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Numericd smulaionsare carried out in order to make dear the drag reduction mechaniam by microbubbles.  Some
dmulaion methods are developed to condder effects such as the dip vdodty on the bubble surface, the
compressihility of the bubbly liquid, the density fluctuation and the bubble deformation and discuss these effects on
the drag reduction by parametric sudies.

1. Introduction

About 80% of the totd propulsion resistance of a ship like a tanker is due to friction with the surrounding water.
It will be a great contribution to the environment to reduce the fud consumption of ships as a means of mass
transportation by reducing the frictiona drag. There are severd devices for reducing the frictional resstance such as
passive type devices like riblets or active type devices like the combination of micro sensors and actuators.  Among
these methods, we consider the microbubble injection method is most suitable for ships.

Over the lagt three decades, a lot of experiments have been performed on the microbubble drag reduction.
McCarmick and Bhattachryya (1973) found the skin friction reduction of the submerged body by injecting the
microbubbles produced by the dectrolysis.  The microbubble drag reduction has been aso observed in the developing
turbulent boundary layer flows on aflat plate (Bogdevich et al., 1977; Madavan et al., 1984; Pd e al., 1988) and the
fully developed turbulent channd flows (Guin et al., 1996; Tekahashi et al., 1997; Kodama et al., 2000). As they
have reported, the efficiency of the microbubble drag reduction is postively corrdated with the void fraction and
reaches as much as 80%. For the industria application of such the phenomena, it isimportant to make clear what is
the governing factor for the drag reduction Sncealat of factorsareinvolved.  However, experimentstend to be highly
specidized and, consequently, measured correlation is often limited.  Besides the presence of the microbubbles
strongly hindersoptica measurements.

Over the lagt two decades, some theoretica studies have been performed in order to explain the drag reduction
mechanism.  Legner (1984) proposed a smple mode coupling with the mixing length model used in the turbulent
boundary layer flow and the effective viscosty mode for the liquid-gas mixture fluid. He concluded that there were
three factors for the drag reduction, corresponding to the decrease of the Reynolds siress due to the decrease of the
dengty, the increase of the effective viscosity due to the increase of the void fraction and the turbulent modulation by
the bubble-weter interaction. Madavan et al. (1985), Marie (1987) and Yoshida et al. (1997) have proposed smilar
models and predicted the drag reduction.  However, such the models are too smple to make clear the drag reduction
mechanism since the loca interactions of the mass, the momentum and the energy between the liquid and gas phases
arengglected.

With the recent development of computer performance, predicting fluid flows by numerica smulation is gaining
popularity.  Using the numerical simulations of the bubbly flow gives basic advantage of investigating the
microbubble drag reduction because locd interactions between the liquid and gas phases can be eadily consdered.
Our objective is to ducideate the drag reduction mechaniam, which is not yet clear, by numerica smulations. We
develop some smulation methods to consider effects such as the dip velocity on the bubble surface, the compressibility
of the bubbly liquid, the density fluctuation and the bubble deformation and discuss these effects on the drag reduction
by parametric sudies.

2. Effect of dip veocity on the bubble surface
In order to discuss the effect of the dip velocity on the bubble surface on the drag reduction, it is useful to compare



flows around undeformable spheres or cylinders between no-dip and free-dip boundary conditions. We have
developed the smulation method for the no-dip boundary problem using a rectangular grid system (Sugiyama et al,
2001). However, siting the free-dip boundary condition for a sphere or cylinder with the rectangular grid system,
which is not fitted the boundary, has been numericdly ungtable.  In the present study, we develop a new method for
cylinders with the free-dip boundary using the rectangular grid system and carry out the numerical Smulation of the
Couett flowswith cylindrica bubblesfor both no-dip and free-dip boundary conditions.

2.1 Smulation method for free-dip boundary

In order to avoid numerica ingability due to the representation of the free-dip boundary condition with the
rectangular grid system, fluid flows on each grid point outside the cylinder are solved for the Navier-Stokes equition,
while those ingde the cylinder are based on the andlytical solutions for the Stokes equation.  The viscogity ingide the
cylinder is treated to be as much as that outside the cylinder.  When expanding the velocity on the cylinder surface
(r=Des
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Thevelodity insde the cylinder is given to satisfy the following solution with the free-dip boundary.
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2.2 Somegeneral descriptions of numerical methods

The 2nd-order finite difference method is employed to solve the partid differentia equations.  The discretization
of varigblesis carried out on the daggered grid.  Thetime integrd is evduated usng the 2nd order Adams-Baghforth
method. Inorder to caculate ul® and uf , the cylinder surfaceis divided by 180 points and the velocity on them

areinterpolated by the Sth-order Lagrangian interpolation.  The mode number for cosndand Snné@is considered up to
10. Thegrid pointsper acylinder radiusis 10.
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Fig.1 Shear dresscomponentson thecylinder surface Fig.2 Magnificationratio of thewal friction vs void fraction

2.3 Validation of the present numerical method

In order to evduate the vdidation of the present numericd method, the laminar Couette flow with free-dip
cylindersissolved.  FHgure 1 showsthe typical result of the shear stresscomponentsof —u, /r and 6u, /or onthe
cylinder surface obtained by the present numerica method.  If the free-dip boundary condition is satisfied, their sum
istobezero. AsshowninHg. 1, thefree-dip boundary condition isalmost satified.

Figure 2 shows the magnification ratio of the wall friction ((7-z)/%) for various void fractions (c), where 7
represents the wall friction without cylinders and 7 that with cylinders  The no-dip resuits are obtained by the
method developed by Sugiyamaet d. (2001). The Reynolds number scaled by the cylinder radius and the sheer rate



is0.1. At such the small Reynolds number, (7-7)/% can be theoreticaly derived by the theory of the effective
viscosity for suspension fluids (Batchelor, 1967), where the increase of the viscous dissipation dueto the incresse of the
void fraction is considered.  Theoretical solutions of (7-7)/7 for the no-dip and free-dlip boundary conditions are
equd 10 2a and «, repectively.  Linesand symbolsin FHg. 2 correspond to theoretical and present numericd results,
respectively.  As shown in FHg. 2, the present numerical results show good agreement with the theoretica ones.
From this result, the difference between the no-dip and free-dip condition can be captured by the present smuletion
method.

Fg. 3 Schematic figure of the present smulation

Fg.4 Magnifimimraio&thdlfrictionvs bla Fg.5 Magnificaionraioofthéwalfrictionvs b/a
(No-dipbubble) (Free-dip bubble)

24 Effect of thedeformation of bubble

In order to investigate the effect of the bubble deformation on the drag reduction, the laminar Couette flow with
flat bubbles is solved for various lengths of bubbles.  The schematic figure shows in Fg. 3. Assuming the infinite
flat bubble layer with the free-dip boundary is located, the force on the wdl isO.  Thus, we can eeslly imagine the
drag reduction will occur when the b in FHg. 3 is long enough.  Fgures 4 and 5 shows the reaion between the
megnification ratio of the wal friction ((z-7)/7) and bla, corresponding to the results for the no-dip and freedlip
bubbles, respectively.  The Reynolds number scaled by a and the shear raieis 10.  Asshown in FHg. 4 for the no-dip
bubble, (7-7)/ 7 becomes larger with the increase of bla. It is because the flow space between the bubble and the
wall becomes narrower with the increase of b/a.  On the other hand, as shown in Fg. 5 for the free-dip bubble,
(7 -1)/ 7 becomes smaller with the incresse of b/a.  For the cylindrical bubble, the effective viscosity increases with
the increase of the void fraction, which is influenced by the increase of the viscous dissipation due to the vorticity
generation on the bubble surface.  The vorticity is generated on the round region of the bubble surface, whileit is not
generated on theflat region.  The decrease of the wdll friction for the free-dip bubbles is resulted from the decrease of
the vorticity generation. It is seen from FHg. 5 that the drag reduction occurs when the b/a is longer than 25. The
present bubble aspect ratio for the onsat of drag reduction is is much lager than that observed in the experiment
(Tekahashi et al., 1997). Therefore, the drag reduction mechanism may be quaitatively explained by the deformation
of thebubble, dthough it is necessary to involve the turbulence effect for quantitative discussions.

3. Effect of compressbility of bubbly liquid

It iswellknown that the sonic speed of the bubbly liquid quite goes down even in the low void fraction (Brennen,
1995). In the ar/water system, the Mach number at the flow veocity of 15mvs is about 0.2 and 0.5 at the void
fractions of 1% and 10%, respectively.  According to the theoretica study on the inviscid stability of parald bubbly
flows (dAgodino et al., 1997), the bubble compressibility promotes the stability of the flow. Therefore, the
compressibility of the bubbly liquid is considered to attenuate the turbulence intensity and dter the turbulence structure.
In this section, the turbulent channel flow smulation is carried out to investigate whether the bubble compressibility
affectsthe drag reduction or not.



3.1Assumptions
In this study, the following assumptions are employed to formulate the governing equations.
The bubble number dendity is congant.
The bubbly liquid ishomogeneous.
Damping effect of the bubbleradid mation isconsdered.
Thedeviation of the pressure and the bubble radiusfrom theiinitia valuesis smal enough.

3.2 Governing equations
o Mass consarvation equiation:
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o Momentum conservation equetion:
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o Void fraction:
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o Rdation between presaure and equilibrium radius of bubble;
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o Equation of bubble radia motion:
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The mean pressureis controled to keep congtant total volume.

3.3 Pressureeguation
The procedure to solve the pressure fidd is analogous to the SMAC (Simplified-Marker-and-Cdll) method.  The
equetion for the pressure variation Jp isexpressed as,
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The pressure, the bubble rasius and the momentum are renewed using & expressad &s,
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3.4 Rdaxation time of bubbleradial motion

In order to formulae relaxation time of the bubble radid motion, the thermd viscodty of the gas bubble is
conddered under the assumption that the amplitude of bubble radid motionissmal.  According to Prosperetti et al.
(1988), the effective viscogty e is obtained from the perturbed equations of the Rayleigh-Plesset equation and the
temperature ingde the bubble and expressed as,

(12
where 1 is the thermal viscosity as a function of the gas pressure, the gas temperature, the bubble radius, the specific
hegt ratio and the heat transfer coefficient. {in Eq. (9) isexpressed &s,

LTI PR (13)
Therdaxation time of the bubbleradid motionisequd to 1/ £



3.5 Solution algorithm

The 4th-order finite difference method is employed to solve the partia differential equations.  The discretization
of variablesis carried out on the staggered grid.  Thetime integral is evauated using the 2nd-order Adams-Bashforth
method.

3.6 Simulation conditions

Before introducing the compressibility effect, a fully developed single-phase turbulent channd flow at the
Reynolds number Re, (=p Du/) of 150.  The haf width of the channe D, the friction velocity u,, thedriving forceH
and the liquid density p are used to cdculate dimensonless parameters and dl of them are fixed to be 1 in the
smulation. The dimengonless viscosity ¢ is1/150.  The Sze of the Smulation domain is set to 2z x 2 X 7z divided
by 64 x 64 x 64 grid points, in the sreamwise (X), wal-normd (y) and spanwise (2) directions, respectivey. The
profiles of the mean velocity and the turbulent intensities obtained by the present smulation show good agreement with
the DNSresults by Kurodaet al. (1990) asshownin FHg. 6.

Parametersfor the compressibility and the relaxation time of the bubble radia motion are equivaently given under
the conditions that the bubbly liquid congists of air and water, the half width of the channdl is 20mm, the flow velocity
is 15m/s, the mean pressure is 100kPa, the void fraction is 10%, the bubble diameter is 0.5mm and the water
temperatureis 300K.  From these conditions, the mean void fraction ap, the dimensionless Satic pressure pp and ¢are
0.1, 100 and 500, repectively. The flow direction is horizontal.  In order to investigate the compressibility and the
buoyancy effects, three smulaions are performed as shown in Table 1.

e F o Tablel simulation conditions
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Fg.6 DNSof snglephasechannd flow

Fig.7 Tempord evolution of meen flow rate Fig.8 tempora evolution of the mean shear dress

3.6 Reallts

Figure 7 shows the tempora evolution of the mean flow rate averaged over the smulation domain.  The mean
velocity without bubbles (case 1) is dmost congtant, while the mean ve ocities with bubbles (cases 2 and 3) decreases
after introducing the bubbles a thetime of 0.  In the present studly, the driving force and the viscosity are fixed so that
such the decrease of the mean velocity indicates the increase of the friction drag on the wal.  Fgure 8 shows the
tempord evolution of the mean shear dress averaged on the wall.  The mean shear stresses without the buoyancy
(case 1 and 2) isdmost congtant, while that with the buoyancy (case 3) decreases at the bottom wall and increeses at the
top wal after introducing the bubbles at thetime of 0. In case 3, the void fraction near the top wal is higher than that
near the bottom one due to the buoyancy.  Therefore, the frictiona drag near the higher void fraction region becomes
higher.
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Fig.9 Memnvelodity profile Fig. 10Wall-normal rmsvelodity profile Fg.11 — puv profile

Figure 9, 10 and 11 show the profiles of the streamwise mean velocity T , the wal-norma rms velocity v and
the Reynolds stress — puv , respectively.  The sampling time for averaging is from 80 to 100. The positionsy/D a O
and 2 correspond to the top and bottom walls, respectively. It is seen from Fgs 10 and 11 that the turbulence
intensities are augmented due to the compressibility of the bubbly liquid and stronger in the higher void fraction region.
Such the turbulence augmentation decreases the mean vel ocity asshownin Fg. 9.

Asmentioned above, the drag reduction isnot olaserved in the present investigation on the bubble compressibility.

4. Effect of densty fluctuation

The Direct Numerical Simulation (DNS) with much smdler grids than the bubble size isapowerful tool to obtain
fine flow gtructures. However, a lot of numerica resources are consumed in the DNS and most of engineering
smulations are unredidtic.  Especidly, the dense and sparse regions of bubbles are formed in the bubbly flow and
such the dengity fluctuation often makes large flow structure beyond the computer capecity by the DNS.  In order to
investigate the effect of the dengty fluctuation, the two-fluid model based on the volume averaged eguations, (Ishii,
1975; Drew, 1983; €ic.) is useful.  The consarvation equetions of the two-fluid model are directly derived from the
Navier-Sokes (NS) equation, thus two-phase interaction due to the inertia difference may be adequatdly solved. On
the other hand, equations for bubble motion are not dereived from the NS equation. Congtitutive equations for the
bubble motion must be modded in the two-fluid smulation.  In this section, the mode equation of the bubble motion
isexamined comparing with the experiment under the laminar flow condition.

4.1 Smulation method

The present smuletion is based on the Eulerian-Lagrangian mode developed by Murai and Matsumoto (1996).
The mass and momentum egquations are solved in the Eulerian way, while the equation of the bubble trandationd
mation is olved in the Lagrangian way. The equation of the bubble trandaiond motion involves the model
equations of the forces on abubble, eg. drag and lift forces, etc. In the present Sudy, the empiricd formulaof the drag
coefficient Cp obtained by Schiller and Naumann (1933) isused and expressed &s,
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where Rg, is the bubble Reynolds number (Re, =20 |us-Ul/z4). On the lift force F. on a bubble, savera modd
equations have been proposed.  Thelift forceisexpressed as,
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where C,_ isthelift force coeffident.  Simulation conditionsfor C_ will be explained in Sec. 4.3.

4.2 Solution algorithm

The 4th-order finite difference method is employed to solve the partia differential equations.  The discretization
of varidblesis carried out onthe staggered grid. - Thetimeintegrd of the flow velocity is evaluated using the 2nd-order
Adams-Bashforth method.  In terms of the time integrd procedure of the trandationd motion of bubbles, 2nd-order
Cranc-Nicolson method and the 2nd-order Adams-Bashforth method are employed for the bubble position and the
bubble ve ocity, regpectively.  The interpolation from the liquid phase to the gas one is approximeated by the 5th-order
Lagrangianinterpolation. Thelocal void fraction is calculated by the template-digtribution modd (Murai et al., 2000).
4.3 Smulation conditions



The present smulation will be carried out under the same condition of the bubbly channd flow experiments
performed by Kikugawa & al. (2001). They messured the mean velocity profile by the laser Doppler velocimetry.
The flow direction is verticaly upward. The hdf width of the channd D is 20mm. The Reynolds number Re
(=UD/ 1) inthe sngle phase flow is 950 and the flow is considered to be laminar.  Theliquid flow rate in the bubbly
flow issameastha inthe single phaseflow. Themean void fraction (ap) is0.6%. The bubble diameter is Imm.

The sze of the Smulation domain is set to 100mm x 40mm x 40mm divided by 50 x 20 x 20 grid points, in the
streamwise (X), wal-normd (y) and spanwise (2) directions, repectively.

In the present study, wewill examine following four C,. models.

Cax=1: NoHift
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Case2: C, for potentia flow (Auton, 1987)
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Case3: Empirica C, of abubble (Sridhar and Katz, 1995)
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Case4 : Numericd C of arigid particle (Kurose and Komori, 1999)
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where Q isthe rotationa angular speed and assumedtobeequa to |V xu |/2 inthepresent Smulation. Usingthe
datatable shown by Kurose and Komori (1999), C, “ isestimated.

Fig.12 Void fraction profile Fig.13 Meanveoity profile
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Fgure 12 shows the void fraction profile versus the length from the wall y/D for casesfrom 1to 4. The bubble
moation is affected by the lift force toward the wall due to the velocity gradient of the channd flow and the dip velocity
of bubbles. Asshownin Fg. 12, the void fraction near the wall becomes high except case 1 neglecting the lift force.
The peek vaue of the void fraction strongly depends on the lift force mode. 1t is experimentaly known thet the
behavior of a bubble is markedly changed even by a very smdl amount of contaminant present in aliquid and that a
smdl bubble in a contaminated liquid behaves smilarly to arigid sphere.  Congdering that the bubbles size in the
experiment (Kikugawa et al., 2001) is smal enough to be treated asrigid spheres, C of case 3 or 4 isconsdered to be
ressonable.

Fgure 13 shows the mean ve ocity profile versusy/D . Lines without symbols correpond to the experimental
results at the void fractions of 0 and 0.6%. Lineswith symbols correspond to the present smulation result.  Dueto
the buoyancy effect, the fluid in the higher void fraction region is driven upward.  As shown in Fg. 13 that the mean
velocity profile of case 1 dmog agrees with the experimenta result at the void fraction of 0%. 1t is because that the
void fraction profile isamost independent of /D  (Fg. 12) and the effect of the loca driving force due to the bubble
buoyancy isweak. It isdso seen from Fg. 13 that the mean velocity profile is sengtively affected by void fraction
digribution. The smulation result with the lift fore modd proposed by Kurose and Komori (1999), which is
considered to be reasonable compared with experiment, shows the best agreement with the experiment.



5. DNSaof channd flow with defor ming bubbles
5.1 Numerical method

In this section, we present investigations of bubbly channe flow using a direct numerica smulation. Both liquid
and gas phases are treated as incompressible fluids and solved by afinite volume method, while the interface between
the phases is resolved by a front-tracking method specidized for tregting deformed bubbles. A more detailed
description of the method, and validetions are found in the previous report (Kawamuraand Kodama, 2001).

The sze of bubblestha are used for the microbubble drag reduction is not small compared with the characteritic
scale of turbulence. For example, the typica bubble size in the experiment of Takahashi et d.(2001) using achannd of
15 mmin height was 1mm, which is about 240 in the viscous unit. Therefore, we consider that gpplication of the DNS
isan effective way to investigate the influence of bubbles on turbulence.

Preliminary resultsof the DNS method were presented in the previous report , in which numerical smulationsof a
low Reynolds number bubbly channel flow were carried out. The resultswere found to be in quditative agreement with
experimenta studies, while problemswere that the ratio of the bubble diameter to the channd width wasafector of two
tofive larger than in the experiments. The difference in the Szeratio is dueto thelimitation in the grid resolution. Since
the DNS method resolves bubbles explicitly, the total number of the grid point depends on the size retio between
bubbles and computationd domain. In the present study, a computation with a much finer resolution has been
performed to smulate more redlistic bubbly flow inachanne usng apardld computer.

5.2 Condition of Smulation

A fully developed turbulent channd flow containing bubbles was investigeted by the present numerica method.
Before introducing the bubbles, a fully developed singlephase turbulent channd flow a the Reynolds number
Re=180 based on the friction velocity u, ahdf width of the channel H, was computed. The sze of the computationd
domain was st to 6.4H, 3.2H and 2H, in the streamwise, wall-norma and soanwise directions repectively. A periodic
boundary condition was used in the streamwise and spanwise directions. The x-, y- and z- axes are taken in the
streamwise, wall-norma and spanwise directions respectively. The number of the grid pointswas 256x 128x 128. The
computational domain was decomposed into four blocks in the streamwise direction, and each block of 64x 128x 128
grid points was computed on a node of a pardlel computer sysem. The number of the total grid points was 16 times
more than in the previous study. At the nondimentional time t" = u2t / v = 0 bubbles were introduced at random
locations. The bubble diameter was set to 0.2H, and the number of bubbles was set to 98 bubbles The meen void ratio
in the computational domain was 1%. The Weber number based on the bulk mean velocity and the bubble diameter
was 148.
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A sngpshot of the digtribution of bubbles is shown in Fg. 9 for comparing the size ratios among bubbles, the
channd width and the scale of the stresky structure of near wal turbulence. Therdio of the bubble size to the channd
widthis 0.1, which is on the same order as in the experiments by Guin et a. (1996) and Takahashi et d. (1997), while
the bubble diameter in the viscous unit is 36, which is aout one third of the mean spacing between near wall sresks.
Since the effect of the gravitationd acceeration was not included in this DNS compuitetion, the drift velocity between
bubbles and liquid phase was very smal.

Fig. 10 showsthe profiles of the average void fraction over planespardld to thewalls at t'=0 and atime-averaged
vaue average from t'=100 to t'=300. Though the time-averaged profile sill include some fluctuation, it is observed
that the void fraction pesks a about 0.2H away from the wdls. Thisis probably because of the momentum baance in
the wal-normal direction. In a turbulent channd flow, the mean norma dress in the wall-norma direction

- TJ—pV'_V' must be condant. Therefore the mean pressure Pis lowest where V'V'is highest. Bubbles are

supposed to move to the low pressure region. The time evolution of the mean distance between bubbles and the wall
shows that the bubbles are moving towards the walls on average. It is dso noted thet the bubble digtribution has not
reached datistical Seady date.

The influence of the bubbles on the turbulence intengties are shown in Fg. 10. Though the time for averaging is
not sufficient, the observed tendencies is thet the intengities increase as a whole while the pesk of the streamwise



intensity decresses. This tendency was the same in the previous sudy for larger bubbles. FHg. 11 shows one
dimendond energy spectra of U', v and W' in the streamwise direction a y*=14. The modulation of turbulence by
bubblesis seen only in the high wave number region. Thisis condstent with the experimenta observations (Serizawaet
d., 1975). The Reynolds shear sressisdightly increased by bubbles as shown in Fg. 15, resulting in the dight increase
in the friction coefficient shown in FHg. 16. This tendency was aso the same in the previous sudy. This suggests the
frictiond drag isincreased at low Reynolds numbers because of the additiona dissipation around due to generation of
vorticity around bubbles.

6. Conclusons

Various numerical smulation technigues were used to elucidate the mechanism of the microbubble drag reduction.
The techniques can be grouped by the ways bubbles and turbulence are modeled. The macroscopic influence of
bubbles through the decrease in the mean density and the increase in the effective viscosity can be smulated using the
phase-averaged two-fluid model, moreover it has been shown that accurate profiles of void fraction and mean velocity
inalaminar flow can be obtained by the proper choice of the lift force model.

For invetigating the smdler scae interaction between bubbles and turbulence, the DNS methods, which resolve
liquid phase flow and flow around bubbles in a single framework, should be used. DNS has been gpplied to alaminar
two-dimensiona Couette flow and a three-dimensiona low Reynolds number turbulent channd flow in this study. It
has been shown that the interactions between bubbles and laminar shear flow can be accurately computed, and a
qualitative agreement has been confirmed in the turbulence modulation by bubbles.

The present investigations did not identify the origin of the microbubble drag reduction. However, it has been
shown that the laminar interactions and the effect of compressibility of bubbles can not explain the decrease in the
frictiond drag. This suggeststhet the interaction between bubbles and turbulence is the source of the microbubble drag
reduction. Although vaidations of the DNS method for turbulent flows are not thorough yet, the present study has
shown that DNS of bubbly turbulent flow is possble by use of the present numerical methods. Further vaidation
through quantitative comparisons with experiments, and extenson to higher Reynolds number flows probably by
introduction of sub-grid scale mode s are needed for eucidation of the phenomena.
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Fig. 9 Shapshot of bubble distribution at t'=200 in the DNS of bubbly channd flow (Re,=180, a:=1%6). Colorson indicate the streamwise
component of theingtantaneouswall sheer stress.
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Fig. 10 Void fraction profilesin the DNS of bubbly channel flow

(Re=180, a=1%).
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Fig. 12 Turbulenceintendty profilesin the DNS of bubbly

channd flow (Re=180, a=1%)).
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Fig. 15 Profiles of the Reynolds shear in the DNS of bubbly

channd flow (Re=180, a=1%)).
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Fig. 11 Time evolution of the mesn distance between bubblesand
thewadl inthe DNS of bubbly channd flow (Re,=180, a=1%).
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Fig. 14 One-dimengond engysped:raay+=l4 inthe DNS of
bubbly channd flow (Re=180, a=1%).
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Fig. 16 Timehistories of the normdized frictiona drag coefficient
inthe DNS of bubbly channd flow (Re=180, a=1%)



