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ABSTRACT

A Semi-empirical model has been developed on the basis of Kolmogoroff's
theory of isotropic turbulence to determine the minimum drawdown speed
for floating solids in a mechanically agitated vessel. An adjustable pa-
rameter in the model is found to be a function of impeller type and position
in a vessel. A simplified representation of macroscopic flow pattern, rep-
resenting the circulation flow in a vessel depending on impeller pumping
characteristic is developed to account for recirculation pattern.

INTRODUCTION

Fluid mixing is one of the most important aspects in chemical processing,
biochemical and allied industries. Petroleum refining, pharmaceuticals,
pulp and paper, waste treatment, food processing and beverages are but a
few of examples of such industries where fluid mixing principles are ap-
plied intensively.

Liquid-Solid Contacting

Liquid-solid contacting is probably one of the most common application
class in mixing technology and the mechanically agitated vessel, some-
times referred as the stirred tank reactor, is the most frequently used to
bring about excellent liquid-solid contact.

The suspension of settling solids has received a lot of attention from many
investigators, e.g. Zwictering [1], Nienow [2], Oldshue [3], Kolar [4], Baldi
[5], and many correlations are available in literature for the determination
of the speed of agitation required to achieve a desired degree of suspen-
sion. On the other hand, a limited number of investigations have been
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made of mixing of floating solids, which is of particular interest in the
fields of fermentation, sewage treatment, mineral processing, polymeriza-
tion reactions. This paper reports an attempt to develop a model, based on
Kolmogoroff’s theory of isotropic turbulence to determine the minimum
agitation requirements for floating solids.

Turbulent Flow and Kolmogoroffs Theory

Turbulent fiow is characterized by chaotic unsteady movements of parts
of a fluid. Such chaotic movements of any fluid element are complicated
in nature and can only be described in terms of average fluctuations. The
result of these movements is a superposition of a spectrum of velocity
fluctuations on an overall mean flow. Large eddies produced in a turbu-
lent flow corresponds to the large velocity fluctuations of low frequency
and are of the size comparable to the physical dimensions of the flow
system. Smaller eddies of higher frequency are produced by the interac-
tion of the large eddics with slow moving streams [3]. '

A measure of intensity of turbulence in a given direction is given by ve-
locity [Tuctuation. The instantaneous velocity in a given direction consists
of the time averaged velocity at any point in fluid and the instantaneous
fluctuation velocity. Since the fluctuation velocity can be positive or nega-
tive, it is convenient to express the amplitude of the fluctuation velocities
as mean squares of the fluctuation velocities, and then take the root of the
mean of the squares to get a root mean square fluctuation velocity, t.e
which is always positive. When the mean squares of the fluctuation ve-
focities in all dircctions are the same i.e., we have a condition of isotropic
turbulence. Kolmogoroff’s theory of homogeneous isotropy may be sum-
marized as: “At sufficiently high Reynolds numbers there is a range of
high wave-numbers where the turbulence is statistically in equilibrium
and uniquely determined by the parameters. This state of equilibrium is
universal™ [6].

From dimensional reasoning [11], a Kolimogoroff iength scale can be de-
fined

3
n=(—)"
£

(b
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and similarly a velocity scale can be defined

V.l
v={(—
(8) 2)

According to this theory, il distances and velocities arc referred to these

scales, a universal function [3 exists such that

u

s
U

) 3
n (3)

where u is the r.m.s. relative velocity between two points in the fluid at a
distance d apart. At the high Reynolds numbers then, an “inertial sub-range”
exists in which the viscous dissipation is not inportant. In this region,

u=(ed)"”’ . n<<d<<L @)

which is equivalent to saying
d d
ﬁ(;) = (;)”3 (5)

For very short distances, the viscous forces cannot be neglected and the
velocity gradient is constant, i.e.

d d
B(—)=— 6
n’ &
and so

£
u = d(;)”2 d<<n 7
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MODEL DEVELOPMENT

Consider a particle floating on a liquid surface. This particle may be fully
or partially immersed shown in Fig.1. The forces acting to keep the parti-

cle in its position are its weight, mg=p V g and the upthrust,
Fy,=(V))pg

Fb

Fig. 1: Forces acting on a particle

In order to draw-down and suspend the particle, force must be exerted by
the turbulent eddy to move the particle a certain distance which is suffi-
cient for it to be entraped and maintained in circulation by the large circu-
lating eddies in the main flow. Assuming that the flow conditions in the
vessel are such that sufficiently large Reynolds numbers have been reached,
we can eslimate the force as:

F,=1A ®

where A'is the area of the particle which is exposed to the eddy and T is
the associated shear stress. The fluctuating shear stress in isotropic turbu-
lence may be formulated as [7]:

iy i _ 9)

and using Kolmogoroff’s equation (4) with additional assumption that
the distance d is of the order of the particle size and that the fluctuating
velocity is proportional to the r.m.s. relative velocity may be approximated
as:
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wole.d)”

(10)

The mean energy dissipation rate in an agitated vessel is given by [4]:

B P
Py (1n)
and the power drawn by an impeller is given by
3Ins
P=PpN'D (12)
combining (11) and (12), we can thus express £ as
1%
whence equation (10) becomes
. PNDH,
u f(———+) (14)
V
For a cylindrical vessel filled to height H, V= zT?H / 4
thus
. (PON3D5dP 3 s
U O ——
T°H
from equation (9)
(P()N3D5dp )2/3 6)
T O (1
PRy
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using this with equation (8)

P,N°D’d
FEOCp,( a > 2] )2/3 (17)
or
' Pr)NBDSdp 213 47

where ¢p’ is a constant dependent on impeller type and position only.

For the eddy to be able to draw-down the particle, the eddy force must be
greater than the net force due to gravity and upthrust or

P N'D°d

T°H LA > (pVig—p,V.8) (19)

D p,( )

Now, for conditions where the particle will be just suspended we can re-

place N .by N,-(, and use equality sign to get

(D' P()N?dDjdp 2/3A' - V' _ V
pi( e ) =P Vg-p,V.8) (20)

which gives on rearrangement the critical speed as

1 s (T°H)'™"

CAZRA S DR ART:
{1 )' (..A_I,)” (P ) DSBdII)B (21)

! v

N, =P(

For a totally immersed spherical particle 4 =47;R? and
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4 A_6 v

V.=—aR’ =V whichgives T3 = 5 and — =1 tively, and
v =3 g Vv dp nd v respectively, an

equation (21) simplifies to:

de _ (D(Apg):/z P;1/3(T2H)—5/3d;/6

(22)
P

EXPERIMENTAL
Model for p and Proposed Drawdown Mechanism

In a recent publication[8], Armenante and co-workers showed that the co-
efficients in the proposed equation do indeed correlate with experimental
data to an appreciable extent, and also that there are similarities, as well as
differences with settling solids systems. Since equation (22) was derived
based on turbulence hypothesis, the aim of the present data analysis is to
include circulation hypothesis in the equation by modeling the
pseudo-constant .

From experimental and theoretical observations, the pseudo-constant has
been found to depend on impeller clearance ratio, and the impeller flow
characteristics. It is proposed to relate the pseudo- constant with the dis-
tance covered by the largest circulating eddies, x' using a power function

. k :

D =k x*© 23)
where x is the macroscopic flow distance normalized by impeller diam-
eter, and k, and. k, are constants to be determined experimentally.

With reference to Figs. 2a and 2b, the macroscopic distance can be ap-
proximated, depending on the type of impeller pumping direction and re-
sulting flow pattern as:

for closed (DT) or open (FBT) disk blade turbine (radial flow)
% =CeTF—5 (24)

pitched blade turbine pumping upwards (PBT ) (assuming axial flow
only).
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- T
x =C+—
> (25)

pitched blade turbine pumping downwards...(assuraing axial flow only)

x =3T~C (26)

and the path may be normalized by impeller diameter to give a
. . - - x
dimensioniess macroscopic flow function X = —

D

From experimental observation, the pitched biade turbine has been found
to exhibit a mixed flow pattern. This is scen in the incipient complete
drawdown speed as shown in Fig.2d and 2e. For this matter, the flow dis-
tance is modified to account for the pattern as shown in Fig.2f-2j. For a
given pumping direction, the pitched blade turbine (PB'F) has been ob-
served to show a change in flow pattern [9] at a clearance of C/T=0.71
when pumping downwards and C/T = 0.29 when pumping upwards. Thus

the modified macroscopic flow pata function, ;c to account for for ob-

served changes as defined in Table 1.

Table 1. Macroscopic Flow Path Functions}

f Impeller type | Macroscopic. flow path function
Disk turbine t=C/D+T/D-1
Flat blade turbine e=C/D+T/D-1

Pitched blade turbine (UP) | z = C/(2D) + T'/2D

Pitched blade turbine (DP) { z = 3T/D~C/D

Disk turbine e

Flat blade turbine L=

Pitched blade turbine (UP) | 2 = v(T/(2D) - 1/4) + (C/D - T/(2D) - 1/4)
+T/(2D) for C/T > 0.29

Z=+2C/D +(T/(2D) - 1/4)
for C/T < 0.29

Pitched blade turbine (DP) | Z = vA(T/2D - C/D)+ (2T/D - 1/4- C/D)
for C/T > 0.71

T =VYT/(2D)~ 1/4) + (T/2+ C/D) - 1/4)
for C/T < 0.71
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B
A
D
F
C/T < 0.29
A J
s cC/T > 071

Fig. 2: Macroscopic flow path function - schematic
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The proposed relationships were then tested by running experiments using
different floating solids using setup shown in Fig.3 below. Details of ex-
periment are reported at length elsewhere [8,9].

Motor
[RAPSR |
Ic
Speed/Torque ——1 H
Meoters <—D>
« T ¥

Fig. 3. Schematic of experimental setup

RESULTS AND DISCUSSION

Table 2 shows the constants k, and k, for the different impellers tested

for floating solids drawdown. It is interesting to note that the data for disk
turbine, pitched blade turbine (pumping upwards) and flat blade fall within
a region of slope 1.4 to 2.1. On the other hand, data for.PBTpp lies on a
line of negative slope. However, as shown in Fig.4a, or more explicitly in
Fig.4b, when PBTpp changes pattern at higher C/T values, it actually
aproaches the DT pumping pattern.

Table 2 Values for ki and k;

Impeller ky k2
Disk turbine, DT’ 7.4 | 1.45
Flat blade turbine, F' BT 4 2.1

Pitched blade turbine, PBTyp | 5.6 | 1.97
Pitched blade turbine, PBTpp | 110 | -0.33
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Fig. 4: Plots of flnand flow path function
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Figs.4c and 4d shows that the modified flow path function, ;C does indeed

account for the observed discrepancies and reduces the data for all impellers

as a function of ;c In Fig.4c, the modification to x is done according to

theory and some data for low x are thrown off the rest, but when the modi-
fication is done to x only at experimentally observed points, uniformity is
conformed (Fig. 4d). Figs. 5 and 6 show that there is a considerable change
in minimum drawdown speed and the corresponding power consumption
occurs as the clearance ratio passes the C/T=0.71 point for PBT pumping
downwards. However, the changes are not dercenible when the impeller
Is pumping upwards.

o000

— FBT Polvpropylena
C2IB0microns, 720K g/m3)
e DT + Water(99sKa/mad
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Fig. 5: Minimum drawdown speed for increasing C/T ratios
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Fig.6: Power consumption at Njd for varying C/T ratios
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Figs. 7 and 8 shows values in different systems tested and all data is re-
duced into two close regions. One region encompasses data for all impellers
types used except for PBTpp is shifted in its own zone.
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Fig. 7: Plot of fi versus flow path function
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Fig. 8: Plot of fi versus flow path function - modified at obseved tran-
sition points only
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CONCLUSIONS AND SIGNIFICANCE

A model has been derived and experimentally shown to be able to predict
the minimum drawdown speed for floating particles which coupled the
turbulence recirculation hypothesis. From experimental observations, the
change in [low pattern duc to change in macroscopic flow path does no
occur for all cases with PBT as predicted. For this matter, the correlation
in macroscopic flow path function should be applied only when an actual
change is observed experimentally.

There is a noticeable similarity between floating solids drawdown and the
suspension of settling solids for small density differences reported in this
study ( 0 - 300 Mm and medium particle sizes used (300 - 2500 kg/m3).
The position of an impeller has been modelled basing on recirculation
pattern and has been able to account experimentally observed changes in a
mechanically agitated system.

NOMENCLATURE

A = Artea, m2

A = partial area, m?

C = clearance

d = distance, m

dp = particle diameter,....

= impeller diameter, m

g = gravitational due to gravity, ms-2
Fb = bouyancy force, N

FE = eddy force, N

H = height of liquid, m

N = stirrer speed, s-!

Njd = just dispersed speed, s-1

L = macroscopic length scale, m
m = mass, kg

P = power consumption, W

Po = power number

T = tank diameter, m

u = r.m.s. relative velocity, ms-1
A% = volume, m3

v’ = partial volume, m3

X = macroscopic path function
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X = modified macroscopic path
ki, ko = constants
Jo = density, kg/m3
o) = liquid density, kg/m3
Jol = solid density, kg/m3
D, P , ;= psewudo constants
£ =energy dissipation per unit mass, W.kg-!
n = Kolmogorotf length scale, m
B = constant
v = insatantaneous fluctuating velocity in direction i, ms-1
Ap = phase density difference, kgm-3
T = shear stress, Nm-2
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