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Abstract

A large number of references can be found in the literature on the effect of
mixing parameters on the achievement of the minimum agitation speed to just suspend
solid particles. In the vast majority of these studies the agitation system consisted of
just one centrally mounted impeller. However, the determination of the minimum
agitation speed to achieve the just suspended state when the additional impellers are
used have received very little attention. It is the intent of this work to investigate the
role of multiple impeller agitation system on the achievement of the complete particle
suspension state. The effect of a number of variables such as impeller type and size,
the impeller clearance off the tank base, the spacing between impellers and the other

geometric parameters were studied in detail.

The results obtained here indicate that, contrary to intuition, the presence of the
additional impellers may not necessarily be beneficial to the achievement of the just
suspended state. In general, it appears that the minimum agitation speed is only
slightly affected by the presence of the additional impellers. In particular, if the flow
pattern of the additional impellers contrasts with the flow pattern which would be
established by a single impeller, then the just suspended state may be achieved at an
agitation speed higher for multiple impeller systems than for single impeller systems.
Furthermore, the power required to achieve the just suspended state is considerably
higher whenever multiple impellers are used. This implies that the bottom impeller is
primarily responsible for generating turbulence near the tank bottom (i.e. where the
particles become suspended), and for producing particle suspension, independently of

the number of impellers used.



Chapter 1

Introduction

Mechanically agitated solid-liquid mixing tanks are widely employed in many
chemical and biological processes. These systems typically consist of a mechanically
agitated liquid in a stirred tanks, in which solid particles are suspended as a result of
agitation. The solid phase may consist of a material undergoing physical or chemical
process. Some examples of such systems in chemical and related industries include
leaching, dissolution, gas absorption, liquid-liquid extraction and others. Various ore-
processing industries also employ such mixing systems. In all these cases it is required

that the solid particles be completely suspended.

Of particular significance in solid-liquid systems is the achievement of the just
suspended state. This point represents an important balance in the maximization of
contact between the two phases and the minimization of power input. Below this point,
the surface area of solids is not entirely available for processing. Beyond this point,

however, the return on investment may not be justified [3, 19].

The determination of the minimum agitation conditions to achieve the just
suspended state of solid particles in a mechanically agitated liquid in tank reactor is a
problem of considerable industrial importance which has been studied in the past by a
number of investigators [2, 3, 5, 6, 8, 21]. All these studies have been focused on the
study of this problem using agitation systems equipped with only one centrally mounted
impeller. By contrast, the most industrial reactors, fermenters are provided with

multiple impellers mounted on the same shaft.



Therefore, the objective of this work is to study the role of multiple impeller
agitation systems on the attainment of the complete suspension state of solid particles in
agitated liquids. A number of mixing parameters such as impeller type, size and
position, clearance of the bottom impeller off the tank base, spacing between impellers
and other geometric and parameters have been investigated as a part of this study. The

power drawn by each impeller was also studied in detail.



Chapter 2

Literature Survey

Mixing refers to the physical process which increases the uniformity and
homogeneity of mixtures, in terms of their composition, properties, or temperature.

In most chemical industries, however, the term "mixing" refers to the operations which

[1]:

1. produce the movement or transfer of materials to or from the surface of

particles or phases;

2. bring different components (such as solid-liquid, liquid-liquid, gas-liquid)

together to produce chemical reactions;

3. promote heat transfer between the equipment surface and the fluid, or between

the suspended particles and the continuous phase.

To produce the movement of particles or fluids in mixing operations, external
forces are required to overcome the resisting forces that originate from the inertia of
the fluid when there is a change in direction or velocity of motion. The shear forces or
viscous drag of the fluid also provide another type of resistance to fluid motion. The
external forces are usually provided by a rotating agitator. A number of factors such as
type, size and structure of the tanks and impellers, and the physical properties of the

fluid to be mixed strongly determine the power requirements.

The most common configuration of a typical mixing apparatus used in chemical

industries consists of a tank of height nearly equal to the diameter where only one



impeller is provided. However, the use of mixers characterized by a height-to-diameter
ratio greater than unity and equipped with multiple impellers is a well established
practice for processes where shear-sensitive or high viscosity materials are treated [20],
or where a high surface to volume ratio is required because of heat transfer problems.
In spite of this wide application, the investigation of solid suspension with multiple

impeller agitation system has received very little attention.

2.1 Particle Suspension in an Agitated Liquid

Many chemical processes involve the suspension of solid particles in agitation
vessels. Two main suspension states can be defined, namely, complete suspension in
which no particle remains on the tank base for longer than a given period (typically one
or two seconds), and homogeneous suspension, in which the particle concentration is
uniform throughout the tank [3]. The impeller speed at which complete suspension of
solids in a liquid is achieved is of great importance in various processing industries.
This is because until such a condition is reached the total surface area is not efficiently
utilized for mass transfer. Above this speed, the rate at which processes such as
dissolution and ion-exchange proceed increases slowly, while the dissipated power

increases remarkably [3].

Generally, two techniques have been employed to determine the complete
suspension state, namely visual observation and sampling. Zweitering [2] first studied
the just completely suspended state at which no particle was visually observed to
remain at rest on the tank base for more than one or two seconds. This criterium
requires the observation of the illuminated tank base via a mirror placed directly under
the tank. The visual observation technique suggests that the flow near the tank base

can be either swirling outwards or inwards. A flow which has a sufficient high



velocity will move particles, in the former case, towards the periphery of the vessel,
and in the latter, towards the center [10]. This movement is related to a balance
between the drag and lift forces arising from the hydrodynamic regime around the

particle, and the gravitational forces associated with it.

Instrumented and sampling techniques have also been reported in the literature.
These methods are based on the determination of the impeller speed at which the
particle concentration just above the base of the vessel reaches a maximum or shows a
discontinuity when plotted against the impeller speed. Bourne and Sharma [5] first
showed experimentally that a plot of solid concentration against impeller speed formed
a peak which coincided with the visually observed value of minimum agitation speed.
A possible explanation of this phenomenon is that, at low impeller speed, the
concentration of suspended solids near the tank base is very low since the majority of
the particles rest on the tank base. As the impeller speed is increased, the particles are
gradually suspended, and the solid concentration just above the base of the vessel
increases. Eventually the just suspended state is reached when the source of particles
on the tank base is practically exhausted. Further speed increases disperse the particles
more uniformly throughout the tank and therefore reduce the local concentration of
solid near the tank base. However, a discontinuity in the plot of particle concentration
against impeller speed in the form of a sharp decrease in gradient rather than a peak
was found by Musil [7]. This phenomenon is probably due to the fact that the flow
pattern is normally unsteady and is not accurately known. In addition, it is difficult to
insure that the samples obtained by means of a sampling tube or draw-off device are
truly representative. In any case, several investigators have shown that the values of
the sampling technique coincide with, or are very close to, the value determined by
visual observation. Usually, the sampling technique gives complete suspension speeds

which are slightly lower than the values obtained by visual observation.



In spite of the labor intensity of the sampling method, this technique is less
subjective and has advantages in large scale, closed, industrial reactors and tanks where

visual observation cannot be applied.
2.2 Power Number Theory

A number of investigators have reported impeller power characteristics in terms
of two dimensionless quantities, the Power Number, N, and the Reynolds Number,
Re. The use of dimensional analysis for correlating impeller power was initially
suggested by White and co-workers [27]. This approach was further developed by
Hixson and Luedeke [28] and Rushton et al. [29]. Bates et al. [9] reported a power
number relationship using impeller diameter, D, as the reference length. The equation

they proposed is

P__ pND> ND T H C p w 1 n
N~ O R R R (O

where the dependent variable P/pN°D’ characterizes the flow pattern, and is called the
Power Number, N~ The first term on the right hand side of the equation is known as
the tank Reynolds number, Re, and the second term is known as the Froude number.
The Reynolds number describes the hydrodynamic effects in the system. The Froude
number accounts for vortexing effects in the system. The remaining terms account for

the effect of the vessel geometry and impeller geometry.

Bates et al. [9] also pointed out that Equation (1) should be expended to include

baffle number and width, spacing of multiple impellers, and off-center impeller



positioning. All of these additional parameters may be included in a form similar to the

geometrical terms of Equation (1) or in the form of a factor as used by Bates et al [9].

Chdacek [12] proposed that the effect of the tank bottom shape should also be
included in the above analysis, because the tank bottom shape represents a significant

geometrical factor with respect to the recirculation pattern.

However, Equation (1) is seldom used in its full form. For a given geometry in

the regime Re > 2000, Equation (1) reduces to

P
No= N =

k )

Therefore, Equation (2) may be used to calculated impeller power input if the power

number of the impellers is known.

2.3 Development of Models for Particle Suspension

Because of the complexity of the fluid dynamics in an agitated tank, most of the

models developed up to this point have had a large empirical basis.

At present, the most commonly used equation to determine the minimum
agitation speed for complete suspension is that of Zwietering [2], which gives the

minimum agitation speed in terms of the following equation:

Svo,ld ().:(gAp/p‘)o.ﬁXo.m
is = D0A85

N

This equation was proposed on the basis of dimensional analysis, and was
validated experimentally. Zwietering's extensive experimental work covered a wide

range of variables including vessel diameter, impeller diameter and type, particle size,



solid concentration and density, liquid density and viscosity, and impeller clearance off
the tank base. However, the dimensionless constant, S, was found to be dependent on
the system geometry, and the approach employed does not allow an understanding of

the phenomenon of particle suspension. For this reason some more theoretical models

have been proposed.

Baldi et al [3] proposed that solid suspension is produced by turbulent eddies
having a scale proportional to the particle size. With the energy transferred by the
eddies, the particles are lifted to a height off the tank base proportional to the particle

size. The expression for the minimum agitation speed that they proposed is

_ (QAp/p )o‘sTd 1/6
B ZPOI Sy

This equation shows that the agitation speed at the just completely suspended
state, N, is a function of particle size, liquid and solid density, and tank and impeller

size.

Narayanan et al. [11] proposed a theoretical expression for Nj based on a
balance of the forces, assuming that the forces acting on a single particle consisted of
the downward gravity tforce and the upward drag force duo to the vertical component of
the fluid velocity. However, the etfects of the solid concentration and drag coefficient
of the particle were not taken into account in determining the minimum impeller

speed.

Kolar [22] considered the derivation of the minimum impeller speed from
energy balance, assuming that the mixing energy necessary to suspend a particle was

equal to the energy dissipated by the particle moving at its terminal velocity in still



fluid. The weakness of the expression he proposed is due to the failure to consider the
difference between the settling velocity of a particle in a turbulent fluid and that in a

still fluid.

Another theoretical model for the minimum agitation speed was developed by
Wichterle [8] in 1987. The model is based on the comparison of the terminal settling
velocity, v,, and the characteristic velocity, vy, of the agitated liquid around the particle
at the bottom, assuming that the velocity field near the vessel bottom can be considered
as a laminar boundary layer. The minimum impeller speed was related to a definite
critical value of B=v,/v , If B is very high, the particle can be suspended. If B is low,
the flow around the particle at the bottom is unable to move it. The final expression

for the minimum agitation speed is

N, =N,

where the dimensionless function N, is
Noz(m—g?&i:;)m
Musil et al. [7] presented a suspension theory based on the assumption that all
energy supplied is available to suspended solid particles, and a loss due to the viscous
dissipation has to be taken into account within the descending stream of slurry. Two
theoretical expressions were developed'
Re, = k[ArRe (T )(—4)( 2] (3)

p
CDz
(&=

d 3

Re . = k[ArRe ('“)(“'“)(d )] +k.) )

d

where: Re_, is the critical Reynolds number for mixing defined as:
N:.sz

Remc = 2
M 2

k,, k, and k,' are a dimensionless constant.

Re is the particle Reynolds number defined as:

10



z, 1s a constant equal to the thickness of the bottom layer where
the solid particles are present

¢ is the volume fraction of solid particles

u is a time averaged value of the superficial slip velocity

The Archimedes number, Ar, is defined as:

Ar = d *epap
w2

Equation (4) is analogous to Equation (3) except for the last term including the
impeller clearance C. Both equations give the minimum suspension speed as a function

of the physical properties of the mixed slurry as well as of several selected geometrical

parameters of the mixing device.

Many other other investigators have presented a variety of correlations. In a
paper by Bohnet and Niesmak [17], these authors summarized the equations for

calculation of the critical impeller speed (Table 1).

11



Table 1. Equations for The Calculation of Njs

Gates, Morton, Fondy (1976)
= (pw' D'2syn1s ¢ = 6.5 * 10" (agitation scale 3) w'_(ft/min)

Hobler, Zablocki (1966)
j:_. 10 325(.—_.)0( (—-&)o |7go 4570, ld 0.2 s(....)o I)(—)DO )(-»--\——- 0.17

Kneule, Weinsp’xc h (1967)
gA p l T/D
N, = L. 75(“ )03 )3 52)7
px 1+p 1-c¢) 3.25
o, C

Kotzek et al. (1969)

—R\ 173 ——\0.319 0,957 0\ 1 0.178 g-PO.'Zl
<)<><>( )m’“ 5
Ps €

Lamade (1977)

. Ap. d 1
N' — 557 0.5(—1Y0.2) 0.1§ 0.115 T/D 1.5
s = 557G, T ST/
pS C\
Ziokarnik, Judat (1969)
A d. 1 0.58T
N, = 70855 () o) "EXP(EH )
D p, D 1+p (1-
Py €

Einenkel, Mersmann (I 977)

PO0826 T/D
Nis = 24. 93D() 77“(g )n '«)wzs( 175)
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Chapter 3

Experimental Apparatus and Method

A schematic of the basic experimental set-up used in this work is shown in
Figure 1. All experimental work was carried out in three open, flat-bottomed
cylindrical vessels constructed of perspex or glass for visual observation. Table 2 gives
the vessel dimensions in detail. All tanks were equipped with four baffles to avoid
vortex formation. The baffles in the tank with diameter of 29.21 cm and constructed of

perspex have width equal to 2.86 cm. The others are equal to 2.54 cm. The baffles

were spaced 90 degree apart.

Table 2. Vessel Dimensions

Tank # Diameter Liquid Tank Baffle Materials of
(cm) Height Height Width Construction
(cm) (cm) (cm)
1 24.13 30.48 33.0 2.54 Perspex
2 29.21 33.02 38.6 2.86 Perspex
3 29.21 40.64 44.5 2.54 Glass

All experiments were conducted with a 2.0 horsepower variable speed motor
(G.K. Heller Corp.) which had maximum speed of 1,800 rpm. The speed and power
measurements were taken with a digital multimeter apparatus which gave the speed of

rotation in rpm and the power reading in watts.

Three types of impellers having diameter of 7.62 cm and 10.16 cm were used,

namely disc turbines, flat-blade turbines and 45° degree pitched-blade turbines.

13



Depending on the experiment, one, two or three impellers were mounted on the shaft.
The clearance of lowest impeller off the tank bottom, C, and the spacing

between impellers, S, were varied during the experiments.

Distilled water was used as the continuous phase. The ratio between liquid
height and tank diameter was H/T=1.13 for the 29.21cm diameter tank, and
H/T=1.26 for the 24.13cm diameter tank in all experiments except those in which only
power consumption was investigated (in which case the glass tank was filled with

normal tap water only and the height-to-diameter ratio was H/T=1.39).

Glass beads with an average size of 115 um were used in this work. The shape
of the particles was spherical. The particles were sieved using standard screens, and
sedimentated with tap water to obtain a closer size distribution which was analyzed
under the microscope. The standard screens were used to determine the size of
particles. In making an analysis a set of standard screen was arranged serially in a
stack, with smallest mesh at the top and the largest at the bottom. The particles were
placed on the top of screen and the stack was shaken mechanically for about thirty
minutes. The particle size was determined according to which screen they were
retained. The mesh sizes corresponding to an average particle size of 115 um are 120 -

140 mesh (105-125 um).

In order to determine the power consumption drawn by each impeller
independently, three strain gages (Measurements Group Co, CEA-06-187UV-350) were
carefully attached and equally spaced on an aluminum hollow shaft with dimension of
9.5 mm in O.D. and 1.65 mm in wall thickness. The strain gages were connected with
lead wire to a strain gage conditioner and amplifier system (2120A system) through a

slip ring (Electro Miniature Corp.) which avoided winding the wire around the shaft.

14



A data acquisition system (LABTECH NOTEBOOK) was used to analyze the signal
from the strain gage conditioner. Basic wiring circuits are shown in Figure 2. To
assure the reliability and accuracy of the strain gage system, the system was calibrated

statically by applying known torques (by means of weights) to the shaft.

The aluminum hollow shaft was chosen in accordance with the shear module of
elasticity of materials so that when a certain torque was applied on the shaft, it could

produce the signal which was high enough to be tested.

The excitation level for the strain gage conditioner and amplifier system was
one of the important factors that affected the accuracy of measurement. To achieve
best stability and lowest noise at the output, it is desirable to use the maximum
excitation that the input to each channel can accept. The excitation level in this work
was determined according to the manufacurer's recomendation [25] that a proper
excitation level is 2 - 5 volts. The multiplier and gain were determined in accordance
with the input range of the data acquisition system which had a minimum input range
of +1.25V. Table 3 lists the working condition of the strain gage conditioner and
amplifier system. The basic set-up configuration of data acquisition system are listed in

Table 4.

The power drawn by each impeller was determined through a calibration curve
(shown in Figure 3) in which the X-axis represents a known torque applied on the
shaft, T (actual torque), and the Y-axis represents a reference torque, T', which was

calculated as follows [22]
_ 2V R
g = GF(1+R3

where



& = Strain : Multiply by 10¢ for micro-strain

R, = Resistance of lead wire (which was almost equal to 0Q)

R

8

Resistance of strain gage (which was equal to 3500)

GF = Gage Factor (which was equal to 2.0)
\

sl
strained N (v )umlruimd

\
Vo= (o
' (Vin) in
V_, is the output of strain gage conditioner (Volts)
V., is the excitation voltage of strain gage conditioner (Volts)

The reference torque can be calculated with the following equation [26]

4Gel
D,

T =

where G is the shear modules of elasticity which was equal to 2.76 * 10" Pa
J is the polar moment of inertia of the shaft which can be calculated
with following equation
J=7(D:-DY/32
D, is the outside diameter of the shaft
D, is the inside diameter of the shaft
The power drawn by each impeller is the following
for the lowest impeller, P, = 27NT,
for the middle impeller, P, =27N(T, - T,
for the uppest impeller, P.=2aN(T.-T)

where T,, T,, T. are actual torques corresponding to the strain gages A, B and

B

C shown in Figure 1.

Table 3. Working Condition of
Strain Gage Conditioner and Amplifier System

Excitation Amplifier Gain Bridge Configuration

4V 200 2 Half Bridge

16



Table 4. Setup Configuration for The Data Aquisition System

Number of Channels [1..100]

3

Current Channel [1..10]

1

Channel Type

[Analog Input]

Channel Name Voltage 1
Interface device [ 0: DT2801]
Interface Channel Number [0..15] 0
Input Units mv
Input Range [+/-1.25V]
Scale Factor 1000
Offset constant 1
Buffer size 1000
Number of Iterations 1
Number of Stages [1..4] 1
Sampling Rate, sec. 5

Stage Duration, sec. [0..1.0E+9] 150

Start/Stop Method [Immediate]

Scale Factor 1000
Offset constant 1
Buffer size 1000
Number of Iterations 1
Number of Stages [1..4] 1

Sampling Rate, sec. 5

Stage Duration, sec. [0..1.0E+9] 150

17




Chapter 4

Experimental Procedure

The vessel was filled with distilled water to the height which was listed in Table
2, and placed on a clear plastic plate supported by a jack which would allow the tank to
be moved vertically. A mirror for the visual observation of particle movement at the
tank bottom was placed at a 45 angle under the vessel. A 100 watt lamp was mounted
beside the tank. The light was directed to the tank bottom for clear observation. The
concentration of solid particles was always fixed at 0.5% of the liquid mass. The

weighed particles were then placed in the tank.

The stirrer consisted of a shaft with a variable number of identical, evenly
spaced impellers (1-3). The shaft was centrally mounted in the tank. Various impeller
clearance off the tank bottom (in the range 0.5D - 1.0D) were tested. The spacing
between the impellers was varied in the range 0.625D to 2.333D. The minimum
spacing between impellers permitted was 6.35 cm because of the presence of the strain
gage. The ratios H/T=1.263 in the tank having diameter of 24.13 c¢m, and H/T=1.13
in the tank with diameter of 29.21 cm were used in the experiments for the minimum
suspension speed and the corresponding power drawn by each impeller. The power
drawn by the multiple impeller system was also examined under the condition

H/T=1.39 in the tank having diameter of 29.21 cm.

Each run always began at low agitation speed. At each agitation speed, the system was
allowed approximately 10 to 15 minutes to reach the steady state. The speed was
increased after each observation until the point of complete suspension was reached.
Careful attention was paid to the location within the tank where the particles became

suspended. This often provided information about the flow pattern near. the tank

18



bottom. The definition of minimum suspension speed, Nj, was taken as the speed at
which no particles were visually observed to remain at rest on the tank bottom for more
than one or two seconds. For each minimum suspension speed, the corresponding
power drawn by each impeller was taken from the static calibration curve of strain
gages. The corresponding power number, Np, was calculated with the following
equation:
Np = P/(oN°*D?)

Some experiments were conducted to exclusively determine the power number

with respect to the agitation speed for disc turbines. In this case, the power drawn by

each impeller was recorded at each agitation speed regardless of the particle suspension

state.

The output signal from the strain gages was measured with no impellers
mounted on the shaft before and after each series of runs. In all cases this output was

found to be equal to zero.
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Chapter 5

Results and Discussion

5.1 Effect of Impeller Clearance on N, and P

The influence of the impeller clearance, C, on the hydrodynamics of agitated
vessels and N was found to be very significant, and to vary depending on the type of
impeller. In this work, the effect of the impeller clearance off the tank bottom on Nis
was examined under the condition of H/T=1.26 for the the tank having diameter of
24,13 cm, and H/T=1.13 for the tank with diameter of 29.21 c¢m. Disc turbines, flat
turbines and pitched-blade turbines with diameter ranging from 6.35 to 10.16 cm were

used. The clearance was varied from 0.5D to [.0D for all types of impeller employed.

5.1.1 Disc Turbines

The influence of impeller clearance on Nji for the case of disc turbines are
shown in Figure 4 and Figure 5.

As the value of C/D was increased, a change in flow pattern below the lowest
impeller occurred. At low clearance the flow at the tank base was observed to be
swirling outwards, and the particles were suspended through the periphery at a lower
impeller speed. Beyond a certain point (C/T=0.16-0.21), suspension occurred
exclusively around the center of the tank base. For S/T<0.32, this transition region
fell approximatly in the range 0.16 <C/T <0.21 which was almost the same as that for
the case in which only one impeller was used. However, the presence of additional
impellers moved this transition region up to the range 0.21<C/T<0.26 when
S/T>0.35 as shown in Figure 4(b) through Figure 4(d). A similar behavior was
previously reported by Susanto[18] and DeRitter [19] for the single impeller systems.

They found that, at C/T=0.17, suspension originated at the periphery of the vessel. At

C/T>0.21, suspension occurred from the center of the vessel. In the range
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0.17<C/T<0.21, they found that the flow pattern near the tank base became unstable,
and the particles were suspended from both the center and the periphery of the vessel.
However, for the case in which more than one impeller was used, the transition region
was found in our work to be affected by a number of geometrical parameters. This
difference can probably be attributed to the fact that at low value of S/D, the two
impellers interact heavily. The direction of flow circulation could be changed either
from swirling outward to swirling inward or the other way around, depending on the

value of §/D and C/D.

The sharp change in the minimum suspension speed as a function of C/D is
mainly determined by the change in flow pattern below the lowest impeller which
produces a suction effect with consequent formation of vortices. Therefore, the flow
characteristics near the tank base were primarily dominated by the lowest impeller on

the shaft.

Figure 4 and Figure 5 show the impact of the clearance of the bottom impeller
off the tank base on the power drawn by each impeller in the presence of additional
impellers. One can see that a significant change in the power drawn by each impeller
always corresponds to a region where a transition in flow pattern occurred. In
addition, the total power consumption is more sensitive to the impeller clearance than
the minimum suspension speed. Therefore, in the presence of multiple impellers, the
total power consumption increased more significantly as the impeller clearance was

increased.
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5.1.2 Flat-Blade Turbines

For this type of impeller, the flow pattern variations were similar to those
observed for the case of disc turbines (Figure 6 through Figure 8). The transition
region also consisted of an unstable swirling flow pattern. It appears that the range of
the transition region is not affected by the presence of additional impellers. This
transition region seems always to be in the range 0.666 <C/D <0.833. For the case in
which only one impeller was employed, no rapid increment of speed was required to
achieve the just suspended condition when the transition of flow pattern occurred, as
shown in Figure 8(a). However, for the case in which more than one impeller was
used, a significant change in Nj was observed as C/T increased. It appears that little
difference in the range of transition regions exists between the multiple impeller system
and the single impeller system. In addition, this behavior seems independent of the

spacing between impellers and the number of impellers.

The effect of impeller clearance on the power drawn by each impeller is shown
in Figure 6 through Figure 8. The behavior of power consumption is similar to that for
the case in which disc turbine were used. A significant change in power consumption
also corresponds to the region where a transition in flow pattern occurred. However,
for the case in which only one impeller was used, the dependence of the power

consumption on C appears to be quite linear, as shown in Figure 8(a).

5.1.3 Pitched-Blade Turbines

For this type of impeller, the direction of rotation was chosen to pump the fluid

downward so that the liquid would be pumped toward the resting solids. The opposite



direction of rotation is unsuitable as well as uneconomical for solid suspension. The
plot of N;s as a function of C/D for pitched-blade turbines pumping downwards are
shown in Figure 9 and Figure 10. It can be seen that no transition of flow pattern
occurred in the range examined. The flow near the tank base always swirled outwards,
and thus the particles were always suspended through the periphery of the vessel.
Compared with the other two types of impeller, the pitched-blade turbine requires

lower speed to reach the complete suspension state.

Plots of the power drawn by each impeller as a function of C/D are shown in
Figure 9 and Figure 10. It appears that the dependence of the power drawn by each
impeller on C/D is quite complicated in the presence of multiple impellers. In general,

the total power consumption always increases with increasing impeller clearance.

Up to this point, the behavior of multiple impeller systems is very similar to
that of single impeller systems although the transition region is somewhat different for
the case in which disc turbines or flat turbine are used. These results seem to justify the
conclusion that the achievement of the minimum agitation speed for the solid

suspension is primarily dominated by the lowest impeller.

5.2 Effect of Spacing between Impellers on N and P

This study shows that the minimum suspension speed, N, depends upon the
spacing between impellers, S, for the disc turbine. However, little effect of S on Njs
has been found for flat-blade and pitched-blade turbines. Typical values of Nis have
been plotted against the spacing between impellers as shown in Figure 11 through

Figure 17.
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The results indicate that the behavior of dual impeller systems is much more
complex than that of single impeller systems. For the case in which disc turbines were
used, a transition in flow pattern was observed as the spacing between impellers
increased to a critical value which depended on the system examined. This transition
was observed only for low values (<5.08 cm) of the bottom impeller clearance off the
tank base, as shown in Figure 11(a), Figure 12(a) and Figure 13(a), (b). Beyond the
transition region, the spacing between impellers had little effect on the minimum
suspension speed or slightly increased minimum suspension speed as shown in Figure
11(b), Figure 12(b) and Figure 13(c). For the other types of impeller, an increase in
the spacing between impeller always involved a slight increase in minimum suspension

speed, as shown in Figure 14 through Figure 17.

In general, the spacing between impellers, S, has an effect on the minimum
suspension speed, but not as pronounced as the other parameters such as the impeller
type or impeller clearance. In some cases, the dependence of N; on S appears to be
quite linear as shown in Figure 11(b), Figure 12(b) and Figure 13(c). However, the
power consumption increases more sharply. It should be noticed that the power drawn
by the two impellers is quite different. The lower impeller consumes less power in most

cases.

5.3 Effect of Number of Impellers on N and P
In order to determine the effect of the presence of additional impellers on the

achievement of the minimum agitation speed for solid suspension, a number of

experiments were conducted in which Ny was determined with 1, 2 and 3 impellers on
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the same shaft, and S/D was kept constant at 1. The value C/D varied in the range
0.5-1.0.

For the case in which disc turbines were used , at low value of C/T (<0.17),
the minimum suspension speed was not significantly affected by the presence of
additional impellers as shown in Figure 18(a), (b) and Figure (19(a). Beyond this point
(C/T>0.17), the minimum suspension speed was reduced by the addition of the second
impeller. However, little further improvement on the minimum suspension speed was
observed in the presence of the third impeller, as shown in Figures 18(c), (d) and

19(b).

The results obtained for flat turbines indicate that when C/D<0.67, the
presence of a second impeller has little effect on the minimum suspension speed
requirement. However, the addition of the third impeller involves an increase in the
minimum suspension speed requirements, as shown in Figure 20(a). When
C/D>0.67, the addition of second impeller causes an increase of the minimum
suspension speed. However, the minimum suspension speed was reduced by the

addition of a third impeller, as shown in Figure 20(b), (¢).

For pitched turbines, the minimum suspension speed either slightly increased or
was not affected by the presence of any additional impellers, as shown in Figure 21.

This behavior seems independent of the value of C/D and S/D.

Therefore, contrary to intuition, the presence of multiple impellers may not
necessarily be beneficial to the achievement of the minimum suspension speed. In
particular, if the flow pattern of the additional impellers contrasts with the flow pattern

which would be established by a single impeller, then the just suspended state may be
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achieved at a agitation speed higher for multiple impeller systems than for the

corresponding single impeller system.

Since the flow pattern around the impellers and the turbulence caused by each
impeller affect the achievement of the just completely suspended state, the difference in
flow pattern around the bottom impeller is probably the reason behind these results.

Further studies are expected to give a better explanation on this behavior.

As for the achievement of the minimum agitation speed for solid suspension, the
power required to achieve the just completely suspended state is considerably higher
when multiple impellers are used. Furthermore, the presence of additional impellers
may even require a higher speed to achieve the just completely suspended state. In the
majority of cases the presence of the additional impellers increases the power supplied
to the fluid without improving the achievement of the just completely suspended state,
as shown in Figure 18 through Figure 21. This means that an increase in the power
dissipated by additional impellers does not involve a decrease in the minimum
suspension speed, since the complete suspension state depends on the degree of

turbulence near the tank base which is primarily dominated by the lowest impeller.

5.4 Effect of Impeller Diameter on N_and P

In this work, the effect of impeller diameter was examined in two different
ways:
(1) The value of C/D was kept constant as the impeller size was varied;

(2) The value of C was kept constant as the impeller size was varied.
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The first procedure was previously employed by both Baldi et al. [3] and
Susanto [18] in systems provided with only one impeller. Zwietering [2] and Chapman
[23] employed the second approach, and also used only one impeller.

Both conditions were tested with the same type of turbines for three different
sizes (6.35, 7.62, and 10.16 cm) in the same tank (T=29.21cm). The plots of Nj vs.
D on a log-log scale are shown in Figure 22 and Figure 23:

For C=5.08 cm, the results give

N, « D=2¥ for n=1 disc turbine
N, o« D22 for n=2 disc turbines
N, o« D=5  for n=3 disc turbines
N, o« D' for n=2 flat turbines

For C/D=constant, the relationships are:

Ni o« D'*  for n=1 disc turbine at C/D=0.5
Ny o« D' for n=2 disc turbines at C/D=0.5
Ny o« D' for n=3 disc turbines at C/D=0.5
N o D2¥  for n=1 disc turbine at C/D=1.0
Ni o« D'm  for n=2 disc turbines at C/D=1.0
Ns o« D+ for n=1 flat turbine at C/D=0.5

Ny o« D& for n=2 flat turbines at C/D=0.5

The exponents found here compare well with those obtained by previous
investigators for system provided with only one impeller on the shaft. Baldi et al. [3]
found that for an eight blade disc turbine

Ny o« D' at C/D=0.5
Ny o« D atC/D=1.0

DeRitter [19] found that for a six blade disc turbine it is:
Ny o D' at C/D=0.5

st o Do atC/D=1.0
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Similarly, Zwietering's [2] data concerning the effect of impeller diameter for
disc turbine resulted in:
Ni o D=2¥  for constant C
whereas Chapman et al. [23] reported the following relationship
Ni o« D=4 for constant C
Nienow's data [6] were correlated by
Ny o D=2 for disc turbine at constant C
These results are in close agreement with those found in this works. This seems
to reinforce the concept presented above, that the difference between single impeller

systems and multiple impeller systems is not very significant.

5.5 Power Consumption for Multiple Impeller Systems

The power dissipated by multiple impeller systems was examined in the vessel
with T = 29.21 cm and H = [.39T. Disc turbines having 7.62 c¢cm and 10.16 cm
diameter were used. Depending on the experiment one, two or three impellers were
mounted on the shaft. The values S/D and C/D were always equal to 1 for the case in
which three impellers were used. For the two impeller system, the value S/D was

varied during the experiment, but C/D was kept constant at 1.

5.5.1 Effect of Number of Impellers on Power Consumption

For a single impeller system, the average power number over a range of Re =
34,000 - 83,000 is 4.5 for disc turbine. This value is almost the same as that
previously reported by Lu et al.[14]. Under the condition of D/T = 0.35, the

measured total power number for two- and three-impeller systems is 7.5 and 10.1
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respectively, as shown in Figure 24. It appears that the power dissipated with more

than one impellers is not entirely proportional to the number of impellers employed.

The results obtained for the three impeller system are shown in Figure 24(b) and
Figure 25(b). It appears that the total power dissipated by three impellers is not
equally distributed among the three impellers. In the range Re>25,000 and
D/T=0.35, the top impeller had an average power number of 3.6. The power number
of the bottom impeller had an average value of 3.4, while the middle impeller had the
lowest average power nuumber of 2.3. A similar behavior was also observed under the
condition of D/T = 0.26, as shown in Figure 25(b). In general, the power drawn by
each impeller out of total power consumption is about 38% for the top impeller, 26%
for the middle impeller and 36% for the lowest impeller respectively.

This behavior seems to be independent of the value of D/T. The possible
explanation for this behavior could be the following. For the case in which three
impellers are used under the condition of S/D=1, the top impeller will agitate a liquid
region bordering the gas-liquid interface, while the bottom impeller will move a liquid
region bordering the interface between the liquid and solid tank base. The middle
impeller will move the liquid contained in a region bordering the homogeneous liquid
interfaces which have already been moved by the other impellers in the same direction
of impeller rotation. Compared with the resistance of gas-liquid or solid-liquid
interface, the resistance to be overcome by the middle impeller would be obviously
smaller. Therefore, the power drawn by the middle impeller would be the least.
Similarly, the resistance offered by the gas-liquid interface would be smaller than that
of the solid-liquid interface. This could be the reason that power consumption for the

top impeller is smaller than that for the bottom impeller.
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5.5.2 Effect of Spacing between Impellers on Power Consumption

The spacing between impellers significantly affects the behavior of the two
impeller systems. The results shown in Figure 26 are somewhat similar to those
presented by Hudcova et al. [15]. For spacing in the range 0.6 <S/D < 1.2, the power
consumption slightly increased with increasing S. As stated by Chiampo et al.[13] the
only outcome of increasing S that can be detected is a growth of the amount of liquid
between two impellers. Therefore, a very moderate increase of the power drawn in
this range can be observed. For S/D>1.2, a steep increase of the power drawn can be
observed when S increased. A possible explanation is that since the dependence of the
power drawn by each impeller on spacing between impellers is closely linked to the
bulk flow pattern, a sharp change in power consumption is probably caused by a
change in degree of turbulence between impellers. As stated by Hudcova et al.[15] for
S/D > 2 the power drawn by the two impeller system is approximately twice that of a
single impeller. However, as previously observed by Chiampo et al.[13] the value of 2
for the ratio of the power dissipated by the dual impeller system to the power drawn by
the single impeller system can be measured at impeller spacing less than 2, as shown in

Figure 28(c).

The average value of power drawn by the each impeller out of total power
consumption is about 54% for the upper impeller, and 46% for the lower one in the
range 0.6<S/D<1.2. Kuboi and Nienow [24] have conducted similar studies with
two Rushton type impellers in a standard vessel H=T, and have determined each of
their contributions to the total power. They have already confirmed that, in general,

the upper impeller would draw more power than the lower one.
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Chapter 6

Conclusions

1. Multiple impeller configurations may not necessarily be beneficial to the
achievement of the just completely suspended state in solid-liquid systems. In the
majority of cases, it appears that the presence of additional impellers does not
significantly improve the achievement of the minimum suspension speed. In particular,
if the flow pattern of the additional impellers contrast with the flow pattern which
would be established by a single impeller then the just suspended state may be achieved
at agitation speeds higher for multiple impeller configurations than for a single impeller
system. An increase in the power dissipated by additional impellers does not involve a
decrease in the minimum suspension speed, since the complete suspension state depends
on the degree of turbulence near the tank base, which is primarily dominated by the

lowest impeller on the shalft.

2. For multiple impeller configurations, the power dissipated is not entirely
proportional to the number of impellers used. For a three-impeller system, it was
found that the power drawn by each impeller is different. Under the condition of
S/D=1 and C/D=1, the average power numbers for disc turbine in the range
Re > 25,000 are 3.6 for the bottom impeller, 2.3 for the middle impeller and 3.4 for
the top impeller respectively. For a two-impeller system, it is found that, in general,
the upper impeller would drawn more power than the lower one. In the range

0.6<S/D< 1.2, the average value of power drawn by the each impeller out of total

power consumption is about 54 % tor the upper impeller and 46% for the lower one.



Nomenclature

A Normalized shear rate
A, Minimum value of A

. . . d gp A
Ar Archimides number (nondimentional) —‘Lgfl—p-

C Volume fraction of solid particles

C Impeller clearance of the lowest impeller measured from the tank base (cm)
¢, Power coefficient

Cps Suspension coetticient

C, Effective solids hold-up, (m*/m?)

d, Diameter of solid particle (um)

D Impelter diameter (cm)

D, Outside diameter of the shaft (cm)

D, Inside diameter of the shatt (cm)

Fr Froude number (nondimentional) Ijgﬂ
g Acceleration due to gravity (m/sec?)
G Shear modules of elasticity (Pa)

GF Gage Factor (nondimentional)

H Liquid height (cm)
J Polar moment of inertia of the shaft J==(D* - D*/32)
n Number of impellers

N Impeller speed (rpm)

Nis Minimum speed required to “just suspend” the solid phase (rpm)

N, Power number, P/(pN°D?) (nondimentional)
p Power input (watts)
P, Power drawn by [mpeller A (watts)



Power drawn by Impeller B (watts)

P. Power drawn by Impeller C (watts)

P, Total Power Consumption (watts)

Re  Reynolds number, pND2/u (nondimentional)

Re  Critical Reynolds number for mixing, E’;Q*& (nondimentional)
Re, Particle Reynolds number, El*il*& (nondimentional)
R Resistance of lead wire (Q)

R, Resistance of strain gage (2)

S Spacing between impellers (cm)

T Tank diameter (cm)

T Rreference torque(4ggj)

T, Actual torque corresponding to the strain gage A

T, Actual torque corresponding to the strain gage B

T. Actual torque corresponding to the strain gage C
V., Output of strain gage conditioner (Volts)

\'A Excitation voltage of strain gage conditioner (Volts)
v, Characteristic vbelocity of the agitated liquid around the particle
v, Terminal settling velocity of particle

w,  Terminal settling velocity, (m/s)

Greek Symbles

A Size of a turbulent eddy (m)

& Strain, multiply by 10¢ for micro-strain

y Kinematic viscosity (m?s)

I Dynamic viscosity (cp)
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Liquid density (kg/m?)

Mean density of mixed slurry (kg/m?)

Solid density (kg/m?)

Difference between solid density and liquid density, p_-p, (kg/m?)

Stirring function
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Figure 1. Basic Experimental Set-up
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Figure 2. Wiring Circuits
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Figure 3. Calibraition Curve
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Figure 6. Effect of C on Njs and P
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Figure 7. Effest of C on Njs and P
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Figure 8. Effect of C on Njs and P
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Figure 9. Effect of C on Njs and P
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Figure 10. Effect of G on Njs and P
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Figure 11. Effect of S on Njs and P
ons {rpm) Power (watts)
| 414
Speed —— Powaer A ¥ Powar B 5 Total Power
300+
-10
200 18
-6
100 + 14
. C/D-05 .
0\ 1 1 1 1 0
0.6 0.7 0.8 0.9 1 1.1 1.2
(a) S/D
Disc Turbine T=28.21cm H=33.02cm
D=10.16cm n=2
Nis (rpm) Power (watts)
400 : .
Speed —— Power A — Power B —£- Total Power
300 - : /E/Q
s/e/ 410
200+
%‘______,__.}\///4// 45
C/D=0.625
0 ! 1 1 1 il 0
0.6 0.7 0.8 0.9 1 11 1.2
S/D

48



Figure 12. Effect

of S on Njs and P
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Figure 17. Effect of S on Njs and P

Njs (rpm) Power (watts)
600
—— Power A ¥ Power B 5~ Total Power I
500 - oy o ey o e P
44
400k | R S
’ -3
300+ —_——ﬂg—_~_-~9/’/#”,8/¢,,,f~5
o 42
200+
S < v
100 - w .
C/D=0.666
0 L i i i 0
0.6 0.8 1 1.2 1.4 1.6
() s/0
Pitched Turbine
T=29.21cm H=33.02cm D=7.62cm n=2
Njs (rpm) Power (watts)
600
| ° 8peed ~—T Power A ~— Power B —E- Total Power
500+
. 14
400 F » ° ) "
/// i 3
300 B B“"\A\\_Q,__——-—"'_ME’
12
al j:::::::t:::::::f:::::::f:::::::i
100 F 11
C/D=0.833
0 i i L i 0
0.6 0.8 1 1.2 1.4 1.6
S/D



Y

N}s {rpm) Power {watts)
00 — - - 600
Speed —+- Power A ¥~ Power B 112
BG0T | -5 power C - Toral Power 600
110
400 400
X
- 18
300 - - 300
re 16
200 - // 200
14
wmﬁ
100} B 1 100
C/D=0.5
0 1 t —_— S i . 0 0
o} 1 3 4
(a)
Disc Turbine T=29.21cm
D=7.62cm S/D=1.333
NJs {rpm) Power (watts)
800 | Speed —+- Power A —¥- Power B 440 800
-5 Power C —>~ Total Power
800 - B 130 800
e
//
400} L 420 400
///
,/
200 e 410 200
W
C/D=0.833
o 1 i 1 0 0
o] 1 2 3 4

Figure 18. Effect of n on Njs and P

(c) "

Nls {rpm) Power (watts)
""" v {18
Speed —+- Power A —¥- Power B
—£- Power C > Total Power
/ - 10
L //,
A
I e 18
e
C/D=0.666
L L i 0
0 1 2 3 4
(b) "
H=33.02cm
N8 {rpm) Power {watts)
r *  Speed -+ Power A —¥- Power B
~8- Power C —*- Total Power
430
120
L 410
i i 1. o
o] 1 2 3 4
n



Figure 19. Effect of n on Njs and P
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Figure 22. Effect of D on Nijs
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Figure 23. Effect of D on Njs
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Figure 24. Np vs. Re for Multiple Impeller System
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Figure 25. Np vs Re for Multiple Impeller System
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Figure 27. Np vs. N for Dual Impeller System
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Figure 28. P vs N for The Two Impeller
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Appendices

Experimental Data

Effect of Spacing between Impellers

on Minimum Suspension Speed

Disc Turbine, n=2, D=10.16cm, T=29.21cm, H=33.02cm, dp=110um, x=0.5%(weight)

S C/D Nis PA PB PC PT
(cm) (rpm) (watts) (watts) (watts) (watts)
7.62 0.5 280 3.36 4.47 7.83
8.89 280 3.65 4.18 7.83

10.16 230 1.92 3.22 5.14
11.43 220 2.40 2.02 4.42
7.62 0.625 290 3.75 5.04 8.79
8.89 300 4.13 5.43 9.56
10.16 310 4.99 7.54 12.53
11.43 320 6.15 7.68 13.83
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Effect of Spacing between Impellers

on Minimum Suspension Speed

Disc Turbine, D=7.62cm, n=2, T=29.21 cm, H=33.02 cm, dp=110 um, x=0.5 % (weight)

S C/D Nis PA PB PC PT
(cm) (rpm) (watts) (watts) (watts) (watts)
6.35 0.666 520 5.28 7.49 12.77
7.62 520 5.37 7.44 12.82
8.89 530 5.57 8.12 13.69
10.16 400 3.17 3.70 6.87
11.43 390 2.98 3.17 6.15
6.35 0.833 530 5.95 7.64 13.59
7.62 530 6.44 7.01 13.45
8.89 540 6.82 7.64 14.46
10.16 540 7.20 9.56 16.76
11.43 550 8.36 10.23 18.59
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Effect of Spacing between Impellers

on Minimum Suspension Speed

Pitched Turbine, D=7.62cm, n=2, T=29.21cm, H=33.02cm, dp=110um, x=0.5 % (weight)

S C/D Nis PA PB pPC PT
(cm) (rpm) (watts) (waltts) (watts) (watts)
6.35 0.666 370 0.67 1.15 1.82
7.62 380 0.77 1.15 1.92
8.89 390 1.06 0.96 2.02

10.16 410 1.06 1.20 2.26
11.43 420 1.25 1.29 2.54
6.35 0.833 400 0.96 1.54 2.50
7.62 410 1.06 1.30 2.36
8.89 420 1.15 1.34 2.49
10.16 440 1.34 1.58 2.92
11.43 460 1.54 1.92 3.46
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Effect of Spacing between Impellers

on Minimum Suspension Speed

Flat Turbine, D=7.62cm, n=2, T=29.21 cm, H=33.02 ¢cm, dp=110 pm, x=0.5 % (weight)

S C/D Nis PA PB PC PT
(cm) (rpm) (watts) (waltts) (watts) (watts)
6.35 0.666 500 3.55 2.98 6.53
7.62 520 3.65 3.51 7.16
8.89 540 3.94 4.32 8.26
10.16 570 4.51 4.66 9.17
11.43 580 5.38 5.19 10.57
6.35 0.833 650 6.82 6.96 13.78
7.62 680 8.16 7.88 16.04
8.89 690 8.07 9.08 17.15
10.16 710 8.64 8.84 17.48
11.43 730 10.09 9.94 20.03
6.35 1.0 700 8.07 8.74 16.81
7.62 710 9.32 9.26 18.58
8.89 720 9.51 9.46 18.97
10.16 730 9.51 9.12 18.63
11.43 740 10.47 10.81 21.28
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Effect of Spacing between Impellers

on Minimum Suspension Speed

Disc Turbine, D=7.62cm, n=2, T=24.13cm, H=30.48cm, dp=110 um, x=0.5%(weight)

S C/D Nis PA PB PC PT
(cm) (rpm) (watts) (watts) (watts) (watts)
6.35 0.5 410 3.17 3.27 6.44
7.62 320 1.25 1.63 2.88
8.89 320 1.15 1.73 2.88

10.16 320 1.63 1.92 3.55
11.43 310 1.54 1.73 3.27
6.35 0.666 410 3.17 3.03 6.20
7.62 420 3.17 3.60 6.77
8.89 340 1.63 1.87 3.50
10.16 340 1.83 2.30 4.13
11.43 350 1.92 2.74 4.66
6.35 0.833 420 3.26 3.51 6.77
7.62 430 3.36 3.84 7.20
8.89 440 3.46 4.37 7.83
10.16 450 4.13 5.52 9.65
11.43 460 4.51 6.19 10.70
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Effect of Spacing between Impellers

on Minimum Suspension Speed

Flat Turbine, D=7.62cm, n=2, T=24.13cm, H=30.48cm, dp=110 um, x=0.5% (weight)

S C/D Nis PA PB PC PT
(cm) (rpm) (watts) (watts) (watts) (watts)
6.35 0.5 400 1.54 1.68 3.22
7.62 410 1.92 1.44 3.36
8.89 430 2.11 1.92 4.03

10.16 440 2.30 2.07 4.37
11.43 440 2.02 2.21 4.23
6.35 0.666 420 1.73 2.02 3.75
7.62 450 2.40 1.87 4.27
8.89 470 2.50 2.74 5.24
10.16 480 3.07 2.98 6.05
11.43 480 2.79 2.69 5.48
6.35 0.833 560 3.94 3.74 7.68
7.62 570 4.61 4.23 8.84
3.89 590 5.28 4.47 9.75
10.16 600 5.86 5.33 11.19
11.43 600 4.90 6.48 11.38
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Effect of Spacing between Impellers

on Minimum Suspension Speed

Pitched Turbine, D=7.62cm, n=2, T=24.13cm, H=30.48cm, dp=110um, x=0.5%(weight)

S C/D Nis PA PB PC PT
(cm) (rpm) (watts) (watts) (watts) (watts)
6.35 0.5 300 0.38 0.58 0.96
7.62 310 0.58 0.38 0.96
8.89 320 0.67 0.38 1.05

10.16 330 0.67 0.38 1.05
11.43 340 0.77 0.57 1.34
6.35 0.666 330 0.58 0.62 1.20
7.62 350 0.67 0.72 1.39
8.89 360 0.77 0.72 1.49
10.16 370 0.77 1.01 1.78
11.43 370 0.86 0.91 1.77
6.35 0.833 360 0.67 0.91 1.58
7.62 370 0.86 0.86 1.72
8.89 390 0.96 0.77 1.73
10.16 400 0.96 1.30 2.26
11.43 400 1.06 1.10 2.16
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Effect of Number of Impellers on

Minimum Suspension Speed and Power

ght)

Disc Turbine, D=10.16cm, T=29.21 cm, H=33.02 cm, dp=110 um, x=0.5%(wei
n S C/D Nis PA PB PC PT

(cm) (rpm) (watt) (watt) (watt) (watt)
1 10.16 0.5 225 2.43 2.43
2 220 1.73 2.59 4.32
3 225 1.92 2.11 2.21 6.24
1 10.16 0.625 330 7.72 7.72
2 290 4.03 6.15 10.18
3 290 4.23 4.51 4.23 12.97
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Effect of Number of Impellers on

Minimum Suspension Speed and Power

Disc Turbine, D=7.62cm, T=29.21cm, H=33.02cm, dp=110 um, x=0.5%(weight)

n S C/D Nis PA PB PC PT
(cm) (rpm) (watt) (watt) (watt) (watt)
1 10.16 0.5 380 2.95 2.95
2 380 2.59 3.41 6.0
3 380 2.69 2.98 2.88 8.55
1 10.16 0.666 410 3.62 3.62
2 400 2.98 3.89 6.87
3 410 3.36 3.55 3.36 10.28
1 10.16 0.833 600 11.33 11.33
2 530 6.82 8.98 15.80
3 590 9.51 10.18 9.03 28.72
1 10.16 1.0 650 14.54 14.54
2 550 7.40 9.89 17.29
3 550 7.88 3.07 7.11 23.06
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Effect of Number of Impellers

on Minimum Suspension Speed

Disc Turbine, D=2.5 in, T=29.21cm, H=33.02cm, dp=110 um, x=0.5 % (weight)

n S C/D Nis
(cm) (rpm)

1 10.16 0.5 530
2 520
3 520
1 10.16 0.7 560
2 550
3 570
1 10.16 0.8 590
2 590
3 590
1 10.16 1.0 1010
2 840
3 850
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Effect of Number of Impellers

on Minimum Suspension Speed

Pitched Turbine, D=7.62cm, T=29.21cm, H=33.02cm, dp=110 um, x=0.5%(wei
n S C/D Nis PA PB PC PT
(cm) (rpm) (watt) (watt) (watt) (watt)
1 8.89 0.666 380 1.25 1.25
2 380 0.85 1.31 2.16
3 410 0.90 1.34 0.58 2.82
1 8.89 0.833 400 1.33 1.33
2 410 0.94 1.86 2.74
3 430 1.1 1.34 0.58 3.02
1 8.89 1.0 440 1.67 1.67
2 430 1.05 2.15 3.20
3 450 1.30 1.44 0.58 3.32
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Effect of Number of Impellers

on Minimum Suspension Speed

Flat Turbine, D=7.62cm, T=29.21cm, H=33.02cm, dp=110 pum, x=0.5 % (weight)

n S C/D Nis PA PB PC PT
(cm) (rpm) (watt) (watt) (watt) (watt)
1 8.89 0.666 540 4.45 4.45
2 530 4.60 3.66 8.26
3 630 5.90 6.53 6.34 18.77
1 8.89 0.833 600 5.89 5.89
2 690 9.40 7.36 16.76
3 650 6.60 6.92 6.44 19.95
1 8.89 1.0 620 6.50 6.50
2 700 9.60 8.12 17.72
3 660 6.70 7.59 6.34 20.63
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Effect of Number of Impellers on

Minimum Suspension Speed and Power

Disc Turbine, D=7.62cm, T=24.13cm, H=30.48cm, dp=110 um, x=0.5 % (weight)

n S C/D Nis PA PB PC PT
(cm) (rpm) (watt) (watt) (watt) (watt)
1 7.62 0.5 320 1.92 1.92
2 320 1.25 1.78 3.03
3 310
1 7.62 0.666 490 6.79 6.79
2 410 2.59 3.84 6.43
3 450
1 7.62 0.833 510 7.62 7.62
2 440 3.07 4.56 7.63
3 520
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Effect of Number of Impellers on

Minimum Suspension Speed and Power

Flat turbine, D=7.62cm, T=24.13cm, H=30.48cm, dp=110pum, x=0.5%(weight)

n S C/D Nis PA PB PC PT
(cm) ' (rpm) (watt) (watt) (watt) (watt)
1 7.62 0.5 410 1.86 1.86
2 410 1.54 1.68 3.22
3 500
1 7.62 0.666 460 2.63 2.63
2 450 1.92 2.35 4.27
3 500
1 7.62 0.833 500 3.39 3.39
2 570 4.13 4.08 8.21
3 560
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Effect of Number of Impellers on

Minimum Suspension Speed and Power

Flat turbine, D=7.62cm, T=24.13cm, H=30.48cm, dp=110um, x=0.5% (weight)

n S C/D Nis PA PB PC PT
(cm) (rpm) (watt) (watt) (watt) (watt)
1 7.62 0.5 310 0.64 0.64
2 310 0.48 0.77 1.25
3 340
1 7.62 0.666 340 1.02 1.02
2 340 0.67 0.72 1.39
3 370
1 7.62 0.833 360 0.93 0.93
2 370 0.86 0.67 1.53
3 410
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Disc turbines, n=2, D=7.62cm, T=29.21cm, H=40.64cm, C/D=1.0

Effect of Spacing between Impellers on Power Consumption

S Speed P, Py Py Np Np Np
(cm) (rpm) | (watts) (watts) (watts) A B Total
6.35 240 0.63 0.58 1.21 3.83 3.53 7.36
280 0.99 1.08 2.07 3.79 4.14 7.93

320 1.45 1.64 3.09 3.72 4.21 7.93

360 2.05 2.33 4.38 3.69 4.20 7.89

400 2.79 3.16 5.95 3.67 4.15 7.82

440 3.76 4.24 8.00 3.71 4.18 7.89

7.62 240 0.70 0.66 1.36 4.25 4.01 8.27
280 1.00 1.12 2.12 3.83 4.29 8.12

320 1.38 1.66 3.04 3.54 4.26 7.80

360 1.98 2.35 4.33 3.57 4.23 7.80

400 2.80 3.29 6.09 3.68 4.32 8.00

440 3.71 4.16 7.87 3.66 4.11 7.77

10.16 240 0.62 0.73 1.35 3.77 4.44 8.21
280 0.93 1.16 2.09 3.56 4.44 8.00

320 1.43 1.68 3.11 3.67 4.31 7.98

360 2.07 2.40 4.47 3.73 4.32 8.05

400 2.78 3.32 6.10 3.65 4.36 8.01

440 3.60 4.58 8.18 3.55 4.52 8.07

17.78 240 0.79 0.76 1.55 4.80 4.62 9.43
280 1.32 1.21 2.53 5.06 4.63 9.69

320 1.97 1.97 3.94 5.05 5.05 10.11

360 2.69 2.72 5.41 4.85 4.90 9.77

400 3.82 3.61 7.43 5.02 4.74 9.76

440 5.18 4.62 9.80 5.11 4.56 9.67

20.32 240 0.83 0.84 1.67 5.05 5.11 10.16
280 1.33 1.36 2.69 5.09 5.21 10.30

320 1.94 2.20 4.14 4.98 5.64 10.62

360 2.71 2.86 5.57 4.88 5.15 10.04

400 3.81 3.83 7.64 5.01 5.03 10.04

440 5.11 5.07 10.18 5.11 4.56 9.67
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Disc turbines, n=2, D=10.16cm, T=29.21cm,

Effect of Spacing between Impellers on Power Consumption

H=40.64cm, C/D=1.0

S Speed PA PB PT Np Np Np
(cm) (rpm) | (watts) | (watts) | (watts) A B Total
7.62 150 0.70 0.57 1.27 4.14 3.37 7.51
180 1.08 1.07 2.15 3.69 3.66 7.36

200 1.43 1.54 2.97 3.57 3.84 7.41

220 1.84 2.16 4.00 3.45 4.05 7.49

240 2.39 2.78 5.17 3.45 4.01 7.46

260 3.00 3.43 6.43 3.41 3.89 7.30

10.16 150 0.70 0.61 1.31 4.14 3.61 7.74
180 1.08 1.18 2.26 3.73 4.04 7.77

200 1.43 1.61 3.04 3.57 4.02 7.58

220 1.92 2.02 3.94 3.60 3.79 7.38

240 2.45 2.75 5.20 3.54 3.96 7.51

260 3.04 3.65 6.69 3.45 4.14 7.59

11.43 150 0.66 0.76 1.42 3.90 4.49 8.39
180 1.20 1.34 2.54 4.12 4.58 8.69

200 1.59 1.78 3.37 3.97 4.44 8.40

220 2.10 2.38 4.48 3.93 4.46 8.39

240 2.80 3.17 5.97 4.04 4.57 8.62

260 3.57 3.92 7.49 4.05 4.45 8.50

17.78 150 0.83 0.82 1.65 4.91 4.85 9.75
180 1.42 1.40 2.82 4.86 4.79 9.65

200 1.88 1.96 3.84 4.69 4.89 9.58

220 2.51 2.51 5.02 4.70 4.70 9.41

240 3.26 3.40 6.66 4.71 4.92 9.63

260 4.00 4.32 8.32 4.54 4.90 9.44

20.32 150 0.81 0.83 1.64 4.79 4.91 9.70
180 1.44 1.36 2.80 4.93 4.65 9.58

200 1.97 1.92 3.89 4.91 4.79 9.70

220 2.50 2.49 4.99 4.68 4.67 9.35

240 3.31 3.40 6.71 4.78 4.91 9.68

260 4.21 4.30 8.51 4.77 4.88 9.65
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Power Drawn by Each Impeller

for Three Impeller Configuration

Disc turbines, D=10.16¢cm, T=29.21cm, H=40.64cm, C/D=1.0, S/D=1.0

Speed PA PB PC PT Np Np Np Np
(rpm) | (watts) | (watts) | (watts) | (watts) A B C Total
150 0.64 0.45 0.58 1.67 3.78 2.66 3.43 9.87
170 0.87 0.65 0.72 2.24 3.53 2.64 2.92 9.14
190 1.25 0.81 1.16 3.22 3.64 2.39 3.37 9.40
210 1.62 1.01 1.61 4.24 3.49 2.18 3.47 9.13
230 2.22 1.30 2.20 5.72 3.64 2.13 3.61 9.38
250 2.77 1.54 2.68 6.98 3.54 1.97 3.42 8.91
Disc turbines, D=7.62cm, T=29.21cm, H=40.64cm, C/D=1.0, S/D=1.0
200 0.40 0.26 | 0.25 0.91 4.20 2.73 2.63 9.56
220 0.57 0.28 0.42 1.27 | 4.50 2.21 3.32 | 10.03
240 0.73 0.32 0.63 1.68 4.44 1.95 3.83 [10.22
260 0.83 0.58 0.73 2.14 4.02 2.77 3.49 110.24
280 1.00 0.70 1.01 2.71 3.83 2.68 3.87 110.38
300 1.22 0.85 1.15 3.22 3.80 2.65 3.58 | 10.06
320 1.46 1.02 1.39 3.87 3.75 2.62 3.57 | 9.93
340 1.70 1.28 1.81 4.79 3.64 2.74 3.89 |10.25
360 2.10 1.41 1.99 5.50 | 3.78 2.55 3.59 9.91
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