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Abstract 
 
Computational fluid dynamics methods were used to develop and provide a slurry pump 
operating guidance for CST mixing and suspension in Tank 40.  Flow patterns calculated 
by the model were used to evaluate the performance of various combinations of 
operating pumps.  The models focused on suspension of the CST particles to avoid 
settling during pump operations using the four existing slurry pumps.  The models and 
calculations were based on prototypic tank geometry and expected normal operating 
conditions as defined by the Salt Engineering customer. 
 
Computational fluid dynamics models of Tank 40 with different operating conditions were 
developed using the FLUENT™ code.  The modeling results were used to assess the 
efficiency of CST suspension and mixing operations in the 85-ft tank.  The models 
employed a three-dimensional approach, a two-equation turbulence model, and an 
approximate representation of flow obstructions.  The calculated local velocity magnitude 
was used as a measure of CST suspension and mixing capability. 

 
For the simulations, a series of the modeling calculations was performed with indexed 
pump orientations and pump rotation until an efficient flow pattern over the entire domain 
of tank fluid was established for CST suspension.  The calculated results demonstrated 
that the existing slurry pump running at 7600 gpm flowrate and 1/3 rpm rotating pump 
speed could suspend the CST particles from the tank with a 200 in liquid level, based on 
a minimum suspension velocity of about 1.1 ft/sec for 700 micron CST particles.   

The results showed that the suspension distance for rotating pumps is smaller than that 
for indexed pump operations for similar operating conditions.  However, the suspension 
extent for the two cases has about the same total area.  Further results showed that the 
capabilities of CST suspension were affected by the number of operating pumps and 
pump rotating speed.    
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1 Introduction 
Tank 40 is a 85-ft diameter, flat-bottomed, cylindrical carbon steel tank with 6.75 ft 
diameter central support column.  Its contents consist of slurry fluid and crystalline 
silicotitanate (CST) particles.  The slurry is primarily a mixture of aqueous fluids with 
smaller concentrations of cesium.  It sounds more like a solution than a slurry.  The CST 
is settled near the bottom of the tank, and it will then be hydraulically mobilized and 
suspended by submersible mixer pumps and transferred to other tanks.  The CST 
material in the tank is being used as an inorganic ion-exchange medium to remove 
cesium from the high-level radioactive waste tanks at the Savannah River Site (SRS).  
Sorption of the cesium from the slurry mixture results in concentrating the cesium into 
the volume of the CST.   

Tank 40 has four slurry pumps manufactured by the Lawrence Company [1] available for 
CST suspension operations.  Each pump has a suction inlet at the bottom and two 
opposing discharge nozzles, 3.625 in diameter.  The pump is normally submerged to 
approximately the level of 12.375 inches off the bottom as shown in Fig. 1, allowing a 
recirculating mixture of CST and fluid to serve as the feed flow.  The nozzle elevation 
corresponds to about 4.875 inches from the tank floor to the bottom of the pump suction 
screen.  All pumps are located at a 29-ft radial distance from the tank center as shown 
schematically in Fig. 1.  Detailed locations of all four pumps are also shown in the figure 
[2].  Each pump can rotate at 1/3 rpm using a variable frequency drive.  The flow pattern 
generated on the tank bottom defines the suspension distance from the pump nozzle 
exit to the point with its local velocity magnitude corresponding to minimum CST 
suspension velocity when the pump is operated.  This distance is used as one of the 
measures or indicators of the CST mixing or suspension ability of a pump.  After the 
mixer suspends the CST particles, waste transfers from Tank 40 to another tank will be 
performed.     

The primary objective of the present work is to calculate the flow circulation patterns for 
CST suspension in Tank 40 under various combinations of number of operating pumps 
and their nozzle discharge orientation.  The flow patterns calculated by the model will be 
used to evaluate the mixing capabilities of the slurry mixers.  Figure 2 shows the typical 
flow development and evolution of a jet flow discharged by a slurry mixer obtained from 
previous modeling results [4, 5] and literature information [11]. 

The analysis results will be used to evaluate hydraulic suspension capabilities for CST 
mixing.  This information will also assist in the operating plan for the Tank 40 cesium 
removal and in identifying special operation requirements for the suspension of the tank 
CST materials.   
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Figure 1.  Schematic of Tank 40 layout with major flow obstructions of support columns 

and four slurry mixing pumps (Each component not scaled properly). 
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Table 1.  Reference design and operating conditions of Tank 40 used for the present 
analysis. 

Physical parameters Parameter values 

Particle density 2.66 gm/cc  

CST particle size                        
(as received) 

250 to 700 microns*                 
(avg. about 400 microns) 

Max. CST particle size                   
(crushed) 

177 microns 

Max. number of pumps available 4 

Pump flowrate 3800 gpm/nozzle 

Number of nozzles each pump 2 

Flow velocity at pump discharge inlet 118.1 ft/sec (corresponding to 3800 
gpm in 3.625-in nozzle) 

Pump rotational speed (for transient model) 1/3 rpm 

Diameter of tank 85 ft 

Tank level 200 in (16.7 ft) 

Pump nozzle diameter 3.625 in 

Pump nozzle elevation 12.375 in above tank floor 

Note:* 700 micron (maximum CST size) will be used for one of the reference conditions.   
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Figure 2. Typical flow dissipation and evolution of a turbulent jet flow along the discharge 
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2. Modeling Approach and Analysis 
A three-dimensional CFD approach is used to calculate flow patterns for the CST 
suspension operations of Tank 40 and to evaluate optimum operating conditions for CST 
mixing in the tank.  A finite volume CFD code, FLUENT [9], is used here to perform the 
Tank 40 modeling and analysis.  A prototypic geometry is modeled with a non-uniform, 
non-orthogonal, and hexahedral mesh. 

The decay rate of the jet axial velocity and the evolution of flow patterns are potentially 
important phenomena affecting solid suspension and mixing operations.  They result 
from the interaction of the submerged turbulent jet with the tank wall, internal solid 
obstructions, and free surface.  The ability to shear the settled particle layer is also 
directly related to the local velocity.  Hence, local flow velocity magnitude generated by 
the pump discharge jet is considered one of the key parameters governing the degree of 
CST solid suspension and turbulent mixing in the present work. 

The present models consider flow obstructions such as key pump support structures and 
central support column.     

2.1 Flow Criterion for CST Suspension 

To establish the flow criterion for a quantitative estimation of CST suspension, decay 
characteristics of a submerged jet flow and assessment of the slurry flow regime need to 
be discussed briefly using literature information and our previous analyses.  When a 
turbulent jet of fluid is discharged from a nozzle with a diameter do, it both entrains fluid 
and expands as shown in Fig. 2 [6,7,10,13].  Most mixing action and entrainment takes 
place in the region of fully-developed flow which begins at a distance of approximately 
eight nozzle diameters from the discharge plane. The non-dimensional velocity 
distribution vϕ  along the jet axis of this region for a homogeneous fluid jet is given by 
[13] 

1
1

−

−
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⎤
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⎠
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o
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o
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d
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U
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In eq. (1), Co is a constant determined by the turbulence characteristics of the jet, Uo the 
nozzle exit velocity, v(x) the local velocity at a point x, and x the distance from nozzle.  
Abramovich (1963) correlated the experimental data for a free turbulent jet submerged in 
fluid using the non-dimensional form provided by eq. (1).  From his work, the 
proportional constant Co in eq. (1) was determined to be 6.3158.   

Equation (1) shows that the velocity at any point in the region of established flow is 
directly proportional to the product, doUo.  Thus, the one-dimensional entraining distance 
corresponding to the minimum entrainment velocity can be estimated theoretically when 
nozzle size and pumping flowrate are provided. 

However, the fluid region for the present work has both a solid boundary and a free 
surface boundary as the jet expands into the downstream region and then the flow 
recirculates in the tank.  The spreading fluid is retarded by the frictional resistance of the 
wall.  The inner part of the flow may be expected to show a certain structural similarity to 
a boundary layer, whereas entrainment of quiescent fluid occurs near the outer edge of 
the flow, which accordingly is likely to resemble a free jet in character. 
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When a solid structure or wall surface is present near the jet nozzle, the jet flow will feel 
a three-dimensional interaction from both the wall boundary and the free surface.  The 
literature [8] has shown that the flow region of the jet up to 40 nozzle diameters, η = 40 
in eq. (1), is not affected by the presence or absence of a wall near the nozzle assuming 
the jet does not contact the wall in that distance. 

Average flow velocity, particle size and density, and slurry flow regime are key important 
parameters in determining the transport patterns of particles in a slurry [16], which are 
closely related to the solid resuspension.  In this case, the critical velocity is defined as 
the minimum velocity that can initiate the movement of the solids deposited near the 
bottom of the tank.  Graf [16] correlated the critical velocity Vc empirically in terms of 
geometrical dimensions and the ratio of particle to fluid densities using data available in 
the literature. 
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In eq. (2) d and H are the particle diameter and tank liquid level, respectively.  As seen in 
Fig. 3, when the average flow velocity is much larger than the critical velocity, Vc, the 
literature results show that solid particles in a continuous flow field are homogeneously 
distributed [16].  When the flow velocity required for CST transport and suspension is 
exceeded, the solid-laden flow can be treated as a homogeneous fluid.  Thus, once solid 
particles are suspended by the continuous-phase flow, the conditions of the first of the 
three typical slurry flow fields shown in Fig. 3 are satisfied.  The present flow calculations 
are based on a homogeneous single-phase fluid flow.  Table 2 shows minimum 
suspension velocities of particles for three different mono-sized particle systems with 2.7 
specific gravity (spg) particle and 1.26 spg fluid.  The flow criterion required for CST 
suspension will be used in the analysis as shown in Table 2. 
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Table 2. Minimum velocities of particle suspension and transport/removal for the various 
particle sizes in fluid density 1.252 gm/cc (particle density=2.66 gm/cc)    

Tank level   
(inches) 

CST particle size  
(microns) 

Min. velocity (Vc) required to suspend particle deposited 
from horizontal wall surface computed by eq. (2) 

[m/sec] (ft/sec) 

177 [0.195] (0.640)  

400 [0.270] (0.887) 200* 

700* [0.338] (1.110)* 

177 [0.193] (0.633) 

400 [0.267] (0.877) 180 

700 [0.334] (1.097) 

Note:* The present modeling calculations will use these values as the nominal reference 
conditions.    
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Figure 3.  Schematic representation of solid concentration and velocity distributions for 
various flow regimes of solids-laden slurry (Vc is a minimum velocity or 
scouring velocity to initiate the movement of particle from the deposit area.)   
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The flow patterns calculated in the Tank 40 modeling analysis are used to estimate the 
effectiveness of CST suspension operations in terms of local velocity magnitude and to 
interpret the mixing performance calculations for Tank 40 using the minimum required 
velocity presented in Table 2.   

It is important to recognize that the minimum suspension velocity determined by the 
empirical correlation is not a precise measure. It is dependent on the material 
characteristics, particle shape, and packing types of the CST layer settled on the tank 
floor, but it is also affected by the uncertainty in evaluating the suspension zones of the 
CST materials in the tank.  Previous analysis [7] demonstrates reasonable agreement 
between the literature information and the present velocity criterion used for the 
suspension and mixing operations of solid particles in tank.  Thus, local fluid velocity at 
any distance from the pump nozzle is employed as a measure of the slurrying and 
suspension efficiency of the CST particle in Tank 40.  For the present analysis, local 
fluid velocity at any distance from the pump nozzle is compared to the flow criterion of 
1.1 ft/sec as a measure or indicator for 700-micron CST suspension in Tank 40 for 
conservative estimation since the largest CST size as received in the tank is about 700 
microns.   
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Figure 4.  CST suspension velocity as function of particle sizes for different tank levels 
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2.2. Settling Velocity for Mono-sized Particles in Stagnant Fluid 
The drag force on an isolated solid particle moving in an infinite expanse stagnant fluid 
is represented by the equation, 

pffDD AvCF 2

2
1 ρ=          (3) 

In eq. (3) ρf is density of fluid.  Αp represents the projected cross-sectional area of the 
particle perpendicular to the direction of motion.  CD is the drag coefficient at the surface 
of particle when a solid particle is falling downward with velocity vf.  The drag coefficient 
CD is dependent on particle shape and flow regime in terms of Reynolds number (Re).   

For the case of free particles of spheres with a density of ρp and without interaction or 
hindering effects due to the presence of other particles, the drag force FD equals the 
force of gravity FG, including the buoyancy force of the particle with solid volume Vp 
submerged in a quiescent fluid.      

( )gVF fppG ρρ −=  

DF=           (4) 

After some algebraic manipulations, eqs. (3) and (4) become 
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When the particle has a spherical shape with diameter dp, the ratio (ϕ ) of the particle 
volume to its projected area in eq. (5) is (2/3)dp.  That is,  
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In this situation, the flow is assumed to be slow viscous or Stokes’s flow.  In 1850, 
Stokes derived the solution for viscous flow past a sphere at small values of the 
Reynolds number by using the momentum equation without inertia terms in a spherical 
polar coordinate system and by fitting no-slip boundary conditions at the spherical 
surface.    His result for drag force acting on the sphere was: 

opfD UdF πµ3=          (7) 

where Uo is the undisturbed free stream velocity.   

When the particle velocity relative to the bulk fluid is equal to the undisturbed free stream 
velocity in eq. (7) and Re < 0.6, the drag coefficient CD in eq. (5) corresponding to the 
Stokes formula, eq. (7), can be expressed as 

( ) Re
24
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Re, the dimensionless parameter used in eq. (8), is defined in terms of particle size dp 
and velocity vf relative to the fluid medium with density ρf and viscosity µf as,   
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When the drag coefficient CD in eq. (6) is replaced by eq. (8), settling velocity for a single 
spherical particle in quiescent fluid becomes 

( )
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f

gd
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ρρ

18

2 −
=          (10) 

It must be emphasized that Stokes’s drag coefficient is only applicable at very low 
velocities and valid for values of Reynolds number less than about 1.  This limit for 
Stokes flow corresponds to viscous dominant settling velocity. 

At larger values of the Reynolds number, the inertial terms exercise an increasing 
influence on the flow dynamics.  From the literature, the drag coefficients for the 
spherical particle submerged in the fluid are as follows: 

60
518
.Re

.
≈DC   for 1 ≤  Re < 103 (intermediate flow regime) 

 440.≈DC   for 103≤  Re < 105 (Newton’s flow regime)     (11) 

The study of settling phenomena has been performed by a considerable diversity of 
approaches.  The literature information (Oliver, 1961) has suggested that the motion of a 
typical single particle should be influenced by both the motion and the presence of the 
other particles.  The main effect of the motion of the other particles is to cause a return 
flow of liquid, while the presence of the other particles produced an effect similar to an 
increase in the viscosity of the dispersing liquid.  In the literature correlations, the 
velocity for flow past a single sphere was used in order to obtain an equation relating the 
settling velocity of a suspension of mono-size spherical particles to the volume 
concentration of the solid phase.   

Table 3 shows various literature correlations for relative settling velocity Vr in terms of 
solid volume concentration, c.  Relative settling velocity Vr is defined as 

f

s
r v

v
V =           (12) 

In eq. (12), sv is settling velocity in a multi-particle system, and fv is settling velocity for a 
single particle in a fluid.   

The downward motion of the particles must cause an upward flow of liquid, and the 
velocity of this flow averaged for the whole flow cross-section of the tank must be the 
liquid fraction (1 - c) times the solid settling velocity of particles allowing only for return 
flow of liquid when c is defined as the solid volume fraction of the suspended fluid.  In 
addition, the presence of other particles also impedes the motion of a typical particle in 
the same way as if there were an increase in the viscosity of the liquid, so that the 
effective relative viscosity would reduce the settling rate of the suspended particles.  
Thus, the updated literature correlations [4] for settling velocity within a dilute solution 
were formulated considering these two factors.   

)()( cfcfvv fs 21=          (13) 
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In eq. (13) 1f  and 2f  are empirical functions associated with a return flow effect due to 
the falling of the particles and a hindering effect of the particle precipitation due to the 
increased effective viscosity, respectively.  These two functions were assumed to be 
dependent only on the solid volume fraction of suspension, c.   

Figure 5 shows single free-fall velocities and multi-particle settling velocities as function 
of solid particle diameters.  The calculations were performed by using a Stokes’s flow 
approach (eq. (10)) and the literature correlation for the settling rate of mono-sized 
spherical particles.  

Typical literature correlations for relative settling velocity are shown in Table 3 to 
examine the interference or hindering effects of particle settling due to presence of the 
other particles for the range of solid particle concentrations.  The results shown in the 
literature indicate that settling velocities of particles in a multi-particle system are 
different depending on the particle shape and solid concentration.   

Volume concentration of particles in the continuous fluid phase is one of key parameters 
associated with flow pattern and slurry characteristics.  Weight fraction W for solids can 
be converted to volume concentration C for given densities of the fluid and solid phases.   
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where ρf and ρs are the densities of fluid and solid, respectively.   

From eq. (14) volume fractions of CST solids (Cv) can be calculated as about 0.11 for 
the present operating conditions when their weight fractions in a slurry flow are 0.20.   
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Table 3. Literature correlations for relative settling velocities based on solid volume 
fraction as stated in Ref. 4 (relative settling velocity Vr is defined by eq. (12)).   

Authors (Year) Relative settling velocity correlations Approach method 

Burgers (1942) ( ){ } 58
151 21

1
21 ==++= − λλλλ ,,cV r  Theoretical work 

Steinour (1944) ( ) c
r cV 8212101 .−−=  Empirical work 

Hawksley (1951) ( ) ( )⎭
⎬
⎫

⎩
⎨
⎧

−
−−=

c
ccV r 60901

521 2

.
.exp  Empirical work 

Oliver (1961) ( )ccV r 15217501 3
1

.. −⎟
⎠
⎞

⎜
⎝
⎛ −=  

Theoretical and empirical 
work 
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Figure 5.  CST settling velocities as function of particle sizes for different solid contents 

in tank fluid using Oliver’s correlation of Table 3 
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2.3 Modeling Approach Method 

The FLUENTTM [9] code, which was validated against velocity measurements in the full-
tank facility located in TNX [7], was used to calculate waste flow patterns for the slurry 
mixers of Tank 40 to estimate the ability to suspend and remove sludge under potential 
operating conditions.  In this work, the ability of the Fluent code to capture important flow 
phenomena associated with the flow mixing behavior of a submerged turbulent jet was 
demonstrated.   

For the present work, four slurry pumps in Tank 40 provide flow circulation for CST 
suspension within the 85-ft tank.  The pump suction is located at the bottom of the jet 
pump as shown in Fig. 1.  A three-dimensional CFD analysis was performed to evaluate 
the flow patterns driven by a turbulent jet of the submersible slurry mixer.  The pumps 
were assumed to be stationary for the steady state model.  For a rotating model, the 
direction of the pump discharge was changed in discrete 22.5o increments 
counterclockwise.  The pump stayed fixed for 11.25 seconds at each direction, resulting 
in a simulated rotational speed of 1/3 rpm.  The pump was started in a quiescent tank.  
The transient calculations were performed successively for 22.5o increments of the 
pump orientation until a quasi-steady mixing flow pattern in the tank was reached.   

The present analysis considers several basic cases with different operating conditions to 
investigate how sensitive the flow patterns are to indexed or rotating pump operating 
mode, number of operating pumps, and pump rotating speeds for given nominal 
operating conditions.  The present work consists of two fundamental models.  One is to 
perform the steady-state model for indexed stationary pump and different number of 
operating pumps under the reference design and operating conditions as provided by 
the customer [1].  The other is to study the transient modeling calculations for pump 
rotations with different numbers of operating pumps to evaluate the impact on flow 
circulation patterns.  Both models were used to estimate flow patterns and effective 
suspension distance from the pump under nominal operational conditions with a fixed 
pump position or pump rotation, and to develop an operational strategy for suspension of 
the CST particles.  In addition, the extent of the slurry mixing zone is estimated for a 
slurry mixer submerged at each of the four corners of the tank for given reference design 
and operating conditions.   

Detailed modeling domain and operating conditions are provided in Fig. 1 and Table 1.  
The model geometry was created using body-fitted coordinates and unstructured multi-
block grids to include internal solid structures of the tank under the CFD environment.  
Detailed wave motion of the free surface at the top of the tank was neglected for 
computational efficiency.  That behavior does not have a significant impact on the flow 
patterns inside the fluid region in a deep tank since the ratio of liquid height above the 
nozzle to nozzle diameter is at least about 38, which is much larger than the critical ratio 
of 2.5 found in the literature [8].  The fluid properties of water were evaluated at 50oC.  
The flow conditions were assumed to be fully turbulent since Reynolds numbers for 
typical operating conditions were in the range of 106 based on the pump nozzle inlet 
conditions.  A standard two-equation turbulence model, the k−ε model [9], was used, 
since previous work [7] showed that the two-equation model predicts the flow evolution 
of turbulent jet in a large stagnant fluid domain with reasonable accuracy.  This model 
specifies the turbulent or “eddy” viscosity, µt , by the empirical equation,   
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In eq. (15) Cµ is an empirical constant.  In the present calculations, its value is 0.09 since 
the model was benchmarked against the data in the previous work [7].  The turbulent 
viscosity is computed by solving two transport equations for k (turbulent kinetic energy) 
and ε (rate of dissipation of turbulent energy).  The governing equations to be solved for 
the present work are composed of one continuity equation, three momentum equations 
for the three component directions (x, y, and z directions), and two constitutive equations 
for the turbulence descriptions.  Detailed descriptions for the governing equations and 
computational methods are provided in previous work [7]. 

2.4 Tank 40 Model and Assumptions 

Tank 40 is cylindrical, 85 ft in diameter, and 24.5 ft high.  For one of the reference 
operating conditions, the tank liquid level was kept 200 in high as shown in Table 1.  
Each pump has two horizontal discharge nozzles, each 3.625 in diameter.  Fluid velocity 
at the exit of pump nozzle corresponding to a total discharge flowrate of 3800 gpm per 
nozzle was used for the present calculations.  There is a single suction at the bottom of 
the pump.  The mixer is located about 13.5 ft away from the tank wall boundary and the 
pump nozzle located about 12.375 in above the tank bottom.  The modeling domain 
contains the internal flow obstructions representing the 6.75 ft diameter central column 
to support the tank roof and four risers for pump mixers. Detailed dimensions and pump 
layouts in Tank 40 as modeled in the present work are illustrated in Fig. 6.  The model is 
a full three-dimensional representation of the entire tank to capture significant 
phenomena related to the turbulent behavior of the jet flow.   

As mentioned earlier, two basic modeling approaches are taken for the present analysis.  
One is the steady state model with the reference operating conditions as shown in Table 
1.  This model is used to estimate effective mixing zone under steady-state operational 
conditions with an indexed pump position, and to develop an operational strategy for 
suspension of the CST particles.  The other is the transient model with pump rotation to 
evaluate the flow circulation patterns due to the transient changing nozzle aiming 
direction.  Water was used to simulate the fluid in the tank.  Previous sensitivity results 
[6, 7] showed that flow pattern impacts due to fluid property differences were negligibly 
small.  Detailed geometrical and operating conditions are provided in Table 1.  Based on 
nozzle diameter and water properties, flow near the nozzle is clearly turbulent since the 
Reynolds number for the reference operating conditions is about 3.3 x 106.  The flow for 
the entire computational domain is assumed to be turbulent for a reasonable 
representation of the liquid jet leaving the pump nozzle.   

As discussed previously, the standard k−ε model was used for the turbulence 
calculations.  A three-dimensional model was run in steady-state and transient modes 
for the fixed pumps and rotating pumps to allow the turbulent jet flow to develop a flow 
pattern for the operating conditions of Tank 40 as provided in Table 1.   

The calculations consisted of several different cases to simulate various operating 
conditions for Tank 40 and to examine the sensitivities of the operating parameters with 
respect to the efficiency of CST suspension.  For instance, when two pumps are used for 
the steady-state model, the pumps are in a fixed orientation to maximize flow streams 
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aimed at the overall CST suspension over the entire fluid domain of the tank.  Both 
discharge jets are located at a horizontal plane 12.375 in above the tank bottom.  For 
the modeling analysis, pump flowrate was 3800 gpm per nozzle.  Figure 7 shows three-
dimensional geometrical configurations as modeled in the CFD environment for the 
multi-pump simulations including the internal flow obstructions.  For the simulations, a 
series of the modeling calculations will be performed in a fixed pump orientation and in a 
1/3 rpm pump rotation until an optimized flow pattern is established.   

Geometrical simplifications and physical model assumptions are listed as follows: 

- There are no solid obstructions in the tank other than the pump support structure, 
nozzle housing, and central support column as shown in Fig. 1 or Fig. 6.  

- Two discharge nozzles are 180o apart, aligned in straight and opposite directions. 

- The pump nozzle for the steady state model is stationary, although in reality, the 
pump has a slight oscillation. 

- The working liquid is water at 50 oC. 

- The liquid region is bounded by a free surface at constant atmospheric pressure. 

- The model is isothermal.  No energy equation is calculated. 

- The flow in the entire model domain is assumed to be turbulent to give a reasonable 
representation of the liquid jet leaving the pump nozzle.    

- The wavy motion of the free surface due to the interaction with the discharge jet is 
neglected.  Literature data [6] show that the surface wave effect is negligible when 
the ratio of liquid height above the nozzle to nozzle diameter is much larger than 2.5.  
It is about 52 for each slurry mixer under nominal Tank 40 operations.   

Three-dimensional numerical simulations are made for the Tank 40 modeling analysis. 
About a quarter million nodes for the three-dimensional computational domain shown in 
Fig. 7 have been established from the sensitivity studies of computational meshes.  
Typical hexahedral, non-uniform meshes for the Tank 40 model are shown in Fig. 8.   
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Figure 6.  Three-dimensional modeling boundary for the present analysis of the Tank 40 
facility with four slurry pumps 
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Figure 7.  Three-dimensional computational domain as modeled for the present analysis 
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Figure 8.  Hexahedral meshes on the x-y computational domain for a three-dimensional 

CFD model of Tank 40 with four mixing pumps.   
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3.  Results and Discussions 
CFD models have been developed and analyses performed to estimate circulation flow 
patterns within Tank 40 to evaluate the ability of the four slurry pumps to suspend the 
CST particles settled on the tank floor.  The mixing pumps are assumed to be stationary 
or rotating. A flow velocity criterion will be used as the primary indicator of the ability to 
pick up and suspend the CST particles from the tank floor. 

Two basic models were developed, including several different cases for the modeling 
calculations with internal flow obstructions such as four pump risers and central support 
column.  One is the steady-state nominal model simulated with the reference operating 
conditions as provided by the customer [1], and it is mainly to evaluate flow circulation 
patterns and effective mixing zone to develop an operational strategy for the CST mixing 
operations of Tank 40.  The other is the transient model, and its primary objective is to 
perform flow pattern analyses under pump rotation with given operational parameters 
such as pump flowrate, pump rotating speed, tank level, and pump elevation.  Reference 
design and operating conditions of Tank 40 used for the present analysis are provided in 
Table 1.   

For the steady state model, the pump is in a fixed orientation, so one discharge jet is 
pointed directly at the center of a horizontal plane in the tank, while the other is pointed 
directly at the outer wall.  For the rotating model, the direction of the pump discharge 
was changed in discrete 22.5o increments clockwise.  The pump stayed fixed for 11.25 
seconds at each direction, resulting in a simulated rotational speed of 1/3 rpm.  The 
pump was started in a quiescent tank.  The transient calculations were performed 
successively for 22.5o increments of the pump orientation until a quasi-steady flow 
pattern in the tank was reached.   

As shown in Fig. 6, a 6.75 ft support column is located at the center of the tank.  Each 
slurry pump is located at the 29-ft distance from the tank center.  When the central 
column obstructs the jet flow generated by the pump, major questions are the optimum 
numbers of operating pumps and the most effective discharge direction of each pump to 
suspend the CST particles in case of indexed pump operation.  The locations of the four 
slurry pumps within the three-dimensional modeling domain are shown in Fig. 6. 

When all four operating pumps are aimed at the central support column, Figure 9 shows 
the calculation results for turbulent flow intensities on the pump discharge plane using 
the steady state model.  The results show that four stagnant flow zones are generated 
between two adjacent pumps.  As shown in the figure, flow jetted by pump nozzle is 
mainly dissipated by turbulent flow fluctuations due to the presence of solid boundary.  
The degree of turbulent dissipation is measured by turbulent intensity.  It can be used as 
an indicator of local mixing associated with vortex eddy motion since solid boundary 
creates fluid vorticity.  The turbulence intensity I is defined as the ratio of the root-mean-
square of the velocity fluctuations to mean flow velocity.  That is,  
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In eq. (16) u’, v’, and w’ are local velocity fluctuations in the x, y, and z directions and V 
is the mean velocity magnitude.  The turbulence intensity is proportional to the square 
root of the turbulent kinetic energy k for a given mean fluid velocity.  From the results 
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shown in Figs. 9 and 10, the velocity reduction rate along the discharge direction 
increases with increasing turbulence intensity.  This is mainly related to the increased 
radial dispersion of fluid momentum, which leads to diminished axial velocity of the 
nozzle discharge flow.  CST mixing extents at the discharge plane of the pump and at 
the vertical plane crossing the two pumps, pump G and pump H, are presented in Figs. 
11 and 12.  Red regions in the figures have local velocity magnitude larger than 
minimum suspension velocity required to scour 700 micron CST particle.  It is noted that 
when four operating pumps are aimed at the central support column, fluid velocities 
jetted by the pumps are primarily dissipated at the tank wall boundary and around the 
central column of the tank, resulting in four dead mixing regions between the pumps as 
shown in Fig. 11.   

The aiming directions for efficient flow patterns to maximize CST suspension region 
were obtained by guiding and rotating two adjacent jetted flows around the central 
column instead of direct flow interactions with the column.  In this case, the most 
efficient flow patterns for the CST suspension with four indexed pump operations are 
shown in Fig. 13.  As shown in Fig. 14, the turbulent intensities corresponding to the 
best aiming pump directions are more uniformly distributed over the entire flow domain, 
compared to those of the least efficient one in Fig. 9.  Flow circulation patterns and fluid 
rotations driven by slurry pumps for the best aiming directions of four slurry pumps under 
the indexed pump operations are presented in Fig. 15.  Results of the mixing extents at 
the discharge plane and at the vertical plane crossing the two pumps, pump G and pump 
H, for the best aiming directions of four slurry pumps under the indexed pump operations 
are shown in Figs. 16 and 17, noting that the red regions have local velocity magnitudes 
larger than minimum velocity criterion required for suspending the 700 micron CST 
particles.  As shown in Table 2, minimum velocity to pick up maximum CST particle of 
700-micron diameter (as received) was estimated as 1.1 ft/sec, assuming that the 
particles settled on the tank floor are not crushed, and they are not cohesive. 

The effect of pump rotation on flow evolution and mixing extent was investigated by 
comparing the results of the two models, the steady state and transient models.  When 
one slurry pump, pump G, in Tank 40 is operated for similar operating conditions, 
comparisons of quasi-steady flow patterns between the stationary indexed and rotational 
operations are made in Fig. 18, showing that the red zone indicates the suspension 
zone of 700-micron CST particle.  Figure 19 shows comparison of flow patterns between 
stationary indexed and rotational mode operations of two slurry pumps (pumps G and H) 
in Tank 40 with the red zone of the 700-micron CST suspension.  As shown in Fig. 20, 
velocity magnitudes along the principal discharge flow direction of pump G are 
quantitatively compared between the two cases of indexed and rotational pump 
operations under two pump operations of pump G and H.  Table 4 compares the 
suspension distances from the pump nozzle exit to the point with local velocity equal to 
minimum suspension velocity of 700-micron CST particle between the two cases.  When 
all four pumps are operated for CST suspension, quasi-steady flow patterns are 
compared in Fig. 21.  Flow contours for the two cases are also shown in Fig. 22.  Figure 
23 shows that degree of fluid rotation for the rotating pump operations is more uniformly 
distributed than that of the indexed mode.  Tank mixing with the pump rotations has 
better suspension capability of 700-micron CST than the other as shown in Fig. 24.  The 
results show that the current capacity of all four pumps can hydraulically suspend CST 
particles over the entire domain of Tank 40.  It is noted that total suspension extents of 
700-micron CST particle for the two modeling cases have about the same area for given 
operating conditions other than pump operating mode although there is a difference of 
the suspension distance from the nozzle exit between them.   
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When a slurry pump is operated in a rotating mode, it is important to estimate how long it 
takes to establish flow patterns for CST suspension.  As shown in Fig. 25, the transient 
model results for 1/3 rpm pump rotating speed show that it takes about 180 seconds to 
establish quasi-steady flow patterns when initial tank fluid is assumed to be quiescent.  
Figure 26 shows transient snapshots for flow patterns every 90 seconds after initial start 
of pump in quiescent tank when a single pump is operated with 1/3 rpm rotational speed 
clockwise.  Red regions in the figure have local velocity magnitudes larger than minimum 
velocity required for suspending 700 micron CST material under 200-in tank level, which 
is shown in Table 2.   Figure 27 presents snapshots of quasi-steady flow patterns for 
one pump run with 1/3 rpm rotational speed.  When quasi-steady flow pattern is 
established for one pump run, transient velocity distributions with 1/3 rpm rotational 
speed along the centerline crossing the central column of Tank 40 are shown in Fig. 28.  
The results show that during one-pump mixing operation with 1/3 rpm pump rotational 
speed, maximum time interval to allow for settling of 700-micron CST particles is about 
90 seconds.  Using the settling velocity shown in Fig. 4a, settling time for 700 micron 
CST particle in 200-in tank level is found to be about 84 seconds when the CST solid 
precipitates in quiescent liquid medium containing 35 wt% (or 20 vol%) CST solids.  In 
this case, 700-micron CST solids in slower flow region such as upstream wall region 
may be settled on the tank floor since maximum time interval of 90 seconds allowing for 
settling during one pump run provides enough time to get the settling of CST particles.   

Flow patterns established by the simultaneous run of two rotating pumps with pumps G 
and H are shown in Fig. 29.  Quasi-steady velocity distributions along the tank centerline 
crossing the central column are shown in Fig. 30.  The results show that maximum time 
interval to keep local velocity magnitude lower than minimum suspension velocity (i.e., 
1.1 ft/sec) of 700 micron CST particle is about 80 seconds for simultaneous operations 
of two pumps with each pump rotated 1/3 rpm speed.  This non-suspension time 
provided by the two-pump run is slightly smaller than the settling time of 700 micron 
particle in fluid medium containing 35 wt% CST solids so that the CST materials may be 
kept suspended with two-pump run.   Figure 31 shows flow patterns established by four-
pump simultaneous run with 1/3 rpm rotating speed.  Local velocity magnitudes along 
the centerline of Tank 40 are presented in Fig. 32.  Non-suspended time interval 
established by the four-pump run is found to be shorter than the settling time of 
maximum CST particle size (700 microns) in the 200-in tank level with 35 wt% CST 
contents.  In this case the 700-micron solids may be kept suspended for the referenced 
tank level with 35 wt% CST contents.  However, when CST particles of 400-micron 
diameter, corresponding to average size as received, are stirred by four pumps with 1/3 
rpm rotating speed, the results demonstrate that they can be kept suspended as shown 
in Fig. 33.  In this case, settling time of the 400-micron CST particles is about 161 
seconds when they are initially at top surface of quiescent tank fluid.  All the results are 
summarized in Table 5.   

A series of different calculations was performed to evaluate CST suspension capabilities 
for three different numbers of operating pumps under the reference operating conditions 
as shown in Table 1.  They are simultaneous operations of 1, 2, and 4 pumps with each 
pump rotated 1/3 rpm speed.  For instance, the calculation results for the two-pump run 
showed that the local velocity for the rotational case is smaller than that of the stationary 
case far downstream from the jet nozzle as shown in Fig. 20, but their suspension areas 
denoted as the red regions in Fig. 19, are about the same.  The difference in the 
suspension distance from the nozzle exit between the two cases ranges from about 35% 
to 50% at 50 ft from the pump depending on the number of operating pumps.  
Comparison of the results for the two-pump run is shown in Fig. 20.  The results for the 
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transient model showed that quasi-steady flow patterns were established about 3 
minutes after starting the pump in a quiescent liquid domain with a 3800 gpm flowrate 
per nozzle and 1/3 rpm rotational speed.  This information will assist in the CST 
suspension and mixing plans for Tank 40 operations. 

 

Table 4.  Comparison of quasi-steady suspension distance of 700-micron CST particle 
between stationary indexed operations and rotational mode operations of two 
slurry pumps (pumps G and H) in Tank 40 

Pump operation mode 
Nozzle exit 

velocity 
(ft/sec) 

Distance from the nozzle exit to the location 
where minimum velocity required to suspend 

700 micron CST is reached (ft) 

Indexed stationary pump 118.1 66.1 

Rotating pump 118.1 60.3 

 

Table 5.  Comparison of settling times of 700-micron CST particle between maximum 
settling time allowable during various numbers of pump operations and free 
settling velocity of quiescent fluid medium in Tank 40 

Settling time# for a quiescent fluid medium containing 10 or 20 
vol% CST in 200-in tank level                            

(seconds) 

20 wt% CST                            
(10.5 vol.%) 

35 wt% CST     
(20.2 vol.%) 

Number of 
operating 

pumps 

Nozzle 
exit 

velocity 
(ft/sec) 

Max. settling 
time* of 700-
micron CST 
during tank 
mixing with 

1/3 rpm pump 
rotation        

(seconds) 
300 microns 400 microns 700 microns 700 microns 

1 118.1 ~ 90  

2 118.1 ~ 80  

4 118.1 ~ 70  

287 161 53 84 

Note:* Time duration to have fluid velocity lower than min. suspension velocity of 700-micron CST 
 # Settling time was estimated for 200-in traveling distance of a given particle size. 

 

 

In the calculations, volume of non-cohesive CST material precipitated on the tank floor is 
not considered.  That is, the deposition would be expected to follow behind the rotational 
motion of the jet, leaving an annular ring at the peripheral region near the tank wall.  The 
particulate would remain there until the opposing jet is passed over that same region. 
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The modeling results demonstrate that the pump rotations provide more active flow 
patterns with respect to the indexed pump operations, leading to larger suspension 
capabilities of CST particles.  It is emphasized that the more operating pumps and the 
higher pump rotating speed are more efficient become better in terms of CST 
suspension capability since maximum settling time during the pump operations becomes 
smaller with number of rotating pump operations increased as shown in table 5.  This 
information will assist in the CST suspension and mixing plans for Tank 40 operations.  
The steady-state flow patterns on the horizontal discharge plane follow a series of 
parabolic curves similar to that of a free jet [13].   
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Figure 9.  Turbulence intensity distributions at the discharge plane of the pump in Tank 
40 showing the red region indicates the flow fluctuation larger than 30% of 
local average velocity magnitude 
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Figure 10.  Velocity magnitude distributions along the principal discharge direction of 

pump G in Tank 40  
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Figure 11.  CST suspension zones at the discharge plane of the pump in Tank 40 

showing the red region has the velocity magnitude larger than minimum 
velocity required to suspend 700 micron CST particle 
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Figure 12.  CST suspension zones at the vertical plane crossing two pumps, pump G 

and pump H, in Tank 40 showing the red region has the velocity magnitude 
larger than minimum velocity required to suspend 700 micron CST particle 
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Figure 13.  Flow circulation patterns for the best aiming directions to maximize 

suspension region of CST particles with four pumps operated in indexed 
nozzle positions 
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Figure 14.  Turbulence intensity distributions at the discharge plane of the pump in Tank 

40 showing the red region indicates the flow fluctuation larger than 30% of 
local average velocity magnitude 
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Figure 15. Flow circulation patterns and fluid rotations driven by slurry pumps for the 

best aiming directions of four slurry pumps under the indexed pump 
operations  
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Figure 16.  Flow circulations at the discharge plane for the best aiming directions of four 

slurry pumps under the indexed pump operations showing that red zone has 
higher velocity required to suspend the 700 micron CST particles   
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Figure 17.  Flow circulations for four pump operations at the vertical plane crossing the 

two pumps, pump G and pump H, for the best aiming directions of four slurry 
pumps under the indexed pump operations showing that red zone has higher 
velocity required to suspend the 700 micron CST particles   
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Figure 18.  Comparison of quasi-steady flow patterns between stationary indexed 
operations and rotational mode operations of one slurry pump (pumps G) in 
Tank 40 showing that the red zone indicates the suspension zone of 700 
micron CST 
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Figure 19. Comparison of quasi-steady flow patterns between stationary indexed 
operations and rotational mode operations of two slurry pumps (pumps G and 
H) in Tank 40 showing that the red zone indicates the suspension zone of 
700 micron CST 
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Figure 20.  Quantitative comparison of velocity magnitudes along the principal discharge 
flow direction (line B-B’) of pump G for indexed and rotational pump 
operations under two pump operations of pump G and H 
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Figure 21.  Comparison of quasi-steady flow patterns between stationary indexed 
operations and rotational mode operations of four slurry pumps (pumps B2, 
B6, G, and H) in Tank 40  
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Figure 22.  Comparison of quasi-steady flow patterns between stationary indexed 
operations and rotational mode operations of four slurry pumps (pumps B2, 
B6, G, and H) in Tank 40  
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Figure 23.  Comparison of quasi-steady fluid rotations between stationary indexed 
operations and rotational mode operations of four slurry pumps (pumps B2, 
B6, G, and H) in Tank 40 showing that the red zone indicates the suspension 
zone of 700 micron CST 
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Figure 24.  Comparison of quasi-steady flow patterns between stationary indexed 
operations and rotational mode operations of four slurry pumps (pumps B2, 
B6, G, and H) in Tank 40 showing that the red zone indicates the suspension 
zone of 700 micron CST 
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Figure 25.  Transient flow velocity distributions along the centerline A-B of the tank at the 

elevation of the pump discharge nozzle for rotational operation of one slurry 
pump (pumps G) in Tank 40 showing that transient time to reach steady state 
is about 180 seconds 
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Figure 26. Transient flow patterns for one pump run with 1/3 rpm rotational speed 

showing that the red zone indicates the suspension zone of 700 micron CST.   
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Figure 27. Quasi-steady flow patterns for one pump run with 1/3 rpm rotational speed 
showing that the red zone indicates the suspension zone of 700 micron CST.   
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Figure 28. Transient velocity distributions for one pump run with 1/3 rpm rotational speed 

along the centerline A-B crossing the central column of Tank 40   
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Figure 29. Quasi-steady flow patterns for two pump runs with 1/3 rpm rotational speed 
showing that the red zone indicates the suspension zone of 700 micron CST.   
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Figure  30. Transient velocity distributions along the centerline line A-B of tank rotational 

operations of two pumps (pump G and H) 
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Figure 31. Quasi-steady flow patterns for four pump runs with 1/3 rpm rotational speed 
showing that the red zone indicates the suspension zone of 700 micron CST.   
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Figure 32. Transient velocity distributions for four pump run with 1/3 rpm rotational speed 

along the centerline A-B crossing the central column of Tank 40   
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Figure 33. Velocity distributions for four pump run with 1/3 rpm rotational speed for the 

nozzle discharge plane and the vertical central plane crossing the central 
column of Tank 40 showing that the red zone indicates the suspension zone 
of 400 micron CST particles 
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4.  Summary and Conclusions 
Tank 40 simulation models with four submersible slurry pumps available for the CST 
suspension operations have been developed to provide operational guidance of slurry 
pumps for an efficient sludge removal.  A series of the modeling calculations have been 
performed for key operational parameters such as pump operation mode, number of 
operating pumps, and to provide a recommendation for CST suspension and mixing 
operations in Tank 40.  Reference design and operating conditions shown in Table 1 
were used to perform the modeling analysis of the tank CST mixing.  In the analysis, the 
pump was assumed to be stationary or rotating.  Solid obstructions including the pump 
housing, the 14” riser, and 6.75-ft tank support column were included in the simulation 
models.  Free surface motion of the tank liquid was neglected for high tank liquid level 
using the literature information.   

Steady-state and transient analyses with a two-equation turbulence model were 
performed with FLUENTTM.  All analyses were based on three-dimensional results.  A 
suspension capability was evaluated assuming that local fluid velocity can be used as a 
measure of CST suspension and mixing.  For a minimum suspension velocity of 1.1 
ft/sec for the largest CST size of 700 microns, the results indicated that at least two 
existing slurry mixers running at 3800 gpm flowrate per nozzle could keep CST solids 
suspended from the tank with a 200 in liquid level.  In this case, the exception is for the 
fluid region with less than 20 wt% contents of CST material.  This is based on the 
conservative assumption that the largest CST size of 700 micron diameter remains 
unchanged neglecting a friable effect during the entire period of pump operations.   

The length of time that the CST material is exposed to the liquid stream lower than 
minimum suspension velocity is also important in affecting the ability of the liquid stream 
to suspend CST particle, and this effect is quantified in the present analysis by using the 
literature results.  The model results show that at least two pumps on opposite sides 
could keep suspending the CST material based on the slurry with 35 wt% contents, but 
that at lower concentrations, particles larger than about 400 microns would tend to settle 
quickly and probably not remain in suspension long enough for the opposite jet to come 
around and stir that region of the tank.   

The main conclusions are as follows: 

• The steady-state flow patterns on the horizontal discharge plane follow a series of 
parabolic curves similar to that of a free jet available in the literature. 

• For the simulations, a series of the modeling calculations was performed with 
indexed stationary and rotating pump operations.  The calculated results 
demonstrated that the existing slurry pumps running at 7600 gpm could suspend the 
CST particles from the tank with a 200 in liquid level, based on a minimum sludge 
suspension velocity of about 1.1 ft/sec for 700 micron CST particle.   

• The suspension distance for the transient model with pump rotations is smaller than 
that of the steady-state model with indexed pump orientations for given operating 
conditions.  However, total suspension extents for the two modeling cases have 
about the same area. 
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• The modeling results demonstrate that pump rotations provide more uniform flow 

circulation patterns with respect to the indexed pump operations, leading to larger 
suspension capabilities of CST particles.   

• It is emphasized that the more pump operations and the higher pump rotating speed 
are more efficient in terms of CST suspension capability since allowable settling time 
during the pump operations becomes smaller.   

The analysis results performed by the present models will be used to evaluate hydraulic 
suspension capabilities for CST mixing.  This information will also assist in the operating 
plan for the Tank 40 CST suspension and in identifying special operation requirements 
for the suspension and mixing of the tank.   
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