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Drag reduction by microbubble injection in a channel flow
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The injection of microbubbles within the turbulent boundary layer in a channel is investigated to elucidate the drag reduction phenomenon.
Experimental data for a fully developed flow were obtained using the Particle Image Velocimetry (PIV) technique for single-and two-phase
flow. Both cases are compared to examine the effects of the presence of microbubbles within the boundary layer, specifically the modification
of vorticity, vortex structures, and fluctuating rate of strain, which is directly related to the energy dissipation in turbulent flows. A notorious
decrease in the rate of strain as well as vorticity was observed for the two-phase flow. These results are significant and will help to reveal the
physical mechanism of drag reduction by injection of microbubbles.
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La inyeccbn de microburbujas en la capinite turbulenta en el flujo dentro de un canal es investigada para entendebmlefem de

reduccon del arrastre. Resultados experimentales en un flujo totalmente desarrollado dentro de un canal cerrado fueron obtenidos utilizando
la técnica de Velocimeta por Imagenes de Paculas (PIV) para una sola fase y dos fases. Ambos casos son comparados para analizar los
efectos de la presencia de las microburbujas dentro de la Tape. | Espetficamente las modificaciones en la vorticidadrtices y tasa

de deformadn. Estalltima directamente relacionada con la disipacile enera en flujo turbulento. Estos resultados son significativos y
pueden ayudar a entender de maneaa precisa el mecanismisito de la reducoin del arrastre por inyedmi de microburbujas.

Descriptores: Microburbujas; reducéin del arrastre; flujo en un canal.

PACS: 47.60.+i

1. Introduction sion increased the reduction of drag, McCormick and Bat-
tacharyya [1], and Kodamat al. [3] agreed that the drag
Continuous research of methods to reduce the drag in turbweduction effect decreases as the fluid speed increases.
lent flows has been carried out for the past few decades. The The effect of the bubble size has been completely dis-
injection of microbubbles is one of the most researched methearded as an important parameter in the drag reduction phe-
ods for achieving drag reduction. However, a consensus ofomenon by Moriguchi and Kato [4]. However, this is in
the mechanism that governs this phenomenon has not beegdmplete disagreement with results reported byeXal. [5],
reached in spite of the efforts of several research groups. who discovered that smaller bubbles produced a sustained
Since the pioneering work of McCormick and Bhat- drag reduction effect while larger bubbles only produced a
tacharyya [1], several parameters on the drag reduction biyansitory drag reduction effect. Merkle and Deutsh [2] found
microbubble injection have been taken into account and sewvthat the ideal bubble size to achieve drag reduction is not
eral hypotheses about the governing mechanism have beéired, but related to the flow characteristics, bubbles have
formulated. to have a size between an order of magnitude larger than the

The speed of fluid has been considered as a paramélickness of the viscous sublayer, and an order of magnitude
ter of influence on this phenomenon, whereas Merkle angmaller than the thickness of the boundary layer.
Deutsh [2] suggested that fluid speeds where convective Microbubbles were found to be more effective in obtain-
times are short compared to buoyant or turbulent diffu-ing a reduction in drag when they were located in the buffer
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layer (Madavaret al. [6], Merkle and Deutsh [2], Kanai Although several research studies have been conducted
and Miyata [7], Guinet al. [8], Jiménez-Bernakt al., [9], on the microbubble drag reduction phenomenon, there is still
Dominguez-Ontivero®t al. [10], Zhen and Hassan [11], a lack of understanding about the physical mechanism in-
Hassan, et al. [12]), which is different from the suggestionvolved in the reduction of drag due to the presence of mi-
presented by McCormick and Bhattacharyya, who stated thatrobubbles within the boundary layer. Since the reduction of
the presence of microbubbles in the viscous sublayer is thdrag is not the only effect observed in the presence of mi-
origin of the drag reduction. crobubbles, the analysis of some other effects produced by
The influence of the void fraction in the drag reduc- the presence of microbubbles can be a vehicle to achieve a

tion phenomenon has been discussed by several researchdigtter understanding of this phenomenon.

Merkle and Deutsh [2], Kodamet al. [3], Moriguchi and In this work, changes in the fluctuating strain rate,

Kato [4], Jiménez-Bernal et al., [9], Dominguez-Ontiveros swirling strength and vorticity due to the presence of mi-

et al. [10], Zhen and Hassan [11], Hassat,al. [12] all ~ crobubbles are discussed. The relationship between the strain

agree that the drag reduction increases as the void fractidite and the turbulent dissipation makes these results impor-

increases. However, Kanai and Miyata [7] stated that thigant, because they show that microbubbles have more than

effect is only present if the void fraction increases near thed single effect on the boundary layer dynamics for turbulent

wall. Furthermore, Madavaet al. [6] found that increasing  flows.

the void fraction increases the drag reduction but only to a

certain point, since it was founq that the effegt of additionalo Experimental set-up

bubbles decreases as the fraction of bubbles in the boundary

layer increases. The experiments were performed in a rectangular acrylic
Several possible explanations for drag reduction prochannel (L =4.8 m, W =20.5cm, h = 2.8 cm). Water was

duced by microbubbles have been stated. McCormick antised as the working fluid and driven through the channel by

Bhattacharyya [1] suggested that a disruption in the viscougravity.

sublayer by the microbubbles eliminates the high shear re- Two-dimensional velocity full fields were obtained for

gion close to the wall. Also, as the bubbles were convectegingle-phase and two-phase flows (water and microbubbles)

away from the surface to the outer regions of the boundaryvith a Reynolds number of 5128 (based on the bulk velocity

layer, it was implied that they reduced the Reynolds stresseznd half height of the channel) by particle image velocimetry

by absorbing the momentum by their elasticity. (PIV) technique. Images were reco_rded for e_ltime span of ap-
Madavaret al. [6] attributed the drag reduction effect to a Proximately 3.3sec. Two hundred images (i.e. one hundred

viscosity and density change, whereas Merkle and Deutsh [2{€10City fields) were recorded for each set.

explained the drag reduction effect as a destruction of en- Hydrogen microbubbles were produced by electrolysis

ergy producing fluctuations near the buffer region by the mi-2nd injected into the turbulent boundary layer. A detailed

crobubbles. This would result in the growth of the sublayerd€scription of the experimental set-up as well as detailed di-
thickness as a manifestation of the drag reduction. agrams of it can be found in Refs. 9, 10, 11, 12, and 14.

Guinet al. [8] stated that the drag reduction phenomenon ) _ _
was essentially inner region dependent. Kanai and Miyata [78. Experimental results and discussion

also observed a reduction of turbulent energy and streamwise ] ] , o
velocity fluctuation in agreement with observations of Kita- To elucidate the effects of the microbubbles’ presence within

gawaet al. [13]; those results were attributed to the preven-the boundary layer, several parameters were evaluated and
tion of formation of the sheet-like structure of the spanwisetn€ir changes were monitored after the injection of microbub-

vorticity. bles.

Xu et al. [5] attributed the drag reduction effect to three 31
causes, namely: density effects (in agreement with Madavan
etal), areduction in turbulent momentum transfer (in agree-one of the first changes in the turbulent flow structure in a
ment with McCormick and Bhattacharyya) and phenomenahannel flow when microbubbles are injected is the change
related to the direct interaction of microbubbles and turbuin poundary layer thickness. To evaluate these changes, the
lence. thickness of the boundary layer for single-phase and two-

A modification in the energy distribution due to the pres- phase flow with a void fraction of 4.4% and 4.9% were eval-
ence of microbubbles was observed by &irez-Bernalet  uated. The boundary layer thickness,( was obtained con-
al, [9], Zhen and Hassan [14], and Hassannal. [12]. sidering the distance from the wall where the mean velocity
A shift of energy distribution was also observed from highis within 1% of the free stream velocity [15].
wave-numbers (smaller scales) to low wave-numbers (larger Changes were observed in the thickness of the viscous
scales), as well as an increase in the integral time scale faublayer (y <5), and the buffer layer Gy*<30), both de-
the streamwise velocity when microbubbles are present.  fined in wall units.

Boundary layer thickness
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TaBLE |. Thickness of the boundary layer under different void fraction conditions.

Void fraction [%0] dgo[mm] Viscous sublayer thickness{y<5) [mm] Buffer layer thickness Gyt <30) [mm]
0 (single phase) 3.63 0.43 2.57

4.4% 3.96 0.52 3.09

4.9% 4.04 0.55 3.29
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FIGURE 1. Z-component of average vorticity for a) single-phase
flow, b) two-phase flone=4.4%, DR=29.8% and b) two phase flow
a=4.9%, DR=38.4%.

In this case ¥ is defined ag/™ = w,y/v, where y is
the friction velocityu, = (7,,/p)"/?, andv is the kinematic
viscosity.

The void fraction within the viewing area is defined as

o = Vg
VitV

2100,

V, = volume of gas within the viewing area ang ¥volume
of liquid.

The effect of the presence of microbubbles within the
boundary layer is a decrease in drag. The drag reduction,
DR, is calculated by

Tw,water and bubbles

)

DR=1-

Tw,water

where the wall shear stresg is measured from PIV using,

dU
Ty = ph— .

As the void fraction increases, there is an increase in the
boundary layer thickness. Likewise, an increase in both the
viscous sublayer and the buffer layer thickness is observed.
These changes are presented in Table .

These results are similar to the data reported by Mercke
and Deutsh [2]. A growth in the sublayer thickness were ob-
served as well as a drag reduction effect.

3.2. Vorticity evaluation

The presence of vorticity is essential to the dynamics of tur-
bulence. Non-linearity, rotationality,(# 0) and dimension-
ality (the three-dimensional character of turbulence) interact
dynamically to feed the turbulence [16].

Wall shear stress and vorticity are directly related. When
the wall shear stress is high, the vorticity is large. Therefore,
a decrease in the wall shear stress should be accompanied by
a decrease in vorticity.

In this experiment, the streamwise (u) and the normal
(v) velocity components are measured. Therefore, the z-
component of the vorticity was calculated. The z-vorticity
(spanwise) component in the near wall region is calculated

using:
ou Ov
(%) .

To calculate velocity derivatives, a central difference
scheme was applied to PIV results. Experimental results for

—

W, =
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the average z-component of vorticity, obtained for 100 veloc-
ity fields, for the single-phase case and the two-phase flon "
with a void fraction of 4.4% and 4.9% are shown in Fig. 1.

Likewise, the fluctuating vorticity was also calculated,
and instantaneous results for z-fluctuating vorticity are showr
in Fig. 2.

In Figs. 2b and 2c, the location of microbubbles is also
shown. However, they are not show to scale. It can be ob-
served that the presence of microbubbles reduced the inter
sity of the vorticity field, altering the original flow field.

In both cases (average and fluctuating vorticity) the same
effect is observed, a decrease in vorticity as the void fractior
increases. Itis clearer for the average vorticiy results that for
the single-phase flow there seems to be a sheet-like structui
close to the wall. As the void fraction grows, this effect is
weakened by the presence of microbubbles. This observatio
is in agreement with Kitagawet al. [13] that attributed the
drag reduction effect to the prevention of the formation of a
sheet-like structure of the spanwise vorticity.

y [mm]

3.3. Vortex Identification

Detection and characterization of vortical elements and struc
tures constitutes a significant portion of the studies carriec
out to get a better understanding of the boundary layer struc
ture in turbulent flows. Its importance lies in the fact that a
vortex with an orientation different from a wall-normal one
has the potential to transport mass and momentum across tt
mean velocity gradient [17].

Identification of vortices in a velocity field is normally
carried out using vorticity. However, vorticity not only iden-
tifies vortex cores, but also regions of significant shear thai
frequently mask the presence of vortices. Furthermore, vor
ticity is a point function, whereas the properties of a fluid in a
state of vortex motion cannot be described with reference tc
a single point in space; they cannot be expressed by a differ
ential operator [18]. wall =g

The use of swirling strength in two-dimensional PIV
fields for vortex identification was reported by Adriaat
al. [19]. In that work, this method was applied to instanta-
neous PIV velocity fields with and without the presence of
microbubbles within the boundary layer in a channel flow to
elucidate the effects of the presence of microbubbles in theE
vortical structure in a near-wall region.

The swirling strength technique to localize vortex in a
flow field is based on the premise that in three dimensions, the
local velocity gradient tensor will have a real eigenvalig)
and a pair of complex conjugate eigenvalues, + i\.;)
when the discriminant of its characteristic equation is pos-
itive. Whenm\.; > 0, it corresponds to quasi-circular el-
lipses followed by the particles as trajectories of their move- x [mm]
ments. The strength of any local swirling motion is quantified
by()\.;), defined as the swirling strength of the vortex. 2

For two-dimensional PIV velocity fields, the full tensor Figure 2. Z-component of instantaneous fluctuating vorticity for
cannot be formed. Adriaet al. proposed the use of an equiv- a) single-phase flow, b) two-phase flawe4.4%, DR=29.8% and
alent two-dimensional form of this tensor; namely, b) two-phase flowy=4.9%, DR=38.4%.

y [m
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where u and v correspond to the instantaneous velocity com-
ponents in the streamwise and normal directions, respec-
tively. In this case, D>~ will have either two real eigen-
values or a pair of complex conjugate eigenvalues. Vortices
can be identified by plotting regions with constant values
of A.; > 0. Figure 3 shows a comparison for the swirling
strength results in a single-phase flow and the values of the
local void fraction of 4.4 and 4.9%, which correspond to
DR =29.8% and DR = 38.4% respectively.

Changes in size, distribution and intensity for the vortex
found in single-and two-phase flow can be attributed to the
presence of microbubbles, and could explain the reduction
in drag due to a decrease in mass and momentum transport
across the mean velocity gradient. However, due to the limi-
tations of the experiment (measurements were taken in the x-
y plane close to the wall only), it is not possible to state that
the vortex orientation is different from a wall-normal one.
The changes observed could also be explained as a change in
vortex orientation due to presence of microbubbles, so further
experimentation is needed to completely explain this behav-
ior modification.

3.4. Fluctuating strain rate
In turbulent flows, the dissipation of energy= 2vs;;5;;, is

associated with the symmetric part of the velocity derivative
tensordu; /0z; [20]. The fluctuating strain rate is defined by

1 8uz 6Uj
5ij = 5 (6:% + (91‘1) ’ (3)

Energy dissipation is due to viscous stresses and the local
strain rate, and takes place at the smallest scales in turbulent
flows. However, the amount of dissipation is governed by
the large, energy-containing eddies because the rate energy
is taken from the mean flow to enter the turbulence, and the
rate energy leaves the large scales for the next smaller scales,
is always determined by the large scale dynamics. When this
energy finally reaches the smallest dissipative scales, the rate
of dissipation can no longer be influenced [16].

Figure 3 shows results for a single phase and local void
fraction of 4.4 and 4.9%, which corresponds to DR = 29.8%
and DR = 38.4.4%, respectively, for a fluctuating rate of
strain field. The fluctuating strain rate is multiplied by itself
and averaged in tin{&;;s;;). In this case, just the;g com-
ponent,.e. the z-component, can be obtained since the PIV

FIGURE 3. Swirling strength instantaneous maps a) single-phaseMméasurements are carried out only in the x-y F’_'ane- The gra-
flow, b) two-phase flowv=4.4%, DR=29.8% and b) two-phase flow dient evaluations in Eq. (3) were computed using the central
a=4.9%, DR=38.4%.

difference scheme.
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FIGURE 4. s13s12 distribution for @) single phase flow, b) two
phase flowa=4.4%, DR=29.8% and b) two phase flaw4.9%,
DR=38.4%.

A significant change can be observed from Fig. 4a. to 4b.
This change in the fluctuating strain rate is very important
because it can translated into an energy dissipation decrease,
which is a very meaningful consequence of the presence of
microbubbles within the boundary layer.

4. Conclusions

The presence of microbubbles within the boundary layer pro-
duces a growth in the boundary layer, viscous sublayer, and
buffer layer thickness, which is in agreement with findings
of other researchers [2,6]. A decrease is also observed in
the z-vorticity component. This is a consequence of a de-
crease in the wall shear stress. The decrease of the vortic-
ity in the near-wall region also indicates a decrease in strain,
which leads to a suppression of the Reynolds stresses. All of
these changes lead to a decrease in drag. A maodification in
the vortical structures close to the wall can be observed by the
evaluation of both fluctuating spanwise vorticity and swirling
strength. These changes could be explained as a decrease in
the momentum exchange across the main velocity gradient
due to the presence of microbubbles. However, from the re-
sults obtained, it cannot be stated beyond a doubt because
the orientation of the vortices is not completely determined.
If a decrease in momentum exchange were the explanation,
the role of the presence of microbubbles acting as a barrier
for the continuous phase momentum exchange would help to
explain the drag reduction phenomenon. The changes in the
fluctuating spanwise vorticity fields also suggest a decrease
of zones in strong shear within the boundary layer.

Another important finding is the decrease in the fluctu-
ating strain rate in the presence of microbubbles. This can
be easily translated into a reduction in the turbulent energy
dissipation. The decrease in energy dissipation due to the
presence of microbubbles cannot be directly explained by a
change in viscosity or density, first because changes in vis-
cosity only produce a change in dissipation scale [16], sec-
ondly because the dissipation of energy is determined by
the rate of energy withdrawal from the main flow, and fi-
nally because viscosity and density are scalar properties of
the fluid that can alter the dissipation scale (through changes
in the kinematic viscosity) but that cannot change the rate
of strain that depends on velocity gradients throughout the
flow field. Furthermore, previous results showing a change
in the dynamics of the energy cascade due to the presence
of microbubbles, were reported in Ref. 9, where a shift in
energy contain was found from higher wavenumber to lower
wavenumber scales (change in length scales for eddies). The
same shift was reported in Ref. 14 using a wavelet analy-
sis technique, and changes (increase) in the time scale were
found in the presence of microbubbles[12]. Therefore, it can
be concluded that the presence of microbubbles modifies the
dynamics in the boundary layer, changing the scale of the
energy-containing eddies to a larger one, increasing the time
scale of those eddies and decreasing the rate of strain and
consequently the dissipation rate.
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