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Based on the assumption that the flow behaviour in agitated vessel is specified by the

-impeller tip condition, the average shear rate is derived from the correlation curve for the

friction factor in laminar range. This average shear rate gives a goad correlation to frication
factor in pseudo-plastic fluid with the modified Reynolds number in both laminar and turbulent
rTanges. And this result points out that the character istic length defined by (D/2) In D/d)
'should be corrected by the factor 5 for the proximity impeller, which is determined experim-
-entally. Finally the friction factor for both Newtonian and non-Newtonian fluidsis well
correlated with the single curve for the wide range of d/D.

Introduction

Agitation of non-Newtonian fluid is very important
in chemical processes, and many investigators have
proposed various design equations for the power
dinput. Ito® has introduced the concept of “energy
similarity law”, i.e., the over-all energy consumption
«of mixer in non-Newtonian fluid is similar to that in
Newtonian fluid, and proposed the calculation method
-of modified Reynolds number. Metzner-Otto!® and
«wothers 1,%512,15-18,20 haye introduced the concept of
“apparent viscosity” into the correlation of power
input in non-Newtonian fluid, which is estimated
‘with the average shear rate, 5,,, in agitated vessel,
.as follows;

Fav

Ha= (1)

where r=z(f) is the flow curve of the fluid. Then
the estimation of apparent viscosity is replaced with
that of average shear rate. Metzner-Otto has assumed
that the average shear rate is proportional to the

rotational speed of impeller
Fa=kN (2)
and obtained that r=13 for some impellers. After
that, Calderback-MooYoung ® and others 116168 haye
shown experimentally that « depends on the impeller
dimensions, and have proposed the empirical formula
for x. But no general estimation of « has yet been
proposed, because being not obvious the physical
meaning of average shear rate in agitated vessel
Schilo ¥, Chavan-Ulbrecht % and Mitsuishi-Hirai !
have proposed the direct correlation method of power
consumptiorr in non-Newtonian fluid, based on the
analysis of flow pattern in coaxial rotating cylinders.
This analytical method gives the complicated corre-
lation equations.
This paper deals with the simple estimation of the
average shear rate based on the concept of ‘ friction

factor instead of power input.

Experimental Apparatus and Procedures )
The friction factor at the wall of agitated vessel
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have been measured for paddle impellers and anchors,
shown in Fig. 1, The agitated vessel used is 10cm
inner diameter and 10cm height without free surface.
The geometries of paddle impellers are characterized
by d/D=0.42, 0.52, 0.62, 0.72, 0.82, 0.92 and
b/D=0.80, and that of anchors by d/D=0(.88, b/D
=0.92 and w/D=0.10 and d/D=0.95, &/D=(Q.95
and w/D=(. 10, respectively. The impeller is set in
the vessel centre.

The fluids used are glycerol aqueous solutions for
Newtonian fluid and CMC aqueous solutions for non-
Newtonian fluid. The flow behaviour index, #, varies
in the range 0.63 to 0.96, and the consistency index,
K, varies in the range 0,26 to 29, 9g/cm-sec* 2

The detail of the experimental apparatus and proce-

dures are given in the previous paper !4,

Estimation of Average Shear Rate

Derivation of average shear rate in agitated vessel
is based on the assumption that the flow behaviour is
specified by the impeller tip condition ®.

In laminar range the shear stress at the vessel wall
for the large size impellers is expressed by the follo-
wing equation ©.

f 7, 1.2(6/H)
2  pvi~  Reg ®

From the force balance the apparent shear stress at

the impeller tip, r,, is expressed as;
(50) - <o=(300) - “

Based on the assumption mentioned above, the aver-
age shear rate, #,,, is equal to the apparent shear
rate at the impeller tip. The combination of Egs. (3)
and (4) gives the following equation to the average

shear rate in agitated vessel.

T

sl )/ (25 s

"'ln"'

Where it is assumed that the average shear rate for
non-Newtonian fluid is equal to that for Newtonian
fluid. This formula is very simple compared with the
previous empirical ones and similar in the form to-
that by Calderbank-MooYoung ®,

The experimental values of x measured by many
investigators are plotted to compare with each other-
in Fig. 2, Eq. (5) represents well the experimentak
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Fig. 2 Comparison of the average shear rate
calculated from Eq. (5)with the experimental
results.

but for the:
proximity impellers of d/D>>0.8 Eq. (5).seems to ove-

values in the range of d/D=0, 4~0. 8,

restimate the value of x. This discrepancy may be cau--
sed by the uncertainty of Eq. (3) in this range of d/D.

Correlation of Friction Factor
the modified Reynolds.

number are obtained from the following definitions”,

The friction factor and

Ty
=i ©
Reg= L,’j”’ @

where L and v, are the characteristic length and
velocity, respectively. And the apparent viscosity, #,,.
is given by the combination of Egs. (1) and (5).

[ (D/4)

n-1
#e=K (1. 5y Dy N} 8

The correlation of friction factor are shown in Fig.
3, for two different size paddle impellers. It is clear



BHBELERERE $27% (1975) 245

Key| Fluid
© |Non-Newton
. Newton

d/D=0,72

d/D=0.92

001
1

Fig. 3 Correlation of friction factor in Newtonian and non-Newtonian fluids for paddle impellers.

(d/D==0, 72 and 0, 92)

that the experimental values for both Newtonian and
non-Newtonian fluids are well correlated with the
single curve not only for the laminar range, but also
for the turbulent range. And the data on d/D=0.72
are expressed by Eq. (3) in laminar range and by the
following equation in turbulent range.
f : -1/3 ]
~Z=0. 121Reg (9)
But the data on d/D=0,92 shift slightly from Eqs.
(3) and (9).
The coeiffcients in correlation equations are shown
in Fig. 4 for laminar range and in Fig. 5 for turbulent
range, respectively, for different sizes of d/D. It is
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Fig. 4 Correlation for laminar range.
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Fig. 5 Correlation for turbulent range.

also obvious in these figures that Eqgs. (3) and (9) do
not satisfy the experimental data for the proximity
impellers.

The limit of applicability seems to be attributed not
to the estimation of g, but to the characteristic
length in the modified Reynolds number, because the-
data for both Newtonian and non-Newtonian fluids are:
well represented by the same curve in the full range:
of d/D. Then the characteristic length should be
corrected for the proximity impeller.

Correction of Characteristic Length
For the proximity impeller the characteristic length.
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-corrected by the experimental results is described by

msing the correction factor, 7.

vt Fom (B} .

where 7 is determined as follows. (see Fig. 6)

08
0 02 04 08 08 10
d/D

Fig. 6 Correction factor for characteristic length

p=1+exp[—10{(D/d) —1}] i)

It is noted that the form of the function 7 does
‘not unique.

The modified Reynolds number is also corrected

‘with 2, as follows.
’
Re'g=E000 . Re, )

Then the friction factor for the proximity impeller
.can be expressed straightly by using this Reynolds
number in both laminar and turbulent ranges, as

_f _1.20/H)

1 %
3 7 Reg (laminar) 13

0121 (p-Reg) """ (turbulent) w*

2

It is shown in Fig. 3 that Eqs. (3 and (4) satisfy
‘well the exp:rimental data on the proximity impeller
of d/D=0.92. And it is also clear in Figs. 4 and 5
that the coefficients are well corrected by the factor,
», for the range of d/D> 0.8.

Application to Bingham Plastic Fluid
The flow curve of Bingham plastic fluid is expressed

as;

=1, tp. (5

where 7, is yield stress. In the same manner as that
for the pseudo-plastic fluid it is assumed that the
apparent viscosity of Bingham plastic fluid is described
with Egs. (1) and (5).

=T I
S 16)

Eq. (6 is rearranged by using Eq. (2) to express
the dimensionless form.
Ha — 1= 1 Ty )
Ho = ( #N @
This equation has already been derived by Ito?®
and Nagata et al.!® independently, and compared
with experimental results. And Nagata et al. confirmed
that the experimental value of x for Bingham plastic
fluid was about twice of that for pseudo-plastic fluid!®.
This is also confirmed with Ito’s data on 4/D=0. 33,
ie 100
Ha g T, %915
103< (z,/ 1, N) <10°) 1)

z(—Z)(lTBT— (7,111\'[—> (Max. error+-20%)

where the value of 8,8 in the right-hand side is
nearly equal to the calculated value of x=7.8 by Eq.
(5).

Conclusive Remarks
Based on the assumption that the flow behaviour in
agitated vessel is specified by the impeller tip cond-
ition, the average shear rate is derived from the
correlation curve for the friction factor in laminar
range. This average shear rate gives a good correlation
to friction factor in pseudo-plastic fluid with the
modified Reynolds number in both laminar and turb-
ulent ranges. And this result points out that the
characteristic length defined by (D/2)In(D/d) should
be corrected by the factor » for the proximity impe-
ller, which is determined experimentally. Finally the
friction factor for both Newtonian and non-Newtonian
fluids is well correlated with the single curve for the

wide range of d/D.

*Egs. (13 and () are rearranged with N, and Re,, respectively, as;

A T

N, Re’?=10. 1[{1n <%)}‘/77 {1_<%)2}5]x/3

(13a)

(14a)
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Nomenclature

<6 =impeller height (cm)
-d =impeller diameter (em]
D =vessel diameter {em]
f =friction factor =)
H =vessel height [cm]
K =fluid consistency (g/cm-sect—2)
L =characteristic length (cm]
L7 =corrected characteristic length [cm)
.#  =flow behaviour index -]
-#, =number of impeller blade =3
N =rotational speed [sec~1]
N, =power number -3
Re,=impeller Reynolds number -]
Re,=modified Reynolds number [—]
v, =characteristic velocity [cm/sec]
w =impeller width {em]
#  =shear rate [sec™1]
Fa, =average shear rate (sec™1]
7 =correction factor defined by Eq. ()) =]
& =proportional constant in Eq. (2) —l
M, =apparent viscosity {g/cm-sec]
u, =plastic viscosity (g/cm-sec]
o =density {g/cm3)

[g/cm-sec?)

‘T, =apparent shear stress at impeller tip

T, =shear stress at wall

7, =yield stress
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