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Study of the Discharge Stream from a
Standard Rushton turbine impeller

J. Kraténa, I. Fort

The discharge stream from a standard Rushton turbine impeller exhibits special flow properties different from the characteristics of the
velocity field in other parts of the volume of an agitated liquid in a cylindrical baffled vessel, e.g. two prevailing components of the mean
velocity (radial and tangential), high rate of turbulent energy dissipation and anisotropy of turbulence in this region. At the same time, the
discharge stream plays an important role in mixing operations, above all in liquid-liquid and gas-liquid systems.

This paper deals with theoretical and experimental studies of the velocity field and flow of angular momentum in a discharge stream from a
standard Rushton turbine impeller in a cylindrical baffled flat bottomed vessel under turbulent regime of flow of an agitated liquid with
emphasis on describing the ensemble averaged values over the whole interval of the tangential coordinate around the vessel perimeter.
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1 Introduction

The discharge stream from a standard Rushton turbine
impeller exhibits special flow properties different from
the characteristics of the velocity field in other parts of the
volume of an agitated liquid in a cylindrical baffled vessel
[e.g. 1-7], e.g. prevailing two components of the mean veloc-
ity (radial and tangential), a high rate of turbulent energy
dissipation and anisotropy of turbulence in this region. At
the same time, the discharge stream plays an important role
in mixing operations, above all in liquid-liquid and gas-liquid
systems [e.g. 10, 11].

This paper deals with a study of the velocity field and flow
of the angular momentum in a discharge stream from a stan-
dard Rushton turbine impeller in a cylindrical baffled flat
bottomed vessel under turbulent regime of flow of an agitated
liquid. Three approaches to a description of the discharge
stream are used:

1. A theoretical approach, when the impeller discharge stream
is modelled as an axially symmetrical tangential sub-
merged jet.

2. An experimental approach, i.e. determination of the force in-
teraction of the impeller discharge stream and radial baf-
fles by means of the trailing target.

i T/2

| Dn L

| o

| Q:\ ¥’ ._.-'
- EE )

= Pl

] _H_“;r.p.a\' [ Wi ba

| By L

: -

& Impeller L

' discharge b

stream

Fig. 1: Vertical view of the Rushton impeller discharge stream
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3. A numerical simulation of the turbulent liquid flow in the
whole agitated system with emphasis on the impeller dis-
charge stream.

2 Theoretical

Let us consider a flat-bottomed cylindrical vessel with four
baffles at its wall. In the vessel the standard Rushton turbine
impeller [12] is coaxially located and rotates under turbulent
regime of flow of an agitated liquid. In the region of the
radially-tangential impeller discharge stream (see Fig. 1) we
assume a constant angular momentum flow between the

impeller and the baffle [1, 8]

Mb,d,th :pQ,b(T/Q)wt,b,av :pQ,[)(D/Q)wt,p,uv . (1)

Here index “p” denotes a velocity field near the impeller
and index “b” a velocity field near the baffle. Looking at the
relation between the radial component of the mean velocity

averaged over the impeller discharge stream w, ,, ,,, and the
impeller pumping capacity
Q,p = wr,[),av aDW (2)

and the relation between this component and the tangential
one (see Fig. 2)

W, pav =Wy, p,av ga, (3)

where
a =arcsin[a/(D/2)], (4)

we can rearrange Eq. 1 into the form

—_— 9 tg{arcsin[a/(D/Q)]}
My a0 =PQ) on W :

®)

After introduction of the flow rate number (dimensionless

impeller pumping capacity)
_ %

Q,[; - ND3 ?

where symbol N denotes the impeller speed, we have fi-

nally an equation in dimensionless form for the angular mo-

mentum flow between the rotating standard Rushton impel-
ler and the vessel wall

(6)
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Fig. 2: Turbine impeller as an axially symmetrical tangential
source
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Quantity a denotes the radius of the virtual cylindrical
source of the impeller discharge stream (see Fig. 2), and for

the chosen geometry of the agitated system (see Fig. 3) it
holds [1]

My qm = (7)

9/D =034, (8)
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3 Results of experiments

Experiments were carried out in a flat-bottomed cylindri-
cal pilot plant mixing vessel with four baffles at its wall
(see Fig.3) of diameter 7'=0.3 filled with either water
(u =1 mPa-s) or with one of two water glycerol solutions of dy-
namic viscosity 4 = 3 mPa-s and u = 6 mPa-s, respectively. The
impeller was a standard Rushton disk impeller with six flat
plate blades [12]. The range of frequency of revolution of the
impeller was chosen in the interval N=3.11-5.83 sfl, so the
regime of flow of the agitated liquid was always turbulent.

In order to determine the axial (vertical) distribution of
dynamic pressure p, affecting the baffle [9], one of the baffles
was equipped with a trailing target (see Fig. 3) of height Ay
and width B enabling it to be rotated parallel to the vessel
axis with a small eccentricity and balanced by springs. Eleven
positions of the target along the height of the baffle were
examined, above all in the region of the interference of
the baffles and the impeller discharge stream. The angular
displacement of target 5 is directly proportional to the pe-
ripheral component of force F affecting the balancing springs
(see Fig. 4). The flexibility of the springs was selected so that
the maximum target displacement was reasonably small com-
pared with the vessel dimensions (no more than 0.5 % of the
vessel perimeter). A small photoelectronic device composed
of two photodiodes scanned the angular displacement, and
the output signal was treated, stored and analysed by the
computer.

Photo-electronic
sensor

Target

displacement
axis ]
Trailing

target

Fig. 3: Sketch of a flat-bottomed agitated pilot plant mixing vessel with four radial baffles at the wall and an axially located standard
Rushton impeller and sketch of measurement of local peripheral force affecting the trailing target (H/T=1, h/T=0.33, 0.48,

b/T=0.1, hy=10 mm, B =28 mm)
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Fig. 4: Results of mechanical calibration of balancing springs

The average value of the dimensionless mean dynamic
pressure affecting the part of the baffle of dimensionless
height Hy, i.e. the height of the region of the impeller dis-
charge stream interference with the baffle (see Fig. 5), can be
calculated from the relation
H;,

[ Phoas i ) At ),
Hy

= 1
pd,av = His 9)
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Fig. 5: Axial profile of the dimensionless peripheral component
of dynamic pressure affecting radial baffle along its height
(shadow part characterizes an interference region of the
impeller discharge stream and radial baffle)
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where
% % %
Hdsz2 _Hbl' (10)
The total dimensionless component of the mean periph-
eral force affecting the baffle along its interference region
with the impeller discharge stream is

Tw Fd av 9 ok Tw
Fj o =———==T/D)"b H ; (11)
d,av pNZD4 / d pd,(w
where the dimensionless width of baffle
b* =/T. (12)

Finally a portion of the dimensionless mean reaction mo-
ment of the baffles corresponding to the mutual interference
of n, baffles and the impeller discharge stream

My, g =ny Fj 4y (Ry/D) (13)

where the radial coordinate of the centre of gravity of the
trailing target [9]

R, =(T/2) —(2/3) b. (14)

Table 1 consists of both theoretical and experimental re-
sults of the impeller torque by radial baffles in the discharge
stream of the Rushton turbine impeller. It follows from this
Table that for both investigated impeller off-bottom clear-
ances h/T theoretical results fit the experimental results fairly
well.

Table 1: Transfer of the impeller torque by radial baffles in the
discharge flow of a Rushton turbine impeller

h/T H; Ml:,d M;,d,th NQ/}[I]
0.33 0.33 0.464 0.472 0.80
0.48 0.30 0.475 0.472 0.80

41




Acta Polytechnica Vol. 44 No. 4/2004

Standard Rushton Turbine Impeller Mar 05 1903
F{ Outline Fluent 4.56
: Fluent Inc.

Fig. 6: Three dimensional view of the flat bottomed agitated system with standard Rushton turbine impeller and radial baffles
(T=300 mm, H/T=1,D/T=1/3, h/T=0.33, 0.48, b/T=0.1, N=6.7 s_l)
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Fig. 7: Side view (coordinates r—z) of the half of investigated system with chosen grid

42 © Czech Technical University Publishing House ~ http://ctn.cvut.cz/ap/




Acta Polytechnica Vol. 44 No. 4/2004

Mar 05 1903
Fluent 4.56
Fluent Inc.

=40

Standard Rushton Turbine Impeller

Grid (133 X 41 X80 )

Slice: K

-

Fig. 8: Top view (coordinates ¢—z) of the half of investigated system with chosen grid

4 Numerical simulation of turbulent
liquid flow in a system with 15

a standard Rushton impeller [
1.0 + /B/Z% :E&B\x

Reynolds averaged Navier-Stokes equations (RANS) to- i /" '\
gether with the Multiple Reference Frame (MRF) and
standard k- model predictions of steady state flow have been |
used via Fluent 4.5 commercial software with the MIX SIM

Radial component of the mean velocity (T=300 mm)

wr [m/s]
o
[6)]

1.7 module [13]. i s _ %J
. . . . —a— Num. prediction (r = 50.7 mm)
Half of the cylindrical tank with three radial baffles and | -8 Exp. data (r = 51.5 mm)
three impeller blades was modelled (see Fig. 6). The total 0.0 L e —
number of cells in the investigated volume (tangential X ra- -10 -5 0 5 10

. . . z [mm
dial X axial coordinates) was (o

o X r X z
134 x 42 x 81 =4.56x10° cells.

Tangential component of the mean velocity (T=300 mm)

2.0

Special attention was paid to selection of the grid density. k
The highest density of the grid was located in the volume of 1.5 + E/E/"*‘E"EH S g
the maximum level of the rate of turbulent energy dissipation — - n/z/z /A/ﬂhﬁﬂR
¢ in the impeller discharge stream. On the other hand, the €101
coarsest grid was located in the other volume, i.e. in the re- ‘g &
maining volume of the agitated liquid. Figs. 7 and 8 illustrate 05 | ;\\EJ
the selected distribution of the grid a both the ¢—7 and r—z ' —A— Num. prediction (r = 50.7 mm)
planes. . i —El‘— Exp. data (r T 51.5mm) |

For the investigated agitated system the following bound-
ary conditions were defined:
1. Vessel wall, baffles and flat boitom — flow in the vicinity of the
solid flat plate (laminar sublayer, buffer layer).

-10 -5 0 5 10
z [mm]
Fig. 9: Comparison of experimentally determined and numeri-
o o ) cally predicted axial profiles of the radial and tangential
2. Liquid surface and cylindrical vessel axis of symmetry —no pene- components of the mean velocity in the Rushton turbine
tration of liquid through the boundary (batch system). impeller discharge stream (Exp. Data: Méckel [2])
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4.1 Numerical simulation versus experimental
data

The results of numerical prediction of the velocity field in
the Rushton turbine discharge stream were compared with
the experimental data of Mockel [2] (see Fig. 9). Both axial
(vertical) profiles are located right next to the rotating impel-
ler, and in accordance with the experimental technique of
Maéckel (CTA) they are expressed as the assemble averaged
values over the whole circle, i.e. over the internal of tangential
coordinate ¢ € (0% 360°). It follows from the two compared
profiles that the results of the numerical simulation corre-
spond fairly well with the experimental data, but a certain
shift of the numerical prediction appears, probably caused by
the asymmetrical position of the impeller along the axial co-
ordinate z.

Figs. 10 and 11 describe the radial distribution of the
tangential component of the mean velocity in the turbine im-
peller discharge flow for the two investigated off-bottom
clearances /T calculated numerically. This is a very good
recognition of the concept of the turbine impeller discharge
flow as a turbulent submerged jet. The asymmetrical shape of
this jet at the impeller off-bottom clearance #/7'=0.33 corre-

sponds to the above mentioned results, illustrated in Fig. 9.
The boundaries of the jet in Figs.10 and 11 correspond to the
value of the given component of the mean velocity amounting
to 1 % of its maximum value on the investigated axial profile.
The radial profile of the dimensionless volumetric flow rate
0/ ND? in the impeller discharge stream plotted in Fig. 12
confirms the above mentioned idea of the submerged jet, be-
cause the volumetric flow rate Q increases with increasing ra-
dial distance (radial coordinate) from the body of the rotating
impeller. Moreover, this figure again exhibits good agreement
between the data calculated from numerical simulation of the
flow in the investigated system and the available experimental
data.

4.2 Numerical simulation versus theoretical
approach

The predicted axial profiles of the radial and tangential
components of the mean velocity in the turbine impeller
discharge stream were used in order to calculate of the radial
distribution of the angular momentum flow in the investi-
gated region of an agitated system:

Md,num(r) =p Qd,nmn(r) r wt,num,av(r)s re <D/2 ;T/2 - b>’ (15)
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Fig. 10: Radial distribution of tangential component of the mean velocity in the Rushton turbine impeller discharge stream (numerical
prediction of ensemble average values over interval of the values of tangential coordinate ¢ = (0% 360°), h/T = 0.3)
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Fig. 11:
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Radial distribution of tangential component of the mean velocity in the Rushton turbine impeller discharge stream (numerical

prediction of ensemble average values over interval of the values of tangential coordinate ¢ = (0° 360°), h/T = 0.48)
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Fig. 12: Radial profile of the dimensionless volumetric flow rate Q/ND3 in the Rushton turbine impeller discharge stream (h/T= 0.48,

D/T= 1/3, Exp. Data: Stoots and Calabrese [4])

where the tangential component of the mean velocity
averaged over the width of the submerged jet (zo — z;) at
radius r is

Z9

deZ, r=const. (16)

21

Wy yum, o (7 = CONSL.) =
R

Similarly, the local value of the flow rate in the turbine

impeller discharge flow can be calculated from the relation
z2
Q. num(r = const.) = Qm”f Wy pum(2)dz, 1= const. (17)
21
Finally Eq. (15) can be expressed in dimensionless form

Md,num(r) . Qd,num(r) wt,num,av(r) r

My um(r) = N
e pN?D® ND? ND?

(18)

Figures 13 and 14 presents the results of two compared
methods for calculating the angular momentum flow in an
investigated turbine impeller discharge flow: a theoretical

method (solid line in each figure) and a numerically predicted
method (points). It is clearly shown that, although the value
of the angular flow momentum in the impeller discharge
flow oscillates slightly around its theoretical value, the numer-

ically calculated values (M;,nu,m(lv) and the theoretically

predicted values (M ; 1) agree very well. Moreover, it follows

from Table 1 that the values of this quantity determined ex-
perimentally differ from the above mentioned values within
the range of experimental accuracy.

5 Conclusions

The results of the study confirm the idea of the impeller
discharge flow of a Rushton turbine as a submerged turbulent
jet, where under turbulent regime of flow the angular mo-
mentum flow exhibits a practically constant value and its
value fits fairly well with the results of the theoretical approach
and also the results of experiments.
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Fig. 13: Radial profile of the angular momentum flow in the Rushton turbine impeller discharge stream in dimensionless form (/7=

0.33)
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Fig. 14: Radial profile of the angular momentum flow in the Rushton turbine impeller discharge stream in dimensionless form (h/T'=

0.48)

6 List of Symbols

7 Subscripts and superscripts

a radius of the virtual cylindrical source of the impeller av average value
discharge stream, [m] b related to the region of radial baffles
B target width, [m] d related to the volume of the impeller discharge stream
b baffle width, [m] num  calculated numerically
D impel]er diameter, [m] p related to the impeller
F peripheral component of the force, [N] r radial
H total liquid depth, [m] t tangential
H;  height of the region of the impeller discharge stream h théoretlca'l value
interference with the baffle, [m] z axial (vertical)
Hy  height of the target above the bottom, [m] : dimensionless value
h impeller off-bottom clearance, [m] mean (time averaged) value
hy target height, [m]
M impeller torque, [N.m] 8 ACknOWledgment
N impeller speed, [s7] This research has been supported by Research Project of
N flow rate number the Ministry of Education of the Czech Republic No. | 04/98:
& 212200008.
n, number of baffles
Q imgeller pumping capacity (impeller flow rate),
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