BTF hydrodynamics simulation
has been verified by drawing a comparison between the
length of liquid slug from simulations and the experimental
based correlations (Kreutzer[32] and Liu et al.[33]).
The liquid slug length has been obtained by the axial
distance between the front and back of the bubble.
Comparison between the results of simulation and
empirical correlations are depicted in Table 2. As
it can be seen in this Table, there is an acceptable agreement
between the simulation and correlation results. The
results illustrate that the numerical value of slug length
has a maximum error of 26.87% and 43.07% compared
to the Kreutzer (Equation (8)) and Liu et al. (Equation (9))
correlations, respectively.
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Fig. 4: Up: bubble formation mechanism, down: bubble rising (Luc=15mm, dc=3mm, &=0.17 and 6=0.072 N/m).
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Table 2: The comparison between the simulation and the correlations results.

é o (N/m) € Ls (DNS)(mm) Ls(mm) [32] Error (%) Ls (mm) [33] Error (%) A

0.072 0.170 11.20 11.43 -2.00 14.28 -21.55

0.072 0.324 8.73 6.71 30.09 11.94 -26.87

0.072 0.591 5.22 6.02 -13.42 6.78 -23.09

0.0215 0.324 7.26 5.64 28.79 9.13 -20.46

0.030 0.324 8.51 5.95 43.07 9.79 -13.08

0.040 0.324 8.47 5.98 41.67 10.09 -16.01
\_ 0050 0.324 8.34 6.05 37.81 10.37 1955 )

L g Us 8 Effect of Gas Volume Fraction
I_ —0.00141—1.55GSE In (s,_) O U s+Ugs ®) The simulation results for five cases are considered
for studying the effect of gas volume fraction on
U recirculation time. In these cases the capillary diameter
—TP -0.088Re%"? Re?1® (9) : -

\/L_ -y G L and surface tension are 3mm and 0.072 N/m respectively.
S Five different gas volume fractions (0.17, 0.33, 0.5, 0.6,
Reg = PcUcs . Reg = PLYs and 0.76) are used for performing the simulations.
He M In order to calculate the recirculation time the definition

The results depict that the agreement is better with
Kreutzer correlation. This might be attributed to this fact
that the volume fraction and the ratio of gas/liquid
velocities are included in Kreutzer correlation. The higher
discrepancy of the DNS results with Liu et al. correlation
has been also stated by Shao et al. [34]. It could be
related to the use of gas and liquid velocities separately
rather than their ratio in this correlation. Shao et al. [34]
stated that the bubble length is affected by the gas/liquid
flow rate or velocity ratio more than the other parameters.
In each DNS case the bubble velocity, superficial liquid
and gas velocities are calculated as follow:

_ > au
2o

Ugs = Uavg —ggUg

(10)

Ug Us=¢cUg

Based on the above values the liquid slug length is
calculated from Equations. (8) and (9).

These comparisons lend confidence to the Direct
Numerical Simulation results that have been reported
in the next section. In this study air (pe=1.2 kg/m3,
Me= 1.78e-05 Pa s) and water (p.=1000 kg/m?,
p=0.001 Pa s) were considered for gas and liquid phase,
respectively.

of Thulasidas et al. [35] has been used. They defined
the non-dimensional time which quantified the intensity
of recirculation in liquid slug as follow

T

TS

3 11)

T
S

The non-dimensional recirculation time is the ratio of
the time needed for the liquid to move from one end
of the slug to the other end (T.) over the time needed
by the liquid slug to travel a distance of its own length (Ts).
By decreasing the recirculation time, the faster mixing take
place in liquid slug and the mass transfer from bubble
caps can be promoted.

Fig. 5 depicts the gas volume fraction effect on
recirculation time, as can be seen in this Fig. the
recirculation time increases with growing gas volume
fraction. The increase in recirculation time can be
explained by investigating the variation of parameters
that influenced this quantity by increasing gas volume
fraction. According to recirculation time definition
(Equation (8)), three parameters (Ug, Ls, and T.) affect
this quantity. Table 3 depicts the effect of gas volume
fraction on Usg, Ls, and T.. The results show that by
enhancing the gas volume fraction, Ls and T, reduce and
in other hand the Ug increases. With the bubble velocity (Us)
promotion and the liquid slug length (Ls) reduction,
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Table 3: The effect of gas volume fraction (¢c) on the parameters that affect the recirculation time.

4 o Us(m/s) Ly(mm) T.(5) Ca p )
0.17 0.198 11.10 0.124 0.00275 221
0.33 0.369 8.73 0.061 0.00512 2,59
05 0.726 5.82 0.025 0.01008 3.16
0.6 0.920 4.47 0.018 0.01277 371
\_ 0% 1.137 1.43 0.006 0.01579 456 )
5 5
- - - -
4 4
-
- — .
1

3 3k

[ - L 1 L Y

& rY
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Fig. 5: The effect of gas volume fraction (¢c) on recirculation
time (Luc=15mm, dc=3mm, and ¢=0.072 N/m).

the recirculation time increases, whereas reducing of T,
decreases the recirculation time.

Table 3 depicts that the effects of Ug and Ls
on recirculation time are more severe than the effect of Ty,
therefore the recirculation time increases with
enhancement of gas volume fraction. In higher gas
volume fraction, this mixing index if two phase flow
through the capillary channel grows up more
considerably. Consequently the results show that
increasing the gas volume fraction with constant unit cell
length increases the recirculation time and reduces
the mass transfer between Taylor bubble and liquid slug.
Table 3 also illustrates that increasing the capillary
number increases the recirculation time. Thulasidas et al.
experimentally show that the recirculation time increases
by promotion of the capillary number [35].

Effect of Unit Cell Length

In order to study the unit cell length effects on the
recirculation time, the simulation results for five different
cases are considered. In these cases the capillary
diameter, gas volume fraction, and surface tension are 3mm,

100

Fig. 6: The effect of Luc on recirculation time (dc=3mm,
6=0.072 N/m, and £5=0.324).

0.324, and 0.072 N/m respectively and five different
unit cell lengths (3, 8, 15, 30, 45 mm) are used for performing
the simulations. Fig. 6 shows the unit cell length effect
on recirculation time, as can be seen from this Fig. by
increasing the unit cell length the recirculation time
increases. DNS results show increase in Ls, T., and Ug
by promotion the unit cell length at constant gas volume
fraction but the effects of Ug and T on recirculation time
are more considerable than the effect of L, therefore
the recirculation time increases with increasing unit cell
length. The simulations reveal that decreasing the unit
cell length decrease the recirculation time and enhance
the mass transfer from Taylor bubble.

Effect of Capillary Diameter

Fig. 7 shows the effect of capillary diameter on
recirculation time. In these cases the capillary length, gas
volume fraction and surface tension are respectively
15mm, 0.76, and 0.072 N/m. Six different capillary
diameters (0.5, 1, 1.5, 2, 2.5, and 3 mm) are simulated.
The results illustrate that by increasing the capillary
diameter the recirculation time enhances. However from
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Fig. 7: The effect of capillary diameter on recirculation time
(Luc=15mm, 6=0.072 N/m, and £5=0.76).

this Fig. show that with six times the capillary diameter
the difference between the maximum and minimum
recirculation time is less than 5%. These results illustrate
that the effect of capillary diameter on recirculation time
is minor and this effect can be neglected.

Effect of Surface Tension

The influence of surface tension on recirculation time
is shown in Fig. 8. In order to simulate the effect of
surface tension on recirculation time six different surface
tension are taking to account. In these set of simulations
the capillary length, capillary diameter and gas volume
fraction are 15mm, 3mm, and 0.324 respectively. Six
different surface tensions (0.0215, 0.03, 0.04, 0.05, 0.06,
and 0.072 N/m) are considered in the simulations. The
results show with increasing the surface tension the
recirculation time reduces. Fig. 9 shows the produced
Taylor bubble in capillary for different values of surface
tension. As can be seen in this Fig., the liquid film
thickness around the bubble and the Taylor bubble length
has been increased by decreasing the surface tension.

DNS based Correlation for Recirculation Time

The following correlation, based on the DNS results,
has been proposed for calculation of the recirculation
time in circular capillary.

1

71 1.68C0% (12)
. a

Fig. 10 compares the recirculation time predicted
from DNS and the proposed correlation for Capillary
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Fig. 8: The effect of surface tension on recirculation time
(Luc=15mm, dc=3mm, and £5=0.324).

number from 0.0018 to 0.018. As can be seen in Fig. 10,
the correlation accuracy is acceptable in this range of
Capillary number. In this correlation Capillary
number embraces the effects of different parameters
on recirculation time. DNS results show that
by enhancing the unit cell length and the gas volume
fraction the bubble velocity increases, which causes
the Capillary number and recirculation time to grow up,
respectively.

CONCLUSIONS

In this study Direct Numerical Simulation (DNS)
has been used for simulating the hydrodynamics of the
Bubble Train Flows (BTF) regime in circular capillaries.
The accuracy of DNS model has been proved
by comparing the DNS and correlation results.
The recirculation time, as an important parameter which
influenced the mass transfer from the BTF regime,
in liquid slug has been calculated. Furthermore, the effects
of different parameters such as capillary length, capillary
diameter, unit cell length and surface tension on
recirculation time have been investigated. The results
show that increasing the unit cell length and the gas
volume fraction increase the recirculation time; however,
increasing the surface tension decreases the recirculation
time. This work revels that at constant physical properties
the efficient mass transfer in BTF regime is obtained
by small unit cell length and low gas volume fraction.
Finally, the DNS based correlation has been proposed
for recirculation time calculation in bubble train flow
inside a circular capillary.
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Fig. 9: Effect of surface tension on bubble shape (Luc=15mm, dc=3mm, and &=0.324).
5 Luc Unit cell length, m
- DIt L p Pressure, Pa
ik 24 P Periodic part of pressure, Pa
3 . ' Ap Non-hydrostatic pressure drop across Luc, Pa
Y o Re Reynolds number, dimensionless
5 & u Velocity, m/s
) _' Uavg Average velocity at capillary cross section, m/s
Us Bubble velocity, m/s
i Ugs Superficial gas velocity, m/s
10 ooos oo 00z ool oo Uts Superficial liquid velocity, m/s
Ca Ure Two-phase superficial velocity (Ugs + ULs), m/s
Fig. 10: Comparison between DNS and the proposed X Position vector, m
correlation for 0.0018 < Ca < 0.018.
Nomenclature Greeks o .
Ca Capillary number p, Ug /o, dimensionless a Local gas volume fraction, -dlm-enswnle-ss
) . £6 Overall gas volume fraction in domain,
dc Capillary diameter, m . .
N Unit vector in v-direction dimensionless
&y nitvectorin y-direc &L Velocities ratio in Kreutzer correlation,
fo Surface tension force, N dimensionless
g Gravity acceleration, m/s? 1 Dynamic viscosity, Pas
g Gravity vector, m/s? p Density, kg/m?
Ls Liquid slug length, m Iy Surface tension, N/m
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Subscripts

B Bubble
G Gas
L Liquid
m Mixture quantity
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