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In this work, we numerically study the reduction of frictional drag in a vertical
Couette-Taylor system by using micro-bubbles. The silicon flow is in the
annular gap between two concentric cylinders as the internal cylinder is
rotating while the outer cylinder is stationary. Taylor vortices are formed
between the cylinders and the rotational Reynolds number also varies from
700 to 4500. The carrier flow is silicone while air bubbles are constantly
injected into the carrier phase at the bottom of cylinders and rise through the
flow. By employing a discrete phase model and Euler-Lagrange approach, we
investigate a two-phase turbulent flow. In this way, we study the distribution of
the bubbles through the flow, which is acquired using numerical modeling. Our
Keywords numerical results are in good agreement with the experimentally reported data
for different values of Reynolds numbers. We also investigate the effect of
injected air with a constant flow rate on the skin friction drag and on the drag
coefficient ratio. Our numerical results illustrate a reduction of drag about 36%
when microbubbles are injected into the system. This reduction can be
achieved by the effect of the bubbles on the density of the fluid and transformed
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1 Introduction

Multiphase flow is an interesting branch of fluid mechanics. Studying different passive and active control
methods to reduce the friction drag and increase the efficiency of a system subject to save energy are
important topics due to practical applications (such as ships, submarines, reactors, turbomachinery, pipelines,
etc.) as well as due to theoretical studies. In fact, a significant part of the energy is spent to overcome the
resistance forces acting on a solid surface due to fluid flow which is called drag force. Drag force is a frictional
force that dissipates energy in the system. In general, friction, pressure, and waveforms are three kinds of
drag force. The friction force has the highest effect on energy losses. Therefore, in recent years, a large number
of research efforts have been focused on drag reduction and energy saving. In other words, over the last
decades, a series of experimental and numerical studies have been performed to study the reduction of drag.
Some of the efficient methods used in previous investigations to reduce skin friction are micro-bubbles,
surface modification using hydrophobic materials, micro vortex generators, injection, and suction methods,
etc. Drag reduction using microbubbles injected into boundary layers has been studied by different
researchers in practical applications, because of its simple usage, low cost, and no environmental pollution. In
this way, microbubbles are injected around the submerged and floating body near the wall surface in order to
manipulate the boundary layer and change the density of the fluid and transform the momentum.

The first empirical research on drag reduction was carried out by McCormick and Bhattacharyya who
studied experimentally drag reduction using gas bubbles (McCORMICK & Bhattacharyya, 1973). Their
experimental results show that the velocity of the model increases when the rate of hydrogen bubbles
increases. Bogdevich et al. have experimentally investigated the effect of gas concentration on the viscous drag
reduction on a flat-plate turbulent boundary layer (Bogdevich & Maluga, 1976; Bogdevich et al., 1977). The
bubbles have been produced using porous plates when air passes through them. Their experimental results
indicate that the concentration of bubbles near the wall is an important factor in viscous drag reduction. They
also found that the best results of drag reduction were acquired when the concentration of bubbles reached a
certain amount of accumulation. Madavan et al. have experimentally studied the influence of carrier flow
speed and buoyancy force on the viscous drag reduction (Madavan et al., 1984). Their experimental setup
consists of flat plates mounted horizontally in a water tunnel with a rectangular test section. Skin friction drag
was measured using skin friction integrated over the entire the section, and local skin friction as well. Their
experimental results indicate that the drag reduction decreases at a higher velocity for a certain rate of air
bubbles. In addition, the viscous drag reduction on the upper wall is much larger than the lower wall at low
speeds.

Lance and Bataille have experimentally studied the isotropic turbulence in a vertical channel (Lance &
Bataille, 1991). Their results illustrate that the isotropy turbulence is independent of the void fraction.
Moreover, the higher frequency energy of the spectra without bubbles is lower than with a void fraction of 1.9
%. However, the opposite trend was observed in the lower frequency range. Kodama et al. (2000), have
performed experiments by using microbubbles in a water channel flow. The bubbles have been generated
using a porous plate, which was located on the upper wall of the channel. Their experimental results show
that the skin friction decreases by increasing the void fraction.

Xu et al. (2002), have carried out direct numerical simulation (DNS) by applying the force-coupling method
(FCM) to simulate the presence of bubbles and their effects on the flow. They have found that for large
bubbles, an initial transient drag reduction occurs when the air bubble disperses into the flow. Lu et al.
(2005), have investigated the effect of large bubbles which were injected near the walls of the minimum
turbulent channel on the skin friction. They have applied DNS and detected a significant reduction of the skin
friction by suppression of streamwise vortices due to deformable bubbles. Kadivar et al. (2018,2019), have
developed a passive control method called cavitating-bubble generators (CGs) to suppress the cavitation
instabilities of the unsteady cloud cavitation at the high Reynolds numbers. Their results indicate that the CGs
can generate a form of cavitating vortex which can influence the dynamics of the cavitation. They have also
found that proper size and position of CGs on the suction side of a hydrofoil can change the mechanism of
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unsteady cloud cavitation to quasi-steady cavitation and increase the hydrodynamic efficiency of the
hydrofoil.

The effect of bubble size on micro-bubble drag reduction has been experimentally studied by Shen et al.
(2006). In this work, nitrogen gas was applied to force flow through a slot injector located in the plate beneath
the boundary layer of the tunnel test section. Their results indicate that microbubble drag reduction depends
on the volumetric gas flow rate and the static pressure in the boundary layer. In contrast, this behavior was
essentially independent of the size of the micro-bubbles. Skin friction reduction using bubbles has been
experimentally investigated in a horizontal rectangular turbulent channel by Murai et al. (2007). The results
indicate that bubbly drag reduction has much relevance to the shear layer. They have also investigated the
relationship between variations of skin friction and bubble size. They reported that the skin friction decreases
independently of the flow speed when bubbles are sufficiently larger than the boundary layer thickness.

The advantage of the Couette-Taylor system (CT) is a closed system and thus has a well-defined energy
balance in analogy with the Rayleigh-Be'nard system (Lathrop et al., 1992, Eckhardt et al.,, 2007, Ahlers et al,,
2009). In addition, CT flow can give the possibility of measuring global torque and gas volume fraction with
good accuracy. In CT systems fluid flows between two cylinders one of which is kept fixed and another one
rotates around its axis. By increasing the angular velocity of the inner cylinder, Taylor-vortices are formed
between two cylinders (see Figure 1b). The first research on Couette-Taylor flow was carried out by Couette
(Couette, 1890); Mallock (1896); Taylor (1923). The experimental and numerical studies indicate that the
stability and flow pattern of Couette-Taylor flow depends on axial flow (Cornish, 1933; Goldstein, 1937;
Chung & Astill, 1977, Takeuchi & Jankowski, 1981, Lueptow et al.,, 1992; Shiomi et al., 1993; Atkhen et al,,
2000; Hubacz & Wronski, 2004).

Bubbly CT flow has been experimentally and numerically studied in recent years (Murai et al., 2005; Murai
et al,, 2008; Mehel et al., 2007; Van der Berg et al.,, 2005; Van der Berg et al., 2007; Van Gils et al., 2013;
Maryami et al., 2014; Maryami et al., 2015; Maryami et al.; 2015, Maryami et al., 2016; Sugiyam et al., 2008).
The influence of solid particles and microbubbles on the viscous drag reduction in the turbulence CT flow has
been experimentally and numerically studied by Van der Berg et al. (2005, 2007). They have also investigated
the effect of bubble size and Reynolds number on viscous drag reduction. By using Eulerian-Lagrangian model
with point-force coupling, the effect of microbubbles on a Taylor-Couette flow in the wavy vortex flow regime
has been numerically investigated by Djeridi et al. (2004). Their numerical results indicate that the strength of
lift force is an important factor for the bubble mean concentration profiles.

In the present work, by using the Eulerian-Lagrangian approach, we will numerically study the effect of
microbubbles on drag reduction in the vertical CT system. In order to validate our numerical results, the
geometry and flow characteristics were chosen similar to those chosen by Murai et al. (2008), which are
listed in Table 1. Therefore, according to the variation range of angular velocity of the inner cylinder, flow is
turbulent and microbubbles are injected into the flow at the bottom of the system. In this study, the simulation
of two-phase flow in the annulus gap between coaxial cylinders is performed using a discrete phase model
(DPM). Moreover, the model is applied to simulate turbulent CT flow and Reynolds's stresses. The effect of
microbubbles on the drag reduction via acted torque on the system and drag coefficient is also investigated.

Table 1
Experimental conditions (Murai et al., 2008)

Experimental conditions

Inner cylinder radius R, =60mm

Outer cylinder radius R, =72mm

Height of fluid-filled L, =240mm

The average diameter of bubbles 0.5mm

Density of fluid p, =915kg /m®(at298k)
Kinematic viscosity of the fluid v, =5x107°m?/s(at298k)
Airflow rate 0<Q, <167x10°m?/s
Angular velocity of the inner cylinder 4.861< w<31.25
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Rotational Reynolds number 700<Re,, <4500
Taylor number 98x10° <Ta<40.5x10°

2 Materials and Methods

The computational fluid dynamics approach for the numerical simulation of the gas-fluid interface can be
categorized into two groups: 1- the Eulerian-Eulerian approach or two-fluid model, and 2- the Eulerian-
Lagrangian approach or discrete phase model (DPM). In the last one (DPM), the fluid phase is solved using the
Navier-Stokes equations, and the motion of the bubble phase is solved using Newton’s second law of motion.
The model governing equations for CT flow are briefly explained in the form of tensor notations as follow:

By assuming incompressibility of the flow, the conversation of mass reads:

9] 0 (1)
§+8_)(i(pl ui)zo

and by assuming constant fluid properties and incompressible Newtonian fluid, the conversation of
momentum leads to:

opu) 0 op o (ou ou 2 _ou )| o (2)
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a e )= x| o Tax 3%y, axj( ATT)

where U, is velocity, P is pressure, and 0, is density. To solve Navier-Stokes equations including turbulent

motion, statistical methods should be extended in which the turbulent motion is computed by means of time-
averaged quantities instead of instantaneous quantities. The most widely used approach for many engineering
applications that fulfills the required levels of accuracy and efficiency calls Reynolds-averaged Navier-Stokes
(RANS) equations. The Boussinesq hypothesis is used to relate the Reynolds stresses to the mean velocity
gradients using an eddy viscosity. Therefore, by applying the K—@ model, Reynolds's stresses term

(—pl Ty ) in momentum equations can be read as
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(_pl uiuj):ﬂt[a+a_):}_§(p| K+ 4 g:jdj

j i
where 44, is eddy viscosity? The standard K —® model is a semi-empirical model like the standard kK —¢&

model. This model is proposed by Wilcox (2006). In this model, the transport equations for the turbulence
kinetic energy K and the specific dissipation rate @ write as follows:
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The constant and variable parameters used in the above equations are mentioned by Wilcox (2006). To
investigate changes of shear stress in CT flow, flow temperature variations are assumed to be below.
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Therefore when the two-phase turbulent flow is solved, flow temperature has a constant amount of 298k. The
gas bubble is treated as a discrete phase. The bubble trajectory is calculated by integrating the force balance
on it which is written in a Lagrangian reference frame. The bubble of motion which equates the bubble inertia
with the forces acting on the bubble reads as

Wy ¢y —y, ) S2m2) (6)

dt Po

where U, is the fluid velocity, U, is bubble velocity, and F (ui —ub) is the drag force per unit bubble mass and
F, is defined by

E _ 184, C,yRe (7)
PoYy

db is bubble diameter, p, is bubble density, and Re is relative Reynolds number. The variable parameters

used in the above equation are as follows:

ReEp,db\ub—ui\ (8)
H

Cp= CD,sphere(l+ 2-632y) (9)
0.242..ccovviriiiriinnn, Re >1000 (10)

CD,sphere = ﬁ

(1+1Re2’3j..Re <1000
Re 6

In Eq. 9 y is the bubble distortion, as determined by the solution of

(11)

> Coprp AT pordt
Ci =8,C4 =5,C¢ =1/3,C4 =05
Cy =8,Cq =5,C¢ =1/3,Cy =05

The rotational Reynolds number is defined based on the radius of the internal cylinder as this cylinder is
rotating in this work. So

R (12)

Vi

Re, =

[0

where v is the kinematic viscosity of pure silicon oil, i.e. silicon oil without micro bubbles. In order to use

pure fluid viscosity or mixture viscosity, there are two scenarios. The first one is that the two-phase flow in CT
system is considerably inhomogeneous. Therefore, the original kinematic viscosity of fluid can be used to
define rotational Reynolds number (Murai et al., 2008). The second one is that bubbles affect the physical
properties of the fluid, thus mixture viscosity should be applied to calculate the rotational Reynolds number
(Batchelor & Batchelor, 2000; Rust & Manga, 2002). The formation of Taylor vortices in CT flow depends on
rotational Reynolds number and air-gap length. These parameters are included in the Taylor number that is
defined by

IJPSE Vol. 6 No. 1, April 2022, pages: 50-67



IJPSE e-1SSN: 2550-6943 [ p-ISSN: 2550-6951 55

2 6 (13)

Ta=Re

In the present research, the maximum rotational Reynolds number is 4500 (see Table 1), so according to
identified five different regions for CT flow by Murai et al. (2008), the flow region is turbulent wavy vortex
flow (TWTF). On the other hand, in a simple CT flow Taylor vortices appear in the annulus gap when Taylor
number reaches to critical Taylor number (Ta, =1.7 x10%) (Gazley Jr, 1958 ). Since in this work minimum

Taylor number is greater than the critical Taylor number, the Taylor vortices undoubtedly appear inflow. In
the single-phase CT flow, the integrated force can be computed by integrating shear stress acting on the inner
cylinder surface as follow:

L 14
F = [z, dA =27sz %y Ry(L)dL (14)
In the above equation W is wall shear stress and is computed by
du; (15)
Ty =4
w 1 dXi

It should be noted that only the component of the wall shear stress vector in planes perpendicular to the axis
of the cylinder affects the rotational velocity of the inner cylinder. The other component of this stress with a
vector lying in planes that extend through the axis of the cylinder can be ignored in order to it does not
directly affect the rotational of the inner cylinder. Therefore, the torque acting on the inner cylinder is
calculated by

L, 16
T =2;zj 7w RE(L)AL (16)
0
By calculating W drag coefficient yielded
2z, (17)

Ci =
ol (le)z

To study the effect of injected microbubbles on frictional drag reduction in CT flow, the ratio of friction
coefficient is driven using this equation

Ct (18)

In order to compare reduced power in the presence of microbubbles with the necessary power to inject air
into the flow a dimensionless parameter which is called power gain is used. This parameter is defined by

(To-T)a (19)
P19L1Q4
In Eqg. 19 the numerator illustrates the reduced power when microbubbles are injected into CT flow and the

denominator represents the necessary power to inject air into CT flow. In the last two equations subscript "'0"
represents the single-phase flow condition.
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3 Geometry and Numerical Procedure

Figure 1 a shows a schematic two-dimensional diagram of the geometry (simulated CT system) and flow when
air bubbles are injected into the annulus gap between coaxial cylinders. The rotating inner cylinder has an
outer diameter of 120 mm and the fixed outer cylinder has an inner diameter of 144 mm. In order to have
enough bubbles between cylinders, the gap between cylinders was selected 12 mm which is 20 times greater
than the bubble diameter. The effective height between two cylinders, Ly, was selected 240 mm and the space

between cylinders is filled by silicon oil to give enough motion time and space to the bubbles in the flow. Air is
injected at the bottom of the cylinders into the main flow through four holes. The holes' positions were
precisely selected to have homogeneous bubbles in the system.

Immobilized outer cylinder

_/ @)

Air bubble

Tavlor vortices

Rotating inner cylinder
Figure 1. Schematic of the vertical Couette-Taylor flow system a) geometry characteristics and bubbles
pattern(left), b) schematic of Taylor-vortices(right).

If the internal cylinder rotates with constant angular velocity, Couette-flow or Taylor-vortices is depending on

the angular velocity. When the angular velocity is less than a critical value, the three-dimensional vortices
called Taylor-vortices (see Figure 1b) are not formed and the flow is Couette-flow. It means that the Taylor-
vortices are formed when the angular velocity increases and passes a critical value. Taylor-vortices keep their
shape until a certain rotational speed is greater than the critical speed of rotation. By increasing the rotational
speed of the inner cylinder, Taylor-vortices are distorted and then disappeared. Hence, the flow in the annulus
gap becomes fully turbulent.

To simulate the flow in the vertical CT system, first the flow area is meshed as shown in Figure 2, i.e. a
three-dimensional mesh is produced. The finite volume method is employed to discrete the governing
equations. Coupled procedure method is used to solve the momentum equations and tracing the bubbles path
as well. To provide a good tool in order to simulate the two- phase flow, DPM and Euler-Lagrange approaches
are employed.

The boundary conditions in the CT flow system are as follows:

e No slip conditions are used for all velocity components of the flow.

o At the injectors’' inlets, the air to produce bubbles with a specified volume flow rate or pressure is
assumed.

e Qutlet pressure is equal to surrounding pressure and the top of the CT system is open.
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Figure 2. (left) typical three-dimensional grid, (right) geometry of vertical CT system

In order to investigate the grid independency of the results, at five different nodes (N, = 180000, N, =330000,
N, =550000, N,=800000, N,=900000 nodes) and for the case Q, =0.67x10°m’/s, Re, =2800the
numerical drag coefficient is calculated and is compared with C, =58x10" which has been acquired by

experimental method (Hubacz & Wroniski, 2004). As shown in Table 2, the difference between numerical and
experimental drag coefficients in the last two nodes is small. Moreover, it is observed that minimum changes
of numerical drag coefficient exist between the last two grids, so a grid with N , =800000 nodes is used in this

research.

Table 2

Variations of Cfnum at five different nodes for the case Q, =0.67 x10°m® /s, Re,, = 2800

and comparison of

this coefficient with C, = 5.8x10® which has been acquired by experimental method (Murai et al., 2008)
exp

e, = 2800

Variations of C; at five different nodes for the case Q, =0.67 x10°m?/s, . and comparison

of this coefficient with C, = 5.8x10° which has been acquired by experimental method
exp

Node C; C; -C; C; -Cs
num el — exp num ><100 e2 — numj numj-1 ><100
fexp fnumj
— 0, 0,
N1 =180000 0.0055 5.172% 7.27%
— 0, 0,
N, =330000 0.0059 1.724% 3.39%
— 0, 0,
N3_550000 0.0057 0.993% 1.75%
— 0, 0,
N4 =800000 0.0056 1.724% 0%
— 0,
Ng =900000 0.0056 1.724%
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4 Results and Discussions

In order to investigate the flow characteristics, the acquired flow patterns for four rotational Reynolds
numbers (Rew :700,Rew :1000,Rew :1800,Rew =4500) and in cases with and without injection are

visualized as shown in Fig. 3. The results illustrate that injection of microbubbles into the annulus gap leads to
reduction of Taylor vortices number along the axis of cylinders. In fact, in the presence of microbubbles in CT
flow, Taylor vortices are elongated (i.e. original wavelength of each pair of vortices expands) in the cylinder-
axial direction which corresponds to the decrease in the number of Taylor vortices. Since the appearance of
Taylor vortices and their movement along the cylinder's axis provides momentum transfer and increases it,
the elongation causes the reduction in momentum transfer. These results are in good agreement with those
found by Murai et al. (2008), experimentally.

The elongation of Taylor vortices is due to the produced thin air layer between vortices and the inner
cylinder surface. In fact, when the inner cylinder is rotated, the centrifugal force affects injected air bubble's
inflow and leads to their movement toward the inner cylinder surface. The accumulation of air bubbles in this
area creates bubble clouds that are coalesced together and form a thin air layer. By moving air bubbles toward
the inner cylinder, fluid elements move in the adverse direction (i.e. toward the outer cylinder) and the
necessary space to form vortices in the cylinder-radius direction in the annulus gap is decreased.
Consequently, three-dimensional fluctuations of flow (Taylor vortices) are expanded along the axis of
cylinders.

It should be noted that creating a thin air layer between Taylor vortices and rotating surface in addition to
reduction of momentum transfer by elongating vortices leads to reduction of the average density of the fluid
and increasing effective viscosity of the fluid near this surface. In this case, the convection of the small shear
stresses from turbulent portions of the boundary layer toward the rotating surface is decreased. Therefore,
the flow close to the surface becomes laminar and the skin friction drag is reduced.
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Figure 3. Flow pattern comparison on the plane passing through the axis (plane z = 0) for the case
Q, =0.67x10"°m3/s and indifferent Re,,

Figure 4 illustrates the distribution of bubbles after their injection into the system at different rotational
Reynolds numbers. The total appearance time of bubbles in the whole of the test section is 5.6 s and the
colored bar represents the position of bubbles in each time. It is observed that in the low rotational Reynolds
number bubbles is dispersed everywhere in the fluid from the bottom to the top of the test section. By
increasing this dimensionless number bubbles accumulate at the bottom parts of the system. This relates to
the enhancement of rotational speed and the effect of centrifugal force on the bubbles.

Figure 5a shows variations of drag coefficient and Figure 5b shows changes of drag coefficient ratio. In
these figures, the mentioned variations for numerical and experimental methods are based on rotational
Reynolds number changes, in various airflow rates. The results illustrate that by increasing the rotational
Reynolds number, in each airflow rate, the drag coefficient is decreased. However, in the case of supplied
largest air flow rate (Q, = 1.67 x 107® m?/s) the changes of drag coefficient occur non-monotonically. Murai
et al. (2008), believed that changes in flow pattern because of the reaction between two-phase that
corresponds to bulk void fraction changes, maybe the reason for this variation.

Figure 5b shows that in each airflow rate, rotational Reynolds number increase leads to reduction of drag
coefficient ratio, i.e. the effect of microbubbles on drag reduction is decreased in this condition. As shown in
Fig. 5a, decreasing the difference between drag coefficients in cases with and without injection is evidence of
this issue when the rotational Reynolds number is increased. The reason for this is the increasing effect of
centrifugal force acting on microbubbles that leads to resting the bubbles at horizontal levels in the air gap
and do not more travel upward streamwise direction as shown in Figure 4. In this condition, bubbles do not
spread everywhere inflow and they could not affect the inertial force or transfer momentum (Kim & Cleaver,
1995; Farfan et al.,, 2021; Arauz et al., 2016).
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On the other hand, the centrifugal force causes the accumulation of bubbles and creates bubble clouds that
are located between Taylor vortices and near the inner cylinder surface as mentioned before (see Figure 6).
Since by increasing rotational Reynolds number, the centrifugal force becomes stronger and a further number
of bubbles move toward the inner cylinder, the bubble clouds are greater than created clouds in low rotational
Reynolds number. In such a case, clouds affect the motion of Taylor vortices and lead to increasing their
movement and also momentum transfer increase. Moreover, great bubble clouds effectively destroy created
boundary layer on cylindrical surfaces, so by amplifying resistance shear forces skin friction is increased.
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airflow rates.

In addition to mentioned mechanisms, Murai et al. (2008), supposed that coalescing bubbles occur into Taylor
vortex cores when bubbles travel to the center of Taylor vortices owing to increasing rotational Reynolds
number. In this condition, each vortex can survive and enhance momentum transfer. In all cases, enhancement
of flow turbulence by additional produced momentum transfer is more important factor to justify the
decreasing effect of microbubbles on drag reduction.
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Figure 6. Schematic of Taylor vortices appearance and microbubbles accumulation between vortices

The effect of air flow rate on the drag coefficient and drag coefficient ratio at different rotational Reynolds
numbers is also shown in Figure 7. The results indicate that in each rotational Reynolds number, increasing
airflow rate leads to drag coefficient decrease as shown in Figure 7a. In this condition, Figure 7b shows that
the drag coefficient ratio is increased and in the highest case this ratio reaches 36%. Increasing the upward
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velocity of bubbles is a reason for these variations. In this case, bubbles have remained singly inflow and
lesser bubbles have coalesced together in order that the effect of centrifugal force on bubbles is decreased.
When bubbles are dispersed singly in the flow, the better affect fluctuations of flow and also reduce
momentum transfer. In fact, mono microbubbles absorb the energy of flow fluctuations by their deformability
while bubble clouds do not absorb this energy in this condition. Moreover, the increasing upward velocity of
bubbles causes bubbles to spread everywhere inflow and interact with all flow fluctuations, so reduction of
momentum transfer is increased (Wu et al., 2007; Sayyaadi & Nematollahi, 2013).

To identify the difference between numerical and experimental drag coefficient, the variations of drag
coefficient as a function of airflow rate and rotational Reynolds number is indicated in Table 3 in addition to
Figure 5 and 7. The results show a maximum 9.6% difference between these two coefficients.
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Table 3

-3

Cr x10™ which is acquired by numerical method (present work) and experimental method
(Murai et al,, 2008)

Comparison of

-3
Cr X210 which is acquired by numerical method (present work) and experimental

method
Q,=0x10°m3/s  Q,=067x10°%m3/s Q,=117x10°%m%/s Q,=1.67x10%m3/s
Rew Cf Cf e% Cf Cf e% Cf Cf e% Cf Cf e%

exp num exp num exp num exp num

Comparison of

700 9.5 9.4 1.052 79 7.8 1.51 7.4 7.3 1.35 6 6.2 3.33
1000 8.8 8.7 1.136 7.5 7.4 1.33 7.2 7.1 1.38 6.2 6 3.22
1800 7.9 7.8 1.265 6.9 6.7 289 6.7 6.6 1.50 6.5 6.3 3.07
2800 6.3 6.2 1.587 5.8 5.6 1.72 5.6 5.5 1.78 54 5.1 5.55
4500 448 456 1785 492 4.43 9.96 438 436 916 45 4.23 6.00

Figure 8 shows changes of numerical and experimental power gain based on rotational Reynolds number in
various airflow rates. The results illustrate that by increasing rotational Reynolds number, in each airflow
rate, the acquired power gain by the experimental method (Murai et al.,, 2008), changes non-monotonically
while numerical power gain is increased in this condition. In fact, it is observed that by increasing rotational

Reynolds number up to 2800 experimental power gain is increased and in the range of 2800 < Re <4500 it is
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decreased. Since in all range of rotational Reynolds number, the numerical power gain is greater than one,
reduced power by injection of microbubbles is greater than necessary power to produce bubbles in the flow.
Consequently, according to these results, the utilization of microbubbles is economical to reduce skin friction
drag in the presence of CT flow. Although, the experimental results of power gain show that only at

Re <4500 power gain is greater than one and at 2800 <Re <4500 this factor is smaller than one.

Therefore, the difference between experimental power gain and numerical power gain 2800 < Re_ <4500 is

more as shown in Figure 8.
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Figure 8. Variations of power gain vs. Re_ for different airflow rates

5 Conclusion

In this work, the drag reduction due to the presence of micro in a vertical CT flow system bubbles has been
numerically studied. Our suggested channel geometry consists of coaxial cylinders in which the inner cylinder
rotates and the outer cylinder is stationary. The silicon oil phase flows through in the annulus gap between
concentric cylinders and air bubbles are injected at the bottom of the system into the air gap. In the present
study, the flow condition is turbulence, and Taylor vortices (three-dimensional fluctuations of flow) appear in
all ranges of rotational Reynolds number. In order to investigate the effect of microbubbles on the drag
reduction, k-w and DPM models were used to simulate the turbulent flow in the CT flow. Our numerical
results show that microbubble drag reduction depends on the variations of airflow rate and as well as on the
rotational Reynolds number. In fact, it is observed that by increasing the airflow rate, the drag reduction
increases and inversely increasing rotational Reynolds number leads to reduction of the microbubbles effect
on the skin friction drag. In the present study, several mechanisms have been explained to justify the positive
effects of microbubbles on drag reduction:

By producing a thin air layer between Taylor vortices and the rotating inner cylinder in the presence of
microbubbles, the average density of fluid near the rotating surface decreases while its effective viscosity
increases. In this case, the convection of shear stresses reduces from the turbulent region of the boundary
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layer toward the rotating surface. This event leads to creating laminar flow in this area and reduction of drag.
The elongation of Taylor vortices occurs along the axis of cylinders as the microbubbles are injected into flow.
In this case, the number of vortices and also their movement in the cylinder axis direction decrease. This event
leads to decreasing momentum transfer and flows turbulence.

Microbubbles interact with flow fluctuations and absorb the energy of fluctuations due to their elasticity.
By reducing the energy of flow fluctuations, momentum transfer and flow turbulence decrease. On the other
hand, there are a few scenarios to explain the reduction of microbubble's effect on skin friction decrease when
rotational Reynolds number increases. In the first one, the accumulation of microbubbles in cores of the
Taylor vortex leads to the survival of the vortices in the annulus gap and increasing momentum transfer. The
second one is an accumulation of microbubbles close to the rotating surface and creating great bubble clouds
that cause movement of Taylor vortices along with axis cylinders and increasing momentum transfer. And
finally, the last one is bubbles remain in the horizontal level of flow and do not more travel upward in a
streamwise direction. In this case, bubbles could not appear everywhere in the flow and affect flow
fluctuations, so reduction of momentum transfer in the presence of microbubbles becomes less.
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