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Summary

A horizontal jet injected from near the tank bottom may potentially erode more sludge and
saltcake than a jet placed away from the bottom.  Placing the intake at the top of a centrifugal
pump also potentially makes it easier to start up mixer pumps.  However, a higher inlet can limit
the operable range of the waste thickness and may reduce solid erosion by drawing lighter fluids
into the pump, which would make the mixer pump jet more buoyant.  A baseline mixer pump of
Hanford double-shell tank has an intake at the bottom and injection nozzles at the top.  A
Lawrence pump installed in Tank 241-AZ-101 represents the baseline pump.

The objectives of the study were to 1) compare the mixing performance of the baseline pump
(represented by the Lawrence pump installed in Tank 241-AZ-101) with an alternative pump that
has the inlet at the top and injection nozzles at the bottom, and 2) determine the optimal elevation
of the alternative pump if its performance in eroding the waste is better than that of the baseline
pump.

We evaluated a total of 16 cases of baseline and alternative pump conditions with pumps
situated at levels ranging from the tank bottom to 32.7 inches (0.83 m) above the tank bottom,
and sludge thicknesses of 22 inches (0.56 m) and 125 inches (3.17 m).  We assigned waste
properties that are the same as those of Tank 241-AZ-102 sludge because it is more difficult to
mobilize sludge than saltcake, and thus the results would be more indicative of the pump’s
erosion ability.  This study used a two-step evaluation approach:  Step 1 evaluated all 16 cases
with the non-rotating mixer pump model and Step 2 further evaluated four of those 16 cases with
the more realistic rotating mixer pump model.  We applied the TEMPEST code to these models.

According to the non-rotating mixer pump model simulation results, the elevation of the
pump intake by itself does not affect the pumps’ erosion capability when the injection nozzles of
both baseline and alternative pumps were placed at the baseline nozzle’s injection level (0.43 m).
Model results from 14 alternative pump cases indicate that the closer the pump’s injection
elevation is to the tank bottom, the greater the sludge erosion.  When the injection nozzles of the
alternative pump are placed on the tank bottom or 1.5 inches (0.038 m) above the bottom, the
pump mobilizes 200 ~ 900% and 140 ~ 450%, respectively, more sludge than the baseline pump.
Thus the alternative pump can be more effective than the baseline pump because its injection
nozzles can be placed lower than those of the baseline pump.  There may, however, be some
engineering difficulties with placing 300-hp mixer pumps closer than about 6 inches (0.15 m) to
the tank bottom.  Thus, pump elevations between 3 and 6 inches (0.074 and 0.15 m) were further
evaluated under Step 2.

Similar to the non-rotating mixer pump model results, the more realistic simulation results
with the rotating mixer pump model indicated that the alternative pump installed 2.9 inches
(0.074 m), 4.6 inches (0.116 m), and 6.2 inches (0.159 m) above the tank bottom mobilized
almost the same amount of solids; they eroded approximately 10 ~ 12 vol% more of the total
tank solids than a reference case [an alternative pump installed at 16.9 inches (0.43 m)].
Relatively speaking, these three lower-elevation cases would erode 25 ~ 33% more solids than
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the reference case.  These results provide a mixing performance technical basis for the W-211
Project, “Initial Tank Retrieval Systems,” to determine which pump configuration should be used
for their double-shell tank waste retrieval activity.
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1.1

1.0  Introduction

Many radioactive wastes are stored in double-shell tanks (DSTs) at the U.S. Department of
Energy’s Hanford Site in southeastern Washington.  These wastes are multicomponent and
multiphase, consisting of saltcake, sludge, liquid, and possibly gases (Gephart and Lundgren
1997).  One or two mixer pumps would be installed in each DST to mix these wastes to retrieve
them from the tanks (see Figure 1.1 showing single mixer pump installed in a tank).  The mixer
pump withdraws the waste from the tank and injects it back into the tank through two opposing,
rotating, injection nozzles to mix the solids and liquids.  A 300-hp Lawrence pump has been
considered as the baseline pump.  It is a centrifugal pump with a 17-inch- (0.43-m-) diameter
intake at the bottom and two 6-inch- (0.15-m-) diameter nozzles injecting 60-f/sec (18.3-m/s) jets
11 inches (0.28 m) above the pump intake.  The baseline (Lawrence) pump was installed in
Hanford DST 241-AZ-101 with pump intake and injection nozzles 7 inches (0.18 m) and 18
inches (0.46 m), respectively, above the tank bottom (Carlson et al. 2001).

Figure 1.1. Pump Jet Mixing

Many saltcake and sludge DST wastes have yield strength and high viscosity(a) (Onishi et al.
2000; Jewett et al. 2002).  For example, saltcakes in Tanks AN-104 and AN-105 have a yield
strength of approximately 50 to 200 Pa and viscosity that can exceed several million centipoise
(Stewart et al. 1996).  Some sludge has much greater yield strength, such as Tank AZ-102’s
sludge with yield strength of 1,560 Pa.(a)  Most of the DST saltcake and sludge wastes exhibit

                                                  
(a)  Gray WJ, ME Peterson, RD Scheele, and JM Tingey.  1993.  Characterization of the First Core
Sample of Neutralized Current Acid Waste from Double-Shell Tank AZ-102.  Pacific Northwest National
Laboratory, Richland, WA (unpublished report).
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non-Newtonian, shear-thinning behavior (i.e., slurry viscosity decreases with strain rate) (Onishi
et al. 1996).  For a given saltcake and sludge, the higher the solids concentration, the greater the
viscosity (Onishi et al. 1996; Jewett et al. 2002).  Water is expected to be added as a diluent
(solvent) to DSTs containing saltcake to dissolve much of the soluble solids [e.g., NaNO3(s),
Na2CO3•H2O(s), Na2SO4(s)], thus making it easier for the mixer pumps to mix the wastes.

To mobilize these sludges and saltcakes, mixer pumps must overcome their yield strength
and high viscosity and mix the sludge and saltcake with the overlying liquid waste.  Moreover,
centrifugal pumps, including the Lawrence pump, are generally not designed to handle slurry
with viscosity higher than 1,000 cP.  Thus, the mixer pumps may face the additional difficulty of
starting up when the pump withdraws the high-viscosity waste in the immediate vicinity of the
pump.  Injecting water and producing a water pool around the mixer pumps prior to pump
operation would reduce waste viscosity and maybe even eliminate the yield strength of the
sludge and saltcake near the mixer pumps (Onishi et al. 1996, 2000).  That would make it easier
to start up the pumps, but the original sludge and saltcake may crumble, depending on its yield
strength, so it may not be possible to keep water around the pumps.  Thus, during and after water
lancing but prior to mixer pump operation, the waste viscosity increases near the tank bottom as
solids (those remaining after soluble solids are dissolved) settle toward the tank bottom.  The
longer the time after water lancing and the closer to tank bottom, the greater the waste viscosity.
Thus, placing the pump inlet higher in the tank can make the pump startup easier.

Experimental studies of homogeneous jets (an air jet injected into air and a water jet injected
into water) indicate that the horizontal jets injected near the solid bottom have faster centerline
velocities at a given downstream distance (Rajaratnam and Subramanya 1968; Pani and Dash
1983).  Thus a horizontal waste jet placed near the tank bottom may exert more force to
overcome the yield strength, eroding more sludge and saltcake than the jet placed away from the
bottom.  Placing the waste intake at the top of the pump enables the injection nozzles to be
placed at the bottom, closer to the tank bottom than the baseline pump with the injection nozzle
at the top.  Placing the inlet at the top of the centrifugal pump also potentially makes it easier to
start up the mixer pumps when the vertical distribution of the solid concentrations is nonuniform,
as stated above.  However, a higher pump inlet can limit the operable range of the waste
thickness and could reduce solid erosion by withdrawing lighter fluids (a liquid waste or a slurry
with less solid concentration) and making the mixer pump jet more buoyant.

The objective of the study was to evaluate the performance of mixer pumps so that the
W-211 Project, “Initial Tank Retrieval Systems,” can determine whether its DST waste retrieval
operation should use the baseline pumps, with injection nozzles at the top and inlet at the bottom,
or alternative pumps, with injection nozzles at the bottom and the inlet at the top.  To achieve
this objective, we conducted three-dimensional TEMPEST computer simulations to answer the
following questions:

•  How much more solids, if any, can be mobilized by the alternative pump with injection
nozzles at the pump bottom than with the baseline pump?

•  If the alternative pump is more effective at mobilizing the solids than the baseline pump,
what is the optimal elevation for its installation in a DST?
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Because three-dimensional simulations require a significant computation time (up to a few
months of CPU time for each simulation with rotating mixer pumps), we adapted the following
two-step approach to obtain a mixing performance evaluation in a timely manner:

   Step 1: evaluate all 16 baseline and alternative pump cases with non-rotating mixer pump
models and select four cases for further detailed evaluation

   Step 2: evaluate the four selected cases with rotating mixer pump models to determine
realistic mixing performance evaluation.

Section 2 presents the waste property and model setup used for this study.  Section 3
describes the scoping evaluation with the non-rotating mixer pump models.  The rotating mixer
pump model results are discussed in Section 4.  Summary and conclusions are presented in
Section 5, while cited references are listed in Section 6.
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2.0  Waste Property and Model Setup

2.1  Waste Properties

The solid layers of DST wastes consist of saltcake and sludge, in addition to an interstitial
liquid waste and possibly gases (Gephart and Lundgren 1997).  Saltcakes consist of mostly
soluble solids, and sludge contains more insoluble solids.  In general, the solid layers with sludge
have much greater yield strength than those with saltcake.  For example, AZ-102 wastes are
sludge with a yield strength of 1,560 Pa in most of the solid layers,(a) while Tanks AN-104 and
AN-105 wastes are saltcake wastes with yield strengths of 100 ~ 200Pa and 50 ~ 150 Pa,
respectively (Stewart et al. 1996).  Because the saltcakes contain many soluble solids, a current
DST waste retrieval plan is to add water to a tank to dissolve much of the saltcake waste, while
mixing the water with the saltcake with mixer pumps.  As indicated in Section 1, the yield
strength and viscosity of the diluted saltcakes are significantly less than those of undiluted
saltcakes(a) (Herting 1997; Onishi et al. 1996) because solid concentrations in diluted saltcakes
are less than in undiluted saltcakes.  On the other hand, the sludge will not be diluted with water
during retrieval operations, so it tends to be more difficult for mixer pumps to mobilize sludge
waste than saltcake.  Thus, for this mixer pump evaluation, we selected the properties of sludge
for tank waste.  The properties of Tank AZ-102 waste were used because it is representative of
DST sludge, and detailed waste rheology measurements were available.(a)

Tank AZ-102 has a diameter and operating depth of 75 ft (23 m) and 35 ft (10.7 m),
respectively.  Its operational storage capacity is 1,160,000 gal (4,390 m3).  The tank contains
twenty 30-inch- (76-cm-) diameter airlift circulators and a 33-inch- (84-cm-) diameter steam-
heating coil that are no longer used.  AZ-102 began receiving high-level aging waste from the
PUREX Plant, high strontium waste from B Plant, and complex concentrated waste from the
242-A evaporator in 1976.  In 1986, most of this waste was removed.  After 1986, the tank
received aging waste (neutralized current acid waste) from the PUREX Plant and wastewater.
Although it still remains in active service, the tank last received an aging waste in 1990 (Ryan
1995).  It contains 854,000 gal (3,230 m3) of supernatant liquid and 95,000 gal (360 m3) of
sludge (Ryan 1995).  The supernatant liquid and sludge occupy 310 inches (7.87 m) and
35 inches (0.89 m), respectively, of the total tank waste level of 345 inches (8.76 m).  These
volumes correspond to 90 vol% supernatant liquid and 10 vol% sludge.  The average
temperature of the supernatant liquid is 55°C; the maximum sludge temperature is 83°C.

The supernatant liquid density of the AZ-102 waste is 1,100 kg/m3, and the bulk sludge
density is 1,490 kg/m3 (Ryan 1995).  With the assigned solid volume concentration of 31% in the
sludge layer and the bulk sludge density, the solid density was designated as 2,360 kg/m3.  This
solid density was in line with the sludge expected to have Al(OH)3(s), Na2SO4(s), NaF(s),
Cr(OH)3(am), SiO2(s) among others (Onishi et al. 2000).  Solid particle size varies from 0.5 to 13
mm, with a medium size of 3.4 mm based on volume, as shown in Figure 2.1 (Ryan 1995).

                                                  
(a)  Gray WJ, ME Peterson, RD Scheele, and JM Tingey.  1993.  Characterization of the First Core
Sample of Neutralized Current Acid Waste from Double-Shell Tank AZ-102. Pacific Northwest National
Laboratory, Richland, WA (unpublished report).
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Figure 2.1.  AZ-102 Tank Waste Volume-Based Particle Size Distribution

The sludge has a yield strength of approximately 1,540Pa, except within a few centimeters of
the tank bottom.(a)  Once the sludge is disturbed, the yield strength may be reduced to about
60 Pa, roughly a 25-fold reduction.  When the sludge was mixed with 1.5 times the volume of
the supernatant liquid, the yield strength of the mixture was reduced to 2 Pa, a 770-fold reduction
in yield from the undiluted sludge.  When the supernatant liquid diluted the sludge by 10 times,
the mixed slurry totally lost its yield strength.  Thus the dilution of the sludge by the liquid
significantly reduced the strength of the sludge to resist mobilization.  In the current model, the
yield strength of the sludge was designated as 1,560 Pa, and the sludge was eroded when the
normal and shear stresses generated by the pump jet (or jet-induced flow) exceeded the yield
strength of the sludge.

The AZ-102 supernatant liquid viscosity is 1 cP (Ryan 1995).  The viscosity of the slurry
changes spatially and temporally during the pump jet mixing operation, as supernatant liquid and
solids mix with each other.  Based on viscosity measurements reported by Gray et al.(a) we
assigned the slurry viscosity to vary with the solid volume concentration:

µ µ µ
µ

=








L
s

L

C

C
V

V max

(2.1)

where
CV = solid volume fraction of the slurry

                                                  
(a)  Gray WJ, ME Peterson, RD Scheele, and JM Tingey.  1993.  Characterization of the First Core
Sample of Neutralized Current Acid Waste from Double-Shell Tank AZ-102.  Pacific Northwest National
Laboratory, Richland, WA (unpublished report).
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CVmax = maximum solid volume fraction (= 0.33 in this study)
µ = viscosity of the slurry at solid concentration of CV

µL = viscosity of the supernatant liquid ( = 1.0 cP in this study)
µS = viscosity of the sludge layer (426 cP when sludge moves at a strain rate of 5 s-1).

As shown in Figure 2.1, the AZ-102 solid size distribution varied from 1 to 11 µm, averaging
3.4 µm.  Corresponding settling velocities are very small, 7.4 x 10-7, 9 x 10-5, and 8.6 x 10-6 m/s,
respectively.  As previous pump jet mixing studies indicate (Onishi et. al. 1996b; Onishi and
Recknagle 1997, 1998; Whyatt et al. 1996), these settling velocities are much smaller than the
expected slurry velocity induced by the pump jets in the tank.  The resulting distributions of 1 to
11 mm solid particles are expected to be very similar to each other (Onishi et al. 2000).  Thus we
assigned a diameter of 3.4 µm to all the solids for the current pump jet mixing modeling.
Because the actual solid settling velocities will decrease with solids concentration, we designated
the following hindering settling velocity as changing with the solid concentration during the
simulation:

V V
C

Cs so
V

V

a= −( )
max

1 (2.2)

where
a = constant (= 4.7 in this study based on the Stokes Law)
Vs = hindered setting velocity at solid volume fraction of CV

Vso = unhindered setting velocity (settling velocity in clear liquid with no solids).

2.2  Pump Elevation Positions and Waste Thickness

Figure 2.2 shows an example of the baseline pump.  It is a Lawrence pump with a 17-inch-
(0.43-m-) diameter waste intake at the pump bottom and two 6-inch- (0.15-m-) diameter nozzles
injecting 60-ft/sec (18.3 m/s) jets whose centerline is 11 inches (0.28 m) above the pump intake.
The baseline pumps are to be placed in DSTs such that the intake and the centerline of the
injection nozzle would be approximately 7 inches (0.18 m) and 18 inches (0.46 m), respectively,
above the tank bottom.

An example (a Sulzer pump) of the alternative pump with the top intake is shown in Fig-
ure 2.3.  This pump has two six-inch (0.15-m) injection nozzles at the pump bottom and a 27-
inch- (0.67-m-) diameter waste intake 21.5 inches (0.55 m) above the injection nozzle
centerlines.  We used this Sulzer pump as an alternative pump in this study.

The DST retrieval plan calls for two 300-hp mixer pumps to be installed in some DSTs at an
equal distance of either 20 ft (6.1 m) (e.g., AN-104 and AN-105) or 22 ft (6.7 m) (e.g., AZ-101
and AZ-102) from the tank center on opposite sides of the tank.  In other cases, only a single
mixer pump would be installed at the tank center (e.g., for AP-102 and AP-104), or possibly off-
center.  Many of these pumps would rotate at 0.2 rpm and have two 6-inch (15-cm) nozzles
injecting 60-ft/sec (18.3 m/s) rotating jets to mix stored wastes.
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Figure 2.2.  Example Baseline Pump (Lawrence Pump) with Top Injection Nozzles
(lower part of figure shows pump impellers)

Figure 2.3.  Example Alternative Pump (Sulzer Pump) with Bottom Injection Nozzles
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We selected eight pump levels, as shown in Table 2.1.  Level 1 is the baseline pump position
with the intake at the bottom and injection nozzles at the top.  Levels 2 through 8 are for the
alternative pump with the injection nozzle at the bottom and the intake at the top of the pump.
Level 2 has the same injection nozzle position as the baseline pump, but the intake is at the top;
thus, this case is considered the reference level of the alternative pump.  Level 8 has the injection
nozzle position above the baseline case (Level 1).  We used the cylindrical coordinates for this
modeling and made the model injection nozzle’s cross-sectional area the same as the six-inch-
(0.15-m-) round nozzle openings of actual mixer pumps.  Thus, the jets in this study have the
same velocities and the cross-sectional areas at the nozzle exits as those of the baseline
(Lawrence) and alternative (Sulzer) pumps.

Table 2.1.  Pump Injection Nozzle and Intake Elevation Levels

Height above tank bottom,
inches

Level
1

Level
2

Level
3

Level
4

Level
5

Level
6

Level
7

Level
8

Injection nozzle Centerline 18.6 18.6 1.67 3.13 4.58 6.25 7.91 34.4
Bottom 16.9 16.9 0 1.46 2.91 4.58 6.25 32.7

Pump intake 7 40.1 23.1 24.6 26.0 27.7 29.4 55.9

For all eight level position cases, we assigned sludge thicknesses of 22 inches (0.56 m) and
125 inches (3.17 m) to cover sludge thickness conditions greater and smaller than the AZ-102
sludge thickness of 35 inches (0.89 m).  For all cases, we filled the model tank with supernatant
liquid to bring the total waste height to 346 inches (8.79 m), which is basically the same as that
of AZ-102 (345 in. or 8.76 m).

2.3  Model Setup

There are 16 combinations of eight pump elevations and two sludge thicknesses.  Because it
would take up to a few months of CPU time to simulate sludge erosion by two rotating pumps to
final quasi-equilibrium conditions, we adapted the following two-step approach:

   Step 1: Simulate all 16 cases with two opposing, fixed-direction jets injected from a single,
non-rotating mixer pump placed at the center of the tank (see Figure 1.1 for the pump
position).  The purpose of this effort was to select several of these 16 cases for a more
detailed evaluation with the rotating pumps under Step 2.  The models of Step 1 inject
two 60-ft/sec (18.3-m) jets, one directed at 3 o’clock and the other at 9 o’clock.
Based on symmetry, the actually simulated domains of these models are a quarter of
the full tank.  We refer them as “non-rotating mixer pump models” in this report.

   Step 2: Conduct sludge erosion modeling with four rotating jets injected by two off-center
rotating mixer pumps (see Figure 2.4, baseline pump with top injection nozzles, for
the pump positions) for several cases selected from Step 1.  The models in Step 2
inject two 60-ft/sec (18.3-m) jets (180° from one another) from each of two rotating
mixer pumps.  Because these pumps are 22 ft (6.7 m) from tank center on opposite
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Figure 2.4.  Double-Shell Tanks with Two Rotating Mixer Pumps

sides of the tank and rotate at 0.2 rpm in a synchronized mode, we simulated the right half of
tank based on symmetry.  We refer to them as “rotating mixer pump models” in this report.

We applied the time-dependent, three-dimensional TEMPEST code (Trent and Eyler 1993;
Onishi and Trent 1999) to these rotating and non-rotating mixer pump models.
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3.0  Non-Rotating Mixer Pump Model Results

Under Step 1 evaluation, there are 16 cases covering the eight different pump inlet and
injection positions shown in Table 2.1 and two sludge thicknesses of 125 in. (3.17 m) and 22 in.
(0.56 m) with non-rotating mixer pump models.  These cases are shown in Table 3.1.

Table 3.1.  Sixteen Cases under Step 1 Evaluation

Pump Positions
Levels

Cases
Injection above
Tank Bottom

(in.)

Inlet above
Tank Bottom

(in.)

Sludge
Thickness

(in.)

Level 1
1

16.9 7
125

Level 1
2

16.9 7
22

Level 2
3

16.9 40.1
125

Level 2
4

16.9 40.1
22

Level 3
5

0 23.1
125

Level 4
6

1.46 24.6
125

Level 5
7

2.91 26.0
125

Level 6
8

4.58 27.7
125

Level 7
9

6.25 29.4
125

Level 8
10

32.7 55.9
125
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For each case, we applied the TEMPEST computer code (Trent and Eyler 1993; Onishi and
Trent 1999) to the non-rotating mixer pump models.  The simulations used the varying time steps
of several milliseconds automatically selected based on various computational stability criteria
built into the computer code and ran until the pump jet mixing simulation reached final steady-
state erosion conditions.  These runs reached this stage by 20 simulation minutes.  Those
simulation results are presented in this section.

3.1 Mixing Performance Comparison of Pumps with Bottom or Top
Intake

Cases 1 and 2 (see Table 3.1) are baseline pump cases with 125-inch- (3.17-m-) and 22-inch-
(0.56-m-) thick sludges, respectively.  Cases 3 and 4 are their corresponding reference cases for
the alternative pump with these two sludge thicknesses.  All these cases have the injection
nozzles at the same elevation above the tank bottom.  As stated previously, the baseline pump
has the intake at the bottom, while the alternative pump has its intake at the top.

Figure 3.1 presents initial horizontal and vertical distributions of the velocity and solid
concentrations of this quarter-tank non-rotating mixer pump model for Case 1.  The horizontal
distributions shown in the upper plot were at the jet nozzle elevation showing one of the two
non-rotating jets whose center is directed along the 3 o’clock position.  The vertical distribution
shown in the lower plot is a cutoff along the 3 o’clock vertical plane.  The figure shows the 125-
inch- (3.17-m-) thick sludge and 222-inch- (5.638-m-) thick supernatant liquid layer, totaling 346
inches (8.788 m) of waste in this tank.  It also shows the positions of a non-rotating pump, its
intake, and a nozzle injecting a 60-ft/sec (18.3-m/s) jet into the sludge layer.  As stated
previously, the baseline pump withdraws the waste near the tank bottom and injects it back into
the tank through the injection nozzle at 60 ft/sec (18.3 m/s).  As shown in Figure 3.1, the sludge
just around the pump was initially diluted, as is expected during the actual mixer pump
operation, to ease pump startup.

The explanations are similar for both upper and lower plots of Figure 3.1, so we will describe
mostly the lower plot.  The tank boundary is indicated in this plot by the solid line, and the
presence of the velocity vector indicates that its location is within the tank.  The solids
concentration within the sludge layer is 0.31 volume fraction (or 31 vol%).  The initial solids
concentration in the supernatant liquid layer was assigned a small value (0.001 vol%) rather than
zero to handle the settling velocity of the solids for all solid concentrations.  The top of this
lower plot shows the time (0 simulation second).  The left side of the figure describes which
vertical plane it is showing (in this case the r-z plane at I=2, which is oriented at the 3 o’clock
position), and an area of plot coverage on this vertical plane (in this case, J=1 to 42, indicating
the entire horizontal direction from the pump center to 37.5 ft (11.5 m), and K=1 to 34,
indicating the vertical direction from the tank bottom to the waste surface at 8.788 m).  [The
corresponding description of the upper plot is, “r-x plane at K=16, J=2 to 41, I=2 to 18,”
indicating that the plane is horizontal plane 16 (K=16) containing the injection nozzle elevation
(16.9 inch or 0.43 m) and the plot covering the entire simulation area (the radial distance from
J=2 to J=41 and I=2 to 18, which covers the entire 90° area).]  The left side of the lower plot also
shows solid concentrations (expressed in volume fractions) represented by lines 1 through 10.
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Plot at time = 0.000  seconds 0.429m nozzle-high & 3.17m sludge-thick 

1 2 3 
4 

1 

2 

3 

4 

6.201E-02 

1.240E-01 

1.860E-01 

2.480E-01 

array max = 3.100E-01

array min = 1.000E-05

plane max = 3.100E-01

plane min = 1.000E-05

Vmax = 1.060E+01    

I =  2 to 18

J =  2 to 41

r-x plane at K = 16           

t
e
mp
e
s
t
/
 
t
2
.
1
1
d
 
c
h
e
m
 
1
7
s
e
p
9
9
 
0
8
j
u
l
0
0
 
4
/
2
3
/
 
2 
1
5
:
23
:
3
9

                                                     

Plot at time = 0.000  seconds 0.429m nozzle-high & 3.17m sludge-thick 
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Figure 3.1. Case 1 (baseline pump with 3.17-m sludge): Initial Horizontal and Vertical
Distributions of Velocity and Tank Waste
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Plane min and max indicate the minimum and maximum values (solid volume fractions of
1.0 x 10-5 (or 0.001 vol%) and 0.31(or 31 vol%), respectively, in this case) within the plotted
plane, while array min and max indicate the minimum and maximum values (solid volume
fractions of 1.0 x 10-5 (or 0.001 vol%) and 0.31 (or 31 vol%), respectively, in this case)
encountered within the entire tank simulation area.  At the bottom left, the maximum velocity on
this vertical plane is shown (in this case 10.45 m/s with its corresponding scale length).  All
velocity magnitude in this plot is scaled to this magnitude.  Note that the jet velocity at the
nozzle exit was designated as 60 ft/sec (18.3 m/s) in this study.  The maximum velocity of 10.45
m/s listed in this figure is the velocity within the nozzle, not at the nozzle exit, and that it
increases to the final velocity within a few seconds.

The predicted horizontal (the upper plot) and vertical (the lower plot) distributions of the
velocity and solid volume fraction for Case 1 after reaching the final erosion state (20 simulation
minutes) are shown in Figure 3.2.  This figure shows that only some portion of the sludge was
mobilized and mixed with the overlying liquid waste along the jet centerline.  The jet removed
the sludge within a narrow horizontal spread even at the pump jet elevation level (see the upper
plot).  We used the predicted results on the vertical plane (I=2) containing the pump injection
nozzle for this assessment, because the mixer pump would be rotated in the actual waste retrieval
operation, and the erosion achieved along the jet centerline would be expected to occur along all
other vertical planes.  Predicted results of Case 2 with the thin sludge layer of 22 inch (0.56 m)
are shown in Figure 3.3.  Because the sludge is very thin in this case, the pump jet is only
skimming the sludge surface and leaves a relatively large amount of the sludge undisturbed on
the tank bottom.

Predicted horizontal and vertical distributions of the velocity and solid concentration at 20
simulation minutes for Cases 3 and 4 (reference cases for the alternative pump) are shown in Fig-
ures 3.4 and 3.5.  These cases correspond to Cases 1 and 2 for the alternative pump with the top
inlet and bottom injection nozzle configurations.    Comparisons of Cases 1 and 3 (Figures 3.2
and 3.4) and Cases 2 and 4 (Figures 3.3 and 3.5) indicate they are very similar.  Both the baseline
and alternative pumps eroded 17.2% of the original sludge along the jet plane (3 o’clock plane)
for the 125-inch sludge (Cases 1 and 3), while they eroded 4.9 and 5.8 % of the sludge along this
vertical plane (I=2) for Cases 2 and 4.  Thus these two pumps can mobilize very similar amounts
of solids, although the alternative pump eroded slightly (0.9%) more for the thin sludge
condition.

The concept of the effective cleaning radius (ECR) was used in the past to express the sludge
erosion amount (Powell et al. 1995a,b).  The ECR is defined as the equivalent radius of erosion
area whose volume corresponds to the total sludge amount eroded by the pump jet.  With the
predicted sludge erosion amount, we determined the corresponding ECR for these four cases.
These ECR values are the same [15.6 ft (4.75 m)] for Cases 1 and 3, while the ECRs for Cases 2
and 4 are 8.3 ft  (2.53 m) and 9.0 ft (2.74 m), respectively.
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Plot at time = 20.000 minutes 0.429m nozzle-high & 3.17m sludge-thick 
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Plot at time = 20.000 minutes 0.429m nozzle-high & 3.17m sludge-thick 
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Figure 3.2. Case 1(baseline pump with 3.17-m sludge): Predicted Horizontal and Vertical
Distributions of Velocity and Solid Volume Fraction at 20 Simulation Minutes
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Plot at time = 20.000 minutes 0.429m nozzle-high & 0.56m sludge-thick 
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Plot at time = 20.000 minutes 0.429m nozzle-high & 0.56m sludge-thick 
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Figure 3.3. Case 2 (baseline pump with 0.56-m sludge): Predicted Horizontal and Vertical
Distributions of Velocity and Solid Volume Fraction at 20 Simulation Minutes
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title: AZ102, FIXED PUMP ANGLE (90deg model) HighestSLGbank
qaid:  Jul 19, 2001; input -> input.az102.90deg.lowest
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Figure 3.4. Case 3 (3.17-m sludge, alternative pump reference case): Predicted Horizontal
and Vertical Distributions of Velocity and Solid Volume Fraction at 20
Simulation Minutes
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Plot at time = 20.000 minutes 0.429m nozzle-high & 0.56m sludge-thick 
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Plot at time = 20.000 minutes 0.429m nozzle-high & 0.56m sludge-thick 
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Figure 3.5. Case 4 (0.56-m sludge, alternative pump reference case): Predicted Horizontal
Distributions of Velocity and Solid Volume Fraction at 20 Simulation Minutes
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We also converted these results of the single non-rotating mixer pump installed at the tank
center to those of two rotating mixer pumps placed 20 ft (6.1 m) and 22 ft (6.7 m) off center by
using these ECR values.  Table 3.2 summarizes erosion amounts and ECRs of Cases 1 through 4
for a single pump placed at the tank center, as well as estimated values for two mixer pumps
placed at 20 ft (6.1 m) and 22 ft (6.7 m) off center based on the results of the single non-rotating
mixer pump simulations.  As indicated in the table, the placement of the pump intake by itself (at
the bottom or top of the pump) does not affect the pumps’ erosion capability for the given pump
injection nozzle elevation.  For the thick, 125-inch (3.17-m) sludge (Cases 1 and 3), the baseline
and alternative pumps eroded exactly the same solid amounts of sludge.  The alternative pump
eroded 1.9% more than the baseline pump in the thin 22-inch (0.56-m) sludge (Cases 2 and 4) by
using two off-center pumps, but this difference is considered small.

Table 3.2.  Summary of Baseline Lawrence and Corresponding Alternative Pump Cases

Case
number

Sludge
thickness

(in.)

Number of
pumps

Pump location
from tank center

(ft)

Erosion of the
total tank solid

(%)

Effective
cleaning radius

(ft)
1 0 17.2 15.6

20 34.5 15.61 125
2

22 34.5 15.6
1 0 4.9 8.3

20 9.7 8.32 22
2

22 9.7 8.3
1 0 17.2 15.6

20 34.4 15.63 125
2

22 34.4 15.6
1 0 5.8 9.0

20 11.6 9.04 22
2

22 11.6 9.0

3.2  Optimal Elevation of Alternative Pump Placement

An alternative pump has the injection nozzle at the pump bottom and the intake at the pump
top (see Figure 2.3).  Thus, the bottom of the injection nozzle is the bottom of the alternative
pump.  Placing a pump intake at the top enables the injection nozzles to be placed closer to the
tank bottom.  Some experiments of an air jet injected into air and a water jet injected into water
(Rajaratnam and Subramanya 1968; Pani and Dash 1983) indicate that the horizontal jets
injected near the solid bottom have faster centerline velocities at a given downstream distance;
thus they may erode more sludge and saltcake than the jet placed farther away from the bottom.
Furthermore, placing the intake at the top of the pump may withdraw less solids when the solid
concentration is not vertically uniform, making it easier to start up a mixer pump.

We investigated how much more sludge, if any, the alternative pump can mobilize with the
same pump jet discharge and velocity, and which pump elevation level can provide the optimal
erosion capability of the alternative pump.  We selected seven elevations of pump placement
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ranging from the bottom of the pump sitting on the tank bottom to 32.7 inch above the tank
bottom (shown in Table 2.1 as Levels 2 through 8, which are all alternative pump cases).  They
correspond to Cases 3 through 16 shown in Table 3.1.  Note that the jet injection elevation of the
baseline pump (Cases 1 and 2) and the corresponding alternative pump’s reference cases (Cases
3 and 4) are between Levels 7 and 8.  Cases 3 and 4 are discussed in Section 3.1, and the results
of Cases 5 through 16, plus an overall evaluation based on the Non-Rotating Mixer Pump Model
results, are discussed in this section.

Predicted velocity and solid concentrations at 20 simulation minutes for Cases 5 through 10,
all having the thick, 125-inch (3.17-m) sludge, are shown in Figures 3.6 through 3.11.  These
results clearly reveal that placing the pump injection levels right on or very close to the tank
bottom enables the mixer pump to mobilize significantly more sludge.  Also, as the injection
level becomes higher, the pump jet slides over the sludge without eroding it all the way to the
tank bottom.

Predicted velocity and solid concentrations at 20 simulation minutes for Cases 11 through 16,
all having the thin 22-inch (0.56-m) thick sludge, are shown in Figures 3.12 through 3.17.
Similar to the cases with the 125-inch- (3.17-m-) thick sludge, these results with thin sludge also
indicate that placing the pump injection levels right on or very close to the tank bottom makes
the mixer pump erode more sludge.  As the injection level becomes higher, the pump jet slides
over the sludge without eroding it to the tank bottom.  As expected, when the injection level is
above the sludge layer (Case 16 with Figure 3.17), no sludge is eroded by the jet.

Table 3.3 summarizes sludge erosion amounts based on all 16 baseline and alternative cases
of the non-rotating pump model results.  Variations of solid erosion volumes versus the nozzle
injection heights (the pump bottom elevations for the alternative pump cases) are shown in
Figure 3.18 for the 125-inch (3.17-m) thick sludge cases (Cases 1, 3 and 5 through 10).  Fig-
ure 3.19 shows the erosion volume percent normalized by the erosion amount of the alternative
pump’s reference case (Case 3: alternative pump), which is the same as that of the baseline pump
case (Case 1).  Corresponding plots for the thin 22-inch (0.56-m) sludge cases (Cases 2, 4, and
11 through 16) are shown in Figures 3.20 and 3.21, respectively.  Figure 3.21 shows the erosion
percent normalized by the erosion volume of the alternative reference case (Case 4).
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Figure 3.6.  Case 5 (alternative pump on tank bottom, 3.17-m sludge): Predicted
Horizontal and Vertical Distributions of Velocity and Solid Volume
Fraction at 20 Simulation Minutes
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Plot at time = 20.000 minutes 0.037m nozzle-high & 3.17m sludge-thick 
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Figure 3.7. Case 6 (alternative pump 0.037 m above tank bottom, 3.17-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid
Volume Fraction at 20 Simulation Minutes
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Figure 3.8. Case 7 (alternative pump 0.074 m above tank bottom, 3.17-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid
Volume Fraction at 20 Simulation Minutes
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Figure 3.9. Case 8 (alternative pump 0.116 m above tank bottom, 3.17-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid
Volume Fraction at 20 Simulation Minutes
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Figure 3.10. Case 9 (alternative pump 0.159 m above tank bottom, 3.17-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid
Volume Fraction at 20 Simulation Minutes
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Figure 3.11. Case 10 (alternative pump 0.831 m above tank bottom, 3.17-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid
Volume Fraction at 20 Simulation Minutes
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Plot at time = 20.000 minutes 0 m nozzle-high & 0.59m sludge-thick    
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Plot at time = 20.000 minutes 0 m nozzle-high & 0.59m sludge-thick    
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Figure 3.12. Case 11 (alternative pump at tank bottom, 0.56-m sludge): Predicted
Horizontal and Vertical Distributions of Velocity and Solid Volume
Fraction at 20 Simulation Minutes
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Plot at time = 20.000 minutes 0.037m nozzle-high & 0.56m sludge-thick 

1 

1 
1 1 

2 

2 
2 2 

3 

3 
3 3 

4 

4 
4 4 

1 

2 

3 

4 

6.232E-02 

1.242E-01 

1.862E-01 

2.481E-01 

array max = 3.100E-01

array min = 4.009E-04

plane max = 3.100E-01

plane min = 5.609E-04

Vmax = 1.607E+01    

I =  2 to 18

J =  2 to 17

r-x plane at K =  8           

t
e
m
p
e
s
t
/
 
t
2
.
1
1
d
 
c
h
e
m
 
1
7
s
e
p
9
9
 
0
8
j
u
l
0
0
 
1
0
/
3
0
/
 
1
 
0
8
:
4
4
:
1
4

                                                      

Plot at time = 20.000 minutes 0.037m nozzle-high & 0.56m sludge-thick 
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Figure 3.13. Case 12 (alternative pump 0.037 m above tank bottom, 0.56-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid
Volume Fraction at 20 Simulation Minutes
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Plot at time = 20.000 minutes 0.074m nozzle-high & 0.56m sludge-thick 
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Plot at time = 20.000 minutes 0.074m nozzle-high & 0.56m sludge-thick 
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Figure 3.14. Case 13 (alternative pump 0.074 m above tank bottom in 0.56-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid
Volume Fraction at 20 Simulation Minutes
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Plot at time = 20.000 minutes 0.116m nozzle-high & 0.56m sludge-thick 
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Plot at time = 20.000 minutes 0.116m nozzle-high & 0.56m sludge-thick 
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Figure 3.15. Case 14 (alternative pump 0.116 m above tank bottom, 0.56-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid
Volume Fraction at 20 Simulation Minutes
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Plot at time = 20.000 minutes 0.159m nozzle-high & 0.56m sludge-thick 
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Figure 3.16. Case 15 (alternative pump 0.159 m above tank bottom, 0.56-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid
Volume Fraction at 20 Simulation Minutes
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Figure 3.17.Case 16 (alternative pump 0.831 m above tank bottom over 0.56-m sludge):
Predicted Horizontal and Vertical Distributions of Velocity and Solid Volume
Fraction at 20 Simulation Minutes
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Table 3.3.  Summary of Sludge Erosion Based on Non-Rotating Pump Model Results

Case
Number

Sludge
Thickness

(in.)

Number of
Pumps

Pump Location
from Tank

Center
(ft)

Erosion
(%)

ECR
(ft)

1 0 17.2 15.6
20 34.5 15.61 125

2
22 34.5 15.6

1 0 4.9 8.3
20 9.7 8.32 22

2
22 9.7 8.3

1 0 17.2 15.6
20 34.4 15.63 125

2
22 34.4 15.6

1 0 5.8 9.0
20 11.6 9.04 22

2
22 11.6 9.0

1 0 45.5 25.3
20 73.1 25.35 125

2
22 73.1 25.3

1 0 24.0 18.4
20 47.5 18.46 125

2
22 47.5 18.4

1 0 19.2 16.4
20 38.4 16.47 125

2
22 38.4 16.4

1 0 19.0 16.4
20 38.1 16.48 125

2
22 38.1 16.4

1 0 18.8 16.3
20 37.6 16.39 125

2
22 37.6 16.3

1 0 13.4 13.7
20 26.8 13.710 125

2
22 26.8 13.7

1 0 50.8 26.7
20 77.1 26.711 22

2
22 75.4 26.7

1 0 26.1 19.2
20 51.1 19.212 22

2
22 48.8 19.2

1 0 19.6 16.6
20 39.2 16.613 22

2
22 38.7 16.6

1 0 19.8 16.6
20 39.5 16.614 22

2
22 38.9 16.6
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Table 3.3.  Summary of Sludge Erosion Based on Non-Rotating Pump Model Results

Case
Number

Sludge
Thickness

(in.)

Number of
Pumps

Pump Location
from Tank

Center
(ft)

Erosion
(%)

ECR
(ft)

1 0 16.1 15.0
20 32.1 15.015 22

2
22 32.1 15.0

1 0 0 0
20 0 016 22

2
22 0 0
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Figure 3.18. Predicted Mobilized Sludge Volume Percent Compared with Initial Total
 Sludge Volume:  Sludge Thickness 125 inches (3.17 m)
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Erosion Vol% over 17-inch Case: 125-inch Sludge
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Figure 3.19. Predicted Vol% of Eroded Sludge Normalized by Case 3 (alternative
pump reference case): Sludge Thickness 125 inches (3.17 m)
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Figure 3.20. Predicted Mobilized Sludge Volume Percent Compared with Initial
Total Sludge Volume for Sludge Thickness of 22 inches (0.56 m)
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Erosion Vol% over 17-inch High Case: 22-inch Sludge
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Figure 3.21. Vol% of Eroded Sludge Normalized by Case 4 (alternative pump
reference case):  Sludge Thickness 22 inches (0.56 m)

Figures 3.18 through 3.21 indicate that all cases with injection nozzle elevation lower than
that of the baseline pump would produce more erosion of the sludge than the baseline pump case.
When the alternative pump is placed above the baseline elevation (Cases 10 and 16), the pump
will erode less sludge than the baseline case.  The closer the injection elevation to the bottom of
the tank, the greater the sludge erosion.  When the pump injection nozzle is placed on the tank
bottom, the pump will mobilize 200 ~ 900% more sludge than the pump that is 17 inches above
the tank bottom.  When the pump injection is 1.5 inches (0.038 m) above the tank bottom, it
erodes 140 ~ 500% more sludge than the 17-inch injection case.

When the injection level is 3 to 6 inches (0.076 to 0.15 m) above tank bottom, the amounts of
sludge eroded are basically the same: the pump erodes 10 ~ 20% more sludge than the 17-inch-
injection reference case.  The similar erosion capabilities of the 3- to 6-inch (0.076- to 0.15-m)
jet injection level cases may be explained as follows.  As the jet is injected at or near the tank
bottom, the tank bottom restricts the jet vertical spread (reduces entrainment of the surrounding,
non-moving waste into the moving jet).  The tank bottom also exerts friction on the jet, slowing
its velocity.  Thus, the jet near the tank bottom is subject to these two opposing wall effects
created by the tank bottom.  For jets injected 3 to 6 inches (0.076 to 0.15 m) above the tank
bottom, the combined impact of those two opposing effects may be almost the same at these
three elevations, producing basically the same solid erosion capability.  However, these three
cases would erode more sludge than the reference case, as stated above.
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There may be some engineering difficulties in placing large 300-hp mixer pumps within
approximately 6 inches (0.15 m) of the tank bottom.  For example, the DST bottom is not
absolutely flat.  There is also a possibility of the mixer pumps hitting and damaging the tank
bottom during the installation.  Thus, we did not select any alternative pump cases with the pump
within 1.5 inches (0.038 m) of the tank bottom for further evaluation.  Instead, we selected the
level of the bottom of the mixer pumps (the bottom of the injection nozzles) as 3 and 6 inches
(0.076 and 0.15 m), as well as reference Case 3 [16.9 inches (0.43 m)], for further evaluation
with the more realistic rotating mixer pump models.  These cases are evaluated in Section 4.
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4.0  Rotating Mixer Pump Model Results

The non-rotating pump modeling identified the possibly realistic elevation of the pump
injection nozzle bottom (pump bottom) as 3 to 6 inches (0.076 to 0.15 m) above tank bottom.
Thus, we used rotating mixer pump models to further evaluate the alternative pump’s potential
mixing performance at these heights as well as reference Case 3 at 16.9 inches (0.43 m)
elevation.  We assumed that the sludge thickness was 125 inches (3.17 m) instead of 22 inches
(0.56 m) because the former thickness would be more indicative of the mixer pumps’ sludge
mobilization ability.  Thus, we evaluated Cases 3, 7, 8, and 9 (see Table 3.1) with rotating mixer
pump models.

The 75-ft- (23-m-) diameter rotating mixer pump models contain twenty 30-inch- (76-cm-)
diameter airlift circulators and a 33-inch- (84-cm-) diameter steam heating coil.  These airlift
circulators and heating coil are suspended approximately 30 inches (0.76 m) above the tank
bottom as in some Hanford DSTs (e.g., AZ-102).   Because they potentially act as obstacles for
the jets to mix the waste, we included the airlift circulators and heating coils in the rotating mixer
pump models with two rotating pumps.  The two 300-hp alternative pumps each have a 27-inch-
(0.67-m-) diameter withdrawal inlet and two 6-inch- (0.15-m-) diameter nozzles that inject 60-
ft/sec (18.3 m/s) jets (see Figure 2.3).  Because these two pumps are 22 ft (6.7 m) away from the
tank center on opposite sides of the tank and rotate at 0.2 rpm in a synchronized mode, we
simulated the right half of the tank based on symmetry.  Thus, within the actual simulation
domain, there is one rotating pump with two opposing jets.

Case 3 is the alternative pump reference case, which produces the same sludge erosion as the
baseline pump (Case 1), as discussed in Section 3.  As stated previously, the alternative pump
has the injection nozzles at the bottom, while the baseline pump has them at the top.

Figure 4.1 presents vertical cutoffs showing the initial conditions of this rotating mixer pump
model for Case 3.  The top plot is along the 3 o’clock vertical plane (vertical plane I = 2),
showing the jet at first directed toward the 125-inch- (3.17-m-) thick sludge layer in this vertical
plane.  The supernatant liquid is 221 inches (5.618 m) deep, totaling 346 inches (8.788 m) of
waste in the tank.  We diluted the sludge just around the pump to start the simulation, as we did
for the non-rotating mixer pump models, to ease pump startup.  At this time, the jet velocity is
listed as 10.74 m/s (at the right bottom of this upper plot), ramping up to the assigned injection
velocity within a few seconds.  At this initial time, there is another jet (opposite the jet shown in
the top plot) shooting along the 9 o’clock position.  These two jets rotate at 0.2 rpm throughout
the simulation.  The middle and bottom figures are in vertical planes 11 and 15, which are
oriented at 81° and 117°, respectively, counterclockwise from vertical plane I=2.  Each vertical
plane (I=2, 11, 15, or any other plane) has a different distance from the pump to the tank wall
because the mixer pump is 22 ft (6.7 m) off tank center.  Vertical planes 2 and 15 have the
shortest (15.5 ft or 4.72 m) and longest (43.6 ft or 13.3 m) distances to the tank wall.  All three
plots also show three of the 20 airlift circulators.
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Figure 4.1. Case 3 (alternative pump reference case: pump 0.429 m above tank bottom,
3.17-m sludge): Initial Vertical Distributions of Initial Conditions of Velocity
and Tank Waste
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The rotating mixer pump models took a much longer time (a little over one simulation hour)
to reach the final sludge erosion condition than the non-rotating mixer pump models, which took
less than 20 simulation minutes.  The predicted vertical distributions of the velocity and solid
volume fraction for Case 3 (alternative pump reference case) after reaching the steady erosion
state (70 simulation minutes) are shown in Figure 4.2.  Again the top, middle, and bottom plots
are those in vertical planes I=2, 11, and 15.  These plots show that the two rotating jets skimmed
the sludge and did not remove the sludge up to the tank wall along vertical planes 11 and 15.
The middle plot indicates that the rotating jets eroded the sludge beyond an airlift circulator, but
the bottom plot reveals another airlift circulator still buried in the sludge.

As the alternative pumps were lowered from the reference Case 3 level, the two rotating jets
for all three cases eroded more sludge than those of the reference case.  Predicted velocity and
solid concentrations at 70 simulation minutes for Cases 7 through 9 are shown in Figures 4.3
through 4.5, respectively; the results of these four cases are summarized in Table 4.1 and
Figures 4.6 and 4.7.

These simulation results indicate that Cases 7 through 9 [2.9 inches (0.074 m), 4.6 inches
(0.116 m), and 6.2 inches (0.159 m)] mobilized almost the same amount of solids (48 ~ 51 vol%
of the total tank solids).  While reference Case 3 [16.9-inch (0.429-m) case] mobilized 38.6 vol%
of the total solids.  This trend is basically the same as those observed with non-rotating mixer
pump models with both 125-inch (3.17-m) and 22-inch (0.56-m) thick sludge, except that Case 7
(pump 2.9 inches above tank bottom) eroded slightly less (2.9 and 2.3% less, respectively)
sludge than Cases 8 and 9 (pumps 4.6 and 6.2 inches above tank bottom).  This is probably due
to slight differences in the two opposing tank wall effects (restricting vertical mixing and
exerting bottom friction) on the jet spread in these three cases, as was discussed in Section 3.2.
The modeling shows that with the pump injection level (pump bottom level) lowered to six
inches above tank bottom, the pumps would erode approximately 12 vol% more of the total tank
solids than the reference case.  Relatively speaking, these lower three cases would erode 25 ~
33% more solids than the reference case, as indicated in Table 4.1.

Table 4.1.  Summary of Alternative Pump Reference Case (Case 3) and Cases 7 through 9

Case
Number

Injection
above Tank

Bottom
(in.)

Inlet
above Tank

Bottom
(in.)

Erosion
of Total

Tank Solids
(%)

Normalized
Relative
Erosion

(%)

Effective
Clearing
Radius

(ft)
Case 7 2.9 26.0 48.2 125 26.0
Case 8 4.6 27.7 51.1 133 26.8
Case 9 6.2 29.4 50.5 131 26.6
Case 3 16.9 40.1 38.6 100 23.3
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Figure 4.2.  Case 3 (alternative pump reference case: pump 0.429 m above tank bottom,
3.17-m sludge): Predicted Vertical Distributions of Velocity and Solid
Volume Fraction at 70 Simulation Minutes
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Figure 4.3.  Case 7 (alternative pump 0.074 m above tank bottom, 3.17-m sludge):
Predicted Vertical Distributions of Velocity and Solid Volume Fraction
at 70 Simulation Minutes
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Plot at time = 1.167  hours 0.116m nozzle-high & 3.17m sludge-thick 
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Figure 4.4.  Case 8 (alternative pump 0.116 m above tank bottom, 3.17-m sludge):
Predicted Vertical Distributions of Velocity and Solid Volume Fraction
at 70 Simulation Minutes
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Figure 4.5.  Case 9 (alternative pump 0.159 m above tank bottom, 3.17-m sludge):
Predicted Vertical Distributions of Velocity and Solid Volume Fraction
at 70 Simulation Minutes
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Figure 4.6. Predicted Mobilized Sludge Volume Percent Compared with Initial Total
Sludge Volume for Sludge Thickness of 125 inches (3.17 m)
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Figure 4.7. Predicted Vol% of Eroded Sludge Normalized by Case 3 (reference
alternative pump case) for Sludge Thickness of 125 inches (3.17 m)
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5.0  Summary and Conclusions

A horizontal jet injected from near the tank bottom may potentially erode more sludge and
saltcake than a jet placed away from the bottom, as some experiments of air-to-air and water-to-
water jets imply (Rajaratnam and Subramanya 1968, Pani and Dash 1983).  Placing the intake at
the top of the pump enables the injection nozzles to be placed at the pump bottom; thus the
injection nozzles can be placed closer to the tank bottom than the baseline pump with the
injection nozzle at the top.  Placing the inlet at the top of a centrifugal pump also potentially
make it easier to start up mixer pumps, if a vertical distribution of the solid concentrations is
non-uniform, such as at those times during and shortly after water lancing prior to the mixer
pump operation.  However, a higher pump inlet can limit the operable range of the waste
thickness and potentially reduce solid erosion by withdrawing lighter fluids (a liquid waste or a
slurry with less solids concentration) and thus by making the mixer pump jet more buoyant.

The objective of the study was to evaluate the mixing-performance of the pumps for the
W-211 Project, “Initial Tank Retrieval System,” so they can determine whether their DST waste
retrieval operation should use the baseline pump with top injection nozzles or alternative pumps
with bottom injection nozzles.  To achieve this objective, we conducted three-dimensional
TEMPEST computer simulations to answer the following questions:

•  How much more solids, if any, can be mobilized by the alternative pump with
injection nozzles at the bottom?

•  What is the optimal elevation for the alternative pump installment in DST if the
alternative pump is more effective than the baseline pump at mobilizing the solids?

We selected eight pump elevation configurations ranging from the pump sitting on the tank
bottom to 1.46, 2.91, 4.58, 6.25, and 32.7 inches (0.037, 0.074, 0.12, 0.16, 0.43, and 0.83 m)
above the tank bottom.  The sludge thickness was designated as either 22 inches (0.56 m) or
125 inches (3.17 m).  Thus a total of 16 baseline and alternative pump cases were evaluated.  We
assigned waste properties (e.g., density and rheology) to be the same as those of AZ-102 waste,
because it is more difficult to mobilize the sludge (e.g., those in AZ-101 and AZ-102) than
saltcakes (e.g., those in AN-104 and AN-105), and AZ-102 sludge has detailed rheology data and
is representative of DST sludge.

This study adapted the following two-step evaluation approach to obtain mixing performance
evaluation in a timely manner:

   Step 1: evaluate all 16 baseline and alternative pump cases with the use of the single non-
rotating mixer pump model to select four cases for further detained evaluation

   Step 2: evaluate four selected cases with the rotating mixer pump models to conduct more
realistic mixing performance evaluation.

According to the non-rotating mixer pump model simulation results, the elevation of the
intake by itself [whether it is placed at the bottom of the pump (like the baseline pump) or the top
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of the pump (like the alternative pump)] does not affect the pump’s ability to erode the waste
when the injection nozzle levels of both pumps are placed at the baseline nozzle injection level.

These non-rotating mixer pump model results also indicate that the closer the pump injection
elevation is to the tank bottom, the greater the sludge erosion.  Thus, all alternative pump cases
with lower injection levels than the baseline pump would erode more sludge than the baseline
case.  When the pump injection nozzle is placed on the bottom of the tank, it would mobilize 200
~ 900% more sludge than a pump located 17 inches above the tank bottom.  When the pump
injection is 1.5 inches (0.038 m) above the tank bottom, it erodes 140 ~ 450% more sludge than
the baseline pump does at 17 inches.  When the injection level is 3 to 6 inches (0.076 to 0.15 m)
above the tank bottom, the amounts of eroded sludge are basically the same at all these
elevations; the pump erodes 10 ~20% more sludge than the baseline pump at the 17-inch
injection level.

There may be some engineering difficulties (e.g., potentially encountering the non-flat tank
bottom, or pumps accidentally hitting the tank bottom during the installation) in placing large
300-hp mixer pumps within approximately 6 inches (0.15 m) of the tank bottom.  Thus, the
elevations of the bottom of the mixer pumps (the bottom of the injection nozzles) between 3 and
6 inches (0.076 and 0.15 m), as well as the alternative pump’s reference [pump bottom 16.9
inches (0.43 m) above tank bottom] were selected for further evaluation with the more realistic
rotating mixer pump models with 125-inch (3.17-m) sludge.

These more realistic simulation results shown in Table 5.1 indicate that the alternative pump
installed 2.9 inches (0.074 m), 4.6 inches (0.116 m), and 6.2 inches (0.159 m) above the tank
bottom mobilized almost the same amount of solids (48 ~ 51 vol% of the total tank solids).
While the reference case [alternative pump with injection nozzles at 16.9 inch (0.429 m)]
mobilized 39 vol% of the total solids.  This trend is basically the same as those observed with
non-rotating mixer pump models with both 125-inch- (3.17-m) and 22-inch- (0.56-m) thick
sludge.  Thus, if the pump’s injection level (pump bottom level) were lowered to 6 inches (0.15
m) above the tank bottom, the pumps would erode approximately 10 ~ 12 vol% more of the total
tank solids than the reference case would.  Relatively speaking, these three lower elevation cases
would erode 25 ~ 33% more solids than the reference case.  These results provide a mixing
performance technical basis for the W-211 Project, “Initial Tank Retrieval Systems,” to
determine which pump configuration should be used for their DST waste retrieval activity.

Table 5.1.  Summary of Alternative Pump Cases

Pump Bottom
Height above
Tank Bottom

(in.)

Intake Height
above Tank

Bottom
(in.)

Erosion of the
Total Tank Solids

(vol%)

Normalized
Relative
Erosion

(%)

Effective
Cleaning
Radius

(ft)
2.9 26.0 48.2 125 26.0
4.6 27.7 51.1 133 26.8
6.2 29.4 50.5 131 26.6
16.9 40.1 38.6 100 23.3
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