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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 thickn
pumping direction and interaction of flow with the vessel wall. Measurements of the power consumption and flow pattern have been carried out
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 pat
(average velocity, turbulent kinetic energy, maximum energy dissipation rate, average shear rate and turbulent normal stress) has been pres
on the basis of equal power consumption to characterize the flow generated by different impeller geometries. Comparisons of LDA measurem
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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1. Introduction and minimal turbulent kinetic energy (even <§%). On con-
trast, colloidal mills, homogenizers and emulsifiers need highly
Stirred vessels are widely used in chemical, pharmaceuurbulent flows. All the other applications can be conveniently
tical, food and metallurgical process industries as well inclassified according to their need of energy distribution.
municipal and industrial wastewater treatment. In these pro- Instirred vessels, the quality of flow generated by the impeller
cesses, the requirement of quality of mixing varies over a widenainly depends upon the impeller design. Typically, low power
range. These include blending of low viscosity of liquids, highnumber (0.1-0.5) impellers generate mean flow whereas high
viscosity liquids or high viscosity liquids with low viscos- power number impellers (>3) generate flow having more turbu-
ity liquids and vice versa, solid-solid mixing, etc. These alsolent kinetic energy. As the flow proceeds from the impeller and
include heat transfer and large number of dispersion applicationsgrculates within the vessel, the mean kinetic energy is converted
such as solid-liquid, gas—liquid, liquid—liquid, gas—liquid—solid, into turbulent kinetic energy and as mentioned earlier, the rela-
gas-liquid—liquid—solid, etc. The quality of mixing mainly tive distribution at any location depends upon the design of the
depends upon the relative distribution of mean and turbulenimpeller, vesseland internals. In view of such animmense impor-
kinetic energy. One extreme is the absence of turbulence artdnce of the knowledge of quality of flow, vigorous research
the entire energy exists in the form of mean kinetic energy. Thefforts have been made during the last 50 years using various
other extreme is that the flow is turbulent at all the locationsflow measurement techniques and computational fluid dynam-
and the mean velocities are zero. Obviously, the real flow is incs (CFD). A brief review has been presented below for getting
between the two extremes and depends upon impeller desiga flavour of the existing status of knowledge.
diameter and the location of impeller/s, vessel diameter, bottom The on going demand for the improved impeller designs
design and internals such as coils, baffles, draft tube, etc. Thesually comes from the users of industrial mixing equipment
desired flow pattern (relative distribution of mean and turbu-when the vessels are to be designed for new plants or improve-
lent kinetic energy) depends upon the application. For instancenent in the existing design is desired for enhancing quality,
blending application prefers all the energy in the form of mearcapacity, 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
* Corresponding author. Tel.: +91 22 414 5616; fax: +91 22 414 5614, Of the flow characteristics affecting the impeller flow efficiency
E-mail address: jbj@udct.org (J.B. Joshi). is the presence of trailing vortices generated at the tip of the
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Nomenclature

Bc baffle clearance (m)

Bik impeller blade thickness (m)

Bt baffle thickness (m)

Bw baffle width (m)

c concentration in the cell (kmol 1i#)

C clearance between the impeller to the vessel ba
(m)

CMC carboxy methyl cellulose

Cu, Ce1, Co2 k—e model constant

D impeller diameter (m)

Dn, diameter of the impeller hub (m)

H liquid height (m)

k local turbulent kinetic energy (frs—2)

kawg  average turbulent kinetic energy {isr?)

L length of the blade from the hub to periphery (m

LDA laser Doppler anemometer

N impeller rotational speed (3)

Np number of baffles

Npexp €xperimental power numbeP{pN3D®)

Nppreg predicted power number, E(4)

Ngp primary flow number, Eq(1)

Nos secondary flow number, E(R)

Ng.  Reynolds numbeND?/y)

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

R radial location till impeller periphery (m)

RRr radial location till reversal axial flow (m)

S source term for generalized flow varialibe

T tank diameter (m)

v, Uz, Vg Mean velocity in the radial, axial and tangentig

vy, v}, vy fluctuating velocity in the radial, axial and tan

1% operating volume ()

Uip  impeller tip velocity (ms?)

wy weight exerted (kg)

w impeller blade width (m)

Wh impeller blade width near the hub (m)
Wi impeller blade width at the blade tip (m)
z axial coordinate (m)

Superscript

S small impeller diamete?{(7T=0.2)
Greek symbols

% kinematic viscosity (fhs™1)

Yavg average shear rate (§

v Vro, Vo, Shearcomponentsiar, r—0 andd— direction

direction respectively (ms)

gential direction respectively (nT$)

s

1

=

ASe

r effective diffusivity consisting of molecular plus
turbulent diffusivity (nfs—1)

e energy dissipated per unit mass3(sn®)

g average energy dissipated per unit mas$gm)

emax ~ mMaximum energy dissipated below the impeller
(m?s3)

0 tangential coordinate

Ocep  predicted mixing time (S)

Oexp experimental mixing time (s)

Vt kinematic viscosity (ris™1)

) density (kg n3)

™ average turbulent normal stress (N

0 torque (kg s—2)

o¢,0r  k—e model constant

o generalized flow variable

impeller blades. Firoz et g2] studied the strength of the trail-
ing vortex structures close to the four-bladed pfiched blade
turbine using vorticity maps. Itis 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 §B]. Fasano et a[4] indicated

that the large trailing vortex in four-bladed 4pitched 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 Jos}i] 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[£]. 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
(WID=0.19) produces a fully developed vortex flow and the
smaller blade impellerW/D =0.07) produces a stronger shear
stress due to the mergence of the two symmetric vortices. Ruther-
ford et al.[7] and Bujalski et al[8] observed the importance of
blade thickness for disc turbine where the maximum mean veloc-
ity in the impeller discharge region was reduced approximately
to 0.18tp whenBy/D was increased from 0.0082 to 0.0337.
Medek and For{9]. Fentiman et al[10] made a slight blade
twist in the three bladed hydrofoil impeller and found that mix-
ing efficiency increased with the change in blade twist. However,
more number of hydrofoil impellers must be investigated to find
the effect of mixing efficiency on the bladed twist.

Jaworski et al[11] compared the superiority of commer-
cial hydrofoils (Chemineer HE-3 and Prochem Maxflo T) in
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generating the circulating flow at equal power input. Although2. Experimental methods and impeller nomenclature
the observed trends in the mean axial and radial flows are
similar, there was a drastic change in their level of magni- Experiments were performed in 500 mm i.d. flat bottom
tudes. Both the primary flow numbeNgp) and secondary transparent (Perspex) cylindrical vessel. The baffle width
flow number {Vgs) of broad bladed hydrofoil (Prochem Maxflo (Bw =77/10), baffle thicknessBr = 4.5 mm) and the clear liquid
T) was 50% greater than that of the narrow bladed hydrofoiheight,H = Twere maintained constant for all the configurations
(Chemineer HE-3). Further, they have proposed that the netsed in this work. Tap water was used as the working fluid. A
circulation produced by an impeller is more important thantwo HP variable speed motor supplied the necessary power to
the pumping capacity. Tomas et §1.2] experimented com- the system that enabled the shaft to rotate in the range 0.167-20
mercial techmix 335-hydrofoil impeller on the mixing inten- revolutions per second. In all the cases the impeller speed was
sity of dispersion. They observed that the impellers with lowemaintained in such a way that there was no air entrapment from
power number (less than unity) provide higher dispersion mixthe liquid surface.
ing intensities, while the impellers with higher power number Experiments have been performed using pitched blade tur-
gave better mass transfer performance. Patwardhan and Josies with various blade designs. The impeller nomenclature is
[1] pointed out that mixing time was well correlated wiXys ~ as follows:
rather tharNgp that implies that the circulation time preferably
should be calculated with the total flow (primary + entrained)
of an impeller, which emphasizes the importance of entraine
flow.

Bugay et al.[13]_performed gxpenments on the Lightnin number following immediately is the blade angle in degrees
A310 impeller Vop=0.55) focusing on the mean flow and tur- 0N n

N . (°) at impeller hub.
bulent kinetic energy using PIV. They have observed that the,.. .-

. . . ; (i) The consequent two-digit number represents the blade
magnitude of maximum axial velocity was found to be 30% ; : . .

. ; It angle at the impeller blade tip. The difference in these

of the impeller tip speedlp) at #/R=0.6. Also, they have . : .
o . : angles gives the blade twist, representing the presence of
observed that the liquid at free surface rotates in the same direc- L .
. . ) . blade twist in the impeller. If the blade angle only near the
tion as the impeller, in the vessel core regiat® < 0.5) and the . o . . .
- . . impeller hub is given without the blade tip angle, it means
liquid rotation was opposite close to the vessel wek & 0.5). . . :
; i o S the blades are straight without blade twists.
However, in order to further improve the mixing efficiency of ... o ; .
. : iii) The letter ‘W’ following the blade tip angle represents the
such impellers, the hydrodynamics of more number of broa& : -
T Iy : : . blade width and a consequent two-digit number represents
bladed hydrofoils with modified blade design has to be investi- e . .
- blade width in mm at the impeller hub and the successive
gated. Mavros et a[14] compared the flow efficiency of three - ; . .
! . . : . two-digit stands for the blade width at impeller blade tip.
commercially available impellers (Rushton turbine, Mixel TT . ) L .
. ) . : If the blade width only near the impeller hub is given with-
and Lightnin A310) using LDA. The Mixel TT was found to . : . .
: - . out the blade width at impeller periphery, it represents the
have the high flow efficiency of 70.9% whereas Rushton turbine .
. . . presence of constant blade width.
and Lightnin A310 had flow efficiency of only 52.7% and 46.2%, . . : - .

: : . . ' (iv) Finally, a single digit number that is followed after a dash
respectively. Further studies on those three impellers using wé— sian stands for the number of blades fixed to the impeller
cous fluid (1% CMC solution) gave less than 26% hydraulic hl?b P
efficiency. Zhou and Krestd 5] concentrated on the turbulent '
kinetic energy induced by three different impellers (Rushton
turbine, four-bladed PBTD and Lightnin A310) in the impeller  Hydrofoil impellers are increasingly becoming popular. It
discharge region using LDA. They observed that the fluctuationgs claimed that these impellers have superior characteristics as
in the direction of the principal flow of an impeller contributes compared to the standard impeller designs. Hence, the flow pat-
more towards the turbulentkinetic energy i.e., radial fluctuationserns of six narrow bladed hydrofoils and four broad bladed
for Rushton turbine and axial fluctuations for PBTD and A310.hydrofoils have also been performed in this study. A similar
In order to pursue with such an assumption of local isotropynomenclature is followed for the narrow bladed hydrofoils as
(3u/f/2),experiments on more number ofimpeller blade designgitched blade turbines. All narrow bladed hydrofoils used in
must be considered to quantify the exact level of participathis work are three-bladed.
tion of the principal fluctuation on the turbulent kinetic energy ~ The nomenclature for broad bladed hydrofoils that are of
budget. high solidity ratios is as follows. The blades of the three-bladed

Patwardhan and JosHi] have indicated an enormous scope HF2 impeller were convex in shape and the curvature is
for improvement in the mixing efficiency (mixing time per unit widthwise. The radius of curvature is approximately 100 mm.
power consumption) by achieving desired combination of meardhe HF3 impeller was similar in shape to HF2 impeller, but it
and turbulence at various locations in the tank. In view of thishas four blades with radius of curvature approximately 110 mm.
it was thought desirable to undertake a systematic investigatiohhe blade curvature for HF3045-4 and HF4560-4 is very similar
of the effect of various impeller designs on the flow pattern ando that of HF3 hydrofoil with blade twist of I5 Photographic
mixing time. In the present work, the investigation has beerviews of all the impellers investigated are giverFiig. 1. The
focused on axial flow impellers. flow measurements were done in the mid-baffle plane where an

d(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
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input power level of 1 W/kg and impeller off bottom clearance2.2. Mixing time measurements

of C/IT=0.33 were maintained for all impellers studied.

However, the power measurements were compared at three The mixing time was measured using four conductivity
different impeller off bottom clearances @/7=0.25, 0.33 probes located at various positions so as represent all the regions

and 0.5. of the stirred vessel. Probe 1 was located 50 mm below the
water level and 20ahead to the baffle. Probe 2 was located
2.1. Power number measurements 110 mm below the water level and midway between the two

baffles. Probe 3 was located 340 mm below the water surface

The power consumption in an impeller agitated vessel wagnd midway between the baffles (in the impeller plane). Probe 4
calculated using the loadv) measured by the load cell setup was located 20 mm above the vessel base and 40 mm behind the
associated with the torque table with the controlled traversbaffle. Sodium chloride solution (2 M) was used as a tracer. An
ing mechanisnj16]. The position of the shaft was fixed while impulse input of tracer (volume = 0.1 L) was injected on the lig-
the impeller off-bottom clearance could be altered by changuid surface in the midway between the baffles and 100 mm away
ing the vessel position by vertically traversing the torque tablefrom the shaft. Data acquisition was continued for sufficiently
The load cell was calibrated each time before the measurdenger time so as to allow for closer approach to the steady state
ments were carried out. Statistically sufficient (10-12) readin the concentration profiles. The mixing time was estimated
ings were taken for each setup to yield meaningful averagéor each of the probes as the time required to attain the final
load that was used for computing the power consumptiongoncentration withint2% of the average concentration. Final
which in turn was used for the estimation of power numbermixing time was obtained as the average of all the mixing times
(Np). indicated by four probes.

Fig. 1. Impeller designs. (A) PBTD30W5545-3; (B) PBTD3020W50-6; (C) PBTD30W50-6; (D) PBTD60W3085-6; (E) PBTD60W50-6; (F) PBTD45W50-4; (G)
PBTD45W5030-6; (H) PBTD45W3050-6; (I) HF30W25-3; (J) HF45W25-3; (K) HF4530W2517-3; (L) HF6030W2513-3; (M) HF6045W2520-3; (N) HF2; (O)
HF3; (P) HF3060-4; (Q) HF4560-4; (R) standard disc turbine.
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(K)

(P)

(R)

Fig. 1. (Continued).

2.3. Flow pattern measurements whereR) represents the radius of the impeller dtgdrepresents
the point of reversal of the axial flow.
The non-invasive velocity measurements were carried out
using LDA at four different axial locationg@ble 3 following > 4 crp simulation
the work of Ranade and Jodl]. All the measurements were
made at the mid-baffle plane of the vessel. The details of the o, the prediction of flow pattern, CFD simulation was

LDA measurement locations can be seerTable 1 All the  employed. The turbulence was modeled using a stantard
vessel configurations were experimented at an equal power Cofyode| for which the transport equation for a generalized vari-
sumption level of 1 kW/rh. Raw LDA data were preprocessed abled is given by

for the removal of noise following the procedure of Kulkarni et
al.[17]. @ 19

10 0
The experimental data of mean axial velocity below the gt T ?§(mr(p)+ ;£(v9q§) + EZ(UZ¢)

impeller, in the radial direction were used for the calculation of 139 ( a¢> 13 <F8cp> 3 < 8q>>
_ S

flow numbers. The primary flow numbe¥¢r) and secondary = o ~w\ T3 % ™

flow number {Vos) were calculated using the following equa- ror

tions:
foRI v, 277 dr where @ stands forv,, v,, vg, k, €, etc. The source terms for
Ngp = T ND3 (1) different flow variables {») may be referred from Sahu et al.
Re [18] All the CFD simulations were performed using FLUENT.
Ngs = Jo " ve2mr dr ) The total grid size 0f 44384Q  r x 6: 73 x 32 x 190) was used

ND3 for the full tank simulation. Impeller region (less than 1.5% of



Table 1
Geometry of impellers investigated, power number, flow number and mixing times
S. no. Impeller CIT D (m) WID DIT By (m) Axial measurement location (mm) Npexp Np pred Nop.exp Ngs,exp BOexp OcED
| Il i v
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 -310 311 3.08 117 2.54 55 5.22
0.20 0.18 0.17-0.48 0.35 0.002 - - 3.22 - - - 55 -
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 55 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 PBTD45W30-8 0.50 0.10 0.30 0.20 0.002 - - 2.00 - - - 45 -
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 - - 221 - - - 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 -
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Narrow blade hydrofoils
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tank volume) was meshed with 15% of the total grid size used The average shear ratga(g) in the stirred vessel was calcu-
for the full tank in order to resolve the steep gradients in thdated by taking summation of the volume average of E&js:(8)
impeller region. Similarly, near vessel wall and baffle region
were meshed with the dense grid. Impeller rotation was modele@| 5.2. Average normal stresses
using sliding mesh technique except in the simulations for the The turbulent kinetic energy imparted by the impeller in a
draft tube configurations. In the sliding mesh simulations, a timatirred tank at the desired speed of agitation was calculated by the
step of 0.01s was employed. The under relaxation parameteGFD simulation. The volume averaged turbulent kinetic energy
used for velocity, pressure, turbulent kinetic energy and energwas calculated by the following equations:
dissipation were 0.3, 0.6, 0.6 and 0.6, respectivelykFaenodel
constantL,,, Ce1, C,2, 0, andoy 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 liquidSince k = (1/2)(v’f + v’g + v’f) and the individual normal
Hence, the impeller power number was calculated from the volstresses arg?, v'2, v'2, respectively. The average normal stress
ume integration of turbulence energy dissipation rate predicated given by the following equation:
from the CFD model, in the following manner;
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P,Pred 3. Results and discussion

For the estimation of mixing time, the following transportequa- 3 ;  pi-hed blade turbines
tion for the concentration (scalar) was simulated

o 19 19 P The effect of impeller diamete{7=0.2, 0.33, 0.34 and
s ;5(“”0) + ;%(Uﬂc) + ETZ(UZC) 0.35), blade angle (3045, and 60), number of blades (3, 4
and 6), blade widthW/D from 0.18 to 0.3), blade twist (1)
— 19 <r]"ac> + 19 <F8c> + 9 (['ac) (5) and principal flow direction (downflow/upflow) are studied on
ror or) ro0 \rado) 9z \ 9z the flow pattern prevailing in the stirred tank.

After computation of the velocity and the turbulent kinetic 3.7.7. 30° pitched blade turbine
energy profile, the blending process was modeled by solving the Experiments have been performed on three different types
conservation equatiofd). Here, the dispersive transport of the of 30° pitched blade downflow turbines at constant power con-
tracer due to turbulent motion in a stirred vessel is accounted byumption level of 1 kW/m, which are modified in their blade
the turbulent diffusivity, denoted by. The model parameters, designs. One of the impellers is three-bladed with progres-
grid sizes, and experimental boundary conditions were similagive reduction in blade width (PBTD30W5545-3) from the
to those used in the prediction of flow pattern. The predictedmpeller hub (55 mm) to blade tip (45 mm) whereas other two
mixing time using the mixing tine definition based on 98.5%impellers are six-bladed in which one of them hadhlade twist
mixing criterion (the time required femin/cmaxto attain avalue  (PBTD3020W50-6) near the blade tip and other one is with con-
of 0.985) was found to be comparable with the mixing timestant blade width (PBTD30W50-6) of 50 mm. The comparisons
estimated using the conductivity measurement technique for gf mean radial velocity profiles near the vessel bate=0.4)
knownimpeller. In view of this, the same criterion was employedand below the impellerz(R=0.1) are shown irFig. 2A and
for the prediction of mixing times for rest of the configurations. B, respectively. The radial velocity for the pitched blade tur-
bine with three blades (PBTD30W5545-3) was found lesser

2.5. Estimation of the flow properties (0.25> r/R > 0.8) than the six straight bladed impellEig. 2A).
However, the difference in the magnitude of radial velocity was
2.5.1. Average shear rate clearly observed in the impeller vicinity, immediately below the

The shear rate acting on fluid element is given by the deforimpeller Fig. 2B). The radial velocity for the six straight bladed
mation tensor. The off diagonal elements of the stress tensampeller was found to be maximum (0.0%) at #/R=0.22
matrix are the shear rates. For cylindrical co-ordinate, these amghereas the magnitude reduced to 0.0g8and 0.02/, for

written in terms of mean velocities §9] the six-bladed impeller with T0blade twist and three-bladed
1 impeller, respectively. However, near the vessel periphery, the
Vo = Vor = .0 (v9> + = dvy (6)  strength of inward radial flow was found to be higher (€/g)
ar \r r o0 at0.4> /R > 0.9 ¢/R = 0.1) for the impeller with 10blade twist
dvg  1dv, (Fig. 2B).
Vor = Vi = o7 + Y () Fig. 2C and D shows the comparisons of the mean axial
velocity for 30 pitched blade turbine at two axial locations,
Ver = Yoo = v, + vy 8) which show a negligible difference in the axial velocity trends.
r — Z =

oz Near the vessel basg/R =0.4), the axial velocity of the three-
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Fig. 2. Mean radial and axial velocities generated by @fched blade turbine. (A and C) Near the vessel base; (B and D) below impeljd?BTD30W5545-3;
() PBTD3020W50-6; £) PBTD30W50-6; (—) CFD-PBTD30W50-6.

bladed impeller was found to be slightly lesser than that of theéurbines (/R < 0.2). The observed magnitude belayt®=0.1,
six-bladed impellersKig. 2C). Below the impellerffR=0.1), #/R=0.2) the constant blade width impeller (PBTD30W50-6)
the six-bladed impeller with constant blade width gave a maxis 0.1&;,. However, below the impeller, the difference in the
imum axial flow Fig. 2D) of 0.42U%p at#/R=0.25. Ranade et tangential velocity was found to be significant in the vessel core
al. [20] observed that the maximum axial velocity of 0L3@ at  region (/R <0.2).

r/R=0.28 andz/R=0.12. The quantitative difference in axial Fig. 3C and D shows the comparisons of the turbulent kinetic
velocity beyondr/R > 0.3 was negligible. However, the 30 energy near the vessel bagiR(=0.4) and below the impeller
impeller’s flow efficiencies can be seen fraiable 1 TheNgpis  (z/R=0.1) for the 30 pitched blade turbine, respectively. The
minimum (0.63) for three-bladed impeller and maximum (0.8)differences in kinetic energy profiles are distinot/&t< 0.4. The

for impeller with constant blade width. The secondary flowmaximum value of turbulent kinetic energy was for the impeller
number for the impeller with 10Oblade twist is lesser than the with constant blade width near the vessel base ((Uﬁélﬁand

impeller with straight blades, which implies that the presenceyg|ow the impeller (O.Ult?p) atr/R=0.2. However, near the ves-
of blade twist in the six-bladed 3(itched blade impeller, has  se| hase 4R =0.4), the CFD prediction for the straight blade
poor entrainment of liquid towards the vessel co¥g{=1.53).  jmpeller (PBTD30WS50-6) under predicted the turbulent kinetic
The CFD predictions below the impellez/R=0.1) show an  energy level to about 50% &R > 0.4. The power measurements
excellent comparison with the LDA measurements. Similarlyreveal that the power number for the impeller with constant
the mixing time was found to be minimuridrp=5.99) for  pjade (PBTD30W50-6) width was higheNgexp=0.71) than
PBTD30W50-6 with good entrainmenVgs=1.74). Patward-  other two 30 impellers considered in this study. Th& val-
han and JosHil] have observed that the mixing time could be yes are found to be minimum for three-bladed PBTD (0.66) and
well correlated with the help of secondary flow number rathersix-pladed impeller with blade twist (0.67Jable 2shows the
than the primary pumping capacity. This implies that the totalkffect of impeller design on the turbulence properties. The loca-
flow (Ngs) must be taken into consideration. tion and the value ofmax depend upon the impeller design and
Fig. 3A and B shows the comparisons of the mean tangentiaje other geometrical parameters. At 1 W/kgRs¥, different
velocity near the vessel basgR = 0.4) and below the impeller jmpellers produce different levels efnax (Table 2. The esti-
(z/R=0.1). Nearthe vessel baség. 3A), the tangential velocity  mated values of dimensionlesga/N3D? for PBTD30W5545-
profiles are not consistent with the change in the impeller bladg pRTD3020W50-6 and PBTD30W50-6 were 2.104, 2.128 and
design. The CFD prediction for PBTD30W50-6is over predicted 145, respectively. Of the total fluctuations, the participation
atr/R < 0.6 and under predicted dR > 0.6. At0.2> /R < 0.4,  of axial fluctuating velocity .) is almost 90-92% near the
in the direction of the impeller motion, the swirling velocity jmpeller zone. The axial-radial shear stress was found to be
was found to be maximum (0.08p atz/R=0.4) for the three-  higher in the case of axial flow impellers, wherg,q increases
bladed impeller. However, the tangential velocities are dominanith the increase in both the gradients of mean axial and radial

and found to be stronger below the impelléid. 38), which  velocities ¢uvz/dz) and Qur/dz). However,yayg was found to
shows the presence of strong vortex below thiefB@hed blade  pe higher (1.757t) for PBTD30W50-6.
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Fig. 3. Mean tangential velocity and turbulent kinetic energy pattern byp&6hed blade turbine. (A and C) Near the vessel base; (B and D) below impéler; (
PBTD30W5545-3;[J) PBTD3020W50-6; £) PBTD30W50-6; (—) CFD-PBTD30W50-6.

3.1.2. 60° pitched blade turbine blade width (PBTD60W3085-6) at the same radial location gave
Two types of 60 pitched blade impellers were taken for 0.17Uy, that is 35% lesser in magnitude. This was in good
the measurements; one impeller was with increasing bladagreement with the work of Ranade and Jdshiwhere the
width (PBTD60W3085-6) from impeller hub{=30mm) to  maximum mean radial velocity for the constant blade width
blade tip =85 mm) and other one with constant blade width (W/D =0.33) impeller was 0.2%;,. Below the impeller, both
(PBTD60W50-6)Fig. 4A and B shows the effect of blade width PBTD60W3085-64/R =0.18) and PBTD60W50-G/R =0.12)
on the mean radial velocity. Near the vessel bat#=0.14), experienced a similar trend in the mean radial profile as shown
the impeller with constant blade width was found to pro-in Fig. 4B. The impeller with increasing blade width occu-
vide more strength (0.2&;p) in pumping the fluid radially pies more impeller volume, hence, axial location of measure-
at r/R=0.5 Fig. 4A) whereas the impeller with increasing ment was at/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 avategje shear r
Impeller D (m) WID DIT By (M) Nppred Nopcro Noscrp N (IPS) emax (KWIM3)  emadN3D? Ty (N/M?)  yavg (1/S)  kavg (MP/S)
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 0.002 332 122 241 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 0.002 141 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 0.002 176 0.85 1.93 7.55 48.239 4117 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 0.002 186 0.99 1.67 1596 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
HF4500wW2517-3 0.165 0.15-0.1 0.33 0.002 0.38 0.71 1.02 12.82 77.106 1.343 9.32 0.954 0.014
HF45W25-3 0.14 0.18 0.28 0.002 0.34 0.55 0.79 17.48 105.122 1.004 8.36 0.856 0.013
HF4530w2517-3 0.135 0.19-0.13 0.27 0.002 0.41 0.61 0.94 17.45 104.951 1.083 10.08 1.032 0.015
HF6030W2513-3 0.135 0.19-0.1 0.27 0.002 0.31 0.59 0.72 19.17 115.296 0.897 7.60 0.778 0.011
HF6045W2520-3 0.134 0.19-0.15 0.27 0.002 0.30 0.71 1.36 19.63 118.017 0.869 7.36 0.753 0.011
HF2 0.167 0.5 0.33 0.0025 2.33 1.05 2.00 6.87 11.541 1.278 19.99 5.848 0.030
HF3 0.167 0.5 0.33 0.0025 3.34 1.12 2.26 6.09 10.236 1.625 28.66 8.383 0.043
HF3045-4 0.17 0.8 0.34 0.0025 1.81 0.70 1.31 7.25 12.185 1.106 15.54 4.546 0.023

HF4560-4 0.17 0.8 0.34 0.0025 152 0.71 1.04 7.68 12.915 0.985 13.05 3.818 0.020
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Fig. 4. Mean radial and axial velocities generated by fiitched blade turbine. (A and C) Near the vessel base; (B and D) below impél)é?BTD60W3085-6;
(O) PBTD60WS50-6; (- -) CFD-PBTD60W3085-6; (—) CFD-PBTD60W50-6.

maximum of 0.06/;p for PBTD60W3085-6 at/R=0.1 and areversible tangential flov{0.1504p atr/R > 0.8) near the ves-
rIR=0.27. The CFD results over predicted in the vessel coresel edge in the impeller mid-plane regidrid. 5A). The CFD
region (0.3> r/R > 0.75). predictions however, reveal such reversible swirls in both the
Fig. 4C and D shows the effect of blade width on the mean6(® pitched blade impellers. Below the constant blade width
axial velocity at two axial locations. Major difference in magni- impeller Fig. 5B), the maximum value of the swirling com-
tude was not seen in mean axial velocity near the vessel base apdnent was found to be 0.8, at //R=0.22 andz/R=0.12,
below the impeller. Below the impellet/@ =0.12;Fig. 4D), the ~ whereas Hockey and NoJ#81] observed a peak value of @/g,
axial velocity of PBTD60W50-6 was found higher (0(65) atr/R=0.3 andz/R=0.14.
than the impeller with increasing blade (PBTD60W3085-6) Fig. 5C and D shows the turbulent kinetic energy profiles at
width at the vessel core regionR < 0.3). Ranade and Jogbi 7zIR=0.4 and 0.12, respectively. At all the four axial locations
observed the maximum axial velocity for the impeller with con-(z/R=0.12, 0.4,—0.12 and—1.24), the turbulent kinetic energy
stant blade widthW/D =0.3), near the vessel base as Qg8  profile for the PBTD60W50-6 was always greater than the
(atz/R=0.366 and/R =0.3). Similarly, Hockey and Nouf21] impeller with increasing blade width (PBTD60W3085-6). The
observed the maximum magnitude to be @/5 below the predicted turbulentkinetic energy/R = 0.3 was 16% higherin
impeller @/R =0.14 forw/D =0.18). The axial flow jet from the magnitude for the constant blade width impeller (PBTD60W50-
impeller base is higher for the 6blade pitch with constantblade 6). Belowthe impellerfig. 5D), the maximum value of turbulent
width. TheNgp andNgs for the constant blade width impeller kinetic energy (o.mgp) atr/R=0.3 is in good agreement with
were found to be 1.26 and 2.43, respectiv@bt{le ). However, Ranade et al[20] This is well reflected in the power number
the primary flow number for PBTD60W50-6 increased to aboutmeasurement using load cell setup. Nyefor PBTD60W50-6
7% than impeller with increasing blade width (PBTD60W3085-is 3.30, which is 5.7% higher than the impeller with vary-
6). Similarly, CFD predictions show increased level of meaning blade width. The predicted overall turbulent kinetic energy
axial flow for PBTD60W50-6 especially near the impeller zone.(0.122 nt/s?) for PBTD60W50-6 was higher than the impeller
Since there is no marginal difference in the axial flow, the prewith varying blade width. The overall kinetic energy dissipa-
dicted mixing time was found to be almost the sam®&.2s tion rate for PBTD60W50-6 was found to be 33.3%3€. Even
(Table 1. though, there was only slight difference in the mean axial veloc-
Fig. 5A and B shows the mean tangential velocity nearity, it reflected in the overall normal stress (81.4 Njrthat is
the vessel base/R =0.4) and below the impellet/R =0.12), 7% higher for PBTD60W50-6.
respectively. Below the impeller and near to the vessel base, the
trend for the mean tangential velocity isalmost sam&at 0.3.  3.1.3. 45° pitched blade turbine
However, there is a slight difference away from the vessel Seven types of 45pitched blade turbines with modified
core region £/R > 0.3) where the tangential velocity profile was blade designs were taken for the experimentation. The effect of
slightly higher for constant blade width impeller (PBTD60W50- impeller diameter, pumping direction, blade width and number
6) at 0.3> r/R < 0.6 (Fig. 5B). The PBTD60W50-6 experiences of blades on the flow pattern is studiédg. 6A and B shows the
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Fig. 5. Mean tangential velocity and turbulent kinetic energy pattern byp&6hed blade turbine. (A and C) Near the vessel base; (B and D) below impéler; (
PBTD60W3085-6; () PBTD60W50-6; (- -) CFD-PBTD60W3085-6; (—) CFD-PBTD60W50-6.

comparisons of the mean radial velocity for4gitched blade (PBTD45W3050-6) shows less than Oi}. It is also inter-
turbine at two axial locations. Near the vessel bag®£0.4  esting to note that downflow impeller with/T ratio of 0.2

and z/R=0.4), the mean radial velocity for the four blade (PBTD45W30-6) experiences a reversible radial flow near
pitched blade turbine (PBTD45W50-4) is the highest (0%J  the corner {/R > 0.75) of the vessel base whereas the upflow
of all 45° pitched blade turbines used in this study. The siximpeller with D/T ratio of 0.2 show a bulk movement of inward
straight blade pitched blade turbing/{'~ 0.3), PBTD45W30-  radial flow, whichis stronger (0.T4;p atr/R=0.12) inthe vessel

6, PBTD45W50-6 and PBTD45W5030-6 reached toly2  core region. The CFD prediction for the impeller with decreas-
0.12U4, and 0.1@/sip (Fig. 6A) at //R=0.4 andz/R=0.4, ingblade width (PBTD45W5030-6) matches well with the LDA
respectively, whereas the impeller with increasing blade widttmeasurements. The presence of such reversible radial flow near

Dimensionless radial velocity (v,/U;;p)
Dimensionless axial velocity (v./Uyp)

0 0.2 0.4 0.6 0.8 1

Dimensionless radial distance (r/R)

Fig. 6. Mean radial and axial velocities generated bygifched blade turbine. (A and C) Near the vessel base; (B and D) below impé)é&BTD45W50-4; (J)
PBTD45W30-6; A) PBTD45W5030-6; k) PBTD45W3050-6;X ) PBTD45W30-6; (+) PBTU45W30-6; (O) PBTD45W50-6; (—) CFD-PBTD45W50-6.
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the vessel corners may be disadvantage for solid suspension Fig. 7A and B shows the comparisons of the mean tangen-
operation and slurry reactors due to the formation of stagnarttal velocity for 45 pitched blade turbine at two axial locations
zones in the reactor. Below the impell&ig. 6B), atz/R=0.12, (z/R=0.12 and 0.4). Near the vessel bakg( 7A), the mag-
the range of radial velocities are lesser thariigpl Kresta and  nitude of tangential velocity for PBTD45W306vas found to
Wood [22] observed a maxima (0.Lfp) for the four bladed be 0.14Jp at z/R=0.4 andr/R=0.4. At the same radial and
45° pitched blade downflow impelleM(/D =0.18) atr/R=0.3  axial location, the upflow impeller (PBTU45W30-6) attained a
and z/R=0.08 which is in good agreement with the presentminimum tangential velocity of 0.0%;,. However, the stan-
work. However, the mean radial velocity for the upflow impellerdard 45 impeller (PBTD45W50-6) attains a maximum tan-
(PBTU45W30-6) reached 0.1gp atr/R=0.12. Thisis because gential velocity of 0.16/p at z/R=0.4 andr/R=0.3. A sim-
of the lesser energy dissipation below the impeller and due to thikar trend was observed for mean tangential velocity below
bulk movement of the inward radial flow towards the impellerthe impeller {/R=0.12). Below the impellerKig. 7B), the
core. A very similar behavior was observed above the impelletangential component is higher for the four-bladed impeller
for PBTU45W30-6 that the energy dissipation rate is very les0.28U;p) atz/R=0.12 and/R = 0.2 whereas the impeller with
due to the free flow of the axial jet above the impeller. The radiathanging blade width (PBTD45W5030-6 and PBTD45W3050-
velocity profile above the impeller and near to the liquid surfaces) shifted its maximum tangential velocity (02¢p) to/R=0.3
is not shown for brevity. The radial velocity magnitudes for otherat z/R =0.12. The maximum tangential velocity in the case of
45° pitched blade impellers are less thani®;d. four-bladed impeller /D =0.14) was found to be O[Zjy in

Fig. 6C and D shows the comparisons of the mean axiathe work of Kresta and Woof®2] atz/R=0.08 and-/R=0.33.
velocity for 45 pitched blade turbine at two axial locations. Rather than six-blade pitched blade turbine (PBTD45W50-6),
Near the vessel baséif. 6C), at z/R=0.4, the magnitude the macroinstability frequency was dominated by the four-
of the axial velocity is about 0.3@4j, (at //R=0.24) for the blade pitched blade turbine (PBTD45W50{2B]. The down-
impeller with decreasing blade width from impeller hub to bladeflow impeller with smalle/T ratio (PBTD45W30-8) attained
tip (PBTD45W5030-6). Similar trend (0%, at //R=0.24) a maximum tangential velocity of 0.28, at zZR=0.12 and
was observed for the axial velocity below PBTD45W5030-+/R=0.2. This indicates that the 4%itched blade downflow
6 (Fig. 6D). Apart from all the 48 pitched blade impellers turbine with straight blades (no change in blade width) attains a
experimented, the impeller with decreasing blade width fronmaximum swirling flow below the impeller.
impeller hub to blade tip (PBTD45W5030-6) gave maximum  Fig. 7C and D shows the comparisons of the turbulent kinetic
axial flow of 0. Wyp atr/R=0.24 and/R = 0.12 Fig. 6D). How-  energy for all the 45 pitched blade turbines at two axial
ever, the impeller with increasing blade width also attains docations. Near the vessel bas#R(=0.4), the magnitude of
magnitude of 0.664p at the same radial and axial location, the four-bladed turbine (PBTD45W50-4) attained O.U?@at
which is 6% lesser than that of PBTD45W5030-6 whereas/R=0.35, which is maximum for all 45pitched blade tur-
PBTD45W50-6 was with 08, at /R=0.24 andz/R=0.12,  bines Fig. 7C). Similarly the maximum value for six-bladed
which is lesser than the impeller with changing blade widthturbine (PBTD45W30-6) with smaller blade widtW{D =0.18
(PBTD45W5030-6 and PBTD45W3050-6). TNgpexpVvalue  andD/T=0.34)is seento be atk = 0.4 and/R = 0.28. However,
for PBTD45W5030-6 and PBTD45W3050-6 was found to bethe impeller with change in blade width (PBTD45W5030-6 and
0.88 and 1.48, respectively. However, the four-bladed pitche@BTD45W3050-6) and the downflow impeller with small¥i
blade turbine (PBTD45W50-4) and six-bladed pitched bladeatio (PBTD45W30-8) attains the maximum value (0.0B?p)
turbine with smaller blade width (PBTD45W30-6) attained aat z/R=0.4 andr/R=0.14. Below the impellerKig. 7D), at
maximum axial velocity of 0.5yp atz/R=0.12 and/R=0.25.  z/R=0.12, all 45 pitched blade turbines, which has higi¥7
Zhou and Krest415] observed a maxima (0.3b@p) for the  ratios (0.33, 0.34 and 0.35) attains a maximum turbulent kinetic
four-bladed 45 pitched blade downflow impelle#(/D=0.18) energy at/R=0.3. However, impeller with the changing blade
at /R=0.3 andz/R=0.04. The increase of axial velocity in width attains a maximum value of 0.0@p atz/R=0.12 and
the four-bladed impeller (PBTD45W50-4) is due to the 40%¢r/R=0.3. The impeller with smalleb/T ratio (PBTD45W30-6
increase in blade width. Apart from all the impellers with and PBTU45W30-6) reaches maximum(0.0ﬁg) atz/R=0.12
45° blade pitch, the downflow impeller with small&T ratio  ands/R=0.18. This is due to effect of smaller impeller diame-
(PBTD45W30-6) gives the minimum secondary flow numberter that has narrow jet emerging from the impeller. However the
(1.63) indicating the poor entrainment of liquid. The magni-maximum level of turbulentkinetic energy reached by the upflow
tude of the axial velocity for PBTD45W30%at z/R=0.12 is  impeller (PBTD45W30-6) is 22% lesser than the downflow
about 0.6&/yp at /R=0.06 Fig. 6D). The maximum value impeller (PBTU45W30-6) at/R=0.12 and/R=0.18. Since
shifted towards the impeller core region for PBTD45W30-6 the impeller frequency was higher for smallefT ratio, the
is due to the smalleb/T ratio (D/T=0.2). The flow numbers predicted maximum energy dissipation rate near the impeller
for the upflow impeller (PBTU45W30-6) is calculated from the was found to be higher for PBTD45W30-6 (102.92/s3) and
axial velocity profile above the impellet/R = —1.2) whereNgp PBTU45W30-6 (99.98 Ais®). The overall normal stress was
(0.96), which is almost 53% lesser than Mgs (2.06). The pre-  found maximum (90.67 N/R) for the standard 45impeller
dicted mixing time for PBTD45W30%was found to be 4.45s (PBTD45W50-6). The average shear rate was highérg) for
that is minimum than all other 4%lade pitched impellers per- the impeller with changing blade width (PBTD45W5030-6 and
formed. PBTD45W3050-6).
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Fig. 7. Mean tangential velocity and turbulent kinetic energy pattern byp#6hed blade turbine. (A and C) Near the vessel base; (B and D) below impeller;
(0) PBTD45W50-4; (0) PBTD45W30-6; ) PBTD45W5030-6; &) PBTD45W3050-6;X ) PBTD45W30-6; (+) PBTU45W30-6; (O) PBTD45W50-6; (—)
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The effect of blade angle, blade twist, impeller diameter,decrease in blade width whereas in the case oirBpeller, the
blade width and number of blades on the pitched blade turbinealue of mixing time increased by 4%. At the same time, irre-
was investigated. Conclusively, it can be outlined as follows. spective of the impeller blade pitch, the progressive increase in

blade width increase the mixing time by 4%.
3.1.3.1. Effect of blade angle. From Table 1 it can be con- In the second case, there is no progressive variation in the
cluded that the power numbewg) is higher for the impeller ~blade width from hub to impeller tip. Instead, two md#D
with maximum pitch (60) that reaches a maximum turbulent ratios (0.18 and 0.3) were investigated ort 4fitched blade
kinetic energy level of 0.12¢, atz/R=0.12 and/R=0.3. From  (PBTD45W30-6, PBTD45W50-6). It was observed that power
Table 2 it can be seen that as the blade angle increases, the pAumber decrease with the decreaseWifD ratio. The Ngp
mary flow numberqp), secondary flow numbeNgs), and the increase (14%) with the decrease in blade width from 0.3 to
power number Xp) increase for the standard impeller design.0.18 whereas there is only slight decrease (6%8)dg.
TheNgs/Ngpratio was found to be 2.15 and 2.17 forahd 45
pitch, respectively, whereas it reduced to 1.73 fot pliched  3.1.3.3. Effect of blade twist. The effect of blade twist was
blade impeller. However, th¥gs/Np ratio gradually decreases performed with the 30 blade pitch (PBTD3020W50-6 and
with increasing pitch from 30(2.4) to 60 (0.72). The average PBTD30W50-6). Itwas observed thatthe presence of blade twist
shear rate for 60pitched impeller is almost 4.5 times the shear (PBTD3020W50-6) decreases the power number and flow num-
level of 30’ pitched blade impellersTé@ble 2. When compared bers. It can be observed that there is 3% reduction in secondary
on the basis of equal power consumption level of 1kW/he  flow number in the presence of 10lade twist. The averaged
mixing time reduces with the increase in blade pitch. shear rate decrease slightly (1%) in the presence obldile
twist.
3.1.3.2. Effect of blade width. The effect of blade width
was investigated in two ways. In the first case, the blade.1.3.4. Effect of impeller diameter. The effect of impeller
width was progressively decreased fromiD=0.32 at the diameter was investigated on the°4mpeller (PBTD45W50-
hub to W/D=0.26 at the impeller tip (PBTD30W5545-3 and 6 (D/T=0.34, W/D=0.3) and PBTD45W30-6 ¥T=0.2,
PBTD45W5030-6) or progressively increadgth =0.16 atthe  W/D=0.3)) with constant/D ratio. It was found that both
hub to W/D=0.47 at the impeller tip (PBTD60W3085-6 and power number and flow number increase with the decrease
PBTD45W3050-6). Irrespective of the impeller blade pitch, thein impeller diameter. As the impeller diameter increases from
change in blade width reduces the power number. However, the/T=0.2 to 0.3, the mixing time increases by 20%. On the
flow numbers are not consistent with the change in the impelleother hand, the effect of impeller diameter was investigated
blade width and the effect of mixing time is not straightforward.on the 45 impeller (PBTD45W30-6 /T =0.34,W/D =0.18)
For the 45 impeller, the mixing time is almost same that is only and PBTD45W30-61§/T = 0.2, W/D = 0.3)) with varying blade
1% decrease in mixing time is observed with the progressivavidth. The mixing time increase (22%) with the increase in
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impeller diameter along with increase (50%)WiD ratio. The  r/R > 0.65. This represents the presence of a circulation loop
Np, NopandNgsincrease with the increase inimpeller diameterat the bottom which is an undesired characteristic for solid
to about 25%, 10% and 14%, respectively. suspension operation. However, the impeller with &lade
pitch near the impeller hub attains a maximum radial veloc-
3.1.3.5. Effect of pumping direction. The effect of changing ity of 0.22Uyp at v/R=0.5 andz/R=0.4. The CFD predic-
the pumping direction was studied for the°4pgitched blade tion for HF6045W2520-3 is under predicted at 8.4/R > 0.6.
of D/T ratio of 0.2 (PBTD45W30-8and PBTU45W30-6). For Below the impeller Fig. 8B), the difference in radial veloc-
a downflow impeller, the jet leaving the impeller interacts withity is not very marginal whereas HF6045W2520-3 experi-
the vessel base, producing more energy dissipation in the regi@nces a maximum radial velocity of 0.0/, atr/R=0.22 and
below the impeller. For an upflow impeller, the jet leaving thez/R=0.112.
impeller interacts with the top liquid surface, where the energy Fig. 8C and D shows the comparisons of the mean axial veloc-
dissipation will be comparatively smaller. This is in good agree-ty for the narrow bladed hydrofoils at two axial locations. Below
ment with the CFD predictions of Patwardhan and J¢thi  the impeller {/R=0.112 and/R=0.12), HF4530W2517-3 and
The average shear rate was also 8% higher for the downfloMF6045W2520-3 reaches a maximum axial velocity oG
impeller. whereas the 60blade pitch hydrofoil of maximum change
in blade width (HF6030W2513-3) has reached only 0/g8
3.1.3.6. Effect of number of blades. The effect of number of at the same locationF{g. 8D). The hydrofoils with blade
blades was investigated on the°4difnpeller (PBTD45W50-4  twist of 45 (HF4500W2517-3) attains an axial velocity of
and PBTD45W50-6). With the increase in number of blade€.48p atr/R=0.2 andz/R=0.12. Similar trend was observed
from four to six, both power number and flow number increasedin the straight blade hydrofoils (HF30W25-3 and HF45W25-
The Np, Nop and Ngs increase to about 26%, 8% and 10%, 3). Finally, it can be observed that the hydrofoil wihiT ratio
respectively. The average normal stress increase to about 6486 0.27, attains the maximum axial velocity @R=0.12 and

with the increase in number of blades from four to six. the hydrofoils greater tha®/T ratio 0.27 attains the maxi-
mum axial velocity at/R=0.2 (Fig. 8D). Near the vessel base
3.2. Narrow bladed hydrofoils (Fig. 8C), the axial velocity is minimum for HF45W25-3 and

HF6030W2513-3. This indicates the need of a hydrofoil to have

The axial flow impellers especially the narrow bladed hydro-optimum blade twist and reduction in blade width for attaining a
foils are very much sensitive to the blade twist and blade widthmaximum axial flow. The flow number calculation will indicate
Generally, the part of input power that is not used in generatthe efficient hydrofoil that gives a maximum axial flow. From
ing head or flow is dissipated through shear or turbulent eddieJable 1 it can be concluded that thégs is maximum (1.42)
However, this dissipation of turbulent kinetic energy is not necesfor the 60 blade pitch hydrofoil (HF6045W2520-3). However,
sarily harmful because there are some applications like mixing ahe primary flow is about 0.7 for both HF4500W2517-3 and
immiscible fluids, suspension of solids, gas dispersion etc. negdF6045W2520-3. The CFD predictions, below the impeller and
such turbulent eddies or vortices to attain desired end productear the vessel base matched well with the LDA measurements.
The hydrofoils are mean to be high efficient blades that accountBhe predicted mixing time frofiable 1shows a minimum value
for lesser energy dissipation and greater production of flow 0(2.53 s) for HF6045W2520-3, which has a secondary flow num-
head. TheD/T ratio of narrow bladed hydrofoils ranged from ber of 1.42. TheNgs of HF6030W2513-3 was 0.72, hence,
0.27 t0 0.33 in the present study. In the present study, the effeds mixing time was found to be higher (6.38s) than other
of impeller diameter, blade width, blade twist and blade pitchhydrofoils.
on the flow pattern were investigated. However, the number of Fig. 9A and B shows the comparisons of the mean tangential
blades was maintained constant (three blades) for all the narrovwelocity for the narrow bladed hydrofoils at two axial loca-
bladed hydrofoils. tions. The hydrofoils with 15 blade twist (HF6045W2520-3,

Fig. 8A and B shows the comparisons of the mean radiaHF4530W2517-3) experience a tangential flow in the oppo-
velocity for the narrow bladed hydrofoils at two axial loca- site direction at 0.4 /R < 0.6. Below the impellerf{R =0.12)
tions @/R=0.112 and 0.4). Near the vessel bagR € 0.4), the  and near the vessel basgrE 0.4), HF6045W2520-3 attains
impeller with 30 blade pitch and straight blades (HF30W25- the maximum tangential velocity in the vessel centre region
3) attain its maximum radial velocity atlR=0.36 andz;=0.4  (r/R<0.15). However away from the vessel centre, the swirling
(Fig. 84). However, a very similar trend is observed for the component reduces drastically for HF6045W2520-3. Thereisno
other impeller with the same blade shape, which has straightiuch change in the tangential velocity trend below the impeller
blades but with lesseD/T ratio (HF45W25-3). The blade for other hydrofoils. The swirling component was found to be
width near the hub has been maintained a constant of 25 maominating in the range 0.1-@/g, at+/R=0.4.
for all the impellers used in this work. The impeller with  Fig. 9C and D shows the comparisons of turbulent kinetic
blade twist of 45 (HF4500W2517-3) attains a minimum radial energy for the narrow bladed hydrofoils at two axial loca-
velocity atz/R=0.4 (Fig. 8A). The impellers with both blade tions. Below the impellerig. 9D), z/R=0.12, HF4530W2517-
twist and progressive decrease in blade width (HF4530W25173 attains a maximum turbulent kinetic energy of O.U§@
3, HF6030W2513-3 and HF6045W2520-3) experiences aifhe power number measurement also shows a highest value
inward radial flow near the vessel corner #R=0.4 and (Np=0.41) for HF4530W2517-3. The hydrofoil with straight
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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{mideei( ) HF4500W2517-
3; (A) HF45W25-3; ) HF4530W2517-3;X ) HF6030W2513-3; (+) HF6045W2520-3; (—) CFD-HF6045W2520-3.

blades (HF30W25-3 and HF45W25-3) and with maximumblade3.2.1.1. Effect of blade twist

twist (HF4500W2517-3) attains it maximum of around aﬁ4 Compared on the basis of equal power consumption
atz/R=0.12 and 0.2¢R<0.4 whereas the 6blade pitch hydro-  (1kW/m3), the hydrofoil with optimum blade twist of
foils (HF6030W2513-3 and HF6045W2520-3) attained max-15° (HF6045W2520-3) gives the maximum flow number
imum of 0.04115p atz/R=0.12 and/R=0.06. The minimum  (Ngs=1.42). However, the hydrofoil with increased blade twist
power numberp =0.27) is for the 30pitched blade hydrofoil. (>15°) failed to pump the fluid efficiently (HF6030W2513-3).
Near the vessel basEif. 9C), the maximum value of turbulent From Table 2 it can be observed that thégs/Nop is maxi-
kinetic energy is shifted in between 04/R <0.6 z/R=0.4). mum (2.02) for the 60 narrow blade hydrofoil that has 15
Among all the narrow bladed hydrofoils experimented, the preblade twist (HF6045W2520-3). If the blade twist is increased
dicted maximum energy dissipation (118.017s%) was found  to 30, the Nog/Ngp drastically decrease (1.24), as in the case
to be maximum for HF6045W2520-34ble 2. of HF6030W2513-3. The volume averaged normal stress was
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Fig. 9. Mean tangential velocity and turbulent kinetic energy flow pattern by narrow blade hydrofoils. (A and C) Near the vessel base; (B and D)dbelow imp
(0) HF4; @) HF4500W2517-3; 4) HF45W25-3; () HF4530W2517-3;X ) HF6030W2513-3; (+) HF6045W2520-3; (—) CFD-HF6045W2520-3.
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found to be higher (10.08 N/fh for HF4530W2517-3. Sim- Fig. 11A and B shows the comparison of the mean tan-
ilarly the shear rate is found to be higher (1.03%)sfor  gential velocity for the broad bladed hydrofoils at two axial
HF4530W2517-3. The average turbulent kinetic energy is foundbcations. There is negligible difference in the tangential profile
to be about 0.015 Ats?, which is well reflected in the torque of HF2 and HF3 near the vessel base/&=0.4 Fig. 11A).

measurementsvp = 0.41) for HF4530W2517-3. A strong vortex is seen for both HF2 and HF3 in the vessel
core region f/R< 0.3) atz/R =0.4 whereas the swirling compo-
3.2.1.2. Effect of blade width nent for hydrofoil with change in blade width (HF3045-4 and

The hydrofoil with constant blade width (HF30W25-3 and HF4560-4) is almost 50% lesser than HF2/HF3. A very similar
HF30W25-3) gives the minimuNgp of 0.57. Hydrofoils with  trend is observed below the impellef=0.18), in the vessel

decreasing blade width increase igp. core region Eig. 11B). The tangential velocity for HF2/HF3
is almost 40% higher than that of HF3045-4/HF4560-4 at
3.3. Broad bladed hydrofoils rIR<0.4.

Fig. 11C and D shows the comparisons of turbulent kinetic

The use of high-solidity, axial flow down-pumping impellers energy for the broad bladed hydrofoils at two axial locations.
in fermenters have resulted in a wide variety of both positive andelow the impeller, at/R=0.18 andr/R =0.34, HF3 attains a
negative results. Much of this may come from the complexity ofmaximum turbulent kinetic energy of 0.044,. The torque
the biological process on fermentations. Such impeller designseasurements also show higher value for HEB £ 3.34).
are also utilised in the mixing of slurry, pulp and paper industriesThe four-bladed hydrofoil (HF3) attains a maximum local tur-
etc. However, the overall turbulence level has to be investigatedulent kinetic energy away from the baffle region. It is also
especially when papillation in bio-reactors is found be a majofound that the maximum kinetic energy is due to the axial
factor for the death ratf24]. In the present study, four broad fluctuations. It is clear that the axial pumping improves at the
bladed hydrofoils with twd¥/D ratios (0.5 and 0.8) were taken expense of axial fluctuations for HF2 and HF3. As the num-
for the experimentation. ber of blade reduces from four (HF3) to three (HF2), power

Fig. 10A and B shows the comparison of the mean radialnumber reduced by 30%Vf=2.32). The power number is
velocity for broad bladed hydrofoils at two axial locations. Nearless for both HF3045-4 and HF4560-4. However, HF3045-4
the vessel base/ = 0.4), the trend for all the four broad bladed and HF4560-4 was found to be poor in axial pumping. The
hydrofoils are similar. The maximum radial velocity attained by predicted maximum energy dissipation rate was found to be
the four-bladed hydrofoil (HF3) is 0.128,, and that of three- higher (12.915 f/s®) for HF4560-4. The predicted maximum
bladed hydrofoil (HF2) is 0.122;, at r/R=0.24. Similarly  energy dissipation rate for HF3 was found to be 10.238M
for hydrofoils with the change in the blade width (HF3045- which was in good agreement with the work of Ghadge et al.
4 and HF4560-4), the maximum radial velocity is 0.096  [25], where they used cellulase enzyme solution as working
and 0.08%/yj, respectively at/R=0.2 andr/R=0.2. Below the  fluid. The average turbulent normal stresg)(is dominated
impeller ¢/R=0.18), there is no much difference in the radial by the axial fluctuation that was found to be 28.66 Riffar
velocity trend for HF2 and HF3. The radial flow near the baffleHF3. Similarly the average shear rate is 8.388 for HF3.
region is very similar for all the four broad bladed hydrofoils Please note that the CFD predictions and comparisons have
atz/R=0.4. For brevity the profiles above the impeller and neatbeen presented for only one of the cases for the sake of clar-
the vessel surface are not given. ity.

Fig. 10C and D shows the comparison of the mean axial veloc-
ity for broad bladed hydrofoils at two axial locations. The axial 3.4. Radial flow impeller
jet below the impeller R =0.18) for the four-bladed hydro-
foil (HF3) can reach up to 0.@8;, at/R=0.26, whereas the The disc turbine is most extensively studied impeller in the
three-bladed hydrofoil of the same blade design attaind,52 literature. The flow in the discharge stream of Rushton turbine
atr/R=0.22 Fig. 1MD). The measured flow number below the is characterized by the existence of strong radial and tangential
impeller represents that the hydrofoil with four blades (HF3)components of mean velocity, periodic and fluctuating compo-
are energy efficient impellersVhs=2.44). Table 1shows a nent. The details of the vortex pair generated behind the impeller
good improvement in both the primary and secondary flowblade are dealtin detail by Yianneskis e{26], Zhou and Kresta
numbers. TheVgp and Ngs of HF3 increased to about 3% [15], Hockey and Nourj21], Kemoun et al[27] and Renaud et
and 10% when compared with HF2, respectively. The primanal.[28]. Itis also emphasized that the vortex trajectory is depen-
flow number is 0.7 for both HF3045-4 and HF4560-4. Almostdent on the impeller diameter. For the completeness of the work,
50% of the primary flow is reduced when compared with HF3.a standard disc turbin®(7=0.33;C/T = 0.33;7=500 mm) was
Near the vessel base/R=0.4), the trend for the axial veloc- used to predictthe turbulent kinetic energy. The average value of
ity profile is similar as below the impellef~{g. 10C). The primary pumping number is around 0.75. The maximum axial
downward jet strength is almost diminished (HF3045-4 andvelocitiesinthe bulk of the tank are of the order ofli;g. Radial
HF4560-4) to 50% near the vessel base where it is convertegklocities are predominant at the top and bottom of the vessel
to radial flow. The mixing time was found to be minimum thatare in the order of 0.1-02p. Turbulence characteristics in
(fcrp=4.63 s) for HF3 hydrofoil and maximumdrp=6.53s)  the impeller stream of disc turbine have been studied by many
for HF4560-4. investigator$29,26,30,31,15,27,32Ng et al [33,34]have used
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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{mpé@zr({) HF3; (A)
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sliding mesh approach and investigated the effect of grids in th€/7=0.33) near the impeller zone and in the bulk region,
range 46,016-239,468. They have shown that the predictiongspectively.

of RANS based models do not agree with the experimental data

obtained in the impeller discharge line of the experimental datad. Relation between the impeller design and gross flow
Wechsler et al[35] have used 400,000 and 1,000,000 grids anctharacteristics

still the predictions deviated by 50%. In this work, we have used

similar approach with the improvements that the LDA data has In the present work, a large number of impellers were
been deionised using multiresolution analysis which employsabricated and investigated in terms of its hydraulic efficien-
wavelettransformfl 7]. We have used 443,800 grids for the sim- cies (Vop/Np and Nos/Np). The primary hydraulic efficiency
ulation.Figs. 12 and 13how the comparison between the CFD (Nop/Np) varied from 0.39 to 2.37, whereas the secondary
predictions and the experimental dafa=(500 mm,D/T=0.33,  hydraulic efficiency §os/Np) was found in the range 0.47-4.53.
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Fig. 11. Mean tangential velocity and turbulent kinetic energy flow pattern by broad blade hydrofoils. (A and C) Near the vessel base; (B and D)elielow imp
(0) HF2; @) HF3; (A) HF3045-4; () HF4560-4; (—) CFD-HF3.
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However, the narrow blade hydrofoil, HF6045W2520-3, wasobserved at equal power consumption level of 1 W/kg, the broad
found to give maximum hydraulic efficiencyVgp/Np =2.37 blade hydrofoil HF3 gave minimum dimensionless mixing time
and Nog/Np=4.53). The ratio ofema/N3D? was found to  Of 59.18 withNgp/Np=0.455 andNqs/Np=0.745. The aver-

be minimum for the narrow blade hydrofoil HF6045W2520-3 age normal stress() was found to be maximum (81.4 Nfin
(0.869) and maximum for PBTD60W3085-6 (5.218). However,for PBTD60W50-6 and minimum (6.57 NAnfor HF30W25-

the difference inemad N3D? for HF6045W2520-3 (0.869) and 3- The average shear rates(g) was maximum (8.383 ) for
HF6030W2513-3 (0.897) was found to be only 3%. The value®road blade hydrofoil, HF3 and minimum _(0-673i$f0r narrow

of kavg are the indicative of turbulence generated by an impellerblade hydrofoil, HF30W25-3. Of all the impellers used in the
whereasNos indicates the total axial mean flow generated byPresent study, broad blade hydrofoils and BTD generates

an impeller. The results indicate that the optimized mixing timemaximum level of sheanfwg>4 s 1). However, the 30PBTD

for narrow blade hydrofoil was found with the HF6045W2520- generates a medium level of sheag=1.5-2s1). Hence,

3 until the average turbulent kinetic energdy) level is 8%  HF3 impeller may be more suitable for dispersion applications
of the standard pitched blade turbine used by Patwardhan a¢hereas the narrow blade hydrofoils are more suitable for blend-
Joshi[1], which is kept as the base case. Further, it can also b#g application and shear sensitive products.
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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 1kW/m, the following conclusions can

be drawn regarding the effects of different impeller design

2401 — 5 =

200 +

160

QexpUtip/R

120

80

40

1.5
1/Ngs

Fig. 14. Relation between dimensionless mixing tid&{U:ip/R) and 1Ngs;
(0) PBTD; (A) 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 numhEp$) of ®)
an impeller, irrespective of the nature of impeller design. Pat-
wardhan and JosfB86] have found that the mixing time for axial
flow impellers could be correlated well with the secondary flow(4)
number {Vgs). Similar relationship was found to hold for all the
impellers. However, an interesting observation was made. A plot
of dimensionless mixing timed¢xpUtip/R) versus flow number
showed two distinct times. One corresponding to pitched blade
turbines (impellers 1-12 ifable J and hydrofoils (impellers
13-22 inTable ). These times are shown kig. 14and given

by the following equations. The proportionality constant can
be seen to be 211.86 for pitched blade turbines and 142.65 for
hydrofoils. The proportionality constant for hydrofoils is almost
1.5 times lower than PBTD ®)

11
= s (11)
R a Ngs

(6)
The maximum and minimum error deviation for the line with
proportionality constant 211.86 (PBTD) was found to be 24%
and 4%, respectivelyHg. 14). On an average, the ordinate
error deviation was found to be 15%. Similarly, the maximum
and minimum error deviation for the line with proportionality
constant 142.65 (hydrofoils) was found to be 30% and 4%,
respectively. On an average, the ordinate error deviation was
found to be 19%. @)

6. Conclusion

In the present work, a combination of LDA measure-
ments and CFD predictions using sliding mesh approach has

parameters.

(1) As the impeller angle increases from°3@ 60, the

Ngs/Ngp ratio was found to be 2.15 and 2.17 for°38nd

45° pitch, respectively, whereas it reduced to 1.73 fot 60
pitched blade impeller. Similarly, tiégs/Np ratio was also
found to decrease with an increase in the blade angfe [30
(2.4); 45 (1.01); 60 (0.72)].

Power number and the secondary flow number were
found to decrease with a decrease /D ratio.
(PBTD45W30-6 ¥p=1.41; Nos=1.85), PBTD45W50-6
(Np=1.8;Ngs=2.02)). TheNgs/Np ratio was also found to
decrease with a decreaseWfiD ratio.

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

For a downflow impeller, the jet leaving the impeller inter-
acts with the vessel base, producing more energy dissi-
pation (PBTD45W30-6;mad/N°D?=2.53) in the region
below the impeller. For an upflow impeller, the jet leav-
ing the impeller interacts with the top liquid surface,
where the energy dissipation was found to be compar-
atively smaller (PBTU45W30-6¢mad N°D?=2.24). The
average shear rate, average normal stress and turbulent
kinetic energy were found to be higher for the downflow
impellers.

The narrow blade hydrofoil impeller with a blade twist of
15° (HF6045W2520-3) gives the maximum flow number
(Nos=1.42). Further increase in blade twist (3) Besulted

into a decrease in flow number. The narrow blade hydrofoil
without blade twist (HF30W25-3 and HF30W25-3) gives
low flow number {Vgp=0.57).

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

It was observed that the dimensionless mixing time
(BexpUtip/R) varies inversely with the secondary flow num-
ber (Vgs) of the impeller. The proportionality constant can
be seen to be 211.86 for pitched blade turbines and 142.65
for hydrofoils. The proportionality constant for hydrofoils

is almost 1.5 times lower than PBTD.
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