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Effect of impeller design on the flow pattern and mixing in stirred tanks
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Abstract

The flow pattern and power number in a vessel depend on the impeller blade angle, number of blades, blade width, blade twist, blade thickness,
pumping direction and interaction of flow with the vessel wall. Measurements of the power consumption and flow pattern have been carried out in a
stirred vessel of 0.5 m diameter for the range of impellers to study the effect of blade shape on the flow pattern. The comparison of the flow pattern
(average velocity, turbulent kinetic energy, maximum energy dissipation rate, average shear rate and turbulent normal stress) has been presented
on the basis of equal power consumption to characterize the flow generated by different impeller geometries. Comparisons of LDA measurements
and CFD predictions have been presented. The good comparison indicates the validity of the CFD model.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Stirred vessels are widely used in chemical, pharmaceu-
ical, food and metallurgical process industries as well in
unicipal and industrial wastewater treatment. In these pro-

esses, the requirement of quality of mixing varies over a wide
ange. These include blending of low viscosity of liquids, high
iscosity liquids or high viscosity liquids with low viscos-
ty liquids and vice versa, solid-solid mixing, etc. These also
nclude heat transfer and large number of dispersion applications
uch as solid–liquid, gas–liquid, liquid–liquid, gas–liquid–solid,
as–liquid–liquid–solid, etc. The quality of mixing mainly
epends upon the relative distribution of mean and turbulent
inetic energy. One extreme is the absence of turbulence and
he entire energy exists in the form of mean kinetic energy. The
ther extreme is that the flow is turbulent at all the locations
nd the mean velocities are zero. Obviously, the real flow is in
etween the two extremes and depends upon impeller design,
iameter and the location of impeller/s, vessel diameter, bottom
esign and internals such as coils, baffles, draft tube, etc. The
esired flow pattern (relative distribution of mean and turbu-

and minimal turbulent kinetic energy (even <5%[1]). On con-
trast, colloidal mills, homogenizers and emulsifiers need hi
turbulent flows. All the other applications can be convenie
classified according to their need of energy distribution.

In stirred vessels, the quality of flow generated by the imp
mainly depends upon the impeller design. Typically, low po
number (0.1–0.5) impellers generate mean flow whereas
power number impellers (>3) generate flow having more tu
lent kinetic energy. As the flow proceeds from the impeller
circulates within the vessel, the mean kinetic energy is conv
into turbulent kinetic energy and as mentioned earlier, the
tive distribution at any location depends upon the design o
impeller, vessel and internals. In view of such an immense im
tance of the knowledge of quality of flow, vigorous resea
efforts have been made during the last 50 years using va
flow measurement techniques and computational fluid dy
ics (CFD). A brief review has been presented below for ge
a flavour of the existing status of knowledge.

The on going demand for the improved impeller des
usually comes from the users of industrial mixing equipm
when the vessels are to be designed for new plants or imp
ent kinetic energy) depends upon the application. For instance,
lending application prefers all the energy in the form of mean

∗

ment in the existing design is desired for enhancing quality,
capacity, process efficiency and energy efficiency. For meeting
these objectives, it is imperative that the relationship between
the flow pattern and the design objective is understood. One
of the flow characteristics affecting the impeller flow efficiency
i f the
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Nomenclature

BC baffle clearance (m)
Btk impeller blade thickness (m)
BT baffle thickness (m)
BW baffle width (m)
c concentration in the cell (kmol m−3)
C clearance between the impeller to the vessel base

(m)
CMC carboxy methyl cellulose
Cµ, Cε1, Cε2 k–ε model constant
D impeller diameter (m)
Dh diameter of the impeller hub (m)
H liquid height (m)
k local turbulent kinetic energy (m2 s−2)
kavg average turbulent kinetic energy (m2 s−2)
L length of the blade from the hub to periphery (m)
LDA laser Doppler anemometer
N impeller rotational speed (s−1)
Nb number of baffles
NP,exp experimental power number (P/ρN3D5)
NP,Pred predicted power number, Eq.(4)
NQP primary flow number, Eq.(1)
NQS secondary flow number, Eq.(2)
NRe Reynolds number (ND2/γ)
P power consumption (w)
PBTD pitched blade turbine downflow
PBTU pitched blade turbine upflow
r radial coordinate (m)
R vessel radius (m)
RPS revolutions per second
RI radial location till impeller periphery (m)
RR radial location till reversal axial flow (m)
SΦ source term for generalized flow variableΦ

T tank diameter (m)
vr, vz, vθ mean velocity in the radial, axial and tangential

direction respectively (m s−1)
v′
r, v

′
z, v

′
θ fluctuating velocity in the radial, axial and tan-
gential direction respectively (m s−1)

V operating volume (m3)
Utip impeller tip velocity (m s−1)
wg weight exerted (kg)
W impeller blade width (m)
Wh impeller blade width near the hub (m)
Wt impeller blade width at the blade tip (m)
z axial coordinate (m)

Superscript
S small impeller diameter (D/T = 0.2)

Greek symbols
γ kinematic viscosity (m2 s−1)
γavg average shear rate (s−1)
γzr, γrθ, γθz shear components inz–r, r–θ andθ–z direction

(s−1)

Γ effective diffusivity consisting of molecular plus
turbulent diffusivity (m2 s−1)

ε energy dissipated per unit mass (m2 s−3)
ε̄ average energy dissipated per unit mass (m2 s−3)
εmax maximum energy dissipated below the impeller

(m2 s−3)
θ tangential coordinate
θCFD predicted mixing time (s)
θexp experimental mixing time (s)
νt kinematic viscosity (m2 s−1)
ρ density (kg m−3)
τ̄N average turbulent normal stress (N m−2)
τ0 torque (kg m2 s−2)
σε, σk k–ε model constant
Φ generalized flow variable

impeller blades. Firoz et al.[2] studied the strength of the trail-
ing vortex structures close to the four-bladed 45◦ pitched blade
turbine using vorticity maps. It is possible to minimize the vortex
size and improve the axial flow efficiency of such impellers by
proper designing of the blade tip shape. However, more details
of trailing vortices structures for four bladed pitched blade tur-
bine are given by Schafer et al.[3]. Fasano et al.[4] indicated
that the large trailing vortex in four-bladed 45◦ pitched blade
turbine (mixed flow impeller) accounts for its lower efficiency
compared to that of three-bladed Chemineer HE-3 impeller. Fur-
ther, they found that the three-bladed HE-3 impeller provides a
more stable heat transfer profile at the vessel wall than that of
the four-bladed PBTD impeller. The overall heat transfer coef-
ficient in the stirred vessel with HE-3 impeller was found to be
10% higher than that of mixed flow impeller.

Ranade and Joshi[5] investigated the effect of impeller blade
pitch (30◦, 45◦ and 60◦) on the flow pattern and established
that an impeller blade angle in pitched blade turbine signifi-
cantly affects the flow characteristics. However, the blade width
was found important for radial flow disc turbines especially in
the gas–liquid dispersion operation. We-Ming et al.[6] inves-
tigated the role of blade width on the generated vortex struc-
ture at impeller blade tip using a single disc turbine at equal
power input. They observed that the impeller with larger blade
(W/D = 0.19) produces a fully developed vortex flow and the
smaller blade impeller (W/D = 0.07) produces a stronger shear
s ther-
f of
b eloc-
i ately
t 37.
M e
t ix-
i ver,
m find
t

er-
c ) in
tress due to the mergence of the two symmetric vortices. Ru
ord et al.[7] and Bujalski et al.[8] observed the importance
lade thickness for disc turbine where the maximum mean v

ty in the impeller discharge region was reduced approxim
o 0.18Utip whenBtk/D was increased from 0.0082 to 0.03
edek and Fort[9]. Fentiman et al.[10] made a slight blad

wist in the three bladed hydrofoil impeller and found that m
ng efficiency increased with the change in blade twist. Howe

ore number of hydrofoil impellers must be investigated to
he effect of mixing efficiency on the bladed twist.

Jaworski et al.[11] compared the superiority of comm
ial hydrofoils (Chemineer HE-3 and Prochem Maxflo T
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generating the circulating flow at equal power input. Although
the observed trends in the mean axial and radial flows are
similar, there was a drastic change in their level of magni-
tudes. Both the primary flow number (NQP) and secondary
flow number (NQS) of broad bladed hydrofoil (Prochem Maxflo
T) was 50% greater than that of the narrow bladed hydrofoil
(Chemineer HE-3). Further, they have proposed that the net
circulation produced by an impeller is more important than
the pumping capacity. Tomas et al.[12] experimented com-
mercial techmix 335-hydrofoil impeller on the mixing inten-
sity of dispersion. They observed that the impellers with lower
power number (less than unity) provide higher dispersion mix-
ing intensities, while the impellers with higher power number
gave better mass transfer performance. Patwardhan and Joshi
[1] pointed out that mixing time was well correlated withNQS
rather thanNQP that implies that the circulation time preferably
should be calculated with the total flow (primary + entrained)
of an impeller, which emphasizes the importance of entrained
flow.

Bugay et al.[13] performed experiments on the Lightnin
A310 impeller (NQP= 0.55) focusing on the mean flow and tur-
bulent kinetic energy using PIV. They have observed that the
magnitude of maximum axial velocity was found to be 30%
of the impeller tip speed (Utip) at r/R = 0.6. Also, they have
observed that the liquid at free surface rotates in the same direc-
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2. Experimental methods and impeller nomenclature

Experiments were performed in 500 mm i.d. flat bottom
transparent (Perspex) cylindrical vessel. The baffle width
(BW = T/10), baffle thickness (BT = 4.5 mm) and the clear liquid
height,H = T were maintained constant for all the configurations
used in this work. Tap water was used as the working fluid. A
two HP variable speed motor supplied the necessary power to
the system that enabled the shaft to rotate in the range 0.167–20
revolutions per second. In all the cases the impeller speed was
maintained in such a way that there was no air entrapment from
the liquid surface.

Experiments have been performed using pitched blade tur-
bines with various blade designs. The impeller nomenclature is
as follows:

(i) The four letters (PBTD) in the impeller nomenclature
stands for pitched blade turbine downflow whereas PBTU
stands for pitched blade turbine upflow and the two-digit
number following immediately is the blade angle in degrees
(◦) at impeller hub.

(ii) The consequent two-digit number represents the blade
angle at the impeller blade tip. The difference in these
angles gives the blade twist, representing the presence of
blade twist in the impeller. If the blade angle only near the
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impeller hub is given without the blade tip angle, it me
the blades are straight without blade twists.

iii) The letter ‘W’ following the blade tip angle represents
blade width and a consequent two-digit number repres
blade width in mm at the impeller hub and the succes
two-digit stands for the blade width at impeller blade
If the blade width only near the impeller hub is given w
out the blade width at impeller periphery, it represents
presence of constant blade width.

iv) Finally, a single digit number that is followed after a d
sign stands for the number of blades fixed to the imp
hub.

Hydrofoil impellers are increasingly becoming popular
s claimed that these impellers have superior characterist
ompared to the standard impeller designs. Hence, the flow
erns of six narrow bladed hydrofoils and four broad bla
ydrofoils have also been performed in this study. A sim
omenclature is followed for the narrow bladed hydrofoils
itched blade turbines. All narrow bladed hydrofoils use

his work are three-bladed.
The nomenclature for broad bladed hydrofoils that ar

igh solidity ratios is as follows. The blades of the three-bla
F2 impeller were convex in shape and the curvatur
idthwise. The radius of curvature is approximately 100 m
he HF3 impeller was similar in shape to HF2 impeller, bu
as four blades with radius of curvature approximately 110
he blade curvature for HF3045-4 and HF4560-4 is very sim

o that of HF3 hydrofoil with blade twist of 15◦. Photographi
iews of all the impellers investigated are given inFig. 1. The
ow measurements were done in the mid-baffle plane whe
tion as the impeller, in the vessel core region (r/R < 0.5) and the
liquid rotation was opposite close to the vessel wall (r/R > 0.5).
However, in order to further improve the mixing efficiency o
such impellers, the hydrodynamics of more number of bro
bladed hydrofoils with modified blade design has to be inves
gated. Mavros et al.[14] compared the flow efficiency of three
commercially available impellers (Rushton turbine, Mixel T
and Lightnin A310) using LDA. The Mixel TT was found to
have the high flow efficiency of 70.9% whereas Rushton turb
and Lightnin A310 had flow efficiency of only 52.7% and 46.2%
respectively. Further studies on those three impellers using
cous fluid (1% CMC solution) gave less than 26% hydrau
efficiency. Zhou and Kresta[15] concentrated on the turbulen
kinetic energy induced by three different impellers (Rusht
turbine, four-bladed PBTD and Lightnin A310) in the impelle
discharge region using LDA. They observed that the fluctuatio
in the direction of the principal flow of an impeller contribute
more towards the turbulent kinetic energy i.e., radial fluctuatio
for Rushton turbine and axial fluctuations for PBTD and A31
In order to pursue with such an assumption of local isotro
(3u′2

z/2), experiments on more number of impeller blade desig
must be considered to quantify the exact level of particip
tion of the principal fluctuation on the turbulent kinetic energ
budget.

Patwardhan and Joshi[1] have indicated an enormous scop
for improvement in the mixing efficiency (mixing time per un
power consumption) by achieving desired combination of me
and turbulence at various locations in the tank. In view of th
it was thought desirable to undertake a systematic investiga
of the effect of various impeller designs on the flow pattern a
mixing time. In the present work, the investigation has be
focused on axial flow impellers.
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input power level of 1 W/kg and impeller off bottom clearance
of C/T = 0.33 were maintained for all impellers studied.
However, the power measurements were compared at three
different impeller off bottom clearances ofC/T = 0.25, 0.33
and 0.5.

2.1. Power number measurements

The power consumption in an impeller agitated vessel was
calculated using the load (wg) measured by the load cell setup
associated with the torque table with the controlled travers-
ing mechanism[16]. The position of the shaft was fixed while
the impeller off-bottom clearance could be altered by chang-
ing the vessel position by vertically traversing the torque table.
The load cell was calibrated each time before the measure-
ments were carried out. Statistically sufficient (10–12) read-
ings were taken for each setup to yield meaningful average
load that was used for computing the power consumption,
which in turn was used for the estimation of power number
(NP).

2.2. Mixing time measurements

The mixing time was measured using four conductivity
probes located at various positions so as represent all the regions
of the stirred vessel. Probe 1 was located 50 mm below the
water level and 20◦ ahead to the baffle. Probe 2 was located
110 mm below the water level and midway between the two
baffles. Probe 3 was located 340 mm below the water surface
and midway between the baffles (in the impeller plane). Probe 4
was located 20 mm above the vessel base and 40 mm behind the
baffle. Sodium chloride solution (2 M) was used as a tracer. An
impulse input of tracer (volume = 0.1 L) was injected on the liq-
uid surface in the midway between the baffles and 100 mm away
from the shaft. Data acquisition was continued for sufficiently
longer time so as to allow for closer approach to the steady state
in the concentration profiles. The mixing time was estimated
for each of the probes as the time required to attain the final
concentration within±2% of the average concentration. Final
mixing time was obtained as the average of all the mixing times
indicated by four probes.

F
P
H

ig. 1. Impeller designs. (A) PBTD30W5545-3; (B) PBTD3020W50-6; (C) PB
BTD45W5030-6; (H) PBTD45W3050-6; (I) HF30W25-3; (J) HF45W25-3; (K
F3; (P) HF3060-4; (Q) HF4560-4; (R) standard disc turbine.
TD30W50-6; (D) PBTD60W3085-6; (E) PBTD60W50-6; (F) PBTD45W50-4; (G)
) HF4530W2517-3; (L) HF6030W2513-3; (M) HF6045W2520-3; (N) HF2; (O)
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Fig. 1. (Continued ).

2.3. Flow pattern measurements

The non-invasive velocity measurements were carried out
using LDA at four different axial locations (Table 1) following
the work of Ranade and Joshi[5]. All the measurements were
made at the mid-baffle plane of the vessel. The details of the
LDA measurement locations can be seen inTable 1. All the
vessel configurations were experimented at an equal power con-
sumption level of 1 kW/m3. Raw LDA data were preprocessed
for the removal of noise following the procedure of Kulkarni et
al. [17].

The experimental data of mean axial velocity below the
impeller, in the radial direction were used for the calculation of
flow numbers. The primary flow number (NQP) and secondary
flow number (NQS) were calculated using the following equa-
tions:

NQP =
∫ RI

0 vz2πr dr

ND3 (1)

NQS =
∫ RR

0 vz2πr dr

ND3 (2)

whereRI represents the radius of the impeller andRR represents
the point of reversal of the axial flow.

2.4. CFD simulation

For the prediction of flow pattern, CFD simulation was
employed. The turbulence was modeled using a standardk–ε

model for which the transport equation for a generalized vari-
ableΦ is given by

∂Φ

∂t
+ 1

r

∂

∂r
(rvrΦ) + 1

r

∂

∂θ
(vθΦ) + ∂

∂z
(vzΦ)

= 1

r

∂

∂r

(
rΓ

∂Φ

∂r

)
+ 1

r

∂

∂θ

(
Γ

r

∂Φ

∂θ

)
+ ∂

∂z

(
Γ

∂Φ

∂z

)
+ SΦ

(3)

whereΦ stands forvr, vz, vθ, k, ε, etc. The source terms for
different flow variables (SΦ) may be referred from Sahu et al.
[18] All the CFD simulations were performed using FLUENT.
The total grid size of 443840 (z × r × θ: 73× 32× 190) was used
for the full tank simulation. Impeller region (less than 1.5% of
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Table 1
Geometry of impellers investigated, power number, flow number and mixing times

S. no. Impeller C/T D (m) W/D D/T Btk (m) Axial measurement location (mm) NP,exp NP,Pred NQP,exp NQS,exp θexp θCFD

I II III IV

Pitched blade turbine
1 PBTD30W5545-3 0.50 0.17 0.32–0.26 0.34 0.003 – – – – 0.63 – – – 6.5 –

0.33 0.17 0.32–0.26 0.34 0.003 25 100 −25 −300 0.66 0.66 0.63 1.58 6.5 6.25
0.20 0.17 0.32–0.26 0.34 0.003 – – – – 0.75 – – – 7.0 –

2 PBTD3020W50-6 0.50 0.17 0.30 0.33 0.003 – – – – 0.62 – – – 6.0 –
0.33 0.17 0.30 0.33 0.003 25 100 −25 −300 0.67 0.69 0.73 1.53 6.5 6.39
0.20 0.17 0.30 0.33 0.003 – – – – 0.70 – – – 7.0 –

3 PBTD30W50-6 0.50 0.17 0.30 0.33 0.002 – – – – 0.63 – – – 6.0 –
0.33 0.17 0.30 0.33 0.002 25 100 −25 −300 0.71 0.70 0.80 1.74 6.0 5.99
0.20 0.17 0.30 0.33 0.002 – – – – 0.74 – – – 7.0 –

4 PBTD60W3085-6 0.50 0.18 0.17–0.48 0.35 0.002 – – – – 3.87 – – – 6.0 –
0.33 0.18 0.17–0.48 0.35 0.002 45 100 −45 −310 3.11 3.08 1.17 2.54 5.5 5.22
0.20 0.18 0.17–0.48 0.35 0.002 – – – – 3.22 – – – 5.5 –

5 PBTD60W50-6 0.50 0.17 0.30 0.33 0.002 – – – – 3.27 – – – 5.5 –
0.33 0.17 0.30 0.33 0.002 30 100 −30 –310 3.30 3.32 1.26 2.43 5.5 5.20
0.20 0.17 0.30 0.33 0.002 – – – – 3.32 – – – 5.5 –

6 PBTD45W50-4 0.50 0.17 0.29 0.35 0.002 – – – – 1.10 – – – 6.0 –
0.33 0.17 0.29 0.35 0.002 30 100 −30 −310 1.30 1.33 0.88 1.85 6.0 5.65
0.20 0.17 0.29 0.35 0.002 – – – – 1.46 – – – 6.5 –

7 PBTD45W30-6 0.50 0.17 0.18 0.34 0.002 – – – – 1.53 – – – 7.0 –
0.33 0.17 0.18 0.34 0.002 30 100 −30 −300 1.44 1.41 1.08 1.90 6.0 5.74
0.20 0.17 0.18 0.34 0.002 – – – – 1.63 – – – 7.0 –

8 PBTD45W50-6 0.50 0.17 0.30 0.33 0.002 – – – – 2.00 – – – 5.5 –
0.33 0.17 0.30 0.33 0.002 +20 +126 −36 −125 2.02 2.00 0.93 2.02 5.50 5.61
0.20 0.17 0.30 0.33 0.002 – – – – 2.26 – – – 6.0 –

9 PBTD45W5030-6 0.50 0.17 0.30–0.18 0.33 0.002 – – – – 2.00 – – – 7.0 –
0.33 0.17 0.30–0.18 0.33 0.002 30 85 −30 −310 1.80 1.76 0.88 1.96 6.0 5.55
0.20 0.17 0.30–0.18 0.33 0.002 – – – – 2.36 – – – 7.0 –

10 PBTD45W3050-6 0.50 0.17 0.18–0.3 0.34 0.003 – – – – 1.74 – – – 6.0 –
0.33 0.17 0.18–0.3 0.34 0.003 30 100 −30 −300 1.69 1.82 1.48 1.95 6.0 5.84
0.20 0.17 0.18–0.3 0.34 0.003 – – – – 1.82 – – – 7.0 –

11 PBTD45W30-6S 0.50 0.10 0.30 0.20 0.002 – – – – 2.00 – – – 4.5 –
0.33 0.10 0.30 0.20 0.002 30 100 −30 −300 2.02 1.9 0.97 1.63 5.0 4.45
0.20 0.10 0.30 0.20 0.002 – – – – 2.36 – – – 6.5 –

12 PBTU45W30-6 0.50 0.10 0.30 0.20 0.002 – – – – 2.21 – – – 5.0 –
0.33 0.10 0.30 0.20 0.002 30 100 −30 −300 2.20 2.20 0.96 2.06 5.5 5.31
0.20 0.10 0.30 0.20 0.002 – – – – 1.86 – – – 6.0 –



T.K
um

aresan,J.B
.Joshi/C

hem
icalE

ngineering
Journal115

(2006)
173–193

179

Narrow blade hydrofoils
13 HF30W25-3 0.5 0.167 0.2 0.33 0.003 – – – – 0.25 – – – 3.0 –

0.33 0.167 0.2 0.33 0.003 30 100 30 100 0.27 0.268 0.57 1.01 3.0 2.87
0.2 0.167 0.2 0.33 0.003 – – – – 0.31 – – – 3.5 –

14 HF4500W2517-3 0.5 0.165 0.15–0.1 0.33 0.002 – – – – 0.4 – – – 3.0 –
0.33 0.165 0.15–0.1 0.33 0.002 30 100 30 100 0.38 0.380 0.7 1.03 3.0 2.80
0.2 0.165 0.15–0.1 0.33 0.002 – – – – 0.42 – – – 3.5 –

15 HF45W25-3 0.5 0.14 0.18 0.28 0.002 – – – – 0.34 – – – 5.5 –
0.33 0.14 0.18 0.28 0.002 30 100 30 100 0.33 0.341 0.57 0.79 5.0 5.13
0.2 0.14 0.18 0.28 0.002 – – – – 0.4 – – – 7.5 –

16 HF4530W2517-3 0.5 0.135 0.19–0.13 0.27 0.002 – – – – 0.4 – – – 3.0 –
0.33 0.135 0.19–0.13 0.27 0.002 30 100 30 100 0.41 0.411 0.59 0.96 3.0 3.03
0.2 0.135 0.19–0.13 0.27 0.002 – – – – 0.46 – – – 3.5 –

17 HF6030W2513-3 0.5 0.135 0.19–0.1 0.27 0.002 – – – – 0.32 – – – 6.5 –
0.33 0.135 0.19–0.1 0.27 0.002 30 100 30 100 0.3 0.310 0.58 0.72 6.5 6.38
0.2 0.135 0.19–0.1 0.27 0.002 – – – – 0.38 – – – 8.0 –

18 HF6045W2520-3 0.5 0.134 0.19–0.15 0.27 0.002 – – – – 0.36 – – – 3.0 –
0.33 0.134 0.19–0.15 0.27 0.002 30 100 30 100 0.31 0.300 0.7 1.42 2.5 2.53
0.2 0.134 0.19–0.15 0.27 0.002 – – – – 0.38 – – – 3.0 –

Broad blade hydrofoils
19 HF2 0.5 0.167 0.5 0.33 0.0025 – – – – 2.12 – – – 6.0 –

0.33 0.167 0.5 0.33 0.0025 45 100 −45 −100 2.32 2.33 1.07 2.01 6.0 5.87
0.2 0.167 0.5 0.33 0.0025 – – – – 2.41 – – – 6.5 –

20 HF3 0.5 0.167 0.5 0.33 0.0025 – – – – 3.26 – – – 4.5 –
0.33 0.167 0.5 0.33 0.0025 45 100 −45 −100 3.34 3.34 1.10 2.24 5.0 4.63
0.2 0.167 0.5 0.33 0.0025 – – – – 3.52 – – – 5.5 –

21 HF3045-4 0.5 0.17 0.8 0.34 0.0025 – – – – 1.75 – – – 5.5 –
0.33 0.17 0.8 0.34 0.0025 50 100 −50 −100 1.78 1.811 0.7 1.27 5.5 5.07
0.2 0.17 0.8 0.34 0.0025 – – – – 1.8 – – – 6.0 –

22 HF4560-4 0.5 0.17 0.8 0.34 0.0025 – – – – 1.48 – – – 6.5 –
0.33 0.17 0.8 0.34 0.0025 50 100 −50 −100 1.53 1.521 0.7 1.01 7.0 6.53
0.2 0.17 0.8 0.34 0.0025 – – – – 1.62 – – – 7.0 –
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tank volume) was meshed with 15% of the total grid size used
for the full tank in order to resolve the steep gradients in the
impeller region. Similarly, near vessel wall and baffle region
were meshed with the dense grid. Impeller rotation was modeled
using sliding mesh technique except in the simulations for the
draft tube configurations. In the sliding mesh simulations, a time
step of 0.01 s was employed. The under relaxation parameters
used for velocity, pressure, turbulent kinetic energy and energy
dissipation were 0.3, 0.6, 0.6 and 0.6, respectively Thek–εmodel
constantsCµ, Cε1, Cε2, σε andσk were set as 0.09, 1.44, 1.92,
1.3 and 1.0, respectively.

The power consumed by the impeller during stirring should
be equal to the power dissipated by the impeller in the liquid.
Hence, the impeller power number was calculated from the vol-
ume integration of turbulence energy dissipation rate predicated
from the CFD model, in the following manner:

NP,Pred=
∫ R

0

∫ H

0

∫ 2π

0 ρεr dr dz dθ

ρN3D5 (4)

For the estimation of mixing time, the following transport equa-
tion for the concentrationc (scalar) was simulated
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The average shear rate (γavg) in the stirred vessel was calcu-
lated by taking summation of the volume average of Eqs.(6)–(8).

2.5.2. Average normal stresses
The turbulent kinetic energy imparted by the impeller in a

stirred tank at the desired speed of agitation was calculated by the
CFD simulation. The volume averaged turbulent kinetic energy
was calculated by the following equations:

kavg =
∫ 2π

0

∫ H

0

∫ R

0 kr dr dz dθ∫ 2π

0

∫ H

0

∫ R

0 r dr dz dθ
(9)

Since k = (1/2)(v′2
r + v′2

θ + v′2
z) and the individual normal

stresses arev′2
r , v

′2
θ, v

′2
z , respectively. The average normal stress

is given by the following equation:

τ̄N = 2
3ρkavg (10)

3. Results and discussion

3.1. Pitched blade turbines

The effect of impeller diameter (D/T = 0.2, 0.33, 0.34 and
0.35), blade angle (30◦, 45◦, and 60◦), number of blades (3, 4
and 6), blade width (W/D from 0.18 to 0.3), blade twist (10◦)
and principal flow direction (downflow/upflow) are studied on
t
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After computation of the velocity and the turbulent kine
nergy profile, the blending process was modeled by solvin
onservation equation(5). Here, the dispersive transport of
racer due to turbulent motion in a stirred vessel is account
he turbulent diffusivity, denoted byΓ . The model parameter
rid sizes, and experimental boundary conditions were si

o those used in the prediction of flow pattern. The predi
ixing time using the mixing tine definition based on 98.
ixing criterion (the time required forcmin/cmaxto attain a valu
f 0.985) was found to be comparable with the mixing t
stimated using the conductivity measurement technique
nown impeller. In view of this, the same criterion was emplo
or the prediction of mixing times for rest of the configuratio

.5. Estimation of the flow properties

.5.1. Average shear rate
The shear rate acting on fluid element is given by the d

ation tensor. The off diagonal elements of the stress te
atrix are the shear rates. For cylindrical co-ordinate, thes
ritten in terms of mean velocities as[19]
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he flow pattern prevailing in the stirred tank.

.1.1. 30◦ pitched blade turbine
Experiments have been performed on three different t

f 30◦ pitched blade downflow turbines at constant power
umption level of 1 kW/m3, which are modified in their blad
esigns. One of the impellers is three-bladed with prog
ive reduction in blade width (PBTD30W5545-3) from
mpeller hub (55 mm) to blade tip (45 mm) whereas other
mpellers are six-bladed in which one of them had 10◦ blade twis
PBTD3020W50-6) near the blade tip and other one is with
tant blade width (PBTD30W50-6) of 50 mm. The comparis
f mean radial velocity profiles near the vessel base (z/R = 0.4)
nd below the impeller (z/R = 0.1) are shown inFig. 2A and
, respectively. The radial velocity for the pitched blade
ine with three blades (PBTD30W5545-3) was found le
0.25≥ r/R ≥ 0.8) than the six straight bladed impeller (Fig. 2A).
owever, the difference in the magnitude of radial velocity
learly observed in the impeller vicinity, immediately below
mpeller (Fig. 2B). The radial velocity for the six straight blad
mpeller was found to be maximum (0.05Utip) at r/R = 0.22
hereas the magnitude reduced to 0.038Utip and 0.02Utip for

he six-bladed impeller with 10◦ blade twist and three-blad
mpeller, respectively. However, near the vessel periphery
trength of inward radial flow was found to be higher (0.01Utip)
t 0.4≥ r/R ≥ 0.9 (z/R = 0.1) for the impeller with 10◦ blade twis
Fig. 2B).

Fig. 2C and D shows the comparisons of the mean a
elocity for 30◦ pitched blade turbine at two axial locatio
hich show a negligible difference in the axial velocity tren
ear the vessel base (z/R = 0.4), the axial velocity of the thre
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Fig. 2. Mean radial and axial velocities generated by 30◦ pitched blade turbine. (A and C) Near the vessel base; (B and D) below impeller; (♦) PBTD30W5545-3;
(�) PBTD3020W50-6; (�) PBTD30W50-6; (—) CFD-PBTD30W50-6.

bladed impeller was found to be slightly lesser than that of the
six-bladed impellers (Fig. 2C). Below the impeller (z/R = 0.1),
the six-bladed impeller with constant blade width gave a max-
imum axial flow (Fig. 2D) of 0.42Utip at r/R = 0.25. Ranade et
al. [20] observed that the maximum axial velocity of 0.38Utip at
r/R = 0.28 andz/R = 0.12. The quantitative difference in axial
velocity beyondr/R ≥ 0.3 was negligible. However, the 30◦
impeller’s flow efficiencies can be seen fromTable 1. TheNQPis
minimum (0.63) for three-bladed impeller and maximum (0.8)
for impeller with constant blade width. The secondary flow
number for the impeller with 10◦ blade twist is lesser than the
impeller with straight blades, which implies that the presence
of blade twist in the six-bladed 30◦ pitched blade impeller, has
poor entrainment of liquid towards the vessel core (NQS= 1.53).
The CFD predictions below the impeller (z/R = 0.1) show an
excellent comparison with the LDA measurements. Similarly,
the mixing time was found to be minimum (θCFD = 5.99 s) for
PBTD30W50-6 with good entrainment (NQS= 1.74). Patward-
han and Joshi[1] have observed that the mixing time could be
well correlated with the help of secondary flow number rather
than the primary pumping capacity. This implies that the total
flow (NQS) must be taken into consideration.

Fig. 3A and B shows the comparisons of the mean tangential
velocity near the vessel base (z/R = 0.4) and below the impeller
(z/R = 0.1). Near the vessel base (Fig. 3A), the tangential velocity
profiles are not consistent with the change in the impeller blade
d cted
a
i ity
w -
b inan
a
s

turbines (r/R ≤ 0.2). The observed magnitude below (z/R = 0.1,
r/R = 0.2) the constant blade width impeller (PBTD30W50-6)
is 0.16Utip. However, below the impeller, the difference in the
tangential velocity was found to be significant in the vessel core
region (r/R ≤ 0.2).

Fig. 3C and D shows the comparisons of the turbulent kinetic
energy near the vessel base (z/R = 0.4) and below the impeller
(z/R = 0.1) for the 30◦ pitched blade turbine, respectively. The
differences in kinetic energy profiles are distinct atr/R ≤ 0.4. The
maximum value of turbulent kinetic energy was for the impeller
with constant blade width near the vessel base (0.043U2

tip) and

below the impeller (0.1U2
tip) atr/R = 0.2. However, near the ves-

sel base (z/R = 0.4), the CFD prediction for the straight blade
impeller (PBTD30W50-6) under predicted the turbulent kinetic
energy level to about 50% atr/R ≥ 0.4. The power measurements
reveal that the power number for the impeller with constant
blade (PBTD30W50-6) width was higher (NP,exp= 0.71) than
other two 30◦ impellers considered in this study. TheNP val-
ues are found to be minimum for three-bladed PBTD (0.66) and
six-bladed impeller with blade twist (0.67).Table 2shows the
effect of impeller design on the turbulence properties. The loca-
tion and the value ofεmax depend upon the impeller design and
the other geometrical parameters. At 1 W/kg ofP/V, different
impellers produce different levels ofεmax (Table 2). The esti-
mated values of dimensionlessεmax/N3D2 for PBTD30W5545-
3 and
2 tion
o e
i to be
h s
w adial
v
b

esign. The CFD prediction for PBTD30W50-6 is over predi
tr/R ≤ 0.6 and under predicted atr/R ≥ 0.6. At 0.2≥ r/R ≤ 0.4,

n the direction of the impeller motion, the swirling veloc
as found to be maximum (0.08Utip at z/R = 0.4) for the three
laded impeller. However, the tangential velocities are dom
nd found to be stronger below the impeller (Fig. 3B), which
hows the presence of strong vortex below the 30◦ pitched blade
t

, PBTD3020W50-6 and PBTD30W50-6 were 2.104, 2.128
.145, respectively. Of the total fluctuations, the participa
f axial fluctuating velocity (u′

z) is almost 90–92% near th
mpeller zone. The axial–radial shear stress was found
igher in the case of axial flow impellers, whereγavg increase
ith the increase in both the gradients of mean axial and r
elocities (∂vz/∂z) and (∂vr/∂z). However,γavg was found to
e higher (1.757 s−1) for PBTD30W50-6.
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Fig. 3. Mean tangential velocity and turbulent kinetic energy pattern by 30◦ pitched blade turbine. (A and C) Near the vessel base; (B and D) below impeller; (♦)
PBTD30W5545-3; (�) PBTD3020W50-6; (�) PBTD30W50-6; (—) CFD-PBTD30W50-6.

3.1.2. 60◦ pitched blade turbine
Two types of 60◦ pitched blade impellers were taken for

the measurements; one impeller was with increasing blade
width (PBTD60W3085-6) from impeller hub (W = 30 mm) to
blade tip (W = 85 mm) and other one with constant blade width
(PBTD60W50-6).Fig. 4A and B shows the effect of blade width
on the mean radial velocity. Near the vessel base (z/R = 0.14),
the impeller with constant blade width was found to pro-
vide more strength (0.26Utip) in pumping the fluid radially
at r/R = 0.5 (Fig. 4A) whereas the impeller with increasing

blade width (PBTD60W3085-6) at the same radial location gave
0.17Utip that is 35% lesser in magnitude. This was in good
agreement with the work of Ranade and Joshi[5] where the
maximum mean radial velocity for the constant blade width
(W/D = 0.33) impeller was 0.25Utip. Below the impeller, both
PBTD60W3085-6 (z/R = 0.18) and PBTD60W50-6 (z/R = 0.12)
experienced a similar trend in the mean radial profile as shown
in Fig. 4B. The impeller with increasing blade width occu-
pies more impeller volume, hence, axial location of measure-
ment was atz/R = 0.18. The mean radial velocity reaches a

Table 2
Effect of impeller design on primary and secondary flow numbers, maximum energy dissipation rate, average turbulent normal stress and average shear rates

Impeller D (m) W/D D/T Btk (m) NP,Pred NQP,CFD NQS,CFD N (rps) εmax (kW/m3) εmax/N3D2 τ̄N (N/m2) γavg (1/s) kavg (m2/s2)

PBTD30W5545-3 0.168 0.32–0.26 0.34 0.003 0.66 0.64 1.52 10.37 66.279 2.104 56.29 1.647 0.084
PBTD3020W50-6 0.165 0.3 0.33 0.003 0.69 0.72 1.50 10.50 67.094 2.128 59.38 1.737 0.089
PBTD30W50-6 0.165 0.3 0.33 0.002 0.70 0.78 1.68 10.46 66.838 2.145 60.07 1.757 0.090
PBTD60W3085-6 0.175 0.17–0.48 0.35 0.002 3.08 1.16 2.52 5.79 30.980 5.218 75.51 7.731 0.113
PBTD60W50-6 0.165 0.3 0.33 0.002 3.32 1.22 2.41 6.23 33.328 5.072 81.40 8.333 0.122
PBTD45W50-4 0.173 0.29 0.35 0.002 1.33 0.86 1.83 7.81 49.869 3.504 32.61 3.338 0.049
PBTD45W30-6 0.168 0.18 0.34 0.002 1.41 1.03 1.85 8.04 51.358 3.504 34.57 3.539 0.052
PBTD45W50-6 0.17 0.3 0.33 0.002 1.8 0.93 2.02 10.26 48.19 1.544 90.67 2.82 0.136
PBTD45W5030-6 0.165 0.3 0.33 0.002 1.76 0.85 1.93 7.55 48.239 4.117 45.65 4.674 0.068
PBTD45W3050-6 0.168 0.18–0.3 0.34 0.0025 1.82 1.46 1.97 7.52 48.066 4.000 42.17 4.317 0.063
PBTD45W30-6 0.1 0.3 0.2 0.002 1.86 0.99 1.67 15.96 102.922 2.531 29.54 3.025 0.044
PBTU45W30-6 0.1 0.3 0.2 0.002 2.20 0.96 2.03 16.45 99.980 2.244 26.97 2.761 0.040
HF30W25-3 0.167 0.2 0.33 0.003 0.27 0.55 1.00 14.12 84.902 1.081 6.57 0.673 0.010
H 1.0 14
H 0.79 3
H 0.9 15
H 0.7 11
H 1.3 11
H 2.00
H 2.26
H 1.31 3
H 1.04 0
F4500W2517-3 0.165 0.15–0.1 0.33 0.002 0.38 0.71
F45W25-3 0.14 0.18 0.28 0.002 0.34 0.55
F4530W2517-3 0.135 0.19–0.13 0.27 0.002 0.41 0.61
F6030W2513-3 0.135 0.19–0.1 0.27 0.002 0.31 0.59
F6045W2520-3 0.134 0.19–0.15 0.27 0.002 0.30 0.71
F2 0.167 0.5 0.33 0.0025 2.33 1.05
F3 0.167 0.5 0.33 0.0025 3.34 1.12
F3045-4 0.17 0.8 0.34 0.0025 1.81 0.70
F4560-4 0.17 0.8 0.34 0.0025 1.52 0.71
2 12.82 77.106 1.343 9.32 0.954 0.0
17.48 105.122 1.004 8.36 0.856 0.01

4 17.45 104.951 1.083 10.08 1.032 0.0
2 19.17 115.296 0.897 7.60 0.778 0.0
6 19.63 118.017 0.869 7.36 0.753 0.0

6.87 11.541 1.278 19.99 5.848 0.030
6.09 10.236 1.625 28.66 8.383 0.043
7.25 12.185 1.106 15.54 4.546 0.02
7.68 12.915 0.985 13.05 3.818 0.02
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Fig. 4. Mean radial and axial velocities generated by 60◦ pitched blade turbine. (A and C) Near the vessel base; (B and D) below impeller; (♦) PBTD60W3085-6;
(�) PBTD60W50-6; (· · ·) CFD-PBTD60W3085-6; (—) CFD-PBTD60W50-6.

maximum of 0.06Utip for PBTD60W3085-6 atz/R = 0.1 and
r/R = 0.27. The CFD results over predicted in the vessel core
region (0.3≥ r/R ≥ 0.75).

Fig. 4C and D shows the effect of blade width on the mean
axial velocity at two axial locations. Major difference in magni-
tude was not seen in mean axial velocity near the vessel base and
below the impeller. Below the impeller (z/R = 0.12;Fig. 4D), the
axial velocity of PBTD60W50-6 was found higher (0.65Utip)
than the impeller with increasing blade (PBTD60W3085-6)
width at the vessel core region (r/R < 0.3). Ranade and Joshi[5]
observed the maximum axial velocity for the impeller with con-
stant blade width (W/D = 0.3), near the vessel base as 0.38Utip
(at z/R = 0.366 andr/R = 0.3). Similarly, Hockey and Nouri[21]
observed the maximum magnitude to be 0.55Utip below the
impeller (z/R = 0.14 forW/D = 0.18). The axial flow jet from the
impeller base is higher for the 60◦ blade pitch with constant blade
width. TheNQP andNQS for the constant blade width impeller
were found to be 1.26 and 2.43, respectively (Table 1). However,
the primary flow number for PBTD60W50-6 increased to about
7% than impeller with increasing blade width (PBTD60W3085-
6). Similarly, CFD predictions show increased level of mean
axial flow for PBTD60W50-6 especially near the impeller zone.
Since there is no marginal difference in the axial flow, the pre-
dicted mixing time was found to be almost the same≈5.2 s
(Table 1).

Fig. 5A and B shows the mean tangential velocity near
t
r e, th
t
H ssel
c as
s 50-
6 es

a reversible tangential flow (≈0.15Utip atr/R ≥ 0.8) near the ves-
sel edge in the impeller mid-plane region (Fig. 5A). The CFD
predictions however, reveal such reversible swirls in both the
60◦ pitched blade impellers. Below the constant blade width
impeller (Fig. 5B), the maximum value of the swirling com-
ponent was found to be 0.43Utip at r/R = 0.22 andz/R = 0.12,
whereas Hockey and Nouri[21] observed a peak value of 0.5Utip
at r/R = 0.3 andz/R = 0.14.

Fig. 5C and D shows the turbulent kinetic energy profiles at
z/R = 0.4 and 0.12, respectively. At all the four axial locations
(z/R = 0.12, 0.4,−0.12 and−1.24), the turbulent kinetic energy
profile for the PBTD60W50-6 was always greater than the
impeller with increasing blade width (PBTD60W3085-6). The
predicted turbulent kinetic energy atr/R = 0.3 was 16% higher in
magnitude for the constant blade width impeller (PBTD60W50-
6). Below the impeller (Fig. 5D), the maximum value of turbulent
kinetic energy (0.12U2

tip) at r/R = 0.3 is in good agreement with
Ranade et al.[20] This is well reflected in the power number
measurement using load cell setup. TheNP for PBTD60W50-6
is 3.30, which is 5.7% higher than the impeller with vary-
ing blade width. The predicted overall turbulent kinetic energy
(0.122 m2/s2) for PBTD60W50-6 was higher than the impeller
with varying blade width. The overall kinetic energy dissipa-
tion rate for PBTD60W50-6 was found to be 33.33 m2/s3. Even
though, there was only slight difference in the mean axial veloc-
ity, it reflected in the overall normal stress (81.4 N/m2) that is
7

3
d

b ct of
i ber
o e
he vessel base (z/R = 0.4) and below the impeller (z/R = 0.12),
espectively. Below the impeller and near to the vessel bas
rend for the mean tangential velocity is almost same atr/R ≤ 0.3.
owever, there is a slight difference away from the ve
ore region (r/R ≥ 0.3) where the tangential velocity profile w
lightly higher for constant blade width impeller (PBTD60W
) at 0.3≥ r/R ≤ 0.6 (Fig. 5B). The PBTD60W50-6 experienc
e
% higher for PBTD60W50-6.

.1.3. 45◦ pitched blade turbine
Seven types of 45◦ pitched blade turbines with modifie

lade designs were taken for the experimentation. The effe
mpeller diameter, pumping direction, blade width and num
f blades on the flow pattern is studied.Fig. 6A and B shows th
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Fig. 5. Mean tangential velocity and turbulent kinetic energy pattern by 30◦ pitched blade turbine. (A and C) Near the vessel base; (B and D) below impeller; (♦)
PBTD60W3085-6; (�) PBTD60W50-6; (· · ·) CFD-PBTD60W3085-6; (—) CFD-PBTD60W50-6.

comparisons of the mean radial velocity for 45◦ pitched blade
turbine at two axial locations. Near the vessel base (r/R = 0.4
and z/R = 0.4), the mean radial velocity for the four blade
pitched blade turbine (PBTD45W50-4) is the highest (0.27Utip)
of all 45◦ pitched blade turbines used in this study. The six
straight blade pitched blade turbine (D/T ≈ 0.3), PBTD45W30-
6, PBTD45W50-6 and PBTD45W5030-6 reached to 0.2Utip,
0.12Utip and 0.16Utip (Fig. 6A) at r/R = 0.4 and z/R = 0.4,
respectively, whereas the impeller with increasing blade width

(PBTD45W3050-6) shows less than 0.1Utip. It is also inter-
esting to note that downflow impeller withD/T ratio of 0.2
(PBTD45W30-6S) experiences a reversible radial flow near
the corner (r/R ≥ 0.75) of the vessel base whereas the upflow
impeller withD/T ratio of 0.2 show a bulk movement of inward
radial flow, which is stronger (0.14Utip atr/R = 0.12) in the vessel
core region. The CFD prediction for the impeller with decreas-
ing blade width (PBTD45W5030-6) matches well with the LDA
measurements. The presence of such reversible radial flow near

F e. (A
P W30-
ig. 6. Mean radial and axial velocities generated by 45◦ pitched blade turbin
BTD45W30-6; (�) PBTD45W5030-6; (×) PBTD45W3050-6; ( ) PBTD45
and C) Near the vessel base; (B and D) below impeller; (♦) PBTD45W50-4; (�)
6S; (+) PBTU45W30-6; (©) PBTD45W50-6; (—) CFD-PBTD45W50-6.
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the vessel corners may be disadvantage for solid suspension
operation and slurry reactors due to the formation of stagnant
zones in the reactor. Below the impeller (Fig. 6B), atz/R = 0.12,
the range of radial velocities are lesser than 0.1Utip. Kresta and
Wood [22] observed a maxima (0.15Utip) for the four bladed
45◦ pitched blade downflow impeller (W/D = 0.18) atr/R = 0.3
and z/R = 0.08 which is in good agreement with the present
work. However, the mean radial velocity for the upflow impeller
(PBTU45W30-6) reached 0.16Utip atr/R = 0.12. This is because
of the lesser energy dissipation below the impeller and due to the
bulk movement of the inward radial flow towards the impeller
core. A very similar behavior was observed above the impeller
for PBTU45W30-6 that the energy dissipation rate is very less
due to the free flow of the axial jet above the impeller. The radial
velocity profile above the impeller and near to the liquid surface
is not shown for brevity. The radial velocity magnitudes for other
45◦ pitched blade impellers are less than 0.1Utip.

Fig. 6C and D shows the comparisons of the mean axial
velocity for 45◦ pitched blade turbine at two axial locations.
Near the vessel base (Fig. 6C), at z/R = 0.4, the magnitude
of the axial velocity is about 0.361Utip (at r/R = 0.24) for the
impeller with decreasing blade width from impeller hub to blade
tip (PBTD45W5030-6). Similar trend (0.7Utip at r/R = 0.24)
was observed for the axial velocity below PBTD45W5030-
6 (Fig. 6D). Apart from all the 45◦ pitched blade impellers
experimented, the impeller with decreasing blade width from
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Fig. 7A and B shows the comparisons of the mean tangen-
tial velocity for 45◦ pitched blade turbine at two axial locations
(z/R = 0.12 and 0.4). Near the vessel base (Fig. 7A), the mag-
nitude of tangential velocity for PBTD45W30-6S was found to
be 0.14Utip at z/R = 0.4 andr/R = 0.4. At the same radial and
axial location, the upflow impeller (PBTU45W30-6) attained a
minimum tangential velocity of 0.08Utip. However, the stan-
dard 45◦ impeller (PBTD45W50-6) attains a maximum tan-
gential velocity of 0.16Utip at z/R = 0.4 andr/R = 0.3. A sim-
ilar trend was observed for mean tangential velocity below
the impeller (z/R = 0.12). Below the impeller (Fig. 7B), the
tangential component is higher for the four-bladed impeller
(0.28Utip) at z/R = 0.12 andr/R = 0.2 whereas the impeller with
changing blade width (PBTD45W5030-6 and PBTD45W3050-
6) shifted its maximum tangential velocity (0.24Utip) tor/R = 0.3
at z/R = 0.12. The maximum tangential velocity in the case of
four-bladed impeller (W/D = 0.14) was found to be 0.2Utip in
the work of Kresta and Wood[22] at z/R = 0.08 andr/R = 0.33.
Rather than six-blade pitched blade turbine (PBTD45W50-6),
the macroinstability frequency was dominated by the four-
blade pitched blade turbine (PBTD45W50-4)[23]. The down-
flow impeller with smallerD/T ratio (PBTD45W30-6S) attained
a maximum tangential velocity of 0.28Utip at z/R = 0.12 and
r/R = 0.2. This indicates that the 45◦ pitched blade downflow
turbine with straight blades (no change in blade width) attains a
maximum swirling flow below the impeller.
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mpeller hub to blade tip (PBTD45W5030-6) gave maxim
xial flow of 0.7Utip atr/R = 0.24 andz/R = 0.12 (Fig. 6D). How-
ver, the impeller with increasing blade width also attain
agnitude of 0.66Utip at the same radial and axial locati
hich is 6% lesser than that of PBTD45W5030-6 whe
BTD45W50-6 was with 0.5Utip at r/R = 0.24 andz/R = 0.12,
hich is lesser than the impeller with changing blade w

PBTD45W5030-6 and PBTD45W3050-6). TheNQP,expvalue
or PBTD45W5030-6 and PBTD45W3050-6 was found to
.88 and 1.48, respectively. However, the four-bladed pit
lade turbine (PBTD45W50-4) and six-bladed pitched b

urbine with smaller blade width (PBTD45W30-6) attaine
aximum axial velocity of 0.5Utip at z/R = 0.12 andr/R = 0.25.
hou and Kresta[15] observed a maxima (0.358Utip) for the

our-bladed 45◦ pitched blade downflow impeller (W/D = 0.18)
t r/R = 0.3 andz/R = 0.04. The increase of axial velocity

he four-bladed impeller (PBTD45W50-4) is due to the 4
ncrease in blade width. Apart from all the impellers w
5◦ blade pitch, the downflow impeller with smallerD/T ratio
PBTD45W30-6) gives the minimum secondary flow num
1.63) indicating the poor entrainment of liquid. The mag
ude of the axial velocity for PBTD45W30-6S at z/R = 0.12 is
bout 0.66Utip at r/R = 0.06 (Fig. 6D). The maximum valu
hifted towards the impeller core region for PBTD45W30S

s due to the smallerD/T ratio (D/T = 0.2). The flow number
or the upflow impeller (PBTU45W30-6) is calculated from
xial velocity profile above the impeller (z/R =−1.2) whereNQP
0.96), which is almost 53% lesser than theNQS(2.06). The pre
icted mixing time for PBTD45W30-6S was found to be 4.45

hat is minimum than all other 45◦ blade pitched impellers pe
ormed.
Fig. 7C and D shows the comparisons of the turbulent kin
nergy for all the 45◦ pitched blade turbines at two ax

ocations. Near the vessel base (z/R = 0.4), the magnitude o
he four-bladed turbine (PBTD45W50-4) attained 0.028U2

tip at
/R = 0.35, which is maximum for all 45◦ pitched blade tur
ines (Fig. 7C). Similarly the maximum value for six-blad

urbine (PBTD45W30-6) with smaller blade width (W/D = 0.18
ndD/T = 0.34) is seen to be atz/R = 0.4 andr/R = 0.28. However

he impeller with change in blade width (PBTD45W5030-6
BTD45W3050-6) and the downflow impeller with smallerD/T

atio (PBTD45W30-6S) attains the maximum value (0.032U2
tip)

t z/R = 0.4 andr/R = 0.14. Below the impeller (Fig. 7D), at
/R = 0.12, all 45◦ pitched blade turbines, which has higherD/T
atios (0.33, 0.34 and 0.35) attains a maximum turbulent ki
nergy atr/R = 0.3. However, impeller with the changing bla
idth attains a maximum value of 0.09U2

tip at z/R = 0.12 and
/R = 0.3. The impeller with smallerD/T ratio (PBTD45W30-6
nd PBTU45W30-6) reaches maximum (0.092U2

tip) atz/R = 0.12
ndr/R = 0.18. This is due to effect of smaller impeller diam

er that has narrow jet emerging from the impeller. Howeve
aximum level of turbulent kinetic energy reached by the up

mpeller (PBTD45W30-6) is 22% lesser than the downfl
mpeller (PBTU45W30-6) atz/R = 0.12 andr/R = 0.18. Since
he impeller frequency was higher for smallerD/T ratio, the
redicted maximum energy dissipation rate near the imp
as found to be higher for PBTD45W30-6 (102.92 m2/s3) and
BTU45W30-6 (99.98 m2/s3). The overall normal stress w

ound maximum (90.67 N/m2) for the standard 45◦ impeller
PBTD45W50-6). The average shear rate was higher (≈4.5) for
he impeller with changing blade width (PBTD45W5030-6
BTD45W3050-6).
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Fig. 7. Mean tangential velocity and turbulent kinetic energy pattern by 45◦ pitched blade turbine. (A and C) Near the vessel base; (B and D) below impeller;
(♦) PBTD45W50-4; (�) PBTD45W30-6; (�) PBTD45W5030-6; (×) PBTD45W3050-6; ( ) PBTD45W30-6S; (+) PBTU45W30-6; (©) PBTD45W50-6; (—)
CFD-PBTD45W50-6.

The effect of blade angle, blade twist, impeller diameter,
blade width and number of blades on the pitched blade turbine
was investigated. Conclusively, it can be outlined as follows.

3.1.3.1. Effect of blade angle. From Table 1, it can be con-
cluded that the power number (NP) is higher for the impeller
with maximum pitch (60◦) that reaches a maximum turbulent
kinetic energy level of 0.12U2

tip atz/R = 0.12 andr/R = 0.3. From
Table 2, it can be seen that as the blade angle increases, the pri-
mary flow number (NQP), secondary flow number (NQS), and the
power number (NP) increase for the standard impeller design.
TheNQS/NQPratio was found to be 2.15 and 2.17 for 30◦ and 45◦
pitch, respectively, whereas it reduced to 1.73 for 60◦ pitched
blade impeller. However, theNQS/NP ratio gradually decreases
with increasing pitch from 30◦ (2.4) to 60◦ (0.72). The average
shear rate for 60◦ pitched impeller is almost 4.5 times the shear
level of 30◦ pitched blade impellers (Table 2). When compared
on the basis of equal power consumption level of 1 kW/m3, the
mixing time reduces with the increase in blade pitch.

3.1.3.2. Effect of blade width. The effect of blade width
was investigated in two ways. In the first case, the blade
width was progressively decreased fromW/D = 0.32 at the
hub to W/D = 0.26 at the impeller tip (PBTD30W5545-3 and
PBTD45W5030-6) or progressively increasedW/D = 0.16 at the
h nd
P , the
c r, th
fl elle
b rd.
F nly
1 sive

decrease in blade width whereas in the case of 30◦ impeller, the
value of mixing time increased by 4%. At the same time, irre-
spective of the impeller blade pitch, the progressive increase in
blade width increase the mixing time by 4%.

In the second case, there is no progressive variation in the
blade width from hub to impeller tip. Instead, two moreW/D
ratios (0.18 and 0.3) were investigated on 45◦ pitched blade
(PBTD45W30-6, PBTD45W50-6). It was observed that power
number decrease with the decrease inW/D ratio. The NQP
increase (14%) with the decrease in blade width from 0.3 to
0.18 whereas there is only slight decrease (6%) inNQS.

3.1.3.3. Effect of blade twist. The effect of blade twist was
performed with the 30◦ blade pitch (PBTD3020W50-6 and
PBTD30W50-6). It was observed that the presence of blade twist
(PBTD3020W50-6) decreases the power number and flow num-
bers. It can be observed that there is 3% reduction in secondary
flow number in the presence of 10◦ blade twist. The averaged
shear rate decrease slightly (1%) in the presence of 10◦ blade
twist.

3.1.3.4. Effect of impeller diameter. The effect of impeller
diameter was investigated on the 45◦ impeller (PBTD45W50-
6 (D/T = 0.34, W/D = 0.3) and PBTD45W30-6 (D/T = 0.2,
W/D = 0.3)) with constantW/D ratio. It was found that both
p ease
i from
D the
o ated
o
a e
w e in
ub to W/D = 0.47 at the impeller tip (PBTD60W3085-6 a
BTD45W3050-6). Irrespective of the impeller blade pitch
hange in blade width reduces the power number. Howeve
ow numbers are not consistent with the change in the imp
lade width and the effect of mixing time is not straightforwa
or the 45◦ impeller, the mixing time is almost same that is o
% decrease in mixing time is observed with the progres
e
r

ower number and flow number increase with the decr
n impeller diameter. As the impeller diameter increases
/T = 0.2 to 0.3, the mixing time increases by 20%. On
ther hand, the effect of impeller diameter was investig
n the 45◦ impeller (PBTD45W30-6 (D/T = 0.34,W/D = 0.18)
nd PBTD45W30-6 (D/T = 0.2,W/D = 0.3)) with varying blad
idth. The mixing time increase (22%) with the increas
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impeller diameter along with increase (50%) inW/D ratio. The
NP, NQPandNQSincrease with the increase in impeller diameter
to about 25%, 10% and 14%, respectively.

3.1.3.5. Effect of pumping direction. The effect of changing
the pumping direction was studied for the 45◦ pitched blade
of D/T ratio of 0.2 (PBTD45W30-6S and PBTU45W30-6). For
a downflow impeller, the jet leaving the impeller interacts with
the vessel base, producing more energy dissipation in the region
below the impeller. For an upflow impeller, the jet leaving the
impeller interacts with the top liquid surface, where the energy
dissipation will be comparatively smaller. This is in good agree-
ment with the CFD predictions of Patwardhan and Joshi[1].
The average shear rate was also 8% higher for the downflow
impeller.

3.1.3.6. Effect of number of blades. The effect of number of
blades was investigated on the 45◦ impeller (PBTD45W50-4
and PBTD45W50-6). With the increase in number of blades
from four to six, both power number and flow number increased.
The NP, NQP and NQS increase to about 26%, 8% and 10%,
respectively. The average normal stress increase to about 64%
with the increase in number of blades from four to six.

3.2. Narrow bladed hydrofoils
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r/R ≥ 0.65. This represents the presence of a circulation loop
at the bottom which is an undesired characteristic for solid
suspension operation. However, the impeller with 60◦ blade
pitch near the impeller hub attains a maximum radial veloc-
ity of 0.22Utip at r/R = 0.5 andz/R = 0.4. The CFD predic-
tion for HF6045W2520-3 is under predicted at 0.4≥ r/R ≥ 0.6.
Below the impeller (Fig. 8B), the difference in radial veloc-
ity is not very marginal whereas HF6045W2520-3 experi-
ences a maximum radial velocity of 0.078Utip at r/R = 0.22 and
z/R = 0.112.

Fig. 8C and D shows the comparisons of the mean axial veloc-
ity for the narrow bladed hydrofoils at two axial locations. Below
the impeller (z/R = 0.112 andr/R = 0.12), HF4530W2517-3 and
HF6045W2520-3 reaches a maximum axial velocity of 0.5Utip
whereas the 60◦ blade pitch hydrofoil of maximum change
in blade width (HF6030W2513-3) has reached only 0.38Utip
at the same location (Fig. 8D). The hydrofoils with blade
twist of 45◦ (HF4500W2517-3) attains an axial velocity of
0.48Utip at r/R = 0.2 andz/R = 0.12. Similar trend was observed
in the straight blade hydrofoils (HF30W25-3 and HF45W25-
3). Finally, it can be observed that the hydrofoil withD/T ratio
of 0.27, attains the maximum axial velocity atr/R = 0.12 and
the hydrofoils greater thanD/T ratio 0.27 attains the maxi-
mum axial velocity atr/R = 0.2 (Fig. 8D). Near the vessel base
(Fig. 8C), the axial velocity is minimum for HF45W25-3 and
HF6030W2513-3. This indicates the need of a hydrofoil to have
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The axial flow impellers especially the narrow bladed hy
oils are very much sensitive to the blade twist and blade w
enerally, the part of input power that is not used in gen

ng head or flow is dissipated through shear or turbulent ed
owever, this dissipation of turbulent kinetic energy is not ne
arily harmful because there are some applications like mixi

mmiscible fluids, suspension of solids, gas dispersion etc.
uch turbulent eddies or vortices to attain desired end pro
he hydrofoils are mean to be high efficient blades that acco

or lesser energy dissipation and greater production of flo
ead. TheD/T ratio of narrow bladed hydrofoils ranged fro
.27 to 0.33 in the present study. In the present study, the
f impeller diameter, blade width, blade twist and blade p
n the flow pattern were investigated. However, the numb
lades was maintained constant (three blades) for all the n
laded hydrofoils.

Fig. 8A and B shows the comparisons of the mean ra
elocity for the narrow bladed hydrofoils at two axial lo
ions (z/R = 0.112 and 0.4). Near the vessel base (z/R = 0.4), the
mpeller with 30◦ blade pitch and straight blades (HF30W
) attain its maximum radial velocity atr/R = 0.36 andz = 0.4
Fig. 8A). However, a very similar trend is observed for
ther impeller with the same blade shape, which has str
lades but with lesserD/T ratio (HF45W25-3). The blad
idth near the hub has been maintained a constant of 2

or all the impellers used in this work. The impeller w
lade twist of 45◦ (HF4500W2517-3) attains a minimum rad
elocity at z/R = 0.4 (Fig. 8A). The impellers with both blad
wist and progressive decrease in blade width (HF4530W2
, HF6030W2513-3 and HF6045W2520-3) experience

nward radial flow near the vessel corner atz/R = 0.4 and
.
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ptimum blade twist and reduction in blade width for attainin
aximum axial flow. The flow number calculation will indica

he efficient hydrofoil that gives a maximum axial flow. Fr
able 1, it can be concluded that theNQS is maximum (1.42
or the 60◦ blade pitch hydrofoil (HF6045W2520-3). Howev
he primary flow is about 0.7 for both HF4500W2517-3
F6045W2520-3. The CFD predictions, below the impeller
ear the vessel base matched well with the LDA measurem
he predicted mixing time fromTable 1shows a minimum valu
2.53 s) for HF6045W2520-3, which has a secondary flow n
er of 1.42. TheNQS of HF6030W2513-3 was 0.72, hen

ts mixing time was found to be higher (6.38 s) than o
ydrofoils.

Fig. 9A and B shows the comparisons of the mean tange
elocity for the narrow bladed hydrofoils at two axial lo
ions. The hydrofoils with 15◦ blade twist (HF6045W2520-
F4530W2517-3) experience a tangential flow in the op
ite direction at 0.4≤ r/R ≤ 0.6. Below the impeller (z/R = 0.12)
nd near the vessel base (z/r = 0.4), HF6045W2520-3 attain

he maximum tangential velocity in the vessel centre re
r/R < 0.15). However away from the vessel centre, the swi
omponent reduces drastically for HF6045W2520-3. There
uch change in the tangential velocity trend below the imp

or other hydrofoils. The swirling component was found to
ominating in the range 0.1–0.2Utip at r/R = 0.4.

Fig. 9C and D shows the comparisons of turbulent kin
nergy for the narrow bladed hydrofoils at two axial lo

ions. Below the impeller (Fig. 9D), z/R = 0.12, HF4530W2517
attains a maximum turbulent kinetic energy of 0.046U2

tip.
he power number measurement also shows a highest

NP = 0.41) for HF4530W2517-3. The hydrofoil with straig
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Fig. 8. Mean radial and axial velocities generated by narrow blade hydrofoils. (A and C) Near the vessel base; (B and D) below impeller; (♦) HF4; (�) HF4500W2517-
3; (�) HF45W25-3; (×) HF4530W2517-3; ( ) HF6030W2513-3; (+) HF6045W2520-3; (—) CFD-HF6045W2520-3.

blades (HF30W25-3 and HF45W25-3) and with maximum blade
twist (HF4500W2517-3) attains it maximum of around 0.04U2

tip
atz/R = 0.12 and 0.2<r/R<0.4 whereas the 60◦ blade pitch hydro-
foils (HF6030W2513-3 and HF6045W2520-3) attained max-
imum of 0.041U2

tip at z/R = 0.12 andr/R = 0.06. The minimum
power number (NP = 0.27) is for the 30◦ pitched blade hydrofoil.
Near the vessel base (Fig. 9C), the maximum value of turbulent
kinetic energy is shifted in between 0.4≤ r/R ≤ 0.6 (z/R = 0.4).
Among all the narrow bladed hydrofoils experimented, the pre-
dicted maximum energy dissipation (118.017 m2/s3) was found
to be maximum for HF6045W2520-3 (Table 2).

3.2.1.1. Effect of blade twist
Compared on the basis of equal power consumption

(1 kW/m3), the hydrofoil with optimum blade twist of
15◦ (HF6045W2520-3) gives the maximum flow number
(NQS= 1.42). However, the hydrofoil with increased blade twist
(>15◦) failed to pump the fluid efficiently (HF6030W2513-3).
From Table 2, it can be observed that theNQS/NQP is maxi-
mum (2.02) for the 60◦ narrow blade hydrofoil that has 15◦
blade twist (HF6045W2520-3). If the blade twist is increased
to 30◦, theNQS/NQP drastically decrease (1.24), as in the case
of HF6030W2513-3. The volume averaged normal stress was

F by n w imp
( HF60
ig. 9. Mean tangential velocity and turbulent kinetic energy flow pattern
♦) HF4; (�) HF4500W2517-3; (�) HF45W25-3; (×) HF4530W2517-3; ( )
arrow blade hydrofoils. (A and C) Near the vessel base; (B and D) beloeller;
30W2513-3; (+) HF6045W2520-3; (—) CFD-HF6045W2520-3.
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found to be higher (10.08 N/m2) for HF4530W2517-3. Sim-
ilarly the shear rate is found to be higher (1.032 s−1) for
HF4530W2517-3. The average turbulent kinetic energy is found
to be about 0.015 m2/s2, which is well reflected in the torque
measurements (NP = 0.41) for HF4530W2517-3.

3.2.1.2. Effect of blade width
The hydrofoil with constant blade width (HF30W25-3 and

HF30W25-3) gives the minimumNQP of 0.57. Hydrofoils with
decreasing blade width increase theNQP.

3.3. Broad bladed hydrofoils

The use of high-solidity, axial flow down-pumping impellers
in fermenters have resulted in a wide variety of both positive and
negative results. Much of this may come from the complexity of
the biological process on fermentations. Such impeller designs
are also utilised in the mixing of slurry, pulp and paper industries,
etc. However, the overall turbulence level has to be investigated
especially when papillation in bio-reactors is found be a major
factor for the death rate[24]. In the present study, four broad
bladed hydrofoils with twoW/D ratios (0.5 and 0.8) were taken
for the experimentation.

Fig. 10A and B shows the comparison of the mean radial
velocity for broad bladed hydrofoils at two axial locations. Near
the vessel base (z/R = 0.4), the trend for all the four broad bladed
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Fig. 11A and B shows the comparison of the mean tan-
gential velocity for the broad bladed hydrofoils at two axial
locations. There is negligible difference in the tangential profile
of HF2 and HF3 near the vessel base atz/R = 0.4 (Fig. 11A).
A strong vortex is seen for both HF2 and HF3 in the vessel
core region (r/R< 0.3) atz/R = 0.4 whereas the swirling compo-
nent for hydrofoil with change in blade width (HF3045-4 and
HF4560-4) is almost 50% lesser than HF2/HF3. A very similar
trend is observed below the impeller (z/R = 0.18), in the vessel
core region (Fig. 11B). The tangential velocity for HF2/HF3
is almost 40% higher than that of HF3045-4/HF4560-4 at
r/R ≤ 0.4.

Fig. 11C and D shows the comparisons of turbulent kinetic
energy for the broad bladed hydrofoils at two axial locations.
Below the impeller, atz/R = 0.18 andr/R = 0.34, HF3 attains a
maximum turbulent kinetic energy of 0.0414U2

tip. The torque
measurements also show higher value for HF3 (NP = 3.34).
The four-bladed hydrofoil (HF3) attains a maximum local tur-
bulent kinetic energy away from the baffle region. It is also
found that the maximum kinetic energy is due to the axial
fluctuations. It is clear that the axial pumping improves at the
expense of axial fluctuations for HF2 and HF3. As the num-
ber of blade reduces from four (HF3) to three (HF2), power
number reduced by 30% (NP = 2.32). The power number is
less for both HF3045-4 and HF4560-4. However, HF3045-4
and HF4560-4 was found to be poor in axial pumping. The
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ydrofoils are similar. The maximum radial velocity attained
he four-bladed hydrofoil (HF3) is 0.128Utip and that of three
laded hydrofoil (HF2) is 0.122Utip at r/R = 0.24. Similarly

or hydrofoils with the change in the blade width (HF30
and HF4560-4), the maximum radial velocity is 0.096Utip

nd 0.089Utip respectively atz/R = 0.2 andr/R = 0.2. Below the
mpeller (z/R = 0.18), there is no much difference in the ra
elocity trend for HF2 and HF3. The radial flow near the ba
egion is very similar for all the four broad bladed hydrofo
t z/R = 0.4. For brevity the profiles above the impeller and n

he vessel surface are not given.
Fig. 10C and D shows the comparison of the mean axial ve

ty for broad bladed hydrofoils at two axial locations. The a
et below the impeller (z/R = 0.18) for the four-bladed hydr
oil (HF3) can reach up to 0.68Utip at r/R = 0.26, whereas th
hree-bladed hydrofoil of the same blade design attains 0.5Utip
t r/R = 0.22 (Fig. 10D). The measured flow number below

mpeller represents that the hydrofoil with four blades (H
re energy efficient impellers (NQS= 2.44). Table 1 shows a
ood improvement in both the primary and secondary
umbers. TheNQP and NQS of HF3 increased to about 3
nd 10% when compared with HF2, respectively. The prim
ow number is 0.7 for both HF3045-4 and HF4560-4. Alm
0% of the primary flow is reduced when compared with H
ear the vessel base (z/R = 0.4), the trend for the axial velo

ty profile is similar as below the impeller (Fig. 10C). The
ownward jet strength is almost diminished (HF3045-4
F4560-4) to 50% near the vessel base where it is conv

o radial flow. The mixing time was found to be minimu
θCFD = 4.63 s) for HF3 hydrofoil and maximum (θCFD = 6.53 s)
or HF4560-4.
d

redicted maximum energy dissipation rate was found t
igher (12.915 m2/s3) for HF4560-4. The predicted maximu
nergy dissipation rate for HF3 was found to be 10.236 m2/s3,
hich was in good agreement with the work of Ghadge e

25], where they used cellulase enzyme solution as wor
uid. The average turbulent normal stress (τ̄N) is dominated
y the axial fluctuation that was found to be 28.66 N/m2 for
F3. Similarly the average shear rate is 8.383 s−1 for HF3.
lease note that the CFD predictions and comparisons
een presented for only one of the cases for the sake of

ty.

.4. Radial flow impeller

The disc turbine is most extensively studied impeller in
iterature. The flow in the discharge stream of Rushton tur
s characterized by the existence of strong radial and tang
omponents of mean velocity, periodic and fluctuating com
ent. The details of the vortex pair generated behind the imp
lade are dealt in detail by Yianneskis et al.[26], Zhou and Krest

15], Hockey and Nouri[21], Kemoun et al.[27] and Renaud e
l. [28]. It is also emphasized that the vortex trajectory is de
ent on the impeller diameter. For the completeness of the w
standard disc turbine (D/T = 0.33;C/T = 0.33;T = 500 mm) was
sed to predict the turbulent kinetic energy. The average va
rimary pumping number is around 0.75. The maximum a
elocities in the bulk of the tank are of the order of 0.2Utip. Radial
elocities are predominant at the top and bottom of the v
hat are in the order of 0.1–0.2Utip. Turbulence characteristics
he impeller stream of disc turbine have been studied by m
nvestigators[29,26,30,31,15,27,32]. Ng et al.[33,34]have use
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Fig. 10. Mean radial and axial velocities generated by broad blade hydrofoils. (A and C) Near the vessel base; (B and D) below impeller; (♦) HF2; (�) HF3; (�)
HF3045-4; (×) HF4560-4; (—) CFD-HF3.

sliding mesh approach and investigated the effect of grids in the
range 46,016–239,468. They have shown that the predictions
of RANS based models do not agree with the experimental data
obtained in the impeller discharge line of the experimental data.
Wechsler et al.[35] have used 400,000 and 1,000,000 grids and
still the predictions deviated by 50%. In this work, we have used
similar approach with the improvements that the LDA data has
been deionised using multiresolution analysis which employs
wavelet transforms[17]. We have used 443,800 grids for the sim-
ulation.Figs. 12 and 13show the comparison between the CFD
predictions and the experimental data (T = 500 mm,D/T = 0.33,

C/T = 0.33) near the impeller zone and in the bulk region,
respectively.

4. Relation between the impeller design and gross flow
characteristics

In the present work, a large number of impellers were
fabricated and investigated in terms of its hydraulic efficien-
cies (NQP/NP and NQS/NP). The primary hydraulic efficiency
(NQP/NP) varied from 0.39 to 2.37, whereas the secondary
hydraulic efficiency (NQS/NP) was found in the range 0.47–4.53.

F rn by w imp
(

ig. 11. Mean tangential velocity and turbulent kinetic energy flow patte
♦) HF2; (�) HF3; (�) HF3045-4; (×) HF4560-4; (—) CFD-HF3.
broad blade hydrofoils. (A and C) Near the vessel base; (B and D) beloeller;
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Fig. 12. Turbulent kinetic energy flow pattern by radial flow turbine: (A) 30 mm
below the impeller plane; (B) in the impeller plane; (C) 30 mm above the impeller
plane. (♦) LDA measurement; (—) CFD prediction.

However, the narrow blade hydrofoil, HF6045W2520-3, was
found to give maximum hydraulic efficiency (NQP/NP = 2.37
and NQS/NP = 4.53). The ratio ofεmax/N3D2 was found to
be minimum for the narrow blade hydrofoil HF6045W2520-3
(0.869) and maximum for PBTD60W3085-6 (5.218). However,
the difference inεmax/N3D2 for HF6045W2520-3 (0.869) and
HF6030W2513-3 (0.897) was found to be only 3%. The values
of kavg are the indicative of turbulence generated by an impeller,
whereasNQS indicates the total axial mean flow generated by
an impeller. The results indicate that the optimized mixing time
for narrow blade hydrofoil was found with the HF6045W2520-
3 until the average turbulent kinetic energy (kavg) level is 8%
of the standard pitched blade turbine used by Patwardhan and
Joshi[1], which is kept as the base case. Further, it can also be

Fig. 13. Turbulent kinetic energy flow pattern by radial flow turbine: (A) 50 mm
above the impeller plane; (B) 65 mm above the impeller plane; (C) 80 mm above
the impeller plane. (♦) LDA measurement; (—) CFD prediction.

observed at equal power consumption level of 1 W/kg, the broad
blade hydrofoil HF3 gave minimum dimensionless mixing time
of 59.18 withNQP/NP = 0.455 andNQS/NP = 0.745. The aver-
age normal stress (τ̄N) was found to be maximum (81.4 N/m2)
for PBTD60W50-6 and minimum (6.57 N/m2) for HF30W25-
3. The average shear rate (γavg) was maximum (8.383 s−1) for
broad blade hydrofoil, HF3 and minimum (0.673 s−1) for narrow
blade hydrofoil, HF30W25-3. Of all the impellers used in the
present study, broad blade hydrofoils and 60◦ PBTD generates
maximum level of shear (γavg> 4 s−1). However, the 30◦ PBTD
generates a medium level of shear (γavg= 1.5–2 s−1). Hence,
HF3 impeller may be more suitable for dispersion applications
whereas the narrow blade hydrofoils are more suitable for blend-
ing application and shear sensitive products.



192 T. Kumaresan, J.B. Joshi / Chemical Engineering Journal 115 (2006) 173–193

Fig. 14. Relation between dimensionless mixing time (θexpUtip/R) and 1/NQS;
(♦) PBTD; (�) hydrofoils.

5. Relation between the impeller design and mixing time

The effect of impeller design, blade pitch, blade width and
blade twist were investigated on the mean and turbulence char-
acteristics as well as mixing time. The results are given in
Table 2. In all the cases, the mixing time was found to be
inversely proportional to the secondary flow number (NQS) of
an impeller, irrespective of the nature of impeller design. Pat-
wardhan and Joshi[36] have found that the mixing time for axial
flow impellers could be correlated well with the secondary flow
number (NQS). Similar relationship was found to hold for all the
impellers. However, an interesting observation was made. A plo
of dimensionless mixing time (θexpUtip/R) versus flow number
showed two distinct times. One corresponding to pitched blade
turbines (impellers 1–12 inTable 1) and hydrofoils (impellers
13–22 inTable 1). These times are shown inFig. 14and given
by the following equations. The proportionality constant can
be seen to be 211.86 for pitched blade turbines and 142.65 fo
hydrofoils. The proportionality constant for hydrofoils is almost
1.5 times lower than PBTD

θexpUtip

R
= 211.86

NQS
(11)

θexpUtip

R
= 142.65

NQS
(12)

T ith
p 4%
a te
e um
a lity
c 4%,
r wa
f

6

re-
m ha

been performed to study the effect of impeller design on
the flow pattern (average velocity, turbulent kinetic energy,
maximum energy dissipation rate, average shear rate and
turbulent normal stress) and mixing time for a set of axial
flow impellers (pitched blade turbines and hydrofoils). A very
good agreement has been observed between experimental and
the predicted mixing time over a wide range of impellers
varying in number of blades, blade angle, blade width and
impeller diameter. When compared at an equal power con-
sumption level of 1 kW/m3, the following conclusions can
be drawn regarding the effects of different impeller design
parameters.

(1) As the impeller angle increases from 30◦ to 60◦, the
NQS/NQP ratio was found to be 2.15 and 2.17 for 30◦ and
45◦ pitch, respectively, whereas it reduced to 1.73 for 60◦
pitched blade impeller. Similarly, theNQS/NP ratio was also
found to decrease with an increase in the blade angle [30◦
(2.4); 45◦ (1.01); 60◦ (0.72)].

(2) Power number and the secondary flow number were
found to decrease with a decrease inW/D ratio.
(PBTD45W30-6 (NP = 1.41; NQS= 1.85), PBTD45W50-6
(NP = 1.8;NQS= 2.02)). TheNQS/NP ratio was also found to
decrease with a decrease inW/D ratio.

(3) It was observed that the presence of blade twist
(PBTD3020W50-6) decreases the power number and flow

( ter-
issi-

n
av-
ce,
par-

bulent
ow

( of
ber

ofoil
ves

( ed
-4)
was

ine
s

ow

( ime
m-
an

42.65
ils
he maximum and minimum error deviation for the line w
roportionality constant 211.86 (PBTD) was found to be 2
nd 4%, respectively (Fig. 14). On an average, the ordina
rror deviation was found to be 15%. Similarly, the maxim
nd minimum error deviation for the line with proportiona
onstant 142.65 (hydrofoils) was found to be 30% and
espectively. On an average, the ordinate error deviation
ound to be 19%.

. Conclusion

In the present work, a combination of LDA measu
ents and CFD predictions using sliding mesh approach
t

r

s

s

numbers.
4) For a downflow impeller, the jet leaving the impeller in

acts with the vessel base, producing more energy d
pation (PBTD45W30-6;εmax/N3D2 = 2.53) in the regio
below the impeller. For an upflow impeller, the jet le
ing the impeller interacts with the top liquid surfa
where the energy dissipation was found to be com
atively smaller (PBTU45W30-6;εmax/N3D2 = 2.24). The
average shear rate, average normal stress and tur
kinetic energy were found to be higher for the downfl
impellers.

5) The narrow blade hydrofoil impeller with a blade twist
15◦ (HF6045W2520-3) gives the maximum flow num
(NQS= 1.42). Further increase in blade twist (>15◦) resulted
into a decrease in flow number. The narrow blade hydr
without blade twist (HF30W25-3 and HF30W25-3) gi
low flow number (NQP= 0.57).

6) In the present work, four designs of four-blad
impellers (PBTD45W50-4, HF3, HF3045-4, HF4560
have been investigated. Out of these, HF3 design
found to give highest values ofNQP and NQS fol-
lowed by conventional four-bladed pitched blade turb
(PBTD45W50-4 (Fig. 1F)). The other two hydrofoil design
(HF3045-4 and HF4560-4) have relatively very low fl
numbers.

7) It was observed that the dimensionless mixing t
(θexpUtip/R) varies inversely with the secondary flow nu
ber (NQS) of the impeller. The proportionality constant c
be seen to be 211.86 for pitched blade turbines and 1
for hydrofoils. The proportionality constant for hydrofo
is almost 1.5 times lower than PBTD.
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