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Tomography, an efficient nonintrusive technique, was employed to visualize the flow in continuous-flow mixing and to
measure the cavern volume (Vc) in batch mixing. This study has demonstrated an efficient method for flow visualization
in the continuous-flow mixing of opaque fluids using two-dimensional (2-D) and 3-D tomograms. The main objective of
this study was to explore the effects of four inlet-outlet configurations, fluid rheology (0.5–1.5% xanthan gum concentra-
tion), high-velocity jet (0.317–1.660 m s21), and feed flow rate (5.3 3 102522.36 3 1024 m3 s21) on the deformation
of the cavern. Dynamic tests were also performed to estimate the fully mixed volume (Vfully mixed) for the RT, A310, and
3AM impellers in a continuous-flow mixing system, and it was found that Vfully mixed was greater than Vc. Incorporating
the findings of this study into the design criteria will minimize the extent of nonideal flows in the continuous-flow mixing
of complex fluids and eventually improve the quality of end-products. VC 2013 American Institute of Chemical Engineers
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Introduction

The key objective of any mixing process is to maximize
the degree of homogeneity of a property such as concentra-
tion, viscosity, color, and temperature. One of the most com-
mon operations encountered in the chemical and allied
process industries is the mixing in stirred vessels. These
industries frequently encounter non-Newtonian fluids with
yield stress such as pulp suspensions, certain polymer and
biopolymer solutions, and wastewater sludge. Due to the
complex rheology of non-Newtonian fluids, the design of
mixing systems for these types of fluids is more challenging
than that for the Newtonian fluids. Mixing of yield stress flu-
ids leads to the formation of a well-mixed zone around the
impeller (cavern) surrounded by a stagnant zone far from the
impeller, where the impeller-imparted shear stress fails to
exceed fluid yield stress.1 The existence of stagnant regions
within a mixing vessel leads to ineffective heat and mass
transfer, which results in the poor quality of end products,
product degradation, and production loss. To improve the
mixing efficiency of a reactor, it is always beneficial to erad-
icate such undesired stagnant zones in the mixing of non-
Newtonian fluids with yield stress.

Some researchers have developed models to predict the
cavern size as a function of mixing conditions and fluid
properties. Solomon et al.2 assumed a spherical cavern with
the torque induced by the impeller acting tangentially at the
cavern boundary. Subsequently, Elson and Cheesman3 and
Elson4 proposed a cylindrical model, which effectively pre-

dicted the behavior of the cavern before it reached the vessel
walls. This proposed model (Eq. 1) specifies that the dimen-
sionless cavern diameter (Dc/D) is proportional to the prod-
uct of the power (Po) and the yield stress Reynolds number
(Rey)
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where Dc, D, Hc, N, q, and sy are the cavern diameter,
impeller diameter, cavern height, impeller rotational speed,
fluid density, and fluid yield stress, respectively. The term
N2D2q/ sy on the right hand side of Eq. 1 is referred to as
the yield stress Reynolds number, Rey. Amanullah et al.5

developed an axial force model for a torus-shaped cavern,
whereas Wilkens et al.6 proposed a model for an elliptical
torus-shaped cavern without accounting the axial force. Hir-
ata and Aoshima7 also suggested a model based on viscous
dissipation for a cylindrical-shaped cavern. Hui et al.8 devel-
oped an axial force cavern model, which accounted for inter-
action between the cavern and vessel walls due to the
impeller location. Amanullah et al.5 showed that the cylindri-
cal model represents the cavern shape better than the spheri-
cal model. In fact, the cylindrical model (Eq. 1) has been
widely used to measure the cavern size.9,10

Studying continuous-flow mixing is more challenging than
studying the batch mixing due to the additional operating
conditions and design parameters such as inlet and outlet
locations, and the feed flow rate. The studies on yield stress
fluids have shown that nonideal flows such as channeling,
recirculation, and dead volumes significantly affect the per-
formance of continuous-flow mixing systems.11 To improve
the efficiency of continuous-flow mixing systems, these
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nonideal flows should be minimized in stirred vessels. Using
laser Doppler velocimetry, Mavros et al.12–14 studied
continuous-flow mixing of Newtonian fluids and found that
nonideal flows such as channeling are likely to occur in a
mixer if the ratio of residence time to batch mixing time is
less than 10. Using the spectrophotometer, Roussinova and
Kresta15 studied the continuous-flow mixing of Newtonian
fluids and found that for the design of an ideal mixer, a line
from the inlet to the outlet should pass through the impeller.
Using residence time distribution (RTD) and computational
fluid dynamics (CFD), Samaras et al.16 studied the
continuous-flow mixing of Newtonian fluids. They revealed
that mixing Newtonian fluids with axial-flow impellers was
prone to channeling when the location of the outlet was
directly below the impeller discharge; however, such a
potential problem was not observed when a radial-flow
impeller was used. Using CFD, Aubin et al.17 studied the
effects of pumping directions of an axial flow impeller in the
continuous-flow mixing of Newtonian fluids. They observed
that the channeling through a bottom outlet (BO) may be
reduced when the impeller was employed in the up-pumping
mode instead of the down-pumping mode. Using CFD,
Khopkar et al.18 simulated the fluid flow of the continuous-
flow mixing of Newtonian fluids and found that the locations
of the inlet and outlet affect the performance of continuous-
flow mixing systems. All these studies were conducted for
the Newtonian fluids.

Using CFD, Ford et al.19 simulated the fluid flow of pulp
suspensions, a non-Newtonian fluid, in an agitated pulp stock
chest equipped with a side-entering impeller. It was observed
that the extent of nonideal flows was reduced using the BO
compared to the side outlet while providing the inlet at the
top of the vessel. Using dynamic tests, Patel et al.20 and Ein-
Mozaffari et al.21 studied the effect of impeller size on the
performance of the continuous-flow mixing of non-
Newtonian fluids with yield stress. They found that the effi-
ciency of the continuous-flow mixer improved as the impel-
ler diameter was increased. The fluid feed flow rate22 and
fluid rheology23 also affect the performance of a continuous-
flow mixing system. The dynamic test results showed that
the extent of nonideal flows such as channeling and dead
volume increased when the fluid yield stress as well as the
feed flow rate were increased in the mixing of non-
Newtonian fluids exhibiting yield stress.24,25 Using dynamic
tests, Patel et al.20 also explored the effect of fluid height in
the vessel, types of impellers (axial-flow and radial-flow),
impeller off-bottom clearance, residence time, and jet veloc-
ity on the dynamic performance of the continuous-flow mix-
ing of non-Newtonian fluids. They found that as the fluid
height in the vessel was increased, the extent of nonideal
flows also increased while increasing the residence time of
the fluid in the vessel decreased the effect of nonideal flows.
Moreover, the extent of nonideal flows decreased when the
clearance of the impeller was increased from H/3.4 to H/2.1
and the jet velocity was increased from 0.317 to 1.66 m s21.
Using electrical resistance tomography (ERT) and dynamic
tests, Patel et al.26 characterized the continuous-flow mixing
of non-Newtonian fluids possessing yield stress using the

ratio of residence time to the batch mixing time. The results

showed that the nonideal flows are likely to occur in the

continuous-flow mixing system, if this ratio is less than 8.2.
A comprehensive literature review reveals that most of

these studies have been carried out for the continuous-flow
mixing of Newtonian fluids and very few researchers have

explored the continuous-flow mixing of pseudoplastic fluids
exhibiting yield stress. Moreover, most of these investigators
have utilized CFD and RTD. Based on the authors’ knowl-
edge, no study has employed the tomography technique to
study the effect of the input-output flow on the performance
of the continuous-flow mixing of non-Newtonian fluids with
yield stress in a stirred vessel. Furthermore, no study has
been attempted to relate the volume of the cavern in the
batch mode to the fully mixed volume in the continuous-
flow mode. Therefore, the objectives of this research were to
explore the effect of the inlet and outlet locations, fluid rhe-
ology, feed jet velocity, and feed flow rate on the deforma-
tion of the cavern generated in the mixing of pseudoplastic
fluids possessing yield stress in a stirred vessel and to visual-
ize the flow in two-dimensional (2-D) and 3-D using tomog-
raphy images. In addition, the distinction between the cavern
volume measured by ERT in a batch vessel and the fully
mixed volume obtained through dynamic tests in a
continuous-flow vessel was noticeably identified for the
axial-flow and radial-flow impellers.

Experimental Setup and Procedure

A mixing system (Figure 1) used in this study consists of
a transparent flat-bottomed cylindrical tank with a diameter
(T) of 0.38 m and a height of 0.60 m. The tank was
equipped with four equally spaced baffles with a width of T/
10. Six tomography sensor planes were positioned around
the circumference of the mixing tank. The planes were 0.06
m apart from each other with the bottom plane 0.04 m from
the bottom of the tank. The planes were numbered from top
(P1) to bottom (P6). Each plane had 16 stainless steel elec-
trodes which were located equidistantly on the periphery of
the vessel. The height, width, and thickness of the electrodes
were 0.02, 0.03, and 0.001 m, respectively. Each electrode
was in direct contact with the working fluid in the tank with-
out invading the flow and was connected to the ERT system
(Industrial Tomography Systems, Manchester, UK). The
tomography machine was connected to a computer for the
image reconstruction. The fluid height (H) in the tank was
0.41 m providing a total volume around 0.047 m3. The
axial-flow impellers (A310 and 3AM) and the radial-flow
impeller (RT), each with a 0.18 m diameter (D), were uti-
lized to stir xanthan gum solutions (Figure 1). The 3AM
impeller (Hayward Gordon Ltd.) is a three-blade hydrofoil
impeller with a medium solidity ratio. The impeller was
located on plane P4 with an off-bottom clearance of 0.16 m.
The mixing tank was equipped with a top-entering impeller
driven by a 2-hp motor, and the impeller speed was set to
the desired revolution per minute (rpm) using a variable fre-
quency drive. The impeller torque and speed were measured
using a rotary torque transducer (Staiger Mohilo, Lorch, Ger-
many) and a tachometer, respectively. The diameters of the
inlet and outlet pipes were 0.025 m. To investigate the effect
of inlet and outlet locations on the performance of
continuous-flow mixing, the inlets were located at the top
(r 5 0.13 m, U 5 90

�
, and z 5 0.38 m) and at the bottom

(r 5 0.05 m, U 5 105
�
, and z 5 0.10 m) of the mixing vessel.

Similarly, the outlets were located at the bottom (r 5 0.13 m,
U 5 315

�
, and z 5 0.00 m) and side (r 5 0.19 m, U 5 315

�
,

and z 5 0.35 m) of the mixing vessel.
To measure the cavern size in the batch mode, 3 3

1025 m3 of 5% saline solution (tracer) was injected directly
into the xanthan gum solution near the impeller hub using a
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plastic syringe and the tracer concentration was monitored
using ERT. Before the injection of the tracer, the reference
state was taken to eliminate the effect of the stirrer and other
internals within the mixing tank. Measurements were col-
lected from six planes of electrodes until the cavern size
remained unchanged. Then tomography images were used to
measure the cavern diameter (Dc), cavern height (Hc), and
cavern volume (Vc) generated around the impeller. It should
be mentioned that the diffusion of the saline solution into
the static non-Newtonian fluid region is negligible due to the
high apparent viscosity of the xanthan gum solution at the
shear stresses less than the yield stress and it could not sig-
nificantly affect the measurement of the cavern size during
30 s of each test in the batch mode. To visualize the flow in
the continuous-flow mixing system using ERT, once the cav-
ern was fully developed, the feed and discharge pumps were
turned on simultaneously while the impeller was still running
at the given speed and the fluid was pumped from the feed
tank to the discharge tank through the mixing vessel. ERT
data were collected, and tomography images were recon-
structed to visualize the flow inside the mixing vessel. To

measure the fully mixed volume (Vfully mixed) in the
continuous-flow mixing system through the dynamic test, the
system was excited by injecting the saline solution into the
fresh feed stream prior to being pumped into the mixing ves-
sel using a metering pump (Milton Roy, USA). The saline
solution was injected into the feed stream at the suction of
the feed pump. Thus, it was premixed with the xanthan gum
solution before entering into the mixing vessel. The tracer
was injected by a computer-controlled on-off solenoid valve
(Ascolectric, Canada). The conductivity values of input and
output streams were measured as a function of time using
flow-through conductivity sensors (RoseMount Analytical,
Irvine, CA) and were recorded using a data acquisition sys-
tem (DAS) controlled by LabVIEW software (National
Instruments, Austin, TX). Thermocouples were installed at
the inlet and outlet of the mixing vessel to measure the fluid
temperature. All measurements were made at room tempera-
ture 22 6 1�C. To quantify the extent of nonideal flows in
the continuous-flow mixing vessel, the dynamic model (Eq.
2) proposed by Ein-Mozaffari et al.27 was used in this study
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where G is the transfer function for the system in a
continuous-time domain, and parameters s1 and s2 are the
time constants for the channeling and mixing zones, respec-
tively. Parameters T1 and T2 are the time delays for the
channeling and mixing zones, respectively. Parameter f rep-
resents the portion of the fluid channelled in the mixing
tank, and 1 2 f is the fraction of the fluid entered in the mix-
ing zone. A portion of the fluid, R, exiting the mixing zone
can be recirculated within the mixing zone. The fully mixed
volume in a mixing vessel was calculated by27
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where Vfully mixed is the fully mixed volume in the vessel,

Vtotal is the total solution volume in the vessel, and Q is the

feed flow rate through the mixing vessel. It must be men-

tioned that the nominal fully mixed volume is calculated

using Vfully mixed 5 sQ, where s and Q are the nominal resi-

dence time and total feed flow rate, respectively. However,

this equation cannot be used for the continuous-flow mixing

of non-Newtonian fluids as the nonideal flows exist within

the mixing tank. Thus, to calculate the actual fully mixed

volume, we should employ the residence time of the mixing

zone (s2) and the fraction of the feed, which enters to the

mixing zone. Since f is the fraction of the feed, which is

short-circuited, the flow rate to the mixing zone would be

Q(1 2 f). Therefore, the actual fully mixed volume is calcu-

lated using Vfully mixed 5 Q(1 2 f) s2. By measuring the input

and output responses of the mixing vessel, the dynamic

model (Eq. 2) parameters were estimated using the numerical

method developed by Kammer et al.28 The identification

experiment was performed through exciting the system with

a frequency-modulated random binary signal and examining

the input and output conductivities over a precise time

interval.29

The system identification procedure comprised the follow-
ing steps:28,29 (1) exciting the system with a rectangular
pulse, (2) designing a frequency-modulated random binary
signal on the basis of the response of the system to the

Figure 1. Experimental set-up (dimensions in m): (1)
electric motor, (2) flexible coupling, (3) torque
meter, (4) mixing tank, (5) electrode, (6) ERT
data acquisition system (7) host computer,
(8) solenoid valve, (9) metering pump, (10)
tracer tank, (11) progressive cavity pump,
(12) feed tank, (13) discharge tank, (14) RT
(Rushton turbine), (15) Lightnin A310, and
(16) Hayward Gordon 3AM.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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rectangular pulse by concentrating the excitation energy at
frequencies where the Bode plot is sensitive to the parame-
ters’ variations, (3) exciting the system by a frequency-
modulated random binary signal, and (4) validating the
dynamic model with a new input imposed by another ran-
dom exciting signal to generate a new output and then com-
paring the measured and predicted outputs. The system was
excited with the frequency-modulated random binary signal
using the LabVIEW software. The signals were sent to the
solenoid valve, which controlled the injection of the saline
solution into the feed stream.

Xanthan gum solutions in water with 0.5, 1.0, and 1.5%
mass concentration were used in this study. Xanthan gum
solution is a shear-thinning fluid possessing yield stress and
its rheological properties can be described by the Herschel–
Bulkley model30

ss5sy1K _cð Þn (4)

where ss is the shear stress, sy is the yield stress, K is the
consistency index, _c is the shear rate, and n is the power-law
index. The rheological properties of the xanthan gum solu-
tions can be found in Saeed et al.10 The experimental condi-
tions for batch and continuous modes are summarized in
Table 1.

X-ray and gamma-ray tomography techniques have been
employed to explore the gas-liquid mixing in stirred tank
reactors.31–34 ERT has been used in various chemical engi-
neering processes such as, to name a few, solid-liquid mix-
ing,35,36 and non-Newtonian fluid mixing.9,37 In this study,
ERT was used to measure the cavern size and analyze the
fluid flow in 2-D and 3-D domains. The sensing, data acqui-
sition, and image reconstruction are the principal elements of
the ERT system. The electrodes, which were located around
the boundary of the vessel, made the electrical contact with
the fluid inside the vessel and were connected to the DAS.
Because the adjacent strategy demands less hardware and
provides fast image reconstruction, it was used in this study.
In this strategy, current is applied through a pair of two adja-
cent electrodes and voltage is measured at the remaining
adjacent pairs of electrodes, and the injection pair is
switched to the next pair of electrodes and the voltages for
all other electrode pairs are measured. This process is then
repeated until all possible combinations are tried. In this
study, each plane had 16 stainless steel electrodes located on
the periphery of the vessel. Thus, this strategy provided 104
individual voltage measurements according to the equation
ne(ne 2 3)/2 where ne is the number of electrodes per

plane.38 The six tomography sensor planes provided 624
voltage measurements. Eventually, the DAS communicated
these quantitative data to the host image reconstruction com-
puter, where the data were processed using a suitable image
reconstruction algorithm. In this study, the linear back pro-
jection algorithm,39 which is a noniterative algorithm, was
used to convert raw voltage measurements into a 2-D con-
ductivity map of the each plane because the iterative algo-
rithm is often computationally more time consuming and too
slow for the real-time image reconstruction compared to the
noniterative algorithm. To calculate the conductivity distribu-
tion, the area of the interest is usually gridded spatially to
equal squares. Each individual tomogram consists of a 20 3

20 pixel array giving 400 spatial elements. However, some
of these pixels lie outside the vessel circumference and the
image is formed from the pixels inside the vessel. The circu-
lar image is constructed using 316 pixels. Because the mix-
ing vessel had six sensing planes, this produced 1896
nonintrusive conductivity probes.

Results and Discussion

The power consumption plays a significant role in the
assessment of the mixing performances of the impellers. The
power (P) consumed by the impellers was calculated using
P 5 2pNM, where N and M were the impeller rotational
speed and the torque, respectively. The friction torque was
subtracted from the torque measured for the impeller rotating
in the mixing vessel with fluid. The power number (Po) was
then calculated using Po 5 P/qD5N3, where D and q were
impeller diameter and the fluid density, respectively. The
average shear rate ( _cavg ) obtained from the Metzner and
Otto’s correlation40 ( _cavg 5kSN, where kS is a function of the
type of the impeller) was used to evaluate the apparent vis-
cosity (g) of the Herschel–Bulkley fluid. The modified Reyn-
olds number (Re) for this type of fluid was calculated as
follows

Re5
qND2

g
5

kSqN2D2

sy1K kSNð Þn (5)

The value of kS was set at 10 and 11.5 for axial-flow and
radial-flow impellers, respectively.26 The power number
curves for the RT, A310, and 3AM impellers are depicted in
Figure 2. The trend of the power number curve is similar to
that reported in the literature.41 The results show that at a
Reynolds number less than 10, the solid line with a slope of

Table 1. Experimental Conditions

Descriptions Range and Types

Impeller types Axial-flow impeller: A310 and 3AM
Radial-flow impeller: RT

Impeller speed (N) 22–127 rpm
Fluid rheology

(RT impeller)
0.5, 1.0, and 1.5 wt/v % xanthan gum solution

Fluid flow rate (Q)
(RT impeller)

5.3 3 1025, 1.60 3 1024, and
2.36 3 1024 m3 s21

Jet velocity (Vj)
(RT impeller)

0.317 and 1.66 m s21

Inlet locations
(RT impeller)

TI (r 5 0.13 m, U 5 90
�
, and z 5 0.38 m)

BI (r 5 0.05 m, U 5 105
�
, and z 5 0.10 m)

Outlet locations
(RT impeller)

TO (r 5 0.19 m, U 5 315
�
, and z 5 0.35 m)

BO (r 5 0.13 m, U 5 315
�
, and z 5 0.00 m)

Figure 2. Power curves for the RT, A310, and 3AM
impellers.
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21 fitted the data precisely, which means that PoRe was
constant and the flow was in the laminar region. Moreover,
in the transition region, Po changed slightly with Re. The
impeller power numbers found in this study (RT: 3.82;
A310: 0.57; and 3AM: 0.38) are in the transition regime and
within the range reported in the literature.42

The motion of pseudoplastic fluids possessing yield stress
ceases when shear stresses are below the yield stress, which
leads to the formation of a well-mixed zone around the
impeller called the cavern. Figure 3a shows the formation of
the cavern visualized using the 2-D tomograms generated
after the injection of the tracer in the mixing of the 0.5%
xanthan gum solution using the RT impeller. As shown in
this figure, the impeller was located on the plane P4. The
tracer was injected on the impeller plane near the impeller
hub using a syringe. Colors in tomograms display the disper-
sion of the tracer in the vessel. The blue color in these tomo-
grams demonstrates the low-conductivity zones and
represents the lower tracer concentrations. The red color in
the tomograms shows the high-conductivity regions and indi-
cates the higher tracer concentration in those zones. At the

boundary of the cavern, the conductivity of the fluid was
equal to the conductivity of the fresh xanthan gum solution
which was not zero but was lower than the conductivity of
the solution containing salt. The conductivity of the fresh
xanthan gum solution was about 0.9 mS. The 2-D tomogram
shows that the tracer injected near the impeller hub remained
within the cavern and no tracer was found in the surround-
ings. The spatial resolution of the ERT system is about 5%
of the vessel diameter. This has been investigated through
the phantom detection tests conducted by Holden et al.43

Although the 2-D tomogram provides good images of the
cavern formation, it is difficult to measure the cavern height
using the 2-D tomogram. Therefore, 2-D images were con-
verted into 3-D images. Figure 3b shows the 3-D images
generated from the 2-D images using Slicer-Dicer software
(PIXOTEC, USA). Based on the 3-D images, the shape of
the cavern was approximated by a right circular cylinder;
therefore, the characteristics of the cavern can be described
by the diameter and height of this region. The cavern diame-
ter was measured on a horizontal plane passing through the
impeller on plane P4. The cavern height was measured on a

Figure 3. The 3-D images generated from the 2-D tomograms show the formation of the cavern in the mixing of
the 0.5% xanthan gum solution using the RT impeller: (a) 2-D tomogram and (b) 3-D images generated
using the Slicer Dicer software (the 3-D images were generated by cutting the vertical plane at the cen-
ter of the tank and/or the horizontal plane on the impeller surface).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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vertical plane along the shaft and perpendicular to the hori-
zontal plane of the impeller. To visualize meticulously how
the tracer was dispersed in the opaque fluid (xanthan gum
solutions), 3-D images were generated by cutting the block
in all possible ways on the x, y, and z axes to provide
enough information about the cavern. Various 3-D images
shown in Figure 3b were generated by cutting the vertical
plane at the center of the tank and/or cutting a horizontal
plane passing through the impeller on plane P4. The outlines
around the cavern volume in Figure 3b were generated by
the Slicer Dicer software in the default setting. Thus, the
3-D images provided a motivating insight to visualize the
flow in the mixing of opaque fluids.

The measured cavern diameter was compared to those pre-
dicted using Elson’s cylindrical model (Eq. 1). This model
can be used to estimate the cavern diameter before the cav-
ern touches the vessel wall. Figure 4 shows the dimension-
less diameter (Dc/D) versus dimensionless PoRey on a log-
log scale for the RT impeller and two axial-flow impellers
(A310 and 3AM). The diameter of the cavern was found to
increase with an increase in the impeller speed and it contin-
ued to grow until the cavern reached the vessel wall.
According to Elson’s cylindrical model (Eq. 1), a log-log
plot of the Dc/D versus PoRey should give a slope of 1/3. As
shown in Figure 4, the slope of this line calculated using the
least-square method was 0.34 for the RT impeller. However,
the slope of the Dc/D vs. PoRey for the axial-flow impellers
was 0.23, which was lower than that expected from Elson’s
cylindrical model. Galindo and Nienow44 reported a value of
0.25 for the slope of the Dc/D vs. PoRey for the A315 axial-
flow impeller and Saeed et al.10 reported a value of 0.24 for
the A200, A100, and A310 axial-flow impellers. Thus, the
results found in this study agreed well with the value
reported in the open literature. In this study, the slope of the
Dc/D vs. PoRey line was found to be lower for the axial-flow
impeller than that of the RT impeller (a radial-flow impel-
ler). It means that a radial-flow impeller can provide a larger
cavern diameter compared to an axial-flow impeller. This is
due to the nature of impellers, as radial-flow impellers dis-
charge fluid radially outward to the vessel wall, whereas
axial-flow impellers discharge fluid axially along the shaft.
Moreover, the radial-flow impellers provide a higher shear
level with lower pumping compared to the hydrofoil impel-
lers (A310 and 3AM).

In addition to the cavern diameter, the cavern height (Hc)
was measured on a vertical plane along the shaft and perpen-
dicular to the horizontal plane of the impeller. Figure 5 dem-
onstrates the dimensionless cavern height (Hc/Dc) vs. the
impeller speed (N) for the RT impeller and two axial-flow
impellers (A310 and 3AM). It can be seen that before the
cavern touched the wall, the ratio Hc/Dc was almost constant
at 0.50 for the RT impeller. The value of this ratio is equal
to the value reported by Hirata and Aoshima.7 It can be also
seen that the cavern height to cavern diameter ratio was con-
stant at 0.78 for both axial-flow impellers. Saeed et al.10

reported that the Hc/Dc was constant at 0.80 for the A310
impeller (axial-flow impeller). The results were in good
agreement with those reported in the literature. The results
clearly demonstrate that the caverns generated by the axial-
flow impellers are taller than those of the radial-flow impel-
ler. This is due to the fact that the axial-flow impellers dis-
charge fluid axially along the shaft, whereas the radial-flow
impellers discharge fluid radially outward to the vessel wall.
Elson4 also reported that the Hc/Dc ratio was higher for the
axial-flow impellers (pitched blade turbine and paddle) than
for the radial-flow impeller (disc turbine).

The cavern volume (Vc) was calculated using the cavern
diameter (Dc) and the cavern height (Hc) for a cylindrical
shape. Figure 6 represents the effect of fluid rheology on the
dimensionless cavern volume (Vc/Vtotal) vs. the power per
unit volume for the RT impeller at 0.5, 1.0, and 1.5%

Figure 4. Dimensionless cavern diameter (Dc/D) vs.
dimensionless PoRey for the radial-flow
impeller (RT) and axial-flow impellers (A310
and 3AM).

Figure 5. Dimensionless cavern height (Hc/Dc) vs.
impeller speed (N) for the radial-flow impel-
ler (RT) and axial-flow impellers (A310 and
3AM).

Figure 6. Effect of the fluid rheology on the dimension-
less cavern volume for the RT impeller at 0.5,
1.0, and 1.5 % xanthan gum solutions.
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xanthan gum solutions in the batch mode. The results show
that as the impeller speed/power was increased, the cavern
diameter and height also increased for all concentrations and
so did the cavern volume (Vc). However, with respect to the
xanthan gum concentration, the dimensionless cavern volume
(Vc/Vtotal) was observed as decreasing. This can be attributed
to the effect of the yield stress, which increases with the
xanthan gum concentrations. More stagnant regions are
formed in the mixing vessel where shear stress fails to
exceed yield stress, which reduces the cavern volume. There-
fore, the dimensionless cavern volume decreased with an
increase in the xanthan gum concentrations. Similarly, the
cavern volume was calculated for the axial-flow impellers as
well. Figure 7 demonstrates how impeller types (axial-flow
and radial-flow) influenced the dimensionless cavern vol-
umes at 1.0% xanthan gum solution in the batch mode. It
can be seen that for given operating conditions, the hydrofoil
impellers (A310 and 3AM) were more efficient than the
radial-flow impeller (RT) in generating a larger cavern. Simi-
lar results were found by Amanullah et al.45 who showed
that the axial-flow impeller produced larger cavern volumes
for a given power input than the radial-flow impeller. It
should be mentioned that although both axial-flow and
radial-flow impellers are designed for the transitional and
turbulent flow applications, the hydrofoil impellers (A310
and 3AM) can provide a high axial-flow at a reduced shear.
They are also more efficient and are capable of more stream-
lined pumping. Compared to the axial-flow impellers, the
radial-flow impellers provide a higher shear and turbulence
level with lower pumping.41

To compare the cavern volume (Vc) in the batch vessel
with the fully mixed volume (Vfully mixed) in the continuous-
flow mixing system, dynamic tests were also performed for
the axial-flow impellers (A310 and 3AM) and the radial-flow
impeller (RT) agitated in 1% xanthan gum solution. In these
experiments, ERT tests in the batch mode and dynamic tests
in the continuous-flow mode were conducted with the identi-
cal operating conditions except for the feed flow rate
(Q 5 1.60 3 1024 m3 s21; residence time 5 292 s) and the
location of the inlet and outlet, which were additional to the
continuous-flow mode. The comparisons between the dimen-
sionless cavern volume (Vc/Vtotal) in the batch mode and the
fraction of the fully mixed volume (Vfully mixed/Vtotal) in the
continuous-flow mode for the RT, A310, and 3AM impellers
are depicted in Figures 8a–c, respectively. From the results,

it can be clearly seen that the fully mixed volume generated
in the continuous-flow mixing system was higher than the
cavern volume generated in the batch mixing system for all
three (RT, A310, and 3AM) impellers with the given operat-
ing conditions. This can be attributed to the momentum
added to the fluid in the mixing vessel by the input and out-
put flows passing through the vessel. Mixing of the fluid
requires the input of mechanical energy to achieve the pro-
cess results. In both the batch and continuous-flow modes,
this energy is generally provided through the impeller. An
alternative method for getting energy into the fluid is to gen-
erate a jet stream of fluid in the vessel. This jet entrains and
mixes the surrounding fluids, and the mechanical energy is

Figure 7. Effect of the impeller type on the dimension-
less cavern volume (A310, RT, and 3AM
impellers and 1.0 % xanthan gum solution).

Figure 8. Dimensionless cavern volume (Vc/Vtotal),
the fraction of fully mixed volume
(Vfully mixed/Vtotal), and the extent of channel-
ing (f) as a function of the specific power at
1% xanthan gum solution for the (a) RT
impeller, (b) A310 impeller, and (c) 3AM
impeller.
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supplied from a pump.41 This is achieved through the feed
stream in the continuous-flow mode. In fact, in the
continuous-flow mixing system the fluid passing from the
inlet to the outlet generates extra flows and adds more
momentum to the fluid flow in the stirred vessel. The extra
momentum flux (Q q v/A, where m is the velocity of the fluid
passing through the inlet, and A is the cross section area of
the inlet pipe) added to the fluid in the mixing vessel at the
inlet position was about 99.92 Kg m21 s22. Due to this fact,
the size of the mixed volume in the continuous mode was
higher than that in the batch mode. It is very clear from the
images shown in Figure 9a that the size of the cavern
increased as the flow passed through the mixing tank. These
images are discussed in detail in the subsequent paragraph
where the ERT flow visualization results are described. Fur-
thermore, the momentum flux generated due to the inlet-
outlet flow was compared with the momentum flux generated
by the impeller. The impeller pumping rate (Qimpeller) is
defined as Qimpeller 5 NQND3, where NQ is the impeller flow
number.46 NQ for the A310 impeller was obtained from the
literature.47 The momentum flux (Qimpeller q vtip/Ai, where
vtip is the impeller tip velocity, and Ai is the swept area by
the impeller) generated by the A310 impeller at N 5 30 rpm
was estimated at about 1.57 Kg m21 s22, which was almost

63.5 times lower than the momentum flux generated by the
inlet flow (99.92 Kg m21 s22). The momentum flux gener-
ated by the A310 impeller at N 5 100 rpm was about
73.32 Kg m21 s22, which was approximately 1.3 times
lower than the momentum flux generated by the inlet flow
(99.92 Kg m21 s22). Thus, these results demonstrate that at
a lower impeller speed, the momentum flux added to the sys-
tem due to the inlet flow had a tremendous effect on the
mixing of the non-Newtonian fluids exhibiting yield stress.

In addition, the channeling (f) was identified through
the dynamic tests with identical operating conditions for
the RT, A310, and 3AM impellers and the results are
depicted in Figures 8a–c, respectively. The results show
that as the power input was raised by increasing the
impeller speed, the channeling (f) decreased for all three
impellers. At a lower impeller speed, the shear stress pro-
duced by the impeller was less than the yield stress of the
fluid in the stagnant zone. At a higher impeller speed, the
xanthan gum solution was swept away from the impeller,
leading to improved mixing by overcoming the fluid yield
stress. Thus, it provided less channeling by entraining the
feed into the mixing zones. In fact, the channeling (f)
should be minimized to enhance the efficiency of the
continuous-flow mixing system.

Figure 9. Effect of inlet and outlet locations on the deformation of the cavern for four different configurations: (a)
TI-BO, (b) BI-BO, (c) TI-TO, and (d) BI-TO (RT impeller, N 5 30 rpm, Q 5 1.60 3 1024 m3 s21, 1.0% xanthan
gum, and Vj 5 0.317 m s21).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The subsequent discussions explain how the input-output
flow in continuous-flow mixing affected the cavern forma-
tion. As described in the procedure, once the cavern
remained unchanged in the batch mode, the feed and dis-
charge pumps were turned on simultaneously. ERT data
were collected and 2-D tomography images were generated.
As shown in Figure 3, 2-D tomograms were converted into
3-D images and were sliced using the Slicer Dicer software
to get insight into what was happening within the mixing
vessel. As mentioned earlier, the cavern volume (Vc) was
calculated using the cavern diameter (Dc) and the cavern
height (Hc) for a cylindrical shape. However, the shape of
the deformed cavern was not exactly cylindrical. Therefore,
to measure the total volume of the deformed cavern, the cav-
ern was divided into the small cylindrical segments to
approximate the volume of the deformed cavern. The cavern
volume measured in batch mixing, when the feed and dis-
charge pumps were off, was used as a reference to estimate
the increase in cavern volume due to deformation in continu-
ous mode. Error involved in estimating the cavern volume
assuming the cylindrical shape was approximately 4%. The
images in Figures 9–12 are presented in four columns in a
time series (first column from the left: Slicer Dicer X-axis
image; second column: Slicer Dicer Y-axis image; third col-
umn: Slicer Dicer block for the inverted position of the tank;

and fourth column: 2-D tomograms from planes P1 to P6).
In the third column, the Slicer Dicer images of the tank are
presented in an inverted position as it is difficult to view the
bottom of the tank from the top. In this 3-D image, the
upper surface shows the bottom of the tank and the lower
surface shows the top of the tank. The locations of the inlet
and outlet are also shown in the Slicer Dicer images. The
ERT images depicted in the first row in Figures 9–12 were
obtained at zero second (i.e., when the cavern size remained
unchanged after the injection of the tracer in the batch mode
and before the pumps were turned on). The images in the
first row at zero second show that there was almost no tracer
at the bottom plane P6 in the 2-D tomogram and the top sur-
face of the inverted position of the tank. In Figures 9–12,
the images in the second, third, fourth, and fifth rows were
taken at 15, 25, 50, and 125 s, respectively, after the pumps
were turned on in the continuous mode.

To explore the effects of inlet and outlet locations on the
deformation of the cavern, four different configurations,
namely, (1) TI-BO (top inlet-bottom outlet), (2) BI-BO (bot-
tom inlet-bottom outlet), (3) TI-TO (top inlet-top outlet), and
(4) BI-TO (bottom inlet-top outlet) were tested in the contin-
uous mode for the RT impeller at N 5 30 rpm, Q 5 1.60 3

1024 m3 s21, 1.0% xanthan gum, Vj 5 0.317 m s21, and the
ERT results are depicted in Figures 9a–d, respectively. In

Figure 9. (Continued).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the case of the TI-BO configuration (Figure 9a), as the feed
and discharge pumps were started simultaneously, images in
the second row clearly show that the cavern shape was
slightly deformed at the bottom. This was due to the flow of
fluid sucked from the BO by the discharge pump. At that
moment, the tracer appeared at plane P6 in the 2-D tomo-
gram and the top surface of the inverted position of the tank.
As time passed, the fresh xanthan gum solution was continu-
ously fed to the tank through the TI, and the mixed solution
was drawn from the vessel through the BO. Due to this
input-output flow, the cavern shape recorded in the batch
mode was deformed in the continuous mode. The concentra-
tion of the tracer at the bottom plane P6 in the 2-D tomo-
gram and the top surface of the inverted position of the tank
increased as shown in subsequent images. It is very clear
from the images that the size of the cavern increased as the
flow passed through the mixing tank. Finally, the size of the
cavern was increased by 11.2% due to the deformation
caused by the inlet-outlet flow. This was due to the momen-
tum added to the fluid in the mixing vessel by the input-
output flow passing through it. The extra momentum flux
added to the fluid in the mixing vessel at the inlet position
was about 99.92 Kg m21 s22.

In the study of the BI-BO configuration as shown in Fig-
ure 9b, a small amount of tracer appeared on the bottom
plane P6 in the 2-D tomogram and on the top surface of the
inverted position of the tank in the time series rows 2–4 after
the feed and discharge pumps were turned on. In the last
row, the tracer disappeared at the bottom of the tank and
there was no significant change in the shape of the cavern.
The BI-BO configuration was more susceptible to a high
degree of channeling and dead volume than the TI-BO con-
figuration. For the BI-BO configuration, the cavern volume
increased only by 2.6%. These results show that the extent
of the cavern deformation was higher for the TI-BO configu-
ration compared to that for the BI-BO configuration. Patel
et al.20 studied the dynamic performance of the continuous-
flow mixing of non-Newtonian fluids in the stirred vessel.
They found that the channeling and dead volume were
increased by about 5.27 and 5.15%, respectively, when the
inlet location was changed from the TI-BO configuration to
the BI-BO configuration for the 3AH impeller at 50 rpm.
The BI-BO configuration, where both inlet and outlet were
located at the bottom of the tank, enabled a large percentage
of the feed to be conveyed to the outlet without being drawn
into the impeller mixing zone. Therefore, according to the

Figure 9. (Continued).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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cavern deformation depicted in the last row of Figures 9a,b
the input-output flow had the least effect on the deformation
of the cavern in the BI-BO configuration.

In the TI-TO configuration (Figure 9c), once the feed and
discharge pumps were turned on, the cavern shape deformed
in such a way that it inclined toward the TO. This was due
to the flow of fluid sucked from the TO by the discharge
pump. In this configuration, the size of the cavern was
increased by about 8% due to the deformation, which was
less than that of the TI-BO configuration. According to the
deformation of the cavern demonstrated in the last row of
Figures 9a,c, it can be seen that the extent of cavern defor-
mation was slightly more in the TI-BO configuration com-
pared to that in the TI-TO configuration. This was due to the
fact that the TI-TO configuration enabled a portion of the
feed to be channeled directly to the outlet without passing
through the impeller mixing zone.

In the BI-TO configuration (Figure 9d), once the feed and
discharge pumps were turned on, as shown in the second to
fourth rows, initially the whole cavern was slightly pushed
from the lower part and shifted toward the upper part of the
tank. This was due to the fact that the fresh feed was
pumped to the bottom of the tank and this pushed the whole

cavern from the lower part of the tank to the upper part of
the tank. Simultaneously, the discharge fluid from the mixing
tank was drawn from the TO by the discharge pump, which
helped the cavern move upwards. Moving toward the last
row, the amount of the tracer increased gradually on the top
plane P1 in the 2-D tomogram and at the top surface of the
Slicer Dicer images. The images presented in the last row
show that the cavern was completely deformed by the input-
output flow and spread over the entire mixing tank in the
BI-TO configuration. Eventually, the enlargement of the cav-
ern due to the deformation was about 26.7%. Based on the
cavern deformation presented in the last row of Figures 9a–
d, the BI-TO configuration was the most effective configura-
tion in deforming the cavern shape rigorously in comparison
to the other configurations (TI-BO, BI-BO, and TI-TO). In
the case of the BI-TO and TI-BO configurations, the feed
was forced to pass through the mixing zone before leaving
the vessel. Nevertheless, in the BI-TO configuration, the feed
had to face fluid discharge from the impeller and pass
through the mixing zone in the direction opposite to the bulk
flow within the vessel. Similar results were observed in the
study of the dynamic performance of the continuous-flow
mixing system in a stirred vessel.20

Figure 9. (Continued).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The fluid rheology significantly affects the performance of
the continuous-flow mixing of non-Newtonian fluids. To
explore the effect of this parameter, the ERT tests were per-
formed at the same operating conditions as those mentioned
in Figure 9a except the xanthan gum concentration. Figure
10 demonstrates the cavern deformation at 0.5% xanthan
gum concentration. Once the feed and discharge pumps were
turned on, the images in the second row show that the cav-
ern shape was slightly deformed at the bottom due to the
discharge of the fluid from the BO. In the subsequent images
presented in the time series, the cavern shape got more
deformed and higher tracer concentration was detected at the
bottom plane P6 in the 2-D tomogram and at the top surface
of the inverted position of the tank. The ERT images in the
last row show that the cavern was completely deformed by
the input-output flow and reached the fluid surface and the
vessel wall. The size of the cavern was increased by about
21.1% due to the deformation. The images in the last row of
Figures 9a and 10 show that the cavern shape was more
deformed at the 0.5% xanthan gum solution than at the 1.0%
xanthan gum solution. This was due to the fluid yield stress
which decreased when the xanthan gum concentration was
decreased from 1.0 to 0.5%. The energy dissipation at the
lower yield stress is slower than that at the higher yield
stress. The fluctuating velocities penetrate quickly in the area

outside of the impeller zone at the lower yield stress because
of the lesser apparent viscosity of the fluid, which is a func-
tion of the fluid yield stress.

The inlet jet velocity (Vj) can also improve the efficiency
of the continuous-flow mixing system. To generate a high-
velocity jet of the feed in the vessel at the same flow rate,
the inlet diameter was reduced. Figure 11 represents the
ERT results at the same operating conditions as those men-
tioned in Figure 9a except the jet velocity, which was
Vj 5 1.66 m s21. After the feed and discharge pumps were
turned on, the images in the second row show that the cav-
ern shape was slightly deformed at the bottom due to the
discharge fluid flow from the BO. The successive Slicer
Dicer images presented in the second to fourth rows show
that the cavern shape at the left hand side was squeezed
more compared to the right hand side due to the inlet jet
flow. The ERT images in the last row demonstrate that cav-
ern shape was rigorously deformed by the high-velocity jet
of the fluid and the cavern volume was increased by about
14.8% due to this deformation. From the images depicted in
Figures 9a and 11, it can be seen that as the jet velocity (Vj)
was increased from 0.317 to 1.66 m s21, the deformation of
the cavern shape was more noticeable. When an inlet stream
is fed into a tank at high velocity, it is expected that the sur-
rounding bulk fluid will be entrained into the feed zone, thus

Figure 10. Tomography images obtained for the RT impeller at N 5 30 rpm, Q 5 1.60 3 1024 m3 s21, 0.5% xanthan
gum, Vj 5 0.317 m s21, and inlet-outlet locations: TI-BO.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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improving the mixing quality. Moreover, the high-velocity
jet of fluid transports the feed promptly to the impeller zone,
where it is exposed to high turbulence and is mixed better.20

The mixing quality in the continuous-flow mixing system
also largely depends on the feed flow rate through the mixing
vessel. To study the effects of the feed flow rates on the defor-
mations of the cavern, the ERT tests were conducted at the
same operating conditions as those mentioned in Figure 9a
except the feed flow rate (Q). Figures 12a,b depict the tomog-
raphy images for Q 5 5.3 3 1025 m3 s21 and Q 5 2.36 3

1024 m3 s21, respectively. After the feed and discharge pumps
were turned on, the images in the second row show that the
cavern shape was slightly deformed at the bottom of the tank
due to the discharge flow through the BO. Due to the deforma-
tion, the cavern volumes increased by nearly 5.6 and 17.7%
for Q 5 5.331025 m3 s21 and Q 5 2.36 3 1024 m3 s21,
respectively. From the images demonstrated in the last row of
Figures 9a and 12a, it can be observed that the cavern defor-
mation achieved at Q 5 1.60 3 1024 m3 s21 was more pro-
nounced than that at Q 5 5.331025 m3 s21. Figure 12b shows
that the shape of the cavern was deformed severely and the
tracer dispersed all around the tank when the feed flow rate
was increased to Q 5 2.36 3 1024 m3 s21. In fact, the ratio of
the Q/Qimpeller was employed to study the effect of the feed
flow rate on the deformation of the cavern. To calculate

Qimpeller, an NQ of 0.7241,48,49 was chosen for the RT impeller.
When the ratio of Q/Qimpeller was increased by a factor of three
(i.e., Q was increased from 5.331025 to 1.60 3 1024 m3 s21),
the enlargement of the cavern due to the deformation increased
from 5.6 to 11.2%. When the ratio of Q/Qimpeller was further
increased by a factor of 1.5 (i.e., Q was increased from 1.60 3

1024 to 2.36 3 1024 m3 s21), the enlargement of the cavern
due to the deformation also increased from 11.2 to 17.7%. In
addition to this, the quantitative results also show that when
the feed flow rate (Q) was increased from 5.331025 to 1.60 3

1024 m3 s21, the momentum flux created by the inlet flow
increased from 10.99 to 99.92 Kg m21 s22. When the feed
flow rate (Q) was further increased from 1.60 3 1024 to 2.36
3 1024 m3 s21, the momentum flux generated by the inlet
flow also increased from 99.92 to 215.42 Kg m21 s22. In fact,
the extra momentum induced by the input-output flow
increased with an increase in the feed flow rate through the
mixing tank. Therefore, the deformation of the cavern was
more pronounced at the higher flow rate.

Conclusions

ERT was used to measure the cavern volume (Vc) in the
mixing of non-Newtonian fluids with yield stress in a batch
vessel for the RT, A310, and 3AM impellers. Analysis using

Figure 11. Tomography images obtained for the RT impeller at N 5 30 rpm, Q 5 1.60 3 1024 m3 s21, 1.0% xanthan
gum, Vj 5 1.66 m s21, and inlet-outlet locations: TI-BO.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the 3-D Slicer Dicer images showed that the axial-flow
impellers (A310 and 3AM) created taller caverns and higher
cavern volumes than those of the radial-flow impeller (RT).
Moreover, tests for the cavern volume were carried out for
the RT impeller at 0.5, 1.0, and 1.5% xanthan gum concen-
trations. As the fluid yield stress was decreased by decreas-
ing the fluid concentration, the cavern volume increased. In
addition to ERT tests, dynamic tests were performed to esti-
mate the fully mixed volume (Vfully mixed) in the continuous-
flow mixing system. The cavern volume (Vc) was compared
with the fully mixed volume (Vfully mixed) for the RT, A310,
and 3AM impellers. The results showed that, for the identi-
cal operating conditions, the fully mixed volume (Vfully mixed)
in a continuous-flow mixing vessel was higher than the cav-
ern volume (V

C
) in a batch vessel for each impeller used in

this study. This was due to the extra momentum induced by
the inlet-outlet flow. The extra momentum flux generated by
the inlet-outlet flow was estimated and compared with the
momentum flux generated by the impeller. These results
demonstrated that at a lower impeller speed, the momentum
flux added to the system due to the inlet flow had a tremen-
dous effect on the mixing of the non-Newtonian fluids exhib-
iting yield stress. Moreover, the ratio of the Q/Qimpeller was
employed to study the effect of the feed flow rate on the
deformation of the cavern. When the ratio of Q/Qimpeller was

increased by a factor of three, the enlargement of the cavern
due to the deformation increased from 5.6 to 11.2%. When
the ratio of Q/Qimpeller was further increased by a factor of
1.5, the enlargement of the cavern due to the deformation
also increased from 11.2 to 17.7%.

The ERT system was also employed to visualize the flow
of non-Newtonian fluids with yield stress in the continuous-
flow mixing system. The effect of the input-output flow on
the deformation of the cavern was analyzed using the 2-D
tomographic images and the 3-D Slicer Dicer images at dif-
ferent operating conditions and design parameters. The
extent of the cavern enlargement due to the extra momentum
induced by the input-output flow was estimated for each
case. The effect of each factor on the deformation of the
cavern is described below:

1. Fluid rheology: The enlargement of the cavern due to
the deformation increased from 11.2 to 21.1%, when
the fluid yield stress was decreased by reducing the
fluid concentration from 1.0 to 0.5%.5

2. Jet effect: When the jet velocity (Vj) was increased
from 0.317 to 1.66 m s21, the enlargement of the cav-
ern due to the deformation increased from 11.2 to
14.8%, and the tracer was dispersed throughout the
tank widely.

Figure 12. Effect of the feed flow rate on the deformation of the cavern. (a) Q 5 5.3 3 1025 m3 s21 and (b) Q 5 2.36
3 1024 m3 s21 (RT impeller, N 5 30 rpm, 1.0% xanthan gum, and inlet-outlet locations: TI-BO).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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3. Feed flow rate: When the feed flow rate (Q) was
increased from 5.3 3 1025 to 2.36 3 1024 m3 s21, the
enlargement of the cavern due to the deformation also
noticeably increased from 5.6 to 17.7%. The deforma-
tion of the cavern was more pronounced at the higher
flow rate because of the more momentum flux induced
by the input-output flow. In fact, when the feed flow
rate (Q) was increased from 5.3 3 1025 to 2.36 3

1024 m3 s21, the momentum flux added to the system
by the inlet flow increased from 10.99 to 215.42 Kg
m21 s22.

4. Inlet and outlet locations: The cavern volume increased
by about 2.6, 8.0, 11.2, and 26.7% for BI-BO, TI-TO,
TI-BO, and BI-TO, respectively, due to the deforma-
tion. The TI-TO and BI-BO configurations enabled the
fluid to pass from inlet to outlet without being pushed
into the impeller mixing zone, whereas in the BI-TO
and TI-BO configurations, the feed was forced to pass
through the mixing zone before leaving the vessel.
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Notation

A 5 cross section area of the inlet pipe, m2

Ai 5 swept area by the impeller, m2

D 5 impeller diameter, m
Dc 5 cavern diameter, m

f 5 percentage of channeling, fraction
G 5 transfer function, -
H 5 fluid height in the vessel, m

Hc 5 cavern height, m
K 5 consistency index, Pa sn

Ks 5 Metzner-Otto constant, -
M 5 torque, N m
n 5 power-law index, -

ne 5 number of electrodes, -
N 5 impeller rotational speed, s21

NQ 5 dimensionless impeller flow number, -
P 5 power, W

Po 5 power number, -
P1–P6 5 plane number, -

Q 5 volumetric feed flow rate, m3 s21

Qimpeller 5 impeller pumping rate, m3 s21

R 5 percentage of recirculation, fraction
Re 5 Reynolds number, -

Rey 5 yield stress Reynolds number, -
r, U, z 5 cylindrical coordinates, m,

�
, m

T 5 tank diameter, m

Figure 12. (Continued).
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T1, T2 5 time delay, s
v 5 velocity of the fluid passing through the inlet, m s21

Vc 5 cavern volume, m3

Vfully mixed 5 fully mixed volume, m3

Vj 5 jet velocity, m s21

vtip 5 impeller tip velocity, m s21

Vtotal 5 fluid volume inside the mixing tank, m3

Greek letters

_c 5 shear rate, s21

_cavg 5 average shear rate, s21

g 5 5 apparent viscosity, Pa s
gp 5 impeller pumping efficiency, -
q 5 fluid density, kg m23

ss 5 shear stress, Pa
s1 and s2 5 time constant, s

sy 5 fluid yield stress, Pa
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