
Turbulent Flow in Stirred Tanks 

Part I: Turbulent Flow in the Turbine Impeller Region 
The concept of the trailing vortex introduced by van? Riet and Smith (1975) is 

used for evaluation of the mean velocity and intensity of periodic velocity fluctu- 
ations in the turbine impeller discharge flow. From the analysis of forces acting 
on the trailing vortex, it follows that geometric similarity in the impeller discharge 
flow can be expected for the Reynolds number range Re t ( 1.5 X lo4; 9.0 X lo4) 
and for the radial distance up to one-tenth of the impeller diameter. The calculated 
profiles of mean velocity and intensity of periodic velocity fluctuations agree with 
published data and permit the declaration of boundary conditions for the impeller 
discharge flow for numerical modeling of turbulent fluid flow in turbine impeller 
agitated tanks. 
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SCOPE 

Mixing of single and multiphase fluids in process vessels has 
received considerable attention in the past. There now is re- 
newed interest due to significant energy savings to be gained 
and due to increasing requirements related to product quality. 
Detailed models of hydrodynamic flows within turbine impeller 
agitated tanks have been developed recently. These models re- 
quire an appropriate model for the discharge flow from the 
turbine impeller, because this information establishes the 
boundary conditions and a proper accounting of the energy 
transmitted by the impeller to the fluid. Earlier experimental 
results on the discharge flow were described by phenomeno- 
logical models based on the concept of the tangential jet. 

However, these models cannot provide information about ve- 
locity fluctuations near the impeller blades. The recent experi- 
mental results can explain the mechanism of flow within this 
region and the high level of velocity fluctuations. The results 
of these studies are employed here to construct a new model for 
the discharge flow from a turbine impeller based on the actual 
mechanism. This model will be applied in subsequent work to 
develop models of hydrodynamic flows within a turbine-agi- 
tated tank useful for modeling macroflow patterns, energy 
dissipation, micromixing of species present in the fluids and, 
by extension, modeling of multiphase systems. 

CONCLUSIONS AND SIGNIFICANCE 

The model presented of turbine impeller discharge flow is 
based on the geometric similarity of the trailing vortex behind 
the impeller blade, which was observed by van? Riet and Smith 
(1975); it describes the profiles of the mean velocity and the 
periodic velocity fluctuations near the impeller blades. The 
periodic contribution of kinetic energy of velocity fluctuations 
contains most of the energy and therefore can be used a5 an 
estimate of the overall value of energy content. The predicted 

dependence of turbulence dissipation rate agrees with the 
published data. The model is valid for turbulent flow (Re E (1.5 
X lo4; 9.0 X lo4)) in the vicinity of the impeller ( 2 R / D  5 1.3), 
and for a relative size of impeller equal to or smaller than half 
the tank diameter. The calculated values of velocity and tur- 
bulence parameters can be used as boundary conditions for the 
turbine impeller discharge flow in numerical modeling of flow 
in agitated tanks. 

INTRODUCTION been repeated efforts to describe the fluid flow in turbine impeller 
agitated systems. It was found that there is an approximately linear 
relation between the mean impeller discharge velocity and impeller 
rotational speed, and that the mean velocity reaches a maximum 
value at the impeller disk plane. Nielsen (1958) introduced the 
concept of tangential jet, which permitted description of the mean 

Since the pioneer work of Sachs and Rushton (1950) there have 
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Figure 1. A pair of trailing vortexes behind the impeller blade and the 
positions of their axes. 

Figure 2. Coordinates in the impeller discharge flow. 

velocity profilcs in this region. The tangential jet model was e l a b  
orated later by DeSouw and Pike (1972) and Drtndilav et al. (1978). 
These models resulted i n  complicated correlations based on pa- 
rameters with unclear p ical interprc.tatiori, arid they can de- 
scribe only the mean vel y profi1t.s. (:utter (1966) observed the 
high intensity of velocity fluctuations in  the impeller discharge 
stream. Mrijumdar et al. (1970) forind that these flucti~ations are 
of the order of the impeller tip vchcity with an intensive periodic 
component having two peaks i n  the energy spectrum occurring 
at t h e  value of the impeller passage frequency arid at twice that 
value Further, a strongly nonisotropic riaturcs of vc.locity fluctua- 
tions was also recognized. The size of largr energy-coritairiirlg 
vortexrs was found i n  these works to be about half the width of the 
impeller blade. However, this value is dubious as i t  was calculatrd 
by means of relations valid only for isotropic turbulence. This as- 
sumption of isotropic turbulence was used to compute the local 
trirbrilrnce dissipation rates given b) Cutter (1966). Sato et al 
(1970), Mujrimdar et a]. (1970). Komasawa et al. (1973), Nagata 
et al. (1975), arid by others These rates can he corrected for  n o r i -  
isotropic tiirbulence to yield rrasoriablr vrirrgy dissipation data a5 
i t  was shown by Okamoto et al. (1981) when the corrrction pro- 
posd t)y Lumley (196s) is used. 

The concept of the trailing vortex was introduced by van’t Hiet 
and Smith (1975). who also quantitatively described the velocity 
field within i t .  The) found that the vortex rotational velocit! isof 
the order of impeller tip vclocity arid that the vortex rotation 
generates high velncit) fluctuations i n  radial, axial, and tangential 
directions. Vortex rotation within the impeller zonr was also 
Irirntionrd h y  Ciinkrl and Weber (1975). 

VORTEX FLOW IN THE IMPELLER DISCHARGE STREAM 

l’an’t Kiet antl Smith (1975) otiservetl that the trailing vortexrs 
originate behind the inner vertical c~lges of the impeller t)lade, one 
o n  each side of the impeller disk plane ‘4s shown i n  Figure 1. the 
vortex flow is initiall) vertical toward the horizontal blade edge, 
where the flmv direction becomes horizontal with rapid radial 
outflow. Befort. reaching the outer t h d e  edge, both vortexes turn 
in a tangential direction opposite to the direction of t h e  impeller 
rotation. arid finall, leave the impeller region in the direction 
approximatel! normal to the blade edge. At the same time the axes 
of both vortesrs shift toward the impeller disk plane. Van’t Riet 
(1975) found that the values of the vortex radius are greater than 
thc distance between its axis and the impeller disk plane; therefore 
it can be assumed, especially near the  impeller disk plane, that the 
shape of the vortex is deformed as shown in Figure 2.  The changes 

of the position of the trailing vortexes result from the action of 
(briolis acceleration and the velocity iiiduced b y  the vortcx rota- 
tion. 

The ( h i d i s  acceleration A, 
A = -212 X 6 ~ ~ 1 ,  ( 1 )  

changes the vortex flow direction in the horizontal plane. €Irrc* !! 
is the angular velocity of the impeller anti z)Rpl, is the relativv vv- 
locity of t h r z  f l i i i d  with r q w c t  to the rotating coordinates. I n  the 
first phase of the vortex prnpagation ( p i n t  1’1 in Figure 2 ) ,  it5 flow 
direction is almost radial and the resulting (hriolis acceleration 
turns the vortex strongly in the tangential direction When the 
vortex direction is changed. however,the acceleration t u r n 3  t t i t s  

vortex back toward the impvller axis. ’This vortru motion can be 
shown by comparison of the velocit) corriponrrits in  the trailing 
vortex behind the impeller blade. For instarice, the dianiratrically 
opposed points P21 and P22 lie on the circle with radius ci in a plane 
normal to the vortex axis, and the corresponding axial p i i r i t  P2 is 
il distance P from the vortex origin (rnrasurcd along the vortex axis). 
Following van’t Hiet and Smith, the velocities at points P21 antl 
P22 are decomposed into a rotational velocity component uq and 
a longitudinal velocity component in the direction of thr vcirtcx 

I .A 

Figure 3. Action of Coriolis acceleration. 
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Figure 4. Dimensionless profiles of the vortex rotational velocity. 

A: Data of uan'l Ale1 and Smith (1975). Re E (1.5 X lo4; 9.0 X 10'). 
B: Calculaled lrom Eq. 5 wlth C, = 0.568 and C,  = 0.651. 
C: Be.1 poaslble fil of Eq. 5 to the data wlth C, = 0.613 and C2 = 0.386. 

axis UL. Also. the position of PZ1 on the disk plane and P22 on the 
top of the vortex specifies a zero velocity for the axial component 
UZ. As the value of the angle y between the blade surface and the 
vortex axis (Figure 3 )  is about 100 , and the absolute values of u , ~  
and uL are about the same order, the horizontal projections shown 
in the figure can be obtained. I t  is evident that the Coriolis force 
changes its direction, but the overall effect causes inward direction 
and a corresponding change in flow direction. The maximum 
vortex size is limited both by the size of the impeller blade and by 
the influence of the Coriolis force, which magnitude can be com- 
pared with the inertia forces by the Rossby number. 

Here u.4 is the representative vortex velocity with respect to the 
coordinates rotating with the angular velocity 5 2 ,  and .I is the dis- 
tance over which 0.4 varies significantly. The greater the value of 
the Rossby number, the less the flow field is influenced by the 
Coriolis force. 

Figure 5. Coordinates in a horizontal plane and comparison of hori- 
zontal projection of the axis of the trailing vortex. ___ 
van't Riel and Smith (1975) for Re E (1.5 X lo4; 9.0 X lo4);  

(- - - - - - ) Eq. 7. 
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The shift of trailing vortexes toward the impeller disk plane is 
induced by their rotation, and the velocity belonging to this dis- 
placement follows from Biot-Savart's law, 

Here I' is the vortex circulation given as the integral of the vortex 
vorticity over the cross section area, L is the length of the trailing 
vortex, and F is the radius vector of the pints  for which the induced 
velocity is evaluated. The signs of vorticities for a pair of trailing 
vortexes are opposite, due to their opposite directions of rotation; 
hence the signs of their circulations are also opposite. From Eq. 3 
if follows that both trailing vortexes move toward the impeller disk 
plane. 

Van't Riet and Smith (1975) found that the vortex rotational 
velocity u.4 is linear in the impeller tip velocity U T .  As both the 
Coriolis force and the induced velocity are also linear in velocity, 
i t  can be assumed that the vortex behind the impeller blade can be 
normalized by the impeller diameter D and the impeller tip ve- 
locity OT and that this model could be used for the scale-up. 

VELOCITIES IN THE IMPELLER DISCHARGE STREAM 

The components of vortex velocity can be calculated from the 
results of van't Riet and Smith (1975) if the cylindrical coordinates 
(r,W,o) rotating with the impeller are used (Figure 2) .  From their 
data it follows that the longitudinal velocity along the vortex axis 
u ~ i s  linear with the impeller tip velncit) UT and the dimensionless 
vortex coordinate P / D ,  

P P  
UI. = 1.386UT - 7 - E (0.3; 0.9) 

D D  
Van't Hie t  and Smith recommended the follos ing equation for 
calculation of the vortex rotational velocit! u 4 ,  

where CI  and C2 are universal constants. The) also suggested that 
the effective kinematic viscosity ijeff can be related to the impeller 
tip velocity U T .  The following correlation results from their data 
(SI units): 

v,ff = 0.00013uT, Re E (1.5 X lo4; 9.0 X lo4) (6) 

with CI = 0.568 and C2 = 0.651. There are discrepancies between 
the values determined experimentall! and those calculated from 
Eq. 5, as is seen in Figure 1. Also. a nonlinear regression does not 
yield a reasonable f i t  of Eq. 5 to the data. In our calculations, 
therefore, the values of u , ~  interpolated from the experimental data 
are used. 

To evaluate radial, tangential, and axial velocity components 
it is necessary to describe the vortex axis position in coordinates 
(r,O,z). From the results mentioned above it follows that for the 
turbulent flow regime (Re t (1.5 X lo4; 9.0 X lo4)), the vortex 
axis maintains a constant angle y relative to the impeller blade. and 
that at distances greater than Z R / D  2 1.2 from the vortex origin, 
the position of the vortex axis projected into a horizontal plane can 
be approximated by a straight line. From this assumption and from 
the data obtained in  the baffled tank with diameter T = 0.44 m 
and the impeller diameter D = 0.1T, the following equations can 
be derived for the radial coordinate of the vortex axis: 

1 = I0.894 (0 - 0.0873)0"72 + 0.58410, H E (0.09; 0.39), 
D E (0.39; 0.75). 

I =  
cod - 0.158 sine ' 

(7) 
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Figure 6. Comparison of vertical position of axis of trailing vortex 
calculated from Eq. 8 with data of van't Wet (1975) for 

Re = 3.0 X lo5 

The predicted and experimentally observed position of vortex axis 
projected into a horizontal plane are compared in Figure 5. There 
is also a change of the axial coordinate of the vortex axis Z H .  Figure 
6 shows that at the beginning of the radial outflow. the vortex axis 
is separated from the impeller disk plane by a distance approxi- 
mately equal to half the blade width. Later, when the vortex leaves 
the impeller zone there is a significant drop of the vortex axis po- 
sition. The new axis position lies at a distance from the disk plane 
equal to approximately one-quarter of the width of the impeller 
blade. From the vortex pressure profiles published by van't Riet 
(1975) the correlation can be derived: 

3~ = 10.056 eXp(-?1.5H2) + 0.044)D. E (0; 1.05). ( 8 )  

These equations enable one to calculate the distance 6 between the 
vortex axis and the arbitrary point P having the coordinates 
(R,Hp,z j. As the vortex rotates i n  the plane normal to its axis, this 
distance projected in the horizontal plane is equal to 

6 - !  H - v ( R  sinNp - r sinO)z + ( R  cosHp - P c o ~ 8 ) ~ .  (9) 

Here 0 is the solution of the equation describing the normal of the 
vortex axis on which the point P lies: 

+ ( R  cost), - r cosHj cos0 - - r sin0 = 0, (10) ( n ; i  ) 
and can be found numerically. The space distance of P from the 
vortex axis 6 is 

i l l )  

The relation between thc vortex axis coordinate P and the angle 
H follows from the data of van't Riet and Smith 

P = (0 75-10 + 0.175jU, 0 t (0.1; 0.7) .  (12) 

Van't Riet et al. (1976) found that the velocity component along 
the vortey axis UL is constant within the trailing vortex. U L  was also 
assumed constant even outside the vortex as a result of uniform 
discharge flow from the rotating impeller zone, which is of course 
superposed with the vortex rotating behind the blade. Although 
the assumption is speculative, their velocity oscillographs seem to 
confirm the uniform discharge flow model. Ciinkel and Weber 
(1975) also found nearly a uniform value of radial velocity between 
the  blades after the vortex passage. This assumption implies that 
the representative value of the longitudinal velocity component 
along the vortex axis follows from Eqs. 4 and 12 

d = \'a% + ( z  - 3 H ) 2 .  

UL = UT ( 1 . 0 4 5 0 ~  + 0.243), t (0.16; 0.70). (13) 

The value of HF is defined as the angle given by the intercept of 
the vortex axis and the radial distance R for which the velocity is 
evaluated. HF can be obtained as a solution of Eq. 7 for r = R .  

The velocity components in the nonrotating Cartesian base lo- 
cated at the intercept of the impeller axis and the horizontal im- 
peller symmetry plane can be then written as 

R 
U.y = U L  coS(tan-'KF + OF - fjp) - V T  - codp 

Y 

where K is the tangent of the vortex axis, 

d ( r  cosH) dH K=--, 
d0 d ( r  sinH) 

A similar equation can be written for K F  with H = HF, 

dH d ( r  sinHj 1 ( / = O F  

Equations 14-18 describe the velocity within the impeller s t r twn  
as a result of the interaction of the uniform impeller discharge flow 
and the trailing vortex behind the impeller blade. There are, 
however, two vortexes behind each blade (the other one located 
at the opposite horizontal blade edge). I t  could be assumed, espe- 
cially near the impeller disk plane, that the resiiltant velocity will 
depend on both vortexes. This assumption would be true i n  this 
work if the data of van't Riet and Smith (1975) i n  Figure 4 were 
based on velocity measurements within a single vortex. I Iowevt.r, 
as van't Riet and Smith measured vortex rotational velocity t'/j i n  
a system where one vortex had to be influenced by the opposite one, 
i t  can be deduced that their data describe the com\)iried effect of 
both vortexes. 

The x-y velocity components can be transformed in  cylindrical 
velocity components with respect to  the nonrotatirrg base. 

(191 

('0) 

The value of mean velocity components for the six-bladed t u r -  

VR = ox sinHp + t 'y  cosWp, 

u , ~  = u,y cosHp - U Y  sinHp. 

bine impeller is obtained by integration over a 60 interval, 

6, = ' U,dflp, 1 = R,H,Z 
7r 

and the value of mean velocity U is then 

u = V'u; + 2); + 5; 
The known values of the mean velocity components permit the 

evaluation of the intensity of the periodic velocit) fluctuations 
from 

DISCUSSION 

Velocity profiles and turbulence parameters calculated by mean5 
of the preceding equations are compared here with the available 
experimental data published by others These data can be divided 
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Figure 7. Comparison of calculated values of velocity and its com- 
ponents relative to the coordinates rotating with the impeller, with 
the data of Gunkel and Weber (1975): air is the working fluid; D = 
0.228 m; Re = 3.8 X lo4; position in impeller disk plane at distance 

RID = 0.912. 

into three groups velocity profiles measured by a probe which 
rotates with the impeller, mean velocity profiles measured by a 
fixed probe. and intensity of velocity fluctuations. 

The only velocity profile measured by the probe rotating with 
the impeller is that published by Gunkel and Weber (197s). They 
used a shielded hot wire probe positioned 10 mm inward from the 
blade tip in the impeller disk plane The velocity profile measured 
between the impeller blades is shown in Figure 7 .  These experi- 
mental values are compared with the velocity predicted by the 
present model by employing transformation into the coordinates 
rotating with the impeller. The values of velocity components 
predicted by this model are about 18% lower than those observed 
experimentally. This difference is probably caused by the use of 
the average vortex rotational velocity (Figure I), since rhe actual 
rotational velocity is somewhat larger in the impeller disk plane 
due to interaction with the other vortex and the asymmetry of these 
vortexes. The drop of the tangential velocity component for higher 
values of Hp is explained by the presence of another vortex with 
opposite direction of rotation which is located between the mean 
trailing vortex and the following blade. There is no other evidence 
of the presence of this vortex between the impeller blades, and this 
vortex was not observed by van't Riet outside the rotating impeller 
zone. Even if this secondary vortex exists, i t  can be expected that 
it is more intensively destroyed by the action of Coriolis force than 
is the main vortex. The size of the secondary vortex can be taken 
from Figure 7 as 1 . W  the size of the main vortex, and its rotational 
speed is approximately 0.6X the rotational velocity of the main 
vortex. From Eq. 3 i t  follows that the ratio of Rossby numbers of 
the main to the secondary vortex is about 3, and the secondary 
vortex is therefore assumed to be three times more rapidly de- 
stroyed within the impeller discharge flow. 

Gunkel and Wetwr (1975) also published axial profiles of the 
mean velocity measured in the same system 10 mm from the im- 
peller blade tip. From Figure 8 it is seen that the values of predicted 
and experimentally determined mean velocity in the horizontal 
plane are in good agreement near the impeller symmetry plane. 
However, differences up to 20% (relative to the velocity in the 
impeller disk plane) occur near the edge of the blade. This dis- 
crepancy may be due to the asymmetry of the trailing vortex, and 

0 7  
0 0 5  10 
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h 

Figure 8. Comparison of calculated axial profile of mean velocity in 
a horizontal plane with the data of Gunkel and Weber (1975), mea- 
sured in air with D = 0.228m, Re = 3.8 X l o 4  in radial distance 2 M D  

= 1.09. 

due to the assumption of axially uniform outflow from the impeller 
zone as i t  was used in derivation of Eq. 13. The axial component 
of the mean velocity in the impeller disk plane calculated from Eq. 
21 is not equal to zero as a result of the approximation of the 
asymmetric trailing vortex by a circular cylinder. This false mean 
axial velocity component is 7% of the mean overall velocity. 

The values of relative intensity of velocity fluctuations generated 
by the trailing vortex passage predicted by this model are compared 
with those published by Gunkel and Weber (1975) in Figure 9. The 
shielded hot wire probe was oriented in the mean velocity direction, 
and the measured RMS value of velocity fluctuation was normal- 
ized by the mean velocity in the impeller disk plane. In Figure 9 
periodic fluctuation data are plotted. The values calculated from 
Eq. 23 were projected into the direction of the mean horizontal 
velocitv bv means of the transformation 

Figure 9. Comparison of calculated axial profile of relative intensity 
of periodic velocity fluctuations in a horizontal plane with the data 
of Gunkel and Weber (1975): air is the working fluid; D = 0.228 m; 

Re = 6.0 X lo4; position at radial distance 2UlD = 1.09. 
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Figure 10. Calculated axial profiles of overall relative intensity of 
periodic velocity fluctuations and its components in radial distance 

2R/D = 1.09. 

Good agreement is obtained in the impeller symmetry plane but 
differences occur with increasing distance from the impeller disk 
plane (where the calculated values of relative intensity of velocity 
fluctuations are higher). The difference observed with increasing 
distance can be explained with similar assumptions as in the case 
of the mean velocity profile. The trailing vortex also generates 
intensive periodic fluctuations in the vertical direction with max- 
imum values at distances halfway between the blade edge and the 
impeller disk plane. Relative intensities reach values over f%% (with 
respect to the mean velocity in the impeller disk plane). The high 
intensity of vertical velocity fluctuations was observed by Drbohlav 
et al. (1978) and Foit et al. (1979). 

The model presented cannot be used to predict the mean velocity 
decay with increasing distance from the impeller, as the trailing 
vortex exists only up to a limited distance from the impeller. The 
model is also severely limited by the assumption that the trailing 
vortexes are carried by the uniform outflow from the impeller zone 
which can be applied only in the vicinity of the impeller. The 
geometric similarity of the trailing vortexes behind the turbine 
impeller blade in turbulent flow observed by van? Riet and Smith 
(1975) on which Eqs. 14-18 are based is confirmed by data of 
Mujumdar et al. (1970) and Gunkel and Weber (1975). These in- 

' 
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Figure 11. Calculated radial profile of kinetic energy of velocity 
fluctuations in impeller disk plane. 

vestigators obtained observations in different apparatus and em- 
ployed different working fluids. The measurements of van't Riet 
and Smith employed the relative impeller diameter D / T  = 0.4 
while Mujumdar et al. used a smaller impeller ( D / T  = 0.33) and 
Gunkel and Weber a larger one ( D / T  = 0.5). They all found that 
for varying impeller rotational speeds the periodic velocity fluc- 
tuations disappeared at the same relative distance from the im- 
peller, approximately 2 R / D  = 1.4. I t  should be mentioned that 
Nagata et al. (1975) observed a significant increase of the dissipa- 
tion rate of turbulence at the same distance. These observations 
support the model based on the dominating effect of Coriolis force 
on the trailing vortex, and they also indicate that the distance from 
the tank wall does not significantly influence the decay of the 
trailing vortex for the impeller diameters D / T  t (0.33; 0 .5 ) .  

MODELING THE VELOCITY FLUCTUATIONS 

It is seen in the energy spectra published by Mujumdar et al. 
(1970), Gunkel and Weber (1975). van't Riet et al. (1976). that most 
of the energy of the velocity fluctuations is contained in the trailing 
vortexes. The overall kinetic energy can be therefore approximated 
by means of Eq. 23 as 

+ (DH - + (v ,  - o , ) 2 l d O p  (25) 

The intensity of the velocity fluctuations in the axial direction near 
the impeller disk plane calculated from Eq. 23 is not equal to zero 
as a result of the approximation of the asymmetric trailing vortex 
by a circular cylinder. Accordingly, calculat$ns of k for the sym- 
metry axis should be made with the value of 0;  set to zero to better 
approximate the actual value of the kinetic energy. From Figure 
10 it follows, however, that the calculated sum of intensities of 
velocity fluctuations remains almost constant between the impeller 
disk plane and the blade edge. 

The value of k calculated from Eq. 25 slightly decreases with 
the radial distance from the impeller, Figure 11. This slow decrease 
corresponds with the data of Mujumdar et al. and Giinkel and 
Weber who did not find significant changes or relative intensity 
of velocity fluctuations within the rangp 2R/D E (1.0; 1.3) where 
the mean velocity was also almost constant. From these results i t  
is seen that the calculated profiles of the kinetic energy of the pe- 
riodic velocity fluctuations do not change significantly in either 
axial or radial directions, and that the value of k in the vicinity of 
the impeller blades can be assumed constant and proportional to 
the squared impeller tip velocity. 

This model cannot be directly used to predict the value of the 
dissipation rate of turbulence t. Some assumptions concerning the 
dissipation rate arise, however, when a relation of dimensional 
validity 

k3:2  
€ - -  

*I 
IS used. This equation is derived by use of the assumption of a 
constant energy transfer rate through the entire cascade of vortexes, 
from large energy-containing ones to the smallest dissipation 
eddies. Due to the periodicity and the complicated nature of the 
fluid flow in the impeller region, the values of macroscales pub- 
lished by Cutter (1966), Mujumdar et al. (1970), and Komasawa 
et al. (1974) display great variance. Further, the values of .4 pub- 
lished by Cutter and Mujumdar et al. differ significantly in radial 
and axial directions, in spite of the approximately cylindrical cross 
section of the trailing vortexes. The trailing vortexes are stable and 
their size follows from the data of van? Riet and Smith (1975). 

In order to apply Eq. 26 it  is necessary to determine the mag- 
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Figure 12. Values of dimensionless macroscale of velocity fluctuations 
extrapolated from the data of Gunkel and Weber (1975) and their 
comparison with the prediction from Eq. 27 (broken lines). For 

symbols see Table 1. 

nitude of the length scale .i. Since the righthand side of this 
equation describes the rate of energy transfer from large vortexes, 
the value of .i must be of order of their size, i.e., close to the mac- 
roscale of velocity fluctuations. I t  is evident that the macroscale 
of velocity fluctuations is related to the diameter of the trailing 
vortex. From Figure 4 it follows that the vortex rotational velocity 
reaches a maximum at about 6 = 0.MD and the value of .i is 
therefore about 0.12D Another represeritativesize of the trailing 
vortex can be taken as an average weighted by the kinetic energy 
belonging to the given distance from the vortex axis, 

/-. , 

The value of .i calculated from this equation using the data of van't 
Riet and Smith (1975) is slightly higher, A = 0.1160. Cutter (19%). 
Mujumdar et al. (1970) and Komasawa et al. (1971) found ap- 
proximately half this value (.i/D E (0.W; 0.1 ) ) .  Komasawa et al. 
interpret the data of Cutter and hlujumdar et al. as showing a 
moderate dependence of .i on distance from t h e  impeller. Over 
a limited rangeof radial distances ( 2 R l D  E (1.1; 1.6)), however, 
considerable scatter in the  complete set of experimental data exists 
so that no noted dependency of .i on the distance from the impeller 
applies here. Also, the results for .i were obtained by means of 
relations valid only for isotropic turbulence. Values of the macro- 
scale of turbulence approximatelv equal to the half-blade width 
were found by Gunkel and Weber (1975) in the bulk of agitated 
tanks outside the impeller stream, where the turbulence can be 
regarded as isotropic. I t  can be assumed that in spite of the lost 
vortex orientation due to the action of Coriolis force, the original 
size of the vortex can be detected at even greater distances from 
the impeller, as the rate of energy transfer through the cascade of 
vortexes is not infinite. The original size of large vortexes can be 
then estimated from the assumption that with increasing power 
input the original size of vortexes is more conserved within the tank 
volume. The impeller power input per unit mass can be expressed 
from the correlation of Schwartzberg and Treybal (1968) as 

P N3D5 - = 7.9 - 
PV T'H 

TABLE 1. DATA PLOTIXD IN FIGURE 12: MACROSCALE OF 
VELOCITY FLUCTUATIONS IN IMPELLER DISCHARGE FLOW 

D , m  h / D  T I D  Re X 104 z / D  A / D  Symbol 

0.228 0.4 2 0 2.5-6.0 -0 33 0.139 0 and Weber (l97S) 
0.228 0.2 2.0 2.5-6.0 -0.26 0.156 0 rxtrapolated 

0.30.5 0.2 3.0 68-9.0 -0.025 0,068 H 

0 457 0.2 2.0 5.0-15.0 025 0 OX3 A from Figure 12. 

0.228 0.4 2.0 2.5-6.0 -0 16 0.113 Data of (;ur>kel 1 
1.5-9.0 0.146 Eq. 27 

and the original vortex size follows from the limit 

(29) 

The results are shown in Figure 12, for the data listed in Table 1. 
As the rotational velocity of the trailing vortex is equal approxi- 
mately to the impeller tip velocity, the value D/.4 is also equal to 
the Hossby number. In spite of the variance of the data i t  can be 
assumed that the original size of the large vortexes is greater than 
0.lD for a tank with diameter T = 0.228 m, and this value dws not 
change significantly with doubled blade width. The values of l i / D  
detected in a large tank with diameter T = 0.157 m are smaller. 
This can b cauwd by the greater inhomogeneity in a larger tank, 
as Gunkel and Weber (1975) presented average radial profiles for 
the constant axial coordinate. This analysis shows that a reasonable 
value of .I is approximately 0.14D. 

A rough estimate of the dissipation rate of turbulence can now 
be made using the .i = 0. I-ID value, Figure 11, and Eq. 26 to ob- 
tain: 

As Eq. 28 also expresses the volume mean value of dissipation rate 
?, the ratio f /?  should be independent of impeller rotational speed 
N i f  the tank geometry is unchanged: 

T'H 
f /?  - nn (31) 

This is confirmed by the results of Okamoto et al. (1981 1, who did 
not find differences in local values of c , / F  i n  the interval Re E (8.0 
X 103; 1.2 X 105) using tanks with diameters T = 0.15 ni, T = 0.3 
m, and T = 0.6 m. height H = T ,  impeller of diameter 0 = 0.5T. 
and water as a working fluid. The valuesof c were calcwlated from 
one-dimensional energy spectra where local isotropy of turbulence 
was assumed, and the calculated results w r e  corrected for the shear 
flow by the correction proposed by Lumley (1965). In spite of the 
intrndwed simplifications, their data seem to be reasonahle. as the 
integral of local dissipation rates over the entire tank volume agrees 
with the impeller power input calculated from power correlation. 
They found the average values c / F  = 5.9 for the distance 2RRD = 
1.14 and r / T  = 5.2 for 2 R / D  = 1.1. respectively. The value of f / F  
calculated from Eqs. 28 and 30 is 

. 5.1N3D' 
(32)  

which is in good agreement with the preceding data 
It is therefore suggested that Eqs. 25 and 30 provide reasonable 

assumptions of turbulence parameters in the turbine impeller 
discharge flow. 
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NOTATION 

= (:oriolis acceleration 
= constant. Eq. 5 
= constant, Eq. 5 
= inipeller diameter 
= tank height 
= tangents of vortex axis 
= kinetic energy of velocity fluctuations 
= distance 
= distance measured along vortex axis 
= impeller rotational specd 
= impeller power input 
= radial ctxxdiriate, Figure 5 
= Hevnolds mixing number. NU‘/i! 
= Hossby number, Eq. 2 
= radial coordinate of vortex axis 
= radius vector 
= tank diameter 
= tank volume 
= mean velocity 
= velocity vector 
= fluctuating velocity 
= circumferential velocity within trailing vortex 
= velocit) component along trailing vortex axis relative 

= flrrctuating velocity projected inlo impellrr disk 

= radial velocity component 
= relative velocity with respect to rotating coordi- 

= impeller tip velocity 
= (:artesian components of velocity 
= tangential velocity component 
= axial coordinate 
= axial coordinate of trailing vortex axis 

to rotating impeller 

plane 

nates 

Greek Letters 

Y 

1’ 
6 

= angle between blade surface and vortex axis, Figure 

= circulation of trailing vortex 
= distance from axis of trailing vortex, Figure 2 

3 

= horizontal projection of 6 
= tangential coordinate of trailing vortex axis 
= angle, Figure 5 
= angle, Figure 5 
= macroscale of velocity fluctuations 
= effective kinematic viscosity 
= density 
= impeller angular velocity 
= local dissipation rat? of trirbiilence 
= tank volume average value of c 

LITERATURE CITED 

<:rittrr, L A. .  “Flow and Turhrilrnce i r i  a Stirrcd Tank,” .4I(:hE: J . .  12, 3.5 
(1966). 

1)rSnuza. A, ,  and R M’. Pike. “Fluid I)~nainics arid Flow f’attrrris iii Stirred 
Tanks with a Turbine 11npelIer~” Can .  J Chrm Eng , 50. 15 (19721 

Drbohlav, J . .  rt a]., “Turbulrnt (:haractrristio of 1)irchargr Flow f roin thc 
Turbine Imprller.”Col/. Czech. Charti. (,’oniniirri . 43, 3.  i 48 ( 1 <);xi 

Foit, I , rt al.. “Thr  Flow of Liquid in a Stwarn t Ion) ttir Standard Tiirhiiw 
Impeller.” Coll. Czech. Cheni. Coniniitri.. 44, 7(K) ( i979)  

C;rinkel. A .  A . antl M E Wrber, “Fl(iw Phrri~init~na I I I  bt i r r td  Taiik5.” 
AIChE J . ,  21,931 (1975) 

Komasawa, 1 , H Kuboi. and T Otakr. “Fluid and Particlc hlotiim i i i  

Tiirbulent Dispersion. I , ”  Cheni. Eng Sci. ,  29, 611 (19711 
Lumley. J .  L , ”Interpretation of Tirnr Spectra hlcasiirrd i i i  High-lritrnsit) 

Shrar Flows,” Phys. Fluids. 8 ,  1,056 i 19651. 
Mujumdar,  A S , et a]. “Turbulencr €’aramrtrr\ i n  a Stirrcd ‘ lank.” (:an 

J. (;hem, E n g . .  48,519 (1974) 
Nagata, S , et a/.  Mixing-Princip/c% arid .4pp/ i i~~t10t i .  L58, tlalstcd l’rtw, 

1 Wilry ti Sons, New York (19X). 
Nielsrn, H J. ,  “Flow and Turbnlericr f rom a Flat l%latlr Turhinc 4liuirig 

Impeller,” Ph.D. Thesis, Illinois lnst Tech , (:hicago i 195x1 
Okamoto. Y , M Nishikawa, and K Hashirrroto. “Eiirrgy Dissipatiori h t r  

L)istribution in Mixing Vrssrls and I t s  Effects o i i  I,ic~iii~l-l,ii~iiicI ilaas 
Transfer,” I n t .  Cheni. Eng. ,  21, HX (1981) 

Qchs. J. P.,  and J. M Rushton, “Diwhargr Flow from T i i rb i i i t~ -T~~w kliuing 
Impellers,” Chem. Eng.  Prog., 50,597 (19.501 

Sato, Y , M .  Kamiwano, and I;. Yam;rmoto. ”Turtiiilcnt 1 1 0 ~  i n  a Stirrtd 
Vrssrl-Effect of Impeller T!~ws,” Kagaku h;og.hn. 34. 101 (1970). in 
Japanese 

Schwartztwrg’, 11. C; , and R E. Treyha!. ”Fluid arid Partick hlirtioii i n  
Trirbulent Stirred Tanks,” Ind. Erig C h m i .  Fund , 7, I (1968). 

van’t Riet, K . .  “Turbine Agitator Hydrod>nanrics antl Disprrsion Ptv+or- 
manee.” Ph .D Thesis, Tech. l ’ n i v  of Delft. Urlft (19753. 

van’t Hiet, K., and J.  M. Smith, “Thr  Trailing l ’or tm S!strni I’r(diict.d ti! 

Hushton Turbine Agitators.” Chern. E n g .  Sci.. 30. 1.093 (19751 
van’t Riet. K.. W. Rruijn, and J M.  Smith, “Real arid Psrrrdotrirbi~lrricr i i i  

the Discharge Stream from a Rushton Turbine,” Cheni Eng S u  , 31, 
407 (1976). 

Page 1120 July, 1985 AlChE Journal (Vol. 31, No. 7) 


