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ABSTRACT

Experimental data are provided on the just-suspension 
conditions for two types of mechanically-stirred units, 
namely rotary-agitated vessels and liquid jet-stirred tanks. 
Results for the conventional rotary-stirred vessels

based on the 1-2 seconds criterion. Data on the liquid-jet 
stirred tanks are presented as the minimum liquid jet 
velocity through the nozzle at the point of just suspension

to 0.0127m) in five flat-bottom geometrically similar 
cylindrical vessels with diameter in the range 0.15m to

terms of a new model developed in this work. The general 
model equation is based on a balance of the hydrodynamics 
and body forces acting on the particles at various states of 
suspension and on the energy requirements for particle 
suspension. The form of the final equation depends on the 
geometrical configuration and on the source of agitation. 
Two equations are developed in this work: one for N , andJ®
the other for U . These are as follows:

(propellers and 4-blade 45°-pitch turbines) are presented in
terms of the well-established just-suspension speed, N ,j®

of particles, U , for a range of nozzle diameters (0.005mj®

0.3m. Experimental data on N and U are interpreted inj® j®

N = 3.4j®
V
i/a T

For propellers and turbines with D/T<0.5 and:



, . , ,i/2 -,i/<5 ^.i/a mg Ap/p d C T
U. = 5  £ E -------ja ,2/3dn

Predictions of the effect on N and U. of the variousje js
physical and geometrical parameters are in reasonable 
agreement with corresponding experimental data obtained in 
this work and those reported in the literature, with the 
exception of the effect of particle diameter. Limited 
experimental observations suggest that the effect of 
particle diameter on just-suspension state can not be 
described by a single expression over the whole range of d ,p
as predicted by the model equations.
Data obtained in this work with rotary agitation indicate 
that a downward-pumping propeller with D/T<0.5 is the most 
energy efficient impeller of all the agitators examined.
A comparison of the propeller- and jet-stirred vessels 
suggests that at just-suspension conditions, the power input 
into a propeller is about the same as the power input into a 
liquid-jet stirred unit operating under otherwise identical 
conditions, and provided that the ratio of nozzle diameter 
to vessel diameter is in the range 1/20 - 1/25.



ACKNOWLEDGEMENTS

Most of all I would like to express my profound appreciation 
to Dr. P. Ayazi Shamlou who has been a constant source of 
encouragement, supervision and guidance throughout my 
research work.

Also, I wish to thank everyone who has helped and contributed 
to this work in particular I am grateful to:

Professor J. W. Mullin for providing the facilities for this
research work.
Messrs D. Montgomery, Martin A. Town, Leonard J. Coates and 
all other technical staff for their help and construction of 
the experimental equipment.
My friend Zahra (Beate Schoek) for helping me on the 
translation of the German papers.

A particular gratitude must go to the ministry of industry 
of Iran for giving me leave of absence for the duration of 
my studies in U.K.
I am also grateful to the ministry of education of Iran for 
giving me the opportunity to gain this research 
experience.

Finally special thanks to my husband for helping me with the
typing, and for giving me advice, encouragement and moral
support throughout my work.

All praise and glory belongs to Allah., the creator and 
sustainer of the universe.

iv



I dedicate this thesis to the loving memory 
of my father for his endless encouragement 
throughout my life, to my mother who gave 
everything to ensure my academic success and 
to my husband for his patience, understanding 
and moral support.

v



In the name of God, the Beneficent, the Merciful

. ...Allah will exalt those of you who believe, 
and those who are given knowledge, in high 
degrees; and Allah, is Aware of what you do.

(Quran chapter 58, verse 11; from the
English translation by M.H. Shakir, 
1988, Tahrike Tarsile Quran, Inc.)

r' s. ̂  -
( II rl <3/1 '(-/U )

vi



List of contents

page no.
Title i
Abstract ii
Acknowledgements iv
Dedication v

CHAPTER: 1 INTRODUCTION 1

1.1 Suspension of solids in agitated vessels. 1
1.2 Aims of the present investigation. 3

CHAPTER: 2 LITERATURE SURVEY 4

2.1 Rotary mixers. 5
2.1.1 Impeller type and flow patterns. 60
2.1.2 Impeller power requirement. 62
2.1.3 Effect of impeller pitch on power 

consumption. 64
(i) Propellers. 64
(ii) Turbines. 66

2.1.4 Power consumption of impeller in
suspension of solid particles. 67

2.1.5 Effect of impeller type on particle 
suspension. 68

2.1.6 Scale-up. 70
2.1.7 Particles lighter than liquid. 73

2.2 Liquid jet-stirred vessels. 77
2.2.1 Solid suspension with jet mixers. 78

CHAPTER: 3 MATHEMATICAL MODELING OF THE JUST-SUSPENSION 
CONDITIONS 89

(i) Just-suspension speed in an impeller-stirred
tank. 101

(ii) Just-suspension (nozzle) liquid velocity
in a jet-stirred vessel. 103

vii



CHAPTER: 4 EQUIPMENT AND EXPERIMENTAL METHODS

4.1 Impeller-stirred equipment.
4.2 Jet-stirred system.
4.3 Experimental procedure.

(i) Impeller-stirred vessels.
(ii) Jet-stirred tanks.

CHAPTER: 5 PRESENTATION AND DISCUSSION OF RESULTS

5.1 Just-suspension speed, N , in impeller-stirredj®
vessels.
5.1.1 Downward-pumping impellers.

(i) Effect of impeller diameter on N .j®
(ii) Effect on N of clearancej®

between impeller blade and the base 
of the vessel.

(iii) Effect of solids concentration 
on N .j*

(iv) Effect of particle diameter on N .j®
(v) Effect of particle-liquid density 

difference on N .j®
(vi) Effect of baffles on N .j®
(vii) Effect of tank diameter on N .j®

5.1.2 Upward-pumping impellers.
(i) Effect of impeller diameter on N .j®
(ii) Effect of impeller clearance from 

vessel base on N .j®
(iii) Effect of solids concentration on N .j®

5.1.3 Comparison of impellers.
5.2 Suspension of particles in jet-stirred vessels.

5.2.1 Effect of tank diameter, T, on critical 
nozzle velocity, U , at the just-suspensionj®
conditions.

5.2.2 Effect of particle diameter, d , on U .p j®
5.2.3 Effect of solids concentration on U .j®
5.2.4 Effect of nozzle diameter, d , on U .r> is

109

109
113
118
118
120

124

124
124
124

127

129
132

138
139
142

143 
143

148
150

151 
156

156
158
161
163

viii



5.2.5 Effect of particle-liquid density difference
on U . 164j®

5.3 Comparison of the jet-stirred vessel with the 
impeller-stirred tank. 166

5.4 Advantages of jet-stirred vessels. 173

CHAPTER: 6 CONCLUSION AND RECOMMENDATIONS FOR FURTHER
WORK 175

6.1 Conclusion. 175
6.2 Recommendation for further work. 177

NOTATION 179
REFERENCES 186
APPENDIX: A 191
A .1 Free jet. 191

A.1.1 Flow behavior in the free jet. 191
A.1.2 Decay in jet center-line velocity. 196
A.1.3 Velocity profile of a free jet. 197
A.1.4 Jet Reynolds number. 198

A.2 Radial wall jets produced by impinging circular
jets. 199
A.2.1 Impingement region. 201

A 2.1.1 Velocity distribution. 201
A.2.2 Wall jet region. 205

A.2.2.1 Maximum velocity decay along
impingement plate. 205

A.2.2.2 velocity profile through wall jet. 211
A.2.2.3 Spread of wall jet. 214

APPENDIX: B Tables of experimental results. 217
APPENDIX: C Torque measuring device. 258
APPENDIX: D Published work. 260

ix



CHAPTER 1

INTRODUCTION

1.1 Suspension of solids in agitated vessels 
Solid liquid contacting in stirred vessels is an essential 
operation in the chemical, biochemical and the allied 
industries. Rotary agitated vessels have been adopted widely 
for suspending solids in liquids in order to provide maximum 
contact area between them. Typical examples of operations 
involving solids suspension in stirred vessels include 
chemical reactions with solid catalyst, chemical reactions 
in which the solids are one of the reactants, suspensions 
which involve particle formation and growth e.g. 
crystallization, and dissolution which is accompanied by a 
decrease in particle size. Further specific examples of 
operations in which solid suspension is important are as 
follows:
1) When a liquid containing a trace of solids is pumped 
into a tank, the solids can settle and build up a layer in 
the bottom of the tank. Such build-up will eventually reduce 
the available tank volume and can cause contamination 
problems if different fluids are stored in the tank. Removal 
of the deposited particles can be very difficult, specially 
for fine particles (73).
2) Storage of coal slurry fuel in general is a problem. 
This arises because of a tendency of large coal particles 
settling at the bottom of the storage tank. This problem



can be overcome by either designing a stable slurry or by 
providing sufficient agitation in the tank to keep the 
slurry more or less uniformly mixed. In an investigation on 
the conversion of a commercial oil burning system to use 
coal-oil mixtures, it was found that a significant part of 
the cost was associated with conventional rotary agitation 
systems (81).
In all these operations, attainment of just-suspension state 
is one of the main requisites for promoting effective 
solid-liquid contact. Here "just-suspension state" refers to 
operating conditions at which impeller speed and agitation 
power supplied is just sufficient to prevent the particles 
from settling out and coming to rest on the bottom of the 
vessel for longer than 1 or 2 seconds. Several workers have 
shown that an increase in impeller speed (or nozzle velocity 
in the case of a jet-stirred vessel) beyond this value 
results in only a slight increase in, for example, the rate 
of mass transfer (11, 23, 41) while power input into the 
mixer could increase greatly. Consequently conditions at 
which particles become fully suspended are important.

A considerable amount of work has been done on the 
suspension of solids by rotating impellers in the past and a 
number of correlations and models have been presented to 
predict the stirrer speed for the just-suspension state for 
a given set of operating conditions (11, 12, 14, 17, 23,
25, 29). The abundance of variables in these equations and 
the large differences in their form suggest that basic 
parameters or mechanisms for solids suspension have not been 
fully understood.
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In the case of solids suspension using a liquid jet-stirred 
vessel very few investigations are presented in the 
published literature and no systematic work has been carried 
out to date.

1.2 AIMS OF THE PRESENT INVESTIGATION
The aim of the present investigation is to obtain an insight 
into the hydrodynamic conditions necessary to suspend 
particles for two different types of agitation, namely 
rotary-agitation and liquid jet-stirred agitation. In each 
case the aim is to develop mathematical models for the 
prediction of the just-suspension conditions which would be 
independent of scale and to test each model experimentally 
over a reasonable range of operating conditions.
Most of the work which has been reported on solid 
suspension has been limited to rotary agitators and has 
tended to be rather empirical or semi-empirical in nature.
In the case of the impeller-stirred vessel, the propeller 
and the 45°-pitch turbine impellers have been shown to bring 
about suspension at lower power inputs when compared with 
other types of impeller (21, 39). For this reason these 
impellers were selected for experiments in the present work. 
The liquid jet-stirred system was chosen as a major part of 
this study because exploratory experiments showed the 
potential use of this method of agitation for suspension of 
solids and because a review of the literature indicated a 
critical lack of relevant design information for this type 
of agitation.
The present work is limited to the case of suspension of 
relatively dense particles in Newtonian liquids.

3



CHAPTER 2

LITERATURE SURVEY

Mixing is among the oldest basic unit operations in the 
chemical process industries.
Figure 2.1 shows an example from year 1553, the wood 
engraving by Georgius Agricola (1) illustrates the 
industrial application of a cascade of suspension mixers for 
the extraction of gold. Inside the wooden vessels the ore 
mixed with water was agitated by what would be called today 
a 6-blade paddle. The wooden vessels resemble the technology 
which was still in common use until the third decade of 20th 
century.
Nowadays, very large suspension mixers are used in the ore 
industry; in 3500m tank capacity of today (2), the problem 
of stirring the suspensions becomes of primary importance. 
The survey of the relevant literature reported in the 
present chapter is divided in two major sections depending 
on the means of agitation.
The first section is concerned with the study of solid 
suspension by means of rotary mixers and the second section 
is concerned with suspensions where liquid motion is brought 
about by the use of a jet of liquid issuing from an orifice 
submerged in the liquid, referred to in this work as the 
liquid-jet mixer.
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FIG. 2.1 Mixing equipment in the 16th century (1).

2. 1 ROTARY MIXERS
The rotary-agitated vessel, often referred to as the 
impeller-stirred tank, is the most frequently used mixing 
configuration in the process industries.
A rotary mixer refers to a system in which agitation is 
provided by a rotary impeller usually located axially in the 
tank and generally driven by an electrical motor having the 
same shaft as the impeller and mounted either on top or 
beneath the tank; side entry impellers are also used in 
industry although little research seems to have been carried 
out with this method of agitation.
This survey concerns only the top entry rotary mixing 
devices.
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The first known attempt to evaluate the variables affecting 
solid suspension in rotary-stirred vessels was reported by 
White and co-workers (3, 4). They studied the concentration 
distribution of sand in water in unbaffled- tanks in which 
agitation was provided by paddles. They determined the 
concentration of solid particles by taking samples from 
various points in the batch at different impeller speeds. 
The sampling procedure consisted of using a mechanical 
sampling device to extract a sample from the slurry and 
analyzing that sample to obtain the concentration of solids. 
It was argued that at any given position in the tank there 
existed an agitator speed beyond which an increase in 
impeller speed accomplished little or no increase in 
concentration of solids. This state of suspension at any 
given point of the bulk was called the "saturation point". 
The authors also stated that, for a given particle size and 
fixed concentration of solids, this saturation point 
occurred at approximately the same speed of agitation for 
different axial points in the tank.

White et al suggested that the agitator speed at which the 
saturation point occurred might be used as a measure of the 
intensity of agitation.
Earlier experiments by the same investigators (3) with more 
closely-sized materials of various sizes (0.14mm to 0.42mm) 
showed that in an unbaffled stirred tank, the vortex 
established at high speeds produced centrifugal forces which 
were sufficiently high to combat the forces tending to 
produce a more uniform concentration.

Hixson and Wilkens (5) studied the rate of dissolution of
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solids (e.g. Benzonic Acid tablet in water and in several 
oils) as a function of impeller speed in both baffled and 
unbaffled vessels. The vessels used varied in volume from 
0.73 to 353 gallons and agitation was provided by propeller 
and 4-blade 45°-pitch turbine impellers.
These authors argued that in an unbaffled vessel the effect 
of stirrer speed, size of equipment and fluid viscosity on 
the rate of dissolution of solids were very great. Hixson 
and Wilkens claimed that the rate of dissolution of solids 
was greater in an unbaffled tank than in a baffled vessel 
for low impeller speed (100 to 300rpm). They also stated 
that baffles slowed down the fluid flow and were a hindrance 
to the dissolution process. They also suggested that more 
effective agitation could be found in a shallow vessel than 
a deep one at the same impeller speed.

In 1953 Hirsekorn and Miller (6) studied the suspension of 
insoluble solids in viscous liquids (Re<12) in unbaffled- 
tanks with two-blade paddles. They showed that complete 
suspension was affected by the dimensions of the vessel,
liquid viscosity and particle settling velocity. These
workers observed that a portion of the liquid close to the 
surface was free of solids when complete suspension occurred 
while the mixture below the slurry-liquid interface was 
nearly uniform.

Kneule (7) in 1956 reported the results of his investigation 
on the rate of dissolution of salt crystals in agitated 
vessels and indicated, for the first time, the importance of
the point at which all the particles were just in
suspension. So from his conclusion it became evident that in
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many cases it was more efficient to design a system for this 
condition because an increase in the speed of the stirrer 
beyond the point of just suspension caused little increase 
in the rate of mass transfer between the particles and the 
liquid, while the power requirement of the impeller could 
increase rapidly with increasing speed.
Kneule (7) proposed the following correlation for the 
conditions of just-suspension, based on power input per unit 
volume of suspension:

P = AK
C V (Ap g) dNv T p

O. 5
(2 - 1 )

where:
P: power input to stirrer 
V : volume of the tank (H=T)T
g: acceleration due to gravity 
d : particle diameterp
P  : particle densityp
C : solids concentration weight percentage 
A : a dimensionless constant coefficientK

The value of the coefficient A^ depends only on the geometry 
of agitator system. The value of this constant was not 
presented by Kneule in this paper but it is given in later 
paper (19) which was published in 1967 (it is reported 
later).
It should be noted that this correlation does not include 
the effect on just-suspension speed of kinematic viscosity 
of the liquid and of T/D.
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In 1956 Oyama and Endoh (8) developed a mathematical model 
which related impeller power input per unit mass of slurry 
at the just-suspension state to some of the important 
properties of solids and liquid.
They assumed the following relationship for the average 
fluid velocity near the tank base at just-suspension state, 
U :rL

U oc N. D2/3 d1/3 (2-2)rL js p

where is impeller speed at the just-suspension state and 
D is the stirrer diameter.
Equation (2-2) can be written in terms of power input per 
unit mass of agitated liquid, £ , thus:TYI

U <x ( e d )tya (2-3)rL m p

Using Eqns (2-2) and (2-3) Oyama and Endoh provided the 
following expressions for the external forces acting on the 
particles (drag force and effective gravitation force):

<x C pe U dD f rL p
2 / 3  ,0/3OC C p  £ dD f m p (2-4)

where is the drag force and Cd is the drag coefficient
which is a function of particle Reynolds number (Rep= 
U d /v) defined as follows:rL P

9



/ __ \ . y 1 /3 / vC = / ( R e ) = / ( e  d /v)U p m p (2-5)

in which v is the kinematic viscosity of the liquid.
The net force on the particle due to gravity was expressed 
as follows:

Fe « g (p- pr) a (2-6)

The ratio of the above two forces. F /F , were reduced to:
'  E D ’

g A p dp
<x = F /F oc -------------  (2-7)O E D 2 / 3C Pc £D f m

These authors proposed that a could be used to provide a
measure of the state of suspension in the stirred tank. At a
critical value of a . denoted as a all the particles wereo oc
completely in suspension.
To determine the value of a . Oyama and Endoh carried outoc'
experiments in three vessels with diameters equal to 14cm, 
17cm, and 27.4cm. The solid particles were standard sand, 
magnetite sand and sand made of resin ( p =1.51, 2.40, 4.62p
g/cm3). Particle diameters were in the range 0.126-0.912mm. 
Paddles, vaned disc and flat-blade turbines were used as 
stirrers.
Values of £ were calculated from the data at N. using themC js
following equation:

10



3 5 / 3= P N. D /Tm C  O j s (2-8 )

where Pq is power number and T is tank diameter.
The results were expressed in terms of a constant,
A = C a , : c d  oc

g Ap d1/3
A = a c oc C =D (2-9)

2/3P £ f m e

where C is a function of particle Reynolds number. These
part icle

authors plotted their data as Aq vs. critical X Reynolds 
number, Rec > which was expressed as follows:

— - 1/3 „ ^5/3 j-i/3U d  ^ d P N D drL p m C  p O js p
Re = pc v T

(2 -1 0 )

Oyama and Endoh (8) used paddle, vaned disc and disc turbine 
impellers to check the validity of Eqn. (2-9) and provided 
an experimental value of 16 for the magnitude of the 
constant A^ in Eqn. (2-9).
So the impeller power per unit mass at just-suspension 
conditions was proposed using the following expression (9):

r p i 2/3 p —  =   (2 - 1 1 )t M J 1 C

di/3 (g Ap/p ) p f
M J 16t

1 1



where; P: impeller power at N.J®
: total mass of slurry in the vessel 

g: gravitation acceleration

For paddle and flat-turbine impellers Eqn. (2-11) may be
written in term of N as follows:J«

/ . / \ 1/2 ,i/a m(g Ap/p ) d T f p
N. = 0.25 ------------------------  ( 2-11 a)
J8 t, 1/3 r̂5/3P Do

It was argued by Lyons (9) that Eqn. (2-11) was limited by 
the very small percentage of solids (maximum was 100g) used 
by Oyama and Endoh in their experiments.
Equation (2-11) is valid for the geometrical conditions used 
in its derivation. For other geometrical configurations and 
impeller types, Oyama and Endoh proposed the following 
general expression for estimating impeller speed at the 
just-suspension state:

g Ap d1/3

aoc = K
2 / 3
mC

(2 - 1 2 )

where Kq is a constant, evaluated experimentally.

Pavlushenko et al (10) concentrated their attention on 
determining the conditions at which the solid phase is 
uniformly dispersed in the liquid. These authors studied the 
concentration distribution of sand and iron ore in a range

12



of liquids at 1 to 4 weight ratios of solids to liquid. They 
worked in unbaffled vessels with a propeller agitator. Local 
solid concentrations during mixing were determined by taking 
samples along selected vertical positions measured from the 
bottom of the vessel. They correlated their results by an 
equation which was obtained from dimensional analysis and 
proposed the following empirical relationship for N :

O. <5 ,0. 4 O. 0 T1'
N = 0.105 (2-13)

O. 2 o. a .2. 5

where is impeller speed at just-suspension state, T is 
tank diameter, D is impeller diameter and /-v is viscosity of 
the liquid.
Pavlushenko et al also found that the speed of agitator 
required to achieve complete suspension in an unbaffled 
vessel remained constant for solid concentrations above 15% 
on a volume basis (2).

One of the most extensive investigations in this area was 
carried out by Zwietering (11), who studied suspension of 
settling solids in low viscosity liquids. His study was 
directed towards the conditions under which all particles 
were just suspended in the liquid and no particle remained 
at the bottom of the tank for more than 1-2 seconds. This 
is the so-called 1-2 seconds criterion. Visual method was 
used to determine the just-suspension conditions. He carried 
out over a thousand experiments and used dimensional 
analysis to arrive at a purely empirical expression for N :

13



0 1  (g Ap/pf)O. 45 dO. 2P
N = S (2-14)

DO. 85

In the above correlation, Nje is the impeller speed required
to just suspend the particles, g is the acceleration due to 
gravity, Ap is the solid-liquid density difference, pf is 
the liquid density, D is impeller diameter, d^ is the mean 
particle size and C is percentage weight of solid in the
liquid contained in the agitated-vessel and S is a
dimensionless constant with a magnitude that depends upon
the type of impeller and the position of the impeller from
the base of the vessel. The exponents of v, d , g (Ap/p )p p

and C were found to be independent of the impeller type, 
vessel size, impeller clearance from the base of the vessel 
and impeller to tank diameter ratio. Zwietering presented 
graphs showing variations of S with T/D for five types of 
impellers. His graphs for S are shown in Fig. 2.2.
Zwietering found that in all cases except disc-turbine 
impeller, S and hence N reduced as impeller clearance from 
the base of the vessel decreased, while for disc-turbine 
impellers S was found to be independent of clearance for 
T/7<h<T/2 (h is distance between the impeller and the bottom 
of the vessel). Contrary to the findings of Zwietering for 
disc turbine impeller Nienow (50, 51) reported that the
just-suspension speed, N , is also a function of impellerj®
clearance from the base of the tank.
An important short coming of Zwietering's work is that it 
provides no understanding of the possible mechanism of 
suspension. However, despite this, Zwietering's correlation

14
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allows an estimate of for a wide range of liquids and 
particles under turbulent agitation and is the most 
comprehensive work on solid suspension up to now.

Weisman and Efferding (12) used single and multiple turbine 
impellers to suspend thorium oxide and glass particles in 
stirred vessels. They studied the process of solids 
suspension and the degree of homogeneity in liquids agitated 
by a six-blade paddle impeller using a transparent, baffled 
cylindrical vessel. Their studies included both laminar and 
turbulent regions. For determining the degree of 
homogeneity, they measured the height of interface between 
slurry and pure liquid at the top.
Weisman and Efferding suggested the following relationship 
for predicting the power requirement for the complete 
suspension state for the case of six-blade paddle impellers 
and Reynolds numbers above 1000:

g V U Ap CT t • I v
[---- — ] <-£-) = 0.16 e"----  (2-15)

where P: minimum power required to suspend solids 
C, : liquid volume fractionlv
V : volume of vessel (H=T)T
U : terminal settling velocity in case turbulent 

settling (500<Re^<2x105 ) .

They claimed that Eqn. (2-15) is also approximately correct 
for paddle impellers having less than six blades.

Porcelli and Marr (13) made a visual study of suspension of
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solid particles in a propeller-stirred baffled vessel.
These workers explained that the condition necessary for 
suspension of a single particle is not based on a velocity 
in the bulk of the tank where it is usually higher than the 
particle's settling velocity, but rather a velocity existing 
at the areas of the tank where the particle will most likely 
be just before suspension. That is the periphery of the 
bottom (because of the flow patterns obtained with
propellers). Thus, for a flat-bottom tank the velocities 
through the tank volume may be several times the
fluidization velocity before the velocity in the corners of 
the tank base reaches a sufficiently high value for particle 
suspension. Moreover Porcelli and Marr argued that the mean 
upward velocity of the fluid surrounding the particle would 
be expected to be equal to or greater than the particle 
settling velocity to initiate suspension. They assumed that 
the velocity of the fluid at any given point was 
proportional to impeller speed for a constant impeller size 
and position. These authors studied the suspension
phenomenon for a single particle alone and for 
multi-particle systems. In the case of suspension of single 
particles they concluded that the ratio of the liquid upward 
velocity to the terminal settling velocity of the particle 
for just suspending the particle, decreased with increasing 
particle size.
They claimed that the required impeller speed for suspension 
of two particles is substantially higher than for a single 
particle due to the effect of the particle on the flow 
patterns and the particle-particle interaction at the base 
of the tank. These workers developed the following
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correlation to determine the total circulating flow in the 
vessel for single particle suspension:

qt= 0.55 N D3  ̂ 1+0.16 (T2 - D2)/D2J (2-16)

where qt is the total volumetric flow rate (total 
circulation rate, propeller discharge plus entrained flow), 
N is impeller speed, D is impeller diameter and T is tank 
diameter. They then used this circulation rate to correlate 
their experimental data on N as described below:
Porcelli and Marr carried out their experiments by using 
impellers with different diameter and a range of particle 
densities and sizes. They determined the value of gt/ul8 
(called suspension parameter) for single and multi-particle 
suspension. These authors measured two impeller speeds, the 
first for the point when the first particle moved into 
suspension ( )  and the second for the complete suspension 
(N ). Porcelli and Marr stated that the ratio of q /U2 ts
should be nearly constant for all particles for each set of 
impeller size and position.
These workers claimed that although their approach succeeded 
in bringing the data for various particles together, it was 
not successful in reducing the data for each propeller size 
and position to a constant. So Porcelli and Marr concluded 
that the settling velocity on its own can not describe the 
suspension behavior of a particle in suspension; some other 
factors should be responsible for the variation in values 
qt/U f°r a given impeller sizes and positions.

Kolar in 1960 (14) using his data on (homogeneous)
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suspension of solids in liquids suggested that if the solid 
phase uniformly dispersed and the solids are uniform in 
shape then it can be concluded that in all points of the 
liquid the hydrodynamic conditions would be the same and 
equal to that necessary to ensure the suspension. Assuming 
that uniform energy dissipation occurs throughout the 
vessel, Kolar concluded that the process should not depend 
either on the size of particles or on the arrangement of the 
equipment, and scale up may be based on equal power inputs 
per unit volume or per unit mass of liquid. Kolar related 
energy dissipated by the agitator with the energy lost by 
the particles under free fall velocity in turbulent medium 
and developed the following relationship between the 
variables of the system:

_ 2 ± _  = K  r _ i i i  r 1 r !=_!. 1 r—
60 U K I g D  ̂  ̂ V  ̂  ̂ y ' t t Jt 8 I I

(2-17)

where N.̂  is impeller speed in rpm at just-suspension state 
and U is particle settling velocity in medium at rest, 
and V are volume of solid and liquid phases respectively 
and y and y are specific weight of solid and liquid phases 
respectively. The value of the constant and the exponents 
<x, fe, C/ d, were determined experimentally, e.g. for a 
propeller with h=T/3; K=1.77, a=-0.266, b=0.093, c=0.112
and d=—1.559.
Kolar (14) in his work used a flat-bottom cylindrical 
baffled vessel and 45°-pitch paddles and propellers as 
agitators. Kolar (14) employed an optical method for
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measuring concentration. He illuminated the contents of the 
tank at height T/3 and 3T/4 from the base of the vessel and 
defined as just-suspension speed, N , the speed at whichj®
the absorption of light was the same in both positions.
It has been noted by various investigators (6, 54) that at 
just-suspension speed, parts of the liquid may be completely 
free from particles (particularly with large size). However 
despite this, the just-suspension state is considered to 
give the optimum condition for many operations, e.g. 
reaction and mass transfer. Dispersion of particles beyond 
the just-suspension state towards a more uniform dispersion 
could increase energy consumption of the impeller 
considerably without much increase in the rate of mass 
transfer.
In a subsequent paper (15) Kolar argued that due to the 
complex hydrodynamics of mechanically-stirred systems, solid 
suspension can not be described analytically. Correlations 
should be based of dimensional analysis or simplified models 
(relationships with exponents that are determined 
experimentally).
He argued that for those processes that take place more or 
less randomly in different positions in the liquid such as 
suspension and dissolution, it is often possible, with 
sufficient accuracy to neglect the differences in local 
conditions and to characterize the hydrodynamic conditions 
using spaced-average properties of the suspension. As a 
consequence of the above argument, Kolar assumed that the 
mixing energy necessary to suspend a particle equals the 
energy dissipated by the particle at its terminal settling 
velocity in a still fluid. This assumption led to the
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following mathematical relationship:

_,2 __ 1/3U U M v  ̂ D ^_ i s _  = r P _ a — i — i—  l r— .1
N. D *• ° q D M, ( r  -r,  ) J '  T 'ja I a I

(2-18)

where Pq is power number, is total mass of slurry in the 
vessel and is the mass of liquid.
Kolar's predictions for suspension speed are higher than 
Zwietering's (11) predicted N.̂  values. This is because 
Kolar employed a suspension criterion based on a uniform 
distribution of solids while Zwietering's equation is based 
on the just-suspension conditions. Kolar's results however 
agree with the findings of Weisman and Efferding (12). This 
may be because the same suspension criterion was used in the 
two investigations.
The obvious weak point of Kolar's analysis is that the 
terminal settling velocity has a much lower value under 
turbulent liquid conditions (16, 86) than in a still fluid. 
It has been found that the settling velocities of particles 
in an impeller-stirred vessel under turbulent conditions are 
30% to 60% of the settling velocities of the same particles 
in still liquid (16).

Narayanan et al (17) considered the suspension of a particle 
balancing the vertical forces acting on the particle; the 
hydrostatic head of liquid, the downward gravity force, the 
buoyancy force and the upward force caused by the vertical 
component of the liquid velocity. In order to find the fluid
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velocity, to determine the drag force, they assumed a mean 
path liquid circulation stream through the vessel and by 
using circulation time data of Holmes et al (18) they 
calculated the average velocity of the liquid. They proposed 
a mathematical expression for N.̂  which is:

0. 9-f( 2g Ap)[ 2dp/(3 p{) + (C H >t /pp ) +C, p f]j (T/D)
N. =

(2-19)

where is impeller speed in rpm at just-suspension state, 
C is mass fraction of solid in the liquid and H , is theV «l
net hydrostatic head of slurry.
These authors compared their experimental results with 
values predicted using the above correlation; as a result of 
this an empirical correction factor F =(N ) /(N ) ,L N  j« #xp. j« t )■>•©.

= 1.98 C^' 22J , was introduced in Eqn (2-19).
The prediction of by Narayanan's correlation gives
values that are lower than those predicted by Zwietering's 
expression. It should be noted that the exponent of d^ in
the above correlation is 0.5 which differs significantly
from Zwietering's observations (i.e. 0.2). It should also be 
noted that in the above approach the local conditions at the 
the bottom of the tank are not considered.
They carried out their experiments by using only one type 
of impeller, namely the 8 flat-blade paddle (h=T/2).

Kneule in continuation of his previous study (7) on
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suspension of particles in impeller-stirred vessels (for 
which the constant in the proposed equation (Eqn. 2-1) was 
left out undetermined) carried out more detailed work with 
his colleague Weinspach (19) in the same field in order to 
determine experimentally the constant A^ in Eqn. (2-1).
A transparent vessel with changeable base with a diameter 
equal to 37cm was used. Four different vessel bases (see 
Fig. 2.3) were tested. Ten types of impeller were employed. 
Details of these impellers are shown in Fig. 2.4. Liquids 
with kinematic viscosity between 0.01-1.60 cm2/s (St) were 
used. Table 2.1 shows the particles employed by Kneule et 
al.

Material Mean particle diameter Density Cv
(mm) kg/ma %wt.

sand 0.7, 1.25, 2.6, 6.4 2630 0.5-25
glass balls 0.1, 0.5, 1.0, 6.0, 10.0 2950 " "
iron 1.08, 1.75, 3.81 3750 " "
lead shine 1.34, 2.01, 3.77 6900-6190 " "
steel balls 1.5, 3.0, 6.0, 10.0 7650 0.2-15
lead balls 1.25, 2.5, 5.0, 8.0 11100 it

Table 2.1 Solids material used by Kneule and Weinspach (19).

Kneule and Weinspach (19) chose the 1-2 seconds criterion to 
define the just-suspension condition, and assumed the 
following relation in order to describe this condition:

Re* = /(Ar, C , D/d )l (2-20)V p
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where is the weight fraction of solids in the liquid. The
Aexponent t, obtained experimentally, depends upon Re and

A AAr (see below). Re is the critical modified Reynolds 
number and Ar is the Archimedes number which were defined 
as:

★ D tt d N
Re = ------    (2-21)

60 v

da Ap g
Ar =   (2-22)

v  p f

where N is impeller speed in rpm.
They used an impeller-stirred tank with the ratio of the 
vessel to impeller diameter, T/D, equal to 3.25 (this ratio 
was the optimum value of T/D which was found experimentally 
by these authors).

/

TT - 370 mmhI I

a) hemispherical b)dish

Tr

c) flat d) cone blunt

FIG. 2.3 Different vessel bases used by Kneule and 
Weinspach (19).
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a) open double turbine with 
W/D=0.5

b) open turbine
c) 12 blade impeller with

w /d = 1 .0
d) 6 blade disc stirrer
e) closed double turbine
f) paddle with curved blades

g) propeller with downward 
action

h) propeller with upward 
action

i) propeller downward action 
and stabilization ring

k) propeller upward action 
and stabilization ring

FIG. 2.4 Types of impellers tested by Kneule et al (19).



Stirrer Fig 
type no.

Vessel
base
shape

h/D+ Baffles ★Po Ki K2 Ka K4

open-
double 4a dished 0.2

with
baffles 0.186 2.12 5.3 0.202 4.44

turbine• i 4a ii 0.4 ii 0.192 2.32 5.8 0.267 5.82M 4a n 0.5 •i 0.194 2.4 6.0 0.296 6.45ii 4a ii 0.6 ii 0.211 2.95 7.37 0.548 11 .94•i 4a H 0.8 •i 0.226 3.24 8.1 0.728 15.87
•i 4a n 0.5

without
baffles 0.072 2.05 5.12 0.184 4.01

" with 
lower 4b n 0.5

with
baffles 0.093 2.68 6.7 0.412 8.98

blades

M n 4b n 0.5
without
baffles 0.065 2.05 5.12 0.184 4.01

12-blade 4c ii 0.3
with
baffle 0.279 2.12 5.3 0.201 4.42

6-blade
disc 4d ii 0.3 ii 0.105 3.44 8.6 0.871 18.98
closed-
double
turbine 4e it 0.7 it 0.171 2.41 6.02 0.299 6.51
paddle
with
curved
blades 4f it 0.5 ii 0.135 3.48 8.7 0.902 19.66
propeller
downward 4g ii 0.2

to ii 0.0125 5.5 13.75 3.566 77.73
propeller
upward 4h ii

0.8
0.3 ii 0.0179 5.76 14.4 4.091 89.18

propeller 
downward 
with ring 4i ii 0.3 ii 0.012 5.9 14.75 4.401 95.94
propeller 
upward 
with ring 4k M 0.4 ii 0.0136 6.7 16.75 6.447 140.54

+ For one impeller type only optimum value of h/D is given. 
Table 2.2 /continued:
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Stirrer Fig. 
type no.

Vessel
base
shape

h/D+ Baffles ★
P

o
K

i
K

2
K

a
K

4

open- hemi- 
double 4a spherical 
turbine

" 4a "
" 4a "

4a
4a
4a

0.3
0.5 
1 .0
0.3
0.5
0.8

with
baffles

ii
ii

without
bafflesii

ii

0.224
0.229
0.249
0.091
0.089
0.081

1 .61
1 .88 
2.51
1 .81 
1 .94 
2.12

4.02
4.7
6.27
4.52
4.85
5.3

0.089
0.142
0.338
0.127
0.156
0.204

1 .94
3.09
7.36
2.76
3.4
4.44

" with 
lower 4b 
blades

M 0.3
with
baffles 0.089 2.57 6.42 0.364 7.93

" " 4b 
12-
blade 4c

ii

ii
0.3
0.4

without
baffles
with
baffles

0.065
0.336

2.12 
1 .81

5.3
4.52

0.203
0.127

4.42
2.77

6-blade 
disc 4d ii 0.2 ii 0.0884 2.82 7.05 0.481 10.5
closed- 
double 
turbine 4e ii 0.4 n 0.112 2.28 5.7 0.254 5.53
paddle 
with 
curved 
blade 4f ii 0.05 ii 0.144 3.75 9.37 0.976 21 .28
propeller 
downward 4g ii 0.05 ii 0.0168 5.22 13.05 3.055 66.6
propeller 
upward 4h ii 0.05 ii 0.0257 5.02 12.55 2.713 59.2
propeller 
downward 
with ring 4i n 0.2 n 0.016 5.62 14.05 3.80 82.85
propeller
upward
with ring 4k ii 0.3 ii 0.0236 6.02 15.05 4.66 101 .7

+ For one impeller type only optimum value of h/D is given. 
Table 2.2 /continued:
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Stirrer
type

Fig
no.

Vessel
base
shape

h/D + Baffles ★
P

o
K

4
K

2
K

a
K
A

open-
double 4a

cone-
blunt 0.3

with
baffles 0.199 1 .74 4.35 0.112 2.44

turbine
i i 4a i i 0.5 i i 0.207 1 .81 4.52 0.127 2.76
i i 4a i i 0.8 •i 0.218 2.08 5.2 0.192 4.18
i i 4a •i 0.3

without
baffles 0.088 1 .88 4.7 0.142 3.09

i i 4a •i 0.5 i i 0.084 2.08 5.2 0.192 4.18
i i 4a i i 0.8 n 0.087 2.34 5.85 0.274 5.97
i i 4a i i 1 .0 i i 0.080 2.54 6.35 0.351 7.65

" with 
lower 4b i i 0.3

with
baffles 0.094 2.61 6.52 0.380 8.28

blades
•i 4b •i 0.8

without
baffles 0.060 2.28 5.7 0.253 5.51

open-
double 4a flat 0.05

with
baffles 0.189 3.5 8.75 0.916 19.96

turbine
n 4a n 0.1 i i 0.195 3.5 8.75 0.916 19.96
i i 4a H 0.2 n 0.21 3.56 8.9 0.966 21 .05
i i 4a n 0.3 i i 0.285 4.82 12.1 2.399 52.2
i i 4a i i 0.4 i i 0.298 4.82 12.1 2.399 52.29
i i 4a i i 0.1

without
baffles 0.069 3.35 8.38 0.805 17.54

i i 4a H 0.3 i i 0.085 2.82 7.05 0.479 10.44
i i 4a i i 0.4 i i 0.089 2.76 6.9 0.449 9.78
i i 4a i i 0.6 n 0.097 2.4 6.0 0.269 6.45
i i 4a i i 0.8 i i 0.091 2.33 5.82 0.271 5.9
i i 4a i i 1 .0 •I 0.089 2.45 6.12 0.314 6.84
n 4a i i 0.1

half
baffles 0.2 3.68 9.2 1 .068 23.28

n 4a i i 0.3 •i 0.222 3.62 9.05 1 .017 22.17
n 4a i i 0.4 i i 0.245 2.68 6.7 0.412 8.98
i i 4a i i 0.6 n 0.248 2.54 6.35 0.351 7.65
i i 4a i i 0.8 i i 0.252 2.62 6.5 0.385 8.39
i i 4a i i 1 .0 i i 0.248 2.68 6.7 0.412 8.98

" with 
lower 4b i i 1 .0

without
baffles 0.071 2.68 6.7 0.412 8.98

blades
i i 4b *» 0.6

half
baffles 0.126 2.98 7.45 0.567 12.36

+ For one impeller type only optimum value of h/D is given.
Table 2.2 Kneule and Weinspach*s experimental data.(19)
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These authors by using their own experimental data proposed
the following empirical equations to evaluate the just-
suspension speed: N g is given in terms of the critical

★modified Reynolds number, Re ,:

A A A ARe = (Ar )°‘5 for Re >400 with Ar >1 05 (2-23)
(turbulent region)

Re = K2(Ar )°-4 for Re <400 with Ar <10* (2-24)

★where Ar is the modified Archimedes number and was defined 
as:

Ar* = Ar C°*5 D/d (2-25)v p

and Kz are constants and depend on the geometry of the 
system. Table 2.2 shows these constants for all geometries 
used by Kneule and Weinspach. They stated that for the other 
geometries which are not included in Table 2.2, experiments 
should be done to obtain the values of the constants, K andi

A AK2. A typical plot (Re vs. Ar ) for dished-bottom vessel
stirred with open-double turbine (Fig. 2.4a) impeller
(h/D=0.5) is shown in Fig. 2.5. It was explained that the
reason of proposing two different equations was that about 

★Re equal 400 the curve (in Fig. 2.5) showed a change in 
slope in all cases examined.
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q  m o d e l  v e s s e l  w i t h  a c a p a c i t /  ol 1 
A  m a m  d e s i g n  w i t h  a c a p a c i t y  ot 7 ,000  i

10' 10’ 10* 10*10* iC
. *
Ar* Ar D / Ms fi-5

(m T)

FIG. 2.5 Typical representation of Kneule and Weinspach's 
results for dished-base vessel stirred with open 
double turbine impeller.

Substituting for Ar and Re , using Eqns (2-25) and (2-21), 
into Eqns (2-23) and (2-24), after simple rearrangement 
gives:

for Re >400 with Ar > 1 O5 :

O .  5  „ 0 .  2 5  / _ 0 .  5N = (60/n) K (g Apip ) ' C ' /D
j e  1 f  v

(2-26)

and for Re <4 00 with Ar <10*:

/ . / v°- •* O. 2 _ O. 2( g  Ap/p{) v

N = (60/n) K -----------------------------  (2-27)2



From Table 2.2 it appears that these workers did not 
experiment with propellers in flat-bottom shaped vessels. 
There are however few experimental data with propellers in a 
dished-bottom vessel. So for this system, substituting the 
values of and K (from Table 2.2) for suspension in a 
baffled-vessel (four baffles with width equal T/10) in Eqns 
(2-26) and (2-27) gives:

for Re >400 with Ar >10= :
N = (60/n) 5.5 (g Ap/p >°‘“ C°- *5/D°' " (2-28)J* f V

and for Re <400 with Ar <10*:
/ . / \0. 4, O, 2 _ O. 2(g Ap/pf) v Cv 

N = (60/n) 13.75 -------------------------- (2-29)
,°. 2 _°. <5d Dp

for suspension in a dished-vessel (T/D=3.25) with a
downward-pumping propeller.
It was argued that with higher viscosity ( v>1.60 cm2/s)
fluids the thickness of boundary layer at the base of the
tank would reach the size of the particles used in the
experiments. In that case the 1-2 seconds criterion could 
not be used any more because the particles which are hidden 
in the boundary layer prevented the observation of the
suspension.
Kneule et al (19) presented the impeller power input

★equation in terms of a modified power number, Pq as follows:
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P = 1.435x1 0 4 P* N3 D5 p  (2-30)

★where N is impeller speed in rpm and the relation between P
and Pq may be given as:

* PoPo = -------- ---------  (2-31)
1.435x10~4 (60)3

★Pq is also given in Table 2.2 for all geometries used by 
these authors.
Kneule and Weinspach (19) substituted for N in Eqn. (2-30)

JS

using Eqns (2-26) and (2-27) and obtained the following
equations for impeller power requirement at the just- 
suspension conditions:

•kFor Re >400:

__ Yr ^ _ .1 • 17 . 75 > . i 1 • 5 / 0 .5 / m a \P = K P V C (g Ap )  / p, (2-32)3 O T V I

★For Re <400:
, . .1. 2 O. <5(g Ap) ^

P = K P* V1'07 C°,<S ------------------- (2-33)
A O T v 0.2 - O. <5

p

The correlation between D and Vt was given as:

T (4 V /tt)1/3
D = -----  =     (2-34)

3.25 3.25
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where V is the volume of the vessel ( H=T ).T
★Substituting the values of K  ,  K  and P  (from Table 2.2).9 4 0

for solids suspension with a downward-pumping propeller in a 
dished-bottom vessel equipped with four baffles, in Eqns 
(2-32) and (2-33) gives:

For Re >400 and 0.2 < h/D < 0.8:

, — &  a  f  ■ 75 . ili 5 / O • 5 . » ^ _ iP = 0.0446 V C (g Ap) / p (2-35)T v  1

For Re <400 and 0.2 < h/D < 0.8:

(g Ap)1'2 v°‘*
P = 0.9716 V1,07 C ,<S ---------------  (2-36)T v

These authors argued that changing any of the parameters 
caused the just-suspension state to change. For example; 
small changes in the impeller clearance from the bottom of 
the tank greatly influenced the just-suspension speed. Also 
density and fraction of solids in slurry played a big role. 
They stated that baffles or the shape of vessel base and 
impeller type contributed to variation of the just- 
suspension state. These factors were experimentally verified 
by Kneule and Weinspach. Their results are summarized below:

(1) ratio of vessel diameter to impeller diameter, T/D:
The effect on N of this ratio (T/D) was optimized throughj»
a relatively extensive series of experiments. The results
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were given in the form of curves shown in Fig. 2.6.
Evidently the optimum ratio of T/D is between 3 and 3.5. The 
ratio of T/D=3.25 was chosen by Kneule and Weinspach. Thus
in all subsequent experiments impeller diameter was kept
constant having a value of 0.114m.

3

7

C

2 3 T/D S

a) impeller with 12 blades, 
hemispherical bottom, 
Cv=0.0074, glass balls
d =6mm; b) impeller withp
12 blades, hemispherical 
bottom, Cv=0.1, glass
balls d =6mm; c) impellerp
with 12 blades, dished 
bottom, C^=0.1, sand
d =1.25mm; d) propellerp
with downward action, 
hemispherical bottom,
C =0.0074, steel ballsV
d =3mm; e) propellerp
with downward action, 
hemispherical shaped 
bottom, C =0.024, glass

V
balls d =1mm; f) propellerp
with downward action, 
dished bottom, Cv=0.024,
sand d =1.25mm.p

FIG. 2.6
Determination of the optimum ratio of T/D (19). 
All curves apply to optimum impeller clearance 
from the vessel base.

(2) the type of the vessel bases:
Four different vessel bases were tested by these authors 
(Fig. 2.3). The following results were obtained and reported
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by them:

(i) As far as Njb is concerned, the hemispherical-base tank 
was the most suitable vessel base geometry, followed by the 
cone-blunt base vessel with the dished-bottom vessel as the 
third. It was stated that depending on the type of stirrer, 
the last two cases might change their places. In terms of 
the N , the flat-base tank was the least successful 
geometry tested.

(ii) With regard to the impeller power requirement at N^, 
the three types of vessel tested (hemispherical, dished and 
cone-blunt), shared the first three ranks depending on the 
type of stirrer. The exception to this was the propeller 
with downward-pumping action, for which the dished-base was 
the most suitable. In all other cases the hemispherical one 
was always the best. The flat-base vessel was the least 
successful geometry regardless of the type of impeller.

It was concluded that in general the hemispherical base 
vessel was the most economical and flat-base tank was 
unsuitable for suspension. The dished and cone-blunt base 
vessels differed only a little from the hemispherical one.

(3) clearance of the impeller from the bottom of the vessel: 
The effect on N of clearance from the base-vessel was 
reported in terms of clearance ratio, h/D. It was concluded 
that the optimum ratio of h/D with every impeller depended 
on the shape of the base-vessel. Based on all their 
experiments Kneule and Weinspach suggested that the optimum 
clearance ratio should be in the range of 0.3<h/DS0.8. They 
found that with the flat-base tank the type of baffles had a
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major effect on N . In cases where baffles reached thej®
bottom of the tank the optimum clearance ratio, h/D, was 
less than 0.3. But where the baffles reached only up to half 
of liquid height, H/2, the value of h/D=0.5 was the best. 
They stated that in the unbaffled vessel the optimum 
clearance ratio should be increased to 0.8.
They argued that the effect on impeller power requirement of 
variation of the clearance was also critical. For example, 
for the open double turbine (Fig. 2.4a) in a baffled 
flat-bottom vessel, a relatively small change of the 
clearance (0.2 to 1.6cm) with 4cm diameter impeller 
(clearance ratio from 0.05 to 0.4) resulted in an increase 
of power input by more than 400 percent. They found that the 
effect on the impeller power requirement of the impeller 
clearance from the bottom of the tank was considerably less 
for the axial propeller. For example the power requirements 
for downward-pumping propeller in a dished-base vessel for 
the clearance ratio in the range of 0.2<h/D<0.8 were the 
same, while with the hemispherical-base tank the results 
were different. So they argued that it was not possible to 
make a general statement for all examined cases.

(4) impeller type:
Ten different impeller types (see Fig. 2.4) were tested by 
Kneule and Weinspach (19). With regard to the just- 
suspension speed, Nja, these authors concluded that the 
open-double turbine (Fig. 2.4a), the open-turbine (Fig. 
2.4b) with lower blades were the best, closely followed by 
the 6-blade disc stirrer (Fig. 2.4d), and the closed double 
turbine with 12 blades impeller (Fig. 2.4e). In the sixth
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position was the paddle impeller with curved blades (Fig. 
2.4f) and finally the propellers with downward- and 
upward-pumping action, as well as with and without 
stabilizing rings (Figs 2.4g, h, i, k). They also found that 
the propeller speed required to reach the same suspension 
process was 3 to 4 times that of the turbine stirrers.
With regard to the impeller power requirement (at N.̂ ) the 
results for every shape of tank base was different. These 
authors found that:

(i) the downward-pumping propeller and the closed- as well 
as the open-turbine impellers (Fig. 2.4-e, a, b), were more 
suitable for suspension compared with all the other
geometries tested (Fig. 2.4). The propeller gave the lowest 
power input (at Nja) of all systems when used in a 
dished-bottom vessel.

(ii) The propeller with a stabilizing ring showed worse 
results than the one without.

(iii) The upward-pumping propeller and the paddle with
curved blades impellers did not work economically compared 
with other geometries tested (Fig. 2.4).

(iv) The rest of the stirrer types differed not very much in 
power requirement and their suitability depended on the 
shape of the vessel base.

These authors also claimed that the effect on impeller power 
input (at N^) of impeller clearance from the base is more 
critical than the type of impeller. For example they
observed that the variation in power consumption (at of
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the eight different impellers that they used in their 
experiments was no more than 100%. On the other hand, for a 
given impeller type power input at could vary by as much 
as 400% by changing the clearance between the impeller and 
the base of the vessel. The only exception to this
observation was the downward-pumping propeller in the 
dished-bottom vessel, for which no effect of clearance on
power input (at N ) was observed in the range of
0.2<h/D<0.8.

From a design point of view, it is also important to note
that impeller power input at N.̂  may be changed by as much
as 800% in some cases by changing the shape of the bottom of 
the vessel as discussed in section 2 above (19).

(5) baffles:
These authors concluded that short baffles (baffle length 
equal to the half of the liquid height) prevented vortex 
formation completely and lessened considerably the power 
requirement. They also concluded unbaffled vessel needed 
less power requirement than the baffled one, but because of 
vortex formation and sucking air into slurry (which are 
unwanted in suspension processes), it was suggested that 
unbaffled vessels would be suitable for suspension
processes with small particles, with low density and low 
concentration. In other words, unbaffled vessel should be 
used for suspension when low impeller speed is necessary.

Nienow and Miles (21) studied the dependence of mass 
transfer coefficient between suspended solids and 
surrounding liquid agitated by different types of impeller.
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Sodium chloride was used as particles and the impeller was a 
number of six-blade disc turbines, two-blade flat paddles 
and four-blade 45°-pitch turbines with upward pumping 
action. Experiments were conducted in two closed vessels 
with diameter 0.14m and 0.28m.
These authors experimented with 39 different geometries and 
found that in all of the cases mass transfer coefficient was 
the same at the condition of just suspension. They also 
concluded that power requirement per unit mass for the 
just-suspension state was 30 times less in some geometries 
than in others. These authors also concluded that:

(i) the specific power consumed at the just-suspension 
conditions was always less in the large vessels for 
geometrically similar configurations.

(ii) in general the large impellers with a smaller 
clearances above the tank base, consumed less power than 
others except in the case of 45°-pitch turbine impellers.

(iii) 45°-pitch upward pumping turbine impellers consumed 
the least energy in comparison with the other impellers at 
the just-suspension state.

Using closed vessels in their work eliminated the problem of 
surface aeration, thus allowing operation at the impeller 
speeds beyond those possible with open vessels.

Musil and Ulk (22) assumed that the amount of kinetic energy 
that is gained by solids within a time interval is 
proportional to the power supplied by the impeller. The 
authors divided the hydrodynamics of solid suspension into
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two regions; one in which there is no loss in the transfer 
of energy from the impeller to the particles and the second 
region in which some energy is lost because of the viscosity 
of the fluid. Two theoretical equations were derived giving 
the critical impeller speed as a function of physical 
properties of liquid and solid. For their first hydrodynamic 
region they found a mathematical correlation independent of 
the clearance while for the second hydrodynamic region they 
derived another correlation which shows a linear dependence 
of the just-suspension speed and clearance. They used 
conical base vessel in order to simplify the removal of the 
crystal product. One of the drawbacks of the above work is 
that the time-averaged value of the superficial slip 
velocity of the particles and the thickness of the bottom 
layer of the slurry as defined by the authors and used to 
drive their mathematical models are difficult to measure 
experimentally, thus making it difficult to verify the 
validity of this correlation.

One theoretical approach based on energy balances and 
turbulence characteristics of the suspension was proposed by 
Baldi et al (23). They argued that the suspension of 
particles is rather due to turbulent disturbances than to 
the average velocity field existing near the bottom. These 
workers based their analysis on the turbulent properties of 
the agitated liquid; it was proposed that turbulent eddies 
of a scale equal to particle size transfer their energy to 
particles which are at rest at the tank base. As a result, 
particles are lifted to a height of about one particle 
diameter; from this point, the particles are considered to
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be in suspension. An empirical relationship was assumed 
between the average dissipated power input per unit volume, 

and that close to the base, The final equation takes 
the following form:

(g Ap/p ) d Tf p *
2 = --------------------------  = /(ReB , T/D, h/D) (2-37)

P D5'* N o !•

Where Pq is the impeller power number and Ren is modified
* a /Reynolds number defined as Refi = D p f/(pT).

For an eight-blade disc turbine at h/D=0.5, the value of 
Z=2, thus Eqn. (2-37) gives:

/ . / vO. 5 , O. 17 _(g Ap/p ) d Tf p
N. oc ------------------------- (2-38)j*

P D o

It is interesting to note that the effect of solids 
concentration was not accounted in this theoretical model, 
but allowed for empirically.
The model has been experimentally verified by the authors 
(24) in flat bottom tanks with baffles. Three tanks of 
12.2cm, 19cm and 22.9cm diameter were employed. The 
impellers used were 8-flat and pitch bladed disc turbines 
with a diameter of 3.2cm, 4cm, 4.8cm. The particles examined 
were sand particles (p =2650 kg/ma) and glass ballotinip
(p^=2800 kg/ma). Seven classes of sand particles in a range
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of 42/jm<d <540^m and nine classes of ballotini in a range of
p

97/jm<d <1200^m were employed. Both mono-size and bi-sizep
particle classes were tested; the latter were made by mixing 
particles of the mono-size classes in different percentages. 
According to their experimental results Baldi et al (24) 
showed that the bi-modal classes behaved as single sized 
particles having an average size as calculated on the basis 
of the weight percentage. Concentration of solids in the 
slurry varied between 0.2% and 2% by weight. It was 
concluded that N.̂  was proportional to solids concentration 
raised to an exponent ranging between 0.11 and 0.13 for the 
tested geometries.
From the obtained results Baldi et al concluded that the 
proposed model can be applied for particles with diameters 
larger than 200 microns. These investigators confirmed that 
for particles smaller than 200 micron a different approach 
is needed to explain the mechanism of suspension.

It is interesting to note that the exponents of dp and D in 
Eqn. (2-38) are lower than the corresponding values in 
Zwietering's equation (Eqn. 2-14).

Subbarao and Teneja (25) argued that suspension of particles 
in an agitated vessel is due to the liquid drag force on the 
particle due to the circulation of liquid developed by the 
pumping action of impeller. They proposed that the average 
upward velocity of the liquid in the peripheral zone is 
responsible for suspension of particles. They used the 
correlation for the total volumetric flow rate q̂  ̂ (Eqn. 
2-16) obtained by Porcelli and Marr (13) to derive an 
expression for the average upward velocity of liquid:



n = ± [ A 5*-• n I rr,2 r\' ̂T -D
55 (1+0.16 —  ~ )  Dal N (1 -C ) «= K N (1 -C )2 J v B v

for N>N
(2-39)

where is average velocity of liquid in the upward 
direction in the presence of solids and is the volume
fraction of solid in suspension.
It was assumed that suspension was uniform and that Eqn.
(2-16) could represent the pumping capacity of the
propeller.
These authors argued that to achieve a stable suspension the 
value of uLbc/u bb should be equal to or greater than unity, 
and depends on particle size and solid volume fraction 
(Ul>c is the average liquid velocity in the upward direction 
at the just-suspension state). U is the settling velocity
of particle suspension which i s estimated from the Eqn.
(2-40), obtained by Ramamurthy and Subbaraju (26), as follows:

U /U - 1 - <1.21 c2'*) (2-40)• ■ t« V

where U is the terminal settling velocity in still medium
bewhich can\obtainedfrom the following equation:

r Ar /j
U =     (2-41)

L 0.75 a -i d p .
dP pr
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9 2in which Archimedes number Ar= d p g (p -p )/p and with:p  f p f

a=24, b=1 for 0.0<Ar<36
a=18.5, fe = 0.6 for 36<Ar<83000
a=0.44, b=0.0 for 83000<Ar<1.3x1010

They stated that a comparison with experimental results on 
liquid fluidized beds indicated that:

From their experimental result, they concluded that as the 
particle volume fraction increases, the ratio of U /Ur ' Lac ••
increases and the fraction decreases with increasing 
particle diameter,- in other words, for a single particle, 
the larger the diameter of the particle, the lower will be 
the stirrer speed for just suspension.
This conclusion seems questionable because decreasing 
U /U does not necessarily means U decreased; theLae •• Lac
decrease could be caused by an increase in U .••
From the experimental result they have presented the 
following correlation for U :

(2-42)

U = K N (1 -C ) = U f 0.0095 + 0.1 14C 1 fd /D V 1/2Lae S j «  v sal v J V. p' J

for 10<Ar<10‘4 ((2-43)
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Equation (2-43) can be written in the form of N.̂ :

 / ( C )
p rdP

(2-44)

where /(C )=0.035 C4/a, b = 1 to 0.0, and a=24 to 0.44V V

depending on b as defined in Eqn. (2-41).
The authors then compared the above correlation with 
equations proposed by Zwietering (Eqn. 2-14), Pavlushenko et 
al (Eqn. 2-13), Weisman et al (Eqn. 2-15) and Musil, and 
because of the noticeable differences found, they finally 
suggested that some modifications had to be introduced to 
Eqn. (2-44) as follows:

1) The term [d /D]-4'2 should be changed to [ 10d /D] 4'2 .p p
2) /( C ) should be modified by a multiplying it by factor of 
15.8.
It was claimed that after these modifications Eqn.
(2-44) would be approximately identical to Zwietering's 
correlation.

Einenkel and Mersmann (27) investigated the effect of solid 
concentration on the behavior of suspensions. They used 
"suspension height" criterion; by this criterion a 
sufficient suspension is attained when solid particles
are lifted up to 90% of the height of the liquid. They found 
that with increasing concentration, the terminal settling 
velocity of particles becomes an influencing parameter on
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N . For this reason they included this velocity in their 
dimensional analysis. The equation proposed by these authors 
was presented in the following form (48):

O.OB2<5 . 0 . 8 0 5 0  „  5X3V r Ap . r T/D
N = 24.93 O.77<50 g u c ---- 1 f------ 1

 ̂ M  v Pf J I 3 .175J

(2-45)

where U is the particle settling velocity in swarm and C• ■ V

is the volume fraction of solid.

Einenkel (2) was one of the first to measure solid
concentration distribution throughout the vessel. Solid
concentration was measured by removing samples at different
vessel heights. He used the variance of samples removed, a ,

2.as a measure of homogeneity of suspension; a is a measure
of the deviation of the local solids concentration, C^, f r  

that of a homogeneous suspension, C^Q ,:
om

2a -— 1  -1 v VO
V =1

(2-46)

As the value of c* decreases, suspension becomes more 
homogeneous. Einenkel stated that cr2=0.95 provided a 
suspension which was comparable to that obtained using 1-2 
seconds suspension criterion; cr2=0.25 corresponded to a 
nearly homogeneous distribution and a2= 0.5 indicates that 
particles are distributed throughout the vessel. The latter



was suggested to be equivalent to the "suspension height" 
criterion i.e. suspension is attained when the solid 
particles are lifted up to 90% of the height of the liquid. 
Einenkel (2) studied the effect of particle diameter on 
stirring speed at the suspension state defined by the 
condition cr2=0.5. They used a propeller in a baffled-vessel 
(D/T=0.315). It was concluded that the effect on N. of dj* p
can not be described by a single power-law relationship as 
proposed by most investigators (see Fig. 5.11), the impeller 
speed at just-suspension state increased with increase in 
particle diameter according to the relation:

N. ex d2/a (2-47)j* p

passing through a transition region and then for Re >100 thep
impeller speed depended on particle diameter according to 
the relation:

N a d‘x<5 (2-48)J* P

In these experiments, particle diameter was varied between 
80/jm-1 500/um.
Impeller speed for solids suspension, N.^, for propeller 
(D/T=0.315) was measured and the following equations was 
proposed by Einenkel:

1) for o'2=0.95 (equivalent to the 1-2 seconds criterion):

(N* p, DZ n/Ap g U C )*'* = 31 (D* N p / p ) ' ° OPj« f •• v j» f

(2-49)

47



2) for cr2=0.5 (when particles are lifted up to 90% of the 
height of liquid):

(N3 pf D2 n/Ap g U C )1/3 = 47 (D2 N. p/p)~°'0t>j • f •• v ja f

(2-50)

Based on his own results, Einenkel (2) recommended the 
following relation for scale-up purposes for geometrically 
similar units and fo r equal &  :

P/V <x D~°‘ 33 (2-51)

Ohiaeri (28) studied suspension of particles in small and 
large vessels (range between 30cm-183cm) with flat- and 
dished-bottoms. Experimental work was carried out using 
propellers, 4-blade 45°-pitch turbines and disc turbines. 
Dished-bottom vessel was found to be more efficient in solid 
suspension than the flat-base vessel.
Ohiaeri (28) proposed the following correlations for N.̂  for 
propellers and for 45°-pitch turbines in the flat-bottom 
vessel:

For propeller:
„ „ _ , , ,0.304 -0.171 -O. B<X> _0. 130 , , _ , _ vN = 1.97 (g Ap/p ) d D C (h=T/3)f p H v

(2-52)

4 +  -in i / xO. 304 -0.322 -O.S5P -0.175 , . _/.xN.#= 11.78 (g Ap/pf) dp D (h=T/4)
(2-53)

For 45°-pitch turbine:



a -5 0  /  /  \ 0 .  aa<5 j O .  2 7 a  - o .  « > i  _ o .  i p s  / L  _  ,  . .N = 4.38 (g Ap/p ) d D C (h=T/4)J» f p N v

(2-55)

Ohiaeri argued that the value of N.̂  obtained by Eqns (2-52) 
and (2-53) were higher than those obtained by Zwietering's 
correlation (Eqn. 2-14) by up to 40% due to differences in 
experimental techniques and geometry.

Rieger and Ditl (29) studied the effect on N of a numberj«
of important operating parameters including impeller type 
and size, T/D, h/D and solids concentration.
On the basis of dimensional analysis, these authors derived 
an equation for the estimation of the critical impeller 
speed for suspension. As a result of a statistical 
evaluation of their own experimental data, the following 
dimensionless equation was proposed for estimating the 
critical impeller speed of suspension for turbulent region 
Re>10*:

Fr* = C (T/D)3'1 (2-56)R

JL
where Fr = N2 T p,/(g Ap) is modified Froude number and j* f
CR=/(h/D, C^, impeller type) in which is the volume
concentration of the solid phase. For a six-blade 45°-pitch 
turbine with downward pumping action and C^=1% and h/D=l/3, 
Cr=0.068 and Eqn. (2-56) gives:

Fr* = 0.068 (T/D)®'1 (2-57)
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Equation (2-56) may be rewritten in the form of critical 
impeller speed as below:

Njb oc T ° *  (T/D)1'*5 (Ap / p f)°-5 (2-58)

They concluded that at the just-suspension state, the 
six-blade disc-turbine and the three-blade 45°-pitch

higher than those for the six-blade 45°-pitch turbine or 
six-blade flat turbine, where all other conditions were the 
same. Glass spheres of 1mm, 2mm, 3mm and 4mm in diameter 
were used as a solid phase. The volume concentration of the 
solid phase was 0, 1, 2.5 and 5%.
In their study Rieger and Ditl (29) stated that the critical 
impeller speed was independent of liquid viscosity and 
particle diameter (Eqn. 2-58) which is not surprising 
considering the range of particle sizes were used by these 
authors. Ditl and Rieger (30, 31) published a further paper 
on this subject in 1985. These authors divided the turbulent 
suspension of particles in liquids into two sub-regions, 
depending on particle diameter and intensity of turbulence. 
Ditl and Rieger (29, 30) argued that the kinetic energy of 
the eddies govern suspension of solid particles; large 
eddies are responsible for the suspension of particles with 
large diameter, while smaller particles are suspended by the 
middle and smaller scale eddies. The characteristic scale of 
eddies employed by Ditl and Rieger (29, 30) was presented

downward pumping turbine had critical N.̂  values 1.5 times

b y :

(2-59)
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where { is characteristic scale of eddy and c *P/(pV ) isT m  f T
specific power input per unit mass.
These authors observed that the critical impeller speed for 
solid suspension, Njb, increases with an increase in 
particle size d , up to a certain value/ further increasesp
of d , have no effect on N (see Fig. 2.7).p j*
The breaking point of the logarithmic experimental curves 
N = /(d), (Fig. 2.7) was used as a criterion toj« p
distinguish between large and small particles by Ditl and 
Rieger (30).

n. [1/min]
■sio

>o

FIG. 2.7 Typical plot of N = /(d ), data from Ditl andj* p
Rieger (30).

The following definition (Eqn. 2-62) was used to define a 
numerical value to characterize the above breaking point. As 
mentioned by the authors this relationship was reasonably 
constant, regardless of variation in d , v, T, T/D andp
impeller type:

d /? = d /(v’/c )*'* (2-60)p T p m
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d _ 1x4Po p N* D'
?T ” L Pf " T*/.

d 4 P 1/4 d ND2p, »/4

(fl-f-rJ —  ) (t )
(2-62)

Ditl and Rieger (30) investigated suspension of small and 
large particles (0.085mm<dp< 4mm with negligible influence of 
intra-particle forces. On the assumption that suspension was 
caused by the energy carried by the eddies, the authors 
derived a mathematical model to predict the critical 
impeller speed for suspension:

N = C (g Ap / p ) 1'2 (T/D)3"2 D~1/2 (2-63)
j *  f

o r :

Fr* = (Re2/Ar) (T/D)* (d /T)3= N2 T pf/(Ap g) = c'(T/D)3
p j • *

(2-64)
o r :

Re = C Ar°‘ 5 (d /T)"ax2 (D/T)1̂ 2 (2-65)
j *  p

/ 3 / 2 .where C is a constant and Ar = d Ap g p / p  is Archimedesp f
number. By using the experimental results Ditl and Rieger 
(30) modified the Eqn. (2-65) into the following forms in 
order to provide a better fit of experimental results into 
mathematical model. For d /£ >32:

P T
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~  „  0 . 4 5  , - / . -i. 42 . / pn \ O . BtfRe = C Ar (d /T) (D/T)
J »  2 p (2-66)

where c2 = /( h/D, Cv , impeller type ). For a six-blade 
45°-pitch upward pumping turbine with C^=1% and h/D=1/3, 
C2=0.77. From Eqn. (2-62) it was concluded that:

j-O. 07 - 0 . 5 8  0 . 1  .. . 0 . 4 5  / m / ^ vi.44 . -N oc d T v (Ap g) (T/D) (2-67)j* p

For suspension of small particles with no intra-particle 
forces, Ditl and Rieger (30, 31) presented the following
relationship for N :

Re = C Ar°' 45 (d /T)"1'25 (D/T)0 5<S (2-68)jm a p

o r :
, O. Oi - 0 . 7 5  0.1 . 0 . 4 5  , _  .1. 44 ,» .N oc d T v (Ap g) (T/D) (2-69)j* p

where Cg = /( h/D, C , impeller type ). The values of the
constant Cr , , Ca, are given in a table in reference 30
and 31. For a six-blade 45°-pitch turbine with C^=1% and
h/D=l/3, C =0.068, C =1.73. 

r  ' a

Equations (2-66) and (2-68) were in good agreement with 
experimental data obtained by Ditl and Rieger for the
following range of parameters:

1 .3 < Ar < 10*
2 < T/D < 4.4
0. 8x10”3 < d /T < 0.1p
0.3 < d /£ < 1 0 0p t
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Mersmann and Laufhutte (32) stated that the mean specific 
power input, is dissipated into the vessel by two
superimposed processes:

1) generation of the discharge flow in the vessel.
2) consumption of power to counteract the sinking of the 
particles.

These authors stated that in small laboratory vessels, with 
a high ratio of wall area to vessel volume a mean velocity 
U at the bottom is needed for particles motion. Mersmann etTf\

al from the experimental results concluded that the modified 
Froude number remained approximately constant for small 
values of the diameter ratio (d /T) i.e. small particles inp
large vessels in which the impeller has to produce only the 
mean up-stream velocity greater than the terminal settling 
velocity of the particles:

Fr = N2 n2 D2 pf/(d Ap g) = constant (2-70)M  j« f P

i.e.:
N a (g Ap/p )°'5d°-5/D (2-71)J* f P

and this modified Froude number decreases with increasing 
d /T:p

Fr = n2 N2 D2 p,/(d Ap g) oc (T/d ) (2-72)m  j ■ f P ^ p

i.e.:
N oc T°‘ 5 (g Ap/p )°‘5 d °’°/D (2-73)j* f p
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The characteristic diameter ratio (d^/T) was proposed by 
authors to distinguish between the two suspension regimes. 
The transition region between the two basic suspension laws 
was experimentally found to be at 10~4<d /T<10~*.p

Molerus and Latzel (33) have classified the phenomenon of 
solid suspension into two regions. The first deals with fine

9 2particles for which Ar<40 (Ar = d Ap g/v p ) . it wasp *
explained that, in this range particles are completely 
submerged into the boundary layer and so, one should provide 
a mean circulation velocity of several orders of magnitude 
larger than particle settling velocity in order to achieve 
suspension. The reason is that, fluid velocity at the wall 
boundary layer of the vessel is responsible for suspension, 
and this velocity is much lower than the mean circulation 
velocity of the liquid. Molerus and Latzel (33) used a 
curved bottom-vessel and three-blade marine propeller to 
provide experimental data to confirm their mathematical 
equations. They confirmed that particles were lifted at the 
junction of vessel base and vertical walls. From their 
experimental results they found a linear dependency of the 
maximum fluid velocity close to the boundary layer, U^, 
(reference velocity) on the impeller tip speed.

U = K D N (2-74)00 M

where, is a constant and depends on geometrical
configuration (which experimentally for their system was 
found to be equal to 0.117). They stated that due to 
interactions between the mixer and the baffles, relative
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turbulence intensities were high. So these high turbulence 
intensities reduced considerably the distance necessary for 
the development of a fully turbulent boundary layer. Close 
to the base of the vessel the streamlines are curved (see 
Fig. 5.28) and the flow is axisymmetric. These authors 
assumed the universal velocity distribution law, Eqn. 2-75, 
to be true at the junction of the vessel base and the 
vertical walls. Thus:

/ *U /u = y 10 arctan(0.1y )+1.2 
★5.5 + 2.5 lny

(viscous sublayer, y <5
★(buffer layer, 5<y <30★(turbulent layer, y >30

(2-75)

★In Eqn. (2-75) u is friction velocity defined as:

u = V r f p (2-76)
w  f

in which t is wall shear stress at the junction of the
vessel base and vertical walls, Uy is time-averaged velocity

★at distance y from the base vessel and y is dimensionless 
distance which was given by:

y* = y u*/v (2-77)

in which v> is kinematic viscosity of the liquid.
These workers used their experimental results i.e. they 
measured U (local velocity) and U near the base of they 00
vessel using a pitot tube and calculated the friction
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velocity (using Eqn. 2-80) for the various regions of flow
in a single phase flow to verify the validity of Eqns
(2-75). They concluded that their experiments confirmed the 
assumption for the buffer and turbulent layers and disagreed 
with the viscous layer. The reason for this disagreement as 
explained by the authors was the distortion produced by the 
presence of the measuring probe. Molerus and Latzel (33)
also derived two theoretical models for the required minimum 
stirrer speed, Njb, for spherical particles settled in the
boundary layer.
The first model was based upon the shear stress acting on a 
particle layer covering the wall surface. For establishing 
the flow forces exerted on particles which were settled in 
the boundary layers, the shear stress for a particle layer 
was assumed to cover the wall surface. The state of just-
suspension was defined by the balance of forces for this
model:

T7 d2 T /4 = (p -p)n g da /6 (2-78)p V p f P

substituting for from Eqn. (2-76) into Eqn. (2-78) and 
after some rearrangement:

* 2 2Re2 = (d u /v)2 = --- da (g hp/p )/v =   Ar (2-79)3 p r 3

★where ReT is Reynolds number for shear stress, u is
friction velocity and Ar is Archimedes number.
This model was verified using three geometrically similar 
vessels (T=0.19m, 0.45m, 1.5m, D/T=0.312) using different

57



sizes of glass and steel beads (34pm<d <1937pm). Volumep
concentration of solid particles were varied in the range 
0.5%<Cv <30%. Water and mixture of water-ethylene glycol were 
used as the fluid.
The authors concluded that their experimental results 
qualified well the model for the fine grained particles 
which completely submerged in the viscous sublayer i.e. 
Ar<40. These authors observed no dependency of on volume
concentration for Ar<40.
To evaluate the critical impeller speed for suspension one 
can proceed as follows:
The friction velocity is given by:

u* = (t /Pf)1/2 = 0.182 v° 1 U° P /T°‘ 1 (2-80)v f 00

From Eqn. (2-79):

u ex (dp g Ap/pf)°'5 (2-81)

Substituting Eqn. (2-8M into Eqn. (2-80) gives:

U cx (d g Ap/p )°-5* vT0’11 T011 (2-82)00 p f

Considering Eqn. (2-74) U oc N D; hence:CD

N oc (d g ip/p,)0'"5 v'°'“  T°'“ /D (2-83)j« P t

The second model was based on the drag exerted on a single
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particle by a uniform flow of fluid with velocity U^. The 
balance of forces at incipient lift of the particles gave:

C « a* /« D ( /a) C D  12-  < V pf} "  d P 9 / 6  ( 2 - 8 4 )

o r :
4
3

Ar (2-85)

24 4
with: C =/(Re )=D  p Re

+
V~Re

+ 0.4
p p

where U , is fluid velocity at the distance Y=dp/2 from
the base of the tank and Re = d U J / /w.p p <ip/2
By comparing experimental results with theoretical 
predictions based on the two proposed models (the turbulent 
drag and the wall shear-stress models) these authors 
concluded that for particles completely immersed in the 
viscous sublayer, could bedefined by the shear-stress
model. For Ar>40 their results indicated that these models 
could not describe their data.
Molerus in a subsequent paper (34) presented a model to 
describe the hydrodynamic behavior of particulate fluidized 
beds. The model which was based on fluid drag on particles, 
bed expansion and pressure drop in a particulate fluidized 
bed, was claimed by the author to be applicable to the 
suspension of solid particles in mechanically-agitated 
vessels for coarse particles, Ar>40. Molerus suggested a 
balance between the total pressure drop of the agitated 
vessel and the weight of the solid/liquid bed which resulted 
in a complex correlation relating the just-suspension
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conditions to system parameters. Because of the complex form 
of the equations given in the paper it is difficult to see 
the exact relationship between N.̂  and some of the important 
variables affecting it, e.g impeller and tank configuration 
and fluid and particle properties.
In Molerus's paper no comparison has been made with previous 
publications.

An experimental investigation was reported by Yung et al 
(36) on the interaction between turbulent-burst activity and 
deposited particles within the viscous sublayer of a liquid 
flowing under turbulent conditions, across a solid surface. 
Particle diameters used by these authors were less than the 
viscous sublayer thickness and the burst area was at least 
200 times the particle's projected area. These authors by 
detailed visualization of the vessel base concluded that the 
initial movement of the deposited particles on the surface 
was by rolling, despite the violent fluid ejections 
occurring above the particle layer. They also concluded that 
the tangential drag force was the dominant re-entrainment 
force.
Yung et al stated that turbulent-burst activity was 
insignificant within the viscous layer. This is in 
disagreement with the previous hypothesis by Baldi et al 
(23) and others (30,33,31 ) that turbulent bursts are 
responsible for the suspension in stirred vessels.

2.1.1 Impeller type and flow patterns
The flow patterns produced in an agitated (baffled) tank 
play an important role in establishing just-suspension of 
particles and are very much dependant on the type of
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impeller. There has been a large range of impeller types 
used for agitation (20). Impellers are usually classified 
into two main types; axial and radial flow impellers. 
Radial-flow impellers discharge fluid to the vessel wall in 
a radial direction. An axial-flow impeller produces flow 
parallel to the impeller shaft, along the impeller axis. 
Typical examples of these are disc turbine and marine 
propeller respectively. The flow patterns resulting from 
these two types of impeller, shown in Fig. 2.8, were noted 
by Rushton et al (43).
For the purposes of suspension, there are basic reasons for 
choosing one impeller over another. For solids suspension, 
the importance of axial flow impellers has been stressed by 
several workers (15, 39, 40). Axial flow impellers cause

a) Radial fluid flow pattern b) Axial fluid flow pattern 
for disc turbine for propeller downward

action.

FIG. 2.8 Radial and axial flow patterns.
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suspension at lower power consumption, when compared with 
radial flow impellers (39). The radial-flow impeller has two 
major differences (40): (i) solids are picked up from the 
bottom of the tank by the suction side of the impeller, 
which is actually operating with only half of the total flow 
from the impeller; (ii) the upper flow pattern can only 
suspend those particles that are picked up by the lower flow 
pattern. This dual flow pattern and operation on only the 
suction side of the impeller is the reason why this type of 
impeller is less effective than the axial-flow type.
It has also been suggested that axial-flow impellers produce 
higher flow but lower turbulence intensity than radial flow 
impellers (41).

2.1.2 Impeller power requirement
The impeller power requirement has been discussed by several 
investigators (42, 43) as being important to solid
suspension and for scale-up. According to Bates et al (42) 
White and Summerford were the first to point out the 
possibility and advantage of correlating impeller power by 
dimensional analysis.
Rushton et al (43) used dimensional analysis and obtained 
the following equations:

P/(pf Na D5) = /(Re, Fr, geometrical ratios) (2-86)

in which P/ (p{ Na D5 ) is dimensionless power number, PQ , 
Re=N D2p{/fJ is impeller Reynolds number and Fr = tf*D/g is 
impeller Froude number and geometrical ratios include T/D, 
H/D, h/D, p /D, W/D, L/D, n, here H is liquid height, p isp p
pitch of the blade, W is width of blade and L is length of
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blade and n is the dimensionless number of blades. For the 
geometric similarity the Eqn. (2-86) can be rewritten in 
form:

Po « /(Re, Fr) (2-87)

For a fully baffled tank (nonvortexing system) gravitational 
forces have a negligible effect (42) so the effect of Froude 
number in above equation disappears. Thus:

Po = /(Re) (2-88)

A plot of Pq against Reynolds number for a given geometry is 
called the power curve. Typical power curve are shown in 
Fig. 2.9 for configurations often used in practice (42). 
Most solid suspension processes operate in the turbulent 
regime, i.e. at Reynolds numbers greater than 104 . In this 
region the power number is essentially constant but it 
varies with impeller type. Figure 2.9 shows that axial-flow

500

100

SO

m f n

05

FIG. 2.9 characteristic impeller power curves (42).
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impeller required less power than radial-flow impellers in 
turbulent regime.

2.1.3 Effect of impeller pitch on power consumption
(i ) propeller
For the propeller, power consumption is very sensitive to 
variation in the pitch of the impeller.
The propeller is often designed on the basis that its pitch 
is a segment of a screw, which requires a constant pitch 
across the face of the blade (40). This means there is a 
continuous increase in blade angle from the blade tip to the 
hub. Pitch-to-diameter ratio (pitch ratio) is equal to the 
distance (in impeller diameter) that an impeller would 
advance for each revolution when rotated in a fluid body, 
e.g. if the pitch ratio of a propeller is 1.0 ( often called 
"square pitch" ), then it would generate the flow of a plug 
of fluid equal to its diameter in length for each propeller 
revolution. The pitch-ratio of propeller is usually between 
0.5 and 1.5 (40). The pitch has the maximum effect on power 
requirement for the propeller at high impeller Reynolds 
number as shown in Fig. 2.10. According to Eqn. (2-86) the 
power varies as P oc (p /D)f where p is the pitch, D is thep p
propeller diameter and the value of f is in the range of 
1.5- 1.7 (42). Rushton et al (43) reported a constant value 
of 1.7 for f for baffled operations and Bates (42) suggested 
that f=1.5. This disparity could be caused by differences in 
the detailed design of the blade area ratio which is a 
variable (42). The effect of pitch on impeller power 
requirement at low Reynolds number becomes less significant 
as shown in Fig. 2.10 below Re=7, there is no effect of
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pitch on P .
o

The propeller is normally rotated in such a direction as to 
produce down-pumping action toward the bottom of the tank. 
Running the impeller in the reverse direction o f  rotation 
reduces its efficiency to suspend particles b y  15% ( 4 0 ) .

100

Q*

FIG. 2.10 Effect of pitch on propeller power number (42).

P atO Reynolds No. of
Curve P /Dp d /t 5 300 10*

1* 1 .02 0.33 8.3 0.60 0.22
2e 1 .0 0.31 8.3 0.60 0.25
3 1 .0 0.40 9.7 0.75 0.30
4 1 .0 0.33 9.7 0.82 0.35
5 1 .4 0.33 9.7 1 .04 0.54
6a 2.0 0.31 8.7 1 .00 0.52
7 1 .8 0.30 9.7 1 .27 0.86
8 2.0 0.31 8.7 1.10 1.0

a No baffle
Table 2.3 Values of power number for propeller. 

Data from Fig. 2.10 (42).
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(ii) Turbines
In the case of turbines the pitch of the impeller blades has 
a constant angle over its entire length .
Its flow characteristic is primarily axial but a radial 
component exists and can predominate if the impeller is 
located close to the bottom of the tank. The slope of the 
blade can be anywhere from 0 to 90 degrees, but 45° is the 
commercial standard (42). This impeller is also known as the 
" fan type " (42). The angle of the blade (pitch) has an 
appreciable effect on power requirement of the turbine. The 
effect on power requirement of the angle of inclination of 
the blade has been studied by some investigators (41, 44).
Musil et al (44) used a series of three-blade turbines, with 
blades inclined by 45, 33 and 24 degree from the horizontal 
plane. They concluded that the angle of inclination of the 
blade has a strong affect on the turbulence intensity. 
According to Medek and Fort (45) for blade angle p = 30° the 
radial flow may be considered insignificant, but for the 
angle of inclination of the blade of 45°, radial volumetric 
flow rate becomes significant.

Nagata (41) stated that the smaller the angle of inclination 
of blades, p, (angle of blade to the horizontal plane) the 
smaller is the power consumption, however the degree of 
reduction depends upon Reynolds number. He used a series of 
pitched paddle impellers with a blade angle ranging from 30° 
to 90° and found that for the impeller Reynolds number above 
100 the impeller power requirement decreased with decreasing 
blade angle. When Reynolds number is smaller than 10, the 
difference in power caused by the difference in p becomes
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negligible. These results are shown in Fig. 2.11.

No—  -0 6 •*/ 0-0 1 •0-*0-46*»•

— ©  
•— ©

—*  ." <r •••
0.1

FIG. 2.11 Effect of blade angles upon the power number at 
various Reynolds number (41).

Nagata (41) included the pitch effect in a general equation
for two-blade pitched paddle for Reynolds number greater
than 1000, which is in the form of P oc (sin f>)4'2 in which

o

Pq is power number and p is angle of blade to the horizontal 
plane. Bates et al (46) used blade angles in the range 25° 
to 90° in their studies keeping the projected blade width 
(W sin f>) constant. For four-blade pitch turbines, it was 
found that (p^/D)f in Eqn. (2-86) can be replaced by

2 • 5(sin f>) ‘ in the turbulent range.

2.1.4 Power consumption of impeller in suspension of solid 
particles

Power data for single phase liquids are plentiful. By 
comparison information on two-phase mixtures seems very 
scarce. A few investigators (42) have suggested that power 
number for slurries is the same as the power number for 
mixing single-phase systems if an appropriate density and 
viscosity can be obtained. Viscosity of dilute slurries will
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be near enough to the liquid's viscosity and density which 
is taken to be bulk density ( p . ) which defined by:

mix (2-89)

Nagata (41) stated that power consumption of impellers
rotating in a liquid suspending coarse solid particles, in
turbulent regime may be estimated by using average density

★around the impeller, p ,:

where C is solid volume fraction, p . is bulk density andv mvx

P f  is liquid density.
In case of baffled vessel K has a value of 1.0, thereforeN '

2.2.5 Effect of impeller type on particle suspension 
The type of impeller used has a significant effect on the 
liquid flow pattern in an agitated baffled tank and on the 
minimum power requirement at the point of just-suspension. 
This effect has been investigated by several authors (11/ 
14, 19, 21). Zwietering (11) and Kolar (14) each provide a 
comparison of the particle suspension ability of different 
impeller geometries. Zwietering (11) found that a marine 
propeller required a lower N.̂  than a disc turbine of the

Po = PU p *  N3 D5 ) (2-90)

with : mvx (2-91 )
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same diameter. Considering the fact that power number for 
propeller is lower than for disc turbine, it means that the 
power needed by the propeller is less than the power for 
disc turbine at N . Nienow and Miles (21) in an 
experimental study of mass transfer concluded that a lower 
energy consumption per unit volume is achieved when using 
45°-pitch turbine operating just above Nja, in comparison 
with disc turbines and paddles. Nienow (51) stated that the 
power number for a propeller to achieve just suspension will 
be even lower than 45°-pitch turbine but one should 
compromise between the relatively high operating cost and 
low capital cost of a 45°-pitch turbine with the relatively 
low running cost but high capital cost of the propeller. 
Another comparison of different impeller types was made by 
Kneule and Weinspach (19) in regard to power requirement and 
minimum impeller speed (see section 2.1).
Ohiaeri (28) used marine propellers, 4-blade 45°-pitch 
turbines and disc turbines to suspend particles in water in 
flat bottom vessels. He concluded that pitched turbine 
effects just suspension at about 25% lower impeller speed 
than the propeller but pitch turbine consumes 1.5 times more 
power at . He claimed that it was not possible to suspend 
sand at even low concentration when the disc turbine was 
used.
Another comparison of impeller type wets made by Rieger and 
Ditl (29). They used six-blade disc turbines, six flat-blade 
turbines, six-blade pitch turbines and three-blade pitch 
turbines and concluded that the six-blade pitch turbine has 
the lowest critical impeller speed (NJS)* They also noted 
that the six flat-blade turbine, the six-blade disc turbine
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and the three-blade pitch turbine have N. about 1.5 timesj»
higher than the six-blade pitch turbine.
Chapman et al (39) used several type of impellers in their 
study including; 45°-pitch angle blade disc turbine, 
45°-pitch angle blade turbine (pumping up and down) and 
propeller (pumping downward). They concluded that axial and 
mixed flow impellers (pitch turbines) with the downward 
pumping action are most energy efficient.
Axial-flow and radial-flow impellers were compared by Oldshu 
(40) who used a 438mm diameter flat-bottom tank with four 
38mm wide baffles. Three types of 152mm diameter impellers 
were used; a marine propeller, a four-blade impeller with 
45°-pitch blade and an impeller with six curved-blade 
turbine. His result showed that the propeller and the 
45°-pitch blade impeller had roughly the same suspension 
performance at the same power, and the curved-blade turbine 
required at least twice the power of pitch blade impellers.

2.1.6 Scale-up
For a successful scale-up of suspension operations certain 
limitations are required on the design of equipment. These 
limitations can be categorized into geometric, dynamic and 
kinematic similarities. Kinematic similarity means that for 
geometrically similar agitated vessels, equal fluid 
velocities at corresponding points in small and full-scale 
vessels are found (58) to produce similar mixing results, 
especially for solid suspension when the fluid flow velocity 
is important.
Scale-up in the field of solid suspension in stirred vessels 
is still a major problem facing researchers. Because of the
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complexity of hydrodynamics of solid suspensions, no general 
correlation has emerged that could completely relate the 
just-suspension speed (or impeller power requirement at N.^) 
to other operating characteristics independent of system 
geometry and size.
A common rule for scaling-up in this field is the rule of 
equal power per unit volume, this rule was first proposed by 
Buche (11) in 1937 in a general form.
Zwietering (11) by assuming geometrical similarity between 
the model and technical apparatus and equal liquid and solid 
properties and particle size in both cases proposed that:

P/Vf oc (T/D)3a_2-45 t~°’ 55 (2-92)

where P is power input to the stirrer, Vf is volume of the 
liquid (H=T), D is impeller diameter, T is tank diameter and 
a is a constant which has an approximate value of 0.82 for 
propeller, 1.5 for turbines and 1.3 for paddles.
It should be noticed that for the propeller the power 
requirement per unit volume is independent of the ratio T/D 
according to the above relationship. Zwietering also 
concluded that the power requirement decreases with 
increasing dimension of the vessel by considering that as 
the vessel dimension increases the ratio between its surface 
and volume decreases, leading to a decrease in the power 
dissipated by wall boundary; it can be concluded that the 
rule of equal power input per unit volume gives a 
conservative estimate of power requirement and is therefore 
a safe design.
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Einenkel (2) has presented a comparative diagram of the 
scale-up rules obtained by different workers in this
field (Fig. 2.12).
According to this diagram scale-up recommendation ranges 
from P/v « T_1 to P/V oc T1̂ *. Application of these
expressions to solid suspension in large agitated vessels 
results in huge differences in power requirement as 
demonstrated in Fig. 2.13 (32).

3 --

2 3 5? 3
0 /0.

FIG. 2.12 Literature data for scaling-up of suspension 
equipment (2).

According to a work done by an industrial company on large 
scale experiments and reported by Mersmann and Laufhutte (32) 
the region where P/v a T 1, appears to be adequate for 
solids suspension. It seems that more future work in this 
field is necessary to establish a scale-up criterion to 
predict process results in large equipment.
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FIG. 2.13 Power input versus tank diameter
for suspending of solid particles (32).

2.1.7 Particles lighter than the liquid
Stirred vessels are usually used for the suspension of solid 
particles which are denser than the liquid phase. But in 
certain operations such as polymerization and fermentation 
it is necessary to suspend solids which are lighter than the 
liquid.
Joosten et al (47) concentrated their attention on 
suspension of floating solids. They used four different 
sizes of vessel, but most of their experiments were carried 
out in a vessel with 0.27m in diameter using a single short 
baffle (0.2Tx0.3T). They used a two-blade pitched paddle, a 
4 and a 6-blade pitched turbine and a 3-blade marine 
propeller. The particles were small rubber particles and
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corks whose density was varied by inserting a small 
ball-bearing into them. Particle size was between 2-1Omm. 
Suspension of floating solid was affected by the sinking 
action of an eccentric vortex created by flow in this 
geometry. The just-suspension speed, N was defined as the 
speed at which the floating solids at the liquid surface had 
just disappeared. As the vortex in the liquid in their 
system played an important role in the suspension of 
particles, they assumed a relationship between the Froude 
number (Fr=N2 D/g) and the system geometrical variables and 
they arrived at:

Fr = C, (D/T)J1 (Ap/p ) (2-93)
J * I  •/ X

Where Fr , is Froude number at N , and C , j i, j z  are the 
constants having different values for different impeller 
types.
They found that a large (D/T=0.6) four-blade 45°-pitch 
impeller (upward pumping) placed near the base of the vessel 
required the minimum power for just-suspension state. For 
this optimum geometry the following equation gave a good fit 
to their data:

Fr = N2 D/g = 3.6x10'* (D/T)'*' Ap/p)°"**
.)•« J » f  f

(2-94)

Where N.>f is the impeller speed at just-suspension state 
for floating solids.
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It should be noticed that particle concentration and size, 
liquid viscosity and clearance does not appear in the 
Eqn. (2-94) because these were found to have a negligibly 
small influence.
These authors have claimed that, Eqn. (2-94) has 
successfully been used to design a vessel of 50ma for the 
suspension of floating particles in a commercial plant.

Ohiaeri (28) has also studied suspension of floating solids. 
He used much finer plastic particles from 200/jm to 500^m. He 
carried out his experiments in four different sizes of fully 
baffled vessels using marine propellers and four-blade 
45°-pitch turbines. The impellers were rotated in a 
clockwise and anti-clockwise direction producing downward 
and upward pumping action respectively. In the case of the 
propeller the following correlations were obtained by 
Ohiaeri:

(i) Propeller pumping downward:
1) T/h=1.5:

_ 0.0513 . . , .O. OP7B , O. 0244 -O.B4P _0.1B1Nj-f = 2.693 i> (g Ap/p{) dp D C ^
(2-95)

2) T/h=3:
^ _ _ -O. 0185 . . i . -O. 086P , O. 0524 - 1 . 073 _0. 32tf

N j.r= 0 -87 v (g *P/Pt)d p D  C Mv
(2-96)

(ii) Propeller pumping upward;
1) T/h=1.5:

X, -I -> n e r  0.0424 . . , .-0.0511 _ 0.552 -1. 004 _0.±42N =13.966 v (g Ap / p  ) d D Cj«r f p Nv

(2-97)
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2) T/h=3:

n ->0-1 O. 0 0 5 9 4  , i .0. 0 5 2 2  - 0 . 9 7 9  -i. 0 2 B _0.i79
Nj.f = 2 *281 V (9 dp D C«w

(2-98)

Ohiaeri compared these equations with the equation obtained 
by Joosten et al, which can be written in the following 
form:

N = K D_°'5 (Ap/p )°'24 for T/D=3
J ®  I X

(2-99)

Where ^  = 10.3 for the propeller and 4.41 for the four-blade 
pitched paddle. Evidently from the above equations there is 
a big difference between the values of the exponents of D, 
in Ohiaeri’s correlations and Joosten’s equation. The 
impeller speeds predicted from Eqn. (2-99) differ greatly 
from Ohiaeri’s work (28). It was found the value of N. , 
from Eqn. (2-99) is higher than the highest value of N^f 
observed by Ohiaeri, and this author argued that Joosten et 
a l ’s claim about their novel geometry being optimum, was not 
confirmed by Ohiaeri’s results. Ohiaeri concluded that 
floating solids generally required very much higher impeller 
speeds for suspension than settling solids, and the optimum 
floating solids suspension geometry was found to be a 
propeller pumping upwards and located near the liquid 
surface.
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2.2 LIQUID JET-STIRRED VESSELS
In jet mixing a fast moving stream of fluid is injected into 
a slow moving or stationary fluid, the velocity difference 
between the jet and ambient fluid creates a mixing zone 
around the jet boundary. As the distance from the nozzle 
increases more of the ambient fluid will be entrained by the 
jet, and therefore the jet width increases. From visual 
observation, in the case of a submerged water jet, it has 
been shown that the water jet development resembles a cone 
with its vertex virtually at the nozzle (75), having an 
angle of approximately 14 degree (Fig. 2.14 and Fig. A.1).

FIG. 2.14 Jet expansion half angle (28).

Although usually jet nozzles are made convergent to 
accelerate the flow, line-size nozzles are also used in 
industry (73). Most of the theoretical and experimental
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work on jets has been carried out with air jets (63, 64,
65, 70, 71, and 72), but some researchers have worked on 
liquid jets (67, 74, 75, 77) and have developed some
correlations to characterize the behavior o f  liquid jets. 
These studies were carried out mostly in order to understand 
the hydrodynamics of fluid jets and the literature on the 
use of jet agitators for solids suspension is scarcely 
available. A survey of the literature on the hydrodynamics 
of jet flow is given in Appendix A. In this section the 
relevant information is presented on the use of radial wall 
jets for solids suspension in tanks.

2.2.1 Solid suspension with jet mixers
Jet recirculation systems have been used in the past for the 
mixing of miscible liquids in large tanks and several 
correlations are available for the estimation of mixing time 
for such duties (77, 81).

Simpson (73) suggested that a radial wall jet should be an 
effective device for suspending solids in a tank. With the 
jet mixer, suspension is achieved by the action of a jet of 
liquid that emerges from a nozzle located centrally in the 
vessel (see Fig. 4.2). The jet which points vertically 
downwards strikes the center of the base at 90 degree, 
changes direction and spreads radially towards the walls of 
the vessel. On hitting the vertical sides of the tank, the 
jet changes direction once again and travels upwards towards 
the surface of the liquid. As a result of this process, 
momentum is transferred from the jet to the liquid and 
provided that the operating conditions are right, solid 
suspension and bulk up-and-down motion of the liquid will be

78



achieved.
According to Simpson (73) horizontal mean velocity and
turbulence fluctuations velocity created by the jet will
suspend the solids. In support of this hypothesis Simpson
referred to the studies of other investigators on deposition
in horizontal pipes and on hydraulic transport of solids in
pipeline. He stated that the work of Thomas (53) was of
particular value because it could be extended to non-pipe
flows. To derive an expression for the minimum transport
conditions, Thomas divided the flow regime in the pipe into
two parts depending on whether the particles were larger or
smaller than the viscous sub-layer thickness. This sub-layer
extends the distance <5̂  from the wall and its dependency

★upon friction velocity, u , was given by the following 
relation (80):

in which v> is the kinematic viscosity of fluid. Thomas (53) 
found that for particle diameter smaller than 6 , theI*
condition for minimum transport was:

where U is the terminal settling velocity of the particle 
in still fluid. Equation (2-101) is valid when the particle 
Reynolds number Re = d U /v <4.p p
The friction velocity can be estimated from (73):

< 5 = 5  W uL
★ (2-1 0 0 )

U /u* = 0.010 (d u* )2 7‘ (2-1 0 1 )
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u* = U V  F/2m  rmoLX (2-102)

Substituting for U from Eqn. (A-34) (see Appendix A), 
using Eqns (2-101) and (2-102) and assuming a value of 0.005 
for the Fanning friction factor, F, and noting that in a 
jet-stirred vessel suspension is initiated at r=T/2, i.e. 
near the walls of the vessel, the following expression 
yields for momentum flux, Mf=Qn un^f/ the just-suspension 
conditions:

1 •
v/(d U ) (2-103)p i* I

where d is nozzle diameter.n
For particle diameter larger than the viscous sub-layer 
thickness, Thomas (53) formulated an analysis in terms of 
turbulence properties of the fluid. He gave the conditions 
for minimum transport as:

c2'* = g d1/a (p -p )/p (2-104)t p p f *

where is the rate of turbulent energy dissipation per 
unit mass which would be expected to vary significantly over 
the over-all height of the radial jet, 6 (see Fig. A.4). 
The following equation provided a rough approximation for 
the estimation of :

£ = F Ua /6. (2-105)t rmcxx j«t
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Particles with diameter greater than viscous sub-layer tend 
to be in the intermediate region, where the drag coefficient 
is given by Oldshue (40):

C = 18.5/Re °' *° (2-106)D  p

and the particle settling velocity is:

ut. = [49 pf c»>]* ’ ( 2 - 1 0 7 )

with F=0.005 and r=T/2, using Eqns (A-34) and (A-42) 
combining it with Eqns (2-104) - (2-107) gives:

I n O . 60
W ( d U  )| (T/d )*xa (T/d )°' a<(h/T)°

p t« I p n

(2-108)

where h is the clearance between the nozzle and the base of 
the tank. Thomas (53) obtained good agreement with liquid 
suspension data provided that the coefficient of Eqn. 
(2-108) was reduced to 2.5 from 6.

Butcher et al (81) in an effort to develop economical ways 
of agitating coal slurry for oil burners stated that the 
cost of keeping the slurry homogeneous by conventional 
mechanical means was quite high. Butcher et al developed an 
agitation system consisting of a number of jets (d = 1/8")
located close to the floor of a 30 gallon horizontal tank 
(see Fig. 2.15) and an external recirculation system
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FIG. 2.15 Horizontal tank with six jet installed 
in the tank used by Butcher et al (81)

consisting of a pump and associated equipment. They stated 
that their system consisted of a small number of horizontal 
discharge jets across the tank floor with the flow cycled 
between the jets. They found this geometry to be effective 
in keeping the suspension homogeneous.

A comparison of solid suspension by a propeller mixer and a 
jet-stirred mixer was done by Ohiaeri (28). His study was 
carried out with two flat bottom cylindrical perspex vessels 
of diameters 0.10m and 0.15m. The vessels were provided 
respectively with 0.009m and 0.05m diameter line -size 
nozzle (open pipe) located axially in the tank. Jet flow 
patterns were studied using a dye injection method and 
photographing the coloured jet. Ohiaeri found that the jet- 
expansion angle was about 16±1 degree at a Reynolds number 
of 1300 or slightly higher Reynolds number. This jet- 
expansion angle is similar to that found by Donald and 
Singer (75) for water jets. Ohiaeri stated that the angle is 
the same for both the axial and wall jet regions (see Fig. 
2.14) .
By using liquid jet as a solid suspension device, Ohiaeri
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(28) carried out experiments in a 0.15m diameter vessel
using a 0.05m diameter open pipe to produce the jet, the 
ratio of d^/T of 1/3 is equivalent to the value usually 
recommended for propeller-stirred vessels. Because of the 
relatively large size of the pipe, suspension could not be 
attained even for a single small particle (p *1180 kg/ma,p
d =238pm ).p

Racz et al (82) studied suspension of particles in a
cylindrical vessel with liquid height, H, equal to T/2 and 
agitated by a jet-stirred mixer. These authors assumed the 
following relation for the just-suspension state of the 
particles:

Re = K Ar*1 [Ap/p ]x2 [d /T)xa [h/T]x* [d /T]x* Cx<Sj« R f p n K v

(2-109)

in which is percentage weight of solid in the slurry,
the values Kr , xi, kz,..., k<s  were found experimentally and 
Reja is nozzle Reynolds number at just-suspension state 
defined as follows:

Re = (p. U d )/p (2-110)J* f n

Ar = (g p Ap da )/p2 (2-111)* p

The equipment used by these authors is shown in Fig. 2.16. 
Liquid circulation was provided by a pump drawing water from 
the bottom of the tank and feeding it back to the tank 
through an axial jet nozzle. As the suction inlet was 
directly underneath the nozzle a cone-shape obstruction
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1-Mixing vessel
2-Circulation pipeline
3-Liquid pump
4-Jet nozzle
5-Flowing water
6-Mesh plate
7-Flow meter

FIG. 2.16 Axial jet mixer used by Racz et al (82)

plate was placed on the front end of the outlet tube so that 
a proper circulation of the liquid could be produced inside 
the vessel. A fine mesh was located between the cone and the 
outlet tube in order to prevent particles being sucked into 
the pump.
The vessel used was cylindrical with a diameter equal to 
37cm with four interchangeable bottoms as shown in Fig. 
2.17. A flat bottom cylindrical vessel with T=55cm was also 
used. Water and a mixture of water and Glycerol with a 
viscosity range of 1 to 35 centipoise was used as liquids in 
the experiments.
The critical liquid velocity at the nozzle, tl̂ , was 
determined for the just-suspension conditions using the 1-2 
criterion proposed by Zwietering (11). All U.̂  was measured 
as a function of the following variables: solid
concentration; particle diameter; nozzle diameter; particle

A
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density; viscosity of the liquid; shape of vessel base and 
the clearance of the nozzle from the bottom of the vessel. 
The results were used to determine the values of exponents 
i.e. xi, x2, xa etc in the proposed relationship Eqn. 
(2-109) .

JT»
.7 V _ ..

v
a) Flat-base
b) Cone-blunt

c) Round-base
d) Dish-base

FIG 2.17 Vessel bases tested by Racz et al (82)

The range of solid particles used by Racz et al are shown 
in Table 2.4 and Table 2.5 presents the range of variation 
of all the parameters in the experiments.

Material Particle diameter 
(mm)

Density
kg/m

Polycarbonate 3.9 1190
Polycelolosacetat 3.4 1240
Polyvinylcholoride 3.3 1420
Polytetrafloraethylene 3.4 2150
Soda glass 3.0, 5.0 2550
Lead glass 1.5, 2.0, 3.0, 4.0 2920
Titan 4.8 4500
Tin 4.7 5700
Steel 3.0 7650

Table 2.4 Particle diameters and densities tested by 
Racz et al (82).
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Diameter of the vessel cm 37.0, 57.0
Nozzle diameter, d cm 0.4, 0.615, 0.825n 1.0, 1.6, 2.0
Nozzle clearance, h cm 6.5- 12.5
Viscosity of the liquid Kg/ms 10"* - 35x10"®
Mass concentration % 0 . 5  - 12
Vessel shape as shown in Fig. 2.17

Table 2.5 System parameters in Racz et al experiments.

Table 2.6 shows values of the exponents and the magnitude of 
the constant of proportionality in the proposed correlation, 
Eqn. (2-109), obtained using a non-linear regression 
analysis. The Eqn. (2-109) was found to be accurate to 
within ±10%.

Vessel shape Kr X 1 x 2 x a x 4 x 5 X tf

Flat-base 2.00 0.42 -0.14 -1.16 -0.05 0.06 0.24
Cone-blunt 0.59 0.46 -0.17 -1 .34 -0.04 0.09 0.30
Round-base 0.15 0.51 -0.17 -1 .34 -0.05 0.06 0.33
Dish-base 0.42 0.39 -0.07 -1 .46 -0.04 0.06 0.29

Table 2.6 Values of the exponents and the magnitude of the
constant of proportionality in Eqn. (2-109) for 
several vessel configurations (data from Racz et 
al (82).

Substituting the values of Kr and xi, x2,....x<s in Eqn.
(2-109) and rearranging the resulting expression gives the 
following equation for U.̂  for solid suspension in 
flat-bottom vessel:
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_ O. 1<S , . , .O. 28 O. 42 _1. i<5 , 0 . 1  _ O. 242 v (Ap/pf) g T dp CMw
U

dn
(2-1 1 2 )

Racz et al (82) stated that jet power input at the just- 
suspension state may be obtained as follows:

PT = Ap Q (2-113)Tj n

'

where Ap is pressure difference between inlet and outlet of 
nozzle and Q is liquid flow rate through the nozzle. 
Provided that friction losses for flow through the nozzle is 
neglectable:

1
Ap = ---  p U  2 (2-114)

2 f n
1

P =   p, U2 Q (2-115)Tj 2 f n n

Tl
P -  - prd2 U3 (2-116)Tj Q f n n

These authors presented jet power input in the form of a 
critical Reynolds number as follows (82):

P„ = —  P ,(Re p/p,)3 (1/d ) (2-117)Tj g f n f n
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With the help of Eqn. (2-117) suspension efficiency of 
different systems (different base shapes) were studied and 
compared with each other. It was concluded that the 
round-base and cone-blunt base shapes were more suitable for 
the suspension of the particles with regards to power 
requirement than the other systems studied (see Table 2.6). 
By comparing the result of this work and their earlier work 
on fluid flow patterns in axial liquid-jet mixers Racz et al 
stated that their proposed correlation is valid even if the 
liquid height is greater than half tank diameter provided 
that clearance of the nozzle from the bottom of the vessel 
be not more than half the vessel diameter.
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CHAPTER 3

MATHEMATICAL MODELLING OF THE JUST-SUSPENSION CONDITIONS

In considering the movement of particles in a liquid under 
agitation in a vessel, it is important to distinguish 
between particles that are already in suspension in the bulk 
of the vessel and those that are on the verge of 
dislodgement from the surface of a layer of a stationary bed 
of particles on the floor of the tank. It is unlikely that 
the conditions for which particle suspension is initiated 
are the same as those needed to maintain the particles in 
suspension. The necessary hydrodynamic conditions for 
maintaining particles in suspension in the bulk of agitated 
liquid has been discussed by Ayazi Shamlou and Koutsakos 
(49, 60). This chapter is concerned with the mechanisms of 
particle dislodgement and its subsequent suspension. 
Consider a spherical particle resting on the surface of a 
bed of particles in a liquid which is in motion as shown in 
Fig. 3.1.

Da

X »-

^  rw rb V  T/;//////7///77rSy//S/7///y777'7T/S/////S/777

FIG. 3.1 Forces acting on particles.
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In the analysis that follows it is assumed that the liquid 
velocity flowing over the particles is uniform and steady 
and the only forces acting on the particles resting on the 
surface of the bed are: a) gravity force of weight and
buoyancy; b) hydrodynamic lift which acts normal to the 
direction of fluid flow and c) drag force which acts
parallel to the flow direction. These forces are discussed 
below.
Lift force: most treatments of the hydrodynamic forces
acting on a particle on a surface consider only drag, lift 
does not appear explicitly, but since the constants in the 
resulting theoretical equations are determined
experimentally and because lift depends on the same
variables as drag, the effect of lift, regardless of its 
importance and origin, is automatically considered.
The lift force may arise as a result of one or a combination 
of several sources, some of which although recognized as
important are not as yet amenable to rigorous examination in 
a real situation.
A particle submerged in a flowing liquid with a velocity 
gradient experiences a lift force due to the pressure 
difference that exists across the particle. Saffman (55)
solved the equation of motion for the flow of a fluid over a 
particle close to a rigid wall in the viscous regime and 
proposed the following equation for the lift force acting on 
the particle in the Stoke's region:

6.4 p u d* (dU,/dy)1'2f p f
F = --------------------------  (3-1)L . 1/2 '4 V
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where Uf is the velocity of fluid at vertical distance y 
from the wall (Fig. 3.2c). The direction of this force is 
such that it causes the particle to move away from the wall. 
Experiments in pipe flow have shown that the measured values 
of F are five times higher than the values estimated by 
Eqn. (3-1) for particles close to a rigid wall (57). There 
are however additional sources of lift force acting on the 
particles which are not accounted for in the derivation of 
Eqn. (3-1). These are: forces caused by the change in the 
fluid flow patterns around the particles as a result of the 
presence of the wall. It is observed (56) that the presence 
of the wall causes the stagnation point to move towards the 
base as shown in Fig. 3.2b. There is also some evidence of 
the wake on the down stream side to move away from the axis 
of symmetry. The net effect is a force acting in the upward 
direction perpendicular to the mean direction of flow.

a)

b)

c) ■1

FIG. 3.2 Lift and drag forces acting on a suspended 
particle near a rigid wall (57).
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Drag force: for laminar flow over particles in the Stoke's
region, i.e. for Re <2.0 the drag force, F , is given byp D
O ’Neill (52):

F = 5 . 1 r c ^ d u  (3-2)D  p m

where u is taken to be the velocity of the liquid atin
mid-point of the particle.
For particle suspension of interest to the present study, 
Rep is usually greater than 2.0. There are no comparable 
expressions for situations in which Rep >2.0. Therefore in 
these cases, an engineering approach is followed in which 
both of these hydrodynamic forces are considered as 
functions of local Reynolds number and are expressed in 
terms of a lift and drag coefficient respectively:

and:

CL = ■ Fl ■----  (3-3)
-5“  P, U AZ I m p

C = ----------    (3-4)
-4- p, 5 AZ f m p

where A is the projected area - n d /4 and U is the meanP p m
characteristic fluid velocity near the base of the tank 
close to the particle.
Experimental data on drag coefficient, C^, are available in 
the literature for particles with a variety of shapes and 
for different particles Reynolds numbers, Re = d U pr/pp p *
(40, 85). Data on are usually presented in terms of a
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FIG. 3.3 Drag coefficient vs. Reynolds number

93



drag coefficient which is defined as (Fig. 3.3):

4 d
C =D

g (p
(3-4a)

where: : terminal settling velocity
d : particle diameterp
P  : particle densityp

For the purposes of calculation, mathematical equations have 
also been presented for covering a wide range of particle 
Reynolds numbers (Table 3.1):

Reynolds number correlation
range equation

Stoke's law
(laminar settling) 0.0001<Re <2.0p C =24/ReD p
Intermediate law 2.0<Re <500p C =18.5/ Re° ‘D  p

Newton's law
(turbulent settling) 500<Re <2x105p C =0.44D

Table 3.1 Equations for drag coefficient in three ranges 
of flow pattern (40).

Effective Gravitational Force: the net force of gravity is
determined by the weight of the particle minus the buoyancy 
force.
For a spherical particle:
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n d! (p~~p{) ^ p p *
F - F -= F = ------------------  (3-5)W  B E

At the base of the vessel, the local velocity of the liquid 
is assumed to have two components: the axial component, U ,

Cl

and the radial component, (61). Based on what has been 
said so far about the two hydrodynamic forces acting on a 
particle close to a wall, it is assumed that the radial 
component of liquid flow velocity (the component of velocity 
which is parallel with the base of the vessel) gives rise to 
both a lift force and a drag force. The axial component of 
liquid flow velocity (the component which is perpendicular 
to the base of the tank) on the other hand results in only a 
drag force. However, since little information is available 
on the liquid velocity profiles close to the base of a tank 
under conditions of interest to this work, for the purpose 
of this discussion it is assumed that U « U oc U .a r m
Now, at the point of dislodgement, assuming that all the 
forces act through the center of mass of the particle, the 
moment of the forces about point 0 (Fig. 3.1) must be zero, 
that is:

F X  + F X  + F Y = F X (3-6)Lr D a  Dr E

Substituting in Eqn. (3-6) for the lift force ( Eqn. 3-3),
weightthe drag (Eqn. 3-4) and the effective^force (Eqn. 3-5):
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(p, u2 C n d2 )x (p. u2 C rr d2 )X (p, U2 C n d2 )Yf r L  p f a D p f r D  p

8 8 8

.ad tt (p -p ) g Xp p t
-------------------  (3-7)

Dividing Eqn. (3-7) by X and noting that for a spherical
particle initially at rest in its most stable position the
ratio of Y/X is close to unity (35) gives the following
equation at the point of dislodgement:

C u2 C u2 C u2 d (g Ap/p )L r  D a  D r  p f

(3-7a)

Writing Eqn. (3-7a) in terms of the minimum liquid velocity, 
_ . andU , near the base of the vesselAusing the assumption that

VY)

U oc U oc U gives the following expression for the localOL r TY1

liquid velocity at the point of incipient motion of the 
particle:

 2
OC d p (g Ap / p f ) (3-8)

or:

U = K (d g Ap/p )l'x(3-9)m  v p f

in Eqn. (3-9) U is the critical velocity of the liquid nearTTl
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the base of the vessel at the point of dislodgement. The 
constant of proportionality, K^, contains all the numerical 
constants involved in the derivation of Eqn. (3-9) as well 
as the hydrodynamic coefficients of lift and drag. The 
magnitude of the local particle Reynolds number is  expected to change 
from point to point at the base of the tank because of the 
spatial variation in the velocity of the liquid. However, 
for a given position at the bottom of the tank, the values 
of and are assumed to remain constant provided that 
local particle Reynolds number is in the turbulent region. A 
possible definition of Re for this purpose is Re = p .U d Ipp  p  I Trt p

where the particle diameter is used as a suitable length
scale. Therefore, while the numerical value of U depends on 
K^, the functional relationship suggested by Eqn. (3-9) 
remains unaffected by the absolute value of K .V

Particle suspension: Once a particle is dislodged from its 
rest position, it will roll and slide in the general
direction of fluid flow at the base of the vessel. With an
upward pumping impeller the particles will form a dune at
the center of the vessel immediately beneath the impeller. 
As liquid velocity is increased, more and more particles are 
dislodged from the periphery of the vessel and roll towards 
the dune. The particles continue to roll and slide over each 
other and as a result the height of the dune progressively 
increases.
When liquid velocity is increased sufficiently the particle 
at the top of the dune lifts off and as a result looses all 
contacts with its neighbours. The particle is now considered 
to be truly in suspension.
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At the point of incipient suspension, the relevant forces 
acting on the particle are those that act perpendicular to 
the surface (Fig. 3.4). The force balance on the particle at 
this point is:

F + F = FL  r D a  E (3-10)
Da

Lr

FIG. 3.4 Forces acting on 
particle at the point of 
incipient suspension.

Substituting for various forces in Eqn. (3-10) using Eqns 
(3-3, 3-4, 3-5) and writing the resulting expression in 
terms of the axial component of local fluid velocity, U , 
leads to the same functional relationship as that given in 
Eqn. (3-9), the only differencebeing in the magnitude of the 
coefficient K . One important implication of this 
observation is that essentially the same mechanism is 
responsible for the various modes of particle motion. This 
is in accord with visual observations of the base of the 
vessel during experiments involving particle suspension. 
These observations unequivocally show that the transition in 
particle motion from one mode to the next is relatively 
smooth.
At the point of incipient suspension of a particle, it is
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assumed that the rate of dissipation of energy for particle 
lift-off is due to the total fluid flow forces (drag and 
lift) acting on the particle and is given by (38):

E = (F + F ) U ,p D a  Lr a I (3-11)

o r :

E oc (F + F ) Up D a  Lr t ( 3-11 a )

where U , is proportional to U at the point of incipiental m

particle suspension. Substituting for FLr and Fd^ using Eqns 
(3-3) and (3-4 ) :

E ocp U ( 3 - 1 1 b)

Equation. (3-11b) gives the energy dissipation for the 
suspension of a single particle, E^.
The total fluid energy required to entrain all the
particles, E is assumed to be proportional to the total T /
number of particles in the liquid, n , thus:p

E = n E (3-12)T p p

Substituting for Ep from Eqn. (3-11b) gives

_ a

E oc U p d2 n (3-13)T m  f p p
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Assuming that the particles are mono-sized and spherical and 
that the height of the liquid, H, is equal to the vessel 
diameter, T, then the particle number concentration may be 
expressed as solids volume concentration by noting that:

total volume of particles
Number of particle n =-------------------------------

p volume of one particle

i.e.:
n Ta C /4 3 Ta CV  V

n •     =     (3-14)
p n d /6 2 dP P

Equation (3-13) can now be written in terms of the 
volumetric concentration of solids C by substituting for nV  p

using Eqn. (3-14) as follows:

3
E cx p U C T3/ d (3-15)T f m  v p

Substituting for U from Eqn. (3-9) into Eqn. (3-15) 
gives:

E oc p C (d g Ap/p.) T /d (3-15a)T f v p f p

or :
1/2 _a / / v 3/2E„. <x p  C d T (g A p/p,(3-15b)T f v  p f

Now, it is necessary to relate the energy needed for particle
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suspension (Eqn. 3-15b) to the kinetic energy of the liquid. 
This kinetic energy of the liquid depends on the geometry of 
the equipment and on the source providing the motion.
In general, the motion of a liquid in a stirred vessel is 
provided by external input of energy by a device, e.g. a 
pump or a motor. The two cases of interest to this study, 
i.e. impeller-stirred tank and jet-stirred vessel, are 
considered below.

(i ) JUST SUSPENSION IN IMPELLER-STIRRED TANK
In the case of an impeller — stirred vessel, the source 
providing the motion of liquid is usually a rotating 
impeller, for which the energy input can be expressed as 
follows:

P = P p Na D5 (3-16)i o  f

Where is impeller power input, N is impeller speed , D is 
impeller diameter and is impeller power number which is a
constant and depends only upon the specific geometrical

,w i th  £ -  constant
arrangement. Equation (3-16) A is only applicable under 
turbulent conditions, i.e. for Re>104 . This condition is met 
in most experiments reported in this study.
The energy imparted on the liquid by the impeller decreases
continuously with distance from the impeller. The energy of
the liquid at the bottom of the tank (E ) is related to, but

©

is not the same as, the energy input to the impeller. The 
form of the relationship between the energy of the liquid at 
the base of the vessel, E , and impeller power input, P , isb I
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assumed to be as follows:

oc N* (3-17)

where the constant of proportionality is expected to have a 
value less than unity. No experimental or theoretical value 
could be found for the constant of proportionality in Eqn. 
(3-17), therefore it is assumed that for a given set of 
operating conditions the constant of proportionality in Eqn. 
(3-17) remains a constant.
At the point of incipient suspension of particle the energy 
dissipation for suspension, Et , is assumed to be related to 
the energy of the liquid at the base of the vessel, E , 
i.e.:

E OC El ( 3 - 1 7 a )T b

combining Eqn. (3-17a) with Eqn. (3-17) gives:

E = K P p N3 D5 (3-17b)T I O  f ca

where K accounts for all the losses in the transfer of thei
kinetic energy of impeller to the potential energy of the 
particles.
Substituting for Et from Eqn. (3-15b) into Eqn. (3-17b):

K P p N* D5 oc p. d1'2 C T* (g Ap/p )a'2 (3-18)I O f i a  f p v  f
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which on rearrangement yields:

. . , .1/2 ,1/tf(g Ap/pf) d Cv
N = K -------------------------------  (3-19)MI

P D 
o

The value of the coefficient K is obtained experimentally 
and contains all the relevant numerical and all the 
proportionality constants involved in the derivation of Eqn. 
(3-19). Additionally, in obtaining the magnitude of the 
constant of proportionality, KMI' from experimental 
measurements, any suspension criterion may be used. For 
example, if the 1-2 seconds criterion is used to define the 
state of suspension, then, the value of K will correspond 
to this state/ in other words the form of the expression 
given by Eqn. (3-19) remains unaffected by the definition of 
the state of suspension (61).
Equation (3-19) relates the minimum impeller speed for 
particle suspension to some of the important variables 
affecting it.

(ii) JUST SUSPENSION IN A JET-STIRRED TANK
The total power input to a jet-stirred vessel provides the 
kinetic energy for fluid motion in the vessel and overcomes 
the flow resistance in the pipe line. The latter may become 
negligible with rational design. In general, the power 
consumption for a jet-stirred vessel may be related to the 
flow resistance at the nozzle and the liquid motion needed 
in the vessel in order to keep the particles fully suspended

103



(83) .
Now, the kinetic power input to the vessel from the jet 
may be determined using the following equation which is 
given in most standard text books on fluid mechanics (85):

pxj - —  <  <3-20)

where, P̂ . is the kinetic jet-power which is delivered from
the nozzle and Q is the volumetric flow rate through the

1
nozzle and the term --- o U2 is the dynamic pressure of the2 f n

jet.
Assuming the cross section of the jet at the exit point is 
approximately equal to the cross section of the nozzle 
orifice, the jet velocity, U , may be obtained from:

4 Q„U =  , (3-21)n _ 2n d

Substituting Eqn. (3-21), into Eqn. (3-20) gives:

8 Pf Q
kj 2 j 4n dr>

(3-22)

Equation (3-22) may be used to estimate the energy input 
into the vessel by the jet of fluid emerging from the nozzle, 
provided frictional pressure drop for fluid flow through the 
nozzle is negligible. This condition is met when the fluid
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has a low viscosity, e.g. water.
For flow of a high viscosity fluid, a large part of the 
mechanical power is converted into heat, due to the viscous 
dissipation. Considering the conditions behind the nozzle, 
this power is also conveyed to the vessel, but is converted 
into heat right at the nozzle. Therefore, the total 
mechanical power, , delivered to the nozzle must be 
differentiated from the kinetic jet-power, Pkj, which is 
delivered from the nozzle to the liquid in the vessel.
The total mechanical power, Ptj, which includes the friction 
losses at the nozzle may be obtained from (84):

* Q Ap (3-23)Tj n

where Ptj is the total mechanical power delivered to the 
nozzle, is the volumetric flow rate through the nozzle 
and Ap is the total pressure drop across the nozzle (84). 
Now, Bernoulli’s equation for an inviscid steady 
incompressible flow of a fluid passing through a sudden 
contraction (Fig. 4.3) may be written as:

1 1
  P, V2 + p + p, g H = ---- p, V2 + p + p, g H2 f i i f *  i 2  f 2 2 f 2

(3-24)

Point [1] is located at the inlet of the nozzle and point
[2] is located at its outlet (Fig. 4.3). and are the 
height of the points [1 ] and [2] from an arbitrary datum 
level. The term — pf is assumed to be negligible
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compared with the — -—  p V2 term since V is assumed to be
2 2

much larger than V . Also the change in elevation between 
point [1] and [2] is small as far as potential energy 
changes are concerned. With these assumptions Eqn. (3-24) 
simplifies to:

Pt= P2 +   Pt S  (3-25)

o r :

p -p = Ap =   p V2 (3-26)1 2  ^ _ f 2

letting V =U , then:2 n

Ap = --- p if (3-27)i n

Which simply states that for low viscosity liquids assuming 
negligible friction losses, the dynamic head is equal to the 
static head. Substituting for Ap from Eqn. (3-27) into Eqn. 
(3-23) and comparing the result with Eqn. (3-20) indicates 
that for the flow of a low viscosity fluid, e.g. water, 
through the nozzle, the kinetic energy of the fluid at the 
exit of the nozzle is equal to the mechanical energy 
delivered to the vessel by jet. Thus:

1
P„ = P. = P. = --- p, u2 Q (3-28)Tj kj j ~ I n  n

where P is the total mechanical power and P, . is theTj kj
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kinetic jet-power.
The (kinetic) energy of the jet decreases as the distance 
from the nozzle increases. This means that the (kinetic) 
energy of the liquid at the base of the vessel, although 
related to, is not the same as the (kinetic) energy of the 
jet at the nozzle. In the absence of any information on the 
form of  th is  decay ,  i t  is assum ed  th a t :

El oc P. =bj J > U2 Qf n n (3-29)

o r :
1 n d'_ ,,3 rE oc --- p U ----bj _ f n . (3-30)

Energy required to just suspend the particles for a jet- 
stirred vessel may now be obtained using an argument similar 
to that described for the case of the impeller-stirred tank. 
Thus assuming that:

then:

E oc E, (3-31)T bj

1 n d2
=   K p, Ua  - (3-32)T j f n .

where is the constant of proportionality.
Substituting for Et from Eqn. (3-15b) in the Eqn. (3-32) 
gives:
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n a/ 2K pt U* d 2 oc p d *'2 C T* (g Ap/p )’j f j« n f p  v  l8
(3-33)

which may be rearranged to give:

U
(g Ap/p{)

U J

i/2 ,i/tfd C T_______ p______v ______
,2/a (3-34)

The value of the proportionality constant, K , in Eqn.J

(3-34) includes the efficiency of transfer of energy from 
the liquid to the particles, the relationship between fluid 
and particle Reynolds numbers and particle drag and lift 
coefficients at the bottom of the vessel. However, for 
particle and fluid Reynolds numbers in the turbulent region, 
the value of the is expected to remain a constant (62).
It is proposed that this value for a given vessel and nozzle 
configuration be obtained experimentally; there is 
insufficient information on the fluid mechanics of stirred 
vessels to allow a confident prediction of this value from 
first principles.
Equations (3-34) and (3-19) give respectively the minimum
conditions for the suspension of particles in jet-stirred
and impeller-stirred vessels. They may be used respectively
to predict U and N. provided one substitutes a correct j* j«

expe r imen ta l  value f o r  the constants K , K InMX ' U J

chapter 5 experimental data will be presented and these 
model equations will be verified.

108



CHAPTER 4

EQUIPMENT AND EXPERIMENTAL METHOD

This chapter is divided into two parts. The first part deals 
with impeller-stirred equipment and the second part 
describes the jet-stirred equipment used in this work.

4-1 IMPELLER-STIRRED EQUIPMENT
A schematic diagram of the experimental arrangement is shown 
in Fig. 4.1. Four fully baffled cylindrical vessels with 
flat bottoms were used. Geometrical details of the vessels 
are given in Table 4.1. Each tank was provided with four 
baffles having width equal to 10% of tank diameter, 
symmetrically placed around the tank periphery, extending 
from the top to just above the base of the tank; the small 
gap between the baffles and the floor of the vessel ensured 
that no particles became trapped in that region during an 
experimental run. The tanks were all transparent to 
facilitate flow visualization.

Vessel
No.

Diameter
(cm)

Material of 
construction

Height
(cm)

1 15.3 perspex 40
2 19 glass 30
3 24 glass 30
4 29.7 polypropylene 29.7

Table 4.1 Vessel dimensions.
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C D

FIG. 4.1 Schematic diagram of the impeller-stirred equipment

Plate 4.1 shows a photograph of one of the vessels and its 
ancillary equipment.
Two types of impeller, three-blade marine propellers and 
four flat-blade 45°-pitch open-turbines were used in this 
investigation. Table 4.2 gives details of all the impellers 
used and plate 4.2 shows some of these impellers.
The impellers were driven through an axially located shaft 
by a 1.1 kW motor with infinitely variable speed between 
zero to 2000 rpm. The whole drive unit was vertically 
mounted on a thrust bearing, thus permitting the torque on 
the shaft to be measured. This was done using a 
shaft-mounted torque transducer, details of which are given
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Plate 4.1 Photograph of the impeller-stirred equipment

Propeller

4-blade pitched turbine 
downward action

4-blade pitched turbine 
upward action

Plate 4.2 Impeller types used in experiments
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Impeller Angle/pitch No. of 
type of blade blades

Diameter
(cm)

Blade width (W) 
impeller diameter

Marine 1 . 5D 3 6
propeller
pumping D r r 7.6
downward

D t t 12 -

D r t 15 -

Turbine 45° 4 8 1/4
pumping
downward / i / t 12 > /

! ! § r 15 ! /

Turbine

0in 4 6 1/4
pumping
upward / / / / 8 t /

t r / t 12 r r

i r r t 18 t t

Table 4.2 Impeller dimensions used in this work.

in Appendix C. Water was the liquid in all the experiments. 
A range of spherical particles, either mono-sized (Acetal 
and P.T.F.E) or particles with a narrow size distribution 
(glass and Zirconium) were used. Physical properties of the 
particles are given in Table 4.3.
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Material of
solid
particles

Particle 
diameter 
d (^m)p

Particle 
density 
p  (kg/ma )p

Acetal 2000 1300
i i 
i f

4000
5000

1290
1290

lead glass
i i  i i  
i i  i i  
i i  i i  
i i  i i  
i i  i i  
i i  i i  
i i  i t  
i i  i i  
i t  i i  
i i  i i

75-90
106-125
150-180
212-250
300-420
420-500
600-720

1000-1200
2000
4000
6000

2900
i i 
i i 
i i 
1 !

1 1 
1 1 
! 1 
1 1 
1 1 
1 1

soda glass 
soda glass

1680-2000
1400-1590

2540
2450

P.T.F.E 3000 2140
Zirconium
oxide

1680-2000 3800

Table 4.3 Physical properties of solid particles.

4-2 JET-STIRRED VESSELS
The experimental setup is shown schematically in Fig. 4.2 
and in plate 4.3.
Essentially, the system consisted of a cylindrical vessel 
with a flat bottom filled with a liquid which in this study 
was water. Agitation was provided by withdrawing a fraction 
of the liquid from the top of the vessel and pumping it back 
to the vessel at a high velocity using a circulation loop 
which incorporated a jet-nozzle and a centrifugal pump as 
shown in Fig. 4.2. In all, four nozzles were used in this
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m

VIII

V II

I : Nozzle
I I : Tank
III: Liquid circulation systemI V : Pump
V: Flow meter
VI: Flow indicator
VII: Pressure sensors
VIII: Differential Pressure Transducer 
IX: Pressure Indicator

FIG. 4.2 Schematic diagram of liquid-jet stirred equipment.
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Plate 4.3 Photograph of the liquid-jet stirred equipment.

Plate 4.4 Nozzles used in the experiments.
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investigation. Details of the dimensions of the nozzles and 
other geometrical and operating parameters are given in 
Table 4.4. Five cylindrical flat-bottom vessels with 
diameters equal to 0.153m, 0.19m, 0.215m, 0.24m, and 0.297m 
were used in this work. Four of these vessels were the same 
as those used in the impeller-stirred experiments. All the 
vessels were transparent in order to facilitate the 
measurement of the just-suspension conditions using the 1-2 
seconds criterion. In the majority of the experiments liquid 
height was maintained at a value equal to tank diameter.
As shown in plate 4.3, the mixing vessel was placed on an 
adjustable frame which could be raised or lowered vertically 
relative to the position of the nozzle in order to vary the 
height of the nozzle above the bottom of the vessel.
The jet of liquid was produced by an axially located nozzle, 
designed specifically for this purpose. The nozzle was 
positioned with its head pointing downwards (facing the base 
of the vessel) as shown in Fig. 4.2. Three convergent 
nozzles with internal diameter equal to 0.005m, 0.007m and
0.009m were used in this investigation (see plate 4.4). In 
addition, experiments were conducted with a line-size nozzle 
(no converging section) with an internal diameter of 
0.0127m. Table 4.4 gives details of all nozzles used in this 
study.
A small centrifugal pump with a maximum capacity of 200 
gallons per hour was used to circulate the water through the 
nozzle and an in-line turbine flow meter with a digital 
read-out of flow in liter per minute was installed for the 
measurement of liquid flow rate through the nozzle. This
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Nozzle
No.

Internal 
nozzle 
diameter 
d (mm)

n

Angle 
(degree)

cx

Height 
h (mm)

n

1 5 85 42.5
2 7 86 39.5
3 9 86 18
4 12.7 line-size -

FIG. 4.3 Nozzle cross- 
Table 4.4 Nozzle dimensions. section

(see also plate 4.4)

flow meter was calibrated by the manufacturer (Litter Meter, 
U.K.); this was checked periodically by using a rotameter. 
The pressure drop across the nozzle was measured by a 
Differential Pressure Transducer (D.P.T) with a range of 
0-1.9999 bar, supplied and calibrated by Druck company, 
U.K.; the transducer was connected to a digital meter which 
gave a reading of pressure in bar.
The recirculation liquid was withdrawn from the top of the 
vessel. To ensure adequate flow of liquid to the pump, the 
suction pipe (the inlet to the pump from the vessel) had an 
expanded diameter at the inlet and had a diameter slightly 
larger than the outlet pipe diameter which was 0.025m 
reducing to 0.0127m (nozzle inlet). The position of the 
inlet in the vessel could be changed via some flexible 
tubing. Visual observations of the contents of the vessel 
indicated that in most cases at the point of just-suspension 
there was a layer of liquid at the top of the vessel which 
was void of particles. The thickness of this clear liquid
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layer depended on particle size and density: the height of 
the clear layer generally increasing with increase in 
particle size and/or particle density. Advantage was 
therefore taken of this phenomenon by positioning the inlet 
to the pump (for recirculation of the liquid through the 
nozzle) in this region. This meant that suspension could be 
achieved with no physical contact between the particles and 
the moving part of the recirculation device. So while the 
liquid was circulated through nozzle, the particles did not 
normally enter the pump during the experiment. Additionally, 
having the inlet of the pump just beneath the surface of the 
liquid, meant that there was little disturbance to the flow 
patterns of the liquid in the vessel. With particle size 
smaller than about 500/^m for glass beads and with low 
density particle (Acetal particles), particles were able to 
travel to the uppermost region of the vessel at the point of 
just suspension. To stop these particles leaving the vessel 
through the suction pipe, the inlet to the pump was covered 
with suitable screen mesh with a diameter slightly smaller 
than the size of the particles.
Particles used in experiments with the liquid-jet stirred- 
vessel were the same as those used in impeller-stirred 
experiments (see Table 4.3).

4-3 EXPERIMENTAL PROCEDURE
(i ) Impeller-stirred vessels
At the start of a run a known amount of solid particles with 
known mean diameter was placed into the vessel. Then the 
vessel was filled with water to a height equal to the vessel 
diameter. This procedure was specially important when
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experimenting with fine particles. With fine particles 
adding the particles into water produced small air
bubbles which attached themselves to the particles causing 
them to float at the slightest agitation. Once these air 
bubbles were formed, it became extremely difficult to 
eliminate them completely.
The impeller clearance from the bottom of the vessel was set 
in most cases at 1/4 of the tank diameter. The impeller was 
rotated in a clockwise direction.
The just-suspension speed was determined using the 1-2 
seconds criterion (11). This was done by visually observing 
the base of the vessel through an inclined mirror placed 
directly beneath the tank. The base of the vessel was 
illuminated by a lamp in order to provide a clear view of 
the base. A stationary layer of solid particles was always 
present on the bottom of the vessel at impeller speeds below 
the just- suspension conditions. With increasing impeller 
speed some particles were entrained by the liquid. As the 
speed increased more solids were swept off the base by the 
liquid flow, but there were places where some solids 
remained piled up e.g., the area directly beneath the 
impeller and around the periphery of the vessel. The 
position on the base of the vessel from where the last 
particles were suspended depended on the impeller geometry 
and on the direction of impeller rotation. The mixed-flow 
upward-pumping impellers suspended particles last from an 
annular around the center of the bottom, particularly at the 
four points in line with the baffles (see Fig. 5.13). The 
axial and mixed flow downward-pumping impellers tended to 
suspend the last particles from around the periphery of the



vessel (in the case D/T<0.5). At a certain stirrer speed the 
last particles are lifted from the bottom, this impeller 
speed is considered as N . On average each experiment was 
repeated 2 to 4 times. The impeller speed for just- 
suspension was determined as the average value of these 
observations. All the N. measurements were carried out by 
gradually increasing the impeller speed from a low value, 
N<N , until the 1-2 seconds criterion was met. It was found 
that a different N was produced if the search for N. , wasj*
started from a high speed (N>N ). The values that arej*
reported in this work are those obtained by gradually 
increasing impeller speed.

(ii) Jet-stirred vessels
The experimental procedure employed in this case was the 
same as that described for rotary-stirred vessels with the 
exception of a few differences which are explained below:

1) Preliminary experiments indicated that using baffles 
with a jet-stirred vessel did not improve the suspension 
capability of the system, so no baffles were used with these 
units.
2) Various clearances between the jet nozzle and the base 
of the tank were tried and it was found that as long as this 
clearance was less than one tank diameter, the position of 
the nozzle did not significantly influence the just- 
suspension power requirement or homogeneity, so a fixed 
clearance of half the tank diameter was employed in most 
experiments.
In all experiments the nozzle was located coincident with 
the vessel axis at the top of the vessel with the jet
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pointing vertically downwards. To measure the just- 
suspension velocity of the liquid-jet, the flow rate of the 
liquid through the nozzle was increased by gradually opening 
the control valve (see Fig. 4.2). The critical liquid-jet 
velocity for just-suspension conditions was determined by 
measuring the liquid flow rate through the nozzle and by 
obtaining the pressure drop across the nozzle at the 
just-suspension point. In case suspension did not occur for 
a particular nozzle at the maximum possible fluid flow rate 
through the nozzle, the next smaller diameter nozzle was 
fitted and the experiment was repeated.
The kinetic power input into a liquid-jet stirred mixer only 
depends on the fluid flow rate through the nozzle and on the 
pressure drop across it. So power input was obtained by 
measuring the pressure difference across the nozzle using 
the differential pressure transducer. With gradually 
increasing fluid flow rate through the nozzle a point was 
reached when the particles in the zone immediately beneath 
the mouth of the nozzle began to roll radially outwards in 
the general direction of fluid flow. This produced a central 
region in the vessel which was void of particles and a ring 
of particles around the periphery of the base of the vessel. 
There was no particle suspension at this stage and the only 
movement of particles was towards the walls of the vessel as 
shown in plate 4.5. As the fluid velocity was increased, the 
diameter of this central region increased as more and more 
particles accumulated in the ring. In this state of motion 
particles kept in contact with each other or with the base 
of the vessel.
As the fluid flow velocity was increased further, at a
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certain liquid flow rate some particles in the ring began to 
lift off into suspension. By increasing liquid flow velocity 
further more and more particles are lifted from this ring 
and move into suspension. The flow rate and liquid flow 
velocity recorded correspond to the point at which the last 
particles move into the bulk of the liquid. It should be 
mentioned that with a downward axially jet flow the last 
particles were suspended from the periphery of the tank. 
The flow rate through the nozzle for the just-suspension 
conditions was measured using the same 1-2 criterion defined 
earlier for rotary-stirred vessels.
Once a particle is in the bulk of the liquid, its motion is 
governed by liquid circulation and the flow field in the 
vessel. At some point in its travel the particle will return 
to the base of the tank. When a particle reaches the base of 
the tank it rolls towards the vertical side walls before 
being lifted into suspension again.
No vortex was observed with jet-stirred vessels while in 
impeller-stirred experiments specially at high impeller 
speeds, vortex was generated by the impeller. Liquid 
velocity through the nozzle at the just-suspension 
conditions could reproduced with an accuracy of ±5 percent. 
Experimental data on just-suspension conditions for the two 
mixers (rotary and jet-stirred) are presented in Appendix B 
and are discussed in the next chapter.
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Plate 4.5 Particle motion at the base of a liquid-jet stirred 
vessel before the point of just suspension.
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CHAPTER 5

PRESENTATION AND DISCUSSION OF RESULTS

This chapter is divided into three sections covering all the 
aspects of the work carried out in this study.
In the first section results of the work on the suspension 
of solids in impeller-stirred vessels are presented and 
discussed.
In section two results of experiments on the suspension of 
solids by means of a fluid jet are presented and examined. 
Finally, the efficiency of various means of agitation are 
discussed in the third section.

5.1 JUST-SUSPENSION SPEED, Nj«, IN IMPELLER-STIRRED VESSELS

5.1.1 Downward-pumping impellers

(i ) Effect of impeller diameter on Nj«
Tables B . 1 to B.4 (see Appendix B) give all the data on N.̂  

obtained with the downward pumping propellers and the 
four-blade 45°-pitch turbine impellers.
Typical results for the 6cm, 7.6cm, 12cm and 15cm propellers 
in the 29.7cm and 24cm tanks and for the 8cm and the 12cm 
4-blade 45°-pitch turbines in the 29.7cm tank are shown in 
Figs 5.1, 5.2 and 5.3 respectively. The data in Figs 5.1,
5.2 and 5.3 are for experiments with soda glass (p =2540p
kg/m3, d =2mm) and acetal particles (p =1300 kg/ma, d =2mm).p p p
In each plot two lines are shown: one for data on glass and
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Variation of Nj» with changes in impeller diameter 
Particles: 1%wt. glass (d *1.84mm, p *2540 kg/ma );p p

1 %wt. acetal (d *2mm, p *1300 kg/m ).p

Key Particle Slope 

x G lass  -1 .8
o Acetal -1 .9

3 0

(rps)

FIG. 5.1
Data obtained in T= 0.297m 
with propeller pumping 
downward, h=T/4.

Key  Par t ic le  Slope  

x G lass  - 1 7 9
o Aceta l  - 1 . 8 020

3 5 10 D(cm) 30

FIG. 5.2
Data obtained in T=0.24m 
with propeller pumping 
downward, h=T/4.

20
Key Par t ic le  Slope

10

5

3 10 Diem) 30

FIG. 5.3
Data obtained in T= 0.297m 
with pitched turbine; 
pumping downward, h=T/4.
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the other for acetal particles.
The slope of each line is shown on the plots. The best 
line passing through the data points has a correlation 
coefficient of 0.97. Comparing the values of the slope with 
the value of -5/3, (approx. -1.66) which is the exponent of 
impeller diameter, D, in model Eqn. (3-19) indicates a
reasonable agreement between the theory and experimental 
observation.
Analysis of Zwietering (11) and Nienow (51) for propeller 
impellers show that:

S « (T/D)°'"2 (5-1)

where S is the geometrical constant in Eqn. (2-14). If this 
correlation is combined with N oc D ° ' B5, (Eqn. 2-14),jm

then for changing impeller diameter in a given system
(constant T) Eqn. (2-14) gives:

N « D-1’*7 (5-2)j*

which also compares well with model Eqn. (3-19).

Chapman et al (39) from their own experimental observations 
for two downward pumping 4-blade 45°-pitch turbines with 
D=T/2 and D=T/4 in a tank with a diameter equal to 56cm,
proposed that:

N. oc D-1'5 (5-3)
j«

which is different to the value of -1.67 obtained for
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propellers. This difference should be considered in the 
light of the relatively few data (only two points) provided 
with the 45°-pitch turbine impellers, specially since one of 
these points (D/T=0.5) is above the break point (see Fig.2.2 
2.2f).
The only alternative model to Eqn. 3-19 that has been 
reported previously is due to Baldi and Conti (see chapter 2 
for a discussion on this model). As far as the effect on N j*
of impeller diameter is concerned, both models appear to 
describe this effect with the same degree of accuracy.
An important point of interest is that Zwietering (11), 
Chapman et al (39) and Nienow (51) argue that the 
dependency of on impeller diameter, D, depends on the 
type of impeller, i.e. the value of the exponent of D in 
Eqn. (2-14), for example (Njb<x Da ) depends on impeller type. 
Model Eqn. 3-19 from this work and Eqn. (2-37) proposed by 
Baldi et al (23) do not reflect this dependency.

(ii) Effect on Nja of clearance between impeller blade and 
the base of the vessel

The effect on N of clearance between impeller blade andj*
vessel base, h, was studied for clearance values between 
T/15 to T/1.5 in the 15.3cm tank and also for clearance
values between T/3 to T/6 in the 19cm tank. Table B.5 and 
Figs 5.4 and 5.5 show all the data obtained in these 
experiments and suggest that for h < T/3, N.̂  decreases
slightly with decreasing impeller clearance from the base of 
the vessel. For h>T/3, the effect is more pronounced as
shown in Fig. 5.4.
The limited data plotted on Fig. 5.5 suggest that the effect
of clearance on N is not the same for all the impellers
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Variation of N with changes in clearance, h

20

s

10

5

h (cm)
10 20

FIG. 5.4
Vessel: 0.153m diameter.
Particles: 1%wt. acetal (dp = 2mm, p =1300 kg/m ).p
Impeller: propeller pumping downward, D=0.06m.

50

40

30

20

Njs(r PS)

10

7

5

FIG. 5.5

Key Impeller 
type

D
( cm

Slope

°  Propeller 6 0 .09

A * 7 6 0 .20

x Pitched  
turbine 8 0.32

J I I I I L

h(cm) 10

Vessel: 0.19m diameter.
Particles: 1%wt. glass (d =1.5mm, p =2450 kg/m ).
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tested. Evidently the influence of clearance on Nj*
decreases as impeller diameter decreases. This observation 
is in agreement with previously reported results of Musil 
and Vlk (22).
The effect of clearance between the impeller and the bottom 
of the vessel is taken into accounted by the value of the 
dimensionless power number, Pq , in the model Eqn. 3-19. 
Bates et al (46) found that for small clearances ( 0.1 <h/D<
1.2 ) in the case of 4-blade 45°-pitch turbine in an open 
vessel as the impeller clearance was increased the power 
number fell from about 1.9 to 1.4. This suggests that 
increasing the clearance between the impeller and the base 
of vessel decreases Pq which according to the model Eqn. 
3-19 should result in an increase in the magnitude of N :j*
Figs 5.4 and 5.5 support this conclusion.
Experimental observations from this work and previous 
studies (22) suggest that for solids suspension in liquids 
the optimum range of impeller clearance between the impeller 
blade and the base of the vessel should be in the range T/3 
to T/6.

(iii) Effect of solids concentration on Nj»
In the experiments carried out in this work solids 
concentration was varied in the range of 1% to 35% by weight 
(1-18% by volume) as shown in Table 5.1.
The particles used in the 15.3cm diameter tank were soda 
glass with a mean diameter, d , equal to 1.5mm and density,p
P , equal to 2450 kg/ma. In the case of the 19cm diameterp
tank the particles were lead glass with d =165^m and p =p p
2900 kg/m3. The results of experiments on for these
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tanks are shown in Figs 5.6 and 5.7 and are tabulated in 
Tables B.6 to B.9.

Tank
diameter
(cm)

Impeller D 
type (cm)

Concentration 
%wt.

Concentration 
%vol.

15.3 Propeller 6 1 - 35 1-18
19 Propeller 6 1 - 25 1-10.3
19 Propeller 7. 6 1 - 2 5 1-10.3
19 Pitch turbine 8 1 - 25 1-10.3

Table 5.1
Experimental conditions to study effect of solids 
concentration on N .J* a _aFluid: water, p f = 1000 kg/m , p =10 kg/ms

The data indicate that for solids concentrations below about 
7% by volume (12% by weight), N.̂  increases slightly as 
solids concentration increases. Beyond this concentration, 

becomes practically independent of solids concentration. 
There is some disagreement between experimental observations 
of various workers as to the effect of solids concentration 
on N (16). For example, Einenkel (2) argues that the
exponent of C in the equation N « C° should be 0.3 whileV  J» V

Nienow (50) suggests a value as low as 0.12.
The exponent of solids concentration in model Eqn. 3-19 is 
0.3 which is nearly twice the mean value of 0.14 ( with the 
correlation coefficient of 0.98) obtained experimentally 
from the slope of the lines shown in Figs 5.6 and 5.7 for Cv 
below 7%. In practice this discrepancy is less significant
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Variation of N with changes in concentration (C )j*   v

1001

cv •/•

FIG. 5.6
Vessel: 0.153m diameter, h=T/4.
Particles: glass (d =1.5mm, p =2450 kg/m ).p p
Impeller: propeller pumping downward, D=0.06m.

100 Key Impel ler D Slope
type

x Propel ler 6 0 1 4 5

(cm

5 0
Pitched
turbine

(r

205 100 5

FIG. 5.7
Vessel: 0.19m diameter, h=T/4.
Particles: glass (d =0.165mm, p =2900 kg/ma ).p p
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than it might appear because of the relatively low effect of 
solids concentration on N^. For example, it may be shown 
that a threefold increase in solids concentration yields a 
difference of only 23% between the value of as predicted 
from Eqn. 3-19 and the value of N obtained fromj*
experimental observations.
Another feature of the plots shown in Figs 5.6 and 5.7 is 
the fact that the effect of solids concentration disappears 
for values of greater than about 7%. This effect is not 
shown by the model Eqn. 3-19 which indicates a single value 
of the exponent of solids concentration. However, in the 
development of Eqn. 3-19, it was assumed that solids 
concentration was low. The experimental data obtained in 
this work now puts a quantitative limit on the value of this 
solids concentration above which the proposed model breaks 
down. In other words, the model Eqn. 3-19 for N is 
applicable for solids concentration below about 7% by 
volume. Above this concentration Eqn. 3-19 still provides an 
estimate of N , provided the value of N for C =7%, is

j« J« v

used to calculate the N ; beyond this point N maintains aj* j*
constant value regardless of the concentration of solids.

(iv) Effect of particle diameter on Nj«
In this work particle size was varied in the range 82.5^m to 
6000^m. The particles were closely sieved producing narrow 
size ranges, for which d^ is taken as the arithmetic mean of 
that range. The experiments were carried out in the 19 cm 
diameter vessel. Two downward pumping propellers with 
diameters, D, equal to 6cm and 7.6cm and a downward pumping 
45°-pitch turbine impeller with D=8cm were used as

132



agitators. Particle (glass) density, p , was kept constantp
and equal to 2900 kg/ma. Tables B.10 to B.13 and Figs 5.8 
and 5.9 show the variation in N as a function of particle 
diameter for 1%, 3%, 5% and 10% solids concentration by
weight.
This covers the range of particle diameters and experimental 
conditions used by the majority of previous researchers. 
Only a few investigators have used particles smaller than 
200^m. The present investigation is one of few studies in 
which particle diameter was varied over the widest range 
possible, i.e. 8lpm<6 <6000^m,p
Results of these measurements (Figs 5.8 and 5.9) show that 
the effect of particle diameter on N.̂  is not a simple power 
law relationship as suggested by Eqn. 3-19.
Comparing model Eqn. 3-19 with experimental observations 
obtained in the present study, it is evident that the model 
equation is applicable strictly for particles in the range 
250/^m<d <800/um. In this range experimental data suggestp
that:

J ° -  1-0 • 17 / C  A \N ex d (5-4)
j* p

which compares well with the exponent of the d^ in model 
Eqn. 3-19, i.e. a value of 1/6.
For large particles 800/^m<d <6000^m where d has practicallyp p
no effect on N , Eqn. 3-19 can still used to provide an 
estimate of N since the exponent of N in Eqn. 3-19 isj •
relatively low.
For particle diameters less than about 250^m, Eqn. 3-19 does
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not describe the experimental observations. This discrepancy 
may be explained partly by noting that for Eqn. 3-19 to be 
applicable, particles will have to be large enough to be 
influenced by the mean bulk velocity of the liquid at the 
base of the vessel, i.e. particle size has to be larger than 
the thickness of the laminar sublayer present at the base of 
the tank. For the experimental conditions in this work a 
first-order calculation shows that the thickness of the 
laminar sublayer at the base of the vessel was about 200^m 
which is about the lower limit of particle diameters for 
which Eqn. 3-19 is applicable. In other words, particles 
less than about 250^m tend to hide in the laminar sublayer 
and these particles are less affected by the mean bulk 
velocity outside the sublayer. The suspension of the 
particles with sizes less than the thickness of the sublayer 
must follow a different mechanism to that described in this 
study. This forms a good basis for future studies.
For particle diameters less than about 250^m the approximate 
relationship suggested by the experimental data obtained in 
this work is:

,0 . 34-0. 52 / r p vN c x d  (5-5)j» p

Equation (5-5) reflects the dependence of the 
just-suspension speed on dp . The lower range of exponent 
applies to the lowest range of concentration used in the 
experiments i.e. 1%wt. (with the correlation coefficient of 
0.99) .
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Variation of Nj» with changes in particle diameter

ImpellerKey
type

7.6
Pitched turbine

Slope 0 1 
   i

Slope 0 0
-V

10060 1000500 5000

FIG. 5.8
Vessel: 0.19m diameter, h=T/4.
Particles: 1%wt. glass ( p =2900 kg/ma ).

p

j Slope 0.0Slope 0.1 U20

( r p s
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5 L .
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d p ( |im)

a) c =3%v
FIG. 5.9 continued/
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Variation of Nj» with changes in particle diameter

30

Slope 0.5 ISIope 0.0

100 500 1000 2000
b) C  = 5 %

V

L0

Slope 0. 52 jSlope 0.0Slope 0.17

(rps)

- A

100 500 1000 2000

FIG. 5.9
Vessel: 0.19m diameter, h=T/4. #
Particles: 1%wt. glass (p =2900 kg/m ).

p
(details and symbols as Fig. 5.8).
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Variation of Nj« with changes in particle diameter

Key Concentre
1 Cw*/« J

0.2(rpm)

1000 Slope 0.32

40 100 200 400
FIG. 5.10 ^p(pm)
Vessel: 0.19m diameter, h=T/4.
Particles: 1%wt. sand ( p =2650 kg/ma ).

p
Impeller: disc turbine with 8 flat blades, 
(data from Baldi et al Ref. 23).

mm

0.05 0.1 0.2 0.3 0.5 1.0 2.0 3.0
dp (mm)

FIG. 5.11
Vessel: 1.16m diameter.
Particles: mullite ( p =3000 kg/ma ).p
Impeller: propeller D=0.365m.
(data from Einenkel Ref. 2).
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These observations agree with the work of Baldi et al (23), 
Fig. 5.10 and Einenkel (2), Fig. 5.11. These workers also 
studied the effect on N of particle diameters less than 
300^m and observed similar effects to those presented here. 
Zwietering (11) proposed a single value of 0.2 for the 
exponent of d^ in Eqn. (2-14). This value is based on his 
own experimental observations for four types particles with 
mean diameters in range 125-850/jm. Evidently, Zwietering1 s 
data lie in the transition region shown in Fig. 5.8: this is 
partly the reason for the value of 0.2 quoted by this worker 
as the exponent of dp in Eqn. (2-14).

(v ) Effect of particle-liquid density difference on Nj«
Since the liquid medium was water in all the experiments, in 
this work Ap was varied by using particles with different 
densities. The data on N were obtained for the particlej*
diameter of 2mm and 3mm at a concentration of 1 % by weight 
using two downward-pumping propellers (D=6cm and D=7.6cm) 
and a 45°-pitch turbine impeller (D=8cm) in the 15.3cm 
diameter vessel. The range of Ap tested was between 300 
kg/ma and 1870 kg/ma. The results are presented in Fig. 5.12 
and are also shown in Table B.14.
A curve fitting analysis of data for five different particle 
densities gave the following relationship with correlation 
coefficient, o =0.98:C

N oc (Ap)a (5-6)j*

where ot=0.37 for the two propellers and 0.35 for the pitched 
turbines.
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Effect on Nj» of liquid-particle density difference

Im pellerKey
type

7 6
Pitched tbrbin#

0.2 0.5 51

FIG. 5.12
Vessel: 0.153m diameter, h=T/4, C =1%wt.V
Particle diameters: d =2-3mm.

p a -aFluid: water (pf = 1000 kg/m , p=10 kg/ms).

The exponent of Ap in Eqn. 5.6 is lower than that predicted 
by the model Eqn. 3-19 i.e. 0.5. It is also lower than the 
exponent of d in Zwietering's correlation (Eqn. 2-14). Asp
far as the effect of Ap on N is concerned, most workers 
have however reported values in the range 0.3-0.5 (16).

(vi ) Effect of baffles on Nj«
A series of experiments were carried to investigate whether, 
and if so to what extent, baffles in tank had any effects on 

. Details of the experimental conditions and the results 
of these experiments are given below.
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Impeller D Particles N. withj • N .j • without
type baffles baffles

(cm) (rps) (rps)

45-pitch
turbine 8

acetal 
d = 2 mm
p

4.65
no
at

suspension
speed

pumping
downward

p =2540kg/m*p N=1 . 5N .j •

45-pitch
turbine 8

glass 
d =1.84mm
p

7.91 no suspension
pumping
downward

P^= 2540kg/ma at N=N .j •

propeller
pumping 7.6

glass 
d =1.84mm
p

12.25 no suspension
downward p^=254 0kg/ma at N=N .j •

Table 5.2
Range of conditions of experiments on effect of baffles 
on in rotary-stirred vessels. Data for T=15.3cm, h=T/4.

In almost all cases, in the absence of baffles, no particle 
could be lifted into suspension at N with baffles. Beyond 
this value of impeller speed, aeration and vortexing 
problems were encountered and in most cases experiments had 
to be abandoned.
Removing the baffles changes the liquid flow patterns in the 
vessel and this change has a considerable and detrimental 
influence on the suspension of particles. In the presence of 
baffles particles move towards the walls of the vessel 
before lifting into suspension at and in the absence of 
baffles particles form a (permanent) dune at the center of 
the tank before being lifted into suspension (Fig. 5.13).
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d

a) Propeller pumping downward

b) 4-blade 45°-pitch turbine pumping downward

c) 4-blade 45°-pitch turbine pumping upward

FIG. 5.13
Effect of baffles on particle suspension.
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In an unbaffled vessel the centrifugal force caused by the 
liquid rotation also produces a well-deep vortex. Increasing 
the impeller speed makes the vortex deeper. Once the vortex 
reaches the impeller blades, then aeration becomes very 
heavy and this makes suspension experiments difficult.

(vii) Effect of tank diameter on Nj«
The effect of tank diameter on N was studied only forj*
propellers in which the effect on P/V at N.̂  is
independent of D/T ( 51 ) . Experiments were carried out in 4 vessels 
with diameters of 15.3cm, 19cm, 24cm and 29.7cm. For each 
vessel two downward pumping propellers with diameter, D, 
equal to 6cm and 7.6cm were used as agitators. Soda glass 
with a mean diameter of 1.84mm and p =2540 kg/ma was used inp
these experiments. Figure 5.14 shows the variation of N as 
a function of vessel diameter for a propeller-stirred

60

(cm

7.6

( r

20

T ( cm )
FIG. 5.14
Variation of N with changes in tank diameter 
Impeller: propeller pumping downward.
Particles: 1% soda glass d =1.84mm, p =2540 kg/mp p
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vessel. Two straight lines having the same slope of 1.28 are 
obtained. This is higher than the value of unity which is the 
exponent of tank diameter, T, in model Eqn. (3-19). This 
differences should be considered in the light of the 
relatively few data points given in Fig. 5.14.

5.1.2 UPWARD-PUMPING IMPELLERS

(i ) Effect of impeller diameter on the just-suspension 
speed, Nj«

Four impellers (4-blade 45°-pitch turbine) with diameters 
equal to 6cm, 8cm, 12cm, and 18cm were used in this 
investigation as the upward-pumping agitators. Tables B.15 
to B.18 give the data on N obtained with these impellers. 
Typical results for the 24cm diameter tank is shown in Fig. 
5.15. Two lines are shown in Fig. 5.15; one line for the 
soda glass particles (p =2540 kg/ma , d =1.85mm) and thep p
other for the acetal particles (p =1300 kg/ma , d =2mm). Thep p
first important point to observe is that, unlike the 
downward-pumping impellers, no break in the data could be 
detected for the upward pumping impeller at the D/T equal 
0.45. This is probably because changes in D/T ratios has 
little or no effect on the liquid flow patterns in the 
vessel for this type of impeller. All the other data 
obtained in this work for this type of impeller confirm this 
conclusion (see Figs 5.16a, b, c and Figs 5.17a, b, c). The 
second point to observe about the data in Figs 5.15 to 5.17 
is that the best lines of fit has slopes of -2.2 which is 
higher than the theoretical value given in Eqn. 3-19: the
exponent of D in Eqn. 3-19 which is -1.66. Now, Nienow and
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Miles (21) are the only other workers known to this author 
who carried out experiments with 45°-pitch turbine 
upward-pumping impellers. Nienow and Miles (21) provided 
data on N.̂  for this impeller in a vessel having the same 
geometrical configuration as that used in this study, i.e. 
the same ratio, h/T etc. The best lines of fit for the data 
in Figs 5.18a and 5.18b have slopes of -1.52 and -1.35 
respectively which compare reasonably well with the expected 
value from Eqn. 3-19.

20
key particle

10

js
DS)

5

1
40

D (cm)
FIG. 5.15
Variation of with changes in impeller diameter. 
Vessel: 0.24m diameter; h=T/4
Particles: 1%wt. glass (d =1.84mm, p *2900 kg/m®);

p  p  a1%wt. acetal (d =2mm, p =1300 kg/m ).p p
Impeller : 4-blade pitched turbine pumping upward.
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Effect on Nj» of D

rangy of
experimental data

20

( rps)
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experimental data

10 D (cm) 20

FIG. 5.16
Vessel: 0.24m diameter. 1/12 C h/T/1/2 .

V  3Particles: Soda glass (d =1.84mm, p =2450 kg/m ).
p  p

Impeller : 4-blade pitched turbine pumping upward
Concentration: a) C =1%,V b) C =3%,

V
c) C =5%.

V
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Effect on Nj» of D
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Vessel: 0.24m diameter, 1/12^h/T^l/2 . ^
Particles: lead glass (d =0.460mm, p =2900 kg/m ).p p
Impeller : 4-blade pitched turbine pumping upward. 
Concentration: a) C =1%, b) C =3%, c) C =5%.V V v

1 46



Variation of N.̂  with changes in impeller diameter

20

T/6
T /4

T /2

a

(rps)

5 103

key h 
A T/6 
□  T/4
• T/220

10

5

105
D  (cm)

FIG. 5.18
Vessels: a) 0.286m diameter, b) 0.143m diameter. 
Particles: Sodium chloride (d =2.23mm, p =2160 kg/mp p
Impeller: 4-blade pitched turbine pumping upward.

(data from Nienow and Miles Ref. 21).
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It is difficult to elaborate on the reasons for the 
discrepancy between experimental data from this work and 
model prediction or on the good agreement between 
experimental data by Nienow and Miles (21) and model Eqn. 
3-19. The differences might be partly explained by the flow 
patterns obtained with this type of impeller (see Fig.5.13). 
For the upward-pumping impeller the last particle to be 
lifted is usually in the center of the bottom of the tank 
where suspension is most difficult, while the same particle 
would be on the periphery of the base of the tank for the 
case of downward-pumping impellers. The fluid velocity 
causing the last particle to be lifted is evidently very 
different in the two cases.
Clearly, more experimental information is needed for this 
type of agitation before any firm conclusion may be made
regarding this effect.
With regard to the effect of impeller diameter on N.̂ , there 
was some practical difficulties in carrying out experiments 
with impellers which have diameters less than 1/2 the tank 
diameter. In these cases, beyond a critical speed which is 
often below N , considerable amount of aeration occurs.j*
This fact limits the number of data points that must be 
obtained. This could also explain the discrepancy between 
experimental observation and theoretical predictions.

(ii) Effect of impeller clearance from vessel base on Nj«

For the 24cm diameter tank the effect on N of changes in 
the clearance between the impeller and the base of the 
vessel was investigated. Four 4-blade 45°-pitch turbine
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impellers were used in these experiments. Details of the 
results for three different concentrations and two types of 
particle are tabulated in Tables B.17 and B.1B.
Fig. 5.19 shows Nj# as a function of impeller clearance from 
the vessel base for soda glass particles (d *1.84mm, p *2540

p p

kg/m8 ) for three different particle concentrations (1%/ 3%
and 5% by weight) and for two impeller diameters (D=12cm 
and D=18cm).
The results obtained in this work suggest that a clearance 
in the range of T/3 to T/4 is a reasonable choice.
As a result of the above findings a fixed clearance of T/4 
was used for other vessels (T=15.3cm, 19cm and 29.7cm).

Variation of Nj« with changes in clearance, h

Cfircoritrat ion (w&1

rps

0 1 2 3 4  5 6 7 8 9  10 11 12
h(cm)

FIG. 5.19
Vessel: 0.24m diameter. a
Particles: 1 %wt. glass (d =1 .84111111, p =2540 kg/m ).p p
Impeller: 4-blade pitched turbine pumping upward.
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Nienow and Miles (21, 87) appear to be the only workers who 
have measured the dependence of on clearance with upward 
pumping 4-blade 45°-pitch turbines. These authors used a 
closed vessel and sodium chloride as particles and obtained 
limited data on N (2 or 3 values of N for each case). 
Therefore a rigorous comparison between data obtained in 
this work and data reported by Nienow and Miles is not 
rationally feasible. However it can be concluded that data 
obtained in the present work is in general agreement with 
their experimental results on 4-blade 45°-pitch turbine 
impeller in the case T=28.6cm.

(iii) Effect of solids concentration on Nj«
The effect of solids concentration on N. was studied forj»
two types of solids, lead glass (d = 460/jm, p =2900 kg/ma)p p
and soda glass ( d =1.84mm, p =2540 kg/ma ). Solidsp p
concentration was varied from 1 % to 5%wt. Measurements were 
carried out in the 24cm diameter tank and three impellers 
with different diameters were used. These gave an impeller 
to tank diameter ratio of 1/3, 1/2 and 3/4.
The results are given in Table B.19. Figure 5.20 shows a 
typical effect of concentration on N for soda glass. The 
relation N oc C°' 12 was deduced from the limited dataJ« V

obtained in this part of the work. This exponent of is
very much less than the value of 0.3 suggested in the model 
Eqn. 3-19, but this difference should be considered in the 
light of the relatively few data points given in Fig. 5.20. 
It is concluded that increasing solids concentration has 
only a slight effect on N .j*
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Variation of Nj« with changes in concentration (Cv)

LO (cm
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CL1 05 2

FIG. 5.20
Vessel: 0.24m diameter, h=T/4.
Particles: glass (d =1.84mm, p =2540 kg/m3 ).

p p
Impeller: 4-blade pitch turbine pumping upward.

5.1.3 Comparison of impellers
Tables B.20a, b, c show the impeller speeds and power inputs
necessary to achieve the just-suspension state for acetal
particles, (d =2mm, p =1300 kg/cm3 ) with three different D/T 

p  p
ratios (0.4, 0.5, 0.63). From the torque data, the power 
consumption was calculated (P=2 n N r). The power numbers
were obtained from the relation Pq = P / (pf N* D5 ) : for
turbulent flow conditions Pq is a constant for a specific 
system (Figs 2.9 and 2.10).
According to the data shown in Table B.20 for D/T=0.63 the
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upward-pumping impeller is more energy efficient than the 
other cases tested. However, the data in Table B.21 reveal 
that for D/T of about 0.4 both the propeller and the 
downward pumping 45°-pitch turbine were more energy 
efficient than the 45°-pitch turbine upward pumping 
impeller. At D/T=0.5 the two turbines are very similar in 
terms of their energy requirements at the just-suspension 
conditions, while the propeller is the most energy efficient 
impeller of all the agitators examined in this study. For 
D/T less than about 0.5, the data obtained in this work 
(Table B.21) show once again the propeller to be the most 
energy efficient impeller for suspension purposes. Therefore 
it seems reasonable to conclude that the propeller is 
usually the best impeller for suspension purposes for cases 
where D/T<0.5 while for D/T>0.5 it is advantageous to use a 
upward-pumping 4 5°-pitch turbine impeller. Even for the 
cases where D/T<0.5, the lower capital cost of the pitch 
turbine impellers compared with the propeller can offset the 
superiority of a propeller in term of energy consumption. 
Zwietering (11) compared N.̂  values for propellers obtained 
from experiments covering a range D/T ratios. He found that 
the geometrical constant S in Eqn. (2-14) first decreased 
and then increased again as the T/D was increased (or as D 
was decreased in the same tank see Fig 2.2f). A break point 
occurred at about D/T=0.45 (or T/D=2.2). Zwietering stated 
that in the case of D>0.45T the liquid flow patterns for 
propellers are somewhat analogous to those of the radial 
flow stirrer e.g. disc turbine. Zwietering observed a 
similar effect in some of his experiments with the 
downward-pumping paddle impellers with inclined blades.

152



Zwietering also found that for D/T>0.45 particles moved 
inwards and centrally up into the eye of the propeller while 
for T/D<0.45 solids move radially outwards along the bottom 
before being lifted. These observations are fully consistent 
with the findings of the present study and also confirm the 
change in liquid flow patterns as the ratio of D/T changes. 
Chapman (59) also compared five types ( disc turbine, 
45°-pitch angle blade disc turbine, 45°-pitch turbine 
pumping up and down and propeller pumping downward) of 
impellers in terms of their energy consumption at the 
just-suspension conditions. He concluded that the 
downward-pumping impellers (propellers and 45°-pitch 
turbines) were more efficient than the other cases examined. 
The data that were compared by Chapman were from experiments 
in which the ratio of D/T was equal to 0.5. In the light of 
the findings from the present study, Chapman's conclusion is 
consistent with results from this work only at D/T=0.5: for
D/T>0.5, upward-pumping impellers appear to be more energy 
efficient.
From what has been said so far, it seems reasonable to 
conclude that for propellers with D/T<0.5 and 
downward-pumping 4-blade 45-pitch open turbines with D/T<0.5 
have very similar suspension characteristics.
Figure 5.21 shows experimental data on N.̂  plotted against 
the group on the right-hand-side of Eqn. (3-19) for these 
two impellers.
Evidently, within the range of experimental conditions N.̂  

measurements for the two impellers are practically 
indistinguishable. Further more the plot shown in Fig. 5.21 
has a slope of unity which confirms a general applicability
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of the proposed model and Eqn. 3-19.
Additionally, the magnitude of the constant in Eqn. 3-19 is 
found from the plot to be 3.4 (line 1 corresponding
D/T<0.5 ) with a correlation coefficient of
0.96. Thus the final equation proposed in this thesis for 
estimation of for propellers and turbines pumping
downward with D/T<0.5 is:

, . ,(g Ap/p ) d C Tx p  V
N = 3.4 --------------------------------  (5-7)

P D
o

For downward-pumping turbines and for propellers with 
D/T>0.5 Fig. 5.21 indicates that while the slope of the line 
remains close to unity (as for the previous) the magnitude 
of the constant of proportionality, K in Eqn. 3-19 is 
different. In the case of data shown in Fig. 5.21, the value 
of K is equal to 6.9.MX
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FIG. 5.21
Variation of N with changes in operating parameters 
is adequately described by model Eqn. 3-19.
Impeller: Propeller (D=6 , 7.6, 12, 15cm) and pitched 

turbine (D=8 , 12, 15cm) pumping downward.
Tank diameter: 15.3, 19, 24, 29.7cm, h=T/4.
(for particles properties see Table 4.3).
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5.2 SUSPENSION OF PARTICLES IN JET-STIRRED VESSELS
In this section experimental work is described and examined 
on solids suspension using an axial water jet. The main aim 
of these experiments was to determine the effectiveness of a 
liquid-jet as a solids suspension device. Subsequently, 
results of these experiments are compared with 
just-suspension data obtained from the impeller-stirred 
vessels. The dependent variable in all the experiments was 
the critical liquid velocity at the nozzle, U. , at thej«
just-suspension conditions. The experiments described in
this section were directed towards determining the 
dependence of on some of the important parameters
affecting it, e.g. tank diameter, particle diameter, density 
difference between solid and liquid phases, concentration of 
solids and nozzle diameter. In all the experiments U.̂  was 
obtained using the 1-2 seconds criterion.

5.2.1 The effect of tank diameter, T, on critical nozzle 
velocity, Uje, at the just-suspension conditions

Experiments were carried out in 5 vessels with diameters of
15.3cm, 19cm, 21.5cm, 24cm and 29.7cm. The diameter of
circulation pipe (Fig. 4.3) was 0.025m (pump inlet) reducing
to 0.0127m (nozzle inlet). For each vessel four different
nozzle diameters were used: 5mm, 7mm, 9mm and 12.7mm in
diameter. Acetal particles with diameter of 2mm and p^=1300
kg/ma and soda glass with a mean diameter of 1.84mm and
P^=2540 kg/ma were used in these experiments. The results of
experiments for these two particles are tabulated in Tables
B.22a and B.22b. Figures 5.22a and 5.22b show the variation
of the critical nozzle velocity as a function of vessel
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Variation of Uj» with changes in tank diameter

Key dc Slope 
(mm) 

x 5 0.99
• 7 1.07
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Particles: a) 1% glass (d =1.84mm, p *2540 kg/m ),
p p 9b) 1% acetal (d =2mm, p = 1300 kg/m ).
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diameter for the four nozzle diameters for soda glass and 
acetal particles respectively. For each nozzle, the solid 
line through the data points is the relationship expected 
from the model Eqn. (3-34); the slope of lines is nearly one 
(with 0^=0 .95) as indicated by Eqn. (3-34).
The only other work found in the literature in this field is 
of Racz et al (82). They proposed the following empirical 
relationship between U and T:

U « Til<5 (5-8)

Which also confirms a general applicability of the model 
Eqn. (3-34) which indicates a first-order-dependency of U.̂  

on T. Moreover, while the largest tank used in our 
experiments was 29.7cm, Racz et al (82) used two tanks with 
diameters 37cm and 57cm. In other words since Eqn. (3-34) 
appears to correlate data for a reasonable range of tank 
diameters it appears to be well adequate for scale-up 
purposes.

5.2.2 The effect of particle diameter, dp, on Uj»
Lead glass particles with a density of 2900 kg/ma and with a 
range of diameters varying between 82.5^m to 6000^m were 
used to investigate the effect of particle diameter on U.̂ . 
The experiments were carried out in three tanks with 
diameters equal to 15.3cm, 19cm, 24cm. With each tank,
experiments were made with four different nozzles, with 
diameters, d , equal to 5mm, 7mm, 9mm and 12.7mm. In all the 
experiments described in this section, solids concentration
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was maintained at 1% by weight. The results of these
experiments are tabulated in Tables B.23 to B.25. Figures
5.23a and 5.23b show the variation of U with d for thej* p
15.3cm and 24cm diameter tanks.
Evidently, the effect of particle diameter on U.̂  is not 
described by a single expression over the whole range of d

p

predicted by the model Eqn. (3-34). However comparing model 
Eqn. (3-34) with the experimental observation obtained in 
this work it is seen that Eqn. (3-34) is applicable for 
particles in range 250/um<d <1000^m. In this range of

p

particle diameters the slope of the lines in Figs 5.23a, b 
is on average equal to 0.14 which is in good agreement with 
the theoretical equation, i.e. the exponent of d in Eqn.

p

(3-34) which is 1/6. Incidentally, it should perhaps be 
noted that this particle range covers the range of interest 
in most practical cases. For particles with diameters less 
than 250^m the experimental data suggests a mean slope of 
0.31 ( with a = 0.98 ). For particles in the range,C

1000^m<d <6000^m, d appears to have no effect on U. .
p  p  j«

The exponent of d in Eqn. (2-112) proposed by Racz et al
p

(82) is seen to be 0.1 which is consistent with the 
observation made in the present study for the same range of 
particles: particle diameter in all their experiments was 
equal to or greater than 1500^m.
It is also interesting to note that effects of d on U in

p  j*

a jet-stirred vessel are remarkably similar to those in a 
rotary-stirred tank. This clearly indicates that the 
mechanism of particle suspension is similar in the two 
systems.
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Variation of Uj» with changes in particle diameter

10
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1
50 1000100 500 5000dp(pm)

FIG. 5.23
Particles: 1% glass ( p =2900 kg/ma ),

p
Vessels: a) T=0.153m, b) T=0.24m.
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5.2.3 Effect of solids concentration on critical nozzle 
velocity, Uj«

The effect of solids concentration on critical nozzle 
velocity was studied in the 15.3cm diameter tank equipped 
with the 9mm diameter nozzle. Soda glass particles with a 
mean diameter of 1.5mm and p *2450 kg/m* were used in thep
experiments. Solids mass concentration was varied in range 
of 1% to 40% by weight. Figures 5.24a and 5.24b show the 
variation of U. as a function of particle concentration for 
three different clearances between the base of the tank and 
the nozzle.
The data indicate that for solid concentrations below 12% by 
mass (or 7% volume) U ( increases slightly with increasing 
concentration of solids. The average slope of the line 
covering the data in this region is equal to 0 .10, 
independent of the clearance between nozzle and vessel base. 
For mass concentrations greater than 12%, the clearance 
ratio ( h/T ) appears to have some influence on 11̂ : as
indicated on Figs 5.24a, b within this range of h/T,
increasing the clearance between the nozzle and bottom of 
the vessel appears to decrease Uj#. This has been verified 
experimentally for clearances between T/4 to T. All the 
relevant data are tabulated in Table B.26. The exponent of 
concentration in the proposed theoretical model Eqn. (3-34) 
is 0.33 which is higher than the values from the 
experimental data.
Racz et al (82) also studied the effect of particle
concentration on N in a 37cm and a 57cm diameter tank. Thej*
mass concentration was varied between 0.5% to 12%. These 
authors provided the following empirical relationship
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Variation of Uj« with changes in concentration

1 40 6010
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js
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FIG. 5.24
(a: U vs. C %, b: U vs. C %)J* V  j» V  ^
Particles: glass (d =1.5mm, p =2450 kg/m ).

p p
Vessel diameter: T=0.153m.
Nozzle diameter: d =9mm.
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between U and which is in fact closer to the exponent 
in the model Eqn. (3-34) compared with the experimental data 
obtained in this work.

U « C ° ~  (5-9)
J *  V

5.2.4 Effect of nozzle diametery d n, on Uj»
The effect of nozzle diameter on U was studied for allj*
vessels and a range of particles. All experimental data so 
obtained are tabulated in Tables B.22 to B.25.
Typical plots of U as a function of (1/d ) for the 15.3cmJ» n

19cm, and 24cm tank diameters are shown in Fig. 5.25; the

10

Key Purticl* dp
(mm) TKĝnrf (cm)

X □cttul 2 1300 1b 3o soda glass 1 Si 2bi019
A lead glass 06bb 2900 21

UJS
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o
/

o
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FIG. 5.25
Variation of Uj« with changes in nozzle diameter 
Solid concentration: 1 % by weight.
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plots refer to data for acetal particles (d *2mm, p *1300
p  p

kg/m3), soda glass (d =1.84mm, p *2540 kg/m8) and leadp p
glass particles (d =655^m p *2900 kg/m3). In each case thep p
best line drawn through the data points has a slope of unity 
with a =0.99. This is some what higher than the value of 0.7c

predicted by the model Eqn. (3-34).
Racz et al (82) also proposed an empirical value of unity 
for the exponent of (1/d^) which is in agreement with 
experimental data obtained in this work.

5.2.5 Effect of particle-liquid density difference on Uj«
The influence on U of particle-liquid density difference,
Ap, studied in the 15.3cm tank diameter for four nozzles and
five different particles densities. Liquid density was
maintained constant in all the experiments. In this
investigation particle diameter was kept in the range where
there is no effect of d on U .

p  j*

The experimental data are shown in Table B.27. Figure 5.26 
shows the four straight lines representing variation of U.̂  

as a function of Ap for four nozzles. The straight lines 
have the same slope of 0.4 which is lower than the value 0.5 
predicted by the model Eqn. (3-34).
Racz et al (82) proposed the following relationship between
U and Ap: j*

U ot (Ap)°-28 (5-10)
J •

However, in obtaining Eqn. (5-10) Racz et al (82) used some 
particles with densities fairly close to those of the liquid
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itself. As particle density approaches liquid density, the 
uncertainty in determining Uj# increases as the magnitude of 
U decreases: in the limit, when particle density equalsj»
liquid density, then suspension of particles is expected to 
occur with little or no agitation.

Effect on Uj« of liquid-particle density difference

key
mm

10

12.7

102 1
AP/f3

FIG. 5.26
Data for: T=15.3cm, d =2-3mm, C *1%, h=T/2.p w
Fluid: Water, pf =1000 kg/m3 , p=10 3 kg/ms.
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5-3 COMPARISON OF THE JET-STIRRED VESSEL WITH THE
IMPELLER-STIRRED TANK

In this section a comparison is made between the impeller-
stirred vessel and the jet-stirred tank using the energy
dissipation rate at the just-suspension conditions as the
basis of comparison. For the purpose of this comparison
model Eqn. 3-19 (for N ) and Eqn. 3-34 (for U. ) are used;j® j®

the comparison is carried out between the 
jet-stirred vessel with 1/59<d /T< 1/12 and two types of 
impeller, namely downward pumping propeller and downward 
pumping 4-blade 45°-pitch turbine with D/T<0.5 (Figs 5.1, 
5.2, 5.3).
For the impeller-stirred vessels the minimum speed for 
suspension of particles is obtained from Eqn. (5-7):

, . , x 1 / 2  , i / < s  - i / a(g Ap/p ) d C Tf p V
N = 3.4 ------------------------------ (5-7)j® ~i/a -,5/aP Do

Equation (5-7) may be expressed in terms of the impeller tip 
speed (m/s) by multiplying both sides of equation by D, as 
follows:

/ . / \ i / 2  , i / < s  - . i / a  _(g Ap / p  ) d C TI p V
N D = 3.4 ------------------------------ (5-11)j®

P Do

For the jet-stirred vessel the critical nozzle velocity from 
the model Eqn. (3-34) is:
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FIG. 5.27
Experimental data on Uj« plotted against the group on 
the right hand side of model Eqn. 3-34.
Tank diameter: 15.3, 19, 21.5, 24 and 29.7cm, h=T/2. 
Particles: Glass beads (d =0.46, 0.655, 1.1mm;

3 p 3P =2900 kg/m and d =1.84mm; p =2540 kg/m ),p p p
acetal (d =2mm; p =1300 kg/m )

P P 3and zircunium (d =1.8mm; p =3800kg/m ).
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, , vi/2 -i/<s „i/a _(g Ap/p ) d C T
P >V

O - Kmj ------------------------------ (3-34)
d2"*

r>

Figure 5.27 shows experimental data on U.̂  plotted against 
the group on the right hand side of Eqn. 3-34.
This plot shows a slope of almost unity which confirms the 
general applicability of the proposed model (Eqn. 3-34). The 
points fit the best straight line with the correlation 
coefficient of 0.97. Also the magnitude of constant K in3 MJ

Eqn. 3-34 is found from the plot to be 5 thus Eqn. 3-34 may 
be rewritten as:

i / 2  , i / < s  , - i / a1 C Tp v
U = 5  ----------------------------------------------------------------------  ( 5 - 1 2 )

, . , . 1/2 ,1/<J(g Ap/p ) d C
P N

J< d

Dividing Eqn. (5-12) to Eqn. (5-11) gives:

5 (g Ap/p ) d C T
z p v

u
J .  d 2 / a

-v -  /  / v i / 2  ,i/<s -,i/a m3.4 (g Ap/p ) d C T
f o  VN D Pj •----------------------------------------

^2/a P D
o

  (5-13)

thus:
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U 5 D2/a P1/a
( 5-1 3a)

N D 3.4 dj« n

i.e.:

U D2/a P1/a
- f - = 1 -47 ^ , °  <5-14>N D dj« n

Noting that the power expended at the jet nozzle, P̂ , is 
given by Eqn. (3-28):

1
P = --- p if Q (3-28)J j f " r,

i.e.:
,2TT d

j ~n '"nP = p  u 2 U ----------------  ( 5 - 1 5 )

thus:

p = -------- „  pd2 u a ( 5 - 1 6 )J ^ f n r>

The power input, P , into an impeller with D/T<0.5 and 
Re>10* is given by Eqn. (3-16), which is:

P = P pt Na D5 (3-16)I o  f

Therefore the ratio of power requirements (Pj/Pj) at the
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just-suspension conditions may be written as:

n p d2 U* /8f n j ■

P p, N3 D5o  f j •

(1 /8 ) d2 U2

P D2 (N D )3o j*

(5-17)

(5-18)

substituting for U /DN. from Eqn. (5-14) into Eqn. (5-18),j* j«
yields:

(n/8 ) d2 D2 Po
 —  (1.47)* -- -----  (5-19)
P D dO n

Thus:

Pj
  = 1.24 (5-20)
P1

i.e. P 2* Pj at the just-suspension conditions.
Thus at the just-suspension conditions, the power input to 
the impeller (propeller and 45°-pitch turbine pumping 
downward with D/T<0.5) is about the same as the power input 
to the nozzle. This finding depends strongly on the type of 
impeller used (values of K and K ) .^ MI U J

Equation (5-20) suggests that for suspension purposes, the 
energy cost of the jet-stirred vessel is almost equal to 
that of the impeller-agitated vessel. In other words from 
purely energy considerations the results indicate that a
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jet-stirred vessel is as efficient as the propeller-stirred 
tank for suspending particles. This is not surprising 
because the action of a jet mixer is similar to the action 
of a propeller agitator. In a jet-stirred vessel, the jet 
motion is induced by an external pump. With a propeller, the 
agitator itself provides a jet-like flow in the tank.
As far as the flow field at the base of the vessel is 
concerned, the velocity profile produced by a propeller (see 
Fig. 5.28 adopted from Ref. 16) is remarkably similar to 
that produced by a liquid jet-mixer as used in this study, 
(see Fig. A .3).

mi

FIG. 5.28
Flow model below plane of symmetry of an axial-flow 
impeller in cylindrical vessel with radial baffles. 
Identification of "jets” in agitated liquid: I) free 
axially symmetrical jet; II) axially symmetrical impact 
jet at the bottom; III) axially symmetrical radial wall 
jet at the bottom; IV) axially symmetrical impact jet 
at the wall; V) axially symmetrical axial wall jet at 
the wall (Figure from Ref. 16).
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It should be noted that the above power input values are for 
power dissipated by the liquid only and do not include motor 
efficiency, bearing losses for the agitator, or pump 
efficiency and external pipe friction losses for the jet.
In Tables B.28 to B.29 the calculated values of P./P^, are 
based on measurements of impeller speed, jet velocity at the 
nozzle exit, torque on impeller shaft and pressure drop 
across the nozzle.
The above analysis indicates that provided the correct 
nozzle and tank configuration is used for suspension, then 
the jet-stirred vessel should as efficient as that of the 
propeller-stirred unit.
Comparing the estimated of p V P j obtained from the above 
analysis with experimental values of Pj/px shown in Tables 
B.28 and B.29 reveals that for the same particles, the 
energy dissipation rate at N or U. for the two systems is

i•

nearly the same provided that the ratio of nozzle diameter 
to vessel diameter is in the range 1/20 to 1/25.
Table B.28 also shows that decreasing the ratio d /T (i.e.T\

using smaller nozzle diameter) increases energy requirement 
for the jet-stirred vessel without significantly improving 
the quality of the suspension. On the other hand within the 
range of operating capability of the rig used in this work, 
it was noticed that increasing the ratio of d^/T i.e. using 
larger nozzle diameters, resulted in a decrease in the 
energy requirement at the just-suspension conditions (see 
Tables B.28 and B.29).
However, as nozzle diameter is increased, U.̂  decreases at 
the expense of a higher flow rate through the nozzle keeping 
the total momentum the same at the just-suspension
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conditions. Further, although not observed in these 
experiments, one can expect the quality of suspension to 
suffer as nozzle diameter is increased beyond a certain 
point.
These observations put some practical limits on the optimum 
dimensions of the nozzle for particles suspension. From what 
has been said so far, it seems reasonable to recommend a 
ratio of nozzle diameter to vessel diameter in the range 
1/20-1/25: this then gives a system which is as good as the 
best impeller-stirred geometry (see Table B-21).
The mathematical model of the jet-stirred vessel present in 
this work was only tested for relatively small tanks. But 
there is no reason why the same model should not be used for 
full-scale tanks. The reasonable agreement between Eqn. 
(3-34) from the present work and experimental data provided 
by Racz et al (82) for vessels up to 60 cm in diameter (Eqn. 
2-112) appears to support this conclusion.

5.4 ADVANTAGES OF JET-STIRRED VESSELS
The capital cost of a jet-stirred vessel is usually lower 
than the capital cost of an equivalent impeller-stirred tank 
for the same duty (77). The pump unit is usually cheaper 
than the agitator assembly and if an existing pump can be 
used then the capital cost of a jet-stirred vessel will be 
very low.

The pump is the only mechanical component which may require 
servicing. So the maintenance cost of a jet-stirred vessel 
is generally lower than that of an impeller-stirred tank.

The jet-stirred tank system is very simple and the pump is
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remote from the tank. Pump maintenance will not require the 
tank to be drained and purged.

The pump used for mixing may also be used as a transfer pump 
to fill or drain the tank.

No baffles are required with the jet-stirred vessels. There 
is no aeration or vortex formation in the jet-stirred 
vessels.

Moreover energy losses in the pipe line may be reduced with 
rational design.

With liquid-jet stirred vessel suspension could be achieved 
with no physical contact between the particles and the 
recirculation device which is obvious advantage in situation 
where particles are relatively weak and thus prone to break 
in the liquid.
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CHAPTER 6

CONCLUSION AND RECOMMENDATION FOR FURTHER RESEARCH

6.1 Conclusion
A general model has been developed which attempts to (i) 
estimate the just-suspension speed (N.̂ ) for particles in 
rotary-stirred vessels and (ii) predict the critical liquid 
(nozzle) velocity at the just-suspension conditions
for liquid jet-stirred tanks. The general model is based on 
a balance of hydrodynamic and body forces acting on the 
particles at the base of the vessel at the point of just 
suspension and assumes that the hydrodynamic forces exerted 
on the particles originate from the mean liquid velocity 
close to the base of the vessel. In each case the developed 
equations account for the effect on N and U. of the 
following:

(i) particle size and density
(ii) particle concentration
(iii) vessel diameter
(iv) nozzle or impeller diameter
(v) particle-liquid density differences
(vi) impeller or nozzle power input

Based on the model equation and as a result of comparison 
between theory and experimental data obtained as part of 
this investigation the following two equations have been 
developed for design purposes:
(1) For propeller impellers with D/T<0.5 pumping downward
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and for 4-blade 45°-pitch turbine impellers with D/T^ 0.5 
pumping downward:

. . , .1/2 ,i/tf _ i/a(g Ap/p ) d C T
N = 3.4 ' pJ* ^5/3P Do

applicable within the range of 250^m<d <1000*um which covers
p

a reasonable range of practical interest.
(2) For liquid jet-stirred vessels:

. . , »i/2 ,i/<s(g Ap/p) d C
U = 5 P

d2/an

for 250/um<d <1000^m and 1/140 ^d /T< 1/12.p r»

These equations are relatively easy to use and have the 
additional advantage over purely empirical equations in that 
they are based on a firm understanding of the mechanism of 
suspension.
In both rotary-stirred vessels and in liquid jet-stirred 
tanks deviations were observed between predicted effect of 
particle diameter on N.̂  and U.̂  and experimental 
observations for particle diameters below about 250 microns. 
These deviations are attributed to the interactions between 
fine particle and the laminar boundary layer at the base of 
the vessel.
The results obtained in this work indicate that a
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jet-stirred vessel is a very efficient system of suspending 
particles compared with rotary-stirred units. This method of 
keeping particles in suspension is well suited to many 
industrial operation, e.g. crystallization.

6.2 Recommendation for further research
In conducting the present research programme a number of 
important questions arose which could not be answered as 
part of this work. It is recommended that the following 
could form part of any future investigation into this field:

1) A detailed study with the aim of establishing the 
suspension behavior of relatively fine particles; in the 
case of suspension in water, the size of particles below 
which the model proposed in this work breaks down is about 
250 microns. Therefore this study should concentrate on 
particles below this size, but it is felt that the absolute 
magnitude of particle size will also depend on fluid 
viscosity.

2) Having established the criteria for just-suspension
conditions, i.e. for N and U. , it is recommended that a

j ® j«

detailed study be conducted with the aim of using this 
information in order to describe other transfer operations 
in a stirred vessel e.g. mass transfer and heat transfer 
operations between suspended particles and the liquid.

3) The work in this programme of research has clearly 
established that suspension of particles occurs by the 
action of a liquid-jet and that, additionally, from an 
energy consideration a liquid jet-stirred vessel could be as
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efficient as the conventional rotary-stirred units. It is 
therefore recommended that more detailed studies be carried 
out into areas of industrial applications of liquid 
jet-stirred suspensions, including crystallization and 
heterogeneous reactions with particles acting as catalysts 
or as one of the reactants.

4) The work described in this study was limited to 
suspension in low viscosity liquids. Some experimental work 
in the department suggests that the proposed models could be 
applicable to situations where suspension occurs in high 
viscosity fluids. This requires further experimental 
investigation and confirmation.

178



NOTATION
(Unless otherwise stated within the text).

A constant in Eqn. A-23 ( - )

AK constant in Eqn. 2-1 (-)
Ac constant in Eqn. 2-9 (-)
A

p
projected area of particle (m2)

a constant in Eqn. A-12 (-)
★a constant in Eqn. A-16 (-)

Ar Archimedes number (gp Ap d 3/p 2  ) ( - )
* p

★Ar modified Archimedes number (Ar C ° ‘ 5D/d ) ( -
v  p )

b value of r for which U =U /2 (m)xr xm

CD drag coefficient ( - )

CL lift coefficient ( - )

cV volume fraction of solids (vol. solids/vol. slurry ) (-)

C w volume fraction of liquid (vol. liquid/vol. slurry) (-)

C « v %wt . solids concentration (wt. solids/wt.slurry ) 100 ( - )

cw solids concentration (wt. fraction) ( - )

cv O average volume fraction of solids ( - )

cJ constant in Eqn. 2-93 ( - )

cR constant in Eqn. 2-54 ( - )

c1 potential core length/nozzle diameter, xc/^n ( - )

c2 constant in Eqn. 2-64 ( - )

ca constant in Eqn. 2-66 ( - )

c• constant in Eqn. A-4 (-)
c constant in Eqn. 2-61 (-)
D impeller diameter (m)
dp particle diameter (m)
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d jet diameter (m)j
d nozzle diameter (m)n

E energy dissipation for entrainment of single particle
(W)

Et total energy dissipation for just-suspension (W)
E mean liquid energy near the base of impeller-stirredO

vessel (W)
Efej mean liquid energy near the base of jet-stirred vessel

(W)
F friction factor (-)
Fb buoyancy force acting on the particle (N)
F^ particle drag force (N)
F particle drag force due to U (N)Dr r

F particle drag force due to U (N)D a  a
F^ particle lift force (N)
F particle lift force due to U (N)Lr r

F^ gravitational force (N)
F£ effective weight of particle (N)
Fr impeller Froude number (N2 D/g) (-)

★Fr impeller modified Froude number in Eqn. 2-57 
(N2 To /g Ap) (-)jm f

Fr modified Froude number in Eqn. 2-70 (IT n D p j d Ap g)
m  j • f p

(-)
Fr , Froude number at N , defined by Eqn. 2-94 (-) j«r j«f
g acceleration due to gravity (m/s2)
h clearance between impeller blade (or nozzle) and

base of the tank (m)
h nozzle height (mm)
H height of liquid in the vessel (m)
H net hydrostatic head of slurry (cm of water)

constant in Eqn. 2-23 (-)
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constant in Eqn. 2-24 (-)
Ka constant in Eqn. 2-32 (-)

constant in Eqn. 2-33 (-)
K constant of proportionality in Eqn. 3-32 (-)
K constant in Eqn. 2-99 (-)
Kr constant in Eqn. 2-17 (-)

constant in Eqn. 2-74 (-)
K constant of proportionality in Eqn. 3-19 (-)

constant of proportionality in Eqn. 3-34 (-)
Kr constant in Eqn. 2-109 (-)
K constant in Eqn. 3-17b (-)
Kq constant in Eqn. 2-12 (-)

constant of proportionality in Eqn. 3-9 (-)
L length of impeller's blade (m)

total mass of slurry in the vessel (kg)
mass of liquid in the vessel (kg)
mass of solid in the vessel (kg)

Mf momentum flux of the jet leaving the nozzle mouth 
(Q U  P . )  (kg m/s2)r> n t

M kinematic momentum flux, (m*/s2)
n number of concentration of particles (-)p
N impeller speed (rps or rpm)
N.̂  impeller speed at just-suspension state (for particles 

denser than liquid) (rps or rpm)
impeller speed for incipient particle suspension (rps)

N impeller speed at just-suspension state (for particles 
lighter than liquid) (rps)

P, P impeller power input (W)
Pq impeller power number (-)
★P modified power number defined by Eqn. 2-31 (-)

181



p^ pressure at the inlet of the nozzlfe (N/m2)
P2 pressure at the outlet of the nozzle (N/m2 )
Pj jet power (W)
Pk. kinetic jet power (W)
P . total mechanical power delivered to the nozzle (W)Tj

q̂  total volumetric flow rate (propeller discharge plus 
entrained flow) (ma/s)
volumetric flow rate through the nozzle (ma/s)
volumetric flow rate in the jet at cross section
with distance x from the nozzle (ma/s)

r radial distance from center line or from stagnation 
point (m)

r^ distance from stagnation point to front face of control 
volume, see Fig. A.5 (m)

r^ radius of impingement region (m)
Re impeller Reynolds number, ND2p/p (-)

p & r t i c \e
Rec critical^Reynolds number defined by Eqn. 2-10 (-)
Re particle Reynolds number (-)
Re modified Reynolds number, DnNdp/60v (-)

ir gRe modified Reynolds number, N D pf/pT (-)B J* f

Re nozzle Reynolds number, d U p,/p (-)n n n f

Re Re at just-suspension condition (-)je n
Rer Reynolds number defined by Eqn. 2-79 (-)
S suspension parameter in Zwietering's Eqn. 2-14 (-)
T tank diameter (m)
u velocity of liquid at mid-point of particle (m/s)TT)
★u friction velocity (m/s)

u u at minimum transport conditions (m/s)m
Uf velocity of fluid at vertical distance y from the wall

(m/s)
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axial component of local liquid velocity near the base 
of the vessel (m/s)
radial component of local liquid velocity near the 
base of the vessel (m/s)
axial component of liquid velocity near the base of 
vessel at the point of particle suspension (m/s)
mean liquid velocity near the base of vessel (m/s)
liquid velocity at the nozzle (m/s)

at just-suspension condition (m/s)
average velocity of liquid in the upward direction 
in the presence of solids (m/s)
U at the just-suspension condition (m/s)La
average fluid velocity near tank base (m/s) at just- 
suspension state (m/s)
settling velocity of particle suspension (m/s) 
particle settling velocity in medium at rest (m/s) 
mean velocity in axial direction, 4Q /nd2 (m/s)X J

axial velocity at distance r from the jet axis at 
free jet region see Fig. A.1 (m/s)
axial velocity on the jet axis (maximum value of U )xr
at distance x from the nozzle (m/s)
maximum velocity along wall jet (m/s)
maximum velocity in radial direction along 
impingement region (m/s)
velocity in radial direction at distance z from the 
impingement plate (m/s)
local velocity outside the boundary layer at the 
distance y from the base vessel (m/s)
fluid velocity at the distance y=d /2 from thep
vessel base (m/s) 

maximum fluid velocity close to the boundary layer(m/s) 
r volume of the tank (H=T) (ma)



volume of solids in the tank (ma)
V volume of the liquid in the tank (m8 )
Vrb center line velocity at distance r, see Fig. A.5 (m/s)
W width of the impeller blade (m)
w mass flow rate through the nozzle, Q p. (kg/s)r*i x
w^ mass flow rate at axial position with distance x from 

the nozzle, pf (kg/s)
x distance from nozzle in axial direction (m)
x length of potential core (m)C

y distance from the bass of vessel in axial direction (m) 
★y dimensionless distance defined by Eqn. 2-77 (-)

z distance from impingement plate in axial direction (m)
Z constant in Eqn. 2-37 (-)

Greek letter

ot exponent in Eqn. 5-6 (-)
a F /F (-)o E D
c*oc o<o at just-suspension condition (-)

ft parameter defined by Eqn. A-33 (-)
specific weight of liquid (kg/m2s2)

r. specific weight of solid (kg/m2s2)
r torque (Nm)
A p pressure difference between inlet and outlet of nozzle

(N/m2)
6L viscous sublayer thickness (m)
6rm value of z for which velocity is maximum 

plate at impingement region (m)
along the

6rmax value of z for which velocity is maximum along the
plate at wall jet region (inner layer thickness) (m)
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6 overall height of radial wall jet (m)
<5 value of z for which U ■ U /2 (m)1/2 r* rmoiK

<5 outer layer thickness, 6 -6 (m)j*t rmax

^ power input per unit mass (W/kg)
jpower input per unit volume (W/m )

* * at just-suspension condition (W/kg)mG Tn
rate of turbulent energy dissipation per unit mass

(W/kg)
z - 6 r m a x
6 . -6 j»t r m a x

© jet angle, see Fig A.1 (degree)
X parameter depends on Reynolds number (see section

A.2.2.2) (-)
fj fluid viscosity (Ns/m2)
v kinematic viscosity of the fluid (cm2/s or m2/s)
 ̂ characteristic scale of eddy (m)T

P f  fluid density (kg/ma)
solid density (kg/ma)

Ap P ~P, (kg/ma)p *★p average density of suspension around the impeller
defined by Eqn.2-91 (kg/ma)

P  average suspension density defined by Eqn. 2-89 (kg/ma)mix

o standard deviation (-)
a correlation coefficient (-)c

r shear stress in the impingement region (N/m2)
Tmax maximum value of t in the impingement region (N/m )

wall shear stress at the junction of the base and 
vertical walls of the stirred vessel (N/m2)

<P angle of blade to the horizontal plane of impeller
(degree)
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APPENDIX: A

A.1 FREE JET

A free jet is defined as a jet which is not restricted by a 
solid boundary.

A.1.1 Flow behavior in the free jet
A submerged free jet forms when a fluid emerges from a
nozzle with a uniform velocity into a large stagnant mass
of the same fluid. The size of the jet increases steadily as
it travels away from the nozzle as shown in Fig. A.I. The 
diameter of the jet at a distance x can be obtained from the 
following equation given by Simpson (73):

d = d + 2x tan(©/2) (A-1)J r»

where d is nozzle diameter. d. is jet diameter and 9/2 isn  J

the jet half-angle (the angle contained between the jet axis 
and the outer boundary).
The angle of the jet was examined by taking photographs of a 
jet stream by Donald and Singer (75). The turbulent water 
jet produced by four different shape of orifices 
(sharp-edged discharge, rounded discharge, convergent and 
divergent orifices) were photographed by these authors. For 
all cases a jet angle of 14° was found. These investigators 
also examined the behavior of hydrogen-into-air jets, air 
jets, and sugar-solution jets using the same photographic 
technique and provided the following relationship for the
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effect of fluid viscosity on the angle of the jet:

tanS/2 = 0.238 vo iaa (A-2)

where 9 is jet angle in degrees and v> is the fluid kinematic 
viscosity in stokes.
These authors concluded that an increase in jet Reynolds 
number, (Re = U d //j ) produced a decrease in the angle ofT\ T"*
the jet. In the case of water jets the Reynolds number was 
varied from 5000 to 30000. The angle of 14° was considered 
to apply precisely to the mean value Re =17500. An increase 
of Re to 30000 resulted in a jet angle of 12.5° andn

decreasing Re to 5000 produced an angle of over 16°.n

Variation of axial velocity of the jet as a function of 
radial distance from jet center at any jet cross-section 
perpendicular to the jet axis will give a clear description 
of the growth of the jet, repeating the measurement for 
different positions from the nozzle will provide a full 
description of the growth of the jet as it travels away from 
the orifices (Fig. A.1). Figure A.1 shows that there is a 
core of flow with constant velocity, U . This zone isri
commonly called potential core. There is some disagreement 
among different investigators as to the length of the 
potential core. Poreh and Cermak (67) experimented with 
water flowing through nozzles with diameters of 1 .905cm, 
2.54cm and 3.81cm and reported that the potential core was 
7.7 times the nozzle diameter. Tania and Komatsu (69) gave a 
value of 4.8 for the ratio of core length and nozzle 
diameter. They used air as the fluid with nozzle diameters
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equal to 5.2cm and 8.3cm. Gauntner and coworkers (72), for a 
fully developed turbulent circular jet, theoretically 
obtained the length of potential core to be 6.1 times nozzle 
diameter. Bradbury (70) stated that potential flow region 
could extend up to about six jet diameter from the nozzle, 
but its length depended on the nozzle conditions and in some 
cases it could be much shorter than six jet diameter. 
Beltaos and Rajaratnam (65) argued that the length of the 
potential core may depend on conditions at the nozzle, but 
gave a value 6.3 for the ratio of core length to nozzle 
diameter.

core ; \ Region of flow  

M lA establi shment

— 7
Region of

\  e s ta b lis h e d  flow

F I G .  A.1
Schematic representation of jet diffusion and 
characteristic region in free jet (71).

Harsha (73) has proposed the following expression for the 
core length in terms of jet Reynolds number:
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x /d — 2.13 Re0 0*7c n n (A-3)

where: xc is length of potential core.
It was claimed by Simpson that, Eqn. (A-3) was a good fit of 
the available data on air jets for jet Reynolds number 
between 10* and 1 05 . Hrycak et al (71) experimentally 
investigated the effects of Re^ on potential core length. 
Their data indicates that the dimensionless potential core 
length (x^/d^) attains a maximum value of approximately 20 
at a Reynolds number of 1000, and reduces to a minimum value 
of roughly 5.5 at jet Reynolds numbers between 3500 and 
5500. Beyond Re =5500, the potential core length increases 
slightly until Re =10*. Beyond Re =10* the potential core 
length remains nearly constant. They concluded that the 
length of potential core is a function of Re^ for laminar 
flow (Re^< 2000) and is independent of Re^ for a fully 
turbulent circular jet (Re^>10*). According to Abramovich 
(63) potential core length is not a function of jet Reynolds 
number in the Re^ range from 2X10* to 4X10^.
It should be noticed that fluid velocity outside the 
potential core, but still in zone 1-1 (see Fig. A.1), 
decreases with distance from the nozzle. The total region of 
jet flow between the nozzle and plane 1-1 is called the flow 
development or flow establishment region, while the region 
away from this plane is known as the region of fully 
established flow (or fully developed flow). According to 
Abramovich (63) and Rajaratnam (64) the pressure in the jet 
is virtually invariable (zero pressure gradient) and equal
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to the pressure in the surrounding fluid. Hence the total 
momentum per unit time (the momentum flux M =Q U p )  shouldf n n f

be the same for all cross-sections normal to the jet cone. 
In other words the momentum flux in the axial direction is 
conserved, (Q U =Q U with U =4Q /nd2). Rajaratnam (64)n n x x  x k j

stated that Mf was an important parameter of the jet. A 
certain Mf could be obtained from a small nozzle and a large 
velocity or a large nozzle and low velocity. Rajaratnam (64) 
also stated that the rate at which the kinetic energy flux 
decreases with distance from the orifice is equal to the 
rate at which turbulence is produced. According to Donald 
and Singer (75) the kinetic energy of the jet at any radial 
section of the jet is inversely proportional to the jet 
diameter. These authors stated that the loss of the kinetic 
energy along the jet axis is probably due to turbulent 
friction among the eddies in the jet.
A free turbulent jet of fluid discharging into a fluid 
volume will entrain some of the surrounding fluid. If is
the flow rate from the nozzle and if Q is the flow rate inX

the jet at any other cross-section with distance x from the 
nozzle it is known that the ratio of Q /Q is greater thanx n

unity (64) and increases linearly with distance x from the 
nozzle. Rajaratnam (64) has shown that:

Q /Q = C x/d (A-4)x ri • n

where is a constant to be determined experimentally. 
Donald and Singer (75) has presented the following empirical 
expression for Q /Q in case of homogeneous jet system:
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Q /Q = (0.576 v°’ iaa) x/dk n n (A - 5 )

where v is the fluid kinematic viscosity in stokes.
By assuming that the pressure is constant through the jet 
and in the nozzle exit region (p Q U = p. Q U ), SimpsonX K  X  I T)

(73) has shown that for every four nozzle diameters, the jet 
will entrain a mass flow rate equal to the nozzle mass flow 
rate. Thus:

Where w^= pf is the mass flow rate at any axial position 
in the jet and w =p Q is mass flow rate through the nozzle.n f n

A.1.2 Decay in jet center-line velocity
The axial velocity of a free jet over a distance equal to 
the potential core length is constant and equal to the 
nozzle exit velocity (Fig. A.1). The axial velocity 
downstream of the potential core for a circular free jet is 
inversely proportional to the distance from the nozzle and 
may be expressed as follows (72):

w /w = 0 . 2 5 (x/d ) (A-6)

U Cx m 1
(A.7)

U x/dn

where C is a constant and equal to:i

potential core length
C =i nozzle diameter
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A.1.3 Velocity profile of a free jet
Velocity profile of a free jet has been determined by some
investigators (63, 64, 70, 71). Bradbury (70) stated that a
good presentation of the velocity profile immediately after
the disappearance of the potential core is:

Uxr/UK„ = expj-0.679(r/b)* ^1+0.0269(r/b)'‘] j  (A-8)

where U is the axial velocity at distance r from the jetxr

axis, b is the value of r for which U = U /2, U is thexr x m  x m

axial velocity on the jet axis at distance x from the nozzle
and r is the radial distance from the jet axis.
Beltaos and Rajaratnam (65) from their experimental data 
described the velocity profile by a general curve which is 
given in the following form:

U /U = exp |"-0.693(r/b)2l (A-9)xr x m  I

Poreh and Cermak (67) have shown that the velocity
distribution for a free jet can be represented by:

U /U = exp ["-1 00 (r/x )2"l (A-10)xr x m  I

It is seen from Eqn. (A-10) that at any cross section the
velocity is maximum on the axis of the jet and decreases
with the radial distance from the jet center line (Fig.
A.1). This velocity distribution at different cross sections
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appears to have the same shape.
Abramovich used the experimental results of Trupel (63) and 
represented this velocity distribution in the form of graphs 
shown in Fig. A.2.

*o

CLIO 070

>
ox«a*M 
•  X»0IM
•*» 1 0 M 
•X*l 
*K>I <MN *

(

0 0.75 040 07 i 100 U5 L50 175r 
b

FIG. A.2
Velocity distribution in circular jets. (Reproduced 
from Abramovich Ref. 63, by Rajaratnam (64)).

Some of the earliest experimental results on circular jet 
was obtained by Trupel in 1915 (64). He used air as the 
fluid with a nozzle of 0.045m in radius. The nozzle 
fluid-velocity U =87m/s (63).

A.1.4 Jet Reynolds number
Jet flow may be either laminar or turbulent depending on the 
nozzle Reynolds number which is defined as:
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( A - 1 1 )

When this Reynolds number has a value roughly less than 300
the jet is laminar (77). Above 300 some disturbance in the
flow can be observed (73) and for 300<Re <1000-2000 the jet
is in a transition between laminar and turbulent. For Re
above 1000-2000 the jet becomes fully turbulent (77).

A .2 Radial wall jets produced by impinging circular jets 
When an axisymmetric jet consisting of a fluid similar to 
that of its surroundings impinges perpendicularly on a solid 
surface the flow spreads radially outwards from the 
stagnation point. This kind of flow is called a radial wall 
jet (Fig. A.3). The term "wall jet" was first introduced by

FIG. A.3
Radial wall jet produced by an impinging circular 
jet (64).
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Glauert (78) according to Bakke (79). The stagnation point 
is the intersection of the jet axis and solid surface. Such 
a flow is produced by, for example, a jet of water from a 
tap falling into a partly full sink and spreading out over 
the bottom. It should be noted that the flow due to a jet of 
water falling into an empty sink is quite different to that 
of free jet. Here the condition at the free surface is that 
the pressure is constant, while for a free jet the
corresponding condition is that the radial velocity
component falls to zero at the outer edge of the jet (78).
A number of analytical and experimental studies are 
available on radial wall jets, representative of these are 
works of Poreh and Cermak (67), Poreh et al (68), Dawson and 
Trass (74), Hrycak et al (71) and Rajaratnam (64). These
works plus the studies of other authors (63, 72, 70, 79),
have contributed to a fairly good understanding of fluid
dynamic behavior of radial wall jets.
It has been observed by previous investigators (65, 69, 71)
that in the case of an impinging jet the flow of the jet 
fluid is divided into three regions (Fig. A.4):
1): Free jet region (region I): is the region in which the 
flow characteristics are identical to those of the free jet.
2) Impingement region ( region II ): is the zone of 
deflection, in this region the jet undergoes a considerable 
deflection and toward the end of this region the flow 
becomes almost parallel to the wall, this zone is called the 
impingement region.
3) Wall jet region (region III): is the zone of established
flow in the radial direction and is called the wall jet
region. In this zone the directed flow increases in
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thickness as the boundary layer builds up along the solid 
surface.

Nozzle

Free jo t region

Impingement region

W a ll je t  region

z

-£>
r

Flow directions.

FIG. A.4 Definition sketches (64, 66).

A.2.1 Impingement region 
A. 2.1.1 Velocity distribution
As the flow approaches the impingement plate the velocity 
decreases rapidly and the pressure increases. At the
stagnation point the velocity is zero and the pressure has
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its maximum value (72).
The velocity distribution along the center line in the 
region (II) is given by the following relation for a 
distance of a few nozzle diameters from the plate (80):

U = -2a (h-x) (A-12)>cm

where h is the clearance between nozzle exit and the plate. 
It is obvious that at the plate, where x=h, U =0.0.
For values of x close to h, the velocity is presented by a 
straight line with a slope of -2a, where a is an empirical 
constant. Poreh and Cermak (67) used a jet of water and two 
nozzles with diameters equal to 3.88cm and 1.92cm. For h in 
the range from 30.5cm to 61cm, they gave the following 
equation for the constant, a, in Eqn. (A-12):

a = 98 /  Mf/pf (A-13)

i.e.:

Uxm - X

■/ (Mf/pf)h2
(’- - H= 196 1-------  (A-1 4)

where Mf is the momentum flux of the circular jet leaving 
the nozzle mouth i.e. M = Q  U p,.f n n f

The maximum velocity variation along impingement plate is 
given by Schlichting (80):
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U = arrm (A - 1 5)

where r is the radial distance from stagnation point.
Hrycak et al (71) gave Eqn. (A-15) in dimensionless form in
terms of nozzle diameter:

Urm ★ A= a ---  (A-16)
Un

★where: a
a d

U

Hrycak et al (71) using air as fluid plotted U /U against 
r/d for four values of h/d . It was shown that for a nozzler> n
diameter of 0.625cm and small values of r/d , (r/d <1.4),n n
the slopes of these curves were a function of h/d . Forn

★example for h/d^=20 the term a was equal 0.1808.

Dawson and Trass (74) defined the impingement region as a 
hemisphere of radius r=r and they found:p

r = 0.284h (A-17)p

and at r=r :p

U = 1 .58(U d )/r (A-18)rm r> r> p

6 = 0.20 r Re'1'* (A-19)rm p n
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where <5 is the boundary layer thickness at r=rrw p
For the overall width of the wall jet, 6. . at r=r in

p

impingement region Dawson and Trass (74) found:

5 41
<5 =   r ---------6 (A-20 )j*t 3 2  P 6 4  rm

Tani and Komatsu (69) studied the behavior of the flow in 
the impingement region. They stated that because of the 
complicated conditions in this region most of their 
measurements were confined to the mean velocity and mean 
pressure on the jet center line and close to the surface. 
From their experimental data, the impingement region was 
defined as the region of increased pressure, which is quite 
small, extending vertically for 1.6 to 2.2d , and radiallyT'l
for 1.6 to 3d^ from the stagnation point.

Beltaos and Rajaratnam (65) carried out an analytical and 
experimental study of the impingement region of circular 
turbulent impinging jets. The beginning of the impingement 
region was fixed at x/h = 0.86, from axial velocity
considerations, and the end of the impingement region was 
located at r/h=0.22 from wall pressure consideration. A 
semi-empirical method has been developed by these authors to 
predict the variation of the axial velocity in the 
impingement region. Beltaos and Rajaratnam (64, 65) found
that the variation of the wall shear stress in the 
impingement region could be expressed by the equation:
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„ -t±4<r/h>1 -e .
A n  / / w  \ - i i * < r / h >43(r/h)ev - ° - i8[ "r/h H s-max r / n

(A-21 )

where the maximum shear stress r is given by:m a x

0.16 p, \ff n
r = ------------ (A-22)
max (h/d )2r>

and this occurs at r/h =0.14.
Equations (A-21) and (A-22) are valid only for large 
impingement heights, that is h/d >8.fi

A.2.2 Wall jet region
A.2.2.1 Maximum velocity decay along impingement plate 
In analysing the wall jet region, the flow region was 
sub-divided into two parts by Glauert (78): 1) an inner
layer where the effect of the wall is apparent, and 2) an 
outer layer which is characterized by the features of a free 
turbulent flow. The velocity at the boundary between these 
two layers is the maximum velocity. It has been shown that 
this maximum velocity may be expressed by the relation (68, 
79) :

U = ----  (A-23)r m a x  nr
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where the constant A is found experimentally, n has a value 
close to unity (67, 71, 78, 79): it is greater than 1 for a 
radial wall jet, whereas for a free jet it is equal to 1. 
Rajaratnam (64) has used the experimental results of Poreh 
et al (68) and replotted U /U against r/d and foundn r m a x  r*

that the points were described by a single straight line 
given by the following equation:

U drmcLx n
= 1.03   (A-24 )

U r

It is interesting to see that the height of the impinging
jet does not appear in Eqns (A-23) and (A-24). In the data 
of Poreh et al (68), h/d was varied from 8 to 24. The decayn

of maximum velocity in the wall region was investigated by 
Poreh et al (68). From dimensional analysis they provided a 
relationship between the U , h, rff2 (M„ =M /p, is thermax f k fk f f

kinematic momentum flux) and (r/h), and then plotted
(U h/M*f2 ) against (r/h) and presented the followingr m a x  fk

expression for the variation of the maximum velocity for the 
wall region:

U hr m a x  _ r  ..— 1 . 1

■/ Q U
T\ T>

= 1 . 3 2   (A-25)

U rr m a x  . r  ..-0.1

V~Q v'n n
32 tv)= 1 . 3 2 ---  (A-26)
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By substituting for Q =U A and for r=h, Eqn. (A-26) reduces 
to:

d
n

U = 1 .17U   (A-27)
rm<xx n r

Nozzle Reynolds number in their work varied from 104000 to 
288000. Equation (A-27) is similar to Eqn. (A-24).
A correlation for maximum velocity decay along the 
impingement plate for a radial wall jet has been developed 
by Hrycak et al (71). This is presented in the following 
section. Air was used as the fluid in their work, but the 
relationship that was set up is valid for any incompressible 
fluid ( p f = constant), it is therefore very likely that their 
results will be applicable with some approximation, to 
liquid radial wall jets.

Maximum velocity decay of radial wall jet: In order to
derive an expression representing the decay of radial wall 
jet velocity, a coordinate system and a control volume 
1-2-3-4 is chosen as shown in Fig. A.5 (71).

The principle of conservation of momentum is applied to this 
control volume:

(momentum into 1-2)+(momentum into 2-3)-(momentum out 1-4)- 
(momentum out 4-3)=(momentum accumulated 1-2-3-4)

Here it is assumed that turbulent shearing stress t  =0.0 at 
the point where U =U , fluid density is constant and the

r  r  r w a x

flow is under steady state conditions. The ambient fluid is 
also considered to be at rest.
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/

FIG. A.5
Coordinate system of radial wall jet (71).

In the boundary layer, the velocity distribution is assumed 
to be the same as that expressed by the well-known power law 
expression for turbulent flow:

U = U  U ) £"n (A-28)rz r ma x

for:

U =U /Urz rz n

u =u / ur m a x  rmax n

Z = Z / 6 z = h-xr m a x

0 . 0 < Z < 1

Outside the boundary layer, Hrycak et al used the velocity 
distribution presented by Abramovich (63):

U = U
r z  r m a x [l- C*'2)2 (A-29)
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z - 6 rmax
where : 0 . 0 <C < 1 C =

6 - 6  j«t rmax
z >6

By using the above equations and some mathematical 
manipulation Hrycak et al derived the following relation:

constant
U = --------------------------- (A-30)rmax _ — _(a+l)/?/2 r r  ^ a/?/2

r
l ' - f )

for r <<r ( where r=r/d , r =r /d and r is distance fromo m o o n  ©

stagnation point to front face of control volume):

constant
U = ----------  (A-31 )rmax a.'

r

with:

(a+1 )fta = --------- (A-32 )

ft

2

K mH
,+ 1

+ 0.31559
(A-33)

K nH
,+ 1

+ 2(0.31559)
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and:

K *6 / 6 where 0.0<K <1H  rmax M

6 = L (r-r )e
6 = 6 / d

K and L are constants that have to be determinedH
experimentally.
Hrycak et al (71). by using their experimental data, plotted 
U /U against r/d (Fig. A.6). This plot confirms ther tt̂ clx n n

validity of the Eqn. (A-30) for regions where rQ <<r. From

10

r

3E
c
coc%>E .06o

.04

Dimemtomws OisUnce from stagnation pcxnt, 'it.

FIG. A.6
Comparison of velocity variation in region III for 
different h/d . Nozzle diameter= 0.635cm (71).r>
Fluid: Air
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this plot Hrycak et al have concluded that the exponent of r 
in Eqn. (A-31), <*'=1.12 and the value of the constant in
the equation is equal 1.4.
The final equation can then be written as:

U d 1. 12rmoLX r n *\
------ = 1.4-[------1 (A-34 )
U L r }

Hrycak et al (71) argued that the value of <*'= 1.12 is in 
agreement with the values found by previous investigators 
such as Poreh et al (67) and Bakke (78).

A.2.2.2 Velocity profile through wall jet
Glauert (78) treated the problem of the wall jet 
theoretically. He obtained solutions for both regions of 
flow mentioned previously (inner and outer layers). For the 
inner layer Glauter assumed that the variation of the mean 
shear stress was the same as in turbulent pipe flow, and 
assumed the 1/7 power law velocity profile for the inner 
layer. For the outer layer he assumed that the eddy 
viscosity was constant across the layer. These solutions 
were matched at the junction between the inner and outer 
layers (maximum mean velocity), where the shear stress was 
assumed to be zero, giving a general expression in 
dimensionless form for the velocity profile. The shape of 
the velocity profile given by Glauert1s expression depends 
on a single parameter X, which in turn, depends on the Local 
Reynolds number. Glauert provided a table of values of X in 
order to obtain the exact expressions to describe the



complete velocity profile for the wall jet for a given set
of conditions. For example for X = 1.3 the thickness of outer
layer is proportional to the radius distance, r, while the
velocity scale changes as U « r-4'43. For the inner1/2

region the thickness of inner layer, <5 , is proportionalrmax

to r4' 03 while the velocity scale changes as U « r”4'4.rmax

These differences are obviously very small and could hardly 
be detected experimentally (68). As the outer region is much 
larger than, the inner one, it was concluded that the 
overall thickness of the jet should grow proportionally to 
the radial distance (68).
Glauert concluded that the velocity profile is identical in 
laminar and turbulent cases.
According to the Rajaratnam, the first experimental study of 
the radial wall jet was made by Bakke (79). In 1957 Bakke 
reported the results of his investigation of a turbulent jet 
of air spreading radially over a flat smooth plate. The 
diameter of the open pipe used by Bakke was 2.84cm and it 
was placed 15 mm above the plate. The velocity distribution 
along the plate was measured by pitot tube and the 
velocities were computed by assuming the static pressure to 
be atmospheric everywhere. He determined that the velocity 
profiles were similar and the rate of change of velocity 
could be expressed by a power-law expression (Eqn. A-28). 
Bakke's wall jet was generated by means of radial slot, in 
contrast to most other investigators (Hrycak, Poreh) who 
used circular jets. But despite this difference the results 
of Bakke agreed well with those of Hrycak et al (71).
Hrycak et al (71) carried out an extensive investigation of 
the flow characteristics of a single circular jet impinging
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on a flat plate. Jets issuing from circular nozzles (0.317, 
0.635 and 0.952cm in diameters) were considered. Nozzle 
Reynolds number from 600 to 10* were studied. The normal 
distance between the exit of the nozzle and the plate varied 
from 2 to 30 nozzle diameters. Air was used as the fluid 
and the velocity between the nozzle and plate and along the 
plate were measured. A theoretical derivation for the 
maximum velocity decay for a radial wall jet was developed 
by Hrycak et al (Eqn. A-34).
The data obtained by Hrycak et al (71) showed that the 
experimental velocity decay profile was lower than Glauert's 
prediction (78) in the outer portion of the jet and was 
flatter than Glauert's estimation at the tip. However, 
Hrycak et a l 's measurements of maximum velocity decay were 
similar to Bakke's profile (79). Hrycak et al (71) stated 
that their experimental findings indicated that the exponent 
of the velocity profile near the wall, (Eqn. A-28) changes 
with Reynolds number and varies from 1/7.5 to 1/15 through 
the range of Reynolds numbers investigated. In other words, 
the assumption of 1/7 power law for the velocity profile for 
inner boundary layer, as sometimes used by some 
investigators (e.g. Abramovich, Glauert), was incorrect.
Also this result indicated that, in the inner boundary layer 
similarity could be approximately achieved, which is in 
agreement with Glauert's prediction. Some investigator (63, 
67, 71) found it useful to employ a reference velocity Urb 
(as shown in Fig. A.5) where:

constant
U = ----------  (A-35)RB r
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The reference velocity Urb is the center line velocity (at 
distance r) of a hypothetical free jet issuing radially from 
the stagnation point. It can be obtained by extrapolating 
the velocity profile of the outer jet region to the wall. It 
was shown by Hrycak et al (71) that Urd in the wall jet 
region, may be represented by the following correlation:

URB = 0.62
U

(A-36)

Poreh and Cermak (67) gave the following equation for 
velocity distribution outside the boundary layer:

Urx - .
  = 1 -tanh2 11 0 z ><5 (A-37)U I r Jn

rmax

or alternatively by the error function

U

A.2.2.3 Spread of wall jet
The spreading of the wall jet in terms of the ^1/2 (the 
point at which wall jet velocity is one-half of the maximum 
velocity) has been investigated by several workers. Poreh et 
al (68) from their experimental data described the jet 
thickness as follow:
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6 , r  ̂o . p1 /2 = 0.098 
h  ̂hhr) (A-39)

o r :

6 , r ^-o.i1 / 2 = 0.098 
r  ̂hhr) (A-40)

Dawson and Trass (74) by a theoretical approach and
numerical solution, found the values of <5 and 6. andrmax j«t

plotted them against r, for jet Reynolds numbers 10* and
105 . From these graphs they obtained the following
expressions:

6 r r o. p2
- r" ~  Re1/5 = 0.052-f-) (A-41)
h n  ̂h

6 , r vo. b b
— —  =  0 . 1 1 0 hr) (#‘42’

Bakke (79) by plotting <5 against r on log-log paper and 
concluded that the width of the jet could expressed as:

6 « r° P* (A-43)1/2

Hrycak et al (71) by means of experimental data stated that 
the spread of the jet could be expressed in the following 
form:
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<5 r ^ *^rr ^o p 5— — =0.00081 ---+0.0864]-----| (A-44)
d  ̂ d *• d J

Rajaratnam (64) by using the results of Poreh et al (68), 
plotted <51/2 verses r, and recommended the following 
relationship for the spreading of the jet as a function of 
radial position:

6 = 0.087r (A-45)1/2 '

Poreh et al (68) from their experimental data found the 
following relationship between 6 and 6 :rmox 1/2

6 = 0.23 6 (A-46)rmox 1/2

which is similar to results of Hrycak et al (71).
The dimensionless wall jet velocity profile given by Hrycak 
et al (71) indicated that; U /U =1 occurs at z/6 =0.2rx rmax 1/2

in other words:

6 = 0.2 6 (A-47)rmoLX 1/2

Substituting for £ from Eqn. (A-45) into Eqn. (A-47) 
gives:

<5 = 0.0174 r (A-48)rmax

So in a jet-stirred tank at r=T/2:

6 = 0.0087 T (A-49)rmax
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APPENDIX: B 

Tables of experimental results
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T
(cm)

D/T N
j •

(rps)
Torque
(Nm)

Rex10”2 Power
(W)

P
o

NZ v v • t.
(rps)

29. 7 0.202 28.68 0.095 1032 7.11 0.93 26.43
29. 7 0.255 23.15 0.12 1337 17.44 0.55 17.73
29. 7 0.404 7.98 0.14 1149 7.01 0.55 8.06
29. 7 0.505 8.28 0.29 1863 15.08 0.34 7.53

24 0.25 23.68 0.055 852 8.17 0.79 21 .94
24 0.316 16.09 0.055 976 5.83 0.47 14.91
24 0.5 7.66 0.115 1103 5.53 0.49 8.79
24 0.625 Aerated at 

N= 10.38

19 0.315 14.75 0.03 531 2.77 1.11 17.71
19 0.4 12.15 0.03 702 2.29 0.5 12.10
19 0.63 Aerated

15. 3 0.392 13.45 0.025 484 2.11 1.11 15.06
15. 3 0.496 12.25 0.03 707 2.30 0.49 12.97

Table B .1
Impeller: Downward-pumping propeller, h=T/4.
Particles: 1% w t . soda glass; d =1.84mm, p =2540 kg/m3.

a  p. a  pFluid: Water p =1000 kg/m , p = 10 kg/ms.
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T
(cm)

D/T N
j •

(rps)
Torque
(Nm)

Rex1 0-2 Power
(W)

P
o i• t .

(rps)

29.7 0.202 15.76 0.03 567 2.97 0.99 12.87
29.7 0.255 11 .33 0.03 654 2.13 0.57 8.63
29.7 0.404 3.96 0.04 570 0.99 0.64 3.92
29.7 0.505 3.52 0.065 791 1 .43 0.43 3.96

24 0.25 11 .83 0.02 426 1 .48 1.15 10.68
24 0.316 9.66 0.02 558 1 .21 0.52 7.26
24 0.5 4.33 0.04 623 1 .08 0.538 4.28
24 0.625 6.5 0.22 1462 8.9 0.44 5.49

19 0.315 7.73 0.01 278 0.48 1 .35 8.62
19 0.4 6.83 0.01 394 0.42 0.53 5.9
19 0.63 6.25 0.1 900 3.93 0.64 6.93

15.3 0.392 7.71 0.01 277 0.48 1 .34 7.33
15.3 0.496 6.33 0.01 365 0.39 0.6 6.31

Table B.2
Impeller: Downward-pumping propeller, h=T/4.
Particles: 1% w t . acetal; d =2mm, p =1300 kg/m3.

p _ p
Fluid: Water pf=1000 kg/m , p=10 kg/ms.
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T
(cm)

D/T N .j •
(rps)

Torque
(Nm)

Rex1 O'2 Power
(W)

Po

29.7 0.27 10.4 0.095 666 6.20 1 .68
29.7 0.40 5.95 0.21 857 7.84 1 .49
29.7 0.505 Aerated

24 0.33 9.48 0.085 607 5.06 1 .8
24 0.5 5.91 0.185 851 6.86 1 .33
24 0.625 Aerated

19 0.42 7.43 0.045 476 2.09 1 .56
19 0.63 Aerated

15.3 0.52 7.91 0.06 506 2.98 1 .83

Table B .3
Impeller: Downward-pumping 45°-pitch turbine; h=T/4. 
Particles: 1% wt. soda glass; d =1.84mm, p =2540 kg/ma.p p
Fluid: water pf=1000 kg/ma, p=10 kg/ms.
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T
(cm)

D/T N j •
(rps)

Torque
(Nm)

Rex10 2 Power
(W)

Po

29.7 0.27 5.92 0.035 378.6 1 .30 1 .90
29.7 0.40 3.33 0.07 479.5 1 .46 1 .58
29.7 0.5 Aerated

24 0.33 5.03 0.02 322 0.63 1 .51
24 0.5 3.58 0.065 515.5 1 .46 1 .27
24 0.625 3.9 0.385 877.5 9.42 2.09

19 0.42 4.0 0.02 256 0.5 2.36
19 0.63 4.0 0.13 576 3.26 2.0

15.3 0.52 4.65 0.025 297 .6 0.73 2.20

Table B .4
Impeller: 45°-pitch turbine pumping downward, h=T/4.
Particles: 1% wt. acetal; d =2mm, p =1300 kg/m3.

a p -a p Fluid: water pf = 1000 kg/m , p = 10 kg/ms.
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h(cm) T/15 T/6 T/4 T/3 T/2 T/1 .5
N. (rps)j • 7.08 7.55 7.76 8.25 10.4 16.4

a) Downward-pumping propeller, D=6cm T=15.3cm, 
C =1%wt. acetal; d = 2mm p =1300 kg/ma.

V  p  p

h( cm) T/6 T/4 T/3
N. (rps)j • 14.1 14.66 15.23

b) Downward-pumping propeller, D=6cm T=19cm,
C =1%wt. glass; d = 1 . 5mm p =2450 kg/m'

h (cm) T/6 T/4 T/3
N (rps)
b • 11.55 12.45 13.2

c) Downward—pumping propeller, D=7.6cm T=19cm, 
C =1%wt. glass; d =1.5mm p =2450 kg/m3 .

v  p  p

h(cm) T/6 T/4 T/3
N (rps)j • 6.5 7.75 8.05

d) Downward—pumping 45°-pitch turbine, D=8cm T=19cm, 
C =1% glass; d =1.5mm p =2450 kg/m3.

v  J  p  p

Table B.5
Variation of N with impeller clearance from thej*
bottom of the vessel, h.
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c
V

%wt.
C

V

%vol.
N.j ®

(rps)
Torque 
(Nm)

1 0.41 13.15 0.03
2 0.82 14.28 0.03
3 1 .24 14.75 0.03
5 2.1 16.63 0.03
7 2.98 17.9 0.04

10 4.33 19.0 0.04
12 5.21 20.33 0.045
14 6.23 20.55 0.05
15 6.71 20.38 0.05
17 7.71 20.38 0.05
18 8.23 20.3 0.05
19 8.73 20.28 0.05
20 9.26 20.1 0.05
22 10.3 20.13 0.05
25 11 .97 20.3 0.05
30 14.28 20.54 0.05
35 18.0 20.56 0.055

Table B .6
Variation of N with concentration.

j*
Downward—pumping propeller, D=6cm, h=T/4.
Particles: glass; p  =2450 kg/ma d =1.5mm.p p
Tank diameter: 15.3cm.

C
V

%wt.
CV

%vol.
N .

j ®
(rps)

Torque
(Nm)

1 0.35 12.86 0.03
2 1 .05 14.76 0.03
5 1 .78 16.16 0.03

10 3.70 17.51 0.04
12 4.49 18.6 0.04
15 5.73 18.7 0.04
17 6.6 19.1 0.04
20 7.93 19.35 0.04
25 10.3 19.5 0.04

Table B .7
Variation of N with concentration.

j®
Downward-pumping propeller D=6cm, h=T/4. 
Particles: lead glass; p =2900 kg/ma d =1.5mm.p p
Tank diameter: 19cm.
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cV
%wt.

CV
%vol.

N.j ■
(rps)

Torque
(Nm)

1 0.35 11.0 0.025
3 1 .05 12.2 0.03
5 1 .78 13.4 0.03

10 3.70 14.7 0.04
12 4.49 15.25 0.04
15 5.73 15.4 0.04
17 6.6 15.6 0.045
20 7.93 19.35 0.05
25 10.30 16.15 0.05

Table B.8
Variation of N with concentration.j*
Downward—pumping propeller, D=7.6cm, h=T/4. 
Particles: lead glass; p =2900 kg/ma d =0.165mm.p p
Tank diameter: 19cm.

C
V

%wt.
CV
%vol.

N .
j •

(rps)
Torque
(Nm)

1 0.35 6.8 0.045
3 1 .05 7.28 0.045
5 1 .78 7.91 0.045

10 3.70 8.68 0.055
12 4.49 9.0 0.065
15 5.7 9.15 0.07
17 6.6 9.2 0.07
20 7.93 9.28 0.075
25 10.3 9.3 0.075

Table B.9
Variation of N with concentration.j*
Downward-pumping 45° pitch-turbine, D=8cm, h=T/4. 
Particles: lead glass; p =2900 kg/ma d =0.165mm.p p
Tank diameter: 19cm.
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Dturb.
(P.D)

= 8cm Dp r o p .
(P.D)

= 6cm Dprop.
(P.D)

=7.6cm

d N . d N. d N.p j • p j • p j •
(/urn) (rps) (pm) (rps) (pm) (rps)

82.5 4.88 82.5 9.95 82.5 8.4
115 5.46 115 10.6 115 9.2
165 6.38 165 12.5 165 11.0
231 6.91 231 13.9 231 12.0
275 7.33 275 14.9 275 12.4
460 7.53 460 15.2 460 12.5
550 7.78 550 15.3 550 12.6
655 7.83 655 15.4 655 12.7
1100 7.85 1100 15.6 1100 12.8
2000 7.78 2000 15.8 2000 12.9
4000 7.95 4000 16.8 4000 13.0
6000 7.80 6000 16.8 6000 13.1

turb. : 4-blade 45°-pitch turbine downward-pumping. 
(D.P)
prop.: Propeller downward-pumping.
(D.P)

Table B .10
Variation of N with changes in particle diameter, d .

a pParticles: 1% wt. lead glass, p =2900 kg/m .p
Tank diameter: 19cm, h=T/4.
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Impeller
type

D
(cm)

d
p

(^m)
N .

j •
(rps)

Propeller 6 115 12.75
/ / 6 165 14.0
t r 6 231 17.81
> ! 6 460 18.68
r r 6 655 19.9
r r 6 1100 19.4

Propeller 7.6 115 10.36
t r 7.6 165 11.5
t t 7.6 231 14.73
r r 7.6 460 15.3
t t 7.6 655 16.08
t r 7.6 1100 16.05

45°-Pitch 8 115 6.05
turbine

t ! 8 165 7.16
/ r 8 231 8.03
! t 8 460 9.0
/ t 8 655 9.2
i i 8 1 1 0 0 9.23

Table B.11
Variation of N with changes in particle diameter, d .

J* a pParticles: 3%wt. lead glass, p =2900 kg/m .p
Tank diameter: 19cm, h=T/4.
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Impeller
type

D
(cm)

dp
( p m )

N j •
(rps)

Propeller 6 115 13.1
/ / 6 165 15.45
/ / 6 231 19.05
t / 6 460 20.85
/ t 6 655 21 .28
t ! 6 1100 21 .1

Propeller 7.6 115 10.88
/ / 7.6 165 12.66
/ / 7.6 231 16.15
/ / 7.6 460 16.6
# > 7.6 655 18.05
r r 7.6 1100 17.8

45°-Pitch 8 115 6.55
turbine

r t 8 165 7.91
r r 8 231 9.1
t t 8 460 9.65
t t 8 655 10.33
/ / 8 1100 10 .41

Table B.12
Variation of N with changes in particle diameter, d .

j *  a  pParticles: 5% lead glass p =2900 kg/m .
p

Tank diameter: 19cm, h=T/4.
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Impeller
type

D
(cm)

dp
(/um)

N j •
(rps)

Propeller 6 115 14
r t 6 165 17
! t 6 231 20.05
t ! 6 460 25.03
/ t 6 655 25.46
t ! 6 1100 24.68

Propeller 7.6 115 11 .35
/ r 7.6 165 14.34
/ t 7.6 231 17.35
! f 7.6 460 19.15
r r 7.6 655 20.7
/ / 7.6 1100 19.83

45°-Pitch 8 115 6.09
turbine

t / 8 165 8.3
t r 8 231 9.65
r i 8 460 10.75
1 ! 8 655 11 .63
! / 8 1100 11.8

Table B.13
Variation of N with changes in particle diameter, d . 
Particles: 10%wt. lead glass p =2900 kg/m .p
Tank diameter: 19cm, h=T/4.
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Impeller
type

D
(cm)

dp
(mm) (g/cm )

N . j •
(rps)

Propeller 6 2 1 .30 7.7
t r 6 3 2.14 12.93
> r 6 1 .84 2.54 13.45
1 t 6 2 2.90 14.63
t t 6 1 .84 3.80 17.45

Propeller 7.6 2 1 .30 6.35
t t 7.6 3 2.14 11.15
/ t 7.6 1 .84 2.54 12.33
t t 7.6 2 2.90 12.66
t r 7.6 1 .84 3.80 15.0

45°-pitch 8 2 1 .30 4.66
turbine

t t 8 3 2.14 7.7
/ / 8 1 .84 2.54 8.0
t t 8 2 2.90 8.36
! ! 8 1 .84 3.80 10.5

Table B .14
Variation of N with particle density.j*
Tank diameter: 15.3cm, h=T/4.
Fluid: Water; Pf=1000kg/m3 ^=10 3 kg/ms.
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T
(cm)

d /t N.j •
(rps)

Torque
(Nm)

Rex1 0-2 Power
(W)

Po

29.7 0.202 Aerated
29.7 0.27 Aerated
29.7 0.4 Aerated
29.7 0.505 3.31 0.53 1072 11 .01 1 .6

24 0.25 Aerated
24 0.33 Aerated
24 0.5 6.26 0.22 901 8.64 1 .4
24 0.625 2.4 0.38 778 5.72 2.18

19 0.315 Aerated
19 0.42 Aerated
19 0.63 3.95 0.095 569 2.35 1 .53

15.3 0.392 Aerated
15.3 0.52 8.0 0.06 512 3.01 1 .79

Table B.15
Impeller: Upward—pumping 45°-pitch turbine, h=T/4.
Particles: 1% w t . soda glass; d =1.84mm, p =2540 kg/m3.

p  p

Fluid: Water p=1000 kg/m , p = 10 kg/ms.
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T
(cm)

d /t N.j •
(rps)

Torque
(Nm)

Rexl0 2 Power
(W)

Po

29.7 0.202 Aerated
29.7 0.27 Aerated
29.7 0.4 Aerated
29.7 0.505 3.31 0.56 1072 11 .01 1 .6

24 0.25 Aerated
24 0.33 12.41 0.125 794 9.74 1 .55
24 0.5 3.58 0.07 516 1 .57 1 .37
24 0.625 1 .36 0.11 442 0.943 2.13

19 0.315 Aerated
19 0.42 7.7 0.05 493 2.41 1 .6
19 0.63 2.53 0.04 364 0.635 1 .57

15.3 0.392 11.8 0.035 425 2.59 2.02
15.3 0.52 4.5 0.015 288 0.42 1 .40

Table B .16
Impeller: Upward-pumping 45°-pitch turbine, h=T/4.
Particles: 1% w t . acetal; d =2mm p =1300 kg/ma .p p
Fluid: Water pf = 1000 kg/m , p = 10 kg/ms.
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h
(cm)

N (rps)j •
C =1%

w
C =3%

V
C =5%

V

2 25.17 25.95 26.3
3 32.43 35.0 36.3
4 38.0 >39 >39
5 39.66 —

a) D=6cm

h
(cm)

N . (rps)j •
C =1% C =3%

V
C =5%

V

2 16.9 18.2 19.1
3 16.8 19.38 20.55
4 17.5 20.1 21 .86
5 18.36 19.86 21 .75
6 20.2 21 .5 22.83
7 20.7 23.0 >23.5
8 21 .8 >23

b) D=8cm 

Table B.17 continued/
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h
(cm)

N . ( r p s )j •

o < ii dP C =3%
V

C =5%
V

2 7.05 7.68 7.76
3 6.76 7.3 7.58
4 6.4 6.98 7.50
5 6.36 6.92 7.48
6 6.2 6.7 7.03
7 5.90 6.38 6.95
8 5.95 6.42 6.78
9 5.92 6.46 6.68

10 6.03 6.73 6.86
11 6.28 7.0 7.42
1 2 6.55 7.35 7.83

c) D=12cm

h
(cm)

N. (rps)j •
C =1%

V
C =3%

V
C =5%

V

2 2.95 3.37 4.13
3 3.23 3.43 3.7
4 2.95 3.03 3.05
5 2.7 2.77 2.88
6 2.52 2.73 2.85
7 2.38 2.7 2.73
8 2.35 2.78 2.86
9 2.43 2.97 3.0

10 2.63 3.12 3.22
1 1 2.76 3.36 3.33
12 2.78 3.54 3.81

d) D=18cm

Table B.17
Impeller: Upward-pumping 45°-pitch turbine. 
Particles: soda glass, d =1.84mm p =2540 kg/ma.p p
Tank diameter: T=24cm.
Fluid: Water, pf=1 000 kg/ma, ^=10_a kg/ms.
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h
(cm)

N. (rps)j •
C =1%V C =3%V C =5%V

2 34.88 37.75 >38.8

a) D=6cm

h
(cm)

N. (rps) 
j •

C =1%V C =3%V C =5%V

2 18.75 21 .58 >22.6
3 20.3 22.33 >22.5
4 22.2 23.5 >24.5
5 23.35 >24.1 >24.5

b) D=8cm

h
(cm)

N . ( r p s )j •
C =1%V C =3%V C =5%V

2 6.75 7.9 8.5
3 7.07 8.22 8.81
4 7.0 8.11 8.88
5 7.02 8.17 9.06
6 6.92 8.05 8.63
7 6.62 7.79 8.65
8 6.66 7.89 8.65
9 6.7 7.91 8.68

10 6.97 8.4 8.9
11 7.28 8.7 9.19
12 7.89 9.04 9.38

c) D=12cm
Table B.18 continued/
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h
(cm)

N . (rps)j •
C =1%V C =3%V C =5%V

2 3.72 4.22 4.70
3 3.66 4.03 4.33
4 3.25 3.38 3.73
5 2.85 3.06 3.2
6 2.76 3.2 3.66
7 2.73 3.15 3.6
8 3.0 3.45 3.76
9 3.2 3.55 3.78

10 3.26 3.70 3.96
11 3.26 3.6 3.8
12 3.2 3.65 3.9

d) D=18cm

Table B.18
Impeller: Upward-pumping 45°-pitch turbine.
Particle: soda glass, d =460pm p =2900 kg/ma .p p
Tank diameter: 24cm.
Fluid: Water, pf=1 000 kg/m3, p=10 3
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D=12cm
C %

V
1 3 5

n < dip 0.396 1.2 2.03
N.J •
(rps)

6.2 6.7 7.03

D=8cm
C %

V
1 3 5

C %V 0.396 1.2 2.03
N .j •
(rps)

20.2 21.5 22.83

D=18cm

2.030.396

2.52 2.85
(rps)

a) d = 1 .84mm p =2540 kg/m3

D= 1 8cm
C %w 1 3 5

C %V 0.396 1 .2 2.03
N .J •
(rps)

2.76 3.2 3.66

D=12cm

V

2.03V

8.05 8.636.92
(rps)

b) d =0.460mm p =2900 kg/ma p p

Table B.19
Variation of N with concentration. 

j *
Impeller: Upward-pumping 45°-pitch turbine. 
Tank diameter: 24cm, h=T/4.
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Impeller
type

N.
j •

(rps)
P
(w)

Po Torque
(Nm)

N ♦ *  V  V •  t
(rps)

Re
(pfN.aD2/^)

propeller 
(P.D.) 3.96 0.995 0.64 0.035 3.92 57020
45°-pitch 
turbine 3.33 1 .46 1 .58 0.07 47950
(P.D.)
45°-pitch
turbine 6.33 9.38 1 .5 0.24 91150
(P.U. )

a) T=29.7cm D/T=0.4

Impeller
type

N j •
(rps)

P
(w)

P© Torque
(Nm)

N • . X  V  V •  t

(rps)
Re

(pfN.#D2/p)

propeller 
(P.D.) 4.33 1 .08 0.53 0.04 4.28 62350
45°-pitch 
turbine 
(P.D.) 
45°-pitch 
turbine 
(P.U.)

3.58

3.58

1 .46 

1 .57

1 .28 

1 .37

0.065

0.07

- 51 550 

51 550

b) T=24cm D/T=0.5

Impeller
type

N J «
(rps)

P
(w)

P© Torque
(Nm)

N • . X  V  V © t

(rps)
Re

(pf N.#D2/p)

propeller 
(P.D.) 6.25 3.92 0.64 0.095 6.92 90000
45°-pitch 
turbine 
(P.D.) 
45°-pitch 
turbine 
(P.U.)

4

2.53

3.26

0.63

2

1 .56

0.13

0.035 -

57600

36430

c) T=19 cm D/T=0.63
(P.D.): Pumping downward (P.U.): Pumping upward
Table B .20
Comparison of impellers; h=T/4.
Particles: 1%wt.acetal; d =2mm, p =1300 kg/m .

p  p
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Impeller
type

d /t N j •
(rps)

P
(W)

Po Torque
(Nm)

Re
(pfN.^D2/^)

propeller 
(P.D. ) 0.315 7.73 0.48 1 .33 0.01 27830
propeller 
(P.D. ) 0.4 6.83 0.42 0.51 0.01 39450
45°-pitch 
turbine 
(P.D.)

0.42 4.0 0.5 2.38 0.02 25600

45°-pitch 
turbine 
(P.U.)

0.631 2.53 0.635 1 .57 0.035 36430

(P.D.): Pumping downward (P.U.): Pumping upward

Table B.21
Comparison of impellers.
Tank diameter: 19cm, h=T/4.
Particles: 1%wt. acetal; d = 2mm, p =1300 kg/m3.p p

Fluid: Water; ,of = 1000 kg/m3, u = 10 3 kg/ms.
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T d U . Ap Q x10 4 P Re .
r> j • n j •

(cm) (mm) (m/s) (N/m2 ) (m3 /s) (W) ( p U . . d > )

15.3 5 3.4 6300 0.66 0.416 17000
r r 7 2.47 3200 0.95 0.304 17300
/ t 9 1 .84 1400 1.15 0.16 16600
r r 12.7 1 .34 - 1 .7 0.152 17000
19 5 4.33 9500 0.85 0.80 21650
r r 7 3.03 5000 1.16 0.58 21200
t / 9 2.1 2530 1 .33 0.34 18900
! ! 12.7 1 .6 - 2.01 0.26 20300
21 .5 5 5.61 14500 1 .1 1 .6 28050
r t 7 3.5 7050 1 .35 0.95 24500
r t 9 2.86 3750 1 .81 0.68 25700
r i 12.7 2.1 - 2.66 0.59 26700
24 5 5.95 16900 1.16 1 .96 29800
/ / 7 4.15 10300 1 .6 1 .65 29000
/ r 9 3.3 5100 2.1 1 .07 29700
/ » 12.7 2.25 - 2.85 0.72 28600
29.7 5 7 .05 2330 1 .38 3.2 35250

7 4.93 1 4200 1 .9 2.7 34500
r t 9 3.75 6450 2.38 1 .54 33750
r r 12.7 2.58 3.26 1 .09 32800

Table B . 22a
Experimental data with jet -stirred vessel, h=T/2.
Particle: 1%wt. acetal, d =2mm p =1300 kg/ma.p p
Fluid: Water, pf= 1 000 kg/m3, p = 10 3 kg/ms.
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T dr> U.j • Ap Q x1 0 4n P Re .j •
(cm) (mm) (m/s) (N/m2 ) (m3 /s) ( w ) <*u j .d> >

15.3 5 6.7 21800 1 .31 2.85 33500
r r 7 4.46 11800 1 .71 2.02 31200
/ / 9 3.4 5980 2.18 1 .30 30600
r / 12.7 2.3 - 2.91 0.772 29200
19 5 6.97 24200 1 .36 3.29 34850
r f 7 4.89 15400 1 .88 2.89 34230
/ r 9 3.85 7900 2.45 1 .93 34650
t / 12.7 2.69 - 3.41 1.14 33400
21 .5 5 9.77 51200 1 .91 9.78 48850
r r 7 6.5 24500 2.5 6.1 45500
t r 9 5.4 13150 3.43 4.5 48600
t / 12.7 3.75 - 4.7 3.3 47600
24 5 10.2 56500 2 11.3 51000
/ / 7 6.97 29800 2.68 7.98 48800
f / 9 5.56 1 4900 3.53 5.26 50000
/ / 12.7 3.94 - 4.96 3.85 50000
29.7 5 12.24 81200 2.4 19.49 61200
/ / 7 8.74 45700 3.36 18.7 61180
/ f 9 7.03 22600 4.46 10.08 63270
/ / 12.7 >3.95 — —

Table B . 22b
Experimental data with jet- stirred vessel , h=T/2.
Particle: 1%wt. glass, d =1.84mm p =2540 kg/m .p p

Fluid: Water, pf = 1000 kg/ma, p = 10 3 kg/ms.
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dr*
(nun)

dp u

(m/s)
Re r>

(p u .  d Ip)f j ■ n

Q x10 4 Ap 
(m3 /s) (N/m2)

5 82 3.65 18250 0.72 7200
7 f ! 2.85 19950 1.10 4200
9 / f 2.15 19350 1 .36 2300

12.7 / f 1 .34 17020 1 .7 -

5 115 4.33 21650 0.85 10100
7 / / 3.07 21490 1.18 5250
9 / / 2.25 20250 1 .43 2600

12.7 / / 1 .46 18540 1 .85 -

5 165 4.93 24650 0.96 13500
7 / f 3.42 23940 1 .31 6600
9 / / 2.51 22590 1 .60 3410

12.7 r r 1 .62 20570 2.05 -

5 231 5.35 26750 1 .05 14700
7 / / 3.72 26040 1 .43 7200
9 / / 2.83 25470 1 .80 4000

12.7 r r 1 .89 24000 2.4 -

5 360 5.52 27600 1 .08 15500
7 / / 3.76 26320 1 .45 7300
9 / / 2.88 25920 1 .83 4400

12.7 / / 1 .92 24380 2.44 -

5 460 5.86 29300 1.15 17300
7 / / 3.85 26950 1 .48 9600
9 / r 3.12 28080 1 .98 5200

12.7 r / 2.04 25910 2.58 -

5 655 5.95 29750 1.16 17200
7 f r 3.89 27230 1 .50 9700
9 t / 3.09 27810 1 .96 4700

12.7 / / 2.12 26920 2.68 -

5 1100 6.88 34400 1 .35 22800
7 r r 4.50 31500 1 .73 12800
9 ! t 3.46 31140 2.20 5900

12.7 / t 2.35 29840 2.98 -

5 2000 6.88 34400 1 .35 23700
7 r t 4.67 32690 1 .80 13400
9 t ! 3.57 32130 2.26 6500

12.7 t / 2.42 30730 3.06 —

Table B.23 continued/
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dn
(mm)

dp
(Mm)

U
(m/s)

Re Q x10n r>
(p U . d /p) (m3 /s)X J •

 ̂ Ap 
(N/m2)

5 4000 6.76 33500 1 .31 25600
7 i i 4.54 31780 1 .75 13200
9 i i 3.57 32130 2.26 6200

12.7 i i 2.41 30610 3.05 -

5 6000 6.97 34850 1 .36 24600
7 i i 4.67 32690 1 .80 13900
9 i i 3.64 32760 2.31 6700

12.7 i i 2.41 30610 3.05 —

Table B . 23
Effect of d on U .p j*
Tank diameter: 15.3cm, h=T/2.
Particles: 1%wt . lead glass, p =p 2900 kg/ am .
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dr>
(mm)

dp
(^m)

u
(m/s)

Ren
<PfU j.dn /'j)

Qnx1°
(m*/s)

* Ap
(N/m2)

5 82 5.35 26750 1 .05 13800
7 t r 3.59 25130 1 .38 6900
9 r t 2.67 24030 1 .70 3600

12.7 / / 1 .77 22480 2.25 -
5 115 5.52 27600 1 .08 15400
7 / / 3.81 26670 1 .46 8000
9 / / 2.91 26190 1 .85 4300

12.7 / t 1 .92 24380 1 .43 -
5 165 6.12 30600 1 .20 18400
7 r t 4.15 29080 1 .60 10700
9 r t 3.17 28570 2.01 5000

12.7 / > 2.08 26420 2.63 -
5 231 6.46 32300 1 .26 20200
7 r / 4.37 30600 1 .68 1 1500
9 t / 3.41 30700 2.16 5300

12.7 / / 2.25 28570 2.85 -
5 460 6.71 33550 1 .31 21400
7 r / 4.50 31500 1 .73 1 1700
9 / / 3.49 31410 2.21 5300

12.7 r t 2.35 29840 2.98 -
5 655 7.14 35700 1 .40 23700
7 * / 4.71 32970 1 .81 12700
9 / / 3.64 32760 2.31 5400

12.7 / ? 2.47 31370 3.13 -
5 1100 7.48 37400 1 .46 26300
7 / ? 5.10 35700 1 .96 1 5300
9 / / 4.04 36360 2.56 7300

12.7 / / 2.71 34420 3.43 -

5 2000 7.39 36950 1 .45 30200
7 / f 5.15 36050 1 .98 16000
9 f r 4.12 37080 2.61 7800

12.7 / f 2.71 33270 3.43 —

Table B.24 continued/
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dn
(mm)

dp
(p m)

U
(m/s)

Re r»
(P,U. df j ■ n

Q n x 1 0
/p) (mq /s)

* Ap
(N/m2)

5 4000 7.48 37400 1 .46 29700
7 i i 5.23 36610 2.01 16700
9 « f 4.20 37710 2.66 8200

12.7 i i 2.68 34040 3.40 -

5 6000 7.48 37400 1 .46 30200
7 * i 5.19 36330 2.00 16600
9 • i 4.14 38430 2.63 8200

12.7 i i 2.69 34160 3.41 —

Table B .24
Effect of d on U .p j*
Tank diameter: 1 9cm, h=T/2.
Particles: 1%wt . lead glass, p =2900 kg/p

am .
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dr»
(mm)

dp
(pm)

u
(m/s)

Rer>
(p U. d /p)f J • n

Q n X 1 0
(m? / s )

* AP
(N/m2)

5 82 6.80 34000 1 .33 23400
7 i • 4.67 32690 1 .80 13600
9 i i 3.49 31410 2.21 6000

12.7 i i 2.41 30600 3.05 -
5 115 7.23 37800 1 .48 26400
7 i i 4.93 34510 1 .83 14000
9 i i 3.75 33750 2.38 6800

12.7 i i 2.51 31880 3.18 -
5 165 8.33 41650 1 .63 39000
7 i i 5.75 40250 2.21 20100
9 i i 4.30 38700 2.70 9300

12.7 i i 2.96 35940 3.75 -
5 231 9.26 46300 1 .81 47800
7 i i 6.32 44240 2.43 24400
9 i i 4.91 44190 3.11 11700

12.7 i i 3.37 42800 4.26 -
5 460 9 .43 47150 1 .85 48800
7 i i 6.66 46620 2.56 26900
9 i i 5.10 45900 3.25 11800

12.7 i i 3.51 44580 4.45 -
5 655 9.52 47600 1 .86 50200
7 i i 6.75 47250 2.60 27400
9 i i 5.25 47250 3.33 12200

12.7 i i 3.66 46480 4.63 -
5 1100 10.45 52250 2.05 61200
7 i i 7.44 52080 2.86 34000
9 i i 5.59 50300 3.55 14300

12.7 i i >3.81 - >4.83 -
5 2000 10.63 53150 2.08 62600
7 i i 7.36 51520 2.83 33300
9 • t 5.67 51030 3.60 15100

12.7 i i >3.81 — >4.83 —

Table B.25 continued/
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dr>
(mm)

dp
(^m)

u .

(m/s)
R e n

( p fu j.d . /^ )

Q^x10 4 Ap 
(m3 / s ) (N/m2 )

5 4000 11 .05 55250 2.16 68400
7 i i 7.70 53900 2.96 36300
9 i i 5.98 53820 3.80 17400

12.7 i i >3.81 - >3.81 -

5 6000 11 .30 56500 11 .30 70900
7 i i 7.96 55720 7.96 39200
9 « i 6.19 55710 6.19 18000

12.7 i * >3.81 — >3.81 —

Table B.25
Effect of d on U. .p j*
Tank diameter: 24cm, h=T/2.
Particles: 1%wt. lead glass, p =2900 kg/m3.p
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c
V

(wt%)
CV
(vol%)

U
(m/s)

Ap 
(mbar)

1 0.41 3.46 57
3 1 .24 3.78 69
5 2.1 4.04 80
7 2.97 4.23 86
10 4.33 4.41 93
12 5.27 4.60 100
15 6.71 4.80 110
17 7.71 5.01 118
20 9.26 5.17 126
25 11 .97 5.49 138
30 14.88 5.75 154
40 21 .4 6.11 172

a) h=T/4

Cw
( wt% )

CV
(vol%)

U .
(m/s)

Ap
(mbar)

1 0.41 3.59 62.5
3 1 .24 4.01 78
5 2.1 4.12 83
7 2.97 4.30 89
10 4.33 4.51 97
12 5.27 4.59 100
15 6.71 4.72 106
17 7.71 4.80 108
20 9.26 4.85 112
25 11 .97 5.06 120
30 14.88 5.22 127
40 21 .4 5.53 142

b) h=T/2 

Table B.26 continued/
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cV
(w t % )

CV
(v o l % )

u .b
(m/s)

Ap
(mbar)

1 0.41 3.75 68.5
3 1 .24 4.30 91
5 2.1 4.40 92.8
7 2.97 4.56 98.5
10 4.33 4.67 104
12 5.27 4.63 102
1 5 6.71 4.62 102
17 7.71 4.72 104
20 9.26 4.80 107
25 11 .97 4.93 113.8
30 14.88 5.04 119
40 21 .4 5.30 131

c) h=T

Table B.26
Variation of U with concentration for threej*
different clearances from bottom of the tank, h. 
Tank diameter: 15.3cm.
Nozzle diameter: 9mm.
Particles: Glass, d =1.5mm, p =2450 kg/ma.p p
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Particle dp
(mm) pp , (kg/m )

dn
(mm)

U .
(m/s)

Acetal 2 1300 5 3.4
P.T.F.E 3 2140 5 5.78
Soda glass 1 .84 2540 5 6.7
Lead glass 2 2900 5 6.8
Zirconium 1 .84 3800 5 8.4
Acetal 2 1300 7 2.47
P.T.F.E 3 21 40 7 3.94
Soda glass 1 .84 2540 7 4.46
Lead glass 2 2900 7 4.67
Zirconium 1 .84 3800 7 5.62
Acetal 2 1300 9 1 .84
P.T.F.E 3 2140 9 2.94
Soda glass 1 .84 2540 9 3.4
Lead glass 2 2900 9 3.5
Zirconium 1 .84 3800 9 4.33
Acetal 2 1300 12.7 1 .34
P.T.F.E 3 2140 12.7 2.16
Soda glass 1 .84 2540 12.7 2.3
Lead glass 2 2900 12.7 2.5
Zirconium 1 .84 3800 12.7 2.95

Table B . 27
Variation of U with particle density.

j*
Tank diameter: 15.3cm.
Fluid: Water; ^  = 1 000 kg/m3, ,u=10 3 kg/ms.
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Particle Dprop. Po d Qr» x10 *r>
(ma / s )

U j •
( m / s )

M x10 4 *k
( m V s 2 )

P . /Pj i 
(exp.)

1 % Soda 
glass T/2.55 1 .1 T/30 1 .31 6.7 8.7 1 .35

d =1.84mmp
P  =2540 
p kg/ma

•i
ii

ii

ii
T/22 
T/1 7

1 .71 
2.18

4.49
3.4

7.7
7.4

0.95
0.62

m n T/1 2 2.91 2.3 6.7 0.37

1 % Soda 
glass 

d =1.84mmp
p =2540 
p kg/ma

T/2
ii

it

0.5
ii

ii

T/30

T/22
T/17

1 .31

1 .71 
2.18

6.7

4.49
3.4

8.7

7.7 
7.4

1 .24

0.88
0.57

ii ii T/1 2 2.91 2.3 6.7 0.33

1 % Acetal T/2.55 1 .34 T/30 0.66 3.4 2.24 0.87
d = 2 mm p
P  =1300 
p kg/ma

ii

ii

ii

• i
T/22
T/17

0.95
1.15

2.47 
1 .84

2.34
2.11

0.63
0.33

ii ii T/1 2 1 .7 1 .34 2.27 0.32

1 % Acetal T/2 0.6 T/30 0.66 3.4 2.24 1 .07
d = 2 mmp
P  =1300 
p kg/ma

ii

ii

ii

ii
T/22
T/17

0.95
1.15

2.47 
1 .84

2.34
2.11

0.78
0.41

n ii T/1 2 1 .7 1 .34 2.27 0.39

a) tank diameter: 15.3cm.
(P./P ) =1.24 (see text, page 170).j I th«or.

Table B.28 continued/......
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Particle Dprop. Po dn Q x10 4r>
(ma / s )

U .j •
( m / s )

M x1 0 4* K
<m4 / s 2 )

P . /P j i
(exp.)

1 % Soda 
glass T/3.16 1 .1 T/38 1 .36 6.97 9.48 1.19

d =1.84mmp
P =2540 
p kg/ma

ii

n

ii

ii
T/27 
T/21

1 .88 
2.45

4.89
3.85

9.19
9.43

1 .04 
0.67

ii ii T/15 3.33 2.69 9.22 0.41

1 % Soda 
glass T / 2 . 5 0.5 T/38 1 .44 6.97 9.48 1 .44

d = 1 .84mmp
P  =2540 
p kg/ma

ii

ii

ii

ii
T/27 
T/21

1 .26 
0.84

4.89
3.85

9.19
9.43

1 .26 
0.84

n • i T/15 0.50 2.69 9.22 0.50

1 % Acetal T/3.16 1 .35 T/38 0.85 4.33 3.68 1 .67
d =2 mmp
P  =1300 
p kg/ma

n

ii

ii

ii
T/27 
T/21

1.16 
1 .33

3.03
2.1

3.51
2.8

1 .21 
0.71

ii it T/15 2.01 1 .6 3.2 0.54

1% Acetal T/2.5 0.53 T/38 0.85 4.33 3.68 1 .90
d =2 mmp
p =1300 
p kg/ma

n

ii

ii

H
T/27
T/21

1.16 
1 .33

3.03
2.1

3.51
2.8

1 .38 
0.81

ii ii T/1 5 2.01 1 .6 3.2 0.62

b) tank diameter: 19cm.
(P/P ) =1.24 (see text, page 170).j I ln*or.

Table B.28 continued/
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Particle Dprop. PO dn Q x1 0 4n U j • M x10 *
*K

P . /Pj i
(ma /s) (m/s) ( m V s 2 ) (exp.)

1% Soda T/4 
glass 0.8 T/48 2.00 10.2 20.4 1 .38

d =1 . 84mm ,,p
p =2540 
p kg/ma "

ii

ii

T/34
T/26

2.68
3.53

6.97
5.56

18.7
19.6

0.98
0.64

ii ii T/1 9 4.96 3.94 19.5 0.47

1g l a f f  T/3.16 0.47 T/ 48 2.00 10.2 20.4 1 .90
d =1 . 84mm ,,p
p =2540 
p kg/ma "

ii

ii

T/34
T/26

2.68
3.53

6.97
5.56

18.7
19.6

1 .37 
0.90

ii it T/1 9 4.96 3.94 19.5 0.66

1% Soda T/2 
glass 0 .49 T/48 2.00 10.2 20.4 2.04

d =1 . 84mm ,,p
p =2540 
p kg/m3 "

ii

ii

T/34
T/26

2.68
3.53

6.97
5.56

18.7
19.6

1 .44
0.95

II ii T/1 9 4.96 3.94 19.5 0.70

c) tank diameter: 24cm.
(P /P ) . =1.24 (see text, page 170).j I tK«or.

Table B.28 continued/......
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Particle Dprop. PO dr> Q x10 4r>
(ma /s)

U j •
(m/s)

M x10 4 fK
(m4/s2)

P . /Pj i 
(exp.)

1% Acetal T/4 1.15 T/48 1.16 5.95 6.9 1 .32
d = 2 mmp r / t t T/34 1 .60 4.15 6.6 1.11
P =1300 
p kg/ma / r t r T/26 2.10 3.30 6.9 0.72

t t / ! T/1 9 2.85 2.25 6.4 0.48

1% Acetal T/3.16 0.52 T/48 1.16 5.95 6.9 1 .62
d =2mmp / ! ! t T/34 1 .60 4.15 6.6 1 .36
P =1300 
p kg/ma / / ! ! T/26 2.10 3.30 6.9 0.88

/ t / t T/1 9 2.85 2.25 6.4 0.60

1 % Acetal T/2 0.54 T/48 1.16 5.95 6.9 1 .81
d = 2 mmp r / / / T/34 1 .60 4.15 6.6 1 .53
p =1300 
p kg/ma t r ! ! T/26 2.10 3.30 6.9 0.99

t t t r T/19 2.85 2.25 6.4 0.67

c) tank diameter: 24cm.
(P/P ) =1.24 (see text, page 170).j I theor.

Table B.28 continued/......
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Particle D
p r o p

Po d Qr» nx1 0 4 U.j • M x1 0 4f K P /Pj i
(nrf / s ) ( m / s ) (m4 / s 2 ) (exp.)

1% Soda T/ 
glass 0.93 T/59 2.4 12.24 29.4 1.14

d =1.84mmp it ii T/42 3.36 8.74 29.36 1.10
P  =2540
p kg/ma ii ii T/33 4.46 7.03 31 .3 0.59

ii ii T/23 no suspension at maximum
flow rate

1 % Soda 
glass T/3.9 0.55 T/59 2.4 12.24 29.4 1.12

d =1.84mmp n ii T/42 3.36 8.74 29.36 1 .07
p =2540
p kg/ma ii ii T/33 4.46 7.03 31 .3 0.58

ii ii T/23 no suspension at maximum
flow rate

1 % Soda 
glass T/2 .47 0.55 T/59 2.4 12.24 29.4 2.80

d =1.84mmp ii ii T/42 3.36 8.74 29.36 2.67
p =2540
p kg/ma ii ii T/33 4.46 7.03 31 .3 1 .43

ii it T/23 no suspension at maximum
flow rate

1 % Soda 
glass T/1 .98 0.34 T/59 2.4 12.24 29.4 1 .30

d =1.84mmp ii ii T/42 3.36 8.74 29.36 1 .24
p =2540
p kg/ma ii ii T/33 4.46 7.03 31 .3 0.67

ii ii T/23 no suspension at maximum
flow rate

d) tank diameter: 29.7cm.

Table B.28 continued/
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Particle Dp r o p . Po d Q x10 4n n
( ma /  s )

U. M,x10 4J •
( m / s )  ( m * / s 2 )

P /Pj i 
(exp.)

1% Acetal T/4 .95 1 .00 T/59 1 .38 7.05 9.7 1 .08
d = 2 mm 
p ii • • T/42 1 .90 4.93 9.37 0.91

P  =1300 
p kg/ma • i ii T/33 2.38 3.75 8.90 0.52

ii ii T/23 3.26 2.58 8.40 0.37

1 % Acetal T/3.90 0.57 T/59 1 .38 7.05 9.70 1 .50
d = 2 mmp ii ii T/42 1 .90 4.93 9.37 1 .27
P  =1300 
p kg/ma ii ii T/33 2.38 3.75 8.90 0.72

ii ii T/23 3.26 2.58 8.40 0.51

1 % Acetal T/2.47 0.64 T/59 1 .38 7.05 9.70 3.21
d = 2mmp ii ii T/42 1 .90 4.93 9.37 2.71
p =1300 
p kg/ma ii n T/33 2.38 3.75 8.90 1 .55

n ii T/23 3.26 2.58 8.40 1.10

1% Acetal T/1.98 0.43 T/59 1 .38 7.05 9.7 2.23
d =2mmp ii ii T/42 1 .90 4.93 9.37 1 .88
P  =1300 
p kg/ma ii ii T/33 2.38 3.75 8.90 1 .07

ii ii T/23 3.26 2.58 8.40 0.76

d) tank diameter: 29.7cm.

Table B.28
Comparison of energy consumption in propeller-stirred 
tank (downward action) with jet-stirred vessel.
Fluid: Water, pf=1000 kg/ma, p = 10 3 kg/ms.
(P /P ) =1.24 (see text, page 170).j I th*or.
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Particle Dturb. Po d Qn x1 0 *n U .j • M x1 0 * fK P . /Pj i
(ma /s) (m/s) (m* / s2) (exp.)

1 % Soda 
glass T/2.37 1 .56 T/38 1 .36 6.97 9.48 1 .56

d =1.84mmp
P  =2540 
p kg/ma

II

II

ii

ii

T/27
T/17

1 .88 
2.45

4.89
3.85

9.19
9.43

1 .37 
0.91

II ii T/15 3.33 2.69 9.22 0.54

1 % Acetal T/2.37 2.38 T/38 0.85 4.33 3.68 1 .6
d =2 mm
p

P  =1300 
p kg/ma

ii

ii

ii

ii

T/27
T/21

1.16 
1 .33

3.03
2.1

3.51
2.8

1.16
0.68

ii ii T/15 2.01 1 .6 3.2 0.52

turb. : Pitched turbine impeller,
a) tank diameter: 19cm.
(P /P ) =1.24 (see text, page 170).j I th*or.

Table 29 continued/
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Particle Dturb. Po dn Q x10 4n
(ma /s)

U .j ■
(m/s)

M x1 0 4 
(m4/s2)

P . /Pj i
(exp.)

1 % Soda 
glass T/3 1 .8 T/48 2.00 10.2 20.4 2.23

d =1.84mmp
p =2540 
p kg/ma

it

ii

ii

ii

T/34
T/26

2.68
3.53

6.97
5.56

18.7
19.6

1 .57 
1 .04

ii ii T/19 4.96 3.94 19.5 0.76

1 % Soda 
glass T/2 1 .33 T/48 2.00 10.2 20.4 1 .65

d =1.84mmp
p =2540 
p kg/ma

ii

ii

ii

ii

T/34
T/26

2.68
3.53

6.97
5.56

18.7
19.6

1.16
0.76

ii ii T/19 4.96 3.94 19.5 0.56

1 % Acetal T/3 1 .5 T/48 1.16 5.95 6.9 3.10
d =2mmp
P  =1300 
p kg/ma

ii

ii

ti

ii

T/34
T/26

1 .60 
2.10

4.15
3.30

6.6
6.9

2.60 
1 .70

ii ii T/19 2.85 2.25 6.4 1.14

1 % Acetal T/2 1 .27 T/48 1.16 5.95 6.9 1 .34
d = 2 mmp
P  =1300 
p kg/ma

ii

• i
ii

ii

T/34
T/26

1 .60 
2.10

4.15
3.30

6.6
6.9

1.13
0.73

ii ii T/19 2.85 2.25 6.4 0.50

b) tank diameter: 24cm.
(P /P ) =1.24 (see text, page 170) .j I th®or.

Table B.29 continued/......
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Particle Dturb. Po d Q x1 0n n
(m3 /s)

* u J •
(m/s)

M x10 *fK
( m V s 2 )

P . /Pj i 
(exp.)

1 % Soda 
glass T/3.71 1 .68 T/59 2.4 12.24 29.4 3.14

d =1.84mmp
p  =2540 
p kg/m3

ii

ti

ii

ii

T/42
T/33

3.36
4.46

8.74
7.03

29.36 
31 .3

3.01 
1 .62

ii ii T/23 no suspension 
flow rate

at maximum

1 % Soda 
glass T/2.47 1 .49 T/59 2.4 12.24 29.4 2.48

d =1.84mmp
p  =2540 
p kg/m3

ii

ii

ii

ii

T/42
T/33

3.36
4.46

8.74
7.03

29.36 
31 .3

2.40 
1 .28

ii M T/23 no suspension at maximum 
flow rate

1 % Acetal T/3.71 1 .90 T/59 1 .38 7.05 9.7 2.46
d = 2 mm
p

P =1300 
p kg/m3

ii

ii

n

ii

T/42
T/33

1 .90 
2.38

4.93
3.75

9.37
8.90

2.07
1.18

n ii T/23 3.26 2.58 8.40 0.83

1 % Acetal T/2.47 1 .58 T/59 1 .38 7.05 9.70 2.19
d =2mmp
p  =1300 
p kg/m3

• i
ii

ii

ii

T/42
T/33

1 .90 
2.38

4.93
3.75

9.37
8.90

1 .85 
1 .05

ii ii T/23 3.26 2.58 8.40 0.74

c) Tank diameter: 29.7cm 
Table B.29
Comparison of energy consumption in turbine-stirred 
tank (downward action) with jet-stirred vessel.
Fluid: Water, pf=1000 kg/ma, p=10 3 kg/ms.
(P/ P )  =1.24 (see text, page 170).j I th*or.
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APPENDIX: C

Torque measuring device

Data on power input into impellers were obtained by using a 
0-2Nm shaft-mounted torque transducer manufactured by EEL, 
A. Westland Company, UK. (Fig. C.1).
The impeller shaft and motor shaft were connected via the 
torque transducer shaft as shown in Fig. 4.1. The torque 
transducer was mounted to the motor drive shaft and was 
vertically aligned using a pair flanged half coupling so 
that its weight was supported by the shaft bearing. The 
torque transducer was calibrated by the manufacturer.
The principal of operation of the torque transducer is based 
on measuring small angular deflection of the torque shaft, 
caused by rotation, which in turn causes a change in the 
electrical resistance of the strain gauges housed within the 
transducer. This in turn produces an electrical output 
signal which is directly proportional to the transmitted 
torque. The impeller speed was detected by a small miniature 
light source and a photo-transistor, housed within the torque 
transducer, which responds to light reflection from the 
incident light beam onto the white marking placed on the 
transducer shaft. As the motor shaft rotates, the transducer 
and impeller shaft also rotates at the same frequency; thus 
the frequency of the photo-transistor signal caused by the 
periodic reflection of the incident light corresponds to the 
frequency of the impeller rotation.
Both torque and impeller frequency signals were directed 
into a calibrated display unit as shown in Fig. 4.1 which
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was calibrated by the manufacturer. The display unit 
converted the signals into a direct analogue read-out and 
displayed the torque in Nm and impeller speed in rpm; the 
maximum display speed of display unit was 2000 rpm. The 
power corresponding to the torque and speed measured using 
the equation:

P = 2 n N r (C-1 )i

where, r is the measured torque in Nm and N is impeller 
speed in rps..

S i l v e r  s l i p  r i n g *  

R o l l e r  b e a r i n g *

H i g h  t e n s i l e  s t e e l
sba f  t

C l a s s  f i b r e  r e i n f o r c e d  
c a s  i n g  

P o o r  c o r *  c a b l e

' S i l v e r  g r a p b i t *  b r u s h e s  

S t r a i n  g a ug e s

FIG. C.1 Schematic diagram of the torque transducer.
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Published work
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S U S P E N S I O N  OF SOLIDS IN LIQUID-JET STIRRED VESSELS

P. AYAZI SHAMLOU" AND A. ZOLFAGHARIAN"

Experimental measurements are reported on off-bottom 
suspension of solid particles in a liquid-jet stirred 
vessel and a model is provided for the rational 
interpretation of the data. The model is based 
on a balance between fluid-dynamic and body forces 
acting on the particles at the point of off-bottom 
suspension. Reasonable agreement is obtained between 
experimental data and predictions from the model.

Solid suspension in a liquid jet-stirred vessel is 
compared with suspension in a conventional rotary mixer. 
Similarities between the two systems suggest that 
the mechanism(s) of suspension in the two mixers are 
very similar.

INTRODUCTION

O f f -bottom suspension of particles in a liquid in a stirred vessel refers 
to the conditions when the effective weight of the particles becomes equal 
to the vertical component of the fluid-dynamic forces acting on the 
particles. When this happens particles begin to lift off and move into the 
bulk of the liquid in the tank. Attainment of off-bottom (complete) 
suspension is probably the most important process requirement in any 
suspension operation involving negatively buoyant particles and its 
influence on solid-liquid transfer processes in stirred vessels is well 
established [Harnby et al 1987].
In general, the motion of a liquid in a stirred vessel is induced by 
external input of energy, and rotary devices, e.g. propellers and turbine 
impellers, are most widely used for this duty. Consequently, considerable 
work has been done on rotary mixers in order to establish correlating 
equations for the estimation of off-bottom suspension for different 
situations: for mechanically-stirred vessels the so called just-suspension
speed of the impeller, Nj„, is widely used for this purpose [ Zwietering 
1958; Nienow 1968; Baldi et al 1978; Ayazi Shamlou 1990].
Liquid-jet stirred mixers with their simple design, low installation and 
operating costs and relatively good mixing performances compared with 
conventional rotary mixers offer potential applications in a broad range of 
process engineering operations including suspension of solids in liquids. 
However, despite a large volume of information on the hydrodynamics of 
various types of jet ]Poreh et al 1967],in solid suspension applications, 
published studies on jet induced suspension are few in the open literature 
[Dawson and Trass 1966; Yeckel and Middleman 1987] and no conclusive work 
has yet emerged as to the mechanism of suspension in this type of mixer.

* Chemical and Biochemical Engineering, University College London, WC1E 7JE.
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The aim of this investigation is to examine the ability of a liquid-jet 
stirred mixer to suspend settling particles in a vessel and to establish a 
model which provides a rational basis for describing the results.

FLUID-PARTICLE MOTION IN A LIQUID-JET STIRRED VESSEL

Off-bottom suspension of particles by a liquid jet is critically dependent 
on the choice of the jet and its position in the vessel. Essentially, 
off-bottom suspension requires the establishment of a radial impinging wall 
jet at the base of the tank while good bulk up-and-down fluid motion in the 
vessel is needed to establish an acceptable level of suspension homogeneity.

Figure 1 shows the basic components of a possible liquid-jet stirred mixer 
which fulfils these requirements. Agitation is provided by recirculating 
through the vessel a fraction of the liquid using a recirculating pump, a 
nozzle and a network of pipes. The authors know of no established 
recommendations for selection of nozzles for different suspension duties and 
no guidelines appear to exist for the optimum position of the nozzle in 
the vessel.

For suspension of settling particles in low viscosity fluids, the 
feeder-nozzle should be fully submerged in the liquid and should be 
normally positioned with its center coincident with the axis of the vessel 
and with its head pointing vertically downward, facing the base of the 
vessel. To minimize pressure losses through the feeder-nozzle any changes 
from the main recirculating pipe diameter to nozzle outlet diameter should 
be gradual and smooth. In some applications, specially in cases where 
suspension homogeneity is not important, line-size nozzles may be used.
The recirculating liquid may be withdrawn either from the top or from the 
base of the vessel. To minimize the overall pressure drop for flow through 
the system, the length of the main recirculating pipe to and from the tank 
should be kept to a minimum by positioning the recirculation pump 
immediately outside the vessel. The recirculating pump may be used for other 
duties, e.g. for loading and off-loading the suspension tank and for pumping 
to and from other vessels. In special applications, fully submersible pumps 
are also commercially available.

The jet of fluid emerging from the nozzle strikes the center of the base of 
the tank at 90°, changes direction and spreads radially outwards, sweeping 
the base of the vessel as it spreads. On hitting the vertical walls of the 
vessel, the jet changes direction once again and travels upward towards the 
surface of the liquid.
The motion of the impinging jet of liquid at the base of the tank provides 
the necessary hydrodynamic conditions for off-bottom suspension of 
particles while bulk fluid motion in the vessel determines the level of 
suspension homogeneity.

In practice, attainment of off-bottom suspension and suspension homogeneity 
are to some extent opposing factors. For example, for otherwise identical 
conditions reducing the magnitude of the so called just-suspension 
velocity, UjM, (see later) by, say, reducing the distance between the 
feeder-nozzle and the base of the tank has a detrimental effect on 
suspension homogeneity. Preliminary experiments carried out at University 
College London suggest that the feeder-nozzle should be located at about
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half the height of the liquid from the base of the vessel. This provides 
both an acceptable level of suspension homogeneity (measured, for example, 
by the maximum vertical distance travelled by particles in the liquid) and 
values of Uj. which are comparable with off-bottom suspension in rotary 
mixers (measured by, say, the just-suspension speed of the impeller,

EXPERIMENTAL EQUIPMENT AND MEASUREMENTS
Experiments were carried out in order to measure the (of f-bottom) 
liquid-jet velocity, for suspension of a range of particles. In all the
experiments, measurements of Uj. were based on the well-estabilshed 1-2 
seconds suspension criterion originally proposed by Zwietering [1958] and 
subsequently by others {Nienow, 1968 and Hamby et al, 1987] for suspension 
in rotary mixers.

Figure 2 shows the liquid-jet stirred mixer used in this work. Experiments 
were carried out with five geometrically similar vessels (Table 1). Each 
vessel had a flat bottom, fabricated either from perspex or glass in order 
to facilitate flow visualization of the base of the tank.

A small centrifugal pump with a maximum capacity of 200 gallons per hour was 
used to recirculate the liquid which in all the experiments reported in this 
work was water. Additionally, liquid height in the vessel was always 
maintained equal to vessel diameter.
Three convergent nozzles with outlet diameters equal to 0.005m, 0.007m and
0.009m were used in this work. In addition, experiments were carried out 
with a line-size nozzle (no converging section) with a diameter equal to 
the that of the main recirculating pipe which was 0.0127 (Table 2). 
Preliminary experiments established that the height of the nozzle from the 
base of the vessel, h, should be approximately half the height of the liquid 
in the vessel, H. This ratio of h/H resulted in good off-bottom suspension 
without detrimentally affecting the homogeneity of the suspension. For this 
reason this ratio of h/H=0.5 was used in all subsequent experiments.
The kinetic power input into a liquid-jet stirred mixer is solely dependent 
on fluid flow rate through the nozzle and on the pressure drop across it. 
Fluid flow rate through the nozzle was obtained using an in-line turbine 
flow-meter with a direct read-out in liters per minute while the pressure 
drop across it was measured by a differential pressure transducer with a 
range of 0-1.999 bar.

In the experiments reported in this work, the recirculating liquid was 
withdrawn from the top of the vessel. To ensure adequate flow to the pump, 
the suction pipe was expanded at the inlet and had a diameter slightly 
larger than the outlet pipe diameter which was 0.025m reducing to 0.0127m 
( nozzle inlet ). Preliminary experiments established that, in most
cases, at the point of complete suspension there was a layer of liquid 
at the top of the vessel which was void of particles. The thickness of this 
clear liquid layer depended on particle size and density: the height of the
clear layer generally increased with increase in particle size and/or 
particle density. Advantage was taken of this phenomenon by positioning 
the inlet to the pump in this region. This meant that suspension could be 
achieved with no physical contact between particles and the moving parts of 
the recirculation device. This method of suspension has obvious advantages 
in situations where particles are relatively weak and thus prone to
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breakage. With low density acetal particles and for glass beads with 
diameter less than about 500 ̂ .ro, particles were able to travel to the 
uppermost region of the vessel at the point of complete suspension. To stop 
these particles leaving the vessel through the suction pipe, the inlet to 
the pump was covered with a suitable screen mesh with a diameter smaller 
than the size of the particles.

Table 3 provides information on all the particles used in this work. To 
measure off-bottom (complete) suspension velocity of liquid jet for a 
given particle size and concentration, fluid flow rate through the nozzle 
was gradually increased until the point was reached when no particles 
remained at the bottom of the tank for more than 1-2 seconds. In case 
suspension did not occur for a particular nozzle at the maximum possible 
fluid flow rate through the nozzle, the next smaller diameter nozzle was 
fitted and the experiment was repeated.

Liquid velocity at the point of complete suspension could be reproduced with 
an accuracy of 5%.
Further details on equipment, experimental techniques and method of analyses 
are given elsewhere IZolfagharian 1990] and a selection of results are 
presented and discussed below.

MECHANISM OF SOLID SUSPENSION IN A LIQUID-JET STIRRED VESSEL
As fluid flow rate through the nozzle is gradually increased a point is 
reached when particles in the zone immediately beneath the eye of the 
nozzle begin to roll radially outwards in the general direction of fluid 
flow. This produces a central region in the vessel which is void of 
particles and a ring of particles around the periphery of the base of the 
vessel. As fluid flow velocity is increased, the diameter of this central 
region increases as more and more particles accumulate in ring. In this 
state of motion, particles keep in contact with each other or with the base 
of the vessel.
As fluid flow velocity is increased further, a point is reached when 
particles in the ring begin to lift off into suspension. More and more 
particle become susceptible to this type of motion (lifting/suspension) as 
fluid velocity is increased.
Once a particle is in the bulk of the liquid, its motion is governed by 
fluid flow field in the vessel. Inevitably, therefore at scxne point in its 
travel the particle will return to the base of the tank. When a particle 
reaches the base of the tank its motion is then dependent on the motion of 
the fluid in that region. Often, from its position of arrival at the base of 
the vessel, the particle rolls towards the ring before being lifted into 
suspension again.
The motion of liquid and particles at the base of a liquid-jet stirred 
vessel described above is remarkably similar to solid-liquid motion in a 
rotary-stirred vessel [Ayazi Shamlou 1990]. One important implication of 
this observation is that similar mechanism(s) may be responsible
for solid suspension in the two types of mixer.
Theoretical considerations of the fluid-dynamic and body forces acting on 
particles at the base of a vessel [ Ayazi Shamlou 1990; Ayazi Shamlou and 
Zolfagharian 1987] provide the following expression for the critical fluid
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velocity at the base of the vessel for off-bottom suspension.

u„ a  [d„ (A?/ <?r) g),/2 ( i)

To lift off a particle, the liquid flowing over the particle has to 
dissipate energy at a rate which is equal to the product of the vertical 
component of the hydrodynamic forces acting on the particle and the vertical 
component of the fluid flow velocity. Assuming that (i) the total fluid 
energy dissipation rate for off-bottom (complete) suspension is proportional 
to the number concentration of particles [Oroskar and Turian 1 9 8 0 and 
(ii) particles in the vessel are mono-size and spherical so that number 
concentration may be related to volume concentration, then the total rate of 
energy dissipation for off-bottom suspension, £ may be expressed by the 
following equation:

£t c*  f  r u.3 c ^ /a * . (2)

Equation 2 is independent of the source providing kinetic energy to the 
liquid in the vessel. In the case of a liquid-jet stirred mixer power input 
into the liquid in the vessel may be assumed to be equal to total 
mechanical power delivered to the nozzle provided frictional losses in the 
nozzle are negligible: this is true when fluid viscosity is low, e.g.
water. Thus

P„ = 1/2 (£>„ e, u„a) = 1/2 ( Ur,3 T d „ V 4 )  (3)
Additionally, If it is assumed that (i) the energy of the jet at the base 
of the vessel at the point of complete suspension, S to, is proportional to 
the kinetic jet power delivered by the nozzle, Pn, and (ii) the fluid energy 
dissipation rate for off-bottom (complete) suspension of particles is 
proportional to the energy of the jet at the base of the vessel, then Eqns 
1 to 3 may be used to give the following expression for Uj„ [zolfagharian 
1990]:

d,/'* [g A?/ ef  ]'' = c^'/3 T 
Uj_ = A -------------------------------  (4) 

a„=/3

The value of the proportionality constant, A, in Eqn 4 includes the 
superimposed effects of several factors some of which are difficult to 
quantify at the present stage of development: these include the efficiency
of transfer of energy from the liquid to the particles and the relationship 
between fluid and particle Reynolds numbers and particle drag and lift 
coefficients at the bottom of the vessel. However, for particle and fluid 
Reynolds numbers in the turbulent region, the value of the proportionality 
constant is expected to remain a constant for a given situation. While it is 
possible to make first-order estimations of the magnitude of the constant A 
in Eqn 4, it is suggested that its value be obtained experimentally for a 
given vessel and nozzle configuration.

Eqn 4 suggests that experimental data on just-suspension velocity for 
various nozzles and vessels may be brought together by plotting the data as 
UjM against the group on the right hand side of Eqn 4. This plot is shown in 
Fig 4: the solid line is the best line of fit through the data points and
has a slope of unity. Evidently, model Eqn 4 adequately describes off-bottom 
suspension data for liquid-jet stirred vessels.
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The only other systematic study on solid suspension with liquid-jet stirred 
mixers known to the authors is by Racz et al [1977] who provided the 
following empirical correlation for the estimation of Uj„

Re„ = K A r l < V T r 3 [d„/T]-s C_—  (5)
where Re„ is the critical jet Reynolds number at the point of complete
suspension and Ar is the Archimedes number. The magnitude of the exponents
xl to x6 were found experimentally by Racz et al for a range of vessel
configurations and for various particles (Table 4).

Substituting the values of K and xl to x6 in Enq 5 and rearranging the 
resulting expression gives the following equation for U-,„ for solid 
suspension in flat-bottom vessels

f f]°-2B g°-A2 T1-^ dp°- 1 Cj3*24 
UJts = 2 --------------------------------------------------- (6)

Noting the empirical nature of Eqn 6, the agreement between model Eqn 4 and 
Eqn 6 is considered to be remarkably good.

One point that merits further discussion is the difference between the value
of the exponent of the term in Eqns 4 and 6: evidently Eqn 4
predicts a value of 0.5 for the exponent of this term while Eqn 6 suggests
that it should be 0.28. Our own experimental data plotted in Fig 5 suggest
that the exponent of the is about 0.4. It should be noted that in
all the experiments carried out as part of this work, density differences^ 
, was varied by changing particle density: liquid density remained constant 
in all the experiments. Moreover, a decrease in results in a
corresponding decrease in U-,„. With decreasing values of and Uj„
measurements become increasingly more sensitive to experimental errors, 
instrument calibration and uncertainties: this is specially relevant when
considering the experimental data on Uj„ provided by Racz et al, Eqn 6, 
[1977] since some of their particles had relatively low densities.

Another point of interest is the effect of fluid viscosity,^, on Uj„. Eqn 6 
shows a slight dependence of U-,8 on (exponent of 0.16) while Eqn 4
suggests no such effect. Eqn 4 was based on the assumption that both fluid 
and particle Reynolds numbers in the vessel are in the turbulent regions. 
Under these conditions, the effect of viscosity on particle drag and lift 
coefficients and on kinetic power input into the liquid is negligible. 
Consequently, the value of the coefficient A in Eqn 4 remains a constant, 
and Ujs is unaffected by viscosity. But, as fluid viscosity increases, and 
fluid flow in the vessel becomes more and more laminar, the influence of 
viscosity on UjM becomes increasingly more important. An examination of 
experimental data on reported by Racz et al [1977] reveals that some of
their data may have been in the transitional region: if so, then a slight
effect of viscosity on U-,M may be expected.

It is also interesting to note from Table 4 that with the exception of the 
value of exponent x2 for dish-bottom vessels, changing vessel configuration 
simply changes the magnitude of the proportionality constant K in Eqn 6: 
the values of the exponents (xl to x6) remain practically unaffected,
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suggesting that the same mechanism might be responsible for particle 
suspension in the various configurations studied by Racz et al.

Finally, it is worth noting the remarkable similarities between Eqns 4 and 6 
and the equivalent expressions for the just suspension speed of rotary 
impellers, Nj„, as given for example by the Zwietering's empirical 
expression reproduced below:

f - x Cw° 13 d„0 -2 [g A€/ €r]0 -*s T°'35
NJm =2.5 ------------------------------------------  (7)

D1 -'7

for propeller impellers with a downward pumping action, D/T<0.5 and Po=0.5 
or alternatively by the following semi-theoretical expression developed by 
Ayazi Shamlou [1990):

[A gV 2  d1/fe C ^ 73 T
NJm = 3.5   (8)

P 1/3 Ds/3

for propellers and pitched turbine impellers with downward pumping action 
and D/T<0.5.

The similarities between Eqns 4 and 6 on the one hand and Eqns 7 and 8 on 
the other clearly indicate that similar mechanisms are responsible for 
suspension in rotary and in liquid-jet stirred mixers.

NOTATION
A constant in Eqn 4
Ar Archimedes number (g Q r d^3/ ^ 2)
Cv solids concentration (volume fraction)
c. solids concentration (% wt. or wt. fraction)
D impeller diameter and pipe diameter

particle diameter
dn nozzle diameter
9 acceleration due to gravity
H Height of liquid in the vessel
h clearance between noz,zle and base of tank
hn height of nozzle
N impeller speed

critical impeller speed for suspension in tanks
Pn Jet power input
P0 impeller power number
Qo liquid flow rate through the nozzle
Re„ jet Reynolds number (Q r Ujs d„/|i )
T vessel diameter

axial component of local liquid velocity near the base of the 
direction at the point of off-bottom suspension
liquid velocity at the nozzle
just-suspension velocity of liquid jet (at the nozzle)

Greek letters
L'r total energy dissipation for complete suspension

mean liquid energy near the base of vessel
Newtonian viscosity
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•D
?r

kinematic viscosity of liquid 
liquid density 
particle density
particle-liquid density difference
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Vessel diameter, T(m) 0.153 0.190 0.215 0.240 0.297

TABLE 1 Experiments were carried out in five geometrically 
similar vessels

Nozzle diameter Angle (°) Nozzle height
dn (run) OC h„ (nm)

5 85 42.5
1 36 39.5
9 86 18.0

12.7 line-size -

TABLE 2 Details of the nozzles used in this work.

Part icles

Acetal

Lead
glass

Soda glass 

PTFE

Zirconium
oxide

Particle diameter 
or particle range

( p.™)
2000, 4000, 5000

75-90, 106-125, 
150-180, 212-250, 
300-420, 420-500 
600-720, 1000-1200, 
2000, 4000, 6000

1700-2000

3000

1680-2000

Particle density 
P „  (kg/m3)

1300

2900

2540

2140

3800

TABLE 3 Physical properties of solid particles used in the 
experiments.
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Vessel shape K xl x2 x3 x4 x5 x6

Flat-bottom 2 .00 0.42 -0.14 -1.16 -0.05 0.06 0.24

Cone-blunt 0.59 0.46 -0.17 -1.34 -0.04 0.09 0.30

Round-bottom 0.15 0.51 -0.17 -1.34 -0.05 0.06 0.33

Dish-bottom 0.42 0.39 -0.07 -1.46 -0.04 0.06 0.29

TABLE 4 Values of the exponents and the magnitude of the 
constant of proportionality in Eqn 5 for several 
vessel configuration (data from Racz et al 1977)

FIGURE 1 Basic components of a liquid-jet stirred vessel 
for off-bottom suspension of solid particles.
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FIGURE 2 Particle motion at the base of a liquid-jet stirred 
vessel before the point of off-bottom suspension 
is relatively orderly with particles moving in the 
in the general direction of the fluid flow.
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Vessels: 0.153, 0.19, 0.215, 0.24, 0.297m diameter; 
Particles: Glass beads (d„=0.46n«D, p„=2900 kg/m3);

acetal particles (d^= 2nm, p p=1300 kg/ro3 )

FIGURE 4 Experimental data on UjH plotted against the group 
on the right hand side of model Egn 4 suggests a 
general applicability of the proposed mechanism of 
suspension in a liquid-jet stirred vessel.

281



□ 12-7

Data: T=0.lS3m; d„=2-3nin

m.sec

0.2 21
AP/P;

FIGURE 5 Data shows the effect on U 3„ of liguid-particle 
density difference (see text for 
discussion).
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