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ABSTRACT

In this study, the direct numerical simulation of a fully-
developed turbulent channel flow with deformed bubbles
were conducted by means of the MARS method, turbulent
Reynolds number 150, and Particle Reynolds number 120.
As the results, large scale wake motions round bubbles were
confirmed. At the bubble related region, mean velocity was
degreased and turbulent intensites and Reynolds shear stress
were incresed by the effects of the large scale wake motions
round bubbles. On the other hands, near wall region, effects
of bubbly flow might act on flow laminarlize and drag
reduction.

Two types of drag coefficient of bubble were estimated
from the accelerated velocity of bubble and experimental
equation as a function of Particle Reynolds number. Drag
coefficient estimated by the accelerated velocity of bubble
was below the results estimated by the experimental
equation.

INTRODUCTION

Turbulent flows with bubbles are very often found in
engineering devices such as a light-water nuclear reactor
and chemical reactor. Therefore, both experimental and
numerical investigations have been conducted, extensively.
In the view points of understanding coherent structures and
turbulent statistics behaviours, the DNS (Direct Numerical
Simulation) is expected to have advantages of the
experimental approaches. Recently, DNS of the turbulent
shear flows with deformability bubbles have been
conducted by Kawamura and Kodama, 2002, Lu et. al.,
2005 and Lu and Tryggvason, 2008, based on the front-
tracking method. These DNS focused on interaction
between turbulent structures near wall and bubbles to
investigate friction drag reduction effects on wall.
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In this study, DNS of a fully-developed turbulent
channel flow with bubbles were conducted to investigate
forces acted on deformability bubbles such as drag
coefficient.

NUMERICAL METHOD

Numerical procedure was based on the MARS method
(Kunugi, 1997, Kunugi, 2001); the governing equations are
consisted of Navier-Stokes equations with the CSF
(Continuum Surface Force) model (Brackbill, 1992) ,
continuity equation and transport equations of a volume
fraction function (VOF) F. To refine the suface tention
acted on bubbles, a kind of a level-set function estimated by
using VOF function, was used for calculation of the surface
tention. As for the discretization of the governing equations
on the Cartesian coordinate system, the second-order
scheme for the spatial differencing terms is used on the
staggered grid system. Time integration method was low-
storage 3rd-order Runge-Kutta scheme for convection terms,
Crank-Nicolson scheme for viscous terms and Euler
Implicit scheme for Pressure terms, respectively. The
physical problem treated here is the motion of two
Newtonian incompressible fluids allowed the interface
deformation between them.

NUMERICAL CONDITION

Figure 1 shows flow geometry and coordinate systems
and Numerical condition was tabled in Table 1. In this study,
minimum flow units (Jimenez and Moin, 1991) was selected
as numerical domain. Thermal properties at normal air-
water system were adapted. A fully developed single-phase
turbulent channel flow data was used as the initial velocity
fields and 4 bubbles which diameter was 1 mm were
entrained in channel center domain.
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Tabel 1 Numerical condtion

CASE Re. | 1" | pu/pg Domain Grid number Resolution Ty
LxxLyxLz NxxNyxNz Ax Ay Az°

CASE1 150 30 842.1 4hx2hx4/3h 150x134x 50 4.0,0.5-4.0,4.0 420

CASE2 150 30 842.1 4hx2hx4/3h 300x182x100 2.0,0.5-2.0,2.0 400

Re= u.h/v,,: Turbulent Reynolds number, u.: Friction velocity at wall, 2/: water depth,
v,: Kinetic viscosity of water, 7: Initial radius of bubbles, p,, : Density of water, p, :Density of air,
Lx, Ly, Lz: Computational domain, Nx, Ny, Nz: Grid number,

Ax"Ay" . Az": Grid resolution for stream (x)-, vertical (y)-, and span (z)- wise directions, respectively.
Super-script + denotes the nondimensional quantities normalized by friction velocity and kinetic viscosity used Reynolds
number definition. 7,": Time integration length from initial condition to fully-developed status
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Fig.1 Flow geometry and coordinate system
Table 2 Numerical results
CASE Re, | rir' Void fraction
CASE1 122 | 1.07 0.15%
CASE2 132 | 1.12 0.15%

Rep= |u,- uy [r/v,,: Particle Reynolds number,
u,,: velocity of water, u,,: velocity of bubble,
v,,: Kinetic viscosity of water,
7+ Initial radius of bubbles, »’": Maximum radius of bubbles
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Fig.2-(a) Instantaneous turbulent velocity vector plots,
side view, CASE1
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Fig.2-(b) Instantaneous turbulent velocity vector plots, side view and top view, CASE2
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To obtain a fully-developed status, gravity effect was 20

ignored and streamwise constant pressure gradient was — 5500000000000
00 1

forced on water phase. Non-slip at the walls and periodic 15} J
conditions for stream and spanwise directions were adapted :
for boundary conditions. IS 1 0: ) E
The first time integration was conducted during 400 [ .o 1
non-dimensional times (Ty"= Tyu2/v) from initial condition [ U (single)
and Particle Reynolds number was kept in the equilibrium ]
status. Secondary, 1200 non-dimensional time integration ' 1
was conducted after fully-developed status to obtain [ 50 1(‘)0 — T30
statistics data. »+
EFFECTS OF GRID RESOLUTION Fig.4  Mean velocity profiles
Figure 2-(a) and (b) show instantaneous turbulent
velocity vector plots round bubbles after fully-developed
status in CASEl (Fig.2-(a)) and CASE2 (Fig.2-(b)),
. . 3 ‘
respectively. Large scale wake motions from the effect of
bubbles on were confirmed. These motions round bubbles z S ::nm
were no much difference between CASEl and CASE2. +; nl R O W 1 |
Averaged particle Reynolds number and maximum longest 2 AN L s E:}Eg@
diameter in both cases were tabled in Table 2. Both of +5 77T s (single)
Particle Reynolds number and longest diameter in CASE2 3
exceeded the results in CASE1 but these differences were ts
slight.
MEAN AND STATISTICS 50 100 150
Figure 3 shows mean volume-rate function distribution y
in CASEL. Due to the neglect gravity effects, bubble motion
for vertical direction was small and fluctuations of vertical Fig.5  Turbulent intensity profiles

bubble positions were within 20 in wall-units.
Water-phase mean velocity profile was shown in Fig.4.
Mean velocity at channel center region and mean discharge

was decreased compared with single-phase flow. This 0.8————— ——
indicates that bubbles works as flow drag in this flow L ——
. . © -uv
.condlt'lon. Figure 5 and 6 show water-phase turbulent 0.6 éé@tzz%o% v (single) 1
intensity and Reynolds shear stress profiles, respectively. L s N
Near channel center, turbulent intensities and Reynolds F; 04 °ooo
shear stress were increased compared with in case of single- 0T o, i
phase flow. This is because form large scale wake motions i o
as shown in Fig.2. On the other hands, in case of bubbly 0.2 Mo A
flow, peak position of streamwise turbulent intensity was F R ]
slightly shifted to channel center and Reynolds stress near S EE
. . 50 100 150
wall was decreased compared with single-phase flow case. .
Consequently, it seems that effects of bubbly flow act on Y
flow laminarlize and drag reduction. Fig.6  Reynolds shear stress profiles
0.015
[ PARTICLE REYNOLDS STRESS AND DRAG
r COEFFICENT
0.01L ] In this study, drag coefficient of bubbles was defined as
5 [ 1 follow,
L Fig.4 i d* X
0.005- £ 1 i = F,/m, 1)
2
‘ ‘ ‘ ] Fy =_%pu (”p _ub)‘up —uy % 2)
% 100 150 200 250 , N ,
+ , where X is the position of bubble center, Fp is the forces
) 7 acting on bubbles, m is the mass of bubble, Cp is the drag
Fig.3  Distribution of mean volume-rate function coefficient of bubble, u, is the bubble velocity, uj is the

water-phase velocity and D is the initial bubble diameter,
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Fig.7 Instantaneous bubble behaviours with streamwise turbulent velocity contour plots
-3.5(Blue)<u'<3.5(Red)
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respectively. From equation (1) and (2), drag coefficient of
bubble can be estimated as follow,
8Da
Ch=— 3)

2
6lu, 7uh‘

, where a(=d"X/df’) is the accelerated velocity of bubble. In
case of Particle Reynolds number was given and bubble
deformation can be ignored, drag coefficient was also
estimated by using experimental equation.

C,=(0.55+4.8/ [Re, 1< Re, <1000
5 @

‘up —u,

Re =
’ v

In this study, drag coefficient of bubble was estimated from
equation (3) and (4), by using DNS data.

Figures 7 and 8 show instantaneous bubble behaviours
with streamwise turbulent velocity contour plots and time
series of instantanecous Particle Reynolds number,
respectively. After fully-developed status, large wake
motion round bubbles were constantly observed but bubble
deformation was not so remarkable, maximum longest
diameter was about 1.07 times of initial bubble diameter.

Particle Reynolds number changed the range form 110 to
135 and its range was within the assumption of equation (4).

Figures 9 show the instantaneous drag coefficient of
bubble. Mean water-phase velocity at bubble center position
and bulk water-phase velocity was used in Fig.9-(a) and (b),
respectively. Drag coefficient of bubble by using local
water-phase velocity exceeded it by using bulk water-phase
velocity. This is why relative velocity is increased in case of
local-position velocity than bulk velocity.

Drag coefficient estimated by the accelerated velocity of
bubble was below the results estimated by the experimental
equation (4) in spite of the definition of water-phase
velocity. In case of using local water-phase velocity (Fig.9-
(a), drag coefficient estimated by the accelerated velocity
was closed to its estimated by the experimental equation (4)
than in case of using bulk velocity (Fig.9-(b)). This is
caused from large scale wale motions as shown in Fig.2.
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Fig.8 Time series of instantaneous Particle Reynolds
number.
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—_— CD=(0.55+4.8/Rep°‘25)2, Re,=|u,-uf*DIv
-===Cp=8/6*D*al|u,-uj

u,:Bubble velocity

uy: Water-velocity at bubble position

Fig. 9-(a) Drag coefficient of bubble
up: Mean water-phase velocity at bubble center position: uy
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u,:Bubble velocity
uy:Bulk velocity

Fig. 9-(b) Drag coefficient of bubble
u,: Bulk water-phase velocity

SUMMARY

In this study, the direct numerical simulation of a fully-
developed turbulent channel flow with bubbles were
conducted by means of the MARS method. DNS database
such as the mean velocity, turbulent statistics and drag
coefficent of deformed bubble were obtained. Main results
are summarize as follow;

1) In this flow condition, average Particle Reynolds
number about 120, large scale wake motions by the
effect of bubbles were confirmed.

2) At the bubble related region, mean velocity was
degreased and turbulent intensites and Reynolds shear
stress were incresed by the effects of the large scale
wake motions round bubbles.

3) Near wall region, peak position of streamwise
turbulent intensity was slightly shifted to channel
center and Reynolds stress near wall was decreased.

4) Drag coefficient estimated by the accelerated velocity
of bubble was below the results estimated by the
experimental equation.
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