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ABSTRACT
elocity profiles are helpful for the confident design of mixing tanks in the transition region. In this article, velocity profiles for helical ribbon impeller have been
studied using laser Doppler anemometry for viscoelastic liquids with rheological
properties typical of those found in polymer processes. Local tangential and radial
velocities were measured at radial positions on a horizontal plane passing through the
middle of the helical ribbon impeller. New correlation is suggested for dimensionless
local tangential velocity profiles in the transition region, i.e. 70<NRe<6700.
Experimental results show that the magnitudes of dimensionless radial velocities are
much less than dimensionless mean tangential velocities such that no considerable
radial flow could be detected.
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INTRODUCTION
Stirred tank reactors are important
components of the processing
plants in many branches of industry
such as polymeric processes and
chemical industry [1]. Considerable research efforts have been
devoted to mixing in agitated vessels focus on classical impellers
such as propellers and turbines [2].

These impellers are known to have
low efficiency when mixing nonNewtonian fluids particularly those
with elastic properties [3]. In mixing of non-Newtonian liquids, helical ribbon impellers operate slowly
and do not create high velocity gradients. They rely on an excellent
pumping capacity that reaches
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every corner of the vessel [4]. Helical ribbon
impellers are capable of producing vertical circulation
patterns (axial pumping) over the entire vessel volume and they have a fairly good homogenization
potential for mixing of viscous Newtonian and
non–Newtonian liquids [5]. Most of previous works
are limited to the laminar flow region [6-8]. Only a
few works on the mixing of viscoelastic liquids with
helical ribbon impellers in the transition region are
available in the literature [9-11]. Investigation of the
detailed velocity profiles can provide the most useful
information for analyzing the performance of the
impeller [12,13]. The influence of viscoelasticity on
the flow pattern is complex [3]. Carreau et al. [14] in
the mixing of viscoelastic fluids with helical ribbon
agitators showed that the velocity profiles were qualitatively similar for all the fluids. However, they also
found a decreasing axial circulation and an increasing
circumferential flow as fluid elasticity increased.
Laser Doppler Anemometry (LDA) has proven to
be more accurate in the measurement of flow fields in
stirred tanks than any other methods such as Pitot
probes and hot–wire anemometers because: (a) it provides flow information even in unsteady and highly
turbulent flow regions as well as in the return flow
areas of the tank, and (b) it operates without fluid con-

tact [15]. Though LDA is being increasingly applied
to stirred vessels, no LDA velocity measurements
have been reported about viscoelastic fluids with helical ribbon impellers [16,17]. Most studies are concerned with LDA velocity measurements of Rushton
turbines for Newtonian and non–Newtonian fluids
[18-21]. In this paper, the variations of local velocity
components on a horizontal plane passing nearly
through the middle height of the helical ribbon
impeller via LDA are measured. Efforts have been
made to establish a relationship between the helical
ribbon impeller velocity and the elasticity of polyacrylamide (PAA) solutions through dimensionless
groups such as the elasticity and Weissenberg numbers.

EXPERIMENTAL
Mixing experiments were performed in a cylindrical
Plexiglas tank with an inside diameter of D = 276 mm
and a wall thickness of 3 mm. The height of the liquid
in the tank was kept at 210 mm. The impeller was a
single helical ribbon with 40º pitched blade, diameter
of d = 255 mm and thickness of 1.0 mm. The geometrical ratios of D/d, w/d, p/d, h/d of the typical helical

Figure 1. Setup of LDA and agitated vessel for mixing of viscoelastic liquids (all dimensions are in meter).
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ribbon impeller reported in this article are respectively, 1.0824, 0.549, 0.549, 0.1176 nearly similar to ref.
[3,8]. Where D, w, p and h were tank diameter,
impeller blade width, pitch and height of impeller,
respectively. The tank and the helical ribbon configurations are shown in Figure 1. The impeller was driven by a variable speed motor. A laser probe was used
to measure the radial and tangential components of
the fluid velocity. To obtain a uniform refraction of
the laser beams, the probe was mounted on a motorcontrolled traversing mechanism allowing the experimenter to conduct a complete scan of the mixing tank
from underneath. The system consisted of a 5 W
Spectra-Physics argon-ion laser, two-colour modular
optics, two burst spectrum analyzers and a PC. The
front focusing lens had a focal length of 310 mm and
produced a beam angle of 9.92º. The power of the
emitted blue-green beam could be regulated up to
5 W. This beam was split by a modular optical system
into four beams in such a way that two of them were
blue rays having a wavelength of 488.0 nm and two
others were green with a wavelength of 514.5 nm.
Radial and tangential velocities could be obtained
simultaneously when the probe traversed along the
radius of the mixing vessel. Tangential velocities were
obtained using green beams and radial velocities via
blues. The LDA system (Dantec Measurement
Technology) was operated in the backscatter mode
with both receiving and transmitting optics in the
same module. The natural ingredients of the polyacrylamide solution of this work were suitable for LDA
because for 20k bursts, the data rates up to over 1 kHz
were easily obtained with over 60% validity and
therefore no seeding was required [22]. The total
number of the collected bursts at each point was such
that for any larger number of bursts, only the variations less than 10 mm/s in the velocity could be
sensed. An oversize filter accepted only the signals
from the smallest particles. Calculated average values
could be biased in such flows. The continuous-wave
mode of measurement took more data from slowermoving particles and in this way reduced the bias
error to less than two percent [23].
Polyacrylamide LT27 from Magnofloc UK was
dissolved in 50 wt% glycerine-water mixtures at four
concentrations of 500, 900, 1100 and 1350 ppm. The
fluids were denoted as A, B, C and D, respectively.

Steady state and oscillatory shear experiments were
performed with a computer-controlled rheometer
RV100/CV100 from Haake. The viscometric data
were obtained at 15ºC being the same temperature as
that encountered in the mixing experiments.

RHEOLOGICAL PARAMETERS AND DIMENSIONLESS NUMBERS
The rheological parameters for these fluids were
.
obtained by fitting the steady viscosity η(γ) and
dynamic viscosity η′(ω) functions to the experimental
data. The upper convected Maxwell (UCM) model
was modified to provide a satisfactory fit to the data
through accommodating the shear-dependent properties of the fluid in the parameters of the model as following [24,25]:
τ + λ(II d )τ (1) = −2η(II d )d

(1a)

in which
η(II d ) = η0 /(1 + aIIdb )

(1b)

λ(II d ) = λ 0 /(1 + cIIdd )

(1c)

where IId is the second invariant of the rate of stretch
tensor d. The resulting material functions for steady
and oscillatory shear flows have the following forms,
respectively.
η( γ& ) = η0 /(1 + aIIdb )

(1d)

η' (ω) = η0 /(1 + cIIdd ) 2 /[(1 + cIIdd ) 2 + λ20 ω2 ]

(1e)

.

where γ and ω denote the shear rate and angular frequency of steady and oscillatory shear conditions,
.
respectively; IId equals to corresponding γ2/4 and
ω2/4. η0 and λ0 denote the zero-shear-rate viscosity
and the maximum relaxation time of the fluid. The
model parameters a, b, c, and d are obtained by fitting
the experimental data.
It has been shown that the key dimensionless
group for the reversal flow pattern in the mixing of
viscoelastic fluids is the elasticity number defined as
follows [26]:
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El =

Wi
N Re

(2a)

where the Weissenberg and Reynolds numbers are
defined as:
Wi = λ 0 γ& tip

N Re =

ρND
η0

(2b)
2

(2c)

.

in which ρ, D, and γtip denote the fluid density, the
impeller diameter and the shear rate at the impeller tip
which is calculated from Metzner-Otto Method
[27,28]:
Figure 2. Dynamic viscosity data of PAA solutions. Solid

.

γ tip = k s .N

(2d)

lines are the predictions of the modified-upper-convected
Maxwell model.

where N is the rotational speed of the impeller in
round per second (round/s) and ks is the Metzner-Otto
coefficient.

In order to measure the mean average velocity
components in the mixing of the PAA solutions with a
helical ribbon impeller, twenty-five radial positions
between the impeller shaft and the vessel wall were
chosen on the horizontal plane of z/H = 0.57 where z
and H denote the vertical coordinate from the bottom
of the tank and the height of the tank, respectively.
The points were equally spaced such that ri in mm
equaled 10 + 5(i - 1) for i = 1, 2, ..., 25. The origin of
the coordinate system used, was the centre of the vessel base plate. The local mean velocities at these
points were measured at impeller rotational speeds
corresponding to the transition region 70<NRe<6700.

RESULTS AND DISCUSSION
The steady viscosity data versus shear rate were
remarkably similar to those of the dynamic viscosity
versus angular frequency supporting the following
experimental relationship for polymer solutions:

η( γ& ) γ→
= η′(ω) ω→0
& 0

(3)

On the other hand, η0 and λ0 can be obtained through
the fitting of the dynamic viscosity data alone.
Therefore, only the dynamic viscosity data are presented in Figure 2. The solid lines in the figure are the
results of the fitting model and the parameters are
given in Table 1.

Tangential Velocity
The velocity histogram of Figure 3a, showing one
peak, is typical of the measurements corresponding to
radial positions between the impeller shaft and the
vicinity of the impeller blade. This region was not

Table 1. Modified upper convected Maxwell model parameters for different PAA solutions.

PAA

ρ

η0

(ppm)

(kg/m3)

(mPa.s)

A

500

1102.4

17.7

0.039

0.244

0.08

0.58

0.04

B

900

1104.0

41.3

0.079

0.277

0.70

0.45

0.15

C

1100

1104.8

310

0.456

0.323

1.95

0.43

1.20

D

1350

1113.6

420

0.534

0.312

1.75

0.44

1.22

Fluid
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a

b

c

d

λ0
(s)
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(a)

(c)

(b)

(d)

Figure 3. Tangential velocity histograms of: (a) fluid A, (b) fluid C, (c) fluid B, (d) fluid D ((Table 1) with helical ribbon impeller).

swept by the impeller blade. For the region that was
swept by the impeller, however, three peaks were
obtained at each radial position. A typical example is
illustrated in Figure 3b. At smaller rotational speeds
(Figure 3c) and/or higher concentrations of PAA solution (Figure 3d), two peaks were observed instead of
three because of more significant viscoelastic effects
and larger viscosities. Velocity histograms of the tangential component of the velocity were Gaussian anywhere away from the blades. The three peaks meant
that the blade passage caused three dominant velocities at each location. In Figures 3a, 3b, 3c and 3d,
dominant velocity of each histogram is an average
velocity of 5000 liquid particles in each histogram in
any given radial position. Thus, an average velocity of
5000 liquid particles is a yield of local velocity in any
given radial position. Using eqn (4), average velocity
of a velocity histogram or average velocity of 5000
liquid particles in each velocity histogram as a local
velocity is calculated knowing velocity of a liquid
particle (vθi) and the number of particles (ni) available
in that velocity histogram. The average velocity for

each peak in Figure 3 was calculated through the following equation in which vθi and vθ were the individual and the average tangential velocity of the ith particle and ni was the number of the particles having the
velocity vθi:

vθ =

∑ v θi n i
i

(4)

∑ ni
i

Thus, one, two or three values for the velocities could
be obtained at each radial position depending on the
particular region in which the observations were
made. Figure 4 shows an example of the local tangential velocities at various radial positions obtained
through LDA measurements. These velocities are normalized by the blade tip speed, vtip. The results show
that the dimensionless tangential velocity distributions for PAA solutions are nearly independent of the
impeller rotational speed. This result can be of important design implications with regard to the scale-up
rules and it is in agreement with the literature as well
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Figure 4. Three zone velocity profiles of helical ribbon
impeller for 900 ppm PAA solution at different impeller
speeds (the peaks I, II and III are the same as that of
Figure 3).

[9,14]. On the other hand, in the space between the
shaft and the impeller, the fluid has a rigid body rotation. This zone is referred to as Z1-Z2 in the velocity
field versus radius of Figure 4. The value of the
dimensionless mean tangential velocity, vθ/vtip,
begins nearly from 0.1 at the radial position r/R =
0.072 and increases to the value of about 0.45 at r/R =
0.7. The steep increase and then reduction in the profiles of vθ/vtip for the helical ribbon impeller at various impeller speeds occur in the range of r/R > 0.7.
The value of vθ/vtip at the inclined blade surface
0.72< r/R < 0.92 increases slightly with the impeller
speed. In Figure 4, the zone referred to as Z3-Z4 corresponds to the third peak (the largest velocity) in
Figure 3b and the zone Z7-Z6 to the first peak (the
smallest velocity) in Figure 3b. These zones are related to the front and back face of the impeller blade,
respectively. Therefore, three velocity gradients along
Z2-Z3, Z3-Z4 and Z4-Z5 can exist for each part of
the impeller with respect to the bulk fluid velocity
along Z2-Z5. There are also two velocity gradients
relating to the impeller edges along Z3-Z7 and
Z4-Z6. The behaviour of flow wake in the latter

Figure 5. Predicted values of eqn (5) for tangential velocity
of helical ribbon impeller in mixing of PAA solutions.

zones is not definitely established in this work and
further investigation seems necessary. Thus, the front
face of impeller blade is considered in this work for
the calculation of the shear rate due to its large velocity gradients with respect to the bulk fluid.
To find suitable correlations for the profiles of
vθ/vtip at the front face of the impeller blade in the
transition region, several relationships were examined
following the works of Cheng et al. [11] and Carreau
et al. [14]. It was concluded that these velocity profiles could be obtained satisfactorily through the consideration of two zones instead of one. The first zone
relied between the impeller shaft and the impeller
blade Z1-Z2. The second one was related to the neighbourhood of the impeller blade at the front face Z2Z3-Z4-Z5. The following equation fairly correlated
the mean tangential velocity with the impeller speed
for PAA solutions in the transition region of 70 <
NRe< 6700.
v θ / v tip = m 0 + n 0 (r / R )

where m0 and n0 are given in Table 2 for various
zones of Figure 5. In this equation, the ranges of NRe
and El are 70 <NRe< 6700 and 0.07 <El< 0.11, respectively. Error analysis using standard deviation (SD)

Table 2. Coefficients of the velocity profile of eqn (5).
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(5)

Zone

m0

n0

Z1–Z2

0.000002 NRe + 0.999949El

0.000108 NRe + 0.999905El

Z2–Z3

0.000397 NRe + 1.009603El

1.001172 NRe + 1.00827El

Z3–Z4

0.00005 NRe + 1.00995El

0.001169 NRe + 1.00883El

Z4–Z5

-0.000379 NRe + 1.0710379El

0.001174 NRe + 1.08825El
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Radial Velocity
Figure 7 demonstrates an example of the dimensionless radial velocity, vr/vtip, for 1350 ppm PAA solution at various impeller speeds corresponding to the
Reynolds number in the transition region. The radial
velocities of the PAA solutions are much less than
their tangential counterparts. Indeed, the results reveal
that no considerable radial velocities could be measured. These results are in agreement with the findings
of Cheng et al. [11] and Carreau et al. [14] and are different from those of Shekhar et al. [21].

Figure 6. Dimensionless tangential velocities for different
concentrations of PAA solutions.

and local relative error (ε) shows that the mean deviations between the correlation results of eqn (5) and
the experimental data are given in Table 2 for PAA
solutions of this work at different impeller speeds is
about 11.5% [29]. The results lead to the conclusion
that linear correlations such as those given here are
suitable relationships for correlating vθ/vtip data in the
transition region.
The effect of PAA concentration on the velocity
profile nearly at the same value of impeller speed is
given in Figure 6. This figure shows the decrease in
the tangential velocity component at all radial positions with increasing the PAA concentration.

CONCLUSION
LDA velocity measurements in different concentrations of polyacrylamide (PAA) solutions for a helical
ribbon impeller have produced results in the transition
region, i.e. 70 < NRe< 6700 as follows:
1. Prevailing flow patterns in the mixing of PAA
solutions are tangential and no considerable radial
velocity could be obtained.
2. The dimensionless local tangential velocity distributions were reasonably correlated considering two
regions using linear relationships.
3. The dimensionless local tangential velocity profiles versus dimensionless radial coordinate nearly
were not affected by impeller rotational speed.

SYMBOLS AND ABBREVIATIONS

Figure 7. Dimensionless radial velocities of helical ribbon
impeller versus radial for 1350 ppm PAA solution and different impellers.

a,b,c,d constants in modified upper convected
Maxwell model
D impeller diameter (m)
H height of liquid in agitated vessel
d
stretch tensor, d = 1/2 (∇v+(∇v))
El elasticity number
ks Metzner-Otto coefficient
M shear rate factor
N rotational speed (round/s)
r
radial coordinate (m)
R radius of agitated vessel (m)
NRe Reynolds number
SD standard deviation
T
agitated vessel diameter (m)
∇v velocity gradient
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vr
vθ
vtip
z
Wi

radial velocity (m/s)
tangential velocity (m/s)
impeller blade tip speed (m/s)
axial coordinate (m)
Weissenberg number

GREEK SYMBOLS
local relative error, (fi,exp-fi,pred)/fi,exp
εi
.
γtip impeller tip shear rate (s–1)
η0 zero shear rate viscosity (Pa.s)
.
η(γ) steady state viscosity (Pa.s)
η′(ω) dynamic viscosity (Pa.s)
λ0
zero shear rate Maxwell relaxation time (s)
ρ
fluid density (kg/m3)
τ
stress tensor (Pa)
ω
angular frequency of oscillatory shear flow
(rad/s)
IId second invariant of the stretch tensor,
IId = 1/2 (d:d)

SUPERSCRIPT


transpose of a second order tensor

SUBSCRIPTS
(1)
pred
exp
r, θ

first upper convected time derivative
predicted values proposed by correlations
experimental data
radial and tangential components, respectively.
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