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Highlights
e Large eddy simulation is used to predict interacting microbubbles in a turbulent
horizontal channel flow
e Two-way coupled simulations are performed based on Eulerian-Lagrangian technique
e Effects of bubble and fluid inertia on bubble migration and turbulence modulation are
demonstrated
e Results are in good agreement with, and complement and extend,those obtained from

direct numerical simulation



L arge eddy simulation of microbubble transport in a turbulent

horizontal channel flow

Kenneth S. AsiagbeMichael Fairweather, Derrick O. Njobuenwu, Marco Colombo
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Abstract

Liquid-gas multiphase flows occur in many engineering and environmental applications, with
the former ranging from the flow of oil and gas in pipelines, of steam and water in nuclear
reactors and steam generators, and the evaporation and condensation of refrigerants in
refrigeration and air conditioning equipment. In this paper,/the dispersion and interaction
between microbubbles and turbulenceaihorizontal chanpel flow_is investigated using a
two-way coupled Eulerian-Lagrangian approach based on large eddy simulation. The
microbubbles are considered to be spherical and nen-deformable, and are represented by a
Lagrangian bubble tracking technique, with thesbubbles subject to drag, gravity, buoyancy,
shear lift, added mass and pressure gradient.forces. Dynamic calibrai@mafgorinsky-

type sub-grid scale (SGS) closure is employed to account for the unresolved stresses, whil
stochastic Markov method is used to-describe the effect of the SGS velocity fluctuations on
bubble dispersion. Channel flewfwater at two shear Reynolds numbets, = 150 and

590, and three different bubble diametets,= 100, 220 and 33Qum, are simulated. The
results show acceptable~agreement with DNS predictions of single- and two-phase flows,
with the low density microbubbles migrating towards the upper channel wall with time under
the influence of buoyancy, and segregating in the upper half of the channel, with this effect
increasing with ‘bubble diameter. The accumulated bubbles near the upper wall modify the
liquid velocity field, with the mean velocity profile becoming asymmetric as a consequence
and with slight modification of the turbulent stresses. At higher mean velocity and turbulence
levels, the“buoyancy effect is reduced due to more effective turbulent dispersion of the

microbubbles, leading to reduced bubble migration towards the upper channel wall.
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channel
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1. Introduction

Liquid-gas bubbly flows are frequently encountered in a, widevariety of engineering,
environmental and industrial applications, including boilers, distillation towers, chemical
reactors, oil pipelines and nuclear reactors, amongst<many others. The dynamics of bubbly
flows are strongly sensitive to the flow regime, bubble size and shape, bubble velocity and
void fraction, hence it is imperative to account fer.these parameters in order to accurately and
reliably predict bubbly flow behaviour whiech is of importance to the operational safety,
control and reliability of the type of industrial equipment noted (Hassan, 2014). Dispersed
bubbly flows, where gaseous bubbles-are present in a continuous liquid flow, and in general
most particle-laden two-phase flows, are predicted using either Eulerian-Eulerian or Eulerian
Lagrangian approaches, with: attendant advantages as well as short comings (Njobuenwu et
al., 2013). In this work, the Eulerian-Lagrangian approach is adopted since this method is
expedient in terms of{the,broad motivation of our research which necessitates the accurate
tracking of individual, bubbles, with their subsequent coalescence due to collisions and break-
up due to shear,forces monitored. Hence, the subsequent discussion is limited to studies that
employed this approach. In the Eulerian-Lagrangian approach, the liquid phase isasaated
continuum in the Eulerian reference frame in which the flow and turbulence are obtained by
modelling or simulation, and the dispersed gas phase is treated in a Lagrangian reference
frame with the individual bubbles in the system tracked by solving Newton’s second law,

whilst accounting for the forces acting on the bubbles.

Amongst the different types of bubbly flow, the use of microbubbles injectechmedr into
a turbulent flow can generate drag reductions of up to 80%, with reductions of even small

amounts being extremely beneficial to pumping and pipeline system efficiency, and skin



friction reduction on ships (Apte et al., 2003; Lu et al., 2005). Recently, a series of
comprehensive reviews of drag reduction by microbubblas published by a number of
researchers (Ceccio, 2010; Murai, 2014, Paik et al., 2016; Pang et al., 2014; Watamura et al.,
2013). Bubble size has been found to be a critical factor, with drag reduction only possible
when the bubble diameter is less than about 1 mm, and with drag reduction rates generally

higher with smaller bubble diameters.

As demonstrated by several studies of bubbly flows, the effect of bubbles and microbubbles
on the liquid velocity and turbulence field is extremely complicated.and/depends on many
factors, such as the bubble size and shape, void fraction, gas and liquid velocitieg and th
flow direction of the liquid (Kitagawa et al., 2005; Wang .and ‘Maxey, 1993). Bubbles
experience a transverse lift force when moving in a shear. or.rotational flow, and this plays a
decisive role in the lateral distribution of these bubbles in“pipes and other industrial flows. In
upflow, bubbles move faster than the liquid and,“as long as their shape remains close to
spherical, they are pushed towards the wall by.the lift force. Here, when the bubbles are very
close to the wall, the flow of liquid between the, bubbles and the wall generates a wall
lubrication force that tends to keep the bubbles from contacting the wall (Giusti et al., 2005;
Molin et al., 2012). In downflow, thesbubbles move slower than the liquid and are pushed
towards the centre of the flow and.away)from the walls (Wang et al., 1987). In addition, when
the diameter of a bubble increases beyond a certain value, deformation of the bubble by the
inertia of the surroundingiquid can alter the fluid circulation aratinchanging the sign of

the lift force that consequently pushes the bubble, in upflow conditions, towards the centre of
the flow (Ervin and:\Tryggvason, 1997). Several extensive studies have been carried out on
the lift force (Aaton, 1987; Auton et al., 1988; Lighthill, 1956) and numerous correlations for
this force proposed (Hibiki and Ishii, 2007), among which is the model of Legendre and
Magnaudet (1997) that is used in the present work. Nevertheless, the motion of bubbles in
turbulent.flovs and near walls continues to be a topic of considerable interest, as shown by
recent studies (de Vries et al., 2002; Jeong and Park, 2015) that considered how the
trajectories of bubbles near walls change with bubble size. For relatively low Reynolds
numbers, buoyant microbubbles generally rise unsteadily, with repeated interactions between
the bubbles occurring (de Vries et al., 2002)isTirend is, however, statistically steady and

the average motion (averaged over time and space) does not change with time.



But in many practical applications (Wdrner, 2012), the Reynolds number is considerably
higher and bubbles at high enough Reynolds numbers rise unsteadily, either wobbling as they
rise or rising along a spiral path. The direct numerical simulabiNS| studies of Esmaeeli

et al. (1994) found that two-dimensional bubbles in periodic domains start to wobble at much
lower rise Reynolds numbers than their three-dimensional counterparts, and that bubbles slow
down significantly once they start to wobble. G6z et al. (2002) also observed a chaotic
motion for real (three-dimensional) deformable bubbles rising at high enough Reynolds
numbers. However, since air bubbles are deformed to a spherical-cap shape,only when their
diameter is higher than a critical value, such motimmght not be observed under normal
conditions. From experimental work, Ellingsen and Risso (2001) suggested that the wobbling
mode may be a transitionary phase and that wobbly bubbles eould.eventually rise along spiral

paths, if sufficient time were allowed.

Direct numerical simulations of such flows, with hemogeneous bubble distributions in fully
periodic domains, have been used to obtain.results for the bubble rise velocity, velocity
fluctuations, and the average relative orientation of bubble pairs (Ferrante and Elghobashi,
2004; Giusti et al., 2005; Mazzitelli et al;,2003; Molin et al., 2012; Pang et al., 2014). Xu et
al. (2002) obtained results that increased understanding of turbulent boundary layers laden
with microbubbles. Esmaeeli and.Tryggvason (1998) used DNS to examine the motion of up
to 324 two-dimensional, or 8 three-dimensional, rising bubbles at low Reynolds numbers,
similar to those typical of Stokes flows. The results show that a regular bubble array is
unstable and that it breaks up in two-bubble interactive systems. At low Reynolds numbers
in agreement with“Stokes flow predictions, a freely evolving bubble array rose faster than a
regular one, with this\trend reversed at higher Reynolds numbers. Due to the rapid increase
the computational ’resources required to perform such simulations with Reynolds number,
however, such-studies are mainly limited to low Reynolds number flows. Whilst most of the
researchuwon’ channel flows has been focused on the use of DNS, different authors have
employed large eddy simulation (LES) coupled with a Lagrangian bubble tracker to study
hydrodynamics, coalescence and break-up in bubbly flows, mainly in square cross-section
bubble columns (Delnoij et al., 1997; Deen et al., 2001; van den Hengel et al., 2005; Lau et
al.,, 2014). Instead, in this work, large eddy simulation is used to study the flow of
microbubbles in a horizontal channel, with specific consideration of bubble interaction with
the turbulent flow, as part of an ongoing development of high accuracy computational fluid
dynamic tools of value to the prediction of industrial flows. In LEBered forms of the



Navier-Stokes equations are solved, with only the large scales of turbulent motion resolved,
whereas the sub-grid turbulent scales and their effect on the mean flow are modelled. In
liquid-gas flows, the large scale turbulent structures interact with bubbles and are responsible
for the macroscopic bubble motion, while small scale turbulent structures only affect small
scale bubble fluctuations. Since large energy-containing motions are explicitly captured in
LES, and the less energetic small scales are modelled using a sub-grid scalen(8EIS

LES can reasonably reproduce the statistics of bubble-induced velocity fluctuations in the
liquid. The LES code is coupled with a Lagrangian bubble tracker and extended to study the
dynamics of microbubbles in turbulent channel flows. Given the basis of the predictive
methods noted, the overall approach can be expected to properly describe the scales which
are responsible for the interactions between the continuous and dispersed phases and, at the
same time, to permit subsequent extension to other more complex flows of engineering
interest because the overall approach is less-demanding in terms of computational resources
than DNS-based methods. The results described are of benefit in improving our
understanding of bubbly flows, and hence are relevant to the understanding of more complex

industrial flows.

The overall model is applied to the flow of air microbubbles in a horizontal water channel
flow. Results are validated against the DNS results of Pang et al. (2014) at a shear Reynolds
number,Re,; = 150 and a microbubble diametdy, = 220 um. Additional simulations are

made at the higher shear Reynolds numbeR@f = 590 to study the effect of higher
turbulence levels on bubble concentration towards the upper wall promoted by buoyancy, and
the modifications induced by the presence of these bubbles in the continuous phase field.
Also, two additional bubble sizesly = 110 and330 um) are considered at both shear
Reynolds numbers to investigate the complex mutual interactions between turbulence, bubble
diameter and preferential bubble concentration near the upper wall. The work described
forms the basis for further extensions of the overall model to handle more complex
phenomena such as bubble deformation, collision, break-up and coalescence, the full
implementation of which will allow the model to be deployed to study a wide range of
industrially relevant flows. An illustration of how the model can be extended to address
bubble coalescence is also included in this work. The paper is structured as follows. Section 2

describes the numerical model, with details of the numerical solution given in Section 3. In



Section 4, the results of the simulations are presented and discussed, with concluding remarks

in the final section.

2. Mathematical Modelling
2.1 Large eddy ssimulation

To compute the carrier flow field, large eddy simulation was adopted. In LES; the fluid flow
field is decomposed into large scale motions that are resolved by the computation, and small
scale, sub-grid fluctuations by use of a filtering operation. The resolved flow field is obtained
taking into account the effects of the SGS fluctuations according.to the filtered continuity and

momentum equations:

o,

o = 0 1)
0w O _ 108 _ 0 N B fou
at Y Ox; - pox; Ox;j (Jl] + TU) + pLy 613 + p (2)

where the overbar identifies filtered quantitipsis=the.fluid densityu the Eulerian fluid

velocity, p the pressuregy the dynamic viscosity;.angyis the viscous stress given by:

_ — ow | o
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Herg §;; is the strain-rate tensor, amg in\Eq. (2) is the sub-grid scale stress tensor, arising
from the top-hat filtering operation, which is required to close the system of equations. The
SGS stress is modelled using the dynamic model of Germano et al. (1991), implemented
using the approximate localisation procedure of Piomelli and Liu (1995) together with the
modification proposed by di Mare and Jones (2003), according to:

Tij = Wy — Wi, (4)

The dynamic SGS’model is adopted here as it is a function of both space and time, and hence
IS more accurate than the standard Smagorinsky model which depends on choosing an
optimal medel constan.he SGS stresses are obtained from the product of a SGS turbulent
kinematic viscosityy,,s, and the resolved part of the strain-rate tensor. The SGS kinematic
viscosity is evaluated as the product of the filter witldnd an appropriate velocity scale:

VsGs = (CA)?|IS]. (5)

with

_ _ 6
IS1l = /ZSijSij- ©)

Therefore, the anisotropic part of the SGS stress tensor is given by:



i = =2(CA)?|ISIIS;;. (7)
The model coefficienC is estimated by applying a secofilfler, known as the test filter,
denoted by~ in the equations. In the tefiitered equation the SGS stresses are:

—Uu —Tun 8
Tij_quj_quj' ()
The parameter$;; and T; ; are unknown but are related by Germano’s identity (Germano et

al., 1991) through the resolved stress tensor:

Lij :Tij_;ij :quj_ﬁﬁj ©)

which can be calculated from the resolved quantities. To give the required-expression for C,
some form of relationship between the model constant values @ #mjl.at the grid- and
test-filter levels must be specified and, based on the hypothesis that the cut-off length falls
inside the inertial sub-range®=C?(s). However, such, a-sub-range is not guaranteed to

occur in wall bounded or low Reynolds number<flows,, with the largest deviation from
universality of the SGS motions expected to occur in the regions of weakest resolved strain.
Based on this, the two values of the model parameter at two different filter levels are liable to
differ. To account for this, di Mare and Jenes'(2003) proposed the following:

(10)

C?(e) = C{l+

&
2V2A% |5 IIIS® ||2}
wheree represents the assumed‘turbulence energy dissipation rate, suck thfl, v and

[ are the velocity and length'scales, respectively, suclvthat, andl = h, whereu, andh

are the bulk velocity and channel half-height for the flows considered herein.

Equation (10).is'based on the assumption that the scale invariance of C can only be invoked if
the cut-off falls inside an inertial sub-range, and when this occurs, the modelled dissipation

should/represent the entire dissipation in the flow. Conversely, in the high Reynolds number

limit~the_dissipation is only determined byand! so that the ratio of to A2||S||’ is a
measure of how far the flow is from scale preserving conditions. This equation represents a
first-order expansion of other scale dependent expressiors fa.g. that of Porte-Agel et

al. (2000) which also use a single length and velocity scale. Equations (9) and (10) with

contraction of both sides with the tenssr, then give:
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whereC? is a provisional value for the fiel@?, for example, its value at the previous time
step (Piomelli and Liu, 1995). The dependence embodied in Eq. (7) gives a simple correlation
for C2. The main advantage of this method is that it is well conditioned and avoids the spiky
and irregular behaviour exhibited by some implementations of the dynamic model and, as the

resolved strain tends to zer6? also tends to zero, whil€?(e) remains bounded. The

dissipation term also yields smoafR fields without a need for averaging;and the maxima

of C? are of the same order of magnitudelaly’s (1967) estimate~for the Smagorinsky
model constant. Negative values of the model parameters are'not prevented, with such values
set to zero to prevent instability. Negative values of the.SGS viscosity are similarly set to
zero. In the present work, test filtering was performed in all space directions, with no

averaging of the calculated model parameter field. The Aitho was set to 2 and the filter

width determined fromA= (AxAyAZ)1/3, whered,, A} ,~and A, denotes the physical grid

yl
spacing in the three coordinate direction

The last two terms on the right hand.side of Eqg. (2) represent the mean pressure gradient,
Ap/L,, required to drive the flow and the action on the fluid of the bublfjgs, given by

the summation of all the hydrodynamic forces acting on the bubbles except gravity and
buoyancy. The mean pressure/gradient, taken into account gravity and buoyancy forces, is
givenby (Molin et al4;2012;Yamamoto et al., 2001):

2
T

Ap  pu
—= +aplp 7 pr)g (8)

L, h

whereuy is the.fltid shear velocityy, the bubble volume fractiom,, the bubble density and

g the aceeleration due to gravity. The tefyy ; is considered further below.

2.2 Lagrangian tracking of bubble motion

The motion of a small rigid spherical bubble in a turbulent flow field is described by
Newton’s second law of motion (Maxey and Riley, 1983). With the bubble-fluid density ratio
pp/p < 1, the microbubbles are subjedtto drag, lift, gravity, buoyancy, pressure gradient
and added mass forces, and a stochastic contribution arising from the SGS velocity

fluctuations (Elghobashi and Truesdell, 1992). The Basset history force is neglected in this



work following the observation of Rivero et al. (1991) and Sridhar and Katz (1999) that, in
the case of bubbles, this force is always negligible in comparison with the other forces noted

Therefore, the motion of microbubbles obeys the following Lagrangian equation written per

unit mass:
dv D1 u- prdu p (du dv)
1-= =
dt ( pb) g + Tp CSN + CL Pp [(u v) X w] + Pp dt + Zpb dt dt + ngsr (9)

where the terms on the right hand side of Eq. (9) represent the gravity-buoyancy, drag, shear
lift, pressure gradient and added mass forces per unit mass, respectively; while the last term,
Xsgs: represents the effect of the SGS velocity fluctuations on the bubble motion. Sulbscripts
andb represent liquid and bubble, respectivedy= 0.5 X Vu is the fluid verticity, and,, is

the bubble relaxation time which can be corrected to account,for,added mass effects to give
1, = 1,(1 + p;/2pp). The bubble position vectas, is obtained by further differentiation of

Eq. (9).

The coefficientCsy represents the non-linear Schiller and Naumann (1935) drag coefficient
written, with respect to the bubble Reynolds nunigr = |u — v|d, /v, as:

Csy = (1 + 0.15Re2%%7) (10)

The lift coefficient G is also a function oRe,jand the dimensionless shear réitg, and is

computed from the correlation of Legendre and Magnaudet (1997):

6, = J(ciomre) + (comney, (11)
where
6 2.255

C[ovRe = F(Rebsrb)—()'s 1+ 0_25—2)1_5] (12)

and
: 1/(1+16/Re
highRe b
A 1

‘L 2 (1 + 29/Reb> (13)

with Srb = |(l)|dp/(2|u— VD andf = \/ST'b/Reb.

The last term in Eq. (9)yepresenting the effect of the SGS velocity fluctuations on bubble
motion, is determined using a stochastic Markov model (Bini and Jones, 2008) which

represerdgthe influence of the unresolved fluctuations on bubble acceleration using:

ks S
Xsgs = Co( f)dwt/dt (14)



wherek,; is the unresolved kinetic energy of the liquid ph&geis a model constant taken
as unity, anddW; represents the increment of the Wiener process. During the simulation,

dW, is represented by; x VAt, where §; is a random variable sampled from a normal
distribution with zero mean and a variance of unity, and which is independent for each time
step and for each velocity componenf.is a sub-grid time scale which affects the rate of
interaction between the bubble and the turbulence dynamics, defined as:
1.6
Tp

e = 06" (15)
(A/k25s

The SGS kinetic energy is obtained frany, = (ZAngsfij§ij)2/ 3, an expression derived
using equilibrium arguments (Bini and Jones, 2008). Interaction and-eollision of the bubbles
with a wall are handled using the hard sphere collision model (Njobuenwu and Fairweather,
2017).

2.3 Two-way coupling

In situations where the bubble volume fraction is_greater th&nth@ momentum transfer

from the bubble suspension is large enough, to modify the structure of the turbulence of the
carrier fluid and the flow is referred to as, two-way coupleds Taupling effect is enforced

by the addition of the source teify), ; which represents the force per unit volume exerted by

the bubbles on the fluid in thefluid momentum balance equation, Eq. (2), and ibgiven

1 np

fowi = Bl f[-{‘ii (20)
j=1
where the summation'is defined over the number of bubllgsesent in the computational

cell volume under consideratiof)j'i is the source term arising from tjf& bubble in the®"

direction, and the subscript represents the hydrodynamic force terms. In the present case,
the relevant'seurce term for the LES momentum equation is the summation of all the
hydrodynamic force terms (drag, shear-lift, pressure gradient and added massingxcept
body.force (gravity and buoyancy) terms which occur on the right hand side of Eq. (9) since
these have already been included in the pressure gradient term:

o= —mo[ - (1-2) 1] @y

where m,, is the mass of a bubble agd=9.81, 0 and Oms~2 in thei =x, y and z

directions, respectively.



2.4 Four-way coupling

In the final part of the results and discussion section below, an extended version of the model
is used, including a four-way coupled mechanistic approach that accounts for bubble-bubble
collision and coalescence. Bubble-bubble collisions are individually tracked and, after
collision, bubbles may bounce off one another or coalesce, depending on their relative
velocity and radii. Collision is modelled using the deterministic, hard sphere, frictionless
inter-bubble collision model, therefore collisions are binary and perfectly elastic, and
deformation after collision is neglected (Breuer and Alletto, 2012;° Njebuenwu and
Fairweather, 2015).

After collision, the probability of coalescence is evaluated.using the Prince and Blanch
(1990) model, based ahe film drainage approach. In this model, two bubbles that collide
trap a small amount of liquid between them. For coalescence to taketiddagyid film has

to drain out down to a critical thickness where ruptdre occurs. Therefore, coalescence occurs

only when the bubble contact timg; exceeds the film drainage tintg. Otherwise, the

colliding bubbles bounce off one another without cealescdrmecontact time is assumed to

be given as:
CcRij
T =— (22)
9] un
whereR;; is the equivalent bubble radius which is given as:
2 o2t
R;j =20 (—+—) (23)
X dpf \dp2
Here,u, is the relative approach velocity of the bubbles in the normal directiort,.aadhe
deformationdistance. The latter’s value was taken as 0.25 as this has been found to give
optimal agreementwith experimental data (Sommerfeld et al., 2003). The film drainage time
is expressedias(Prince and Blanch, 1990):

R¥p1 h
o= | ot 24
ty = 22 n (1) (24)

with the initial film thicknessh, for water-air set to 1.0 x 10m, the final film thickness

before rupturer, set to 1.0 x 18m (Prince and Blanch, 1990), the bubble surface tension

given as 7.2 x IONm™, and wherel,, andd,, are the two colliding bubble diameters. The
properties of the new bubble after coalescence are calculated from a mass and momentum

balance. The new bubble diameter after coalescence is calculated as:



db,new = (dls;l + d§2)1/3 (25)

In further work, not reported below, it was found that at the Reynolds numbers investigated,
bubble break-up was negligible.

3. Numerical Solution

Before introducing bubbles, a fully developed single-phase turbulent channel flow was
obtained at shear Reynolds numbRes = u, h/v of 150 and 590, with water as the carrier
phase fluid with kinematic viscosity = 107° m?s~! and densityp = 14000kgm 3. The
computational domain is a channel bounded by two infinite flat parallel walls, as illustrated in
Fig. 1, with the x, y and z axes pointing in the wall normal, spanwise and streamwise
directions, respectively. A channel flow was adopted to benefit.from its advantages in terms
of the simplified implementation of boundary and initial_conditions, as well as the reduced
computation times compared to other geometries.“The dimensions of the computational
domain were set td., X L, X L, = 2h X 2mh X*4rth,;"and these were discretised using

N, X N, X N, = 129 X 128 x 128 grid points in‘ther, y and z directions, respectively. The

grid nodes were distributed uniformly along. the- andz —axes, and non-uniformly using a
hyperbolic function (Gamet et al., 1999) in the wall normal direction. A no-slip boundary
condition is imposed at the channel'walhile periodic boundary conditions are imposed in

the streamwise and spanwise directions, with the flow being driven using an imposed
streamwise fixed pressure gradient. The BOFFIN (boundary fitted flow integrator) code was
used to solve the geverning equationlis code has been applied extensively in the LES of
reacting, e.g. di-Mare.et al. (2004) and Jones et al. (2014), and non-reactiiginieamd

Jones (2008) and,Njobuenwu and Fairweather (2@ibylent flows. For further details of

the numerical methods used in BOFFIN, readers are referred to these publications and

references therein.

Air bubbles with a density, = 1.3kgm™~3 were introduced uniformly into fully-converged
single-phase flow solutions, with the initial velocity of a bubble equal to the fluid velocity at
the bubble location, obtained by interpolation. Three bubble sizes110, 220 and 330 pm,
were considered, and the bubble volume fraction was chosep-asl.12x 10* which is

high enough to allow analysis of the effect of microbubbles on the continuous flow field but,

at the same time, low enough ®&sure negligible bubble- bubble interaction. This



corresponds to a total number of 181,272 microbubbleg,ferl 10 pm, 25,400 ford,= 220
um and 6,714 ford,= 330 pum.

Flow domain:

LY = L, (u,/v) = 300 wall units
Ly = Ly (u./v) = 942 wall units
L} = L,(u;/v) = 1885 wall units

Figure 1. Coordinate system and channel.geometry details.

Table 1. Computational parameters of liquid and bubbles relevant to the simulation of bubble
dispersion for the two flow Reynolds numbers..Superscript + signifies dimensionless
variables.N, = a,Cp/volume of sphere is the,number of tracked bubbles, wherg i€

volume of the flow domain.

Re, = 150 Re, = 2272 u, =7.5x10ms™* | upyy =0.114ms?
dp/pm | df | T,/ us Ty Tp/ s (7 Np
110 0.825| 0.874 [/4.894x10 | 3.370x 10 | 1.895x 10 181,272
220 1.650 | 3.495°),1.966x 10° | 1.349x 10 | 7.582 x 1CF 25,400
330 2475 | 7.865 | 4424 x 10 | 3.033x10 | 1.706 x 10 6,714
Re,; =590 Re, =11033 u, =2.9X10ms™ | wpyy =0.552ms ™!
dp [ pm | did ey ps Ty Tp/ s T Ny
110 | 3245\ 0.874 | 7.605x 10" | 3.370x 10 0.293 181,272
220 | 6.490)| 3.495 | 3.042x 10 | 1.349x 10 1.173 25,400
330/ | 9.735| 7.865 | 6.845x10 | 3.033x 10 2.639 6,714

The\trajectory of individual microbubbles was obtained from integration of the Lagrangian
tracking equation, Eq. (9), which was solved using a fourth-order RKngia scheme.
Perfectly elastic collisions were assumed at the walls when the microbubble centre was at a
distance from the wall lower than the bubble radius. The time-step for the bubble tracker was
chosen equal to that of the fluid solver time-step, and corresponding to roughly one fifth of
the bubble relaxation timér, = p,d2/18u) for both Reynolds’ numbers (Molin et al.,

2012). 7, can be corrected to account for added mass effects, resultirig #ht, (1 +



p/(2pp)) = 358.61;, (Molin et al., 2012). Simulation parameters are defined in Table 1. The
total simulation time, which is a dimensionless time in wallgjnitas obtained using the
expressiontt = tu2/v, wheret is the computational time in secondsiepresents the fluid
kinematic viscosity ana? is the square of the shear velocitywas 200 foRe, = 150, and

2000 forRe, = 590, with averaging carried out after 100 and 10Q®espectively. These

were found to be sufficient to ensure convergence of averaged quantities, and constant values
of bubble concentration profilesdere, and belowthe superscript ) refers to a non-
dimensional quantity scaled by the wall (viscous) variables, wharewandv/u2are the
characteristic length, velocity and time scales. AlSoatues quoted relate t@ times after the

bubbles were first introduced to the fully developed single-phase solutions.

4. Resultsand Discussion

In this section, simulation results are discussed, and in_particular the velocity fields for both
the fluid and the microbubbles, as well as microbubble concentration profiles. First of all,
single-phase LES results are validated against:DNS"predictions. The DNS results of Pang et
al. (2014) are also used to validate LES simulations of the multiphase flRay at150 and

dp =220 um. LES is then used to extend the,simulations t&ke,= 590 and bubble diameters

dp = 110 ad 330 um. An examination of‘the forces acting on the bubbles is then performed,
followed by an assessment of the importance of bubble coalescence in the flows considered.
Note that the fluid and bubble velocitiese @xpressed in wall units, obtained fram =

u/u,, whereu is the actual velocity ims~1.

4.1 Single-phase flow

Figure 2 shows the steady profiles of the mean streamwise velocity, the root mean square
(rms) of the velocity fluctuations and th&w;* shear stress at shear Reynolds numbers of 150
and 590. Here, and in the following, these profiles have been obtained after averaging over
time=and space. Fate, = 150, the LES results are compared against the DNS predictions of
Pang\et al. (2014) that, for a 18Ibh x 2h domain, applied a mesh resolution o684 x 64

which is less refined than the present LES. While the turbulent stresses (Fig. 2(b)) are in good
agreement, the streamwise velocity is over-predicted with respect to the Pang et al. (2014)
results. Therefore, to further extend the validation of the LES, the single-phase DNS results
of Marchioli et al. (2008), made using the same computational domain as in the present work
are also included in the comparison. From Fig. 2(a), the LES streamwise mean velocity



profile is in rather good agreement with the Marchioli et al. (2008) DNS which also adopted
the same resolution as the present LES. Therefore, the under-prediction of the mean velocity
profile obtained using the LES by Pang et al. (2014) can be attributed to the grid resolution
used by the latter authors. Turbulent stresses predicted by the LES remain in good agreement
with those obtained by Marchioli et al. (2008).
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Figure 2. Single-phase velocity statistics:wmean streamwise velocity (a, ¢) and turbulent
normal and shear stresses (b, d)Rey = 150 (a, b) an&e, = 590 (c, d).

In Fig. 2(c, d), the LES results'Be, = 590 are compared against the predictions of Moser et

al. (1999) who carried’out DNS of channel flow at shear Reynolds nurRbgrs180, 395

and 590 using a spectral element numerical solution methodLH&eresults are in good
agreement with' these jof Moser et al. (1999) for both the mean velocity and the turbulent
stresses, althoughthe normal stresses are slightly under-predicted near the wall in the
spanwise and.wall normal directions, and near the centre of the channel in the streamwise
direction. Moser et al. (1999) used a grid resolution of 3&567 x 384 in contrast to the
resolution of 129x 128 x 128 used in this work. Despite the differences noted above,
however, the large eddy simulations at both Reynolds numbers are in acceptable agreement
with the DNS results considered for comparison purposes, with the ability of the LES to
resolve the main characteristics of the turbulent flows evident. This, in the context of
multiphase flows, translatestinthe ability of the LES to resolve the scales that are mainly

responsible for fluid-bubble interactions.



4.2 Two-phase flow

In this sectiona two-way coupled LES is compared with the DNS of Pang et al. (2014) at
Re, = 150 and ford,, = 220 um. Fig. 3 shows the fluid velocity statistics, the bubble velocity
statistics and bubble concentration profiles with time. Fig. 3(a, b) gives the fluid mean
streamwise velocity, and turbulent normal and shear stresses. The mean streamwige velocit
of Pang et al. (2014) is slightly over-predicted, probably as a consequence of the lower grid
resolution used by the latter authors as noted above, although the normal.and shear stress
results of both approaches are in good agreement. These results are inyline with those

obtained for th&ke, = 150 single phase flow considered in the previous section.

Figure 3 (c, d) gives the microbubble mean velocity and turbulent stress profiles, again
compared with the DNS predictions of Pang et al. (2014), where available. For the mean
bubble velocity, the DNS is found to be lower than the LES results as a consequence of the
under-predicted continuous phase mean velocity.:“Unfortunately, no DNS results for the
turbulent stresses were provided by Pang et al..(2014), although the LES results are given in
Fig. 3. For both the LES and the DNS, thewelocity profiles of the gas and liquid phases are
very similar, with the microbubble mean'velocity being slightly higher than that of the fluid
phase. An explanation to this is provided\by Pang et al. (2014). The interphase forces acting
on the microbubbles are the drag, lift; added mass, gravity-buoyancy and the pressure
gradient forces. In the streamwise direction, the added mass, pressure gradient and gravity-
buoyancy forces are negligible, Jand the drag force is expected to be weak dudot® the
mean slip velocity between the gas and liquid phases. The velocity difference is therefore
mostly generated by. the component of the lift force in the streamwise direction induced by

the spanwise vorticity, (Pang et al., 2014), and this effect is reproduced by the LES.

In the wall-normal direction, gravity-buoyancy is the dominant force, even if the lift force is
expectedsto’contribute towards moving the bubbles towards the channel walls. The gravity-
buoyancy force itself forces the lower density bubbles towards the upper wall of the channel,
and Fig. 3 (e, f) illustrates the evolution of the microbubble concentration with time. Starting
from an initially uniform bubble concentration, the bubbles gradually migrate from the lower
channel wall to the upper wall and, By=t102, the majority of the bubbles have moved close

to the latter wall.
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Figure 3™ Fluid/and bubble velocity statistics 51102, and time evolution of bubble
concentration profiles, in two-way coupled simulations compared with Pang et al. (2014)

DNS atRe, = 150: (a) fluid mean streamwise velocity, (b) fluid turbulent normal and shear

stresses, (c) bubble mean streamwise velocity, (d) bubble turbulent normal and shear stresses,

(e) bubble concentration profiles across the horizontal channel, and (f) bubble concentration

profiles close to the upper channel wall.



20 T T T T T 20 T T T T T

2900004, €)
Qo

—— DNS single phase

LES single phase - - i
o LES bubble coupled fluid DNS bubble coupled fluid
o 1 1 1 1 1 0 1 1 1 1 1

0 50 100 150 200 250 300 o] 50 100 150 200 250 300

+

X X"

Normal and shear stresses

Figure 4. Comparison between two-way, coupled and single-phase fluid statistics: (a) LES
mean streamwise velocity, (b) DNS mean streamwise vel{eégg et al., 2014), and (c)

LES turbulent normal and shear stresses.

This concentration of bubbles near the upper wall affects the velocity field of the fluid, and a
comparison between the two-way coupled and the single-phase fluid mean streamwise
velocities and turbulent stresses is given in Fig. 4. The LES mean streamwise velocity is
shown in Fig. 4(a)and this can be compared with the DNS prediction from Pang et al. (2014)
given in“Fig."4(b). The LES turbulent normal and shear stresses are also shown in Fig. 4(c)
Relative,to the single-phase, the mean velocity of the fluid phase exhibits an asymmetrical
profile. More specifically, in the lower half of the channel (0°<<x150), the fluid velocity
generally matches that of the single phase due to the negligible number of microbubbles in
that region. In contrast, in the upper half of the channel (151 < 300), the fluid phase
velocity is slightly enhanced in the region away from the wall due to the presence of the
microbubbles. As a consequence, the peak velocity is shifted slightly higher than the channel

cente relative to the single phase peak. Some smallifications are also visible in the



turbulent stress profiles (Fig. 4(c)) which, in agreement with Pang et al. (2014), are slightly

reduced in the upper half of the channel, particularly in the streamwise direction.

4.3 Effect of Reynolds number

Additional simulations aRe, = 590 were also made for the two-way coupled LES to study
the effect of turbulence levels on microbubble dispersion and migration to the upper wall.
Fig. 5 shows the fluid velocity statistics, the bubble velocity statistics and bubble
concentration profiles with time. For the fluid, the two-way coupled_results are again
compared with the single-phase profiles (Fig. 5(a, b)). The asymmetrical profiles which were
observed at shear Reynolds numbé&e, = 150 are not apparent-ene higher Reynolds
number, with the mean velocity and turbulent stress profiles insignificantly different from the
corresponding single-phase results. This is a result of the.higher bulk velocity and turbulence
levels that dominate the buoyancy effect on the bubbles and their movement towards the
upper wall. This is confirmed by the results of Fig..5(c,)d), where the mean velocity and
turbulent stresses of the bubbles are almost identical to those of the continuous phase, and of
Fig. 5(e, f), which demonstrates that although some effect of buoyancy is apparent with time
near the lower channel wall, there is na significant accumulation of bubbles near the upper
wall. As a consequence of the highersbubble dispersion by the turbulence, the concentration

of bubbles therefore remains high.in the upper half of the channel, even H2@0.

An additional simulation at'the intermediate shear Reynolds numbe,of 300 was also
performed, and results for the bubble concentration in the channel at all three Reynolds
numbers are showniin Fig. 6(a, b). This allows further consideration of the time required for
the microbubbles.to move from the lower to the upper channel wall, with the predictions in
Fig. 6 plotted at a fixed time of & 70 and with distance given relative to the total channel
height,/H, expréssed in wall units. Re, = 150, the microbubble concentration is negligible

in the lowerregions of the channel unfilt” = 0.55, such that more than half the channel is
devoid of bubbles. In contrast, bubbles still occupy the majority of the channel height at
Re, = 300, and even more so Re, = 590, because of timehigher mean velocity and
turbulence levels that partially override the buoyancy effect. Comparing the bubble
concentration aRe, = 150 andre, = 590 at the'tused in Fig. 5, the migration rate of the

microbubbles is 11 times faster at the lower shear Reynolds number. A correspondingly
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lower concentration of bubbles at the upper channel wall with increBsinig shown in Fig.
6(b).
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Figure 5. Fluid“and bubble velocity statistics &1219, and time evolution of bubble

concentration profiles, in two-way coupled simulatioriskRa, = 590: (a) fluid mean

streamwise velocity compared against the single phase, (b) fluid turbulent normal and shear

stresses compared against the single phase, (c) bubble mean streamwise velocity, (d) bubble

turbulent normal and shear stresses, (e) bubble concentration profiles across the horizontal

channel, andgf) bubble concentration profiles close to the upper channel wall.
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4.4 Effect of microbubble diameter



The influence of bubble size was also studied using two additional bubble diamgters (

110 um and 330 um), with simulations performed at shear Reynolds numbers of 150 and 590.
The evolution of bubble concentration profileskat = 150 is illustrated in Fig. 7 and Re,

= 590 in Fig. 8. Both figures give results for all three bubble sizes considered. In Fig. 7, the
segregation of the microbubbles and their movement towards the upper wall is increased with
an increasen the bubble size. In Fig. 7(a), some bubbles remain in the lower half of the
channel at't~ 200, whilst in Fig. 7(b), the lower half of the channel is practically devoid of
bubbles byt ~ 100 and byt ~ 38 in Fig. 7(c). Since the buoyancy force aeting on the
bubbles is proportional to their volume, and hence to the third power of the bubble diameter,
it is increased eight times by doubling the bubble diameter. In contrast, larger bubbles tend to
be less affected by turbulent dispersion. Therefore, the budoyancy force is clearly more
influential than turbulent dispersion at the larger bubble diameters, with buoyancy promoting
the greater segregation of the bubbles and their accumulation near the upper wall of the

channel.

Results for the higher shear Reynolds number.are given in Fig. 8. Similar to the results of Fig.
7, the rate of microbubble migration upwards in the channel increases with bubble size,
although this increase is slower whensecompared to the shear Reynolds Ranked50

flow because of the higher bulk-wvelocity’and turbulence levels that increase the dispersion of

the microbubbles.
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4.5 For ces acting on bubbles in‘the wall-normal direction

In this section, the individual forces acting on the bubbles are analysed in more detail. More
specifically, the forces in the wall-normal direction are considered, in terms of the force per
unit mass (N kg), since it is in this direction that the greatest change in bubble distribution
occurs. In Fig. 9, plots of all the individual forces acting on the bubbles are depicted for the
Re, = 150 andRe, = 590 cases for a bubble diamefgr= 220um and att™ = 200. Forces

are only shown for the upper half of the channel since the trends found there were in the main
repeated in the lower half. Also, similar results were found for all three bubble sizes
considered and, therefore, only results for the 220 pm case are shown. kg. 9(a) and (c) shows

the wall-normal profiles for all the forces at the two Reynolds numbers considered. In both
cases, the gravity-buoyancy force is, as expected, the dominant force with a constant value of
19.6 m & in the direction of the upper wall. This force is balanced by drag, with other forces

such as lift, added mass and pressure gradient being negligible. Because of their small



magnitudes, Fig. 9(b) and (d) shows an expanded scale to better illustrate the variation in the
latter forces. At the higher shear Reynolds number = 590 (Fig. 9(c, d)) in particular,
although the gravity-buoyancy and drag forces are still dominant, the lift, added mass and
pressure gradient forces are seen to play a role, albeit small, in the near-wall regiom Here, a
increased positive lift contributes to pushing bubbles towards the wall, with a slightly
counteracting effect from the added mass and pressure gradient forces also observed. Overall,
however, the force analysis shows the dominant role of the gravity-buoyancy force and the
balancing effect of the drag force that is generated as soon as the bubbles start to migrate

towards the upper surface.
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Figure 9. Forces acting in the wall normal directiordgre 220 um bubbles at" = 200. (a)
and (b) forRe, = 150, (c) and (d) foRe, = 590. Plots (b) and (d) show an expanded scale to
give relative magnitude of smaller forces (FD = drag force, FGB = gravity-buoyarosy

FSL = shear lift force, FAM = added mass force, FPG = pressure gradient force).

4.6 Extent of bubble coalescence



Lastly, results from a simulation made with an extended version of the model that takes into
account bubble collision and coalescence are presented. More specifically, results are given
from the now four-way coupled model for a shear Reynolds nuR&er 150 flow with a

bubble size gl= 110 um. In the various flows considered in this paper, coalescence can be
expected to be highest near the upper wall of the channel in regions where turbulence levels
are relatively high because the concentration of bubbles in such regions increases due to their
migration with time. The rate of migration of bubbles towards the upper wallincreases with
the bubble diameter and decreasing Reynolds number. However, since'thewoid fraction of
the bubbles was the same in all simulations, this means that a significantly larger number of
bubbles are present in the flow with the smallest bubble diameter;and such large niimbers o
bubbles promote collision and coalescence events. For all the flows examined, therefore,
bubble coalescence was greatest irRge= 150 case with a bubble diametgr=dl 10 pum.

Results are shown in Fig. 10, where the various. plots give the number of collision and
coalescence events as a function of time (Fig. 10(a)), the evolution of the bubble population
with larger bubbles (consisting of two primary bubbles (2), three primary bubbles (3), etc.)
generated by coalescence events (Fig. \10(b)), and the spatial distribution of collision and
coalescence events (Fig. 10(c)) and bubbles of any sizel(¥i). In Fig. 10(a), the number

of collisions continuously increases as the simulation progresses and virtually all collision
events result in coalescence,»with” collisions without coalescence only occurring from t+ =
190. This almost 100%coalescence efficiency is due mainly to the low Reynolds number,
since the relatiig low levels of turbulence in this flow result in high bubble contact times
that are sufficient,. forythe liquid film trapped between the bubbles to drain off. As a
consequence/of the ¢oalescence events, the number of 110 pm bubbles reduces over time and
progressively, more large bubbles, generated by the coalescence of two or more smaller
bubbles; are/formed. Figure 1p@&hows that bubbles with a volume equivalent of up to five
primarysbubbles are formed over the time period considered. The spatial distribution of
collisions and coalescences is presented in Eifc) and this confirms a coalescence
efficiency of almost 100%. Overall, however, the total number of coalescence events is rather
small and, as expected, the largest number of such events occurs near the upper wall where
the concentration of the bubbles is high@ig. 10(d)). Therefore, the migration of bubbles
towards the upper wall can increase coalescence in flows where it might be expected to be

insignificant, even though the total number of coalescem@ssnot enough in the case



considered to significantly affect the continuum flow characteristics. As already noted, even
lower levels of coalescence were found in the other flows considered above. Nevertheless,
the model described will be of value in future work which will consider different flows where

coalescence, and bubble break-up, play a more significant role.

1000000 . . .

10000

100000 ¢ E

1
000 10000

1000

Number of bubbles
E

Number of events
)
o

-
o

-
o

Collisions

— — Coalescences
- -+ - Collisions without coalescence

1 1 1 1 : 0.1 1 1 1

0 50 100 150 200 0 50 100 150 200
t t
100000 ; ; ' ' ' . 1000000 ; ; ; ' ' '
[ JcCollisions
(c) Il Coalescences 100000 (d) M
10000 k£
{oooo [ ——
1000 k —[ ]
1000 | — ]
< 100 £ <
100 £
10 |
10k ]
15 1 .—‘ 4
0.1 0.1 L 1 L A L
50 100 150 200 250 300 50 100 150 200 250 300
X" X"

Figure 10. Bubble collision and coalescence statisticR49r= 150 andd;,, = 110 um flow:

(a) number of*bubble collisions, coalescences and collisions without coalescence, (b) number
of bubbles of various sizes formed after coalescence, (c) spatially averaged number of bubble
collisions and coalescences with height in the chann&a2®0, and (d) number of bubbles

(of any.size) with height in the channel att200.

5. Conclusions

A turbulent flow of water containing air microbubbles in a horizontal channel has been
simulated using large eddy simulation coupled with a Lagrangian bubble tracker. The
computation was carried out using 128 x 129 x 128 grid nodes for the streamwise, wall

normal and spanwise directions, respectively. Results at a shear Reynolds number of 150 and



a bubble diameter of 220 um show acceptable agreement with the DNS predictions of Pang et
al. (2014) for single- and two-phase flows, and in terms of the mean velocity and turbulent
stress results available from the latter work. The results show the low density microbubbles
migrating towards the upper channel wall with time under the influence of buoyancy, with
the accumulation of microbubbles near the upper wall modifying the liquid velocity field
such that the mean velocity profile becomes asymmetric, in agreement with DNS predictions
(Pang et al., 2014). Some slight modification of the turbulent stresses is also~noted. Using the
same computational grid, the simulations were extendedsh®ear Reynolds numb&e, =

590. At higher mean velocity and turbulence levels, the buoyancy.effect is partially
overridden by the turbulent dispersion of the microbubbles, whieh migration towards the

upper channel wall significantly reduced as a consequence.

At both shear Reynolds numbers, the influence .of “microbubble diameter was also
investigated, with simulations performed for 110 um;,220)um and 330 um diameter bubbles.
Buoyancy, being proportional to the bubble volume,.increases bubble migration towards the
upper channel wall and segregation of the bubbles in the upper half of the channel with
increasing bubble diameter, with this @ffect reduced with increasing Reynolds number
Predictions made incorporating bubble.coalescence effects also confirm that the migration of
bubbles towards the upper wall can cause coalescence in flows where it might be expected to
be insignificant, even though the total number of coalescences in the flows considered was

not large enough or sufficientto significantly affect the continuum flow characteristics.

Overall, the LES and,/Lagrangian bubble tracker are able to reproduce the turbulent flow,
dispersion and‘concentration of microbubbles in a horizontal channel. More specifically, LES
captures with a, sufficient level of detail the flow structures that are responsible for
interactions with microbubbles and that affect bubble behaviour. Therefore, the present
model can-be used with confidence to predict not only channel flows, but other flow
configurations and conditions that are of engineering interest. Application of these techniques
to upward and downward flows in vertically orientated channels is underway, as is an
extension of the model described to consider bubble break-up due to shear effects. These
flows will be used to consider bubble coalescence and break-up in more detail due to the

increased prevalence of coalescence in this flow configuration.
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