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Nomenclature

A = area (ft* or m?)

d = particle diameter (mm or micron)
D = blade or tank diameter (ft or m)

C = constant or interpolation factor (--)
F = Force (N)

Fr = Froude number (--)

g -
§V9Ds 5

g = gravity (m/sec?)
H = total tank level (inch)

| = turbulence intensity (--)

k = turbulent kinetic energy (= %(u 24y 2+ Z)avg )
N = rotational speed (rev/min)

P = pressure (Pa)

Pr = Prandtl number, nCy/k, (--)

Re = Reynolds number, dr u/m

t = time (second)

U = fluid or agitator velocity (ft/sec or m/sec)

u = component velocity in x-direction (ft/sec or m/sec)

u’ = local turbulent velocity fluctuation in x-direction (ft/sec or m/sec)

v = local flow velocity or component velocity in y-direction (ft/sec or m/sec)

v’ = local turbulent velocity fluctuation in y-direction (ft/sec or m/sec)

V = tank fluid volume (gallon or liter)

w = component velocity in z-direction (ft/sec or m/sec)

w’ = local turbulent velocity fluctuation in z-direction (ft/sec or m/sec)

W = weight (Ibm or kg)

x = local position along the x-direction under Cartesian coordinate system (ft or m)

y = local position along the y-direction under Cartesian coordinate system (ft or m)

z = local position along the y-direction under Cartesian coordinate system (ft or m)

Xi-



Greek

r = density (kg/m®)

e = rate of dissipation of turbulent kinetic energy
N = gradient operator

w = vorticity

z = solid weight per weight of liquid

m= dynamic viscosity (N sec/m?)

t = shear stree (Pa or N/ m?)

n = kinematic viscosity (m?®/sec)

g = velocity parameter (ft/sec or m/sec)

Subscript
a = agitator
avg = average

B = agitator blade

f = fluid

fs = suspended fluid
L = lifting

m = maximum

p = particle

S = static

T =tank

wc = critical wall shear

-Xii-
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Abstract

In support of the HB-Line Engineering agitator mixing project, flow pattern calculations
have been made for a 45° pitched three-blade agitator submerged in a flat rectangular
tank. The work is intended to determine agitator speeds that provide acceptable mixing
performance for various tank liquid levels based on flow rates past solids deposited on
the bottom surface of the flat tank. The modeling results will help ensure the acceptable
suspension of solid particles as a function of agitator speed and tank liquid level during
precipitation operations.

The numerical modeling and calculations have been performed using a computational
fluid dynamics approach. Three-dimensional steady-state momentum and continuity
equations were used as the basic equations to estimate fluid motion driven by an agitator
with three 45° pitched blades. Hydraulic conditions were fully turbulent (Reynolds
number about 2x10%). A standard two-equation turbulence model k- €), was used to
capture turbulent eddy motion. The commercial finite volume code, Fluent [7], was used
to create a prototypic geometry file with a non-orthogonal mesh. Hybrid meshing was
used to fill the computational region between the round-edged tank bottom and agitator
regions.

At high rotational speeds and low tank levels, a surface vortex can reach the agitator
blades and allow air to be drawn into the solid-fluid mixing zone. This is not desirable in
terms of mixing performance. The analysis results show that the lowest liquid level
among the four considered, 4.5 inches, is higher than the critical liquid height for air
entrainment for agitator speeds up to 600 rpm.

All the analysis results demonstrate that about 600 rpm provides adequate solids mixing
capability for various tank levels (12, 8.5, 7, and 4.5 inches) containing 20-micron solids
with a specific gravity of 2.5.
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1 Introduction

The present analysis considers a stationary solids layer on the bottom surface of the HB-
line agitator tank consisting of loose and noncohesive solid particles of uniform size, and
liquid flowing over it. This condition will typically occur during a precipitation operation
after being mixed by a mechanical agitator. Liquid flow and the deposited solid layer are
assumed to be statistically in a steady state so that the local flow velocity can be
considered the initiator for movement of a solid particle located on the top of the solid
layer. As soon as liquid starts flowing, hydrodynamic forces are exerted upon the solid
particles resting along the wetted perimeter of the fluid-solid system. An increase in flow
velocity causes an increase in the magnitude of these forces. Eventually, a condition is
reached at which particles in the movable layer are unable to resist the hydrodynamic
forces, first get dislodged, and then start to move. In reality, some move and some do
not for any given hydraulic condition. The statistical nature of this behavior points to the
fact that the flow is turbulent. The onset of initial movement of the solids layer is
predicted by an interfacial force balance on the fluid-solid system.

As requested by the customer [1], the objective of the present work is to:

Determine an efficient agitator speed and tank liquid level to improve mixing flow over
solids deposited on the tank bottom surface.

Evaluate minimum liquid level to avoid drawing air into the agitator blade and
degrading mixing performance.

Provide guidance for acceptable mixing in the HB-line tank.

The primary goal of the present work is to estimate an agitator speed and tank liquid level
which provide acceptable mixing performance with a 45° pitched three-blade agitator.
The results will also help optimize solid suspension during precipitation.

Schematic diagrams for the HB-line mixing tank system and geometrical configurations
for the agitator are illustrated in Figs. 1 and 2 as provided by the customer [1, 2].
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Figure 1. Geometry of the agitator tank with pitched blades used for the modeling
analysis
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Figure 2. Configurations of the agitator with three 45° pitched blades used for the model
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2. Modeling Approach and Analysis

The tank has a thin, flat and rectangular shape. It is about 60” long and 3.25” wide. The
tank bottom has round-edged corners with 11.5” and 12" curvature radii at either end of
the flat sides and a 1.625” curvature radius for the corner of the round sides. Detailed
geometrical configurations of the mixing tank are shown in Fig. 1.

The initial movement of the solids deposited at the bottom of the tank identifies the critical
condition or initial scour. It is usually described by two mechanistic criteria:

The critical velocity criterion considers the impact of the liquid motion on the particle
surface such as lifting force due to the gradient of the velocity around the particles.

The critical shear stress criterion considers the frictional drag of the flow on the
particles.

Information gained here will be employed in determining critical conditions to initiate the
movement of deposited solids. From these two criteria, the one to provide conservative
estimation will be chosen as a performance criterion for the operating guidance of the
adequate solid mixing under the present geometrical configurations.

A. Critical Velocity Criterion

The mechanism of particle lifting or pickup in the vicinity of a horizontal surface involves
the fluid velocity required to pick up, or prevent deposition of, particles of a particular size
and density. The pickup or suspension velocity for a solid particle lying on a solid
horizontal surface, as shown in Fig. 3, is evaluated from a balance of forces induced by
or associated with a horizontal flow of fluid.

Deposited particle Us

(OO
CX XXX X XD
PAAN AAN
77777 777777

/A
1 Y
VAN AN
////////7/ [T

P¢= static pressure

Wp = particle weight

FL_ = upward lifting force

us = local fluid velocity near the particle

Figure 3. Static forces for a solid particle in a flowing fluid assuming a noncohesive
particle layer.
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The condition of incipient movement for an assembly of noncohesive, loose, solid
particles is described in terms of the forces acting on the particle. The driving force for
initial movement is the resultant of the hydrodynamic lifting force, F_, and the submerged
weight of particle, W,, for a given hydrostatic pressure, Ps.

A particle such as shown in Fig. 3 is subject to an upward lifting force F._, the Bernoulli
force acting on the particle’s projected area (A,) where

1 .
FL :€$S+—rfuf22Ap, 1
e 2 %}

and a downward force equal to the static pressure Ps and the particle weight,

_ i 0
Fp = PsA, +vpg%r p- i g0 2)

Hydrostatic pressure acts on both the top and bottom of the particle. At the point at
which the particle would just begin to rise, the upward force equals the downward force,
so that equation (1) equals equation (2). For spherical particles, the ratio of V,, to A, is
equal to 2d,/3, so that the above relationship simplifies to

4 a 0
ggdpér—p-lz» 3.617,[d, V, - 1). (3)

f 7]

Rotational motion of the patrticle is negligible since the particle is small (about 10 to 20
microns). It should be noted that the model neglects inter-particle cohesion and static
friction between the surface and a particle at rest based on an assumption that solids
submerged within an open tank are loosely deposited during precipitation. In theory, the
velocity required to overcome friction and cohesion can be considerably greater than that
derived from this model, which accounts solely for weight and lifting force due to fluid
momentum.

Experimental studies of scour criteria have been published in the literature. Graf (1971)
presented an empirical correlation for the critical velocity required to initiate movement of
a deposited patrticle. In the correlation, he used average fluid velocity rather than the
bottom velocity, since most of the previous works on erosion studies used average
velocity. The empirical correlation for critical velocity (Uc;) was made in terms of particle
size (d, ), liquid level (H, ), and specific gravity () of solid particle.

.01 ~ .01
0 ar o} o
U :g’%; JZ.Sgdp —"-13:4.952382&; d (v -1 4

c r p \Vp
P g f (%) P g

Equation (4) was established with test data from various investigations. It is functionally
similar to the theoretical formulation of equation (3), since the liquid level parameter is
only weakly related to the critical velocity. Because of its empirical nature, equation (4)
includes the influence of friction and cohesive forces. This, combined with its
development in terms of average fluid velocity, is reflected in the larger coefficient than
seen in equation (3). To apply equation (4) to the present work, it is assumed that for
each grain size, a certain “critical velocity” exists, below which the particle will experience
sedimentation, and above which it will be lifted or eroded from the solid layer. The
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interpretations of flow patterns were based on 20-micron particles, since the critical
velocity for a 20-micron particle is larger than that for 10-micron particle.

B. Critical Shear Stress Criterion

The stress on tank wall due to shearing action of a flowing fluid was thought to be an
important feature of initial scour or the critical condition for initial movement of a
deposited particle. The abrasive friction due to wall shear is the key mechanism for the
initial scour of particles from the wall surface. Given the small particle size in the present
operating conditions, other influences such as particle-particle interactions and the
effects of the particles on the continuous liquid phase are negligible.

The turbulent fluid-wall interaction is evaluated with a standard k- e model. This model
computes the turbulent eddy viscosity n; by solving two transport equations for k
(turbulent kinetic energy) and e (rate of dissipation of turbulent energy). The literature
shows that the turbulent eddies are constantly lifting particles into the fluid stream due to
the fluctuations in velocity [3]. When applying the wall shear mechanism to the mixing
evaluation, it is assumed that the wall shear stress affects the initial scour or lifting-up of
the solids lying at the bottom of the agitator tank.

Graf (1971) recommended an empirical correlation for critical shear stress (t,.) to
initiate the movement of deposited particles. In his correlation, he used mean particle
size (d,) as key parameter. A convincing shear stress versus grain size relationship
could be represented with the simple relationship,

t, =0166y(d,) »16285(d,) ~ (N/m?or Pa) (5)

Equation (5) was developed from various sources of data available in the literature. It
applies to solid particles less than 3.4 mm in diameter. The mean particle diameter in
equation (5) is in millimeters.

C. Modeling Approach

Based on the performance criteria discussed earlier, both steady-state and transient
computational approaches were used to compute flow fields driven by agitator. Most
analyses were based on the steady-state model for computational efficiency. Some
transient model calculations were performed as scoping analyses to evaluate free
surface motion at the top of the HB-line flat tank. The main solution methodologies and
modeling assumptions were as follows:

A computational fluid dynamics (CFD) approach was taken, using the commercial
code, Fluent™.

A prototypic geometry for the agitator and mixing tank was created with Fluent using a
non-orthogonal control volume method.

The present model was based on the 45° pitched three-blade agitator and tank with
no internal solid structures.
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The mixing simulations used three-dimensional steady-state, isothermal governing
equations with multiple reference frames (MRF).

For the steady-state model, the top liquid surface was assumed to be stationary and
at atmospheric pressure.

A two-equation standard turbulence model was used.

As mentioned above, the steady-state model assumes that free surface remains
stationary at atmospheric pressure. If the agitator rotates in a clockwise (as viewed from
above), a large axial convection flow moves downward due to the rotation of the pitched
blade. When liquid level becomes low enough to get air pull-through due to vortex
formation near the tips of the agitator blades, air will be drawn into the blade zone as
shown in Fig. 4.

An empirical equation (Schrock et al, 1985) is available in the literature to estimate the
minimum liquid level which prevents air entrainment into the blade zone of the agitator.
They authors correlated the equation for critical liquid level (Hc) in terms of Froude
number (F,) and fluid properties to get air pull-through from the free surface to the liquid
region. The empirical equation for the critical liquid height is

025
e 0
H, = 0.8513D, (F, )°-5§ r > (6)
ri-r, ﬂ
where F, =¢ N @)
&V90: 5

U = Maximum fluid velocity
Dg = blade diameter
r ¢+ = liquid density

I o = air density

The analysis consists of two major parts. One part is to calculate the reference
operating conditions (12-inch tank level and 500 rpm agitator speed) to ensure that the
model is representative of actual flow patterns during mixing operations. The second
part is to apply the model to mixing simulations and flow pattern analysis for various tank
levels and agitator speeds to evaluate mixing performance.

The model considers four basic cases with different agitator speeds to flow pattern
sensitivity. The four cases consist of four different tank levels, 12, 8.5, 7, and 4.5 inches,
corresponding to fluid volumes of 38, 21, 19, and 10 liters. Detailed operating conditions
for the model are provided in Table 1.

Computational domains and meshes for the mixing tank filled to a 12-inch liquid level are
presented in Figs. 5 and 6. Finer nonuniform and hybrid meshes were used in the corner
zones and joint sections near the agitator blade where flow direction changes and flow
splits might occur. From a nodalization study, an optimum number of about 300,000
nodes was established for the final analysis of the three-dimensional model. As shown in
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the Fig. 6, very fine nodes, less than 0.1 inch long, were used near the agitator hub and
blade regions to capture the high velocity gradient.

The flow for the entire computational domain is assumed to be turbulent to give a

reasonable representation of the liquid jet leaving the blade region. All converged
solutions were achieved using the segregated and iterative solution technique.

Rotation Tank wall boundary

Figure 4. Air pull-through entrainment due to a large axial convective downward flow
induced by high rotational speed of pitched agitator blade submerged in a
low tank level
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Table 1..Operating Conditions used for the modeling and analysis

Operational Parameters Operating Conditions

Mixing tank dimensions and agitator

See Figs. 1 and 2
geometry

Tank liquid level from the tank bottom

(inches) 12 (Reference case), 8.5, 7,4.5

Blade elevation (inches) 1 (above tank bottom)

Rotational speed of agitator (rpm) 300, 400, 500 (Reference case),

600, 700
Liquid density (gm/cc) 1.0
Solid density (gm/cc) 2.5
Solid particle size (microns) 10~ 20

Table 2. Flow conditions driven by the agitator shown in Fig. 1.

Pumf ?npeed Agitator Reynolds number | Flow regime stirred
P (Rey)* by agitator
300 1.827x10*
4
400 2.436x10 Turbulent flow
500 3.045x10* conditions
: (Re, > 10,000)
600 3.654x10*
700 4.263x10*

2
0 . . . i
Note: * Re, = M; , where N is the revolution of agitator per unit time.

g m 5
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Figure 5. Geometrical configurations for 45-deg pitched three-blade agitator submerged
in a flat tank as modeled for the present analysis.
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Figure 6. Three-dimensional unstructured hybrid meshes for the flat tank with 45-deg
pitched three-blade agitator as modeled for the present analysis.
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3. Results and Discussions

Computational results were evaluated based on several criteria. Critical velocity was
used as a criterion to determine whether a given flow condition would result in the
suspension of particles deposited on the tank bottom during precipitation. To ensure
conservatism, a shear stress criterion was also applied for the scouring of particles from
the bottom surface because of the interfacial drag at the solid surface. These criteria are
summarized for the various tank levels in Table 3.

Tank liquid level was also a significant parameter. As the tank liquid level becomes
lower, vortex formation can result in air being drawn into the blade zone of agitator as
shown in Fig. 4. This can cause degradation of mixing capability in the tank. Therefore,
a minimum liquid level must be estimated to avoid entraining air into the bulk fluid zone.
Using the empirical correlation for air entrainment through the vortex formation, equation
(7), the liquid level required to avoid air pull-through was estimated as function of agitator
speed as shown in Table 4.

Four tank levels were evaluated to estimate the sensitivity of flow patterns to the
rotational speed of the agitator. Steady-state calculations of the flow fields at various
rotational speeds were performed for each tank level. A hybrid meshing approach
employing hexahedral, pyramid-shaped, and tetrahedral elements in the computational
domain was used. Mixing was simulated numerically using multiple reference frames.

The flow pattern discharged by an agitator depends on both the fluid mass inventory of
tank and the agitator rotational speed. The distance through which a fluid element can
travel to a remote area is proportional to the rate of kinetic energy dissipation of the fluid
element at the point of discharge from an agitator blade [8]. For geometrically similar
flow configurations, it can be shown by dimensional analysis that P/V, the time rate of
fluid energy dissipation per unit volume, is governed by the well-established relationship,

34 34
P_@ArU’s _a U gf ®)

In equation (8), L. is a characteristic length associated with flow pattern and f is a
function of Reynolds number, which is related to the type of flow geometry involved and
the particular characteristic velocity employed. The characteristic velocity could be the
average velocity U or the root-mean-squared (rms) fluctuating velocity u’ at a certain
position [9].

For all the present flow conditions, the agitator Reynolds number was found to be larger
than 10* as shown in Table 2. The agitator Reynolds number was based on the diameter
of agitator and rotational speed as defined in the literature [12], that is,

ger U,D; ©

Reazé m

(9)

In equation (9) the agitator speed U, is used as the product of rotational speed (N) and
diameter (Dg) of the agitator. This is twice the blade tip speed, and while it does not
represent a physical speed within the tank, it is a typical parameter used in the mixing
literature.
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The maximum fluid velocity discharged by the agitator is found to be proportional to the
rotational speed of the agitator as expected. Figure 7 shows the results for six different
rotational speeds from 150 rpm to 700 rpm. The average local velocity available to pick
up solid particles deposited near the corner of the tank is also proportional to the agitator
speed, NDg. The results for various liquid levels are presented in Fig. 8.

Using well established power correlations for fully turbulent flow stirred by an agitator [9,
10, 11], it can be shown that, for fully-turbulent conditions as shown in Table 2, the power
dissipation per unit volume is independent of the agitator Reynolds number, Re,. It is
given by the equation,

a6 & r N°Ds’0
Vi f 2 : - (10)
eV Dr'H 4

In equation (10), D+ and H are the diameter and liquid height of an agitator tank. The
right-hand side of equation (10) can be equated to the right-hand side of equation (8).
Since C’ in equation (10) is constant for turbulent flow, the parameter t should be
constant. Thus, when the agitator diameter Dg is used for the characteristic length L.,
the resulting equation becomes

u=cMNPe ¢ 11
. q (11)

In equation (11), all the constant terms have been lumped into C. From equation (11),
the average velocity outside the agitator discharge zone was found to be proportional to
the rotational speed of the agitator and its diameter squared, and inversely proportional to
the cube root of the tank fluid volume. The current results were consistent with this
relationship over a wide range of agitator speeds and tank levels, as shown in Fig. 9. The
constant C was found to be about 0.54 from a least squares fit with a maximum 20%
uncertainty. The results are also consistent with literature data [11]. It is noted that this
velocity correlation may have broad applicability, and maintaining a constant value of the
parameter g may be a reasonable scale-up criterion in many instances such as small-
scale experimental tests and designs.

Five different rotational speeds were used for the agitator: 300, 400, 500, 600, and 700
rpm for each of the four different tank liquid levels as shown in Table 1. In previous work
[3], applications of the two-equation k- e turbulence model to the sudden change of flow
direction were benchmarked against the test data with reasonable accuracy. A
computational domain of about 300,000 nodes was found to give acceptable results.
Typical running time for each modeling calculation was about 8 hours on an 866MHz
Pentium Il processor with 1GB of memory.

A series of calculations for the 12-inch liquid level were performed to estimate actual flow
patterns representative of a 38-liter fluid volume in the HB-line tank with the agitator
rotating in a clockwise direction as viewed from above. The results for the 300 rpm case
showed that both sides of the agitator had the least active flow zones. The fluid around
the rotational axis of the agitator moved downward toward the agitator. It exited the
agitator region divided into two main directions along the bottom surface of the tank as
shown in Fig. 10. Velocity contour plots for 500 and 700 rpm are shown in Figs. 11 and
12, respectively. The flow patterns did not change significantly as the agitator speed
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increased. Table 5 shows the quantitative results for the flow patterns at different agitator
speeds. These values relate closely to the pick-up and suspension of particles deposited
on the bottom surface of the tank. Figure 13 also shows the results of flow patterns
inside the fluid domain for different locations and speeds.

Wall shear stress was also evaluated as a mixing criterion. It was assumed that particle-
particle interactions and the effects of the particle presence on the continuous liquid
phase were negligible for small particles (~20 microns). The critical shear stress
required to scour a 20-micron particle was found to be about 0.033 Pa. Typical results
for shear stress distributions over the range of speeds in the 12-inch tank level are
shown in Fig. 14. The results showed that wall shear stress for agitator speeds higher
than 500 rpm was larger than the critical shear stress for all the liquid levels considered
here. Therefore, the critical velocity was used as the primary criterion to determine the
agitator speed to achieve adequate solid mixing in the tank.

Pressure distributions around the agitator for the reference case (12-inch level and 500
rpm) are presented in Fig. 15. The results show that the region behind the agitator blade
has negative gauge pressure. This makes the fluid move into the agitator region and flow
in the downward direction. Figure 16 presents flow patterns on the center plane of the
agitator in terms of velocity vectors corresponding to the pressure distribution shown in
Fig. 15. Overall flow patterns for three-dimensional flow domain are also shown in Fig.
17. When looking down from the top of the tank, detailed flow patterns near the agitator
and its rotational axis are shown in Fig. 18. When the agitator rotates in a clockwise
direction, fluid near the rotational axis of the agitator moves downward, and the maximum
flow velocity occurs near the tip of the agitator blade. Figure 19 shows flow patterns for
the two-dimensional fluid domain below the agitator. It is noted that the downward flow at
the downstream side of the agitator is mainly split into two horizontal directions toward
the tank corners along the bottom surface of the tank. Figure 20 shows velocity
distributions for various agitator speeds at a local position 23.5 inches distant from the
agitator shaft.

The turbulent flow fields that develop in an agitated tank are generated by the rotational
motion of the agitator. Agitator flow phenomena include high-speed discharge flow, blade
boundary layers, blade wake regions, boundary layer separation regions, and trailing
vortex systems. An understanding of the velocity flow fields is a prerequisite to
understanding mixing and key physical parameters such as shear stress, flow
fluctuations, and vorticity fields. The wall shear stress distributions on the agitator
blades, as shown in Fig. 21, provide a direct indication of flow field development resulting
from the no-slip condition at the blade wall. The fluid particles near the blade wall are
accelerated by an imbalance of shear forces.

N-t=nN%=-nN" (N v)=- " w (12)

As shown in equation (12), an unbalanced shear stress can only exist when the vorticity
is nonzero. Thus, the existence of vorticity means that a fluid particle is subjected to net
viscous forces. Figure 22 shows flow patterns, velocity magnitudes, turbulence intensity,
and vorticity fields. The results show that the strongest discharge flow fields occur at the
downstream side of blade, and flow fluctuations and vortex motion originate from the tip
of the blade. It is noted that vortex flow dissipates from its point of origin at blade tip to
the downstream region as shown in Fig. 22.
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Figure 23 shows pressure, velocity, and turbulence intensity distributions for 500 rpm
operation at the vertical plane crossing the agitator center for an 8.5-inch liquid level.
These results are consistent with the literature. Horizontal velocity contour plots at
several different elevations are presented in Fig. 24. The figure shows the fluid zones
with a velocity higher than the minimum critical velocity for 20-micron solids and a
specific gravity of 2.5.

Vertical flow patterns at several different distances from the agitator are shown in Fig. 25.
Corresponding turbulence intensities are presented in Fig. 26. Vertical snapshots of the
fluid velocity distributions at different distances from the agitator are shown in Figs. 27
and 28 for agitator speeds from 300 to 700 rpm. Figure 29 shows the fluid domain
having velocities higher than the critical velocity for a 600 rpm agitator speed and an 8.5-
inch tank level. The critical velocity for this case is 0.225 ft/sec for a 20-micron solid
particle as shown in Table 3.

Figure 30 shows the sensitivity results for fluid velocity magnitude at a given position as
the agitator speed increases from 300 to 700 rpm. Velocity distributions along the
vertical direction from the tank bottom at various horizontal distances from the agitator
are presented for the 700 rpm case in Fig. 31.

Figure 32 shows velocity contour plots at the vertical plane crossing the agitator
centerline for various different speeds and a 7-inch liquid level. Velocity distributions for
the different agitator speeds at a horizontal distance of 23.5 inches from the agitator are
shown in Fig. 33. For this case, a rotational speed higher than 500 rpm is required for
acceptable solid mixing.

Sensitivity studies of local flow fields were performed for rotational speeds from 400 to
600 rpm and a 4.5-inch tank level, the lowest of the four tank levels evaluated. The
results showed that the 500 rpm agitator speed generated adequate flow fields to mix the
solids without entraining air for the 4.5-inch liquid level as shown in Fig. 34. Figure 35
shows graphical snapshots for two different speeds, 400 and 500 rpm.

It is important to evaluate the impact of tank liquid level on the flow fields developed for a
given agitating speed. Local velocity distributions for various liquid levels with a 500 rpm
agitator speed at a position 23.5 inches away from the agitator are presented in Fig. 36.
The results for 700 rpm are shown in Fig. 37. The results show a tank with a lower liquid
level has more agitation for a given agitator speed, assuming that flow velocity is the
primary indicator of mixing performance. These results are consistent with Fig. 9 in
terms of non-dimensional parameter g, which is related to the ratio of power dissipation
(P) to tank fluid volume (V).

All the above analyses were made with a steady-state model assuming that the top liquid
surface remains stationary and at atmospheric pressure. The minimum liquid level to
prevent air entrainment into the blade zones and thereby to avoid degrading the mixing
performance was estimated by using the empirical correlation in equation (6). As a
scoping analysis, a transient model incorporating the motion of top liquid surface was
developed, but it required a large amount of computational time to capture the transient
behavior of the free surface. One of the early transient snapshots for the free surface
motion is shown in Fig. 38 indicating that the liquid level near the axis of the agitator
becomes lower compared to the other region as transient time goes on.
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All the modeling results for various tank levels and pump speeds are compared with
critical velocities in Table 6. As shown in the table, potential operating conditions shown
in red italics satisfy critical criteria for acceptable mixing. Typical flow patterns for high
and low tank levels and a fully-submerged are presented in Fig. 39.

The flow fields occurring under turbulent flow conditions can be based on the initial blade
The flow phenomena generated by the agitator include
convection flow resulting from the blade shape, blade boundary layers, and trailing
vorticity. Figure 40 shows the primary flow components induced by the agitator when a
pitched or flat blade agitator rotates clockwise.

selection for the agitator.

Table 3. Critical velocities for various liquid levels to initiate the movement for 20-micron
solid particles deposited at the bottom of flat tank

Liquid Level Critical Velcity Critical Shear Stress
(inches) (Ue) (twe)
(ft/sec) (m/sec) (Pa)
4.5 0.211 0.064 0.033
7.0 0.221 0.067 0.033
8.5 0.225 0.069 0.033
12.0 0.233 0.071 0.033

Table 4. Conservative estimation of liquid level for the inception of air pull-through

Minimum Liquid Level to Avoid Air Entrainment (H.)
Pump Speed (inches)
(rpm) Liquid height above the Liquid height above the
agitator blade tank bottom

300 2.30 3.65

400 2.55 3.90

500 2.83 4.18

600 3.13 4.48

700 3.27 4.62
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Table 5. Average local velocity magnitudes for various agitator speeds at two different
distances (18 inches and 23.5 inches) from the agitator submerged in 12-inch tank level
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Figure 7. Maximum fluid velocity as function of the rotational speed of 45° pitched
agitator submerged in flat tank.
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Figure 8. Average local velocity versus the product parameter of the rotational speed (N)
and blade diameter (Dg) for three-blade 45° pitched agitator submerged in
flat tank. The average velocity was obtained by averaging local velocities

along the line A-A'.
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Figure 10. Velocity contour plot at the plane A-A’ of the mixing tank with 300 rpm agitator
speed and 12-inch liquid level
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Figure 11. Velocity contour plot at the plane A-A’ of the mixing tank for the reference case

shown in Table 1 (12-in tank level and 500 rpm agitator speed)
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Figure 12. Velocity contour plot at the plane A-A’ of the mixing tank with 12-inch liquid
level and 700 rpm agitator speed
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Figure 14. Shear stress contour plot at the wall surface of mixing tank for different
speeds of the agitator submerged in 12-inch tank level showing the red
zone to be larger than critical shear stress for 20 micron particle
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Figure 15. Pressure contour plot on the horizontal plane crossing the blade of the
agitator (plane B-B’) submerged in a flat tank for the reference case
shown in Table 1 (12-in tank level and agitator speed = 500 rpm)
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Figure 16. Velocity vector plot on the horizontal plane crossing the blade for the
reference case shown in Table 1 (12-in tank level and agitator speed =
500 rpm)
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Figure 17. Velocity vector plot in three-dimensional fluid domain for the reference case
shown in Table 1 (12-in tank level and agitator speed = 500 rpm)
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Figure 18. Three-dimensional velocity vector plot near the agitator blade from the top of
the tank for the reference case shown in Table 1 (12-in tank level and
agitator speed = 500 rpm)
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Figure 21. Wall shear distributions on the surface of the agitator blade and its rotational
axis located near the tank bottom for the reference case shown in Table 1
(12-in tank level and 500 rpm agitator speed)
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rpm mixing agitator submerged in the tank with 8.5-inch liquid level.
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17.5”, 23.5”, and 27.5") from the agitator located at the center of the flat

tank (500 rpm agitator speed with 8.5-inch tank level).
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Figure 26. Turbulence intensity contour plots for the planes at several different distances
(x=2",8.25",17.5", 23.5", and 27.5”) from the agitator located at the
center of the flat tank (agitator speed = 500 rpm and 8.5-inch tank level)
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Figure 29. Three-dimensional velocity contour plots showing the fluid domain to be higher
than minimum critical velocity (0.225 ft/sec for 20-micron particle) for flat
tank with 600 rpm agitator speed and 8.5-inch tank level.
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Figure 31. Velocity distributions along the vertical direction from the tank bottom for
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flat tank filled with 8.5-inch liquid level
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Figure 32. Velocity contour plots at the vertical plane crossing the mixer (line A-A") for
various different agitator speeds in the flat tank filled with 7-inch liquid level
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Figure 33. Velocity distributions along the vertical line A-A’ for various different agitator
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submerged in the flat tank filled with 7-inch liquid level
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Figure 34. Velocity distributions along the vertical line A-A'’ for two different agitator
speeds at the horizontal distance of 23.5 inches from the agitator
submerged in the flat tank filled with 4.5-inch liquid level
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Figure 35. Velocity contour plots at the vertical plane crossing the mixer (line A-A’) for
two different agitator speeds in the flat tank filled with 4.5-inch liquid level
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Figure 36. Velocity distributions along the vertical line A-A’ for 500 rpm agitator speed at
the horizontal distance of 23.5 inches from the agitator submerged in the
flat tank filled with various liquid levels
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Figure 37. Velocity distributions along the vertical line A-A’ for 700 rpm agitator speed at
the horizontal distance of 23.5 inches from the agitator submerged in the

flat tank filled with various liquid levels
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Figure 38. Typical transient results for water volume fractions in 4.5-inch tank level with
400 rpm agitator speed considering free surface motion
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Table 6. Modeling results for various tank levels and pump speeds compared with critical

velocities
Tank Tank fluid | Pump Average local velocity at Critical
levels volume speed | bottom corner of flat tank velocity
(inches) (liter) (rpm) (m/sec) (m/sec)
300 0.0373
45 ~10 400 0.0527 0.064
500 0.0686
600 0.0846
400 0.0511
7 19 500 0.0630 0.067
600 0.0772
700 0.0915
400 0.0484
8.5 ~21 500 0.0626 0.069
600 0.0769
700 0.0912
400 0.0448
12 ~38 500 0.0578 0.071
600 0.0709
700 0.0839
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Figure 39. Flow circulation patterns and characteristics for high and low tank levels with
turbulent 45° pitched agitator submerged.
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Figure 40. Primary flow components induced by the turbulent agitator submerged in a
tank.
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4. Conclusions

Flow pattern calculations for potential operating conditions of a 45-deg pitched three-
blade agitator in the HB-line flat tank have been performed to assess mixing behavior.
Velocity and shear stress criteria were developed to assess the ability of liquid flow to lift
and suspend solids deposited on the bottom surface of the tank. The modeling results
will help determine acceptable agitator speeds and tank liquid levels to ensure
suspension of solid particles deposited during precipitation operations.

Four different tank levels were evaluated: 4.5, 7.0, 8.5, and 12 inches, corresponding to
10, 19, 21, and 38 liters, respectively. A three-dimensional CFD approach was used with
a two-equation turbulence model and multiple reference frames. Free surface motion
was assumed to be negligible compared to forced convective motion for the operating
conditions evaluated. The top liquid surface was assumed to be stationary at
atmospheric pressure. No-slip boundary conditions were used at the blade surface and
the tank walls. Rotational motion of the agitator was simulated by using a rotating
reference frame with respect to the adjacent fluid media.

At high agitator rotational speeds and low tank levels, a surface vortex usually forms at
the center of the rotating fluid due to the centrifugal force from the agitator forcing the fluid
out toward the walls. When the surface vortex reaches the agitator blade, air will be
entrained into the mixing zone, which is not desirable in terms of mixing performance.
The correlations used in this analysis show that the lowest liquid level evaluated, 4.5
inches, is high enough to prevent air entrainment for agitator speeds up to 600 rpm.

All the analysis results demonstrate that an agitator speed of about 600 rpm provides
adequate solids mixing capability for various tank levels (12, 8.5, 7, and 4.5 inches) for
20-micron solids with a specific gravity of 2.5. For the lowest tank level, 4.5 inches, 500
rpm is sufficient to suspend the solid particles. Table 6 summarizes the results.
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