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INTRODUCTION

Mixing vessels are used in the process industry to mix materials together under a variety of
thermal and mechanical conditions. These vessels, often referred to as stir-tank reactors, typical-
ly contain one or more impellers placed on a central shaft that induce radial and axial flows in the
tank [1]. To prevent large scale rotation and induce mixing of the contents, stationary baffles are
often placed at the walls of the tank.

Two of the most important aspects of a stir-tank reactor are how well it mixes and the time it
takes to mix. Other flow factors of interest are the maximum shear levels in the tank, heat-
transfer characteristics, solid suspension capabilities and free-surface motions.

Experience has revealed that it is difficult to scale successful laboratory or intermediate size
tanks up to full production sizes [2]. The scaling problem is associated with the fact that it is of-
ten impossible to maintain physical similarity in all flow processes when scaling from a laborato-
ry device a few inches in diameter to a full-scale tank that may be many feet in diameter. The
scaling problem may also be aggravated by a basic lack of understanding of the mixing
mechanisms.

Computer flow modeling appears ripe for application to stir-tank reactors. Indeed, there have
been several attempts to model flows in these tanks, some of them showing relatively good com-
parisons with experimental data [3-6]. In these modeling efforts, however, the impellers have
usually been replaced by a specified velocity distribution over the surface of the region carved
out by the impeller. The velocity distribution used is taken from measurements made in the ex-
periment. , In this sense the models have not been general, nor is it likely they can be accurately
scaled up in size.

In particular, if one relies on experimental data for specifying an impeller, it is impossible to
predict the effect of a change in the ratio of impeller diameter to the diameter of the tank or what
happens when two impellers are moved closer together. In empirically-based models of this sort

it is not even possible to predict the consequences of changing the viscosity of the fluid in the
tank.

Research efforts are underway in several laboratories to see if the moving blades of an impel-
ler can be directly modeled using some sort of moving-grid numerical scheme, e.g., one based on




the Chimera grid embedding approach [7]. This approach is attractive because it can potentially
lead to predictions of detailed secondary flows about the blades. Unfortunately, such a brute
force approach is not likely to be useful in the near future because it involves enormous amounts
of computer memory and CPU time. Furthermore, to be truly useful, such an approach would
have to accurately model boundary layer phenomena in order to predict flow separations from
the blades, and it should also resolve the details of fluid instabilities that lead to turbulence.
These details are currently at the limit (or well beyond) our present modeling capabilities.

The situation, then, is that a new type of impeller model is needed that has the potential for
scaling and that does not require excessive amounts of computer time to produce useful results.
This goal is the subject of the current paper. In the next section we describe a simple concept
that can be used to construct models of impellers. The approach we propose can be implemented
at different levels of detail, depending on the type of impeller involved and the type of informa-
tion wanted from the simulation.

Comparisons with experimental data for a single pitched-blade impeller are used to verify the
usefulness of our proposed model. We conclude our presentation with several illustrations of
how this new model can be used in practical situations.

A NEW IMPELLER MODEL

The rotating blades of an impeller push on the surrounding fluid imparting net momentum to
the fluid in one or more directions. Combining this observation with the fact that mixing times
are usually very long compared to the time it takes for an impeller to make one rotation, we are
led to consider an impeller model as some sort of momentum source distributed over the region
swept out by the impeller blades.

Construction of Momentum Source

The simplest momentum source is one proportional to the difference between the blade veloc-
ity and the fluid velocity,
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where a subscript "b" indicates the blade velocity, and K is a "drag" or "accommodation" coeffi-
cient. In general, K is a function of space and time.

We may make this suggestion plausible in the following way. Immediately at the surface of a
blade the fluid must have the same velocity as the blade. We can insure this velocity boundary
condition at the blade using the proposed momentum term, Eq.1, if we make K a delta function
[8]; that is, if we make K a function whose value is zero everywhere except at the surface of the




blade, where its value is infinite. The infinite value must be chosen such that a spatial integration
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of the fluid momentum equation with the K term included leads to the result U = Uy, at the
blade surface. In this limit, then, Eq.1 can be used to satisfy the correct boundary condition on
the moving blade.

In practice, of course, we cannot deal with ideal delta functions in a discrete numerical ap-
proximation. The function must be spread over a spatial distance of at least one volume unit
(i.e., mesh cell in a finite-difference or control volume method). If we spread the function out
over a greater region, its magnitude must decrease such that the spatial integral over the entire
function has a constant value.

Now we can imagine an impeller with N blades, each of which is represented by a smoothed
delta function. The limiting case of complete smoothing would be a uniform value of K spread
over the disk swept out by the blades. This, in fact, is the simplest representation of our pro-
posed impeller model. Only in cases where the number of blades is small and they are moving
slowly would it seem reasonable to retain the spatial and time-dependence of the individual blade
K values.

There is one refinement to Eq.1 that must be considered. As it stands, the proposed model
will try to make both normal and tangential fluid velocities conform to the specified blade mo-
tion. In high Reynolds number situations the momentum imparted to the fluid will be mostly
through form-drag effects and not because of viscous forces. In this limit we should only be im-
posing momentum changes associated with velocities normal to the impeller blades and should
not add momentum changes in directions tangent to the blade surfaces. In this case, then, we
must modify Eq.1 to have the form,

T2 (=2 2)
Normal Momentum Change = K| Uy, — \U - U, JAE (2)

where Gt is the component of fluid velocity tangent to the blade (and I_J)b is assumed to be a
normal velocity). The principal difference between Eq.1 and Eq.2 is that the first equation may
retard some radial flow in the impeller disk region. The quantitative significance of this remains
to be investigated.

Specification of Blade Velocities

9
To complete our model, it is necessary to specify the blade velocity, Uy,. For this purpose
we assume the azimuthal velocity, U, is equal to the rotation velocity of the blade,

Ur()[ = QR, fOI‘ Rm < R < Rou[.




where Q is the impeller rotation rate in radians-per-second and R is the radial distance from the
axis of rotation. This relation is limited to R values between an inner radius, R;,and an outer ra-
dius Rout . The outer radius equals the radius of the impeller, while the inner radius depends on
whether or not the blades extend all the way to the axis or terminate at the edge of a hub. Note

that the sign of 2 can be used to specify the sense of rotation (i.e., clockwise or counter
clockwise).

Axial velocities, Uax, are also assumed to be proportional to the rotation velocity, but with a
multiplicative constant A,

Ua_x = AQR fOI‘ Rm < R < Rout.

Thus, purely radial impellers would be assigned A=0, while pitched-blade impellers have non-
zero A values. The sign of A can be used to direct the axial flow up or down.

If the impeller has a hub that blocks axial flow, this is best modeled by an obstacle but may
also be approximated by making the axial velocity equal to zero where R is less than the hub
radius.

In its simplest form, then, our impeller model is specified by the five parameters:

K = accommodation coefficient

Q = rotation rate in radians per second
A = ratio of axial to azimuthal velocity
R,, = inner radius of blades or hub radius
R, = diameter of impeller

The most important parameter K is a function of space since it is non-zero only in the region
swept out by the blades. We expect that K will certainly be proportional to the number of blades
in the impeller. Most probably it should also be a weak function of such things as blade shape,
viscous effects, etc.

Comparison with Test Data

To test the new model we have made comparisons with the experimental data of Jaworski, et
al [9]. Their test consisted of a single 45° pitched-blade impeller in a right-circular tank.
The impeller had six blades with a diameter equal to one third the diameter of the tank. The tank
was filled with water to a depth equal to its diameter. Four radial baffles having a width of one
tenth the tank diameter were located at the tank wall with 90° spacing. Two test configurations
were studied: one with the impeller at mid height in the tank and the other with the impeller
placed one fourth of the height up from the bottom. The existence of these two cases was con-
sidered especially valuable for validation purposes. Figures 1A-1B, reproduced from Ref. 9,
show the measured velocity distributions for the two cases.




Our impeller model was inserted in the commercial fluid dynamics solver FLOW-3D devel-
oped by Flow Science, Inc. [10]. The numerical representation of the tank consisted of a nearly
uniform rectangular mesh 22 by 22 cells in the horizontal (x-y) plane and 30 cells axially. The
cylindrical tank was cut out of the mesh using the fractional area/volume method FAVOR; see
mesh plot in Fig.2. Using a rectangular mesh rather than a cylindrical one has the advantage of
eliminating the singular point at the cylindrical axis and provides more uniform gridding over the
entire flow region.

For our tests we chose the momentum term in Eq.1 with K equal to 10, the number of revolu-
tions per second. This number was a guess based on a few preliminary calculations for a differ-
ent tank that had no experimental data available for comparisons. For the ratio of axial to azi-
muthal velocity, a value of A=1.5 was selected on the basis of experimental observations made
by Ranade and Joshi [3].

We used the viscous blade model, Eq.1, for simplicity even though the calculations were per-
formed under the assumption of negligible fluid viscosity and wall-shear effects (because
Reynolds numbers were of order 24,000). This choice incorrectly reduced radial flow in the im-
peller disk region but should not introduce major errors in the overall results.

Figures 3A-3B show the computed flow fields in a vertical plane offset from the axis by one
half mesh cell. The left-right asymmetry is caused by this offset -- overlaying plots from oppo-
site sides of the axis shows that the visually averaged flow is symmetric in the plane containing
the axis.

Qualitatively, the computed flows are in excellent agreement with the observations,
Fig.1A-1B. For example, there are large reverse (upward) core flows under the impeller, strong
downward flows under the outer portion of the impeller blades and narrow, but strong, upward
flows along the outside wall of the tank. Vortex center positions are accurately reproduced. The
biggest discrepancy is in the mid-height case where observations show that the reverse flow core
extends over the entire bottom of the tank, while in the computation it only extends over about
half the bottom.

Quantitatively, the computed results are also in good agreement with the data. For instance,
in the mid-height case the computed maximum axial velocity was 50 cm/s compared to a mea-
sured 54 cm/s. The computed maximum radial velocity was 18 cm/s while the measured value
was about 23 cm/s. Both of these values are within the reported experimental reproducibility
range of plus or minus 6.12 cm/s.

For the lower impeller position, the maximum axial velocity was stated in the text of Ref. 9
to be about 67 cm/s, but the plotted data (Fig.4 of Ref. 9) indicates that this value is closer to 46
cm/s. The maximum radial velocity was measured to be 38 cm/s. Our computations gave a
maximum axial velocity of 49 cm/s and maximum radial velocity of 35 cm/s. Both values are
well within the experimental reproducibility limits. Upward flow velocities along the tank side
wall were 38 cm/s in the experiment and the simulation.




Both impeller locations were computed using the same model parameters. This lends support
to the ability of the new model to adjust to changing geometric conditions, hence to its poten-
tial for accurate scaling. More comparisons with experiments are certainly needed to ascertain
the dependence of parameters K and A on impeller design (e.g., number and shape of blades).
Nevertheless, these results are extremely encouraging and, as the next section will demonstrate,

the new model has considerable potential for modeling detailed flow phenomena in mixing
tanks.

ILLUSTRATIVE APPLI N

To illustrate how the present impeller model might be used to improve the design of a mixing
vessel, we first look at the effect of changing impeller types in a two-impeller tank. Second, we
illustrate how the new model can easily be generalized by considering an approximation to a
Phaudler vessel in which the impeller blades are modeled by a more sophisticated time- and
space-dependent accommodation coefficient.

A Two Impeller Tank

Consider a typical tank configuration as shown in Fig.4. This tank -- 68 inches in diameter
and 116 inches high -- has an elliptical bottom and contains liquid to a depth of 108 inches.
There are two impellers: a pitched-blade impeller located 80 inches above the tank bottom and a
radial impeller 22 inches above the bottom. Both impellers are rotating at 100 rpm.

Our numerical simulation of this tank, which resulted in Fig.4, used the same accommodation
coefficient K=1.67 for both impellers (1.67 is the number of revolutions per second, the same
prescription as used in the previous section). For the pitch-blade impeller the ratio of axial to
azimuthal velocity was specified to be A=1.5, while A=0 was used for the radial impeller.

As can be seen from Fig.4, the impellers are not effective in mixing the entire contents of the
tank. In particular, the lower half of the tank is experiencing little mixing with fluid in the upper
regions. To explore possible remedies, a computational experiment was performed in which the
lower, radial impeller was replaced with a second pitched-blade impeller.

After computing the results to a problem time of 50 s, Fig. 5, it appeared that the combination
of two pitch-blade impellers was considerably more effective in mixing the contents at all levels.

Continuing the computation beyond 50 s, however, revealed a new phenomenon not observed
in earlier calculations. The flow in the tank undergoes a transition that introduces a slow preces-
sion about the tank's axis with a period of 8.56 s (equal to about 14.3 impeller revolutions). Fur-
thermore, where there was 90° symmetry before the transition, the symmetry drops to 180° after-
wards. This transition is clearly shown in the computed results at 80 s given in Fig. 6.

An idea of the transition and subsequent flow periodicity can be seen in the vertical-velocity
history plot taken near the outside edge of the lower impeller. This type of slow precession







model other types of flow agitators besides impellers.
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