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By using the characteristic velocity corrected in the general correlation method,

the power consumptions in agitated vessels are well correlated for the wide range
of d/D as compared with the previous correlations. And when the variable 7/ (npb/D)

for the similarity condition of impeller is larger than 0.25, the flow in non-baffled
agitated vessel falls into the fully turbulent condition.

Introduction

’ It has been reported that analogy for trans-
port phenomena at the wall of agitated vessel
leads to the general correlation method for
power input and heat transfer coefficient by
introducing the modified Reynolds number de-
fined by the characteristic velocity vs and length
L, i.e., (z/2)Nd and (D/2)In(D|d),
tively. 34 But this correlation method was
limited in the range of d/D>0.6, due to the
difference of the transport mechanisms of mo-

respec-

mentum and heat in rotational flow field.

This paper deals with the development of
the correlation method into the range of d/D<
0.6 by modifying the characteristic velocity,
and discusses the applicability of this method
to laminar, transition and turbulent regions.

Correction of Characteristic Velocity

Characteristic velocity is derived from the
analysis of velocity and temperature distribu-
tions in laminar rotating flow in coaxial cylin-
ders.

First, the temperature distribution in la-
minar flow can be expressed with the heat
flux q, at the outer wall and the diameter D
of the outer cylinder.

T—Twzﬂ'&-%ln< D ) (1)

where T, is the wall temperature at the outer
cylinder.

Next, the tangential velocity distribution
in laminar region is also expressed with the
shear stress 7, at the outer wall and diameter
D.

v=

Tw D(D 2r
A4 @

It is indicated that the temperature dis-
tribution is linear to the variable (D/2)In
(D/2r), however the velocity is not proportional
to this variable. But when the right hand side
of Eq. (2) is expanded in a Taylor series, the
velocity distribution is expressed as

=g Bin (Rl 3 m (2]
tam (G ] @
For the range of In(D/2r)<0.5, as the Taylor

series is well represented by the first term,
the velocity distribution can be approximated

as
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o= TZJ -gzn(z%) (n(D[21)<0.5) )

Eq. (4) gives the same function as Eq. (1), and
the error by the approximation is shown 'in
Fig.1. Here it is concluded that the analogy
for momentum and heat transfer holds for the
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Fig. 1 Velocity and temperature distributions
in laminar rotational flow in coaxial
cylinders.
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range of [n(D[2r)<0.5. On the other hand,
for the range of In(D/2r)>0.5 the velocity
must be modified to apply the similarity to dif-
ferent sizes of d/D.

1= 8, ep=Tw Dy, (D

v’ =8 v_ja_ 2ln (21’> (5)
where

Br=2In(D/2r)|(D]|2r—2r]| D) (6)

Similarly, the characteristic velocity must be
also corrected by the correction factor .

09’ =Poo=P5-Nd (7)
where
B=2in(D|d)|(D|d—d|D) (8)

The correction factor r indicates the ratio of
two curves in Fig. 1.

New Correlation Equations
When the characteristic velocity is
rected with Eq. (7), the new correlation equa-

cor-
tions for laminar, transition and turbulent
regions are to be expressed in Table 1, in
which a prime is added to the new variables.
Table 1 shows that the new correlation equa-
tions are corrected only at the numerical con-

Table 1 Correlation equations

Already reported equations
(J. Chem. Eng. Japan, 6, 464 (1973))

Corrected equations

vW=(r/2)Nd } A
L=(D|2)In(D/d)

f2=7u]0vs? } (A.2)
Reg=Luvep|tt

(i) Laminar region

f=C(Res)"1 (A.3)

Cr=

NpeReg=2r(14+a)C
X (npb|D)(D/d)2[In(D[d) (A.4)

ve'=(x[|2)NdB } (B.1)
L=(D|2)In(D|d)

F12=7y]0ve’2 } (B.2)
Reg’=Lve'p|p

f':C'(ReG)_l (B- 3)

C/8

NpeReg=273(1+a)C7
X (npb|D)(D|d)2[(D|d—d|D)

(B.4)
C'=12C/p

(ii) Transition region o
(npb|D){(d|D)5In(D]d)}¥3=const. (A.5) | (upb/D){(d/D)5In(D]d)]B%}/3=const.

| (B.5)
7={(d|D)5In(D[d)}1/3 (A.6) ? 7'={(d|D)5In(D/|d)] 85}/ (B.6)
(iii) Turbulent region e _
F=Ce(Reg)mm (A7) | f'=Ci'(Res’)-m (B.7)

Ct'ZCp/ﬁ2‘”‘
I




HEBTEAFFH

stants by the correction factor S.

Application of Correlation Equations
(i) Laminar Region In laminar region the
friction factor is inversely proportional to the
modified Reynolds number as shown by Egq.
(B.3). Assumed that the proportional constant
C’ in Eq. (B.3) is proportional to (zpb/H), Eq.
(B.4) for Np is easily derived from Eq. (B.3)
and NpeRe; depends on the variable
(npb|D)(D]d)2|(D]/d-d|D) given by only im-
peller dimensions.

The experimental data of power input for
laminar region by Nagata et al.® are plotted
in Fig.2 based on Eq. (B.4). Here number of
impeller blade #p is two. Fig.2 shows that Eq.
(B.4) holds for the nonproximity impellers of
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Fig. 2 Correlation of power input in laminar
region for two-blade paddles.

d/D<0.8 and large width impellers. Whereas
for the small width impellers Np. Reg seems to
be a constant value asympototically. Taking
into account this fact, the experimental equa-
tion is obtained as

v reesrol("g2)(B) /(3-5)

This equation is very well for the nonproximity
impellers as shown in Fig.2.

The experimental data for different number
of impeller blade by Rushton et al.” and Cha-
pman and Holland? are plotted in Fig.3 ac-
cording to Eq. (B.4), where the data include
partly for the baffled agitated vessels, and for
the piched blade impeller, the effective blade
width of which is calculated as bsind. Fig.3
shows that the power input for all impellers
seem to be correlated with Eq. (9).

#26%: (1974) 241
600 T N T
ool Key]__dro b/D__ | np [Batfle i
“ | 017 = 067 | 0034-086 |3-10] B-NB
a | 0.22-047 [0041-009] 6 | B-NB|
WD 0.26-047[0041-0.22] 6 [B-NB| V
o {022-060[0088-0.20] 2 | B /
10 Eqa.(B%)
- 80 A
o # l
< 60 ~ T
a rd |
2 Eq.(9) P ‘// L]
40 Y 4 11
5’,- / Key | impeller Type |
- / x_|Flat Biade Disk Turbine|
20 A a_|Curved Blade Turbine ||
/ o | Pitched Blade Turbine
o_| Flat Blade Paddle
10

01 02 04 Q6 08 1 2 4 6 810 20

(=) 305-9
Fig. 3 Correlation of power input in laminar

region for impellers with different
blade number.

(ii) Transition Region Nagata et al.®
already reported an empirical equation of power
comsumption in agitated vessels with free sur-
face, which could be applied to wide Reynolds
number range and to various impeller dimen-
sions.

The similarity condition of Eq. (B.5) is
examined by using the Nagata’s equation for
impellers which may scarecely affect the shape
of free surface. According to the definitions,
Power number and impeller Reynolds number
are transformed into friction factor and modi-
fied Reynolds number respectively.

7 _ .74<2/d)3
TN g T a) "
Reaszed.(_}B-%ln%)

The correlation of f//2 vs. Reg’ for a set of
impellers satisfying Eq. (B.5) is derived from
Nagata’s equation and is shown in Fig.4. It is
apparent that the friction factor for transition
region (30<Ree’<103) are well correlated with
a single curve for the wide range of d/D com-
paring to the previously reported results®.
Fig.4 proves that the correction for character-
istic velocity brings a success to the correlation
of power input.

(iii) Turbulent Region In Fig.4 for tur-
bulent region the power curves calculated from
Nagata’s equation for a set of impellers satisfy-
ing Eq. (B.5) are not coincident with each
other and disagree with the following equation
for the fully turbulent non-baffled agitated
vesseld; 1),
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Fig. 4 Correlation of friction factor with modified Reynolds number for
a set of impellers satisfying the similarity condition of Eq. (B.5).

fzizo. 121 (Reg’)-1/ m

This means that the power input is affected
by the shape of free surface or Froude number
in this region. Whereas the correlation equa-
tions given in Table 1 do not take account of
Froude number. So it is impossible to compare
the former with the latter in turbulent region,
where the shape of free surface affects on the

power consumption. Then in this region the

Motor
Strobo
Torque Lump
Meter (1):

I
——

D

=~H/2~=

Fig. 5 Experimental apparatus to measure the
power comsumption in a closed type
agitated vessel.

power consumption in an agitated vessel without
free surface is to be measured and compared
with the correlation equations in Table 1.
Experimental Apparatus and Procedure
The experimental apparatus is shown schemati-
cally in Fig.5. The vessel used for the almost
experiments is 20cm inner diameter and 20cm
depth acrylic acid resin tank, having the pad-
dle impeller at the centre of it. The another
vessel for the rest expriments is 17cm inner
diameter and 17cm depth. The impellers used
in this experiment are made from polyvinyl
chloride resin, and these dimensions are shown
at the first three columns of Table 2. The
fluids used are water and aqueous solution of
glycerol of 20, 40, 65, 70wt. per cent.

The impeller is driven by the variable speed
motor, and the rotational speed is measured
with the stroboscopic tachometer. The power
consumption in an agitated vessel is measured
with Yamazaki rotary torque meter (Model SS-
1R, 500 G-cm) set on the driving shaft of im-
peller.

Experimental Results The experimental
range and results are summarized in Table 2.
And the results are correlated with Egs. (A.7)
and (B.7), where the value of a is assumed to

be 0.2.2 When the characteristic velocity
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Table 2 Dimensions of impeller, experimental range and results

No. d|D b/D np Reg C: C:’' m
1 0.41 0.10 2 1100—120000 0.03 0.04 0.22
2 0. 41 0.20 2 1000—110000 0.09 0.11 0.30
3 0.41 0. 40 2 900—100000 0.13 0.16 0.32
4 0. 40 0.10 8 900100000 0.12 0.15 0.29
5 0.41 0.20 6 1000—90000 0.16 0.20 0.33
6 0.41 0.20 8 1000—90000 0.17 0.21 0.33
7 0.41 0.50 4 1000—95000 0.15 0.19 0.33
8 0.41 0. 40 6 1000—90000 0.18 0.23 0.33
9 0. 40 0. 40 8 1100—90000 0.18 0.22 0.33
10 0.51 0.10 2 2100—76000 0.05 0.06 0.24
11 0.51 0.15 2 1300—76000 0.09 0.10 0.28
12 0.51 0.20 2 1100—70000 0.13 0.15 0.31
13 0.51 0.10 4 1200—70000 0.10 0.11 0.28
14 0.50 0.30 2 1000—68000 0.17 0.20 0.33
15 0.51 0.15 4 800—56000 0.17 0.19 0.31
16 0.51 0.10 6 1300—66000 0.15 0.17 0.31
17 0.51 0. 40 2 750—66000 0.19 0.21 0.33
18 0.51 0.20 4 600—60000 0.19 0.22 0.33
19 0.51 0.10 8 600—55000 0.19 0.22 0.33
20 0.50 0.15 6 650—55000 0.20 0.23 0.33
21 0.50 0.50 2 600—55000 0.19 0.22 0.33
22 0.50 0.10 10 650—58000 0.19 0.22 0.33
23 0.51 0.30 4 550—60000 0.21 0.23 0.33
24 0.50 0.20 6 550—60000 0.22 0.24 0.33
25 0.50 0.15 8 600—60000 0.21 0.24 0.33
26 0.61 0.10 2 650—48000 0.05 0.05 0.22
27 0. 60 0.20 2 650—45000 0.14 0.15 0.30
28 0.60 0. 40 2 650—45000 0.20 0.21 0.33
29 0.60 0.10 8 800—42000 0.21 0.23 0.33
30 0.60 0.20 6 700—40009 0.23 0.25 0.33
31 0.60 0.41 4 700—40000 0.22 0.23 0.33
32 0.72 0.12 2 250—34000 0. 07 0.07 0.22
33 0.71 0.24 2 200—30000 0.17 0.17 0.31
34 0.71 0.47 2 160—30000 0.23 0.23 0.33
35 0.71 0. 47 4 190—28000 0.25 0. 26 0.33
36 0.71 0.12 6 190—28000 0.25 0.25 0.33
37 0.71 0.24 6 190—28000 0.29 0.29 0.33
38 0.71 0.12 8 0.27 0.28 0.33

190-—28000

expressed by Eq.. (A.1) without correction is
ased, the coefficient C; in Eq. (A.7) depends
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Fig. 6 Correlation of the coefficient in Eq.
(A.7) with the similarity condition for
the paddles with different d/D.

on the impeller diameter d/D even for the set
of impellers satisfying the similarity condition,
as shown in Fig.6. On the other hand when
the characteristic velocity corrected by Eq.
(B.1) is used, the coefficient C;’ in Eq. (B.7)
seems to be correlated with a single curve
shown in Fig.7. Besides for the abscisa defined
by Eaq. (B.5) being larger than 0.25, the coef-
ficient C;’ and the power of Reynolds number
m seem to be constant values of 0.25 and 0.33
respectively. These asympototic values are well
coincident with that in Eq. (11).

The restlts in Figs.6 and 7 are given by
the measured values of total torque which are
the sum of the torque at the cylindrical wall
and that at the upper and lower bottom walls
of the vessel. Whereas the correlation equa-

tions in Table 1 are derived from the analysis
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Fig. 7 Correlation of the coefficient and power
consant in Eq. (B.7) with the similarity
condition for paddles with different d/
D.

of transport phenomena at the side wall, so it
is better to measure the torque at the side wall
directly. The apparatus and procedure to mea-
sure the torque at the side wall of vessel have
been already reported5’. The results obtained
by this apparatus for the various paddle impel-
lers of np=2 are plotted in Fig.8, where the
coefficient C;’ is directly obtained without the
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Fig. 8 Correlation of the coefficient in Eq.
(B.7) directly obtained from the side
wall torque with the similarity condition
for two-blade paddles. -

assumption to a value. The results in Fig.8

are coincident with that in Fig.7 and Eq. (11).

Conclusive Remark
Correcting the characteristic velocity in the

general correlation method, the power con-
sumption in an agitated vessel can be well cor-
related for the wide range of d/D as compared
with the previously proposed correlations. And.
when the variable 7/(npb/D) for the similarity
condition of impeller is larger than 0.25, the
flow in non-baffled agitated vessel falls into
the fully turbulent condition.

Nomenclature
b=impeller blade width (cm)
C=constant in Egs. (A.3) and (B.3) =)
C;=constant in Eqs. (A.7) and (B.7) )
D=vessel diameter (cm)
d=impeller diameter {cm)
f=friction factor =3
H=vessel height {cm)

L=characteristic length
(=(D[2)In(D]d)) (cm]

m=power constant

in Egs. (A.7) and (B.7) =
N=rotational speed (sec-1]
np=number of impeller blade —
Np=Power number —J
g=heat flux (cal/cm2sec])

Reg—impeller Reynolds number (=Nd2p/p) (—)

Reg=modified Reynolds number (=vgLp/y) [(—)

r=radius (cm)

T =temperature {°Cl

v=tangential velocity (cm/sec]
vg=characteristic velocity (=(z/2)Nd)

{cm/sec)

a=ratio of torque at bottom wall to that

at side -]
B=correction factor defined by Eq.(8) —3
T =variable defined by Eq. (A.6) (=)
A=thermal conductivity (cal/cm sec®°C)
p=viscosity (g/cm sec)
p=density (g/cm3)

T=ghear stress (g/cm sec?)
supper-and sub-script
’=corrected by B

w—=at vessel wall
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