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An approximate steady-state method is devised for computing the flow field in a
baffled, impeller-stirred tank reactor. The flow field in a cylindrical tank with a 45°
pitched-blade impeller rotating at 100 rpm and four stationary rectangular side-wall
baffles is simulated using a new approximate steady-state approach. The method pro-
vides an alternative to a full unsteady Navier— Stokes simulation. The new steady-state
analysis involves accurately defining the geometry of the mixing tank using a multiblock
grid technique. The flow is solved from a rotating frame of reference for a single posi-
tion of the impeller relative to the side-wall baffles. The steady-state numerical results
are then spatially averaged and compared with time-averaged data obtained experimen-
tally using laser Doppler velocimetry (LDV). Spatially averaged numerical predictions
obtained using this approximate steady-state method for the radial and axial velocity
components agree well with the LDV data. The predicted magnitude of the tangential
velocity component, however, is higher than the experimentally measured values. Closer
agreement of the tangential velocities with experimental values is obtained using a finer
grid and it is found that a relatively fine grid is needed for accurately predicting the
tangential velocity magnitude. Use of this approximate steady-state method allows de-
signers of mixing vessels to obtain flow-field results for baffled vessels much more effi-

ciently than using full unsteady Navier — Stokes simulations.

introduction

Impeller-stirred reactors are widely used in the chemical
industry as a vessel whereby chemical reactants can be effi-
ciently mixed to initiate reaction for the creation of the de-
sired products. Knowledge of factors such as residence time,
concentration levels, and mixing efficiency are critical to the
successful operation of the impeller-stirred reactor. Initially,
industrial applications of these vessels are typically applied at
a small pilot- or bench-scale unit that facilitates controlled
conditions for the careful measurement and study of these
key operating factors. After the process has been proved at
this test scale the process is then typically scaled up to an
appropriate commercial size production unit. Usually the
commercial scale operating conditions are such that accurate
measurement techniques become difficult and often impossi-

Correspondence concerning this article should be addressed to A. D. Harvey.
Present address for C. K. Lee: Midland, M1 48674.

AIChE Journal October 1995

ble. Also, this scale-up is sufficiently complex so as to war-
rant a procedure whereby scale-up takes place in several suc-
cessive stages, each stage becoming larger than its successor,
incurring not only the cost of the final process, but also the
cost of each intermediate process.

Computational techniques can significantly reduce the cost
associated with this scale-up process by verifying the per-
formance of large-scale units before their actual manufac-
ture, and provide an aid in making critical reactor design de-
cisions. Before any computational results can be deemed reli-
able enough to influence design decisions, the computational
model must be validated using experimental data. The
present work is part of a research effort aimed at developing
and validating a set of computational tools to numerically
study the flow field inside an impeller-stirred mixing tank.
These computational tools include a multiblock grid-genera-
tion program, and an incompressible Navier-Stokes code.
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The grid-generation program is capable of representing the
geometry of a variety of impeller and side-wall baffle designs
contained inside a cylindrical vessel using multiple zones that
are patched together.

There are numerous works on unbaffled mixing tank com-
putations in three dimensions using a rotating coordinate sys-
tem. Hiraoka et al. (1988) studied the flow surrounding one
blade of a paddle-type impelier using this technique. They
found that the fluid moved inward toward the impeller shaft
far away from the impeller and radially outward toward the
tank wall near the impeller. In this work, numerical results
were compared to experimental laser Doppler velocimetry
(LDV) data; the primary difference between the two oc-
curred near the impeller shaft. Kaminoyama and Kamiwano
(1991) studied the flow in a tank stirred by a paddle-type
impeller by choosing the domain as the region between two
blades of the impeller. In this work the time dependence of
the flow was also examined. For the given system, a steady-
state condition was reached in about 5 s.

For the case of baffled tanks, the effect of the rotating
impeller blades passing the stationary side-wall baffles pro-
hibits a strict application of the rotating coordinate system
approach. The flow inside the baffled tank is, in general,
time-dependent, regardless of the reference frame chosen. A
modified version of the INS3D finite difference code devel-
oped by Rogers et al. (1992) and Rogers and Kwak (1990,
1991, 1987) is used in the present work. For performing full
unsteady computations of baffled impeller-stirred tanks, a ro-
tating grid scheme has been incorporated into the INS3D
code to simulate the relative motion between a rotating im-
peller and stationary baffles. This time-dependent approach
uses a combination of rotating and stationary grid zones. The
interface between the inner rotating zones and the outer sta-
tionary zones are treated using a dynamic (time-dependent)
patching technique that avoids interpolation of flow-field
quantities. This moving grid algorithm is the subject of future
work and, due to the unsteady three-dimensional nature of
the flow, is somewhat compute intensive. Current work on
unsteady grid techniques applied to the impeller-stirred reac-
tor has been published by Gosman et al. (1992), and Preng
and Murthy (1992).

In the present work, some approximate steady-state tech-
niques of modeling the flow in a baffled impeller-stirred tank
are discussed. One of these steady-state techniques is then
used to study the flow induced by a rotating 45° pitched-blade
impeller in a tank with stationary, rectangular side-wall baf-
fles. Although these steady-state methods are less rigorous
than full unsteady, three-dimensional Navier—Stokes simula-
tions, they can be performed with fewer resources, which al-
lows the designer of mixing equipment to investigate a
broader range of designs in less time.

One of these steady-state approximate approaches is to ne-
glect the side-wall baffles altogether. The problem can then
be solved using the rotating frame of reference attached to
the impeller as in the works described earlier. The resulting
computed velocity field very close to the impeller can then be
time-averaged, and this time-averaged profile can be used as
a boundary condition for a more detailed steady-state simula-
tion with the baffles replaced in the tank. This two-step
method of simulating the unsteady flow in a baffled mixing
tank can be performed much more quickly than a full un-
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steady simulation. The result, however, is a time-averaged
flow field instead of the periodic unsteady velocity field that
would have resulted from the full unsteady simulation.

Another steady-state approach to the baffled tank prob-
lem, which is the subject of the present investigation, is to
neglect the relative motion between the impeller and the baf-
fles and solve the problem from a frame of reference at-
tached to the rotating impeller. That is, the problem is solved
numerically for a single position of the impeller relative to
the side-wall baffles. The results are then spatially averaged
to obtain an approximate time-averaged velocity field, which
is, quite often, sufficient for engineering purposes. It is shown
in subsequent sections that the spatially averaged velocity
field obtained from this steady simulation approach, neglect-
ing the relative motion between the impeller and side-wall
baffles, is in very good agreement with the time-averaged ve-
locity field measured experimentally. For higher Reynolds
numbers, it is expected that the side-wall baffles would have
a greater effect on the flow and an unsteady approach must
be considered.

To compute the flow in a rotating frame of reference, ad-
ditional force terms are employed similar to the method of
Kiris et al. (1993). The following section outlines the result-
ing governing equations and method of solution. In subse-
quent sections, computed results for the flow field induced by
a rotating pitched-blade impeller are presented and com-
pared with experiment.

Governing Equations

The incompressible Navier—Stokes equations with the ad-
ditional inclusion of the time derivative of pressure on the
continuity equation introduced by the pseudocompressibility
method can be written as follows:

aQ 0 d
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where the inviscid fluxes in the transformed curvilinear coor-
dinate system are written as
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Table 1. Block Sizes for Coarse Grid

Table 3. Block Sizes for Fine Grid

Size No. of Size No. of
Zone (jxkxD Points Total Zone (GXkxD Points Total
1 18X25% 16 7,200 7,200 1 60X27x44 71,280 71,280
2 25%30x20 15,000 22,200 2 97X34 x40 131,920 203,200
3 25%30x18 13,500 35,700 3 97X34x 45 148,410 351,610
4 14%X30x48 20,160 55,860 4 29x34%123 121,278 472,888
5 13X30x48 18,720 74,580 5 24 X34%x123 100,368 573,256
6 12X 25x 48 14,400 88,980 6 14 X27x%123 46,494 619,750

The contravariant velocities are given by
U=«ku+kp+uw

In the preceding expressions, the generic inviscid flux, H = E,
F, and G, when the generic metric terms, « = &, 1, and ¢,
respectively and J is the Jacobian of the generalized coordi-
nate transformation. Due to spatial limitations, the reader is
referred to Hoffmann (1989) and Anderson et al. (1984) for
details of transforming conservation laws using a standard
curvilinear coordinate transformation.

The three viscous flux vectors, E,, F,, and G,, are written
as a single generic flux vector H,, using a conventional cyclic
index notation in the following manner:

0
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where E,, F,, and G, are obtained when /=1, 2, 3, respec-
tively. The source terms S, and S, are the centrifugal and
Coriolis forces, respectively, and are included when the frame
of reference chosen is fixed to the impeller and rotating at a
rotational speed of (1= . For the present
work rotation takes place strictly around the z-axis, hence w,
and w, are zero.

The precedmg equations are nondimensionalized with re-
spect to a reference length % _; and a reference velocity @,
in the standard fashion. Thus, the components of the rota-
tional velocity &, are nondimensionalized in the following
manner:

w+w +w

W, = in
X, -~ =
uref/“‘ref

Table 2. Block Sizes for Medium Grid

Size No. of
Zone (GXxXkxi) Points Total
1 26X27%X32 22,454 22,464
2 36x34%25 30,600 53,064
3 36xX34%25 30,600 83,664
4 23X 34X 76 59,432 143,096
5 19X 34X76 49,096 192,192
6 15%27X76 30,780 222,972
AIChE Journal
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Note that if the rotation is about the z-axis and the reference
length, X, is chosen as the impeller radius, 7, and the ref-
erence velocity, i, is chosen as the impeller tip speed, @,7,,
then o, =0, w,=0, w,=1 and the Reynolds number be-

D=T=14.5 cm
shaft 0.8 cm
z
1.25 cm l
]
74 1
\ =2.54 cm
5#
h=6.67 cm \ ——
impeller |
blade E
\ *
SIDE VIEW v
side—wall
X baffles
\\\\\‘
y
- -
flow
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impeller blade cross—section
dimensions: 0.9 x 0.09 cm

TOP VIEW

Figure 1. Mixing tank geometry with pitched-blade im-
peller and four rectangular baffies.
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perspective view

Figure 2. Surface grid for
{medium grid).

pitched-blade impeller

comes Re, =il %/ 7= @,F/ v. For the case of rotation
about the z-axis, the velocity components in the rotating
frame of reference (u,, v,, w,) are transformed to the fixed
frame of reference (u,, v,, w,) using the following transfor-
mation:

U,=u, +yow,
D, =U,~Xw,

W, =W,.

Equations 1 are hyperbolic and can be marched in the 7-di-
rection until the residuals are reduced to an acceptable level.
Third-order flux-difference splitting (Rogers et al.,, 1990) is
used for the convective terms of Egs. 1, and second-order
central differencing is used for the viscous terms. At each
subiteration level, the algebraic system of equations that ap-
proximates Eq. 1 is solved using a multidirectional line-rc-
laxation technique. Further details of the numerical algo-
rithm can be found in Rogers et al. (1991).

Computational Gridding

In this section, the geometry is defined using a multiblock
grid-generation technique. The multizone body-fitted compu-
tational grid consists of six zones. To show grid consistency,
solutions are obtained using three different grid densities.
Tables 1, 2 and 3 list grid zone attributes for the coarse,
medium, and fine grids, respectively. In Figure 1, a four-blade,
45° pitched-blade impeller is shown submerged approxi-
mately midway inside a cylindrical tank. The extent of the
computational domain is illustrated by the shaded region in
the top view. Periodic boundary conditions are imposed in
the surface of each blade 90° apart.

The impeller shaft is coincident with the z-axis and ex-
tends from the surface to the bottom of the tank. The im-
peller grid surfaces are illustrated in Figure 2. At the peri-
odic grid plane, two additional layers of grid points are used
to update the periodic boundary from the opposite side of

2180 October 1995

the grid in the circumferential direction. Due to the pitch of
the impeller blades, the periodic boundaries of the domain
are not planar. However, each point on a periodic surface is
exactly 90° away from the corresponding point in the other
periodic surface. This explains why the shaft above and below
the impeller appears shifted slightly in Figure 2. The extent
of periodicity is offset slightly by a distance equal to the sweep
of the impeller blades.

Six grid zones arec used; each of these zones overlaps
neighboring zones by two grid cells. In Figure 3, the zonal
structure of the computational grid is illustrated. The outline
of each grid zone is shown. The computational é&coordinate
runs radially outward in all zones; the n-coordinate runs cir-
cumferentially and the ¢-coordinate runs axially. Thus con-
stant ¢-surfaces appear cylindrical in shape (the outer tank
wall is the maximum constant &-surface in zone 6). The low-
est é&surfaces of zones 2 and 3 correspond to the shaft sur-
face where no-slip boundary conditions are applied. Constant
n-surfaces appear as surfaces of a constant angular location.
Figure 4 illustrates a sectional view of the computational grid.

Zone 1 describes the region directly between the two im-
peller blades. Zone 2 extends from the tank bottom to the
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Figure 3. Zonal grid structure showing outline of each
grid zone.
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Figure 4. Zonal grid structure showing all solid grid
surfaces and periodic grid surfaces (medium
grid).

bottom of the impeller. Similarly, zone 3 extends from the
top of the impeller to the free surface at the top of the tank.
Two additional zones (zones 4 and 5) are wrapped circumfer-
entially around the outside of zones 1, 2 and 3. A sixth zone,
which overlaps into zone 5, is used to describe the region
between baffles. Zones 1, 2 and 3 overlap by two cells into
zone 4. Zone 1 overlaps (in the axial direction) into zone 2
below and zone 3 above. This grid construction is applicable
to virtually any mixing tank geometry.

Zone 4 is made to overlap into zone 5 by two cells. The
reason for splitting this region between the impeller and baf-
fles into two separate zones is for the purpose of simulating
the relative motion between these two components. In a fu-
ture reporting effort describing an unsteady computational
scheme, zones 1-4 will be made to rotate relative to zones 5
and 6 and the interface between zones 4 and 5 changes with
time. However, for the present work, all zones are stationary
since we are neglecting the relative motion between moving
and stationary parts of the flow domain.

The n-boundaries of each zone (excluding zone 1) are up-
dated using a periodic condition. The lowest n-surface is up-
dated using patched zone conditions from the 7-surface at
Timax — 2- Similarly, the highest n-surface is updated by injec-
tion of values from the n =3 grid surface. The highest and
lowest m-surfaces in zone 1 are no-slip boundaries corre-
sponding to the impeller blade surfaces.

The boundaries of zones that overlap into adjacent zones
all match point-for-point with the neighboring zone and di-
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rect injection of solution values are imposed. For example,
the high value of the &-coordinate in zone 4 is updated by
direct injection of values at ¢ =3 in zone 5. Likewise, the
lowest value of the &-coordinate of zone 5 is updated by di-
rectly injecting solution values from the & = £, —2 surface
of zone 4. This direct injection of solution values between
adjacent grid zones is a special case of a more general inter-
polation procedure that could be employed if the zones did
not match point-for-point at the zonal interfaces.

The proper implementation of no-slip boundary conditions
on the solid surfaces is dependent on the frame of reference
employed. For the case of the rotating coordinate system, the
impeller and shaft surfaces are assigned a zero velocity and
the stationary surfaces (tank wall and side-wall baffles) are
assigned a purely tangential velocity with magnitude equal to
— wyx?+ y?. This no-slip boundary condition was also ap-
plied to the tank bottom (low ¢ face of zone 2 and zones
4-6). The top of the tank contains a free surface that is ap-
proximated by applying z-symmetry plane boundary condi-
tions on the high ¢ face of zones 3-6.

For the general rotating flow in a mixing tank, the liquid
level will be a function of radial location. However, in the
limit of low rotational speed (laminar flow), the free surface
is assumed to be flat and the liquid level is constant through-
out the tank. Thus, neglecting the effect of surface tension, a
z-symmetry boundary condition at the upper surface should
be sufficient to model the laminar tank. This flat liquid level
condition was verified by observation of the experimental
setup discussed in the next section.

Experimental Procedure

This section describes the experimental procedure used to
measure the velocity field inside the mixing tank illustrated
in Figure 1. The internal tank diameter, D, was equal to the
tank height, T, of 14.5 cm. A 5.08-cm-dia. pitched-blade im-
peller was used and was located at half the distance from the
bottom of the tank to the liquid level height with a clearance,
h, of 6.7 cm. This made the impeller diameter to tank diame-
ter ratio to be (.35, and the impeller clearance to tank diam-
eter ratio to be 0.46. Four baffles were placed at 90° apart,
and the width of each was 1.25 cm, or one-twelfth of the tank
diameter.

The cylindrical tank was placed inside a square tank that
was filled with the same fluid. This is done to provide a con-
stant refraction of the laser beams across the whole tank by
having a constant fluid depth. This way, the exact location of
the measurement volume of the laser beams is known. A
Lightnin Labmaster mixer (model TSR 1516) was used for all
experiments. Silicone oil with viscosity, & =211 cP, and den-
sity, p=1,049 kg/m’ was used as the model fluid. At an im-
peller rotation speed, N =100 rpm; the Reynolds number,
Re, of the stirred tank is 21, which corresponds to a laminar
flow regime.

Time-averaged velocity components were measured using
an LDV system, which is shown in Figure 5. The main com-
ponents arc a dual-channel, 2-W argon ion laser system from
TSI, Inc.; a traverse controller and mechanism, which is con-
trolled by a personal computer and is utilized to move the
laser probe in a predeterrained grid, and a signal processor
from Aerometrics. Aerometrics also provided the software for
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Figure 5. Experimental setup for velocity measurements.

data-acquisition and processing functions on a personal com-
puter.

In this work, only one channel of the LDV was used to get
a single velocity component at a time. The other two velocity
components were obtained by readjusting the laser beams, so
that all three velocity components obtained would corre-
spond to the same relative position within the tank. Data for
different velocity components were taken at two vertical
(axial-radial) planes in line with the baffles to get all three
components. In Figure 5, the two dashed lines drawn inside
the tank represent these two planes. An almost uniformly
spaced (5 mm X 5 mm) grid was set up to map out the veloc-
ity distribution of the tank. In the region around the bound-
ary of the impeller, data were collected in a denser grid (2
mm spacing). Because of symmetry at the shaft, only one half
of the tank was mapped. The seed particles were metallic
coated and spherically shaped with a density of 2.6 g/cm’
and an average diameter of 12 um. In a typical velocity mea-
surement using back scattering mode, a criterion of 3,600 val-
idated points or 6-min time period was set as the end of data
acquisition. Most of the velocity data had around 3,000 vali-
dated points. However, for certain small regions of the tank
where the velocities were close to zero, the number of vali-
dated points was less than 100 within the 6-min time frame.
The validated data were then processed and an average ve-
locity was calculated. The resulting time-averaged velocity is
presented in the next section with the computational results.

Selected data points were measured again to check for re-
producibility. Up to 7,200 validated points or 12-min time
frame was also set as a new criterion for the end of data
acquisition. For both repeated runs using the old criterion
and using this new criterion, the averaged velocities differed
by less than 5% from the original data. However, when the
velocities were very close to zero, variations were much
greater due to insufficient validated points.

Computed Results and Discussion

In this section, the computed velocity field produced by the
impeller rotating in the tank are presented. The conditions
are chosen to match those in the experimental setup de-
scribed in the previous section. The rotational speed of N =
100 rpm corresponds to @ = 10.472 rad/s. The grid is nondi-
mensionalized by the impeller radius, X, = 7, = 0.0254 m and
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the velocity is normalized by the impeller speed, i, ; =
0.266 m/s.

These conditions correspond to an impeller tip speed of
17, =0.266 m/s and an impeller Reynolds number based on
tip speed and impeller radius of Re, = 33.59=m/2 Re. This
is in the laminar flow regime. In mixing tank literature, the
Reynolds number, Re, is commonly reported based on rota-
tional velocity in revolutions per second and impeller diame-
ter, D, instead of impeller radius, 7,. However, it is more
convenient in the present article, due to the nondimensional-
ization presented in an earlier section, to use the impeller tip
Reynolds number based on impeller radius and rotational
speed in radians/second.

The pseudocompressibility parameter 8 was set to 100 for
both coarse-grid solutions and B was set to 1,000 for the
fine-grid solution. For all computations the pseudotime-step
A7 was set to 10'?, which yielded the most rapid rate of con-
vergence. Each zone of the grid was swept four times in each
of the three coordinate directions at each pseudotime-step
using the line relaxation algorithm. Zonal interfaces were up-
dated implicitly at the start of each sweep.

In the experiments, the velocity was sampled over many
revolutions at each point in the tank and then averaged to
obtain a time-averaged 6-plane of velocity data. The sam-
pling time was very small in comparison to the time required
for one revolution of the impeller so that this averaged 6-
plane represents a mean velocity field over all possible posi-
tions of the impeller relative to the side-wall baffles.

To compare the present numerical results with experiment,
a spatial averaging procedure was employed. The computed
velocity field was interpolated to a uniform 25X 50 mesh at
30 equally spaced constant §-plancs in the flow domain. These
planes were then averaged, resulting in the single, spatially
averaged @-plane of velocity data plotted in the left half of
Figure 6. These results are nondimensionalized by i, and
%, and are compared with the time-averaged velocity field
measured experimentally (right half of Figure 6). The rotat-
ing impeller causes the fluid to flow radially outward, like a
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Figure 6. Comparison of velocity fields, right-half; ex-
periment, left-half; computed {medium grid
solution).

AIChE Journal



jet directed at the tank wall. Upon impinging on the outer
tank wall the fluid is forced to circulate back radially inward
toward the base of the impeller. This flow pattern is evident
by the familiar circulating patterns both above and below the
impeller. At low Reynolds numbers, the pitched blade im-
peller is purely a radial pumping device. As the Reynolds
number is increased, the resulting direction of induced flow
becomes more axial.

The experimental data were taken at the 16 axial stations
labeled a—p in the left half of Figure 6. The computational
results and experimental results appear identical, as pre-
sented in Figure 6. Thus, a more rigorous comparison of the
data is needed and the computed results are interpolated to
the locations in the flow where the experimental data were
taken.

Figure 7 compares computed radial and axial velocity pro-
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Figures 7a-7l. Comparison of axial and radial velocity profiles, stations a-/ of Figure 6.
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Figures 7m-7p. Comparison of axial and radial velocity profiles, stations m-p of Figure 6.

files with experimental data at locations a—p of Figure 6.
Computations were performed both with and without the
presence of the baffle on the medium grid and with baffles
on both the coarse and fine grids. Comparison between the
experimental data and the numerical predictions is quite
good. Agreement is better farther away from the impeller.
Directly underneath the impeller at stations g and 4, the
radial velocity component is overpredicted. At station 4 the
axial velocity component is slightly underpredicted. Also, di-
rectly above the impeller at station i, the radial velocity is
underpredicted. The reason for this disagreement could pos-
sibly be due to the manner in which the impeller blades were
modeled. The computational grid defines impeller blades with
very sharp edges, quite different from the rounded edges of
the blades on the impeller used in the experimental proce-
dure.

Overall, the axial velocity component is fairly well pre-
dicted with very small differences shown in the solution due
to the presence of the baffle. The unbaffled case does predict
higher radial velocities near the discharge of the impeller,
which suggests a stronger recirculation exists for the unbaf-
fled tank. As expected, both velocity compenents damp out
more quickly toward the tank wall for the baffled tank nu-
merical results.

The fine, medium and coarse grid solutions agree fairly
well, illustrating grid independence of the numerical scheme.
Computed axial velocities near the surface for the fine grid
case (stations o and p) are slightly higher than experimental
measurements. While the cause of this discrepancy is uncer-
tain, quite possibly the residual of the fine-grid solution had
not been reduced as much as the residual of the coarse-grid
solution near the liquid surface.

Figure 8 compares tangential velocity profiles at axial sta-
tions a—p of Figure 6. The computations, although they
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qualitatively show similar trends, overpredict the tangential
velocity at all stations. As expected, the computations with
side-wall baffles compare better with the experiments, more
so above the impeller than below the impeller. At station i,
directly above the impeller, agreement between the baffled
case and experiment is quite good. Directly below the im-
peller, however, at station #, both computations overpredict
the experiments by about 25%. The cause of this error is not
fully understood. The fine-grid solution, in general, agrees
better with experiment than both coarser-grid numerical re-
sults. Notice that a more dramatic improvement in agree-
ment between numerical and experimental values of the tan-
gential velocity is observed as the grid is increasingly refined.
More so than that observed for the radial and axial velocity
components. The tangential velocity magnitude is not well
predicted by the two coarser grids. It appears that accurate
prediction of the tangential velocity requires an extremely fine
grid.

Above the impeller, the tangential velocities fall off more
quickly in the radial direction for the fine-grid solution with
baffles. This behavior is more consistent with the experimen-
tally measured behavior of the tangential velocity near the
liquid surface. The experiments show a rather flat tangential
velocity component near the surface that tends to fall off sud-
denly (stations n—p). The radial location of this abrupt fall
in the magnitude of the tangential velocity decreases nearer
the liquid surface. These trends are not predicted by the nu-
merical computations, probably due to the z-symmetry
boundary condition that is used to model the liquid surface.

Figure 9 plots the convergence history for the baffled tank
computations. Approximately 450 iterations were performed
for each of the three cases. At each iteration in the computa-
tions a total of four line-relaxation sweeps in each coordinate
direction of each grid zone were performed. Note that, as the
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Figure 8. Comparison of tangential velocity profiles, stations a--p of Figure 6.

grid is made finer, more iterations are required to reduce the
residual to a specified level using the line relaxation algo-
rithm. CPU requirements for the baffled tank computations
performed on the medium grid are summarized in Table 4.
Total workstation memory requirements were approximately
40 megabytes (9.9 Mwords) of a 96-megabyte machine.

Concluding Remarks

The flow-field induced by a rotating pitched-blade impeller
in a baffled mixing tank is computed using a multiblock in-

AIChE Journal QOctober 1995

compressible Navier—Stokes solver. An approximate steady-
state solution procedure was used that involved solving the
problem from a rotating frame of reference at one position of
the impeller relative to the side-wall baffles. Results of this
steady-state approximation were spatially averaged and com-
pared with time averaged experimental velocity profiles that
were measured using LDV. The comparison between numer-
ical and experimental results is shown to be quite good at low
Reynolds numbers, Re =: 21.

The inherent unsteady nature of the baffled, impeller-
stirred tank warrants full unsteady, three-dimensional
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Figure 9. Convergence history for baffled tank compu-
tations.

Navier—Stokes calculations that can be quite expensive. It is
shown in this article that, for relatively low Reynolds num-
bers, reasonably accurate axial and radial velocity component
predictions can be made using the approximate steady-state
method. This is expected to result in significant computa-
tional savings over full unsteady simulations.

Numerical predictions of the magnitude of tangential ve-
locity component differ from experimental measurement by
as much as 25% near the impeller. The source of this dis-
crepancy is currently under investigation and can possibly be
attributed to the symmetry boundary condition employed to
model the free surface. In general, it has been found that a
relatively fine mesh is needed to accurately predict the tan-
gential velocity magnitude.

At higher Reynolds numbers the present steady-state nu-
merical method will yield less accurate results. To accurately
predict higher Reynolds number flows in stirred tanks, the
turbulence must be modeled. Work illustrating how numeri-
cal predictions of velocity using the present steady-state
method compare with experiment as a function of increasing
Reynolds number is the subject of a future study.
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Table 4. Computational Requirements

CPU CPU CPU
Machine (s) (s/Tter.) (s/Iter. /Group)
SGI R4000 Indigo 403,652 897 40.2x1074
Cray C90 14,049 31 1.4x107¢
Notation

@, a = tilde denotes dimensional quantities; quantities without
a tilde are made dimensionless using #,.; and/or £
_ unless explicitly stated otherwise
d =impeller diameter
p = thermodynamic pressure
0 = vector of dependent variables
7 = radial distance from tank centerline
t = time
U = contravariant velocities
u,v,w = Cartesian velocity components
V, = impeller tip speed, @7,
x, ¥,z = Cartesian coordinate directions
v = kinematic viscosity, i/p
w,, ®,, w, = Cartesian components of the rotational vector with
’ magnitude ), (rad/s)
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