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X-ray computed tomography of a gas-sparged stirred-tank reactor
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Abstract

X-ray computed tomography (CT) is used to explore the differences in gas dispersion in a stirred-tank reactor (STR) for different operating
conditions by varying the impeller speed and gas flow rate. X-ray imaging has been carried out in a 0.21 m ID acrylic STR equipped with
a nylon Rushton-type impeller. From the CT images, major differences in local gas holdup are observed for different operating conditions.
Completely dispersed conditions have a relatively uniform holdup profile while flooded conditions show a high gas holdup near the impeller
shaft. The high resolution of the X-ray system allowed fine details such as recirculation regions behind the baffles to be visualized.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Stirred-tank reactors (STRs) are often used in the process in-
dustries to carry out reactions between liquids and gases. Gas
holdup, which is defined as the volumetric gas fraction, is one
of the most important hydrodynamic parameters needed for re-
liable design, performance estimation, and scale-up of these
reactors. Gas holdup depends on the gas and liquid properties,
superficial gas velocity, presence of solids, sparger and impeller
design, reactor internals, and power consumption. In order to
better design STRs, it is highly desirable for engineers to know
the local gas holdup (�g) and how it changes with different oper-
ating conditions. The knowledge of local gas holdup can also be
used for validating computational fluid dynamic (CFD) codes
and for advancing the understanding of mixing fundamentals.

The flow patterns of an STR are complicated and have
been studied by many authors (Ranade and Deshpande, 1999;
Smith and Warmoeskerken, 1985; Van’t Riet, 1975; Van’t Riet
and Smith, 1975). A gas-sparged STR generally goes through
four well-defined flow regimes of flooded, loaded, completely
dispersed, and gas recirculation, depending on gas flow rate,
Qg , and impeller speed, N (Nienow et al., 1985). The flooded
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condition (0 < N < Nf ) is undesirable and characterized by an
axial rise of gas to the surface with little dispersion. When
N = Nf , the flow transitions from flooded to loaded. In the
loaded regime (Nf < N < Ncd), the impeller is better able to
radially distribute the gas, but there is still poor gas distribution
throughout the vessel due to the buoyant forces of the gas be-
ing larger than the radial drag force resulting from liquid mix-
ing. The flow transitions to completely dispersed flow when
N =Ncd . The completely dispersed regime (Ncd < N < Nr) is
a highly desirable operating regime due to the gas being com-
pletely dispersed at a low power input. Finally, gas recirculation
is observed when N = Nr . Much work has been done to iden-
tify the transition between these regimes (Kapic and Heindel,
2006; Nienow et al., 1985, 1977; Warmoeskerken et al., 1981;
Warmoeskerken and Smith, 1982).

Global gas holdup (�g,t ) can easily be measured visually by
looking at the difference in liquid height when gas is sparged
(HD) compared to the liquid height (H) with no gas being
sparged (Rushton and Bimbinet, 1968; Saravanan and Joshi,
1996; Yawalkar et al., 2002):

�g,t = HD − H

HD

. (1)

When the tank is mechanically agitated or the gas flow rate
is high, liquid surface fluctuations lead to subjectivity in
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determining the liquid height. In an attempt to reduce the sub-
jectivity in the measurement, HD may be measured at two lo-
cations diametrically opposite to each other and between two
adjacent baffles (Saravanan and Joshi, 1996). Saravanan and
Joshi (1996) determined global gas holdup visually and report
that when �g,t was less than 0.03, the reproducibility was within
15%. At higher values of holdup, the reproducibility improved
to within 10%.

Measuring local gas holdup is extremely difficult because
invasive probes are just that, invasive, and they only provide a
point source measurement; still many authors have utilized in-
vasive methods to measure local gas holdup in STRs (Bombac
et al., 1997; Boyer et al., 2002; Favre et al., 1993; Greaves
and Barigou, 1988; Lu and Ju, 1987; Nagase and Yasui, 1983;
Nienow et al., 1977; Takenaka and Takahashi, 1996; Wang
et al., 2006). Tomographic measurement methods provide an
alternative approach to measuring local gas holdup. They have
the advantage of being nonintrusive, and they can provide
a large measurement region during a single data acquisition
event.

Noninvasive measurement techniques have been reviewed in
the literature; the non-radiation based tomographic techniques
include ultrasound (Chaouki et al., 1997; Fischer et al., 1992;
Kumar et al., 1997; Supardan et al., 2004; Utomo et al., 2001),
electrical capacitance tomography (ECT) (Chaouki et al., 1997;
Halow, 1996; Warsito and Fan, 2001), and electrical resistance
tomography (ERT) (Chaouki et al., 1997; Holden et al., 1998;
Wang et al., 2000). Many of these techniques have limitations
or drawbacks when implemented. For example, ultrasound has
good spatial resolution of approximately 3% of the object di-
ameter (Warsito et al., 1999), but long temporal resolution and
a complicated data analysis procedure (Supardan et al., 2004;
Utomo et al., 2001). Fischer et al. (1992) used ultrasound in
an STR and estimated the accuracy of gas holdup to be around
15%. In ECT and ERT systems, the electric field utilized is
called soft because measurements are not only a function of
the voidage, but also a function of the electrical properties and
temperature of the medium (Kumar et al., 1997). ECT and ERT
have great temporal resolution but the spatial resolution is on
the order of 5% of the object diameter (Holden et al., 1998;
Warsito and Fan, 2005).

X-ray and �-ray computed tomography (CT) are two radi-
ation based techniques. The basis of radiation imaging tech-
niques is that gases, liquids, and solids have different radiation
absorption coefficients. When X-rays or �-rays are transmitted
through a heterogeneous medium, attenuation measurements
provide a measure of the local mass density along the path tra-
versed by the beam (Chaouki et al., 1997). By taking measure-
ments of different beam paths at different spatial and angular
orientations, a density distribution of phases with high spatial
resolution can be obtained after a reconstruction procedure. Be-
cause the data collection is automated and performed by a com-
puter, the process is referred to as computed tomography (CT).
The local gas holdup for both techniques is time-averaged due
to the length of the data collection process.

Thatte et al. (2004) used a 67 �Ci 137Cs source (�-ray)
to measure gas holdup in a transparent, flat-bottom, 0.57 m

diameter cylindrical tank equipped with a pitched-blade down-
flow turbine or a disk turbine. For both impellers, the average
gas holdup was obtained by integrating the local gas holdup
and it matched well with the results obtained by visual obser-
vations. The reproducibility of the measurements was within
±10%. Khopkar et al. (2005) used a 137Cs source with seven
NaI detectors to measure gas holdup in a flat-bottomed 0.2 m
diameter cylindrical tank with a shaft that extended to the ves-
sel bottom. The total scan time was a little over 3 h. Khopkar
et al. (2005) noted that CT results were sensitive with respect
to the convergence criterion used during data processing. High
energy �-rays, unlike X-rays, also work on larger tanks because
the �-rays are strong enough to pass through substantial thick-
nesses of metals, overcoming the reactor wall thickness. For
example, Veera et al. (2001) used a 137Cs source to measure
gas holdup in a three-phase 4.9 m diameter stirred-tank reactor
equipped with 2 impellers.

This current study uses X-ray attenuation to measure local
time-averaged gas holdup in a stirred-tank reactor. Compared
to �-ray tomography, X-ray tomography allows for better spa-
tial resolution due to the better match between available X-ray
sources and high-resolution X-ray imagers. However, X-rays
lack the penetrative power of �-rays and are better suited for
smaller test sections. Hence, the focus of this study is on a
21 cm ID STR.

2. Experimental methods

2.1. Stirred-tank reactor

Experiments are carried out in a custom-built acrylic STR
that is comparable in size and shape to a BioFlo 110 Fermenter
(New Brunswick Scientific Co.), which is an off-the-shelf
STR used for fermentation and academic studies. The dished-
bottomed tank (Fig. 1a) is made from acrylic to minimize
image artifacts during the CT scans (Ketcham and Carlson,
2001). The reactor has an internal diameter of T = 21 cm.
The tank walls are 0.64 cm thick. As shown in the plan view
in Fig. 1b, the tank has four equally spaced baffles of width
1.8 cm and thickness 0.6 cm glued directly to the tank wall and
run the entire tank height. Tap water is used as the working
fluid and filled to a height of H = T , which corresponds to a
working volume of approximately 7 l.

The impeller shaft and Rushton-type impeller are both
made out of nylon because acrylic is too brittle. The six-blade
Rushton-type impeller has a diameter D=7.6 cm (D=0.36T ).
The impeller blades have a height of 1.9 cm and a thickness
of 0.3 cm. The impeller hub has a diameter of 3.1 cm. Unlike
most STRs, the nylon shaft used in this study penetrates the
bottom of the tank to provide stability and reduce vibration.
The hole in the acrylic STR bottom into which the shaft is
inserted also acts as a bearing (Fig. 1c); if the shaft did not rest
in this hole during operation, the flexible nylon shaft would
wobble violently. The impeller is located 5.7 cm from the STR
bottom, which corresponds to a clearance C = 0.27T . Gas
is introduced into the tank through a 5.1 cm diameter acrylic
ring sparger with nine 1 mm diameter holes (Fig. 1c). The ring



J.J. Ford et al. / Chemical Engineering Science 63 (2008) 2075–2085 2077

Fig. 1. STR used in this study: (a) side view, (b) plan view, and (c) close up of ring sparger.

sparger is attached to the STR bottom and wrapped around the
shaft bearing instead of being located off the bottom (typical
of most STRs). The impeller is driven by a variable speed
DC motor mounted on the top of the STR and connected to
a BioFlo 110 Primary Control Unit (PCU) manufactured by
New Brunswick Scientific Co. The motor and STR top are
from the BioFlo 110 STR. Additional details of the STR used
in this study are provided by Ford (2006).

2.2. Power measurements

The motor used to drive the impeller is manufactured by
Magmotor Corporation (model number C32-E-450X). For mea-
suring power consumption, an Electro model PS-5R rectifier
is used to supply the motor with a constant DC voltage. The
power draw is measured by connecting an EXTECH Instru-
ments True RMS Power Analyzer in parallel between the PCU
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Fig. 2. X-ray system setup.

and the DC power supply. The actual mixing power imparted
to the fluid, Pg , is then determined from the difference between
the measured power with and without fluid in the vessel, while
operating at a given impeller speed; this accounts for frictional
losses in the motor. The desired impeller speed (N) is obtained
by adjusting the power supply and is measured by an internal
tachometer in the PCU.

The standard error values for the power measurements ranged
from 0.04 to 0.48 W. Percent standard error values ranged from
0.42% to 23.5%, with most values below 10%. The measure-
ments made at the lower impeller speeds tended to have a higher
percent standard error.

2.3. X-ray imaging

The X-ray system used in this study (Fig. 2) has been de-
scribed elsewhere (Heindel et al., 2005, 2007, 2008; Hubers
et al., 2005) and only a summary is provided here. The X-ray
source is a LORAD LPX200, which has a focal spot of 1.5 mm.
The source emits a conical X-ray beam and allows for multiple
CT slices to be acquired during a single scan. A 1 mm cop-
per filter is placed in front of the tube to suppress low energy
radiation. The unit is liquid cooled and has an adjustable volt-
age (10–200 kV) and current (0.1–10.0 mA), with a maximum
power output of 900 W.

A 44×44 cm cesium-iodide scintillator screen is used to con-
vert the X-rays into light that is viewed through a 50 mm Nikon
lens connected to a CCD camera. The detector is on a movable
slide which enables the magnification factor to be adjusted. The
CCD camera used to digitize the image is an Apogee Alta U9
system with a sensor array of 3072(H)× 2048(V) pixel, with a
pixel size of 9 �m × 9 �m. The CCD camera is thermoelectri-
cally cooled, allowing longer exposures with low-noise, thereby
making it well suited for providing superior CT images. The
camera has various binning capabilities (resolution settings). A
4×4 binning was used in this study; hence, each reconstructed
pixel physically represents 0.6 mm. Note that one of the advan-
tages of using an X-ray CT system is the excellent spatial res-
olution which, in this study, is 0.3% of the STR diameter. An

exposure time of 1 s. was used in this study to provide a com-
promise between image acquisition time and signal strength.

The source and camera are mounted on a slewing ring with
an ID of 1.0 m, which allows the source and detector to rotate
around the STR during a CT scan. The ring is rotated by a
Parker stepper motor with a limit switch attached at the position
assigned 0◦ to prevent the cooling, power, and data cables from
being wrapped around the STR stand.

X-ray CT imaging produces images of a cross-sectional plane
(slice) through an object. A CT slice is a quantitative map of the
linear X-ray attenuation coefficient �. Since the X-ray system
used in this study emits a conical beam, multiple slices can be
acquired during a single scan, thereby producing a volumetric
rendering of the object. The slice is created by acquiring images
at different angular orientations. For the data taken in this study,
X-ray images were taken at 136 kV and 5.7 mA at every 1◦
around a 360◦ path. Since it takes time to acquire the 360
images, the data in a reconstructed CT image are a time-average
of the events during the acquisition period. In this study, a
typical scan lasts approximately 45 min with the camera binning
option set to 4 × 4 and a single frame exposure time of 1 s.

Image acquisition for the system is controlled by a personal
computer with 4 GB of RAM and custom software developed
by the Center for Nondestructive Evaluation (CNDE) at Iowa
State University (Zhang et al., 2005). Algorithms were created
to take care of individual pixel nonuniformity and beam hard-
ening, which are common in X-ray CT and described by Ford
(2006). Image reconstruction utilizing filtered back projection
is completed in less than 5 min on a 64-node LINUX cluster at
the CNDE.

3. Results

3.1. Power measurement

For this study, power measurements were taken with con-
stant gas flow rates of Qg = 6, 9, and 12 LPM while varying
the impeller speed in increments of 25 rpm. Fig. 3 shows the
gassed power number (Npg) as a function of the gas flow
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Fig. 3. Gassed power number vs. flow number at constant gas flow rate.
Numbers in parentheses correspond to locations of CT images as described
in the text.

number (Flg), where

Npg = Pg

�LN3D5
, (2)

Flg = Qg

ND3
. (3)

In these expressions, Pg is the measured mixing power and �L

is the fluid density.
For the custom STR used in this study, the ungassed power

number varied from 4.3 to 5.2, with a slight dependence on N
(Ford, 2006). For STRs operating in the turbulent regime, un-
gassed power numbers are nearly constant (Nienow, 1998). For
STRs with Rushton-type impellers, the ungassed power num-
ber has been reported to be ∼ 5 (Nienow, 1998). The average
ungassed power number for the system used in this study is 4.8.

The regime transition speeds of Nf (flooding/loading),
Ncd (loaded/completely dispersed), and Nr (completely dis-
persed/recirculation) were found by power measurements and
were in good agreement with visual observations (Ford, 2006).
Following Figliola and Beasley (2000), the uncertainty in Npg

and Flg are on the order of ±15% and ±6%, respectively, with
most conditions falling well under these values.

When looking at Fig. 3, it should be noted that the impeller
speed increases from right to left. At low impeller speeds and
high gas flow rates (high gas flow number, high gassed power
number), flooding occurs, which is characterized by a bubble
column flow where the bubbles rise vertically and are virtually
unaffected by the rotating impeller. Flooding is the least de-
sirable operating regime due to the lack of dispersion, which
leads to a low gas holdup and low mass transfer rates. Further
increases in impeller speed lead to the flooding/loading transi-
tion (Nf ) characterized by a local maximum on the graph. To

the right of Nf , the impeller is flooded, while to the left of Nf ,
the tank is said to be loaded and the impeller acts to disperse
the bubbles radially outward in the upper part of the vessel.

As the impeller speed increases, the transition to complete
dispersion occurs at the local minimum Ncd (Nienow et al.,
1977). Complete dispersion corresponds to the point at which
bubbles are dispersed throughout the tank, including the area
below the impeller. For efficient operation, which corresponds
to high gas holdup and high mass transfer rates, the impeller
speed should be greater than or equal to Ncd ; this is a desir-
able impeller operating speed because bubbles are dispersed
throughout the tank at the lowest possible power input. Further
increases in impeller speed reveal another local maximum (Nr).
When the impeller has reached Nr , secondary circulation loops
form and gross gas recirculation occurs (Nienow et al., 1977).

The locations of the CT scans described in this paper are
identified by the solid symbols in Fig. 3 and correspond to:
(1) Qg = 6 LPM and N = 350 rpm; (2) Qg = 6 LPM and N =
700 rpm; (3) Qg=9 LPM and N=200 rpm; (4) Qg=9 LPM and
N=350 rpm; (5) Qg=9 LPM and N=525 rpm; (6) Qg=9 LPM
and N = 700 rpm; (7) Qg = 12 LPM and N = 325 rpm; and (8)
Qg = 12 LPM and N = 700 rpm.

3.2. CT visualization

To minimize detector nonuniformities (Ford, 2006), an im-
age region corresponding to one impeller diameter in height
was chosen. The region (Fig. 1a) starts at the bottom of the im-
peller (z = 0 cm) and traverses vertically upward one impeller
diameter (z = 7.6 cm). This imaging region was selected due
to the differences in flow regimes around the impeller for dif-
ferent operating conditions. There are a total of 200 slices in
the imaging region, each having a thickness of 0.38 mm in the
STR axial direction.

The local time-averaged gas holdup can be obtained from
the CT values (Hammer et al., 2006) by using

�g = �/�w − 1

�g/�w − 1
, (4)

where � represents the linear attenuation coefficient, and the
subscripts w and g represent the STR filled with water-only
and gas-only, respectively. The value for �g is determined by
taking a CT scan of an empty STR. To get an accurate value
for �g , the values along five vertical lines comprising a total
of 1000 values (i.e., 5 points in each of the 200 slices) are
averaged. The value of �w is determined by taking a CT scan of
the STR filled with water and no impeller rotation. Because the
impellers were not moving in the water-only CT scan, whereas
they were in the rest of the scans, there will be some image
artifacts present in the CT images in the impeller region. Any
bias is minimized by using nylon impellers, which attenuate
X-rays similar to that of water.

To reduce noise in the data, a 3 × 3 × 3 averaging technique
was applied to all values. This average includes nine values
from the slice above, nine values from the slice of interest, and
nine values from the slice below, constituting a cubic average
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Fig. 4. CT image coordinate system and sample z-slice for Qg = 9 LPM and N = 700 rpm.

for each time-averaged local gas holdup value. The averaged
gas holdup values were then mapped to an 8-bit color scale for
presentation. It should be noted that the mapping of gas holdup
values is only applied for qualitative analysis. All quantitative
analysis is done using the unmapped gas holdup values obtained
from the CT data, which were acquired using 32-bit precision.

Custom software is available at the CNDE that allows for
visualization of the CT data along all three axes (Zhang et al.,
2005). The x- and y-slices presented below are side views
through the tank center from two mutually perpendicular di-
rections (Fig. 4), which show the difference in vertical gas dis-
persion for different operating conditions. The z-slices, which
are plan views seen from looking straight down onto the tank,
provide knowledge of how the local gas holdup varies radially
and azimuthally. The 3D visualization software allows viewing
of the data from any slice in the three directions.

Fig. 4 shows the orientation of the three slice planes and the
directional orientation in the z-slice (i.e., N, S, E, and W). A
sample z-slice image and the corresponding gas holdup color
map are also shown. The orientation of this image corresponds
to the accompanying STR plan view. Even though the impeller
shaft and hub are solid regions, noise and reconstruction ar-
tifacts produce small positive and negative gas holdup values
when using Eq. (4). Therefore, for all images presented in this
study, the impeller shaft and hub regions are forced to �g =0%.

The impeller region in Fig. 4, represented by a high gas holdup
(red) region, has a larger diameter than the actual impeller with
the extent depending upon Qg and N. The images shown here
are cropped so that the edge corresponds to the inner edge of
the tank wall with ID = 21 cm. The red spot in the bottom left
of all the z-slice images (SW baffle) corresponds to the air inlet
hose. The dark blue regions in the four “corners”, which can be
seen in the images taken while operating in the completely dis-
persed regime, are the four baffles. The yellow circular regions
downstream of the NE and SE baffles are recirculation regions.

3.3. Qualitative observations

3.3.1. Flooded regime
As determined from the power consumption plot, Qg =

9 LPM and N = 200 rpm (location (3) in Fig. 3) corresponds
to the flooded regime. This is clearly seen in slice z = 0.8 cm
(Fig. 5), where very little gas is located outside the impeller
region. As the vertical distance increases from the impeller
(z = 3.0, 5.3 cm), the central region of high gas holdup ex-
pands radially due to the decreased pressure head acting on
the bubbles and the decreased bubble rise velocity which was
also seen by Khopkar et al. (2005). As the bubbles spread out,
there is an increase in drag which causes a lower bubble rise
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Fig. 5. Flooded flow regime at Qg = 9 LPM and N = 200 rpm.

Fig. 6. Loaded flow regime at Qg = 9 LPM and N = 350 rpm.

Fig. 7. Completely dispersed flow regime at Qg = 9 LPM and N = 700.

velocity, thereby increasing the local gas holdup. The x-slice
shows that the STR has an axial flow of gas through the im-
peller plane, which is defined by Warmoeskerken and Smith
(1985) as flooded. It should be noted that the x-slice covers the
imaging region in Fig. 1 thereby having a height of 7.6 cm and
width 21 cm. The x-slice compares well with the accompany-
ing visible light picture, which also shows the large bubble size
for these conditions. There are very few bubbles near the tank
walls, which is common of the flooded region. Note that in the
visible light pictures presented here, the impeller is actually
moving but a digital camera shutter speed of 1/4000 s allows
for stop-motion images.

3.3.2. Loaded regime
When the impeller speed is increased to N = 350 rpm at a

constant Qg = 9 LPM (loaded regime; location (4) in Fig. 3),
the gas is slightly dispersed. At z = 0.8 cm (Fig. 6), the gas is
still located mainly around the impeller. The z = 3.0 cm slice
has a distinct region of low gas holdup near the center and is
the result of gas passing around the impeller hub and “thrown”
radially outward. The x-slice shows regions of high gas holdup
off the impeller tips due to the onset of the impeller dispersing
the gas. Visually, the bubbles have decreased in size and are
located throughout a larger region of the STR, as shown by
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Fig. 8. CT images of the loaded flow regime at three different operating conditions corresponding to locations 1, 4, and 7 in Fig. 3.

the visible light picture. Below the impeller, there are very few
bubbles, which is characteristic of the loaded regime.

3.3.3. Completely dispersed regime
At an impeller speed of N = 700 rpm and gas flow rate

of Qg = 9 LPM (location (6) in Fig. 3), power consumption
measurements indicate the flow is completely dispersed, and
the CT images show high gas holdups throughout the entire
imaging region, which are higher than those for the other two
conditions (Fig. 7). Recirculation cells are clearly visible in the
lower two slices on the trailing edges of the NE and SE baffles.
The recirculation zones only appear behind two baffles due to
the slightly asymmetric gas entry caused by the sparger (Ford,
2006) (see also Fig. 1c). The x- and y-slice (view 90◦ from
the x-slice) show a fairly uniform gas distribution. In the top-
right corner of the x-slice, there is a region of lower gas holdup
which is not seen in the top-left corner. Similar observations
are found in the y-slice. The small asymmetries in the local
gas holdup were common for all the images due to the unequal
gas entrance caused by the manufacturing constraints on the
sparger and are discussed in detail by Ford (2006). Bubbles
have further decreased in size and are now located throughout
the STR as shown by the visible light picture.

3.3.4. Flow regime comparison
Slices taken in the same flow regime have similar gas holdup

distributions even though the gas flow rate and impeller speed
are different. Fig. 8 shows the z-slices for: Qg = 6 LPM with

N = 350 (location (1) in Fig. 3), Qg = 9 LPM with N = 350
(location (4) in Fig. 3), and Qg = 12 LPM with N = 325
(location (7) in Fig. 3). As determined by power consumption
measurements and visual confirmation, the above three condi-
tions are all in the loaded regime. The z = 0.8 cm slice has
gas located mainly around the impeller region. At z = 3.0 cm,
there is a donut-shaped region of high gas holdup for all im-
ages due to the gas passing around the impeller hub. The top
slices (z = 5.3 cm) look similar with Qg = 12 LPM having a
higher gas holdup due to more gas being sparged. The same
results hold true for other conditions.

3.4. Quantitative measurements

3.4.1. Local holdup
Local time-averaged gas holdup values along the x-axis are

plotted in Fig. 9 for Qg = 9 LPM with impeller speeds N =
200 rpm (flooded), N = 350 rpm (loaded), and N = 700 rpm
(completely dispersed) at z=0.8 cm. For all plots, the negative
distance corresponds to the southern portion of the tank (Fig.
4). The impeller hub region is blank since the gas holdup in
this region is 0. For all three impeller speeds, the gas holdup
rises dramatically in the impeller region due to the presence of
cavities behind the stirrer blades (Van’t Riet and Smith, 1975).
A maximum time-averaged gas holdup in this region is less
than 55% for these conditions. For N = 700 rpm (completely
dispersed), the holdup is higher outside the impeller region than
for the other two impeller speeds. At lower impeller speeds, the
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Fig. 9. Local gas holdup values along the x-axis at height z = 0.8 cm for
Qg = 9 LPM.

Fig. 10. Average z-slice holdup for Qg = 9 LPM.

impeller is not able to disperse the gas effectively, resulting in
low gas holdups outside the impeller region. Similar trends have
been observed by Wang et al. (2006), although their data were
obtained with a fiber-optic probe outside the impeller region.
The asymmetric profiles along the x-axis (and elsewhere) are
due to the slightly nonuniform gas inlet conditions.

3.4.2. Average z-slice holdup
The local time-averaged gas holdup in each z-slice can be

averaged to obtain an average slice holdup (i.e., the average gas
holdup as a function of vertical position). Fig. 10 shows the

Table 1
Overall average gas holdup of imaging region (CT) and tank (global)

Q (LPM) N (rpm) �g,t (%)

CT Global Yawalkar et al. (2002)

6 350 3.4 2.9 5.7
6 700 4.8 5.0 9.0
9 200 3.0 2.9 4.7
9 350 3.5 3.3 6.7
9 525 5.9 4.5 8.7
9 700 6.9 6.0 10.4

12 325 5.4 4.8 7.6
12 700 7.0 6.4 12.3

average slice holdup for the four different impeller speeds cho-
sen for Qg =9 LPM. The flooded condition (N =200 rpm) has
a completely different trend than the other three conditions. In-
stead of gas holdup decreasing with increasing height, the gas
holdup increases with height. Because the impeller has very lit-
tle effect dispersing the gas, the decrease in pressure head with
height has a big effect on the flooded regime. The decrease
in pressure causes the bubbles to increase in size thereby in-
creasing gas holdup. Also, as the bubble clusters expand and
spread out, there is an increase in drag causing the bubble rise
velocity to decrease which leads to higher gas holdup. For the
other three conditions, the gas holdup decreases with height
and has a parabolic shape in the impeller zone. The parabolic
shape in the impeller zone is due to the impeller capturing the
gas (Van’t Riet and Smith, 1975). Another trend can be seen
from the graph when excluding the flooded condition; the gas
holdup increases with increasing impeller speed at all heights
above the impeller zone.

3.4.3. Global holdup
By averaging the slice-average gas holdup values, an over-

all gas holdup for the imaging region is obtained. Overall
gas holdup obtained using CT values and the visual technique
(Saravanan and Joshi, 1996; Yawalkar et al., 2002) is presented
in Table 1. As the impeller speed increases while holding Qg

constant, gas holdup increases, which has also been recorded
by many authors (Thatte et al., 2004; Yawalkar et al., 2002).
The CT gas holdup is highest for the condition Qg = 12 LPM
and N = 700 rpm. The CT and global gas holdup values dif-
fer slightly because the CT holdup only takes into account the
imaging region, which on average, has more gas than the rest
of the tank, whereas the global gas holdup values comprise the
entire tank, including the area below the impeller.

The global gas holdup values from this study were compared
to the correlation proposed by Yawalkar et al. (2002):

�g,t = 0.122

(
N

Ncd

)0.64

(vvm)0.69(T )0.22
(

D

T

)0.14

, (5)

where vvm is the volumetric flow rate per unit liquid volume.
Eq. (5) was developed from a total of 220 data points that in-
cluded both Rushton-type and pitched-blade impellers over a
range of STR diameters (T =0.57.2.7 m). As shown in Table 1,
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the Yawalkar et al. correlation over predicts the global gas
holdup; this is attributed to the small size of the custom-built
STR used in this study. Yawalkar et al. claim that correlating
gas holdup with respect to N/Ncd accounts for flow regime
changes over various STR scales. However, STR diameters
less than ∼ 0.3 m may produce different flow conditions that
may not represent those found in commercial-scale equipment,1

which is representative of the Yawalkar correlation. Although
the flow conditions of this study may not represent those found
in commercial-scale equipment, the data are still very useful
and can be used in CFD validation studies.

3.4.4. Error quantification
Three CT scans were taken at Qg =9 LPM and N =700 rpm

to determine the repeatability of the results. For the three scans,
CT overall gas holdup values had a percent standard error of
6.5%.

Based on an uncertainty analysis (Figliola and Beasley,
2000), the maximum gas holdup uncertainty is ±15% of the
reported measurements. This occurs in regions of low gas con-
tent or at low gas flow rates. Under most operating conditions,
however, the gas holdup uncertainty is much lower (i.e., on the
order of ±5% of the reported measurement when �g�5%).

4. Conclusions

In this research, local time-averaged gas holdup measure-
ments in a stirred-tank reactor were obtained using X-ray
computed tomography for various operating conditions. Power
consumption for different operating conditions was determined
to identify various STR flow regimes. The CT slices revealed
dramatic differences in gas dispersion depending on operating
regime. There was very little visual difference for scans taken
in the same flow regime even though there were differences
in impeller speed and gas flow rates. The high resolution of
the X-ray system allowed fine details such as recirculation
cells behind the baffles to be visualized. Local time-averaged
gas holdup was sensitive to tank design, which was shown
by asymmetric recirculation cells and regions of higher gas
holdup on one side of the x- and y-slices; these were attributed
to an asymmetric ring sparger.

Gas holdup measurements were also quantitatively analyzed
showing the differences between operating regimes. Flooded
conditions showed a relatively high gas holdup near the impeller
shaft while completely dispersed conditions had a uniform gas
holdup outside the impeller region. Average gas holdup values
for the z-slices were obtained showing how the holdup changed
with height. The efficient capture of gas by the impeller leads
to increased holdup in the impeller region. For the flooded
condition, average gas holdup increased with height while the
opposite occurred for the loaded and completely dispersed
conditions. From the average z-slice holdup values, an overall
average holdup value for the imaging region was determined,
showing that the holdup increased as the impeller speed
increased while holding Qg constant.

1 Reviewer provided comment.

Notation

C impeller clearance from bottom of tank, m
D impeller diameter, m
Flg gas flow number (QgN

−1D−3), dimensionless
H liquid height in vessel, m
N impeller speed, rpm
Ncd impeller speed at complete dispersion, rpm
Nf impeller speed at flooding, rpm
Npg gassed power number (Po�

−1
L N−3D−5),

dimensionless
Nr impeller speed at recirculation, rpm
Pg gassed power, W
Qg volumetric gas flow rate, L min−1

T tank diameter, m
vvm volumetric flow rate per unit liquid volume,

min−1

Abbreviations

CFD computational fluid dynamics
CT computed tomography
ECT electrical capacitance tomography
ERT electrical resistance tomography
STR stirred-tank reactor

Greek letters

�g local gas holdup, dimensionless
�g,t total gas holdup, dimensionless
� linear attenuation coefficient, cm−1

�L fluid density, kg m−3
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