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The average large gas bubble size in slurry bubble columns is estimated using a
spectral analysis method applied to measured pressure time series. A pressure time series
measured in a bubble column consists of local pressure fluctuations and global pressure
fluctuations. The local pressure fluctuations arise from the liquid velocity fluctuations
induced by the large gas bubbles and by the changes in gas holdup. The standard
deviation of these local pressure fluctuations is a measure of the average large bubble
size. The coherence between the pressure time series measured at the sparger and at any
other location in the column is used to separate the local pressure fluctuations from the
global pressure fluctuations. The global pressure fluctuations are measured instanta-
neously throughout the column and form the coherent part of the pressure time series. The
local pressure fluctuations, which are absent at the sparger, form the incoherent part of
the pressure time series. In a 2-D bubble column, a clear correlation is demonstrated
between the incoherent standard deviation of the pressure time series and the average
large gas bubble size obtained from video imaging. A good agreement is also found
between this correlation and the 3-D model proposed by Krishna et al. for predicting the
average large bubble size in 3-D (slurry) bubble columns. © 2005 American Institute of
Chemical Engineers AIChE J, 51: 1924-1937, 2005
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incoherent standard deviation

Introduction

Slurry bubble columns (SBCs) find a wide range of appli-
cations in the chemical process industry because of their simple
operation and good heat and mass transfer characteristics.
Extensive research has been carried out in the last few decades,
to understand both hydrodynamics and mass transfer in (slurry)
bubble columns. The effect of several types of solids, liquids,
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gases, physical properties of fluids, column diameter, distrib-
utor design, and so forth, has been carefully studied and sum-
marized.'* However, the design and scale-up of an SBC reac-
tor still remains a troublesome task.3

Gas holdup, regime transition point, mass transfer coeffi-
cient, axial dispersion coefficient, and average bubble diameter
constitute a few of the parameters used as a measure of the
performance of SBC reactors. The average bubble diameter is
one of these important hydrodynamic parameters, which yields
information of the gas—liquid interfacial area as well as of the
liquid mixing in the column. However, until now it has not
been possible to accurately predict the bubble size. Several
nonintrusive techniques,® such as laser sheeting,” radioactive
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particle tracking,®° and tomography,'© are being used in the
study of SBCs. However, these techniques are expensive and
require extensive expertise in both executing the measurement
and interpreting the results. Measurements using optical fiber
probes or laser Doppler anemometry give a local estimation of
the bubble size, whereas ultrasonic methods give an average
bubble size and are effective only at lower gas holdup.

Pressure measurements, discussed herein, are relatively sim-
ple, inexpensive, nonintrusive, and already available for most
SBCs operated in labs, pilot plants, and large (industrial) in-
stallations. Wall pressure fluctuations have been used in the
previous decade to study the hydrodynamics of gas—liquid
systems using different types of analyses, such as spectral
analysis, chaos analysis, and wavelet analysis.!'-'7 A drawback
of pressure measurements is the complexity generated by dif-
ferent pressure sources in the SBC. The challenge is to extract
information from pressure time series that is relevant for the
(physical) hydrodynamic phenomenon under study.

First, the origin of pressure fluctuations in SBCs is briefly
discussed herein, in terms of possible and relevant sources.
Next, the spectral analysis is discussed. Fourier analysis is used
in this study as a tool to deconvolute the pressure time series
into the local (at the measurement position) and global
(throughout the whole column) pressure fluctuations. Subse-
quently, this analysis is applied to a two-dimensional (2-D)
SBC and a correlation between the incoherent standard devia-
tion and the average large bubble diameter is determined em-
pirically. This 2-D SBC correlation is finally also applied to
pressure time series measured in a three-dimensional (3-D)
SBC to estimate the average large bubble diameter and the
predictions are compared with the model of Krishna et al.!8

Pressure Sources in Slurry Bubble Columns

In an SBC, small gas bubbles are introduced at the gas
distributor. These small bubbles coalesce and grow in size as
they rise in the column. Liquid is dragged along with the
bubbles, which results in a global liquid circulation throughout
the column. Liquid circulations influence the path of the rising
bubbles and also the breakup of bubbles. Bubbles eventually
escape the liquid at the surface. All these phenomena generate
pressure fluctuations either locally or globally in the column.

The local pressure fluctuations are caused by pressure
sources such as liquid velocity fluctuations and gas holdup
fluctuations. Rising gas bubbles, large liquid eddies, and liquid
turbulence generate these liquid velocity fluctuations. The gas
holdup fluctuations are directly related to the passage of large
gas bubbles. The global pressure fluctuations are caused by
pressure sources such as bubble formation, bubble coalescence,
bubble breakup, bubble eruption, oscillations of the gas-liquid
suspension,'® and mechanical vibrations of the column.?® The
local and global sources can be differentiated based on the
propagation velocity of the related pressure sources. The pres-
sure fluctuations from local sources travel with the speed of the
source and are measured only in the direct vicinity of the
source. These pressure fluctuations have a low propagation
velocity (<2 m s~ '). Global sources generate pressure waves
that travel with the velocity of sound in the gas-liquid suspen-
sion, which is given by Mallock?! as
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where c the velocity of the sound in the gas-liquid suspension,
P is the atmospheric pressure, p, is the density of the slurry, and
&, is the gas holdup. Equation 1 gives minima for velocity of
sound at g, = 0.5, which is 20 m s~ '. The global sources thus
have a high propagation velocity (=20 m s~ "), and are mea-
sured almost instantaneously throughout the column.

The gas bubbles in an SBC are classified into two distinct
classes: small bubbles (2—8 mm) and large bubbles (>8 mm).??
The volume-averaged bubble diameter estimated from the local
pressure fluctuations is related to the small and the large bubble
classes. The contribution of the small bubbles, however, is
negligible compared to that of the large bubbles. These gas
bubbles show a distinct axial distribution in size in the column.
Small bubbles are present near the sparger up to the equilib-
rium height above which the large bubbles are dominant.
Above this equilibrium height, turbulent flow is completely
developed and the bubbles do not grow further in size by
coalescence. In the developed turbulent flow, the large bubbles
are uniformly distributed along the radius of the column. At
any location above the equilibrium height, the average bubble
size is constant. Thus the average bubble diameter measured
above the equilibrium height can be considered as the repre-
sentative diameter of the large bubbles present in the column.
The pressure time series measured above this height will cap-
ture the pressure fluctuations resulting from all the large bub-
bles passing the vicinity of the sensor and thus will be repre-
sentative for all the large bubbles rising in the column.

Theoretically, rising bubbles generate most of the local pres-
sure fluctuations, so these local pressure fluctuations can be
used to estimate the average bubble diameter of rising bubbles.
Davidson and Harrison?® proposed a correlation for the pres-
sure fluctuation generated by a single rising bubble in an
infinite medium, caused by the gas flow field around it in a
fluidized bed. This correlation, when translated to SBCs and
converted from its radial coordinates into the time domain (see
Appendix) for a two-dimensional (2-D) and a 3-D bubble, is
given as

2

d
Py(1) = pyg th 2D bubble

3

d,
Py(1) * pg P

3D bubble 2)
where d,, is the diameter of the bubble and v, is the rise velocity
of the bubble. This rise velocity of the bubble is proportional to
the square root of the bubble diameter,>* that is, v, « d2-5 , and
so P,(1) = d}° for a 2-D bubble and P,(f) = d; for a 3-D
bubble. The liquid circulations in the SBC also generate local
pressure fluctuations as a result of changes in the liquid veloc-
ity field* influenced by its interaction with the rising bubbles.

Rising bubbles also generate pressure fluctuations at the
measurement position because of changes in the static liquid
head above the measurement position. These pressure fluctua-
tions are termed as holdup pressure fluctuations. This holdup
pressure fluctuation is seen to be proportional to the volume of
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the gas bubbles and in turn proportional to the square of the
bubble diameter in a 2-D column and to the cube of the bubble
diameter in a 3-D column:

P(t) = d; 2-D bubble

Py(t) = d; 3-D bubble 3)
In summary, the amplitude of the local pressure fluctuation in
an SBC is proportional to a certain power of the large bubble
diameter. This power is expected to be between 1.5 and 2 for
the 2-D large bubbles and between 2 and 3 for the 3-D large
bubbles.

Spectral Analysis of Pressure Time Series

Different time series analysis can be employed to character-
ize the dynamic behavior of multiphase systems.?® Van der
Schaaf et al.?’ developed a technique to extract information
related to the average large bubble diameter from the Fourier
transform of pressure time series measured simultaneously in a
gas—solid fluidized bed at different column positions. On sim-
ilar grounds, in this article, Fourier analysis is applied to the
pressure time series measured at the wall in SBCs. The pres-
sure time series measured at the axial measuring position x,
consists of the sum of pressure fluctuations by local and global
sources as

P (1) = P(1) + PY(1) “4)

Another pressure time series measured simultaneously at
axial position y in the column is given as

P(t) = a, P (t + At) + PY(1) 5)

where a, is the attenuation of the global fluctuations at position
y as compared to position x and At is the time lag. The
attenuation is the measure of the dampening of the amplitude of
the global fluctuations measured at two different locations, and
the time lag gives the time shift of a global pressure fluctuation
between the two measurement points. In this section, the sep-
aration of the local and the global pressure fluctuations in the
measured pressure time series using Fourier analysis is math-
ematically explained.

Fourier transform

The Fourier transform converts the pressure time series from
the time domain to the frequency domain as

1 T
T =7 f P(1)e ™" di (6)
0

A recorded pressure time series is discrete in time, with a
constant sampling frequency. A discrete Fourier transform
(Fast Fourier Transform) algorithm is used to convert this
measured pressure time series into the frequency domain. The
Fourier transforms of the pressure time series in Eqgs. 4 and 5
are

1926 July 2005 Vol. 51, No. 7

F(f) = FXf) + Ff) (7
F(f) = F(f) + a,Ff) @®)

The above equations show that the Fourier transform of a
pressure time series is the sum of the separate Fourier trans-
forms of the local pressure fluctuations and the global pressure
fluctuations.

Power spectral density

The power spectral density (PSD) of a pressure time series at
measuring position x, @, is defined as

1
() = 3 ELF)- T4 ©)

where E is the expectation of ¥, F* is the complex conjugate
of the Fourier transform. By applying Eq. 9 to Eq. 7, the PSD
of the pressure time series at position x is calculated as

D = E{[F(f) + FNT-TFECS) + F()T4 (10)
Simplifying Eq. 10 gives

D (f) = [FECOIP + [FP + 2E[FV(f) - FL(f)]*
Y

The local and global fluctuations are created by different
pressure sources as mentioned in the previous section. These
pressure fluctuations cannot be cross-correlated with each other
in a pressure time series and thus can be assumed independent
of each other. Consequently, the product of their Fourier trans-

forms becomes equal to zero. Thus, in Eq. 11, the last term is
equated to zero, which gives

D(f) = |[FECOIP + [F ()P (12)
Similarly, the PSD at position y is given by
D, (f) = [FVCOIP + ag F( ) 13)

The cross-power spectral density (CSD) between two time
series is given as

1
() = 3 ELF)- T3] (14)

Substituting the Fourier transform of the pressure time series in
the above equation gives

() = ELF(f) - ()] + ELFE(S) a0 (£)]
+ELFS) - F () + alFHAE As)

In Eq. 15, the first three terms are equal to zero because, by
definition, the local pressure sources at different measurement
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positions are not correlated with each other. At the same time,
the local and global pressure sources are also independent of
each other as mentioned earlier. Consequently,

D,(f) = a|F ()P (16)

Equation 16 shows that the CSD corresponds to the cross-
correlation of the two time series. It is a measure of the global
pressure fluctuations recorded in the two time series and gives
its power over the complete frequency spectrum.

The global pressure fluctuations cannot be simply subtracted
between the two pressure time series to obtain the local pres-
sure fluctuations, because of the attenuation of the signal a, and
the time shift Az, of the same sources in the two signals.28 The
so-called coherence is therefore used to separate the local
fluctuations from the global fluctuations.

Coherence

The pressure fluctuations caused by global pressure sources
have a high propagation velocity and thus they generate a
constant time shift when measured at two different heights in
the column. Because of this, they are coherent over the height
of the column. Local pressure sources, such as large gas bub-
bles, undergo a change in shape and velocity as they rise in the
column. The time shift from these sources is therefore not
constant. Local pressure sources are thus globally incoherent.
In gas—solid fluidized beds, this characteristic difference be-
tween local and global pressure sources has been used to
successfully separate them using the so-called coherence.?” The
coherence is defined as the CSD of the two time series nor-
malized by the PSDs of the individual time series

[P, ()]

7 =g (1o, (f) a7

A constant phase lag created by a pressure source gives a
coherence of unity at its characteristic frequency. If the phase
lag is not constant then the coherence is less than unity and its
value varies between zero and one. For completely uncorre-
lated signals the coherence is zero. From Eqs. 12, 13, 16, and
17 the coherence between the two time series x and y is
obtained as

alF (I
[F AP+ 1F OPIF NI + alF (]
(18)

Yolf) =

The product of the coherence (between the measurement
position and the sparger position) and the PSD (at the mea-
surement position) gives the so-called coherent output power
(COP) that is present in the signal at the measurement position.
The COP at position y is calculated as

COP,(f) = ¥& (/)P (f) 19)

From Eqgs. 13 and 18, the above equation is further simplified
as
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a§|6fgl<»b(f)|4
[F P+ [F (P

COP,(f) = (20)

Equation 20 clearly demonstrates that the local pressure
fluctuations at measurement position x influence the COP cal-
culated at the measurement position y. Thus, the measurement
position x needs to be chosen such that the local pressure
fluctuations at this position are minimum or (almost) absent.
This is possible when this pressure measurement is done in the
plenum or just above the gas distributor, where large gas
bubbles have not yet been formed, while as yet there are also
no large liquid velocity fluctuations. With a measurement po-
sition x close to the gas distributor, it can be assumed that
| F'o¢| ~ 0, and the COP in Eq. 20 is simplified to

COP,(f) = aj|F*" ()} @2y

Equation 21 shows that the COP gives the power in the PSD
related to the global pressure fluctuations along with its atten-
uation at that particular measurement position y. The residual
power in the PSD is the so-called incoherent output power
(IOP). This IOP at the measuring position y is given as

I0P,(f) = [1 = v, (H)]P,,(f) (22)
Simplifying Eq. 22, using Eqgs. 16 and 18, gives

L1 DPIF P
YFOP + [F P

I0P,(f) = [F“(fI]} + a (23)

Simplifying Eq. 23 gives
IOP,(f) = [F“(f)I?

it |FNOI =0 or [FNH >0 (24)

Equation 24 shows that the IOP at measurement position y
contains only the local pressure fluctuations present in the
pressure time series measured at the position y, provided the
measurement position x is such that either %< or F4"* is close
to zero, that is, in the plenum or just above the gas distributor.

The above analysis shows that the coherence effectively
separates the local pressure fluctuations (IOP) from the global
pressure fluctuations (COP) in a measured pressure time series.
Parseval’s theorem states that the area under the curve of the
incoherent output power as a function of frequency is equal to
the variance of the incoherent part of the signal, o7, in the
pressure time series

o7 = 2, IOP(f) (25)

f

This variance is therefore a measure of the power of the
pressure fluctuations produced by the rising large bubbles and,
as mentioned earlier, is considered to be a function of the
average large bubble diameter in the SBC.
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Relation between o7 and d,

The variance of the pressure fluctuations (O’;), measured in
the SBC at any position, is the addition of the variance of the
local (incoherent) pressure fluctuations (0,—2) at that position and
the variance of the global (coherent) pressure fluctuations ((r?)

0'12, =o'+ o (26)

o7 is separated from aﬁ using the spectral analysis method as
explained in the previous section. o7 can then be related to the
average large bubble diameter as follows

1o 1
ot =5 2 L0t =7 2 PP = pigf(dsay)  27)
n=1 T

where s refers to a source of local pressure fluctuation (such as
the rising bubble pressure fluctuation, the gas holdup fluctua-
tion, or the liquid velocity fluctuation) and n refers to the
different classes of bubble size present. In Eq. 27 each class of
bubbles contributes to the incoherent standard deviation o,
depending on its own standard deviation and frequency of
occurrence of that class of bubbles. In other words, the inco-
herent standard deviation is the standard deviation of the local
pressure fluctuations and is a function of the average large
bubble diameter as in Eq. 27. For example, from Eqs. 2 and 3,
we can expect in a 3-D SBC that the incoherent standard
deviation is proportional to the average large bubble diameter
to the power of 2 to 3. This is the basis used for the pressure
fluctuations technique explained in this report, that is, o; ~ dy’
with m = 2 to 3. It is important to mention here that liquid
velocity fluctuations are inherently a part of the incoherent
pressure fluctuations caused by the rising large gas bubbles.
Therefore Eq. 27 also contains the power in the pressure
fluctuations resulting from liquid velocity fluctuations along
with the rising bubble fluctuations.

Experimentation

The 2-D and 3-D SBCs used in this study are schematically
shown in Figure 1. All experiments were carried out with
demineralized water and air. A perforated plate sparger was
used in both SBCs with 0.5-mm-diameter holes placed in a
triangular pitch of 7 mm. The dimensions of the sparger for the
2-D and 3-D SBCs are 200 X 15 X 5 mm (length X breadth X
thickness) and 170 X 5 mm (diameter X thickness), with 49
and 550 holes, respectively. The gas flow was controlled by a
set of mass flow controllers. Carbon particles of 40 um were
used to prepare the slurry. The carbon particles were pre-
washed with demineralized water to remove possible contam-
inations. The particles were mixed with demineralized water
and stirred overnight to ensure that the particles are completely
wetted during the experiments.

Pressure time series measurement

In both the SBCs, fast dynamic Kistler piezo electric pres-
sure transducers, type 7261, were used to record the pressure
time series. Pressure time series were recorded for 30 min at
200 Hz using the SCADAS II system from LMS (Breda, The
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S ——————
[+« -30 cm—
[+-19 cm—
o000 0w P (1185cm)
e
t
200 cm 400 cm
coo o P (83.5 cm) ——e P (160 cm)
L+ P (150cm)
30 x 30 — P (140cm)
cm? ——e P (130 cm)
Video
Frame
00000 P (48.5 ¢cm)
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4 Air —
4 Air

(a) (b)

Figure 1. Experimental setups: (a) 2-D SBC: 0.3 X
0.015 x 1.5 m; (b) 3-D SBC: 0.19-m inner diam-
eter and 4 m high.

P is the position of the pressure transducer.

Netherlands). Bubbles generate pressure fluctuations only up to
50 Hz, as explained later in the results and discussion section;
thus the signal was low-pass filtered at 100 Hz during data
acquisition. The combined nonlinearity, hysteresis, and repeat-
ability of the Kistler sensor is 0.8% at the full-scale output (2
kPa). The combined error in pressure measurements by the
Kistler pressure transducers is thus <2 Pa. In the 2-D column,
four pressure transducers were mounted flush to the inner
surface of the back wall at heights of 2.5, 48.5, 83.5, and 118.5
cm above the sparger. In the 3-D column, five pressure trans-
ducers were mounted flush to the inner surface of the column
at heights of 2, 130, 140, 150, and 160 cm above the sparger,
as shown in Figure 1.

The pressure time series were processed using the available
subroutines in Matlab® 6.0 (The MathWorks, Natick, MA).
Each pressure time series of 180,000 points was divided into
blocks of 1024 points, using an overlap of 50% of the block
length and a Hanning window to prevent edge effects. The
spectral resolution was 0.195 Hz over the frequency range of
0-100 Hz. Each block was linearly detrended to prevent offset
accumulation below the spectral resolution.

High-speed video imaging

Video images were measured using a high-speed Dalsa
CA-D6 camera (Tech5 B.V., Hardinxveld-Giessendam, The
Netherlands). The video images were recorded between two
pressure measurement positions at a height of 48.5 and 83.5 cm
for a period of 50 s at a rate of 50 frames/s (fps). The frame
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resolution was 256 X 256 pixels corresponding to an area of
0.3 X 0.3 m. The recorded images were processed and ana-
lyzed with image processing software developed at our labo-
ratory based on Matlab® 6.0. Bubble size distribution was
obtained by processing the captured video images. Details of
the video processing are given by Kluytmans.?®

The distance between the flat plates of the 2-D column is 15
mm, and thus the bubbles with diameter > 15 mm touch both
the walls of the column and can be identified as large bubbles
by the image-processing software. The large bubble population
is assumed to start from the bubble area of 40 pixels (equiva-
lent to a bubble diameter of 8 mm). The bubbles < 40 pixels
are recognized as small bubbles. Based on the bubble size
classification of Krishna et al.'® and visual study of video
images, these small bubbles (<8 mm) are assumed equal in
size. The volume-averaged large bubble diameter d,,,, is
defined as

N 2
n=1 db,large,n

N
SVon

(28)

d b.avg =

where n is the class of bubble sizes, N is the total number of
classes, and d, ;. , is the bubble diameter of the class. At each
gas velocity, d,, .., is obtained twice, by processing two movies
of 2500 frames, each. Further details of the image-analysis
software and the video movies are available on our Web site
(http://www.chem.tue.nl/scr).

Results and Discussion
Characteristic frequencies of pressure sources

Single-bubble experiments were conducted in the 2-D SBC
to determine the frequency range and amplitudes of the pres-
sure fluctuations generated by rising large gas bubbles. Typical
pressure time series measured during the injection and passing
of a single large gas bubble are shown in Figure 2. A 0.1-s gas

1000

Gas Pulse — 485cm

Injection  Coherent fluctuations: --- 835cm |
ubble volume oscillations -~ 118.5¢cm

800

600

Bubble passing
the sensor

400
200

~200

Pressure / [Pa]
(=]

)
I
I
-400( |
|
-600}

~800f

-1000 : :
2 3
Time / [s]
Figure 2. Pressure time series measured at heights of
48.5, 83.5, and 118.5 cm above the sparger in
the 2-D SBC for a single pulse of gas bubble.

Gas pulse time = 0.1 s; injection time = 0.5 s; approximate
bubble diameter = 5 cm.

AIChE Journal

July 2005 Vol. 51, No. 7

=
<
w
T

=y
o
()
T

Power spectral density / [Palez]

-
(-]

0 1 I
10 0 1 2

10”" 10 10 10
Frequency / [Hz]

Figure 3. Power spectral density of the pressure time
series recorded in the 2-D SBC at different
heights of 2.5, 48.5, and 83.5 cm above the
sparger at the superficial gas velocity of
0.i13ms™ .

pulse was injected at 0.05 s, which immediately leads to large
oscillations. A pressure drop, resulting from the passing of the
bubble at the respective pressure sensor positions, is observed
at around 1, 2, and 2.75 s. After the bubble passed each sensor,
the pressure recovered back to zero. Figure 2 clearly shows that
a rising gas bubble generates a pressure fluctuation only in its
vicinity. It is observed that large bubbles of 4 to 5 cm generate
pressure fluctuations in the range of 2 to 5 Hz.

Liquid circulations are developed during uniform bubbling
throughout the cross section of the bubble column. These liquid
circulations increase the bubble rise velocity. Thus the fre-
quency of pressure fluctuations produced by passing bubbles
during uniform bubbling is expected to be higher than that for
a single bubble rising in a stagnant liquid. For smaller bubbles
of size around 8 mm, the slip velocity between liquid and
bubbles is low (~0.2 m s~ ") and bubbles travel with a velocity
close to the liquid velocity. The passage time of the small
bubbles can be calculated based on their rise velocity and size.
Small bubbles of around 4 mm can thus generate fluctuations
up to 50 Hz. It was observed that bubbles with diameter < 8
mm do not produce significant fluctuations with measurable
amplitude. The large bubbles having diameter ranging from 8
mm to 6 cm can generate pressure fluctuations between 2 and
50 Hz depending on their rise velocity and the liquid circula-
tions present. A pressure time series thus measured at 200 Hz
and filtered at 100 Hz contains all the pressure fluctuations
produced by the rising bubbles.

Power spectral density

Video images and pressure time series were recorded simul-
taneously during uniform bubbling experiments in the 2-D
column. Power spectral densities (PSDs) of pressure time se-
ries at measurement positions of 2.5, 48.5, and 83.5 cm height
above the sparger for a gas velocity of 0.13 m s~ ' are shown
in Figure 3. At the height of 2.5 cm, very close to the sparger,
only small bubbles that generate low power are present. Higher
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Figure 4. Power spectral density of the pressure time
series recorded at gas velocities of 0.08, 0.1,
0.13, and 0.2 m s~ ' in a 2-D SBC at height of
83.5 cm above the sparger at different super-
ficial gas velocities.

in the column large bubbles generate more power, which is
seen clearly in Figure 3. PSDs of pressure time series measured
at the height of 83.5 cm from the sparger, at different gas
velocities, are shown in Figure 4. This figure shows that the
overall power is considerably lower at the lower gas velocities.
In the homogeneous regime, only small bubbles are present,
which rise slowly with a constant velocity and generate low
power. The power increases with increasing gas velocity in the
heterogeneous regime because of the occurrence of large gas
bubbles. No new peaks are observed nor is there any shift in
peaks resulting from the presence of the large gas bubbles.
Only the total power increases at higher gas velocities.

In the PSDs of Figures 3 and 4, the power is higher at the
lower frequencies between 0 and 10 Hz, attributed to the large
bubbles generating pressure fluctuations in this frequency
range. Above 10 Hz, the power drops rapidly, resulting from
the lower amplitude of the pressure fluctuations from the
smaller bubbles generating higher frequencies. The peaks
around 2 Hz can be attributed to the column mass oscillations
arising from the bubble formation phenomena, which also
demonstrates a highly coherent peak observed in the coherence
spectra'® (see Figure 3).

Coherence

The coherence of the pressure time series measured at the
sparger and at the measurement positions of 48.5 and 83.5 cm,
respectively, is shown in Figure 5. A high coherence is ob-
served at frequencies < 5 Hz. These are related to the globally
coherent fluctuations, that is, liquid level oscillations and col-
umn mass oscillations. The coherence is very low at the higher
frequencies from 5 to 50 Hz, which indicates that either the
coherent pressure sources do not generate much power at these
frequencies or there are very few coherent pressure sources in
this range of frequencies. The low coherence beyond 5 Hz can
be linked to the local incoherent pressure fluctuations as a
result of the rising bubbles and the liquid velocity fluctuations.
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Figure 5. Coherence between the two pressure time se-
ries measured at heights of 48.5 and 83.5 cm
with the pressure time series measured at the
sparger in the 2-D SBC.

1

The superficial gas velocity is 0.13 m s~ .

Thus the coherence directly gives the fraction of the power in
the PSDs related to the local and global pressure sources. The
coherence between the measurements positions 83.5 and 2.5
cm, at different gas velocities, is given in Figure 6. The
amplitude of the high coherent peak at 2.2 Hz does not change
with increasing gas velocity. This indicates that as the power in
the PSD increases in Figure 4, the coherent and incoherent
power increase proportionally, which keeps the coherence con-
stant (Figure 6). There are other peaks observed in Figure 6 at
higher frequencies, around 9, 20, 30, 60, and 90 Hz. These are
the peaks of lower power and are the harmonics of the high-
power peak at 2.2 Hz.

0.9
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0.6

Coherence / [-]
o
(L]
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0.3r

0.2-

Frequency / [Hz]

Figure 6. Coherence between the pressure time series
recorded at height of 48.5 cm and at the
sparger in the 2-D SBC at different superficial
gas velocities.
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Figure 7. (a) Coherent output power and (b) incoherent
output power of the pressure time series at
measurement heights of 48.5 and 83.5 cm from
the sparger at superficial gas velocity of
0.13 m s~ ' in the 2-D SBC.

Coherent output power and incoherent output power

The COP and the IOP are calculated from the coherence and
PSD using Egs. 21 and 22, respectively. The COP obtained
from the pressure time series at the measurement positions 48.5
and 83.5 cm is shown in Figure 7a. The corresponding IOPs are
shown in Figure 7b. Figures 8a and 8b show the COPs and the
1OPs at different superficial gas velocities in the heterogeneous
regime for the pressure time series measured at 8§3.5 cm above
the sparger. The IOP shows smooth profiles, which drop be-
yond 10 Hz. The peak near 2.2 Hz observed in all the PSDs
(see Figure 4) is clearly present in the COPs in Figure 8a as
well, which proves that the peak is attributed to a coherent
pressure source such as column mass oscillations. The COP
also shows other peaks at higher frequencies, which are similar
to the harmonics of the peak at 2.2 Hz. The IOP at frequencies
beyond 10 Hz is nearly equal to the PSDs, which indicates that
all the power in that region arises from local pressure fluctu-
ations, such as that attributed to small bubbles.

The standard deviation of the incoherent power is calculated
from the area under the IOP curves (Eq. 25). This so-called
incoherent standard deviation is obtained at the measurement
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positions of 48.5 and 83.5 cm above the sparger for different
superficial gas velocities.

Correlation between o; and d,, ,,,

The video images were recorded synchronously with the
pressure time series in the 2-D column for a range of gas
velocities in the homogeneous and heterogeneous regimes.
Two videos, each 50 s long (each video of 2500 frames), were
captured after 5 and 25 min of measurement in the total
measurement time of 30 min for each gas velocity. Figure 9
shows three representative frames from the video images cap-
tured at three different superficial gas velocities in the 2-D
SBC. In Figure 10 the bubble size distribution obtained from
the video processing is given for all measured superficial gas
velocities. The volume-averaged large bubble diameter at each
gas velocity was calculated from the bubble size distribution,
as shown in Figure 11.

The left frame in Figure 9 shows that at u, = 0.07 m s~
only small bubbles are present in the SBC and the flow is
homogeneous. There are very few large bubbles > 8 mm,

1

10

Coherent output power / [Palez]

-1 10° 10" 2
Frequency / [Hz]
(a)

Incoherent output power / [PaZIHz]

-1 100 101 2
Frequency / [Hz]
(b)

Figure 8. (a) Coherent output power and (b) incoherent
output power of the pressure time series at the
measurement height of 83.5 cm from the
sparger at different superficial gas velocities in
the 2-D SBC.
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Figure 9. Video images captured in the 2-D column for 0.056 vol/vol % carbon slurry in demineralized water at

superficial gas velocities of 0.07, 0.10, and 0.22 m s™

meeting the criterion for video processing. The average bubble
size is thus <8 mm at these lower superficial gas velocities up
tou, = 0.07m s~', as in Figure 11. The middle frame in Figure
9 shows the video image captured at u, = 0.10 m s ~!. Here few
clusters of large bubbles are seen. Around this velocity there is
increased bubble coalescence stemming from the transition
from the homogeneous flow regime to the heterogeneous flow
regime. In the transition regime the average large bubble size
increases rapidly with superficial gas velocity, as seen in Figure
11. In the right frame in Figure 9, at u, = 0.22 m s~ !, the flow
is completely heterogeneous. The heterogenelty leads to larger
bubbles that are clearly visible. The average large bubble size
in the heterogeneous regime increases slowly as a wide bubble
size distribution is obtained as compared to the lower gas
velocities (see Figure 10).

The incoherent standard deviation was also obtained in the
2-D SBC at each gas velocity by applying spectral analysis to
the pressure time series measured at 48.5 and 83.5 cm above
the sparger. In Figure 12, the incoherent standard deviation is
plotted against the average large bubble diameter. Based on Eq.
27, a power-law relationship between o;/p,¢ and d,, ,,, was
fitted to the experimental data:
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Figure 10. Bubble size distribution obtained in the 2-D
SBC after processing the video images at the
superficial gas velocities of 0.07, 0.10, and
0.22ms™ .

The slurry concentration was 0.056 vol/vol %.
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1

= (75.31 £ 0.51)dZ20=0% (m) (29)

S

or

0434
dp g = 0. 153( ) (m) (30)

S

The confidence interval for the fit was 95%. The constant in Eq.
29, 75.31 = 0.51, contains the influence of the presence of the
small bubbles and also of the frequency of occurrence of the
large bubbles, which cannot be accounted for as a separate
parameter. The power of d,, ,,, was expected to be between 1.5
and 2 according to Egs. 2 and 3 for 2-D columns, and between
2 and 3 for 3-D columns. To verify the sensitivity of this power
of d,, .., the data were also fitted with d,, ,,, to the power of
1.5, 2, and 3, leading to different constants in Eq. 29 (see
Flgure 12). The area between the two curves with d}> ave and
ds Lavg 18 the region where the average bubble diameter in a 2-D
column is expected and between the curves of d; avg and d; aves
where the average bubble diameter in 3-D columns is expected.
The experimentally determined values of average large bubble
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Figure 11. Average bubble size as a function of the su-
perficial gas velocity for slurry concentra-
tions of 0.028 and 0.056 vol/vol % in the 2-D
SBC.
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diameter in 2-D column are slightly higher and fall in the
region of 3-D columns. Because the spread of the curves for the
2-D and 3-D column is very narrow and the powers of d,, ,,,, for
2-D and 3-D columns are close to each other, the 2-D corre-
lation is considered to be applicable for satisfactory predictions
in the 3-D columns as well.

Bubble size prediction in 3-D column

For a 3-D column of 0.19-m inner diameter, the incoherent
standard deviation was calculated at all the sensor positions, as
shown in Figure 1b, at different gas velocities and four differ-
ent slurry concentrations. The coherence between the pressure
time series measured at the sparger and at the higher measure-
ment positions was used to deconvolute the pressure time series
to obtain o at these four different heights. All the measurement
positions were higher than the equilibrium height of 0.8 m for
the 3-D column.?® Beyond the equilibrium height, there is no
bubble growth expected because of coalescence and the bubble
diameter remains constant. This was confirmed by the nearly
constant values of the incoherent standard deviations at all four
heights. The average value of o at the four measuring heights
was used in Eq. 30 to estimate the average bubble diameter in
the 3-D column. Krishna et al.!® derived a semiempirical cor-
relation to predict the diameter of large bubbles in the churn-
turbulent regime in 3-D columns

db.uvg = 0069(ug - I’ttrzzrz.v)(l376 (m) (31)
A comparison between the average large bubble diameters

obtained from Eqgs. 30 and 31 is given in Figure 13. The
different concentration levels of carbon slurries are used to see
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Figure 12. Comparison of the average large bubble di-
ameter obtained from the video images with
the incoherent standard deviation obtained
from the spectral analysis of the pressure
time series measured in the 2-D SBC at the
slurry concentration of 0.028 vol/vol %.

Power-law fit of Eq. 29 and other curves for the power-law
fit of power of 1.5, 2, and 3 to d,, ,,,,,- The incoherent standard
deviation was measured at the measurement height of 48.5
and 83.5 cm from the sparger.
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Figure 13. Comparison between the correlation for av-
erage bubble diameter (Eq. 30) and the bub-
ble diameter model from Krishna et al.’® in
the 3-D SBC (Eq. 31).

The experimental data points are obtained by applying Eq.
30 to the measured incoherent standard deviation in the
SBC.

the effect of slurry concentration on the average bubble diam-
eter. The maximum slurry concentration used is 0.78 vol/vol
%, which is not large enough to significantly change the bulk
properties of the slurry. The density and effective viscosity of
the slurry thus remain approximately the same and therefore
there is not much difference in the predicted average bubble
size in the 3-D column.

It is seen from Figure 13 that the predicted average bubble
size corresponds well with Eq. 31 for higher gas velocities
(>0.15 m s~ !). However, at the lower gas velocities, Eq. 31
deviates slightly from the predicted bubble sizes. Overall, there
is a good agreement, which suggests that Eq. 30 can be satis-
factorily used in (slurry) bubble columns to measure the aver-
age large bubble diameter. Because the effect of column diam-
eter on bubble size is accounted for in the measured value of o,
Eq. 30 can be applied in any 3-D column to estimate the
average bubble diameter. The effect of slurry concentration and
of different liquids is taken into account by the slurry density
p, in Eq. 30. Figure 14 shows the brief algorithm to calculate
the average large bubble diameter in the SBC by spectral
analysis of the measured pressure fluctuations.

Conclusions

This article presents a new spectral analysis technique to
measure the average large bubble diameter in the churn-turbu-
lent regime in (slurry) bubble columns. The technique uses
pressure time series measured at two locations in the column to
separate the global pressure fluctuations that are present
throughout the column from the local pressure fluctuations that
are directly related to the passing large gas bubbles. In a 2-D
slurry bubble column, a correlation is derived between the
incoherent standard deviation of the pressure fluctuations and
the average large bubble size as determined by video imaging.
This same correlation also matches very well with the incoher-
ent standard deviation of pressure fluctuations measured in a
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Pressure time series
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Power spectral density Coherence
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Window = Hanning Window = Hanning
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Figure 14. Summary of the algorithm to calculate the
incoherent standard deviation and the aver-
age large bubble size from measured pres-
sure time series in a slurry bubble column.

19-cm ID slurry bubble column and with the empirical bubble
size correlation of Krishna et al.!®
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Notation

amplitude factor at position y with respect to position x, di-
mensionless

¢ = velocity of sound in gas-liquid suspension, m s™!
dy, = large bubble diameter, m
d, ., = average large bubble diameter, m
E(z) = expectation of z, dimensions of z
Jo.. = number of bubbles of a bubble of size d,,,, dimensionless

%, = Fourier transform at position x, Pa
2

g = acceleration arising from gravity, m s~
glob = global sources of pressure fluctuations
loc = local sources of pressure fluctuations
N = number of bubble diameter classes, dimensionless
P = atmospheric pressure, Pa
AP, = added pressure arising from volume of bubble, Pa
P, = pressure fluctuations arising from bubbles, Pa
P, = holdup pressure fluctuation, Pa
P, = pressure time series at position x, Pa
r = radial coordinate, m
Ry, = radius of the bubble, m
t = instantaneous time, s
At = time shift of global fluctuations, s
T = length of the time series, s
u, = superficial gas velocity, m s !
u; = axial liquid velocity, m s~ !
Uyans = Tegime transition velocity, m s
v, = rise velocity of the bubble, m s~ !
X = measurement position close to the sparger
y = measurement position at any height in the SBC
1934 July 2005

Greek letters

o? = variance of global pressure fluctuations, Pa”
o; = incoherent standard deviation, Pa
o? = variance of local pressure fluctuations, Pa’
o, = variance of total pressure fluctuations, Pa®
®,__ = power spectral density at position x, Pa®> Hz ™!
®,, = cross power spectral density between positions x and y, Pa?
Hz '
yf), = coherence between positions x and y, dimensionless
p, = density of the slurry, kg m 3
&, = volumetric gas holdup, dimensionless
¢, = carbon particle concentration in slurry, vol/vol %
6 = angle coordinates, rad
T, = time required for the bubble to pass the sensor, s
Abbreviations

2-D = 2-dimensional (flat bubble column)
3-D = 3-dimensional (cylindrical column)
COP = coherent output power
CSD = cross-power spectral density
fps = frames per second
IOP = incoherent output power
PSD = power spectral density
SBC = slurry bubble column
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Appendix: Translation of Davidson and Harrison
Model2 to Bubble Columns

Equation 2 (in the section “Pressure Sources in Slurry Bub-
ble Columns”) gives the correlation between pressure fluctua-
tions of a gas bubbles in the SBC and its bubble diameter.
Equation 2 is derived from the correlation proposed by David-
son and Harrison?*® for pressure fluctuation generated by a
single rising gas bubble in an infinite medium in gas—solid
fluidized beds. In this appendix, the complete mathematical
derivation of Eq. 2 from the Davidson and Harrison?* model is
explained.

The model that Davidson and Harrison?* derived from two-
phase flow theory agrees best with the experimentally observed
pressure fluctuation by a rising gas bubble in an inviscid liquid.
The pressure distribution around the 2-D and 3-D gas bubble
according to Davidson and Harrison is given by

R;
—pg\r— 7 cos 0 2-D bubble

Py(r) = (AD)

3

R
—pglr— ? cos 60 3-D bubble

The pressure distribution relative to the static pressure around
the spherical large gas bubble, from Eq. Al is then given by
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Figure A1. Radial geometry and the coordinate system
used for a 2-D bubble in Eq. A2 with pressure
fluctuation predicted along the center line of
the gas bubble.

p,grcos® r<R,
_l R }
Py =1, Teoso r=R, 2-D bubble
p,grcos® r<R,
= R, -
P,(r) p.g ?h cosf r=R, 3-D bubble (A2)

In Figure Al the radial geometry used in Eq. A2 is given,
together with the pressure distribution along the center line of
the gas bubble defined by Eq. A2. The rise velocity of a gas
bubble?*3! can be calculated with

_ [0.54gd, 2-D bubble
e {0.71 \gd, 3-D bubble (A3)

The radial coordinates in Figure Al are converted into rectan-
gular coordinates as in Figure A2. In Figure A2, the 2-D gas
bubble is assumed to be stationary, whereas the liquid is
moving downward with the velocity equal to the rise velocity
of the bubble, v,. A pressure probe measuring the pressure
profile around the bubble, having coordinates (x,, z,), is also
assumed to move downward with velocity v,. At t = 0, the
pressure probe reaches the height of the center of the bubble
(that is, for 6 = 90°, r = x, and z, = 0). The changed
coordinates of the pressure probe from (r, ) to (x,, z,) are
given as
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Figure A2. Rectangular coordinate system used for a
2-D bubble with pressure fluctuation along
the center line of the gas bubble.

Z, =1 Co8 0= —uyyt
X, =rsin 6
2_ 2 2
re=z,+x, (A4)

For ease of calculations, we consider the centerline of the bubble,
at 6 = 0, r = v,t. Using this and Eq. A3 in Eq. A2, the pressure
fluctuation as a function of time for a 2-D gas bubble is obtained:

r
_pngh(Tb) te[—7 7]

—p,,.gRb<*) 1€ [—7, 7))
Ty

(A5)

where the top of the gas bubble reaches the measurement position
att = —1, = R,cos 0/v,. A similar more complex expression is
obtained for 6 > 0, which we will not discuss here.

In addition to the pressure fluctuation caused by the pressure
distribution around the gas bubble, another type of pressure
fluctuation is generated when the gas bubble passes the mea-
surement position. When a gas bubble is formed below the
measurement position, the liquid height increases and more
liquid is present above the measurement position.

Consequently, the static pressure increases at the measurement
position. When the bubble passes the measurement position, the
static pressure returns to the original value. The added pressure
resulting from the presence of a gas bubble below the measure-
ment position is given by (R, is half of the column width)

1936
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R
AP, = 4pngb<Rf”) (A6)

When the top of the bubble reaches the measurement position
at time ' = 0, the amount of added liquid above the measure-
ment position starts to decrease in time. The resulting pressure
fluctuation is given by

) R\ (1 1+t
Py(t') = AP, — pgR, ’)\% 1+ 2 (A7)

if the gas bubble is assumed circular. At time t' = 27, the
static pressure will have returned to its original value. The
pressure fluctuation given by Eq. A7 is presented in Figure A3
for R, = 0.025 m, R,/R. = 1.667, and 7, = 0.14 s.

The pressure fluctuation predicted by Davidson and Harrison
can be corrected for this decrease in the amount of liquid mass
present above the measurement position with Eq. A7, which
results in

Py(1)

Th
ngRb(7> + AP, 1< -

AP P T g 1+1t, =<
= — — e — | — PR —T, = T,
A pgg h’Tb R(‘ T 2’Tb b b

Tp
—pgR, " r=m

(A8)

The pressure fluctuation given by Eq. A8 is also shown in
Figure A3. The experimentally observed shape of the pressure
fluctuation by a rising gas bubble in the single gas pulse
experiments depicted in Figure 2 corresponds well to the
curves predicted by Eq. A8. Experimentally, the added pres-
sure effect appears more significant, and the predicted pressure
increase in front of the bubble also seems to be significant, as
seen from Figure A3. Additionally, the pressure recovery be-
hind the bubble is more pronounced.

0.05

- = Davidson and Harrison, Eq. (36)
‘‘‘‘‘‘ Added pressure effect, Eq. (38)
0.04 -~ Eq. (39)
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Figure A3. Pressure fluctuation predicted by Egs. A5,
A7, and A8.
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Equation A8 can be further simplified to Here it is seen that the pressure fluctuation by a 2-D gas bubble
is proportional to the square of the bubble diameter. Extending
this analysis for a 3-D bubble it is found that the pressure
fluctuation is proportional to the cube of the bubble diameter,
as in Eq. A9.

2

d
Py(1) = pyg v—b”t 2-D bubble

3

d
Pyt) < pg Kiz 3-D bubble (A9)
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