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a b s t r a c t 

The effect of an insoluble surfactant on the structure of turbulent bubbly upflow in a vertical channel is 

examined by direct numerical simulations (DNS). For nearly spherical bubbles the presence of a surfactant 

reduces the lateral lift on the bubbles and changes the structure of the flow in major ways. Clean bubbles 

are driven to the walls by the lift force and the void fraction distribution has a well defined peak near 

the walls, resulting in significant reduction in flow rate. Bubbles with strong enough surfactants do not 

experience significant lateral lift and remain in the bulk flow. Indeed, when surfactant is present the 

addition of bubbles to a turbulent flow has relatively little effect on the flow, once the pressure gradient 

is adjusted to account for the reduced weight of the mixture. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Direct numerical simulations, or DNS, can now produce data

or turbulent bubbly flows of sufficient complexity that the results

hould have direct relevance to experiments and practical situa-

ions. Direct comparisons do, however, remain problematic for a

umber of reasons. Not only is the Reynolds number for most ex-

eriments considerably higher than is achievable in DNS but ex-

erimental results often lack the detailed information necessary to

ully specify the flow, such as the size distribution of bubbles. Of

ven greater concern is that real bubbly flows almost always con-

ain surfactants (or contaminants) that can result in uneven surface

ension over a bubble surface and except for experiments specifi-

ally designed to examine the effect of surfactants, most experi-

ental results do not include any quantification of the presence of

urfactants. It is well known that surfactants reduce the rise ve-

ocity of nearly spherical and moderately deformed bubbles, but

uch less is known about the effect of surfactants on the lift force

n bubbles. The lift force is critical in determining the void frac-

ion distribution in a channel or a pipe with many bubbles, and

ecent experimental studies have shown that surfactants affect the

istribution in a very significant way ( So et al., 2002; Takagi et al.,

008 ). Here we examine the effect of insoluble surfactant on the

ollective motion of several bubbles in a turbulent upflow in a ver-

ical channel. 
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For nearly spherical bubbles in laminar flow in vertical chan-

els, Lu et al. (2006) showed that the void fraction distribution is

ominated by the lift on the bubbles and results in a bubble rich

all layer for upflow and a bubble free wall layer for downflow.

he transfer of bubbles toward the wall for upflow increased the

eight of the mixture in the core of the channel and the transfer

way from the wall for downflow decreases the mixture weight.

n both cases the transfer of bubbles continues until the weight

f the mixture in the core balances the imposed pressure gradi-

nt (assuming enough bubbles). Lu et al. (2006) showed that this

bservation leads to a very simple expression for the void frac-

ion distribution and allowed the flow rate to be determined an-

lytically for downflow. For upflow the formation of a wall layer

akes place quickly but then the presence of the wall layer reduces

he flow rate significantly, for a given pressure gradient. A simi-

ar setup, but for turbulent flow and a larger number of bubbles,

as examined by Lu and Tryggvason (2008) who found that the

oid fraction was well predicted by the model of Lu et al. (2006) ,

hat the flow rate was significantly reduced once the wall-layer

ormed, and that the bubbles in the wall layer formed horizontal

lusters. 

Although wall peaked void fraction profiles are often observed

xperimentally for bubbly upflow in vertical channels ( Serizawa

t al., 1975 , for example), the distribution is generally not as

harp as seen in the DNS simulations, even for small bubbles. The

nly experimental study that has showed similar wall layers is

o et al. (2002) who examined effect of adding a small amount

f surfactant to bubbly upflow, where the size of the injected

http://dx.doi.org/10.1016/j.ijmultiphaseflow.2017.05.003
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bubbles was tightly controlled to keep the size distribution small.

The addition of just a small amount prevented coalescence, but

apparently had essentially no other effect. Indeed, Ogasawara et al.

(2009) showed later that adding more surfactant eliminated the

wall layers. The experiments by So et al. (2002) also showed that

the velocity profile became more blunted and that the turbulence

intensity in the channel core was reduced. As pointed out in Lu

and Tryggvason (2008) the similarity between their results and

the experimental results strongly suggest that the bubbles in So

et al. (2002) are, for all practical purpose “clean,” and that it is

the absence of coalescence that is responsible for the wall layers

and the change in flow structure. The effect of the wall layers on

the flow rate or the pressure drop was not examined by So et al.

(2002) or Ogasawara et al. (2009) . 

DNS have also been used to examine the collective motion of

deformable bubbles, where the lift force is generally nearly zero

and sometimes slightly negative so the bubbles do not form wall

layers and remain distributed throughout the channel ( Dabiri et al.,

2013; Ling et al., 2017 ). Compared to a single-phase flow with

the same effective pressure gradient (pressure gradient adjusted

for the weight of the mixture), the average velocity profile for

deformable bubbles and thus the flow rate are nearly the same.

As the deformability of the bubbles is reduced, the flow changes

rather abruptly from one state to the other, see Lu and Tryg-

gvason (2008) and Dabiri et al. (2013) . For other DNS studies of

the collective behavior of clean bubbles see, for example, Bunner

and Tryggvason (2003) , van Sint Annaland et al. (2006) , Bolotnov

et al. (2011 , 2008) , Bolotnov (2013) , Tanaka (2011) , Dijkhuizen et al.

(2010a , 2010b) , Balcázar et al. (2015) and Bois and du Cluzeau

(2017) . Several authors have also examined the collective motion

of non-deformable particles. We will not review those studies, but

mention Santarelli and Fröhlich (2015) ; 2016 ), who examined the

collective motion of several hundred buoyant particles. Their re-

sults did not show the strong lateral motion seen for clean bub-

bles, since their results are likely to be similar to what we see

for “fully” contaminated bubbles where the effects of the surfac-

tant are sufficiently strong to completely immobilize the bubble

surface. 

A large number of investigators have experimentally examined

the effect of surfactants on the rise of bubbles and it is now well

established that surfactants generally reduce the rise velocity of

small bubbles, but for larger bubbles, where the effect of surface

tension is small, the reduction is insignificant (see Clift et al., 1978;

Takagi and Matsumoto, 2011 , for example). We will not review

those studies here but refer the reader to Takagi and Matsumoto

(2011) . 

In numerical simulations of the effect of surfactants on the bub-

bles have, in most cases, been assumed to be spherical, such as

in the work of Fukuta et al. (20 05) ; 20 08 ) who examined the

lift on bubbles in a linear shear flow. A few authors have, how-

ever, examined deformable ones. Jan (1994) examined the rise of

axisymmetric deformable bubbles with insoluble surfactant and

Muradoglu and Tryggvason (2008) considered the effect of solu-

ble surfactants on two-dimensional bubbles. Simulations of single

deformable three-dimensional bubbles are described in Muradoglu

and Tryggvason (2014) for soluble surfactants and in de Jesus et al.

(2015) for insoluble ones. Muradoglu and Tryggvason (2014) did,

in particular, examine the motion of a single bubble near a wall in

upflow and showed that while a nearly spherical bubble is pushed

to the wall, a bubble in a sufficiently strong surfactant solution

drifts away from the wall. Although the deformation of a drop in

a shear flow was examined in de Jesus et al. (2015) , buoyancy was

not included so the drop was stationary. 

Here we examine the effect of insoluble surfactant on the col-

lective motion of nearly spherical bubbles in turbulent upflow, us-

ing DNS. The goal of the study is to show that the reduction in
ow rate when clean non-coalescing bubbles form wall layers is

argely eliminated by the addition of surfactants, as well as to

xamine the changes in the void fraction distribution and flow

tructure. 

. Numerical method and computational setup 

The computational domain is rectangular, bounded by two ver-

ical walls and with periodic boundary conditions in the spanwise

nd streamwise directions. The flow is described by the Navier-

tokes equations, written for the whole domain, 

∂u 

∂t 
+ ρ∇uu = −∇p ′ − βo k + ( ρ − ρav ) g + ∇ · μ(∇u + ∇u 

T ) 

+ 

∫ 
F 

∇ f ·
(
σ t f 

)
δ
(
x − x f 

)
dA f , (1)

ere, u is the velocity vector, ρ and μ are the discontinuous

ensity and viscosity fields, respectively, g = −g k is the grav-

ty acceleration, ρav is the average density of the mixture and

o = (d p 0 /d z) + ρa v g. σ is the surface tension and δ is a three-

imensional delta function constructed by repeated multiplication

f one-dimensional delta functions. t f is the unit tangent vector on

he front, x is the point at which the equation is evaluated, and

 f is the position of the front. The flow is driven upward by an

mposed pressure gradient, which is written as a sum of the im-

osed pressure ( dp 0 / dz ) k , where k is a unit vector in the vertical

irection, and a perturbation pressure gradient ∇p ′ . The momen-

um equations are supplemented by the incompressibility condi-

ions ∇ · u = 0 , which leads to a non-separable elliptic equation

or the pressure. The equations are solved on a regular structured

rid, using a front-tracking/finite-volume method where the inter-

ace between the different fluids is tracked by connected marker

oints that are advected with the flow and connected by triangu-

ar elements. Once the marker points have been advected, a marker

unction is constructed from the new interface location. The points

re also used to compute surface tension, which is then smoothed

nto the fluid grid and added to the discrete Navier–Stokes equa-

ions. As the marker points are moved and the interface deforms,

oints are dynamically added or deleted to maintain the point den-

ity needed to fully resolve the interface. Since we are interested

n the evolution of systems with a constant number of bubbles of

 given size, here we do not allow the bubbles to coalesce. Time

ntegration is done by a second order predictor-corrector method,

he viscous terms are discretized by second-order centered differ-

nces and the advection terms are approximated using a QUICK

cheme. The pressure equation is solved using the semi-coarsening

ultigrid method PFMG / SMG from the HYPRE library( Falgout

t al., 2006 ). The method was introduced by Unverdi and Tryg-

vason (1992) and for descriptions of the original method, as well

s various improvements and refinements, see Tryggvason et al.

2001) and Tryggvason et al. (2011) . The method has been used to

imulate a large range of multiphase flows, including bubbly flows,

ee, Yu et al. (1995) , Esmaeeli and Tryggvason (1998) , Bunner and

ryggvason (1999) , Nas and Tryggvason (2003) and Lu et al. (2006) ,

or example. Other implementation of similar ideas and applica-

ions to bubbly flows include Dijkhuizen et al. (2010a ), Dijkhuizen

t al. (2010b ), van Sint Annaland et al. (2006) , Hao and Prosperetti

2004) ; Hua and Lou (2007) and Muradoglu and Kayaalp (2006) . 

Here we assume an insoluble surfactant and no surface dif-

usion. Since we represent the surface of bubbles by connected

arker points that move with the fluid, tracking the surfactant

oncentration is relatively simple. The total amount of surfactant

n a surface element is conserved and the concentration, �, simply

hanges as the area changes, according to �Area = �o Area o , where

he subscript o denotes the value at the initial time. The only com-

lication occurs when points are added or deleted and elements
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Table 1 

The governing parameters. 

Parameter Small Large 

Bubble diameter 0.3 0.36 

Void fraction 3.44% 5.94% 

Liquid/Bubble density 1.0/0.05 

Liquid/Bubble viscosity 3 . 33 × 10 −4 / 3 . 33 × 10 −5 

Surface tension 0.01 0.012 

Pressure gradient 0.0018 

Gravitational acceleration 0.05 

Eötvös Number ( Eo = ρl gd 2 0 /σ ) 0.45 0.54 

Morton Number ( M = gμ4 
l 
/ρl σ

3 ) 6 . 17 × 10 −10 3 . 57 × 10 −10 

Fig. 1. The non-linear relationship between the surface tension and the surfactant 

concentration for the results presented here. The relationship is shown for several 

values of β . 
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Fig. 2. The wall shear for the small (top) and the large (bottom) bubbles versus 

time, for four values of β . 

Fig. 3. The liquid flow rate for the small (top) and the large (bottom) bubbles ver- 

sus time, for four values of β . 
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t  
re split or merged. In that case we use a strategy similar to the

ne discussed in Muradoglu and Tryggvason (2014) . Generally we

lso find that a slight smoothing, using the method described by

aubin (1995) , produces a better behaved solution. The surface ten-

ion is a function of the surfactant concentration and determined

y the Langmuir equation of state ( Pawar and Stebe, 1996) , 

= σs 

(
1 + β ln (1 − �/ �∞ 

) 
)
. (2)

ere, σ s is the surface tension of a clean interface, �∞ 

is the max-

mum interfacial surfactant concentration, and β = RT �∞ 

/σs is the

lasticity number which determines the sensitivity of the interfa-

ial tension to variations in the surfactant concentration. R and T

re the ideal gas constant and the absolute temperature, respec-

ively. 

If we pick a surfactant concentration �o as a reference, then its

orresponding surface tension is σ o , that is, 

o = σs 

(
1 + β ln (1 − �o / �∞ 

) 
)
. (3)

nd divide equation (2) by equation (3) , then we get 

σ

σo 
= 

1 + β ln (1 − x �/ �0 ) 

1 + β ln (1 − x ) 
, (4) 

here x = �o / �∞ 

is the dimensionless surfactant coverage. Here

e set x = 0 . 1 so the surfactant coverage is far enough from the

aximum value. To prevent negative surface tension we follow

uradoglu and Tryggvason (2008) and set the minimum value of

/σo = 0 . 05 . σ / σ 0 is plotted versus �/ �0 in Fig. 1 for several val-

es of β . 

A surfactant has two effects on the surface tension. First of all,

dding a surfactant generally reduces the surface tension. We have

xamined the effect of surface tension, keeping everything else the
ame, in earlier publications. See, for example, Lu and Tryggva-

on (2008) , Dabiri et al. (2013) , and Lu and Tryggvason (2013) , and

hown that for channel flow the change in lift as the bubbles be-

ome more deformable can dramatically influence the structure of

he flow. The second effect of a surfactant is to add elasticity to

he interface, where the surface tension depends on how much

he surface area has changed. In the present study we focus on

he effect of the elasticity alone. Thus, we set the initial surfactant

oncentration and change β . Setting the slope ( β) to zero decou-

les the surface tension from the surfactant concentration. We will

efer to this as the clean bubble case, but remind the reader that

e are not including the overall reduction in surface tension that

enerally results from adding surfactants. 

. Results 

The effects of surfactants on the flow of many bubbles in a ver-

ical channel flow are examined by placing 24 bubbles in a vertical
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Fig. 4. The void fraction (left column) and the average velocity (right column) versus the wall normal coordinate at several times for both the small (top two rows) and 

large (bottom two rows) bubbles. Results are shown for clean bubbles in the top (small bubbles) and the third row (large bubbles), in the second row for the small bubbles 

with surfactants ( β = 0 . 4 ), and in the bottom row for the large ones ( β = 0 . 3 ). 
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channel of dimensions π × 2 × π /2, resolved by a 256 by 192

by 128 grid in the streamwise, spanwise and wall-normal direc-

tion. The grid lines are evenly spaced in the streamwise and span-

wise direction, but in the wall-normal direction we use a stretched

grid with a grid spacing of 0.004 at the wall, gradually increasing

to 0.0157 in the middle of the channel. The initial flow is turbu-

lent, at statistically steady state, with a shear Reynolds number of

Re + = u + h/νl = 127 . 3 . Here, the friction velocity is u + = 

√ 

τw 

/ρl ,

where ρ l and ν l are the density and kinematic viscosity of the liq-
id respectively, h is the half width of the channel, and τw 

= −βo h

s the wall shear at steady state. Before the bubbles are added, this

esults in a channel Reynolds number, based on the average ve-

ocity and full channel width of about Re b ≈ 3786 ( Lu and Tryg-

vason, 2006 ). Although this is a low value, earlier simulations

 Lu and Tryggvason, 2013 ) have shown that the results are similar

o higher shear Reynolds numbers and the low value allows us to

se a modest resolution and thus get results faster. Similarly, the

umber of bubbles included here is relatively modest, compared
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Fig. 5. The bubbles and the surface tension at late times when the flow has reached 

an approximately steady state. The small bubbles are in the top row and the large 

ones in the bottom row. The clean bubbles are on the left and the ones with non- 

zero β on the right. For the bubbles with surfactants we show results for β = 0 . 4 

for the small bubbles and β = 0 . 3 for the large ones. 
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f  
o what we have used in other studies ( Lu and Tryggvason, 2013;

ryggvason et al., 2016 ) and what was used by Santarelli and Fröh-

ich (2015) ; 2016 ). We do, however, believe that the present setup

s sufficient to answer the question that we are after, namely how

oes the presence of surfactance affect the flow structure seen in

imulations of nearly spherical clean bubbles. Simulations with a

odest number of bubbles show the formation of wall layers, the

eduction of the Reynolds stresses in the middle of the channel,

nd the decrease in flow rate just as those with a larger num-

er of bubbles do. We do need a large number of bubbles to see

learly the formation of clusters and voids in the wall layer, but

his is a secondary effect, not critical to the question we are ad-

ressing. For nearly spherical bubbles where the flow slows down

ignificantly after the formation of the wall-layers, the approach to

teady state is very slow so the computer times are an important

ssue. The bubbles are distributed relatively randomly throughout

he domain. The pressure gradient forcing the flow is also modified

o account for the reduced average density of the mixture, after the

ubbles are added, to keep the shear the same. After a short tran-

ient the flow adjusts to the presence of the bubbles, but in general

he flow field is not at a statistically steady state and we follow the

volution until a new steady state is reached. For nearly spherical

ubbles we did two sets of simulations. The initial flow field, the

umber of bubbles and their initial locations are the same in all

he simulations but the main difference between the two sets is

he bubble diameters. We will refer to these as the large and small

ubble sets. The values of the governing parameters, which vary

lightly between the different sets of runs are listed, in “computa-

ional” units, in Table 1 . For each set we have performed simula-

ions for four different elasticity numbers, including β = 0 . In each

et of simulations the total surfactant on each bubble is the same. 

If the average acceleration is zero, then the pressure drop and

he weight of the mixture are balanced by the shear force at the

all, both in single phase and multiphase flows, and the wall shear

hus provides a convenient quantity to monitor how far the flow is

rom being at a statistically steady state. In Fig. 2 , the wall-shear

s plotted versus time for both sets of runs, in both cases for four

s. The evolution is similar in both cases. For β = 0 there is a rapid

ise in the wall shear, followed by a gradual decline that eventually

rops it back to the steady state value. As β is increased the ini-

ial rise decreases and for the largest β there is very little initial

ncrease, particularly for the larger bubbles (bottom frame). The

all-shear gives us a measure of how far the flow is from equilib-

ium but not how much it changes with β . Fig. 3 shows the flow

ate of the liquid versus time for both sets of runs and four βs for

ach set. Here it is clear that changing β has a significant effect.

or both the small and the large bubbles the flow rate drops sig-

ificantly when the surface tension remains constant ( β = 0 ). As β
ncreases, the drop in the flow rate decreases and for the largest

wo values of β the flow rate hardly changes at all, particularly

or the small bubbles (top frame). It is therefore clear that while

clean” bubbles ( β = 0 ) change the flow rate significantly, non-zero

alues lead to smaller changes and once β is high enough the flow

ate does not change further and there is no dependency on β . 

The reason for the differences between the clean bubbles and

ubbles with large β , where the surface tension changes signifi-

antly, is shown in Fig. 4 where the void fraction and the aver-

ge liquid velocity are plotted versus the wall-normal coordinate

t several different times. The results are shown in the top four

rames for the small bubbles and in the bottom four frames for the

arge bubbles. The void fraction is shown in the left column and

he velocity in the right one. The top row shows the results for the

lean bubbles ( β = 0 ) and the second row shows the results for

= 0 . 4 . Similarly, the third row shows results for the clean large

ubbles ( β = 0 ) and the bottom row for β = 0 . 3 . For the clean

ubbles the void fraction near the walls increases rapidly and at
he last time all the bubbles are collected near the walls, causing

 significant reduction in the average velocity as seen in the right

rame. When surfactant is present we see a small increase in the

oid fraction near the walls, but much less than that for the clean

ubble cases. For the clean bubble cases the velocity is greatly re-

uced as the bubbles form wall-layers, but the addition of bub-

les with surfactants to a turbulent flow has a much smaller effect

nd the velocity profile remains for the most part unchanged. As

n Fig. 3 , the results for the different βs are similar. 

Fig. 5 shows the bubble distribution at one time after the flow

as reached an approximate statistically steady state. The small

ubbles are shown at the top and the large ones at the bottom.

he left frames show clean bubbles ( β = 0 ) and the right column

hows bubbles when surfactant is present. For the small bubbles

= 0 . 4 , and for the large bubbles β = 0 . 3 . It is immediately clear

hat the evolution is very different. In the frames on the left the

lean bubbles have formed very distinct wall-layers and although

ome of the larger bubbles remain in the core, the wall-layers are

till a dominant feature of the flow. When the surfactant is present

he bubbles do not form wall-layers and remain spread out across

he channel. This has a profound effect on the flow, as seen in

igs. 2 and 3 . In addition to the bubbles themselves, the local sur-

ace tension is shows by the coloring of their surface. For the bub-
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Fig. 6. The steady state results for several averaged quantities in the liquid versus the wall-normal coordinate, after the flow reaches an approximate steady state. The left 

column shows results for the small bubbles and the results for the large bubbles are shown on the right. (a) The void fraction; (b) The average liquid velocity; (c) The 

Reynolds stresses < u ′ v ′ > ; (d) The turbulent kinetic energy. The Reynolds stresses and the turbulent kinetic energy are normalized by the friction velocity squared, (u + ) 2 . 
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bles with surfactant the surface tension is generally largest at the

top and lowest in the back, as expected. 

To examine how the structure of the flow changes with the

strength of the surfactant we plot, in Fig. 6 , a few average quanti-

ties versus the wall normal coordinate, obtained by averaging over

at least the last 200 time units after the flow reaches an approxi-

mate statistically steady state. The left column has results for the

small bubbles and the right column for the large bubbles. The void

fraction is shown in the top row, the average liquid velocity in the

second row, one component of the Reynolds stresses ( < u ′ v ′ > ) in

the third row, and the turbulent kinetic energy in the bottom row.

Notice that we have not averaged over the left and right hand side

of the domain so the results are slightly asymmetric due to the fi-

nite averaging time. The results reinforce what we have seen for

the wall shear and the flow rate. The results for the clean bubbles

( β = 0 ) are very different than for the two cases with the highest
eta ( β = 0 . 4 and 0.8 for the small bubbles and β = 0 . 3 and 0.6

or the large bubbles), with the results for β = 0 . 1 in between but

loser to the clean bubbles. For the void fraction, which controls

he flow, the clean bubbles form a very distinct wall layer, con-

aining all the small bubbles and most of the large bubbles. The

all layer is essentially fully absent for the smaller bubbles with

he highest beta but for the larger bubbles void fraction peaks in

he wall layers are still visible but are less pronounced and fur-

her away from the walls than the peaks for the clean bubbles.

he difference in the average liquid velocity is particularly signifi-

ant. The velocities for the two highest betas are nearly the same

or both the large and the small bubbles and much larger than

hose for the clean bubbles. Indeed, for the highest betas the ve-

ocity is comparable to what it would be for single-phase turbu-

ent flow with the same pressure gradient (adjusted to account

or the reduced weight of the two fluid mixture). The < u ′ v ′ >
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Fig. 7. The effect of β on the slip velocity between the gas and the liquid at steady 

state, for the large bubbles. 
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omponent of the Reynolds stresses (which appear in the average

tress balance across the channel) is nearly zero in the bulk of the

hannel for the clean bubbles, but follow more or less the linear

hape usually seen in homogeneous turbulent flow for the highest

eta. This shows that while the imposed pressure gradient is bal-

nced by the weight of the mixture in the center of the channel

or clean bubbles, this is not the case for the bubbles with suffi-

iently strong surfactant. For the large bubbles we notice that the

eynolds stresses for the higher beta actually fall below the re-

ults for β = 0 . 3 . The turbulent kinetic energy similarly shows ma-

or differences between the clean and nearly clean case and the

ases of two largest βs for both the small and the larger bubbles.

he significant increase is presumably due to much larger vortic-

ty generation caused by rigidification of interface in cases with
urfactants. 

ig. 8. The effect of β on several averaged values at statistically steady states. (a) Liquid fl

urbulent kinetic energy. 
The addition of nearly spherical clean bubbles to single phase

ow results in a significant reduction in the liquid flow rate as

he bubbles are pushed to the walls. The addition of a surfactant

liminates the wall-layers and the reduction in flow rate. The sur-

actant does, however, reduce the relative velocity of the bubbles

ompared to the liquid, or the slip velocity. In Fig. 7 we plot the

lip velocity versus the wall-normal coordinate for the large bub-

les at the statistically steady state. The slip velocity is found by

omputing the centroid velocity of each bubble and subtracting

rom it the average velocity of the liquid in each grid-plane par-

llel to the wall. Thus, there are no data points closer to the wall

han about a bubble radius. If the number of bubbles in a particu-

ar region is small, this results in noisy data and for the small bub-

les there is no data for the bulk, since there are no bubbles there.

hus we only show results for the large bubbles. The results in the

ulk show that the slip velocity for the clean bubbles is highest

nd that there is little difference between the slip velocity for the

ighest beta. 

Another way of looking at how the strength of the surfactant

hanges the structure of the flow is shown in Fig. 8 where we

how a few quantities characterizing the steady state, averaged

ver the whole channel, versus β , for both series of runs. All quan-

ities are obtained by averaging over at least the last 200 time

nits, after the flows have reached an approximate steady state.

n frame (a) we show the total liquid flow rate. This is the same

uantity as shown in Fig. 6 , but averaged over the whole channel.

learly there is a big difference between β = 0 and the two high-

st βs, but once β is high enough, doubling it has essentially no

mpact. Frame (b) shows the total gas flow rate and the results are

imilar as for the liquid in that there is a big difference between
ow rate; (b) The gas flow rate; (c) The void fraction distribution; (d) The integrated 
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β = 0 and the rest of the results and no change once β is high

enough. As Fig. 7 showed, the slip velocity decreases as the surfac-

tant is added, but this figure shows that the higher liquid velocity

overcomes this reduction so the total gas flux increases. In frame

(c) we examine how the void fraction distribution depends on β
by quantifying its shape by the second moment of the void frac-

tion around the channel centerline: 

M α = 

12 

αo W 

3 

∫ W 

0 

α(x )(x − W/ 2) 2 dx − 1 . (5)

Here W is the width of the channel, αo is the average void frac-

tion and we have subtracted the value of the integral for a uniform

void fraction to give an M α with negative values for void fraction

peaked near the center of the domain, zero for a uniform distri-

bution, and a positive value for wall peaked distribution. We have

also scaled the integral by the value for the uniform distribution

to force M to lie in the range −1 < M α < 1 . Again, we see a big

effect of non-zero β for both sets of runs and little effect once β
is high enough. The M α value for the β = 0 bubbles clearly shows

that the void fraction is non-uniform and most of it is near the

wall, while for the highest two βs it is nearly uniform or perhaps

slightly peaked in the middle of the channel. In frame (d) we show

the total turbulent kinetic energy in a similar way and observe the

same behavior as for the other quantities. The increase in the ki-

netic energy is both due to increased generation of vorticity from

the bubble surface once it is immobilized, as well as the absence of

bubbles near the wall that disturb and dissipate the wall vortices. 

4. Conclusions 

The main result from this study is that the addition of sur-

factants can have a very dramatic influence on the flow rate and

the overall flow structure of turbulent bubbly upflows in a verti-

cal channels. The results agree with the experimental studies of So

et al. (2002) and Ogasawara et al. (2009) , showing that the addi-

tion of a surfactant leads to a major change in the void fraction

distribution. The bubble clusters seen near walls by ( Ogasawara

et al., 2009; So et al., 2002 ) for their weakest surfactant concentra-

tion are rarely seen experimentally. However, these structures are

seen in computational results for clean bubbles. In experiments, it

seems therefore that small clean bubbles are rarely present, pre-

sumably both because of natural surfactants usually present and

because small clean bubbles are likely to coalesce. Thus, we con-

clude that experimental data without characterization of the sur-

factant are likely to be incomplete if small bubbles are present,

and thus difficult to compare with theoretical and computational

models. 
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