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ABSTRACT

The mechanisms of turbulence modification by dispersed
bubbles in an upward bubbly pipe flow were investigated. The
liquid-phase velocity was measured by particle tracking
velocimetry with Sub-Kolmogorov time and spatial resolution.
Sub-Kolmogorov resolution is high enough to obtain small
scale structures of the modified turbulence by bubbles.
Gas-phase behaviors were measured by a shape projection
imaging technique. Two different bubble diameters at the void
fraction up to 1.5% were examined. The profiles of mean
streamwise velocity of water were flattened in the pipe middle
region, because the bubbles accumulated near the pipe wall
accelerated the fluid. The flattened mean flow profiles
suppressed the shear-induced turbulence intensities. In the
present study, we introduced a scaling method by expanding
the spatial filtering techniques applied for measured velocity
fields to characterize length scales that govern the energy
transfer between bubbles and turbulence. Large energy
transport from bubbles to the fluids was clearly observed at the
scale of from 2 to 3 times the bubble diameter. The findings
above give guidance on the physics and modeling of
multiphase turbulence.

INTRODUCTION

Bubbly flows are observed in many engineering
applications such as chemical reactors and power plants,
although details of the bubbly flows are not fully understood
due to their complexity. In turbulent bubbly flow studies, there
are two main research interests: turbulence modification by
bubbles and bubble behaviors. Previous studies of turbulence
modification have shown that dispersed bubbles can either
augment or attenuate the liquid-phase turbulent kinetic energy
(TKE) (Serizawa et al., 1975; Theofanous & Sullivan, 1982;
Wang et al., 1987; Fujiwara et al., 2004). Though it is also
known that bubbles also modified the TKE energy spectrum
(Lance & Bataille, 1991; Mudde et al., 1997), their
modification patterns of the spectrum were different, and it is
still difficult to state clearly the well defined mechanisms of
turbulence modification. This is because the underlying
physical energy transport mechanisms are not well understood.
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The objective of the present study is to experimentally
investigate the TKE transport mechanism among bubbles,
large and small eddies, which affect the overall turbulence
modification, by using particle tracking velocimetry (PTV)
with Sub-Kolmogorov time and spatial resolution. The
premise is that a detailed understanding of the microscopic
interactions between bubbles and turbulence will lead to
improve understanding and prediction of the macroscopic
turbulence modification. Bubble behaviors were obtained by
shape projection imaging (SPI). A scaling analysis was
performed to characterize length scales that govern the energy
transport between bubbles and turbulence by expanding the
spatial filtering techniques applied for measured velocity
fields.

EXPERIMENTAL SETUP

Figure 1 shows the schematic of the experimental facility
used in this study. The facility is the same as that used for the
study of Fujiwara et al. (2004). While a thorough description
is described in their article, the important aspects of the
experimental facility are recounted below.

Bubby Flow Description

Details of the fully developed upward flow used in the
present study are summarized in Table 1. Optical distortion
through the pipe was eliminated using a fluorinated ethylene
propylene (FEP) pipe at the test section. FEP has almost the
same refraction index as water. The test section was covered
with a rectangular acrylic container filled with water to have
straight optical access into the pipe.

Bubbles were injected by a bubble generator attached at the
entrance of the pipe. The bubble parameters are listed in table
2. The void fraction was set to be 0.5 %, 1.0 % or 1.5 % by
adjusting the air pressure of the bubble generator to examine
the effects of void fraction on turbulence modification. Two
different bubble diameters were examined by adding a
surfactant of 3-pentanol (CsH;;OH), because the presence of
the surfactant avoids bubble coalescence resulting in the
smaller bubbles. The mean area equivalent diameter, <d,,>,
was estimated by the captured images.
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Figure 1 : (a) Schematic of experimental apparatus. (b)
Instantaneous image by PTV and (¢) by SPIL.

Table 1. Fluid flow parameters

Pipe diameter 2R (mm) 44
Centerline mean velocity <U>  (mm/s) 247
Bulk mean velocity <Upy>  (mmy/s) 200
Pipe Reynolds number Resg 9,900
Kinematic viscosity of water v (mm?/s) 0.81
Kolmogorov length scalef 7 (pm) 330
Kolmogorov time scalet Tx (ms) 120

tvalue at pipe centerline

Table 2. Bubble parameters
Without surfactant

a (%) 0.5 1.0 1.5
<dp> (mm) 2.39 2.58 2.62
Stan. dev.  (mm) 0.60 0.66 0.64
Skewness  (-) -0.11 -0.11 -0.45
With surfactant
a (%) 0.5 1.0 1.5
<d,> (mm) 1.59 1.71 1.76
Stan. dev. (mm) 0.34 0.31 0.30
Skewness  (-) -0.04 -0.01 —-0.03

Measurement System

The measurement system consists of high time/spatial
resolution PTV and a bubble shape projection imaging
technique as described in figure 1. Two CMOS cameras were
located facing each other near the test section and
synchronized by a pulse generator to simultaneously capture
both liquid and gaseous phases.

For PTV, an Nd-YLF laser (Quantronix Corp., Falcon
527DP) with a wavelength of 527 nm and the energy of each
pulse was 30 mJ was used as the light source. Fluorescent
tracers (Lefranc et Bourgeois, S.A., Light Orange Fluo) with a
fluorescence wavelength of about 600 nm were selected so
that it is possible to capture only fluorescent tracer images by
cutting the laser scattering at the bubble surfaces using a color
filter. The PTV time resolution was the same as the camera
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Figure 2 : Profiles of local void fraction of (a) large and (b)
small bubbles.

frame rate of 500 Hz smaller than the Kolmogorov time scale
of 120 ms, which enable us to resolve the dissipative process
of turbulence. Each velocity vector measured by PTV was
used to reconstruct grid velocity fields by spatially averaging
velocity vectors. The grid size of 200 #m was smaller than the
Kolmogorov length scale of 330 x#m at the centerline, which is
reasonably high to resolve the TKE dissipative scale and to
obtain the TKE dissipation. The PTV experimental error is
estimated to be 1.2% at 95% confidence limits. For SPI, blue
LEDs (473 nm) illuminated bubbles from behind. The same
type of high speed CMOS camera as PTV was used to capture
the projected images of bubbles. The focal plane was set to be
identical to the PTV laser sheet plane. Bubbles on the focal
plane were detected by recognizing the edge of the bubbles,
which have high contrast.

RESULTS AND DISCUSSIONS
Local Void Fraction

The local void fraction, «, which was the ratio of the
gaseous to the liquid phase, was calculated by the ratio of the
area of bubbles to the area of the imaged section. Figure 2
shows the local void fraction profiles in the presence or large
(<de> = 2.6 mm) and small (<d,,> = 1.7 mm) bubbles. The
local void fractions near the pipe wall region are noticeably
high due to the shear induced lift force acting on bubbles. For
<d,;> = 2.6 mm, the local void fraction peak appeared at 7/R ~
0.92, while it is at #/R ~ 0.95 for <d,,> = 1.7 mm. The shear
induced force is depending on the bubble diameter and the
non-uniformity trend is greater for the small bubble case.

Mean and RMS Velocities of Liquid Phase

The profiles of streamwise mean velocity of water in the
presence of bubbles are shown in figure 3. Since bubbles
accelerate the fluid velocity near the wall region, the entire
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Figure 3 : Profiles of streamwise mean velocity of water in the
presence of () large and (b) small bubbles.
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Figure 4 : Profiles of streamwise turbulent intensity of water in
the presence of (a) large and (b) small bubbles.

mean velocity becomes flat. This trend is greater for <d,,> =
1.7 mm case and the position where the steep mean velocity
gradient appeared was almost the same as the local void
fraction peak. This indicates that bubbles block the effect of
the shear due to the wall and change the shear-induced
turbulence structure. Most bubbles are concentrated near the
wall for a dilute (o = 0.5%) bubbly flow to create flattened
mean velocity profiles. For higher void fraction, the local void
fraction increases more uniformly and they do not affect the
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Figure 5 : Profiles of streamwise velocity power spectrum of
water in the presence of (a) large and (b) small bubbles at the
pipe centerline (#/R = 0.0).

mean velocity profile much.

The profiles of streamwise turbulence intensity in the
presence of large bubbles are shown in figure 4. The
turbulence intensity at &= 0.5 % decreased in the region of 0.4
<r/R <0.95 due to the flattened mean velocity profiles by the
bubbles, while it increased around the pipe center region due
to the presence of bubble wakes (/R < 0.4). At the higher void
fraction than 0.5%, the turbulence augmentation at the entire
pipe is observed due to the bubble wakes, because the local
void fraction increases more uniformly for higher o than
0.5 % in the middle of the pipe (*/R < 0.8). For the small
bubble case, the similar trends are observed. However, the
turbulence attenuation trends are greater than those for the
larger bubbles due to the greater non-uniformity of the local
void fraction.

Turbulence Kinetic Energy Spectra

As described in the previous section, bubbles attenuate large
scale turbulence intensity by reducing mean shear flow and to
augment large scale turbulence due to bubble wakes. Thus,
mechanisms of turbulence modification by bubbles are
different at different scales such as Kolmogorov scale, energy
containing eddy scale, bubble diameter. The turbulence
modification depending on scales by considering the
modification in wavenumber space was examined. Turbulence
kinetic energy spectra at the pipe centerline in the streamwise
direction are shown in figure 5. By assuming the Taylor’s
hypothesis, the spectra were defined as:

w (o0 d(rw ) O

z

E;(1)= J.oT<U:>

where T is the measuring time. Since the Fourier transform of
the intermittent liquid-phase due to the gaseous phase is not
strictly defined, a linear interpolation for the intermittence of
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Figure 6 : Concept of energy transport by bubbles in
wavenumber space.

the liquid-phase was applied. The vertical axis is normalized
by the kinematic viscosity of water, v, and the energy
dissipation rate at the centerline for unladen case, &,, where the
TKE dissipation was obtained by using a correction method
introduced by Tanaka & Eaton (2007) in order to eliminate the
measurement noise.

For <d,> 2.6 mm case, the energy spectrum
monotonically increased at almost entire scales as the void
fraction increased. The augmentation trends are the greatest
around &7 ~ 107", which is about ten times the bubble
diameter. Since the TKE production due to the mean shear is
expected to be negligibly small due to the flattened mean flow
profiles in the pipe center region, the turbulence augmentation
effects are mainly caused by the bubble wakes.

For <d,,> = 1.7 mm case, the turbulence level at the large
scale (k77 < 5 x 1072) reduced at = 0.5 due to the flattened
mean flow profile. Since the turbulence augmentation at the
small scale due to bubble wakes barely increased because of
the low local void fraction at the center for & = 0.5 case, the
total turbulence intensity attenuated as shown in figure 4(b).
As the void fraction increases, the TKE increases by the
distortion around the bubbles not only at the scale of bubble
size but also at the larger scales. This implies that the bubbles
induce various size of eddies by clustering.

Scaling Analysis of Turbulence Modification by
Bubbles

In the previous sections, we phenomenologically observed
that the bubbles modified the large eddies related to the mean
flow and small scale eddies due to the wakes. Although the
energy spectrum provides much fruitful information, it is not
enough to understand the interactions among the large scale
flows, small scale turbulence structures and bubbles. In this
section, we investigate the modification of the TKE cascade
from large to small eddies in order to obtain physical guidance
on the modeling for the numerical simulations. We introduce
an analytical method to clarify the physical mechanisms of
turbulence modification at each scale, or wavenumber. The
filtering technique derived from large eddy simulation (LES)
is experimentally applied as used in previous studies by Liu ez
al. (1994, 1999) for jet flows to improve LES models by
evaluating turbulent kinetic energy flux from large to small
eddies. The energy flux is considered as the energy cascade. In
the present study, we expand the filtering technique, detailed
properties of energy cascade are examined.
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First, a general description of LES is recounted before the
detailed procedures for the scaling analysis is described. The
fluid equations for LES are obtained by filtering the velocity
field using a low-pass filtering function, G*, which satisfies
the normalization condition. In the current study, we used the
sharp cutoff filter, G?. The property in one dimension is
below.

G?(ég):%ésin(%g} @

where A is the specified filter width. The filtered TKE
transport equation for the unresolved or subgrid scale (SGS)
can be derived by defining SGS kinetic energy, ksgs, as:

3
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where (-yand D/ Dtrepresent the filtering and the filtered
substantial derivative, respectively. 7, ¢ and &, denote the
energy transport, the energy dissipation, and the energy
transfer from bubbles. Each term is defined as:

H:—T[jﬂgija (5)

Ouy Bu,  dux dux . (6)
&sgs =V ox. ox. or. ox.
X; ax‘,. 6x, ax/

The energy flux, /7, represents the energy exchange from
resolved eddies to the SGS eddies. Thus, /7 is the energy
source term for SGS kinetic energy equation similar to the
TKE production in RANS. The subscript, SGS, represents
subgrid scale.

Next, the scaling analysis method we introduce is described
as follows based on the filtering techniques. The analysis is
conducted in the wavenumber space as shown in figure 6.
Considering the TKE energy budget an arbitrary wavenumber,
K, an energy conservation of a tiny control wavenumber
domain in between x and x+ Jx can be written as:

11 (k) + ¢, (k) Ax — D(x)Ax = T (x + Ax) » 0

where TKE dissipation spectrum, D(x), and the energy term
due to bubbles, gy(x), are described as:

Dixey = - P85 (8) | ®)
() o
£,(0) =25 | by ©)

Using these equations, we can specify the behaviors of the
TKE energy cascade process. This method is expected to
investigate various complicated flow fields such as multiphase
flow. Also, we emphasize that the current approach can
calculated the energy transport by bubbles, which is very
complicated term in the TKE equation (Eq. (3)).

An instantaneous energy flux, /7, in the presence of bubbles
are shown in figure 7, where the filter width, A, was 2.5 mm.
The positive regions express the TKE energy from larger to
the smaller eddies than the filter width, or TKE forward scatter.
The negative ones are TKE energy back scatter. For <d,,> =
2.6 mm case, bubbles strongly induced both forward and back
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Figure 7 : Contour of energy flux from large to small scales by
(a) large and (b) small bubbles. The filter width was set to be A
= 2.5 mm. The void fraction was 1.5%.

TKE scatters. Since the scattering patterns are characterized in
front or behind bubbles, they may possibly be determined by
the fluids-bubble relative velocity though further statistical
investigation is required. These modified energy flux due to
bubbles results in the modification of the TKE spectrum. For
<d,,> = 1.7 mm case, the local modification of the energy flux
by bubbles is small. The smaller bubbles do barely disturb
local fluids.

The energy flux, /7 as a function of wavenumber are
calculated using the measured velocity fields at 0 < /R < 0.66
as shown in figure 8. The horizontal axis is normalized by the
Kolmogorov length scale, 7, at the centerline for single-phase
flow. It is observed that the energy flux for single-phase flow
monotonically decreased as the wavenumber increases. This
indicates that the TKE transported from the large eddies from
small scales while it gradually dissipated at each scale. In the
presence of <d,,> = 2.6 mm bubbles, the profiles had peaks
around x77 =~ 0.07-0.09. This implies that the energy from
bubbles transports to the fluid flows around this scale,
resulting in the augmentation of the energy flux. The energy
flux increased as the void fraction increased because the
energy transport between the liquid-phase and bubbles was
promoted. In the presence of <d,,> = 1.7 mm bubbles, the
energy flux attenuated for both & = 0.5% and 1.0 % cases,
because of the suppression of the large scale turbulence due to
the flattened mean flow. Compared with <d,,> = 2.6 mm case,
the attenuation effect was larger. This is because the local void
fraction is smaller and the augmen-tation due to the bubble
wakes is also small for <d,,> = 1.7 mm. The profiles also had
peaks around x77 ~ 0.07-0.09

The energy due to bubbles, ¢, as a function of wavenumber,
was calculated using the measured velocity fields at 0 <#/R <
0.66 as shown in figure 9. Strong energy transport from
bubbles can be clearly observed for both <d,,> = 2.6 mm and
1.7 mm cases. The bubble term augmented as the void fraction
increased. The peaks appeared at x77 = 0.05-0.06 for <d,,> =
2.6 mm and at k7 ~ 0.06-0.066 for <d,,> = 1.7 mm. We
confirmed that the smaller bubbles induced TKE at smaller
scales. By defining the peak wavenumber, x;, we attempt to
nondimensionalize the peak wavenumber by the bubble
diameters. The normalized peak wavenumbers, 1/(x;<d,,>), in
the present study were:
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Figure 8 : Profiles of energy flux by (a) large and (b) small
bubbles in wavenumber space.

2.1<Kb<1deq><2.6 for (d,,)=2.6mm* (10
1
2.9<m<3.2 for (d,,)=1.7mm* (D

Thus, the TKE transported due to bubbles are at the scale of
from two to three times the bubble diameter for similar flow
regimes to the present experiment. The interactions between
bubbles and the fluids are predominant at this scale. The scale
could be applied to determine the filter width in modeling
LES.

CONCLUSIONS

Turbulence modification in an upward bubbly pipe flow at
Reyr = 9,900 was investigated using a sub-Kolmogorov
PTV/SPI measurement system. Experiments were conducted
at two different bubble diameters of 1.7 mm and 2.6 mm and
the void fraction up to 1.5. The findings in the present study
are as follows.

The mean flow profiles were flatten in the presence of
bubbles because bubbles accumulated near the wall region and
accelerated the liquid-phase fluid. The flattened mean flow
profiles reduced the shear-induced turbulence intensities in the
pipe middle region. The turbulence attenuation trend due to
the non-uniformity of the local void fraction was greater for
small bubble case (<d,,> = 1.7 mm). On the other hand, at the
higher void fraction than 0.5%, turbulence augmentation at the
entire pipe is observed due to the bubble wakes. The trends of
turbulence augmentation due to the bubble wakes were larger
for large bubbles.

A scaling analysis using the filtered PTV velocity fields was
introduced to characterize the length scales that govern the
energy transfer between bubbles and turbulence. The local
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Figure 9 : Profiles of energy transfer due to (a) large and (b)
small bubbles in wavenumber space.

energy flux between large and small eddies around bubbles
was observed. The energy flux from large to small eddies
augmented as the void fraction increased and the profiles had
peaks around x77 = 0.07 — 0.09, implying that the energy from
bubbles transports to the fluid flows around this scale. The
energy flux attenuated for both o= 0.5% and 1.0 % cases, for
<d,,> = 1.7 mm because of the suppression of the large scale
turbulence due to the flattened mean flow. By calculating the
energy due to bubbles, strong energy transport from bubbles
was clearly observed in the presence of the bubbles at the scale
of from two to three times the bubble diameter. The findings
above give guidance on the guidance on the physics and
modeling of multiphase flows.
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