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Laboratory laser Doppler velocimetry (LDV) measurements were conducted to mea-
sure the shear rate coefficient K of a range of impellers. Equations correlating Kg with
Ny (flow number) are provided for axial flow and radial flow impellers. Theoretical
formulations based on the classic boundary layer theory are developed to estimate the
shear rate at the blade surface. Calculations show that the shear rates at the blade surface
are many orders of magnitude higher than those in the flow at the impeller outlet. The
software code XFOIL was used to illustrate typical distributions of the shear rates along
the blade surfaces. Effects of viscosity, non-Newtonian shear-thinning index, agitator
design, and scale-up on shear rates are illustrated. © 2006 American Institute of Chemical

Engineers AIChE J, 52: 2323-2332, 2006
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Introduction

Shear rate of the flow in a mixing tank is an important
parameter controlling many important industrial processes.
Shear rate affects the performance of many reacting or nonre-
acting vessels, such as the growth of alumina hydrate in alu-
mina precipitation reactors and size distribution of resin parti-
cles produced in polymerization reactors. It can also have an
impact on scale growth. Fundamentally, shear rate affects
processes involving mixing Newtonian fluids, non-Newtonian
fluids or slurries, generating/dispersing liquid/liquid droplets,
and producing fine gas bubbles for gas-to-liquid mass transfer.

Metzner and Otto' proposed that the averaged shear rate over
the whole tank is proportional to the rotational speed of the
impeller, that is,

Y= KN (D

where Kj is a nondimensional constant, dependent on impeller
geometry, and N is the shaft speed (rev/s). This concept has
since been widely accepted and used in non-Newtonian fluid
mixing studies.?®

In the original work by Metzner and Otto,! the flow of a
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Rushton turbine operating in two non-Newtonian shear-thin-
ning fluids (CMC and Carbopol water solutions) was studied.
The power number vs. Reynolds number was found to match
closely with the known Newtonian power number vs. Reynolds
number data, when the apparent viscosity was estimated using
a single constant K of 13. The linear relationship suggested in
Eq. 1 was based on the evidence of matching of the power
number data, rather than measurement of actual velocity dis-
tributions at that time.

In more recent times Torrez and Andre® conducted both
computational fluid dynamics (CFD) and experimental studies
on the velocity profiles at the exit of a Rushton turbine mixing
Newtonian and shear-thinning fluids. Their experimental data
showed a K value of 12.1, whereas their numerical result
suggested a lower value of 9.6. In general, literature data’®
suggested an approximation of K¢ =~ 11.5 for a Rushton tur-
bine. Skelland® listed K data for 45° pitch-bladed turbines and
marine impellers.

Shear rates of axial flow impellers were studied by other
authors. Weetman and Oldshue'® presented correlations for
power, flow, and shear characteristics of a hydrofoil axial flow
impeller (Lightnin A310, SPX Process Equipment, Delavan,
WI) and a pitch-bladed turbine, measured through an auto-
mated laser Doppler velocimetry (LDV) system. It can be
estimated from the averaged velocity gradient data in their
article that K¢ = 3.42 for the Lightnin A310 impeller and K =
5.4 for the 45° pitch-bladed turbine (down pumping).
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It should be noted that, although the shear rate is defined
loosely as an averaged velocity gradient in the impeller region,
it is a common practice to calculate the average shear rate at the
flow exit plane of impellers, within the impeller diameter
periphery. It is therefore proposed here that the shear rate as
defined in Eq. 1 be termed average shear rate of impeller exit
flow, or shear rate at the impeller outlet. The importance of this
definition will be made clear later in this article.

Modern process industries use a wide range of commercial
impellers with many variations in designs. Known K values
are limited to only a few traditional impellers. It is one of the
purposes of this study to seek to generalize K variation with
impeller designs, so that rapid estimation can be made at the
impeller design stage.

Wu et al.!'' showed, based on solids suspension experiments,
that the S factor in the Zwietering’s correlation can be gener-
alized to account for variation of impeller design, through a
correction using impeller flow number N,,. One of the purposes
of this article is to attempt to use the same philosophy to
generalize the effect of varying impeller design on K, through
using N, as the basis for correlation.

Although it may be satisfactory to consider the averaged
shear rate at the impeller outlet when correlating power, speed,
and other data in Newtonian or non-Newtonian fluid mixing
applications, it is not so in some applications where deforma-
tion and breakage of bubbles, droplets, particle agglomerates,
and biological cells are involved, unless the maximum shear
rate is considered. For instances, in liquid—liquid mixing sys-
tems, the minimum droplet size is controlled by the maximum
shear rate, not the averaged shear rate. This may have a
practical consequence in some processes, such as resin produc-
tion, because the maximum shear rate can control the amount
of the fine resin particles produced from solidification of liquid
droplets.

The maximum shear rate is obviously localized on the im-
peller blade surface. Wichterle et al.'? is one of the few liter-
ature articles that attempts to quantify the maximum shear rate
on turbine blades. They used an electrochemical method to
measure the shear rate on the front side of a Rushton turbine.
They showed that shear rates on the impeller are orders of
magnitude higher than the shear rate conventionally assumed
using Eq. 1. So far this result has been largely ignored in the
literature. It is the main purpose of this article to clarify this
important issue, through formulating basic equations to calcu-
late the maximum shear rates on the impeller blades.

Theoretical Analysis
Averaged shear rate at the impeller outlet

The averaged shear rate of the flow at the impeller outlet can
be related to the impeller pumping flow rate:

(3 _VID _(Q/IDYID

STN N N

where N is the shaft speed, V is the impeller exit velocity, D is
the impeller diameter, Q is the impeller pumping flow rate, and
( ) denotes averaging.

Given that Q = NQND3, where N, is the flow number, we
conclude that
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Figure 1. Flow along a flat plate: boundary layer devel-
opment.

Kg < N, 2

This suggests that K is linearly related to the impeller flow
number. To determine K from experiments, LDV data were
processed and the averaged velocity gradient was obtained at
the impeller outlet plane, within the periphery of impeller
diameter. Refer to Torrez and Andre® or Weetman and Old-
shue!® for detailed description.

Shear rate at the blade surface

To determine the surface shear rates it is necessary to cal-
culate the shear stress at the blade surface:

T Cpu’ Cu’
y=o=d—=L )
o 2w v

where C is the surface skin friction coefficient:

_27

Cr= o

where 7 is the shear stress at the blade surface; w and v are the
dynamic and kinematic viscosities, respectively; u is the free
stream velocity; and p is the fluid density.

Flat plate aligned in the flow direction

Without losing its general significance, we will consider
calculating the averaged shear rate at the surface of a thin flat
plate, aligned to the flow direction (Figure 1). It is recognized
that C, varies along the blade, typically decreasing as the
distance from the leading edge increases (to be discussed later).
The averaged skin coefficient can be expressed in terms of the
drag coefficient C,, because the pressure-difference-related
form drag is neglected here (thin flat plate assumption):

142

VYmean = CD Z/
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Figure 2. Skin coefficient distribution along a plate normal to an impinging jet, where r is the distance from the jet

center; Re = 41,600.

Data courtesy of Alekseenko and Markovich.!¢ [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com]

where the subscript mean denotes averaged along the blade
(thin flat plate). Also it is noted here that the drag coefficient
C), is for only one side of the plate.

Using the classic boundary layer theory,!'3-!4 averaged shear
rates on the surface of a thin plate, aligned in the flow direction,
can be found:

e For laminar flow:
1.5

u
Y = 0.664 \/ﬁ (4a)

e For turbulent flow:
2

u
7= (0.004 - 0.01) 5 (4b)

where ¢ is the chord length of a blade section; the drag
coefficient for turbulent flow has a range, which is dependent
on the surface roughness and, for simplicity, the subscript mean
is removed here.

For non-Newtonian shear-thinning fluids described by the
power law:

=Ky’ 5)

where K is the non-Newtonian consistence index and »n is the
flow behavior index. The averaged shear rate at the surface of
plate in laminar regime as described by Eq. 4a can be modified
using the relationship Eq. 5, resulting in an expression of the
shear rate for a non-Newtonian power-law fluid, in the laminar
flow regime:

1.5 2/(n+1) 1
y=10.664 —— — 6
Y ( W) K (6)

N
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We have in effect inserted a non-Newtonian apparent viscosity
into the Newtonian drag Eq. 4a, assuming the basic form of the
drag coefficient equation established in Newtonian flow re-
mains valid, simplifying a reported more complicated influence
by the non-Newtonian effect.!s

Plate normal to the flow direction

The boundary layer on the flow normal to a plate is difficult
to quantify analytically. Alekseenko and Markovich'® mea-
sured the shear stress along a plate normal to an impinging jet
using an electrical diffusion technique. A typical skin friction
coefficient distribution result based on their measurement is
shown in Figure 2. The maximum skin friction is C, =~ 0.0095,
at Re = 41,600. As an approximation, this will be used later to
estimate the shear rate at a Rushton turbine blade surface in the
turbulent flow regime.

Experimental Setup

The model mixing rigs (Figure 3) consist of a 7 = 390 mm
diameter tank (T390) and a T = 1070 mm diameter tank
(T1070), both with flat bottoms, placed inside rectangular outer
glass/acrylic tanks. The outer tanks are filled with water to
minimize optical distortion. Four baffles (1/12)7T in width and
equally spaced were installed in the circular tanks. Test impel-
lers, with D/T in the range of 0.33—-0.49, were mounted on the
central shafts equipped with torque transducers and speed
detectors (Ono Sokki, Yokohama, Japan). The speed and
torque were logged using a personal computer equipped with a
suitable data acquisition board and provided on-line analysis of
power consumption and other parameters.

Velocity distributions were measured in the model mixing
vessels using a two-dimensional optical-fiber LDV system
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Figure 3. Mixing tank and laser Doppler velocimetry (LDV) measurement system.
The LDV probe was mounted on a robotic arm with a positioning resolution of 0.1 mm.

(TSI, Shoreview, MN). The LDV probe, which has built-in
transmitting and receiving optics, was mounted on an industrial
robotic arm, allowing the crossing point of the laser beams to
be automatically positioned within the tank. The time—mean
velocity data thus obtained were found repeatable to within
1%. Time—mean statistics of the velocity data were obtained
using a measuring volume transit time-weighted bias correction
method incorporated in the TSI software package. Tap water
and glycerol water solutions were used as the working fluids in
the experiments.

Computational Simulation

Calculations of distribution of skin friction coefficient along
aerofoil blade sections were done using the software code
XFOIL, based on the panel method.!” A viscous formulation in
the code was used during the calculations, which includes
calculations of the boundary layer and its coupling with the
external potential flow solution. The present calculations were
performed for a Reynolds number of 10°.

Results
Averaged shear rate: correlation with flow number

Figure 4 shows correlation of Kg with N, for both radial and
axial flow impellers. The data were obtained by calculating the
averaged gradient of the velocity distributions at the impeller
outlet planes. The calculations were performed numerically:

e Axial flow impellers

AV
2> (E) .erjAr
J

VTS vear (72)
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e Radial flow impellers
AV
> (AZ)/V/AZ
YT I vaAz

where the summations were carried out within the periphery of
the impeller blades; V is the axial velocity in Eq. 7a, or radial
velocity in Eq. 7b; r is the radial distance from the axis; z is the
vertical distance; and the subscript j denotes the jth measure-
ment point.

Refer to Wu et al.!! for more detailed velocity measurement
information. Data from Skelland® and Weetman and Oldshue!©
are also included for comparison, showing good agreement in
general.

The data confirm the formulation Eq. 2, illustrated earlier,
that is, Ky is linearly related to the impeller flow number.

It is recommended that the following approximations be
used for estimation:

e For axial flow impellers

(7b)

K;=1TN, (8a)
e For radial flow impellers
Ks= 14N, (8b)

Dyster et al.'® showed, based on LDV measurements on a
Rushton turbine in a Newtonian fluid, that impeller flow num-
ber N, decreases as Reynolds number is reduced.

Figure 5 shows our results for axial hydrofoil impellers (Light-
nin A310), obtained based on LDV measurements using glycerol—
water solutions over a wide range of Reynolds numbers. It shows
that a similar dependency of flow number on Reynolds number
exists for axial flow impellers at low Reynolds number, and
constant at higher Reynolds numbers (such as Re > 10°).
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Figure 4. Shear coefficient variation with impeller flow number, turbulent flow data.

Measurements carried out in T390 and T1070 tanks in water. N, denotes the number of blades, 7 denotes the blade thickness, and w denotes
the blade width. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]

Figure 6 shows variation of Ky with Reynolds number. The
data clearly suggest that K is not a constant, as conventionally
assumed. The prediction using Eq. 8 and the relationship be-
tween N, and Re is also included in the figure, in reasonable
agreement with measurements.

In general, the present results suggest that when N, starts to
decrease substantially below the turbulent value at low Reyn-
olds numbers, a correction on K should be carried out using
Eq. 8, whereas in the turbulent flow regime K can be taken as
a constant, independent of Reynolds number, given that Ny, is
practically constant in turbulent flows.

Shear rate at the blade surface

The purpose here is to evaluate the maximum shear rate that
occurs at the blade surface at the impeller tip. To use Eqgs. 4a,

L e T e i
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Figure 5. Flow number variation with Reynolds number:

Lightnin A310 impeller, installed pumping
downward.
Tank diameters = 390 and 1070 mm; impeller diameter D =
161, 193, and 452 mm. Installed typically at C = 1/3 of tank
diameter. Fluid: water and glycerol of various concentrations.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

AIChE Journal July 2006 Vol. 52, No. 7

Published on behalf of the AIChE

4b, and 6 to calculate the shear rate at the impeller blade
surface, it is necessary to determine the flow velocity relative to
the rotating impeller blade. By reference to the velocity triangle
analysis by Wu and Pullum,'® it can be shown* that

V=U 1+ <4NQ>T
-~ tip ’7T2 (9)

where V is the velocity relative to the rotating blade (impeller
tip) and U, is the impeller tip velocity, for axial flow impeller.
For radial flow impellers, it is a close approximation to
assume V = U,,,.
Shear Rate Variation with Speed: Turbulent Regime. Fig-

* Here the contribution from the swirling velocity component is neglected because
it is typically significantly smaller than the tip velocity.
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Figure 6. Effect of varying Reynolds on K.

Prediction data made using Ky = 7N,,. Impeller used Lightnin
A310. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]
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Figure 7. Shear rate variation with speed N of a down
pumping 30° pitch, four-bladed turbine; blade
width is 1/5 of impeller diameter, denoted as
30PBT4.

Diameter D = 1 m. Fluid: water; flow is in Newtonian
turbulent regime. C,, = 0.007. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com]

ure 7 shows calculated shear rates of a 30° pitch, four-bladed
turbine (30PBT4, diameter of 1 m), pumping downward in a
Newtonian turbulent flow regime. It can be seen that the shear
rate at the blade surface (located at the impeller tip) is many
orders of magnitude higher than that in the flow at the impeller
exit, as predicted by the conventional assumption using Eq. 1,
with K¢ = 4.1. It can also be seen that the former increases
considerably faster than the latter with speed because the
former is a function of N* and the latter is a function of N in
turbulent flow regimes (refer to Egs. 4b and 1).

Figure 8 shows shear rate calculation results for a Rushton
turbine (diameter of 1 m) operating in water in the turbulent
regime, based on the maximum skin coefficient of C, = 0.0095
(refer to Figure 2). Again, the blade surface shear rate is
calculated at the impeller tip. The results calculated for the
pitch-bladed turbine (Figure 7) are plotted in dotted lines for
comparison, showing essentially similar trends and character-
istics. Again it can be concluded that for a radial turbine, the
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Figure 8. Shear rate variation with speed N of a six-
bladed Rushton turbine.
Diameter D = 1 m. Fluid: water; flow is in Newtonian

turbulent regime. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]
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Figure 9. Shear rate variation with viscosity.

Calculation case: a downward pumping 30PBT4 turbine, with
diameter of 1 m and operating at 30 rpm. Fluid: Newtonian
liquid with viscosity ranging from 0.2 to 810 Pa-s. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

shear rate at the blade surface is considerably higher than that
in the flow at the impeller outlet.

Shear Rate Variation with Re: Newtonian and Non-Newto-
nian Laminar Flows. Figure 9 shows variation of shear rate
of the 30PBT4 (30° pitch, four-bladed turbine) with viscosity
in a Newtonian laminar flow regime. The calculation was
undertaken while keeping the impeller (diameter of 1 m) speed
at 30 rpm, and the Newtonian viscosity was varied from 0.2 to
800 Pa-s. It can be seen that shear rates generally decrease with
increasing viscosity. It can also be seen that the shear rates at
the blade surface are orders of magnitude higher than those in
the flow at the impeller outlet, similar to those found in the
turbulent flow regime.

Again, as presented in the previous section, it can be con-
cluded that both shear rates at the blade surface and at the
impeller exit flow are dependent on Reynolds number, in the
laminar flow regime.

Figure 10 shows variation of the shear rate at the blade
surface (impeller tip) of the same 30PBT4 with the non-
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Figure 10. Shear rate variation with the generalized
Reynolds number at different flow indices.

Calculation cases: a downward pumping 30PBT4 turbine,
with diameter of 1 m and operating at 30 rpm. Fluid:
power-law non-Newtonian fluid. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com]
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Figure 11. Shear rate variation on scaling-up based on
constant power per unit volume.

Impeller: downward pumping 30PBT4 turbine. At diameter
of 1 m, impeller speed is 30 rpm. Turbulent flow, viscos-
ity = 0.001 Pa-s. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

Newtonian generalized Reynolds number (power-law fluids),
defined as

pN2—n DZ
Re = KK (10)
where K and n are power-law indices, defined in Eq. 5. For
Newtonian flow, n = 1, corresponding to the lowest curve in
Figure 10. It can be seen that shear rate at the blade surface
increases as n decreases. This suggests that the non-Newtonian
shear-thinning effect tends to increase the shear rate at the
blade surface, which is consistent with the common knowledge
that the velocity gradient increases with the increasing non-
Newtonian shear-thinning effect (reduction in n). As an exam-
ple, readers are referred to Collins and Schowalter?° for a case
on non-Newtonian fluids flowing through a channel.

Shear Rate on Scale-up. Scaling-up of laboratory test re-
sults is often practiced for full-scale design. It is of major
interest to examine variation of shear rates as the design is
scaled-up. Many scale-up rules may be used, such as constant
power per unit volume, constant tip velocity, and so forth. For
the purpose of illustration, the constant power per unit volume
rule will be used here:

P pN'D’
WOCT: pN3D2 = const (11)

Figure 11 shows the calculation results of the 30PBT4 scaled
from a diameter of 1 m operating at 30 rpm up to a maximum
diameter of 10 m, based on constant power per unit volume, for
turbulent flow (water). It can be observed that the shear rate at
the impeller outlet generally decreases on scaling-up. On the
other hand, the shear rate at the blade surface increases in
turbulent flow on scaling-up; this is not usually conventionally
assumed.

Shear Rate Control through Impeller Design. Sometimes it
is of practical interest to design a mixing system to control the
maximum shear rates. For example, one may want to minimize
the maximum shear rate in a mixing tank, to reduce the amount
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of fine droplets produced in a liquid/liquid mixing system,
while still maintaining a required mean droplet size. This can
be achieved by altering the impeller design, such as varying the
pitch angle or changing the number of blades, while maintain-
ing the same power input.

Table 1 shows a list of measured flow number, power
number of a number of pitch-bladed turbines, and a Lightnin
A310 impeller. The speed was varied to keep the power con-
sumption constant for all the impeller designs. It can be seen
that flow shear rate at the impeller outlet (based on measured
K) varies only marginally, suggesting that the shear rate of
bulk flow in the tank remains relatively unchanged when dif-
ferent axial flow impellers were used at the same power input.
On the other hand, the shear rate at the blade surface (impeller
tip) decreases as more “heavy duty” impellers (that is, with
increasing power number) are used, while maintaining the
same power input.**

The present result suggests that the maximum shear rate
(which occurs at the blade surface at the impeller tip) can be
reduced through impeller design modification, while providing
the same mean bulk flow shear rates and flow circulation
requirement (that is, using the same power input).

Shear Rate (Stress) Variation along the Blade Surface. So
far, averaged shear rate along the blade surface has been
considered based on the total skin friction coefficient (that is,
drag coefficient C},); variation of the shear rate along the blade
surface has been ignored. In reality, shear stress at a blade
surface varies with distance from the leading edge of the blade.
As an illustration, an aerofoil section NACA 4412 and a thin
flat plate (actually a NACA 0006 profile to allow for numerical
solution) were analyzed using the software code XFOIL. The
skin coefficient distribution along the NACA 4412 aerofoil is
shown in Figure 12, for the case of flow approaching the
aerofoil at a zero angle of attack. The Reynolds number based
on the free stream velocity and the aerofoil chord length ¢ is
10°.

It may be concluded in general that the peak shear stress/
shear rate (=7/w) occurs at the leading edge of a blade; more-
over, it generally decreases along the surface away from the
leading edge. It is also interesting to note that, in the test
calculation case, the skin friction coefficients rapidly increase

** This is roughly equivalent to maintaining the same pumping flow for pitch-
bladed turbines, as shown in Wu et al.!!

Table 1. Shear Rate Variation with Power Number*

¥ (U/s)
Tip
Impeller Blade
Impeller N, P, N (rpm) P (W) Outlet Surface
20PBT4 043 0.27 300 3.6 15.1 23,371
A310 056 032 284 3.6 18.5 20,869
25PBT4 037 053 253 3.6 16.7 18,944
30PBT2 045 049 253 3.6 14.5 16,626
30PBT4  0.59 0.56 235 3.6 16.2 14,371
40PBT4 0.72 097 196 3.6 16.4 9,964
45PBT4 076 1.22 181 3.6 16.1 8,551

*Power, flow, and impeller outlet shear rate data were measured in a T390 tank
operating in water, tank diameter 390 mm, impeller diameter 160 mm, impeller
to tank bottom distance 130 mm, water level 400 mm. The shear rates at the
blade surfaces were calculated using Eq. 4b, C,, = 0.007. The relative blade
thickness of PBTs was 0.047, normalized by the blade chord length.
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Figure 12. Skin friction coefficient variation along a NACA4412 aerofoil, at a Reynolds number of 10°.

The angle of attack is zero, x is the surface distance from the leading edge, c is the chord length. Calculated using the XFOIL code. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com]

to higher values before decreasing again, at a distance x/c =
0.4-0.6. This increase in skin friction is related to a transition
from laminar to turbulent boundary layer flow.

Integration of the skin friction distribution expressed in Cpy,
is shown in Figure 13, as a function of the angle of attack, for
both the NACA 4412 aerofoil and the thin flat plate. The data
are equivalent to the drag coefficient excluding the form drag
component (by the pressure difference). To assess deviation of
the peak values from the averaged values, the ratio of the peak
stress over the averaged stress was determined to be in the
range of 3-5. The result of this estimation may be used as a
rough guide when assessing the peak shear rates on the blade
surface.

The effect on Cp, of varying the angle of attack of the flow

a0

0.008 |

0.008

Coe

0004

0.002

] 20 40 5.0 a0 10.0 12.0 14.0 16.0
a (deq)

Figure 13. Variation of integrated skin coefficient with
angle of attack, calculated using the XFOIL
code at a Reynolds number of 10°.

Blade sections: NACA4412 aerofoil, thin plate with leading
edge rounded, and trailing edge tapered (actually NACA
0006 profile). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]
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approaching the blades is relevant to axial flow impellers.
Readers are referred to Wu and Pullum'® for detailed analysis
on the flow field relative to a rotating blade. Here it is of
interest to note that the minimum C,, corresponds to when the
approaching flow is fully aligned with the blade. An increase or
a reduction in the angle leads to an increase in Cp; however,
Cpy decreases if the angle is deviated too far away from zero,
corresponding to the condition of reduced surface shear stress
(thus shear rate) at flow separation.

Discussion

The shear rate coefficient K has been conventionally as-
sumed to be independent of viscosity since originally intro-
duced by Metzner and Otto.! They justified this assumption
based on a successful fitting (within an accuracy of 15%) of the
power data of a Rushton turbine over a wide range of Reynolds
numbers, using a single constant K This has since been
accepted and used by most authors, perhaps because of its
convenience. In recent years, many LDV velocity measure-
ments on mixing tank flows have been reported in the litera-
ture, but few attempted to quantify K.

The present work shows that K¢ data are proportionally
correlated with impeller flow numbers. Because flow number
data are usually well documented for most impeller designs, it
is hoped that this finding will make it easy to estimate the Ky
value of any given impeller, based on our recommended Egs.
8a and 8b. It is known that flow number varies with Reynolds
number; that is, in the laminar flow regime, it decreases as the
Reynolds number is reduced. It is therefore not surprising to
see that K decreased as viscosity was increased in experi-
ments, using glycerol-water solutions, and operating the agi-

" Generally speaking, the angle of attack of the flow approaching the blades is
substantially smaller than the blade pitch angle of an axial flow impeller (refer to Wu
and Pullum!9).
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tator (a Lightnin A310 axial flow impeller) at a fixed speed.
This new finding of dependency of K on Reynolds number is
based on a limited amount of experimental data. It is recom-
mended that more measurements or CFD simulations be con-
ducted in the future to correlate the effect of Reynolds number
on Kj.

The present results show that the shear rates at the blade
surface are typically many orders of magnitude higher than
those found in the bulk flow, such as at the impeller outlet. It
is hoped that this finding will provide a useful new perspective
to analyze many important mixing applications. For example,
to control the shear damage on culture cells growing in a
bioreactor, it would make most sense to estimate the maximum
shear rate at the blade surface during the design process. If
necessary, the maximum shear rate could be minimized to
avoid cell damage, through modifying impeller design param-
eters. This is actually possible as illustrated in this article, that
if a “heavy duty” impeller is used, a significantly lower shear
rate at the blade surface can be achieved, while maintaining the
same power input.

In passing, it may be interesting to comment that on scal-
ing-up (based on constant power per unit volume), the shear
rates at the blade surface generally increase as shown in this
study. This conclusion may vary depending on the scaling-up
rules and the flow regime. For example, it can be seen by
inspecting Eqs. 4a and 6 that in the viscous laminar flow
regime, for both Newtonian and non-Newtonian power-law
flows, shear rate at the blade surface will decrease if scaling-up
is based on constant impeller tip velocity. On the other hand,
for high Reynolds number turbulent flows, the shear rates will
remain constant when scaling-up on constant impeller tip ve-
locity (refer to Eq. 4b).

Adding to the complexity is the variation of the shear rate (or
shear stress) along the blade surface, as illustrated by the
computational simulation based on a panel method, which
coupled boundary layer solutions with the external potential
flow field. It is interesting to note that the shear rates peaked
near the leading edge of a blade, on both sides of the blades.
Sample calculations (not shown in this article) indicated that it
is possible to minimize the peak shear rates through modifying
the airfoil profiles. This is left for further study in the future.

Conclusions

Experimental data were used to show that the shear rate
coefficient K is linearly correlated to impeller flow number.
Equations correlating Ky with N, are provided for axial flow
and radial flow impellers. Measurements showed that increas-
ing viscosity in the laminar flow regime led to reduction in Kj.
This can be conveniently accounted for by using the correlation
between flow number and Reynolds number. Equations based
on the classic boundary layer theory are developed to estimate
the shear rate at the blade surface. Calculations show that the
shear rates at the blade surface are many orders of magnitude
higher than those in the flow at the impeller outlet. A software
code XFOIL was used to illustrate typical distributions of the
shear rates along the blade surfaces. The effect of viscosity,
non-Newtonian shear-thinning index, agitator design, and
scale-up on shear rates are illustrated.
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Notation

C = impeller to tank bottom clearance, or blade chord length, m
Cp = drag coefficient
Cp¢ = drag coefficient, arising from the skin friction component
C; = skin friction coefficient
D = impeller diameter, m
= power-law consistency index, Pa-s™
K = impeller shear coefficient
LDV = laser Doppler velocimetry
n = power-law flow index
= shaft speed, rpm, rev s~
Ny = flow number = Q/(ND?)
P = shaft power, W
P. = impeller power number = P/(pN>D°)
##PBT* = standard pitch-bladed turbines, with blade width 1/5 of im-
peller diameter: ##, pitch angle; *, number of blades
Q = impeller flow rate, m® s™'
r = radial distance from the shaft axis, or from blade center, m
Re = Reynolds number = p(ND*/u), or Re = (pN*> "D*KK" ')
for non-Newtonian power-law fluid
T = tank diameter, m
t = blade thickness, m
T390 = mixing tank with diameter of 390 mm
T1070 = mixing tank with diameter of 1070 mm
u = free stream velocity, m s !
Uy, = impeller tip velocity, m s
= velocity relative to blade, or velocity at the impeller outlet, m
S*l
Vol = tank liquid volume, m?
w = blade width, m
x = the surface distance from the leading edge of a blade, m

n

1

Greek letters

«a = angle of attack, degrees
v = shear rate, s~ !
n = dynamic viscosity, Pa‘s

v = kinematic viscosity (=u/p), m* s~

p = fluid density, kg m ™
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