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Defining the characteristic velocity, length and friction velocity respectively, which
specify the performances in agitated vessel, it is implied that the flow behaviour and tran-
sport phenomena at the wall are well expressed with the simple correlation equations for the
all Reynolds number ranges, laminar to turbulent. This method is useful to correlate the other

performances in agitated vessels.

Introduction

Agitated vessels have been widely used in chemical
processes, and its performances have been studied by
many workers. However, due to the complex behaviour
of fluid flow in agitated vessels, the general correla-
tion connecting various performances has not been
established yet. In this paper the general correlation
for the various performances in an agitated vessel

is proposed.

Transport Phenomena at the Wall
Definition of friction factor and j-factor
Firstly, the friction factor and j-factor are intro-

duced to the momentum, heat and mass transfer at
the wall of agitated vessel, as the same manner as
that at the boundary layer flow on flat plate and pipe
flow.2?

fl2=%,/pv,?

Ju= (k/pcyp,) - P23 1

Fp= (k/v,) - Sc?/3
where the characteristic velocity v, and length L
respectively are defined as follows,?

vy=(n/2) - Ndp

L=(D/2) *In (D/d) ()

and B is a correction factor defined as,

p=2-In (D/d)/ (D/d—d/D) 3)
Then, the modified Reynolds number, Reg, can be
expressed by using the foregoing variables.

ez ()-(2) () (120)

where Nd?p/p is the impeller Reynolds number, Re,,

widely used in previous papers.

Measurement of friction factor in turbulent range
The shear stress at the wall of agitated vessel with
paddle impeller, #,, has been measured, and the fric-
tion factor was correlated with the modified Reynolds
number for the fully turbulent non-baffled agitated
vessel. The correlation equation is expressed as,®
f/2=%,/pv%=0. 121Re;1/3 (5)
where the bar indicates the average value over vessel
wall. Eq.(5) is easily rearranged to give power num-
ber Np,

o= 10002 ()" fin (B} o
6

where « is the ratio of torque at the bottom wall to
that at the side.
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Flow Behaviour
Universal velocity profiles
Three dimensional velocity profiles in fully turbulent

non-baffled agitated vessels with paddle impellers have
been measured.® Whereas basing on the assumption
that the flow behaviour is specified by the apparent
shear stress at the impeller tip, 7, the characteristic
friction velocity for the agitated vessel, #%,, has been
defined as,

W= VT /p=(D/d) - VT, Jp= (D/d) -#*, 0
where #*, is the friction velocity defined by the shear

stress at the vessel wall.

At the vicinity of the vessel wall the tangential
velocity and the distance from the wall are nondi-
mensionalyzed by using the friction velocity and cor-

rection factor B,

v = )5
y++=y(ﬂﬁ*d) = (y_ﬂz) . (/%’) =yt (%Q) ®

where v* and y* are dimensionless variables defined
with @#*,. These new variables satisfy the relation of
p*t+=y** at the viscous sublayer.

The velécity profiles at the vicinity of the wall are

correlated as shown in Fig.1 and are expressed as,®
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Fig. 1 Velocity profiles at the vicinity of the vessel
wall
v**=5.8 log y**-+15.5 - (9)

This relation is regarded as the law of the wall in
an agitated vessel. But this equation does not coincide
with that for the flat plate even if the ratio of d/D
approaches to unity.
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For the potential flow region the dimensionless

~ velocity p** is also correlated with the dimensionless

coordinate 2r/D. In Fig. 2 the tangential velocity in

this region is expressed approximately as,
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Fig. 2 Velocity profiles in potential flow region

v*+*=26/ (2/D) = (2 V2/f—108) / (2r/D) 10

On the other hand, the tangentiai véloéity at the
impeller tip radius in the fully turbulent non-baffled
agitated vessel is confirmed to satisfy the following

equation.
05— ,as2) /#*,=10 . : 1

where v, is the impeller tip velocity.

Friction factor at high Reynolds number
From the law of the wall in an agitated vessel,
the semi-empirical equation of friction factor at high

Reynolds number is derived to express és,ﬁ’
1/Vf=3.4log Reg/f—0.85 -. : 12

This equation is well agreement with Eq. (5) for thé :
range of 500 <Res<3-10% as shown in Fig. 3.

Analogy between j; and f/2
From the result of Eq.(9), it is expected that the "~
temperature distribution at the "v‘icinity of the vessel
wall is expressed as the function of y**, ¢
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Fig. 8 Friction factor vs. modified Reynolds number
T+ — { pCyii*, q( T— T,,)} i (%) =T+ () ® with Eq.(17), Eq.(17) satisfies the experimental

Then assuming that the Chilton-Colburn analogy holds
at the vessel wall, the velocity and temperature at
the outside of the thermal boundary layer v, and Ts,
satisfy the following relation.

vott="Ty**.Py-2/3 4

Considering that the heat transfer coefficient is defined
as h=gq,/(T3—T,) and that the tangential velocity at
the outside of the thermal boundary layer is appro-
ximately expressed as v;==1, 4 (d/D) ‘v, for high Rey-
nolds number range, the combination of Egs. (5) and

(14) gives the following analogy expression.

o (ldd\_ f _ -1/3
Ju (ﬁD )—7—0. 121Re; 05

This relation is easily rearranged to give the ordi-

narily used expression.

[19)-r- (20" (58
where
e g

The values of ¥ have been already reported by many
workers, and the data are shown in Fig. 4 to compare

data very well.® Then this result leads the conclusion
that the Chilton-Colburn analogy holds for the tran-
sport phenomena at the wall of agitated vessel.

For the local value of f and j,, the analogy rela-

tionship is slso confirmed to hold experimentally.
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Fig. 4 Comparison of experimental results with the
analogy equation
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Applications
Friction factor in tranmsition and Iammar ranges
of Reg ;
For the transition and laniinar ranges%of Reg, the
foregoing simple ;elatioﬁ'fn' nirbulent range does not
hold, because the: flow behaviour in thesie ranges dei

pends not only op the wall ¢ond1tmn, but also on the

impeller condition. So.that the_ friction 1 factor in these o

ranges must satisfy the bothicondltlons, ;.e,
a) wall conditibn :

f_ z Lv,p |
F= p,,z =Cy- ( e ) D - ®
b) impeller condition
f P _ . (Na&
== (%) 9
where ’ -
Pox= (n3/16) -Cp+ pN3d* (n,0) vit

On the other hand, the power input P can be con-
nected with the shear stress at the wall.

= (1+a) - (xDH) - (D/2) - 2aN). 7, @
Because Eq. (19) is reduced to Eq.(18) under the limit-
ing condition of Eq.(21), the following relations must
hold.

o=l () () {(5) (2)

()} @

m=m

Transition range of Reg
In this range the flow is turbulent, so that
m=—1/3 and Cy is a constant independent of the
impeller width. Then the group of impellers, which
have the same C, value, satisfies the following rela-

tion according to Eq.(22).
(2%2) {(‘%)")5/1’1 <%)}_1/3' (n;{b) -y=const. (3

This ijs named as the similarity condition parameter.?

Laminar range of Re;
In this range, the value of m is equal to minus
unity, and it is supposed that Cp,=Cy’ (n,6/H), then
n,b\ (Lv,p\~!

fecu )22

H @ o

or

278 (1+a) C'y) | (nsb (D/d)?
Np-Rey= Co J} (%) (D/d—d]D) @

The experimental values of Np-Re, were measured

of Technology Vol. 28 (1976

by Nagata et al. for the paddle 1mpellers w1th two
blades.® These data are plotted according. to Eq. (25),
as shown in Fig. 5. All data well satisfy the follow-
ing madified equation, except d/P=0.9.
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Fig. 5 Correlation of power input in laminar Rey-
nolds number range with the new variable
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Impeller jet flow rate
Based on the experimental results of three dimen-
sional velocity profiles, the following relation can be
approximately derived from the angular momentum

balance at the impeller tip radius.

{(%)DZH} .f"':fo(izi‘) < (o=l roas2) *Qu lva]

where @, is the impeller jet flow rate. and the right
hand side of Eq.(27)is equal to the angular momen-
tum transferd by the impeller jet flow from the im-
peller tip to the potential flow region. Whereas the
left hand side is equal to the torque at the side wall
of vessel. Considering that #*, is equal to ~Z,/p,
the combination of Egs.(11) and (27) gives the

following relation.

Q= (x/10) - (D*H/d) -a#*, ®
By using the dimensionless group of Np and N, Eq.
(28) is easily rearranged to become,

i
No=o.1y/ (B) 14 @

For the non-fully turbulent agitated vessel, this rela-
tion is modified by using the similarity condition pa-
rameter defined by Eq.(23).
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N, =0.26{(%) .r}‘”«/m w

The comparison between the calculated and experi-
The calculated

values are well agreement with the experimental ones

mental values is shown in Fig. 6.

for the various types of impeller.®
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Fig. 6 Comparison between experimental and cal-
cuated values of impeller jet flow rate for
the vessel with free surface.

Conclusive Remarks
Defining the characteristic velocity, length and fric-
tion velocity respectively, which specify the perfor-

mances in agitated vessel, it is implied that the flow
behaviour and transport phenomena at the wall are
well expressed with the simple correlation equations
for the all Reynolds number ranges, laminar to
turbulent. This method is useful to correlate the

other performances in agitated vessels.
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