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Abstract. Microbubble drag reduction technology has been proved by many experiments that
it can reduce frictional resistance of ships significantly. The underlying physical mechanism
of drag reduction needs to be studied by means of numerical simulation. In this paper,
Eulerian-Lagrangian method is used to study the interaction between microbubbles and a fully
developed turbulent channel flow. Turbulent flow field is solved using large eddy simulation
(LES) method. The microbubble trajectories were tracked by the motion equation following
Newton’s second law in Lagrangian framework. The interaction between microbubbles and
liquid is fully considered in the simulation. The computational code is developed based on the
open-source platform OpenFOAM. Before introducing bubbles, a fully developed single-
phase turbulent channel flow is obtained at friction Reynolds number. The mean streamwise
velocity, turbulent normal and shear stresses are verified by comparison with standard DNS
results. Microbubbles are injected uniformly into the channel and eventually form a bubble
layer on the upper plate due to buoyancy. The drag reduction of the upper plate is calculated
and detailed analysis is carried out about the interaction between microbubbles and turbulent
boundary layer.

1 INTRODUCTION

During the past several years, reducing ship resistance has become one of the most
important objectives of ship research. It has been reported that skin frictional resistance
accounts for as much as 60%-70% of the total drag for cargo ship, and about 80% of that for a
tanker. Therefore, reducing frictionl resistance is an important way to save cost in shipping
industry in the marine transportation business!!!. Microbubble drag reduction technology takes
advantage of blower and porous plate to inject microbubbles to the bottom of ship, which can
significantly reduce frictional resistance. In order to investigate the underlying physical
mechanism. Many scholars simplified the bottom plate of a ship into a flat plate and studied
the interaction between microbubbles and the flow field around the plate.

Madavan et al.[>3! and Merkle et al.l*! carried out experimental studies on the microbubble
drag reduction in a channel very early. Drag reduction effect was obtained under different air
flow rate. Their analysis showed that the region where the bubbles mainly acted on the fluid
was in the turbulent boundary layer, rather than the fluid outside the boundary layer. A series
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of bubble drag reduction experiments>7! were carried out on a long plate in in the USA
Navy’s Large Cavitation Channel. The experiment results showed that bubbles tend to
concentrate on the plate and the highest drag reduction rate can be up to 90% under the low
velocity condition. These experiments confirm the drag reduction effect of the microbubble
drag reduction technology.

However, it is difficult to extract and analyze the detailed flow information in the
experiment. Thus, CFD method is needed to investigate the deep mechanism. Eulerian-
Eulerian and Eulerian-Lagrangian are two methods that are mostly used to simulate the fluid
carried discrete bubbles. Eulerian-Eulerian method means that liquid and bubble are both
solved under Eulerian framework, whose most prominent advantage is the low computational
cost. Kunz et al.®*) developed an Eulerian-Eulerian code for the modeling of high Reynolds
number external flows with microbubble drag reduction, the code has been validated by
comparison with experimental results that it can predict drag reduction effect correctly across
a wide range of Reynolds numbers. Qin et al.l'” combine the CFD method in Eulerian
framework with population balance model (PBM) to simulate the bubbly flow. The PBM
method was used to predit the coalescence and breakup of bubbles. The numerical results
were qualitatively correct compared with the experimental results. The Eulerian-Eulerian
method can be used in industrial applications because of the lower expense, but detailed
behavior of bubbles cannot be resolved. To get more accurate results, many scholars use
Eulerian-Lagrangian method for mechanism investigation. In this method, the bubble motion
is obtained by solving the kinetic equation in the Lagrangian framework. Xu et al.l'!l firstly
carried out numerical simulation of drag reduction of microbubbles in a channel flow.
Bubbles were tracking using Lagrangian method and fluid was solved using Driect Numerical
Simulation (DNS) method. Their results proved that smaller bubbles have a greater impact on
turbulent flow. The same method was used by Ferrante et al.['?! to investigate the mechanism
for drag reduction in a microbubble ladened turbulent boundary layer over a flat plate. Early
studies often made a lot of simplifying assumptions such as ignoring bubble gravity and
buoyancy, bubble free from collide. The number of bubbles were also relatively small. More
recently, Pang et al.l'3] used two-way coupling Eulerian-Lagrangian method to study the
interaction between microbubbles and liquid turbulence with the help of interphase forces in
channel flow. Asiagbe et al.'¥ also carried out bubbly channel flow simulation, specially,
they adopt Large Eddy Simulation (LES) method to solve the fluid. In contrast with DNS
method, LES method requires less computing resources and can also reasonably reproduce the
bubble-induced velocity fluctuations in the liquid. The uses of LES makes it possible to study
drag reduction at high Reynolds number and bubble fraction. In the previous studies,
simulation of microbubbles is highly simplified. Interaction between microbubble was usually
ignored'"! or was described by simple hard sphere model'*. Soft sphere model is used to
simulate bubble interaction in this paper in order to simulate the bubble-bubble interaction
and bubble-wall interaction more veritably.

The present paper is organized as follows. The numerical method is presented at first
including liquid phase solving and discrete phase solving. The computational conditions are
introduced next. Computational results for single phase turbulent flow and bubbly flow are
shown in the simulation part, where the impact of microbubbles on the mean velocity profile,
turbulent intensities and Reynolds stress are analyzed in detial. A brief conclusion is given in
the end.
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2 NUMERICAL METHOD

In Eulerian-Lagrangian method, liquid phase and discrete phase are treated in different
frameworks. In this paper, the fluid is solved using LES method in Eulerian framework, while
microbubbles are tracked by the motion equation following Newton’s second law. The
coupling between two phases is considered by interphase interaction forces, which are
described as momentum source term of the momentum equation. For the liquid-phase
calculation, temporal discretization adopts a second-order implicit scheme, and second-order
scheme is used for spatial discretization.

2.1 Liquid phase solving

LES is adopted to simulate the carrier phase. The flow field is decomposed into large-scale
motions and small-scale motions using a filter function. The larger three-dimensional
unsteady turbulent motions are directly represented, whereas the effects of the smaller-scale
motions are modelled™!. The filtered continuity and momentum equations are as follows:

ou.
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where the overbar identifies filtered quantities. is fluid velocity in three direction (i =x, y,
z), p is the fluid density, p is pressure, o, is viscous stress, 7, is the sub-grid scale stress

tensor, which is required to close the equations. S, represents the mean momentum source

term, which is required to drive the channel flow. The SGS stress is modelled using Wall
Adapting Local Eddy-Viscosity Model (WALE)!'®!. The turbulent kinematic eddy-viscosity is
defined as:
3/2
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where S i is the strain-rate tensor, A is the filter width. C, is a constant, whcih is set to be

v, = (CWA)2

3)

0.325 in the present study.

The effect of bubbles on the fluid is reflected in the last term of the Eq. (2). The
hydrodynamic forces on all bubbles in each grid are added up and averaged by grid volume.
According to Newton's third law, the coupling effect is achieved by apply the force to the
fluid.

2.2 Discrete phase solving

Bubbles are assumed to be homogeneous spheres with constant diameters in this study.
Collision between bubbles are considered but coalescence and breakup are ignored in the
present work. Each bubble is tracked individually by solving the motion equation as follows:

mﬂ=mg(1—&j+%|u—v|(u—v)+mpl C, (u—v)x(Vxu)+f, 4)
dt X 4d b
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where the terms on the right side of Eq.(4) represent the gravity-buoyancy, drag force,
shear-lift force, collide force, respectively. Drag coefficient C,, and lift coefficient C, are

determined by Tomiyama’s drag model'”) and lift model"'® as follows:

. (16 @y 48) 8 Eo
c, =max[mln(£(1+0.15R60687),ﬁj,ng ®)]
oo min[ 0.288 tanh (0.121Re), /' (Eo, ) ] Eo, <4 6
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Previous studies usually ignored the interaction between bubbles!!*! or used hard sphere
model to simulate the collision!'*]. However, it is the soft sphere model that can describe the
bubble-bubble interaction and bubble-wall interaction more realistically. In this paper, a non-
linear spring-dashpot-slider model is used to calculate contact forces. The normal and
tangential contact forces can be obtained by:
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where k and 7 represent spring stiffness coefficient and damping coefficient, respectively.
o is overlap, u is the relative velocity, and g 1is the friction coefficient. The subscript n

and ¢ represent the normal and tangential components, respectively. The spring stiffness
coefficient is derived from surface tension o as reference!'”l.

3 COMPUTATIONAL CONDITIONS

A turbulent channel flow laden with microbubbles is simulated. Dimension of the channel
geometry and the coordinate system is shown in Figure 1 (a). In particular, the channel half
height h is equal to 0.025m. The computational domain is discretized using grids in the
streamwise, wall-normal and spanwise directions, respectively. The grids were distributed
uniformly along the streamwise and spanwise directions, equal-ratio distribution is used for
the wall-normal direction. Grid distribution can be seen in Figure 1 (b).

2h
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(a) (b)
Figure 1: Computational domain and grid distribution. (a) Channel sketch. (b) Grid distribution.
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Periodic boundary conditions are used in both the streamwise and spanwise directions for
thee liquid flow to obtain a fully developed turbulent flow. At the same time, periodic
boundary is also applied to microbubble motion to keep void fraction the same. No-slip
boundary conditions are exerted on the channel top and bottom walls for the liquid flow,
where mircobubbles will collide with the walls. The bubble-wall collision is solved by Eqn(7).
Turbulent channel flow is developed with friction Reynolds number Re, =375. At first, a
single phase turbulent channel flow is obtained by long-time simulation. After a statistically
steady state of the liquid-phase turbulence is reached, the microbubbles are injected into the
channel uniformly. The density of bubble is set to 1.2 kg/m’, and the bubble diameter is
110 gm . The corresponding total number of bubbles are 39366. The bubble volume fraction is

[13]

choosen as ¢, =1.12x10™* refer to the literature!'*1l!*], whcih has been proved large enough to

have influence on the flow field. The initial velocity of microbubbles is equal to zero. Under
these conditions, the interaction between liquid phase and microbubbles can be investigated
by the bubble motion and turbulence changes.

4 RESULTS AND DISCUSSIONS

In this section, a fully developed single-phase turbulent channel flow is simulated firstly,
and the turbulent flow field is validated by comparison with DNS results of Moser et al.?%!
Then, turbulent bubbly flow is simulated to investigate the interaction between microbubbles
and turbulent flow.

4.1 Fully developed turbulent flow simulation

The evolutional process from laminar flow to turbulence in channel flow can be
reproduced in a long time simulation with the use of periodic boundary conditions. Figure
2 shows the change of friction Reynolds number Re_with time and the corresponding flow

field. The dimensionless time is defined as " =’ /v .
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Figure 2: Time history of friction Reynolds number Re_ and the corresponding flow field.

There is regular laminar flow in the channel for a long time at first as shown in the left
figure in Figure 2. Frictional stress near the channel wall decreases with time. Then the
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transition happens, frictional stress increase suddenly. The flow field begins to become
disordered as shown in the right figure in Figure 2. The friction Reynolds number Re,

oscillates around a fixed value. The flow field has become fully developed turbulence at this
point.

The simulation of single phase turbulent flow is validated by comparison with DNS
results of Moser et al.!?%!. Figure 3 presents the comparison of mean velocity profile, while
Figure 4 presents the comparison of turbulent intensities and Reynolds stress. These
profiles have been obtained after averaging over time and space. The mean velocity
profile shows good agreement with DNS results and the empirical formula. At the same
time, the turbulent intensities and Reynolds stress are slightly under-predicted near the
centre of the channel. It is worth noting that the simulation carried out by Moser et al.!?"!

is in the friction Reynolds number Re_= 395, which is slightly larger than Re_= 3751n the
present work. It is the difference in Reynolds number that causes the difference in stress. In

summary, the LES simulation has the ability to resolve the main characteristics of the
turbulent flows.
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Figure 3: Comparison of mean velocity profile.
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Figure 4: Comparison of turbulent intensities and Reynolds stress. (a) Turbulent intensities in three
directions. (b) Reynolds stress
4.2 Bubbly channel flow simulation

In this section, the two phase coupled turbulent flow is simulated. Figure 5 presents the
bubble transport process in the channel.

(c) (d)
Figure 5: Microbubble transport process in the channel. (a) " =0 (b) " =450 (¢) " =1125(d) +" =1800
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After t* =1800, most of microbubles have moved close to the upper wall. It can be
concluded that gravity-buoyancy is the dominant force in the wall-normal direction. The
bouyancy force from the large density difference leads to the floating motion of bubbles to
the upper wall gradually. At the same time, the lift force on the bubbles also causes them
to move towards the wall. On the other hand, drag force is the dominant force in the
streamwise direction. After the bubbles are initialized with zero speed in the channel, they
are affected by the drag force of the fluid to produce velocity in the flow direction, which
is almost the same as the local fluid velocity. It is worth noting that not all the bubbles are
sticking to the upper wall after the flow field reaches stability. There are still many
microbubbles move towards or away from the wall in the turbulent boundary layer, which
leads to the suppression of turbulent vortex and turbulent drag.

Figure 6 shows the time histories of steady state frictional drag coefficient 7
(7} =1, / % pu’ ) on the upper wall with and without microbubbles. In the steady state, drag

force oscillates randomly around a fixed value. It can be seen that the existence of
microbubbles results in a certain degree of drag reduction. Quantitatively, about 6% drag
reduction effect is obtatined. The effect is much larger than the drag reduction of Pang et
al.l31 with the same bubble size and void fraction. The reason is that the microbubbles are
considered to be as points in their paper, the change in viscosity of the mixed fluid was
neglected. In this paper, The viscosity change is considered in the drag calculation. It can
be probed from the results that the viscosity change caused by the microbubbles sticking
to the wall can obviously improve the effect of drag reduction.

24 r
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Figure 6: Time history of steady state frictional drag coefficient

Next, the influence of microbubbles on the turbulent flow is discussed in detail. The
mean streamwise velocity profiles of the liquid phase with and without microbubbles are
plotted in Figure 7. It is obvious that the mean velocity profile of the liquid phase with
microbubbles displays a asymmetric shape in contrast with pure liquid flow. Specifically,
the two profiles coincide completely in the lower half of the channel (0<y" <375 ),
because there is no microbubble in that region. On the other hand, microbubbles
concentrate in the upper half of the channel especially near the wall, which leads to a
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squeeze on the fluid away from the wall. As a consequence, velociy near the channel
centre is slightly higher than that in the pure liquid condition. At the same time, the
velocity gradient near the wall is slightly decreases due to the presence of microbubbles,
which contribute to drag reduction.

20
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Figure 7: Mean velocity profiles of liquid.

Figure 8 presents the effect of microbubbles on the turbulent intensities and Reynolds
stress in the upper half of the channel. It can be seen in Figure 8 (a) that the turbulent
intensities of the liquid decrease by the impact of microbubbles. The decrease is more
obvious in the wall-normal and spanwise directions, which indicates that microbubble has
more obvious inhibitory effect on turbulent vortexes in the wall-normal and spanwise
directions. The results are in qualitative agreement with the results of Pang et al.['3],
Figure 8 (b) shows that the distribution of Reynolds stress in the direction of channel
height changes due to the presence of microbubbles. The magnitude of Reynolds stress

decreases in the region near the wall ( y" <250 ). In the region away from the wall,

Reynolds stress becomes slightly larger in the two phase flow than that in the single phase
flow. In addition, the balance point is away from the channel center.
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Figure 8: Turbulent intensities and Reynolds stress. (a) Turbulent intensities in three directions. (b)
Reynolds stress
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5 CONCLUSION

In this paper, Euler-Lagrange method is used to simulate a turbulent channel flow with a
large number of microbubbles. LES method is applied to capture the detail turbulent flow,
while microbubble is tracked individually in Lagrangian framework. Interaction between
liquid and microbubbles is solved. The simulation is carried out by the code developed base
on OpenFOAM.

Firstly, a fully developed turbulent flow is simulated. Mean velocity profile, turbulent
intensities and Reynolds stress are validated by comparison with DNS results. Then,
microbubbles are injected into the channel. Bubbles moves towards the upper wall due to the
action of buoyancy. About 6% drag reduction effect is obtained in the steady state. The drag
reduction effect results from two aspects: On the one hand, microbubbles attached to the wall
change the local viscosity. On the other hand, turbulent vortexes are inhibited by
microbubbles in a certain degree. Both turbulent intensities and Reynolds stress decrease in
the presence of microbubbles.

The drag reduction effect achieved in the present simulation is very limited. At the same
time, there are also some unreal assumptions about the calculation conditions like the fixed
bubble size. Future work will be focused on the simulation with larger void fraction, and the
breakup and coalescence of bubbles will also be considered.
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