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Summary

The objective of this study is to examine the feasibility of using submerged jet mixing
pumps to mobilize and suspend settled sludge materials in INEL High Level Radioactive Waste
Tanks. Scenarios include removing the heel (a shallow liquid and sludge layer remaining after
tank emptying processes) and mobilizing and suspending solids in full or partially full tanks. The
approach used was to 1) briefly review jet mixing theory, 2) review erosion literature in order to
identify and estimate important sludge characterization parameters 3) perform computer modeling
of submerged liquid mixing jets in INEL tank geometries, 4) develop analytical models from
which pump operating conditions and mixing times can be estimated, and 5) analyze model
results to determine overall feasibility of using jet mixing pumps and make design recommenda-
tions.

Following is a summary of the important findings of this study:

• Two parameters important to mobilization and deposition modeling are the critical

shear stress for erosion and deposition. The erosion literature indicates values for

these parameters can vary by several orders of magnitude for materials thought to

be similar to the sludge in INEL tanks.

• Computer simulations showed that the ability of a submerged jet to erode sludge

material is strongly dependent on the orientation of the jet relative to cooling coil

arrays located near the tank floor.

• Correlations relating floor shear stress and fluid velocities with jet operating

parameters were derived from the simulations. It was determined that the jet dis-

charge parameter (defined as the product of nozzle diameter and jet velocity), not

jet horsepower, was the most important parameter contributing to mobilization as

long as suspended particle concentrations were small.

• Models were developed for estimating jet operating parameters, mixing time, and

pump rotation rates. These models used the correlations obtained from the simula-

tions and other important parameters such as fluid height, sludge thickness, and

sludge material characteristics. Results show that the value of critical shear stress

for erosion for the sludge has a strong effect on the minimum jet discharge param-

eter required to mobilize the sludge.

• Based on simulation data and analytical model results, feasibility of using a single

jet mixing pump located near the tank center could not be conclusively deter-

mined. The primary reason for this is uncertainty in the value of critical shear

stress for erosion. The results suggest, however, if the critical shear stress for ero-

sion is less than about 0.35 Pa, a single pump with a jet discharge parameter equal

to 1.8 m21s (19.4 ft21s) would be sufficient to mobilize and maintain solids in sus-
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pension if it were located near the center of the tank. For a circular nozzle 20 cm

(8 in.) in diameter, this would correspond to a total hydraulic jet power of about 62

hp and a pump power of about 124 hp assuming a 50% pump efficiency.

• Using an estimated upper limit of critical shear stress for erosion of 1.0 Pa, model

results suggest heel removal would be successful if two off-center pumps were

used. These pumps should each have a jet discharge parameter of at least 1.7 m2/s

(18.3 ft2/s). For a 20 cm (8 in.) diameter round jet nozzle, the models predict a total

hydraulic jet power of at least 52 hp is required, corresponding to a pump power of

approximately 105 hp per pump assuming a 50% pump efficiency. The mixing

time for this situation would be about 5 days. For a 20 cm diameter nozzle with a

pump power of about 150 hp, mixing time would be reduced to about 5 hours.

While model results indicate that a double pump configuration would be adequate for even
conservative values of critical shear stress for erosion, difficulties associated with new riser addi-

tions may make this option unattractive. In light of this, it is important that INEL obtain more pre-
cise estimations of the critical shear stress for erosion in order to confirm whether a single pump
located near the tank center would be sufficiently effective. Model results indicate that if the criti-
cal shear stress for erosion is determined to be less than about 0.35Pa, this option should be suc-
cessful. Formulas developed in this report for mixing time and rotation rate could be used as

guides for pump sizing. In using these formulas, however, it would be helpful to have more pre-
cise estimates of particle properties (such as size, density, and distribution by weight), and the
sludge thickness.

The models developed in this study represent simplifications of extremely complex flow
phenomenon. In light of this, it would be advisable for INL to combine sludge characterization

activities with carefully designed mobilization experiments. Experiments could identify important
behaviors not captured by numerical simulations or analytical models. In particular, experimental
observations of jets in shallow liquids and measurements of floor shear underneath the cooling
coils would be helpful in confirming the predictions.
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1.0 Introduction

There are eleven 300,000 gallon high-level radioactive liquid waste storage tanks at the

Idaho Chemical Processing Plant (ICPP) located on the tank farm at the Idaho National Engineer-

ing Laboratory (INEL). Following normal tank farm emptying operations, there remains a heel of

approximately 500 to 15,000 gal of liquid/solid solution in the bottom of each storage tank. One

of the tasks of the High Level Waste Tank Farm Replacement Project (I-ILWTFRP) includes

removing these heels. A recently completed Heel Removal Special Study (HRSS) recommended

the use of jet mixing pumps to re-suspend solids that settled out of solution during interim storage.

This mixed solution of liquid and solids would then be transferred out of the tanks and undergo a

calcination process in the New Waste Calcinator Facility (NWCF). Further evaluations have iden-
tified the need to minimize solids concentrations in the feed to the NWCE In light of this, the con-

cept of using mixing pumps to suspend solids in a full or partially full tank and maintaining solids

suspension during feed-out to NWCF was generated.

1.1 Objectives

The main objective of this work is to examine the feasibility of using submerged jet mix-

ing pumps to remove the remaining heel in emptied waste storage tanks and to suspend solids in

full and partially full tanks. This will be accomplished by the following:

• Perform computer simulations of submerged liquid jets in the heel.

• Perform computer simulations of submerged liquid jets in partially full and full
tanks.

• Perform modeling of solids erosion and settling in heels and full/partially full
tanks.

• Evaluate modeling results in order to determine the feasibility of using jet mixing

pumps and make recommendations on pump characteristics and configurations in

order to accomplish heel removal and solids suspension.

Computer simulations in this study are performed with the TEMPEST computer program which
is described in Section 3.

1.2 Limitations

Limitations are inherent to any analysis because of uncertainties in defining the system

and applicability of analytic tools. The limitations on this study are listed below:

• The computational model of the free liquid surface at the liquid/air interface is
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non-deformable. At low liquid levels, the model does not represent surface effects

such as waves, rolling, or splashing.

• Incomplete knowledge of the physical properties of the solids in the INEL waste

tanks provides an uncertainty in the ability of mixing pumps to resuspend settled
solids and maintain solids in suspension.

• Accurate modeling of turbulence phenomena in complex flows, in general,

remains beyond the ability of modem engineering science. While there are models

which are applicable to certain flows, there is no model which can solve every

problem. The effects of solid particulates on turbulent phenomena remains the sub-

ject of present research.

• The speed of modem high-performance computers is insufficient to perform highly

resolved simulations of large physical systems. Therefore, errors associated with

coarse "nodeing" of geometric detail are inherent.

• The computational model being used for this analysis has not yet been developed

for rotating jets. Therefore, only fixed jets are modeled.

The first limitation can only be addressed in a general way. Several models will be devel-

oped to estimate the minimum liquid level which can be accurately modeled. While surface defor-

mation is expected, especially at low liquid levels, its occurrence should be primarily related to

surface effects (e. g., aerosol generation, waves) and not to mixing in the liquid volume.

The second limitation is related to uncertainties associated with deposition and resuspen-

sion of material on the tank floor. A critical shear stress model is used in the analysis. This model

requires constants for the critical shear stress for deposition, erodibility of a material, and critical

shear stress for erosion. Lack of knowledge of the physical characteristics of the INEL tank con-

tents limits applicability of erosion constants obtained from the literature. The effects of uncer-

tainty in values for erosion constants will be quantified by determining the dependence of jet

performance on these constants. Mixing results will be presented for a range of erosion constant
values.

The third limitation can be addressed by comparing simulated turbulent flow results with

available experimental data. While there is limited experimental data available for turbulent par-

ticulate flows, for small concentrations, the effects of particulates are minimized. Since the settled

sludge layer in INEL tanks is thin (approximately 1 to 3 in.) the effects of suspended particles on
turbulent motions should be minimal.

The fourth limitation can be addressed by performing resolution studies on test problems

similar to INEL flow geometries. The effects of coarse nodeing can by quantified by increasing

the resolution incrementally and observing the change in the flow solution.
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The final limitation is not critical to this analysis. Results for rotating jets can be obtained

from analytical models which incorporate simulation results for fixed jets.

1.3 Approach

The approach used to accomplish the objectives of this study is as follows:

• Briefly review jet mixing theory in order to establish the pertinent physical pro-

cesses affecting jet mixing in tanks.

• Review erosion literature in order to identify and estimate important sludge char-

acterization parameters.

• Perform computer code validation tests which address shallow liquid surface

effects, node resolution requirements, and turbulent jet predictive capability.

• Perform computer modeling of submerged liquid jets in INEL tank geometries.

Derive correlations relating floor shear stress and fluid velocities with jet operating

parameters.

• Develope analytical models for estimating jet operating parameters, mixing time,

and pump rotation rates. These models will use the correlations obtained from the

simulations and be dependent on parameters such as fluid height, sludge thickness,

and sludge material characteristics.

• Analyze model results to determine overall feasibility of using jet mixing pumps in

INEL tanks and provide design recommendations.
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2.0 Mixing Theory and System Definition

This section presents a brief review of jet mixing theory and a description of the INEL

Waste Tank system to be modeled. Section 2.1 reviews important aspects of jet mixing in tanks. In

Section 2.2, a description of typical INEL tank geometries is presented. Characterization of INEL

tank waste is addressed in Section 2.3. Finally, Section 2.4 addresses important factors anticipated

to affect mixing in INEL tanks.

2.1 Jet Mixing in Tanks

Mixing in tanks involves the reduction in concentration gradients of different constituents

by means of fluid motions. The constituents may be separate fluids, chemical species, or solid

materials which are dissolved or suspended. The fluid motions may occur naturally (such as buoy-

ant actions due to density differences) or may be forced by some means of agitation. Historically,

much of the literature on mixing in tanks has addressed systems with mechanical agitators. More

recently, there has been increased attention on understanding principles of jet mixing in tanks.

Much of the mixing literature addresses mixing in fluid-only systems. The presence of solids has

been found to add an additional degree of complexity. An extensive review of mixing literature

was recently performed by Bamberger, Liljegren, and Lowery (1993). Their findings were consis-

tent with Tatterson (1991), who performed a brief review of jet mixing in tanks.

2o1.1 Jet Mixing of Liquids

Fundamental to mixing theory is the mixing time concept. The mixing time, Tm, is defined

as the amount of time required to produce uniform concentrations of constituents within a tank. In

general, the mixing time will be a function of the fluid properties, tank geometry, jet location and
orientation, and jet characteristics such as nozzle diameter and jet velocity. In studying any com-

plex physical system, it is often useful to formulate nondimensional quantities which remove the

effects of physical scale from the system. For example, a nondimensional mixing time can be con-

structed by dividing the mixing time by the ratio of jet diameter to jet velocity. Bamberger, Lil-

jegren, and Lowery (1993) suggest that a nondimensional mixing time is found to be affected by

four dimensionless parameters; the jet Reynolds number (Re), the Froude number (Fr), the rela-

tive density ratio (Np), and the aspect ratio of the liquid in the tank (,,_). These parameters are
defined as

Re = (pjuodo) /gf, (2.1)

Fr = u2/(Npgdo), (2.2)

Np = (pj- pf)/pj (2.3)
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/R = hf/R T, (2.4)

where u0 and d o are the jet velocity and diameter(a), respectively, pj is the density of the fluid

exiting the jet, and gf and pf are the mean tank fluid viscosity and density, respectively. Also, g is

the acceleration caused by gravity, hf is the fluid height, and R T is the tank radius.

If the jet Reynolds number is large enough, the jet will be turbulent-- greatly enhancing

mixing. Once the jet is turbulent, however, the nondimensional mixing time is relatively unaf-

fected by changes in the jet Reynolds number. The Froude number takes into account buoyancy

effects due to density differences between the jet and the surrounding fluid. If the Froude number

is small, the jet may have insufficient kinetic energy to convect fluid upward against the force of

gravity. If the Froude number is large, the jet can easily move fluid to the liquid surface and den-

sity effects are unimportant. The aspect ratio of the tank seems to effect mixing primarily by set-

ting large-scale recirculating flow patterns.

In addition to the above-mentioned parameters, some additional factors are thought to be

important in jet mixing processes in tanks. For example, the vertical location of the jet is particu-

larly important when buoyant effects are present. Forjets that are more dense than the surround-

ing fluid, locating the jet near the top of the tank should decrease mixing time. Conversely,

locating lighter jets near the bottom of tanks would enhance mixing. Another factor involves

•rotating jets. For a fixed jet, mixing is dependent on large-scale currents which set up throughout

the tank. When the jet is rotated, these large-scale motions are continuously changing with time. It

is not immediately obvious which rotation rate would have the most favorable effect on mixing

time. For a centrally located jet that rotates at a very high rate, the effect would be that of a jet

which flows radially outward without angular dependence. A dimensionless jet rotation rate (f_j)
can be defined as

_j = thjdo/ uo, (2.5)

where th is the rotation rate of the jet mixing pump.

Finally, when multiple jets are used, jet interaction effects could constructively or destruc-

tively interfere. Evidently, for a given tank geometry, the jet locations (both vertically and hori-

zontally) could be very important. For the case of multiple rotating jets, the complexity of the

system is certainly increased.

(a) In general,do is thesquarerootof the nozzlecross-sectionalarea.Throughoutthisreport,do willbe
referredto asthe nozzlediametereventhoughthe analysisis not limitedtojetswith circularnozzles.

2-2



2.1.2 Jet Mixing of Liquid/Solid Mixtures

All parameters involved in mixing liquids are expected to be important when solids are

present. There are, however, two additional important aspects of jet mixing in tanks with solids.

These are 1) mobilizing the settled solids (sludge) at the bottom of a tank and 2) maintaining the

solids in a suspension of uniform concentration. The processes involved in each of these have

been addressed by Bamberger, Eyler, and Dodge (1993). Their findings will be summarized here,
and some additional information will be provided.

Mobilizing Settled Solids

There are two basic mechanisms thought to be involved in sludge mobilization. First, jets

may mobilize settled solids by erosion due to shearing when fluid flows parallel to the sludge

layer. When the flow is turbulent, the erosion is enhanced due to small-scale nonsteady turbulent

motions. The degree of erosion is thought to be dependent on shear stress which the fluid applies

to the solid layer. Second, jets can mobilize solids in bulk by impinging normal to the sludge

layer. This boring action is thought to be dominated by normal momentum exchange (as opposed

to shear) between the fluid and the solids. Which mechanism dominates in a given physical situa-

tion will depend on a number of factors including fluid velocity (or momentum) near the sludge,

sludge bank shape, and solids characteristics, such as particle size and cohesiveness.

The effective cleaning radius (ECR) of a jet is defined as the distance from the jet nozzle

beyond which no mobilization occurs. For a rotatingjet, the ECR is the radius of the circle where

the sludge has been mobilized (or where mobilization is occurring). Liljegren (1993) proposed

that the nondimensional ECR is a function of the Reynolds number (Re) and a yield parameter

(Nx) according to

ECR/d o = f(Re,N,c) (2.6)

N_ = (pju 2) I'_ss (2.7)

where Xss is the shear strength of the sludge. The use of shear strength was proposed by Powell (a)

who suggests it is an indicator of the sludge's ability to resist mobilization. Some researchers,

however, suggest that the sludge tensile strength may be a more useful parameter to characterize

sludge resistance. In general, the function dependence between the nondimensional effective

cleaning radius and the Reynolds number and the yield parameter is unknown.
-

(a)M.R.Powell,C.L.Fow,G.A. Whyatt,P.A.Scott,andC.M.Ruecker.November1990.ProposedTest
Strategyfor the Evaluationof Double-ShellTankSludgeMobilizationA letterreportforWestinghouseHan-
fordCompanyby PacificNorthwestLaboratory,Richland,Washington.

2-3

i
Ii



Historically, much of the research pertaining to the erosion of settled solids has been in the

field of hydrology where transport of silt and sediment in rivers has been of interest. Expressions
to determine erodibility of solids are usually formulated differently for cohesive and non-cohesive

sediments. There are no data available to indicate which INEL tank solids are cohesive. In general

for soils, clay (0.24 to 4 _tm diameter particles), and silt (4 to 64 gm diameter particles), are often

treated as cohesive, while sand (64 to 200 _tmdiameter particles) is treated as non-cohesive.

Onishi (1993) summarized the comparisons of 23 different formulas used to predict erosion and

deposition of solids. He recommended a widely used expression originally suggested by

Partheniades (1962) which gives a relationship between erosion rate and fluid shear stress in the
form;

the = E (xy/'_e- 1) xf>- Xe' (2.8)

In Equation (2.8), x/is the shear stress exerted on the sludge by the fluid and the is the mass flux

of solids away from the sludge layer. The terms E and 'Ceare the erodibility and critical shear

stress for erosion, respectively. These are empirical constants that must be determined for a given

sludge. To determine the net mass transport of solids into the fluid, Equation (2.8) must be inte-

grated over the area where erosion is occurring.

A similar expression for the solids deposition flux to the floor (or, for example, a river bed)

due to particle settling was suggested by Krone (1962). This relation, which has the same form as

Equation (2.8), is given by

thd = Uses (1-1;/_d) _f__.1;d. (2.9)

Here us is the particle settling velocity, t_s is the species mass fraction, and Xd is the critical shear

stress for deposition that must be determined from measurements for a given sludge material.

The settling velocity is the speed at which a particle falls due to a balance of gravitational

force and particle drag. For low concentrations of small particles, the settling velocity can be

computed according to the Stokes settling relation,

1 gd2 (Ps- [3f)/_f (2.10)Us--- 18

where dsis the particle diameter and 13sis the particle density. Equation (2.10) is valid for particle

Reynolds number (Res):

Re s = (pfdsus)/$tf < 1 . (2.11)
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For particles Re s > 1, Equation (2.10) can be modified.

The shear stress (xf) in Equation (2.8) will generally be related to the jet momentum. For a

turbulent jet located on a tank floor in a pure liquid, Rajaratnam (1976) showed that the parameter

(pfU2m) is approximately constant far from the jet nozzle. Thevelocityumis the maximum

velocity in the fluid jet above the floor. As in the case of a free jet (far from walls), the maximum

velocity divided by the jet velocity is inversely proportional to the dimensionless distance from

the jet, x/d o. From these relationships, the following dependence between floor shear stress on

jet momentum can be derived:

xy/(p/u_)- (do/x) 2 (2.12)

Although Equation (2.12) is derived from experimentally determined relationships that are strictly

valid only for floor jets in pure liquids, it may be valid for jets that are located above the tank floor

as well. This would be true if I) density effects were relatively unimportant, 2) the floor shear

stress was proportional to the local jet momentum, and 3) the local maximum velocity decayed

inversely with distance from the nozzle.

In order to make Equation (2.12) an equality, the constant of proportionality would need to

be determined. If this could be achieved, then Equation (2.12) could be combined with

Equation (2.8) to relate the erosion mass flux to the jet momentum. Therefore, if the erodibility

(E) and the critical shear stress for erosion (xe) were known for a given sludge, the effective

cleaning radius could be determined.

Maintaining Solids in Suspension

Once solids have been mobilized from the floor of a tank, large-scale circulating motions

induced by the jet are expected to mix the particles throughout the tank. Small-scale diffusive

motions are expected to complete the mixing process by locally smoothing out particle concentra-

tion gradients. Gravity will act to cause heavy particles to settle to the bottom of the tank. Suspen-

sion maintenance should occur if 1) the jet is particle laden, 2) the particle-laden jet has sufficient

momentum to travel to the upper regions of the tank, and 3) either the large-scale motions far

from the jet are sufficient to counter the effects of gravity or the jet is rotated so that all fluid par-

eels near the bottom of the tank are eventually carded upward.

Density differences in the tank can greatly affect the large-scale circulation patterns cre-

ated by the jet. The average density of the jet is dependent on the concentration of particles. If the

jet intake is located near the bottom of the tank, the jet density may be greater than the average

fluid density surrounding the jet. As the jet travels upward along the tank wall, the excess density

relative to the surrounding fluid may increase. Excess density combined with low momentum can
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prevent the jet from rising towards the surface. The height to which the jet will rise (hi) is a func-

tion of the Froude number, the Reynolds number, the relative density parameter (Np), and the jet

angle relative to the floor (Oj);

hj/d 0 = f(Fr, Re, Np, ej). (2.13)

Geisler, Buurman, and Mersmann (1992) considered scaling laws for stirred vessels with

suspensions. They concluded that no single scaling law existed (i.e., no universal relationship

exists between, say, jet momentum and suspendability). However, they did find an interesting cri-

terion for suspension maintenance in large tanks. This criterion can be explained as follows:

Gravity does work on particles by attracting them toward the tank bottom. The rate of work (i.e.,

power) per particle is the vertical component of particle drag multiplied by the particles relative

velocity with the surrounding fluid. In order to satisfy the conservation of energy principle, the

mixing jet must have sufficient power to overcome gravitational work. Jet power will also be con-

verted to thermal energy through viscous dissipation; however, if the jet power is less than the

gravitation work rate, suspension maintenance will be impossible. Liljegren (1993) introduced a

gravitational settling parameter (N s) which scales the rate of gravitational work on the particu-

lates with the jet power. This parameter is given by

.. u3d2,
N, = (O_f,usVr)/ ([aj 0 0)' (2.14)

where fs is the average drag force on a settling particle and Vr is the tank volume.

In general, it is expected that dimensionless mixing time in tanks with solids concentra-

tions will be a function of Reynolds number, Froude number, yield parameter, relative density,

gravitational settling parameter, aspect ratio, jet angle, jet rotation rate, and number of pumps (n).

This is expressed as

rm
- f(Re, Fr, N_,Np, Ns, AR, O,_,n). (2.15)

(do/uo)

Experimentsarebeingplannedaspartofdouble-shelltankretrievalinvestigationsat

PacificNorthwestLaboratory(PNL)toinvestigatetheeffectsofReynoldsnumber,Froudenum-

ber,andgravitationalsettlingparameter.Theseexl_rimentswillbeusedtoaugmentvalidationof

computermodelresults.
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2.2 INEL Tank Description

There are eleven 300,000 gal high-level radioactive liquid waste tanks in the tank farm at

the Idaho Chemical Processing Plant (ICPP) at the Idaho National Engineering Laboratory

(INEL). The locations of risers and man-ways that could be used for mixing pump installment

vary from tank to tank. Most of the tanks are equipped with internal cooling coils which are

located near the tank floors and walls. Because no two tanks are identical, two representative

tanks will be considered for purposes of modeling. In Section 2.2.1 these representative geome-

tries will be described. Section 2.2.2 describes typical jet mixing pump operations.

2.2,1 Tank Geometry

A cross-section of a typical INEL tank is shown in Figure 2.1. The tank is 15.25 m (50 f-t)

in diameter with a 6.4 m (21 f-t)maximum liquid height capacity. There are several risers located

at the top of the tank along with a man-way opening. Steam jets extend to the bottom of the tank.

Also shown is a representation of cooling coil banks near the bottom and side of the tank. Figure

2.2 and Figure 2.3 show plan views of two different tanks. These two tanks (designated Tank

WM-182 and Tank WM-188, respectively) are considered to be representative of the other tanks

at INEL. Because steam jet usage may continue during various operational scenarios, only the

man-ways and existing risers are being considered for possible mixing pump installation. The

man-ways in both tanks are 28 in. in diameter while the risers are 12 in. in diameter.

Also shown in Figure 2.2 and Figure 2.3 are a representation of the cooling coils at the

tank bottom. Each solid grey lines represent two adjacent pipes which are supported off the tank

floor. These cooling coils are connected to another network of coils on the tank walls (not shown).

Figure 2.4 shows a plan view detail of the support beam structure underneath the cooling coils.

Also shown are the location and types of spacers that fasten the main support beams to the tank

floor. Figure 2.5 shows details of the cooling coil and support structures.
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Figure 2.5 Detail of Cooling Coils and Support Structure

2.2.2 Mixing Pump Description

A representation of a typical jet mixing pump expected to be similar to those planned for
the INEL tanks is shown in Figure 2.7. The pump has two identical dual-opposed jet discharge

nozzles designed to eliminate torque on the support column. The inlet is on the bottom of the

pump unit. The pump may continuously rotate 360 ° or oscillate in a 180 ° period. Figure 2.6

shows a representative cross-section of a waste tank with jet mixing pumps installed in existing
risers.
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2.3 INEL Tank Waste Physical Properties

This section presents a description of the liquid and solid waste in the INEL waste tanks.

Characterization of radioactive waste remains one of the highest priorities and greatest challenges

facing hazardous waste remediation efforts. Computational, experimental, and analytical models

of waste mobilization and retrieval systems require knowledge of the waste's physical character-

istics. Useful data on waste properties can be difficult to obtain and may greatly vary for different

waste samples. In light of this difficulty, it is necessary to estimate certain physical properties

based on the best available known data for similar materials. In Section 2.3.1, properties of the

solids and liquid waste are presented. Section 2.3.2 gives estimations of the parameter values

required for solids erosion and deposition modeling.

2.3.1 Waste Properties

The INEL waste tanks contain a clear acidic liquid solution with a settled sludge layer at

the tank floor. The sludge layer is known to be less than 3 in. deep, but may be considerably less.

Some characterization of the liquid and solid materials have been completed by INEL. Based on

these analyses, primary parameter values for the present study are presented here. Table 2.1 gives

the sludge solids composition used for this study (a). The solid particles are grouped into three rep-

i resentative categories; largest, smallest, and most populous. The largest and smallest particles are
= thought to represent a conservative outer range of particle sizes. The large particles are resin

beads which could be silicon gel or glass. The composition of the other particles is uncertain

Table 2.2 gives fluid and bulk sludge properties used in this study(a). The sludge dry bulk

density (the density of sludge which has had all liquid removed) is computed from the solids com-

position data shown in Table 2.1. The wet bulk density was computed assuming a solids void frac-

tion of 50%. This value was chosen somewhat arbitrarily but is thought to _ similar to typical

dense sludges. The density and viscosity of liquid aluminum nitrate is also shown in Table 2.2.

This fluid may be added to the waste prior to convenience to the calcination facility.

Table 2.1 Sludge Solids Composition Used for Analysis
.....

Property Largest Most Smallest
Particles Populous Particles

Particle diameter, ds 200 ttm 70 pan 13 pm

Particle density, ps 3000 kg/m _ 3000 kg/m 3 5540 kg/m 3

Distribution by weight 4% 70% 26%

(a)Fromprivatecommunicationswith MaxChristensen,EG&GIdahoInc.,9/93.

2-12



Table 2.2 Fluid and Bulk Sludge Properties Used for Analysis

Property Value Observation

Fluid density, 13/ 1400 kg/m 3 mostly water-like liquid, acidic

/

Fluid viscosity, It/ 1.6 cP measured quantity

Sludge dry bulk density 3406 kg/m3- from solids property data (see Table 2.1)

Sludge wet bulk density 2402 kg/m 3 based on assumed void fraction of 50%

Aluminum Nitrate density 1300 kg/m '5 may be added to liquid waste

Aluminum Nitrate viscosity 0.8 cP measured quantity

2.3.2 Erosion/Deposition Properties

To model the erosion and deposition of solids at the sludge layer, the critical shear param-

eters in Equations (2.8) and (2.9) need to be estimated, because no data are available for the INEL

sludge. To accomplish this, the literature was surveyed to obtain representative sedimentation

parameters for sludge materials thought to be similar to those in INEL tanks. Additionally, video

tape images of an in-tank washing process and instrument placement in an INEL tank were

viewed in order to obtain a qualitative understanding of sludge erodibility.

Bamberger, Eyler, and Dodge (1993) conducted a brief review of sedimentation literature

to determine values of the critical shear stress for erosion (xe), deposition (xa), and the erodibility

constant (E). They found a very wide range of values for small (less than 1001.tm)particles. Most

data are for sand and silt transport in moving surface water such as rivers and bays. Teeter (1988)

measured critical shear stress for erosion of .0599 N/m 2 and an erodibility constant of 4.00x 10-6

kg/m2-s for very fine silt (1 to 21Jxnin diameter). O'Brien et al. (1988) measured a much larger

value of critical shear stress for erosion (3.58 N/m 2) for a lightly packed layer of larger particulate
material (approximately 70_tm) and a significantly larger value of erodibility constant than Tee-

ter's. Powel (a) reports erodibility constants ranging from 0.15 to 147 kg/m2-s and critical shear

stress for erosion ranging from 0.0072 to 1.47 N/m 2 for various simulated sludges. Powell's data

were obtained by curve-fitting data from for effective cleaning radius during mobilization in
scaled experiments.

Other studies provide a wide range of values for the critical shear stress for erosion for

very small particles such as Dunn (1959), 0.058 -0.24 N/m2; Smerdon and Beasley (1961),

(a) M. R. Powell. 1991."CurrentStatusof DSTSludgeMobilizationResearch".An InterimDraft Reportto
WestinghouseHartfordCompany.PacificNorthwestLaboratory,RichlandWashington.
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0.0038 - 0.024 N/m2; Flaxman (1963), 0.11 - 0.72 N/m2; and Abdel and Rahmann (1964), 0.0072

- 0.043 N/m 2. Recently obtained unpublished data (a) on erosion in rivers gives erosion and depo-

sition parameters for various compositions of clay (less than 4 _tm), silt (4 to 62 _tm), and sand (62

- 200_tm). These data give values of critical shear stress for erosion from 0.1 to 6.8 N/m 2, critical

shear stress for deposition from 0.33 to 3.0 N/m 2, and erodibility constants from 0.00027 to 0.023

kg/m2-s. Critical shear stresses for some of the samples tested were unavailable because the sam-

ples yielded and eroded in bulk. Some of these samples had a Similar particle size distribution as

the INEL sludge.

An analytical method for estimating critical shear stress for erosion was developed by

Shield (1936) and discussed by Vanoni (1975). A Shield diagram, which relates a dimensionless

shear stress for initiation of particle motion with a boundary Reynolds number, can be used to

estimate critical shear stress for erosion based on particle size, diameter and fluid properties.

Based on this theory (not presented here), the critical shear stresses for erosion for the INEL

sludge were estimated to be 0.24, 0.10, and 0.42N/m2 for the largest (200 _rn), most populous (70

IJ.m), and smallest (13 _tm) particles, respectively. Shield's theory does not take into account any

cohesive effects which are characteristically present for very small particles. Therefore, the value

of critical shear stress for erosion for the smallest particles is probably unrealistic.

Video images of the in-tank washing process and instrument placement in the INEL tanks

seem to indicate that much of the sludge particulate is very light and easily suspendable. Slight

motions seem to disturb the sludge, causing the fluid above the sludge to cloud. This cloud seems

to persist (on the order of 10 to 20 minutes), indicating very light particulates. Given the very

wide range of values in the literature for the sedimentation parameters, and the uncertainty in

characterizing the INEL sludge, conservative estimations of parameter value ranges where made

and are shown in Table 2.3. Also shown are the settling velocities and particle Reynolds numbers

for the different particles calculated from Equation (2.10) and (2.11). Because the largest particles

have a Reynolds number greater than 1, the Stokes settling relation does not hold. A correction to

this relation was made according to the data of Rouse (1937).

Table 3.3 lists estimations of the erosion and deposition properties for the INEL waste

sludge. Critical shear stresses for erosion are estimated to be in the range 0.01 to 1.0Pa (1Pa = IN/

m 2) and erodibility constants are estimated to be 0.001 to 0. lkg/m2s. In the absence of better data,

it is assumed that the critical shear stress for erosion and deposition are of equal value.

(a)PrinteddataobtainedfromRayKrone,UniversityofCaliforniaatBerkeley,9/93.
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Table 2.3 Erosion and Deposition Properties Used for Analysis

Smallest
Property Largest Particles Most Populous Particles

Critical shear stress for erosion xe 0.01 - 1.OPa 0.01 - 1.0Pa 0.01 - 1.OPa

Critical shear stress for deposition xd 0.01 - 1.OPa 0.01 - 1.OPa 0.01 - 1.0Pa

erodibility constant E '" .001-O.lkg/m2s .001-0.1kg/m2s 1001-O.lkg/m2s

Stokes settling velocity us 2.18 cm/s .267 cm/s .024 crrgs

Particle Reynolds number Res 3.82 .164 .0027

Corrected settling velocity 1.7 cm/s

2.4 Factors Affecting Jet Mixing in INEL Tanks

In general, analyzing jet mixing pumps for mobilization and suspension of solids in tanks

can be a complex undertaking. For the INEL tanks, there are a number a factors that increase the

level of complexity and require focused attention. This section presents some issues that are

thought to be most important in determining the feasibility of using jet mixing pumps for heel
removal and solids suspension in INEL waste tanks.

2.4.1 Cooling Coils

The cooling coils and support structure located on the tank floors may create an impedi-

ment to sludge mobilization. Horizontal jets that are elevated above a tank floor will generally

attach themselves to the floor at some distance away from the jet nozzle. This attachment creates

high shear stress which acts to erode the sludge layer. It is uncertain what effect the cooling coils

will have on this attachment process. The jet will lose momentum due to both viscous and form
drag on the cooling coils. However, turbulent intensity should be increased due to vortex shedding

in the wakes of the cooling coils-- thereby enhancing erosion. Additionally, the effect of the cool-

ing coils would seem to be strongly dependent on the horizontal orientation of the jets because the

cooling coils run predominantly East and West (see Figure 2.4). Cooling coils oriented North or

South may have a smaller effect on the jets ability to erode the sludge.

2.4.2 Sludge Characterization

The success of using jet mixing pumps in the INEL tanks for sludge mobilization and sus-

pension may be strongly dependent on the physical characteristics of the sludge material. If some
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of the solids in the sludge are strongly cohesive, excessive pump horsepower requirements may

prohibit a practical implementation of a mobilization system. Additionally, some solids may

adhere to the tank floor. The physical properties of the solid particulates are important for several

reasons. The density of the solids can greatly effect buoyant actions on the jet and large-scale cir-

culation patterns. The rate at which particles settle out of suspension and accumulate on the tank

floor will be dependent on their settling velocity, which is a function of both particle density and
size.

2.4.3 Limitations on Mixing Pump Configuration and Operating Conditions

One of the current priorities of the High Level Waste Tank Replacement Project is to uti-

lize existing riser penetrations to install mixing pump equipment. This priority is important for

two reasons. First, the diameter of the risers puts a constraint on the size of pump that can be

installed. In general, the physical size of a pump will be dependent on horsepower. For positive

displacement pumps, the diameter of the pump will be dependent on horsepower. In order to over-

come the pump diameter limitation, some manufactures are attempting to develop staged turbine

pumps. These pumps utilize "stacked" compression stages to increase horsepower without

increasing pump diameter. Consultations with pump manufactures indicated the largest pump that

can realistically be installed in a 12 in. riser would require 150 horsepower. Because each pump

drives two dual-opposed mixing jets, the maximum allowable jet hydraulic horsepower would be

75rip where rip is the pump efficiency. This upper limit on horsepower puts a constraint on the jet

velocity and diameter since total pump power is given by

1_o = -_pPj (uodo) 3do. (2.16)

Equation (2.16) is true for all nozzle geometries so long as d o is taken as the square root of the

nozzle cross-sectional area. Figure 2.8 shows an envelope of allowable jet velocities and nozzle

diameters which will produce a total pump power less than or equal to 150 horsepower for an

assumed pump efficiency of 50%. This efficiency is that of jet mixing pumps being considered for
use in Hartford waste tanks.

The second reason the use of existing risers is important is due to their locations within the

tanks. In an optimal mixing pump configuration, risers would be strategically located to minimize

the number of risers (pumps) and maximize their mobilization capability. The existing risers in

the INEL tanks do not appear to be in optimum locations. Therefore, pump operating conditions

such as power, jet velocity, nozzle diameter, and rotation rate may need to be different for pumps
located in different risers.
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3.0 Computer Simulations of Mixing Jet Hydrodynamics

This section presents results of computer simulations of submerged liquid jets in INEL

Tanks. Floor shear stress distributions and jet flow patterns were examined for a number of jet

parameter conditions and tank configurations. These results will be combined with analytical ero-

sion, deposition, and suspension models in Section 4 in order to make recommendations on suit-

able pump configurations and operating conditions. Section 3.1 states the objectives of computer

modeling and describes the TEMPEST computer code, modeling approach, and limitations to the

modeling task. Section 3.2 presents some code testing and validation results for basic jets and

flow over cooling coils. These results are presented in order to establish the credibility of the more

complex simulations and to identify modeling limitations. Section 3.3 presents the results of the

hydrodynamic simulations.

3.1 Modeling Objectives and Approach

3.1.1 Objectives of Computer Modeling

The objective of computer modeling is to analyze the hydrodynamics of the mixing of tur-

bulent jets in INEL Tanks in order to determine their propensity for mobilizing the sludge layer.

3.1.2 The TEMPEST Computer Code

Computer modeling of jet mixing in waste storage tanks is an on-going effort within sev-

eral programs at the Pacific Northwest Laboratory (PNL). These efforts support a wide range of
remediation and retrieval efforts at the Hanford site as well as other DOE sites. These include the

HartfordDouble Shell Tank Retrieval Project, the Waste Tank Safety Program, and the Oak Ridge

National Laboratory (OX_) Storage Tank Sludge Mobilization and Mixing Project. While each

of these programs has special analysis needs, computer modeling of the fluid dynamics of mixing

and solid/liquid transport are inherent to each. The modeling in progress at PNL uses the TEM-

PEST (a)computer code (Trent and Eyler 1992).

TEMPEST is a three-dimensional, time-dependent, computational fluid dynamics analysis

computer program that solves discrete equations for the conservation of mass, momentum, ther-

mal energy, turbulence, and species transport. The code is well suited to model the turbulent, jet-

induced mixing in waste storage tanks.

3.1.3 Modeling Approach and Limitations

Performing a parametric jet mixing study in tanks can be a complex task when the number

of variables involved is large. Given the complexity of the INEL tank geometries, the uncertainty

(a)Transient,Energy,Momentum,andPressureEquation SolutioninThree-dimensions.
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in sludge characteristics, and the absence of specified design configurations for pump locations,

horsepower, etc., it is necessary to identify the most important aspects of problem and focus on
understanding them so that usable results can be obtained. Limitations inherent with the modeling
tool and computational speed put additional constraints on the modeling approach. Limitations
associated with the TEMPEST computer program and computational speed relevant to this study
are as follows:

• A Cartesian computational grid is requiredin orderto accurately model the cool-
ing coils and support structure.This grid prevents simulation of rotatingjets and
requires the je.ts to be oriented in one of the two principle coordinate directions.

Rotating jets can be directly simulated by using a cylindrical coordinate system;
however, the cooling coils cannot be accurately represented in this way.

• The TEMPEST computer program uses a solid, free-slip boundary condition to
represent the free liquid surface. This boundary condition is thought to be correct

so long as the free surface is very far fromthe jet. When the surface is close to the
jet (as in the case of the heel) the solid boundarycan effect the jet flow patterns.

• The solution time increment used by the TEMPEST program is severely limited
when high-speed jets flow through small computational cells. Also, the computer
time for one solution time increment is proportional to the total numberof compu-
tational cells. Therefore, accurately modeling high speed jets in large tanks is a

computationally intensive task. For typical jet mixing simulations in largetanks,
about one hour of computer time is required for one second of simulation on an
IBM 560 superworkstation (this machine is approximately 0.5 of Cray XMP
speed). These computational speed limitations put constraints on resolution and
simulation time.

• In order to accurately represent the geometricdetail of individual cooling coils and
support structures,a high level of resolution is required. Given the size of the
INEL tanks and the number of structurespresent, the total number of computa-
tional cells (finite volumes of liquid or solid) would be prohibitive. Therefore,it is
necessary to minimize the numberof computational cells while preservingenough
resolution to captureessential phenomena.

In light of the complexity of the physical system to be modeledand the limitations associ-
ated with the modeling tool and computational speed, the approach taken was to identify the key

aspects of the hydrodynamicmixing processes and then perform parametric studies in orderto
understand theirbehavior. The following are the importantelements of the modeling approach:
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• Model a simple, pure-liquid jet located on the tank floor and compare results for

velocity and floor shear stress with experimental data in order to validate the pre-

dictive capability of the TEMPEST code.

• Perform a numerical study to determine the minimum amount of resolution

required to accurately model perpendicular flow over the cooling coils.

• Model a single, dual-opposed, jet above the cooling coils. This jet will be located

at the tank center and have a fixed orientation perpendicular to the cooling coils

(North on Figure 2.4). Perform a study to determine the minimum liquid depth

which can be modeled with reasonably accuracy.

• Consider a non-rotating jet located at the tank center and oriented in the North,

East and West directions. Perform a parametric study varying jet velocity and

diameter and analyze floor shear stress distributions and flow patterns. These stud-

ies should reveal the fundamental effects that the cooling coils will have on jet
attachment and erosion.

• Examine the effects of jet height above the tank floor.

• Examine the effects of varying liquid depth on floor shear stress and flow patterns.

• Model off-center jets by reducing the diameter of the tank.

• Examine the effects of particle laden jets which likely will result from sludge par-

ticulates being entrained in the pump inlet.

This approach to analyzing jet mixing in the INEL Tanks should provide fundamental insight into

the feasibility of heel mobilization and suspension. It will also produce the required inputs for the

analytic models used to examine mixing system requirements in Section 4.

3.2 Code Validation and Testing

In performing a numerical simulation of a complex fluid dynamic system, it is important

to demonstrate that the computer program can accurately predict basic features of the flow. The

TEMPEST computer program is regularly tested by comparing code predictions with analytical
flow solutions or experimental data. Code assessment and validation results have been reported by

Trent and Eyler (I99 I) and Meyer and Fog (I993). The most essential and basic fluid dynamic

feature of the mixing process in the INEL tanks is the turbulentjet located near the floor. While no

data is available for the unique geometry in the INEL tanks, basic jet data is available.
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3.2.1 Free-Jet Simulations

A free-jetis ajet thatis locatedfarfrom anywalls or otherobstructions.A jet located
above the floor,such as those consideredfor the INEL tanks, initiallybehaves like a free-jet.As
thejet spreads,however,restrictedentrainmentdueto the solid floorcauses thejet to turntowards
the floorand eventuallyattach.The TEMPESTprogram'sabilityto accuratelymodel high-speed
turbulentfree-jets in largetankshas been extensively testedand reportedby Trentand Michener
(1993). They foundthat computedjet velocity decay agreedwell with experimental data.They
also determinedthat excellent resultscould be obtainedwith fairlycoarse nodingresolution.The
fact that TEMPESTaccuratelypredictsturbulentfree-jetbehavioris notsurprisingin light of the
k- _ turbulencemodel in TEMPEST.This model, which approximatestrueturbulenceby using
turbulentenergyproductionanddecay equations,utilizes empiricalconstants that have been
"tuned"in orderto matchfree-jetbehavior.The model also accuratelypredictsother turbulent

flows such as pipe and channel flows, and is the industrystandardfor simulationof turbulent
flows.

3.2.2 Floor.Jet Slmulatlom

A floor-jetrefers to ajet that is located directlyon a floorand flows horizontally as shown
in Figure 3.1. Jetslocatedabovethe floorbehave like truefloor-jetsonce they have attachedto the

floor.Therefore, the floor-jetserves as an excellent testproblemto examineTEMPEST's ability
to predict off-floorjet behavior.Velocityand floorshear stressdatafor turbulentfloorjets have
been reportedby Rajaratman(I976). Figure3.2 shows a comparisonbetween TEMPESTpredic-
tions and experimentaldatafor a turbulentfloor-jet.The velocities shown are the maximum,or
peak velocity, normalizedby the initialjet velocity andplotted as a functionof distance(normal-
ized byjet diameter)fromthe nozzle. Shear stresses arenormalizedby initialjet momentum.The
TEMPEST programderives turbulentshear stressfrom computedturbulentkineticenergy.The
resultsshown for the experimentaldataaremean curve fits.

Uo _u m(x)
,r////,/f/if f,//_////, x////ff/f////f/f////////////ff//////_

Figure3.I SideViewofGeometryforaThree-dimensionalTurbulentFloorJet
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Figure 3.2 shows that the TEMPEST program over-predicts both maximum velocity and

floor shear stress. At a distance of 60 nozzle diameters down stream, the maxim,m velocity is

over-predicted by 75% and the floor shear stress is over-predicted by 50%. Extensive testing ana
consultations were undertaken in order to improve these results. It was finally determined that the

results are consistent with assumptions implicit to the k- e turbulence model. One of the funda-

mental assumptions in the k- e turbulence model is that there is no preferential direction locally

for small turbulent scales. This is to say the turbulence is locally isotropic. Experimental observa-

tions of turbulent floor-jets have shown that the jets spread faster in the horizontal plane (the plane

of the floor) than in the vertical plane. This is contrary to free-jets which spread uniformly in all

planes. Evidently, the characteristics of small turbulent structures in the horizontal plane of a

floor-jet are different than those in the vertical plane. Developing turbulence models which

account for nonisotropic effects such as these is the subject of current research in the computa-

tional fluid dynamics community and at PNL. Presently, there is no robust model available that

has been successfully tested.

The jet growth rates (spreading angle) predicted by TEMPEST are also found to differ

from the experimental data (not shown here). Horizontal growth is under predicted by a factor of

2 to 3 and vertical growth is over predicted by about a factor of 2, These results explain the over-

prediction in maximum velocity. Because the horizontal jet growth is limited due to the turbu-

lence model, the maximum velocity must increase in order to conserve momentum. Therefore, the

total momentum for the two jets would be similar. Floor shear stress along the axis of the jet is

over-predicted by TEMPEST due to the over-prediction of jet velocity.

' \r ............ ).... Curve fit of data

0.8 ', \ ', \ / "---- TEMPEST results I
\ _ _ L_ _ J 0.00015

/_JU 0 _ •
.,___.__' _ ', _ 0.00010

o, ,,,, ,,,, \ VOo
O.00O05

0.2

0.0 .... ' .... i .... , .... i .... , .... , .... , .... 0.00000
0 10 20 30 40 50 60 70 80

'do

Figure 3.2 Comparison of Maximum Velocity Decay and Floor Shear Stress for a Turbu-
lent Floor Jet

3-5



Because the TEMPEST program accurately predicts free-jet behavior, but over estimates

floor-jet velocity and shear stress, it is reasonable to assume that TEMPEST's ability to predict

near-floor jets would fall somewhere between these two limiting cases. Furthermore, the presence

of cooling coils adds an additional complexity to the flow. If the limitations of the is0tropic turbu-

lence model affect off-floor jets over cooling coils in the same way they affect the floor-jet simu-

lations, then the under-predicted horizontal spread angle is conservative because the width of the

effective cleaning area would be reduced. The over-prediction of floor shear stress, however, is

not conservative because erosion rates will be artificially high. Therefore, over-predicted floor

shear stresses will be accounted for when considering erosion models. In this way, potential error
due to turbulence model limitations will be minimized.

3.2.3 Modeling Flow over Cooling Coils

A study was performed to examine the noding resolution required in order to accurately

model the cooling coil blockages. Accurate modeling of these features is required in order to get

reasonable predictions of shear stress distributions on the floor below the cooling coils. Noding

resolution requirements are dependent on the magnitude of velocity gradients. The largest veloc-

ity gradients are thought to occur near the cooling coils when the jet is flowing perpendicular to

them. Each cooling coil section, formed by two cooling coils separated by a spacer as shown in

Figure 2.5, will shed vortices in their wake. These turbulent actions will interact and create local

flow patterns which produce shear on the tank floor. The cross section of a cooling coil pair is only

about 2 in. high by 5 in. wide. If these structures were highly resolved, the total number of compu-

tational nodes in the tank simulation domain would be prohibitively large.

In order to examine noding resolution, a two-dimensional, uniform flow above representa-

tive cooling coil sections was modeled. The node geometry is shown in Figure 3.3 (the jet flows

towards the North). Each cooling coil section is modeled as a 2 in. by 5 in. rectangle, located 5 in.

above the floor, and sel_arated by 13 in. The boldest lines represent a coarse noding base test case.

For this base case, each cooling coil section is represented by a single node. There are 2 nodes

separating each cooling coil section and 3 nodes between the section and the floor. The finer lines

represent higher degrees of vertical and horizontal resolution. Computed floor shear stress for the

different test cases is shown in Figure 3.4. The oscillations in the floor shear stress curves are due

to turbulent eddies behind each cooling coil section. Shear stress peaks occur approximately at the

leading edge of a cooling coil section, and the minima occur between sections. The base test case

produced the lowest floor shear stress of all the cases. As resolution was increased, shear stress
increased with horizontal resolution having the greatest effect. Above 2X horizontal resolution,

the shear stress curves begin to converge. The case with 2X horizontal and vertical resolution lies

below the converging curves, but captures both the oscillations and the mean spatial increase.

This case was chosen as an acceptable noding because it produces conservative floor shear

stresses while keeping the total number of computational cells within reasonable limits.
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Figure 3.4 Computed FloorShearStressfor 2-D Noding Resolution Study
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3.2.4 Shallow Liquid Tests

A series of tests were performed to determine the minimum acceptable liquid level that

could be accurately modeled using the free slip solid boundary at the liquid surface. The free slip

boundary, while producing no drag on the simulated fluid, forces fluid elements impinging normal

to the surface to turn and flow in the horizontal plane. Bubbling and churning effects, which

would be present in an actual flow, are not reproduced by the model. Additionally, the free slip

boundary will modify pressure forces which, in turn, may affect the flow throughout the tank.

Generally, if fluid velocities near the surface are small, the effect of the free slip boundary will be

negligible. The question of determining the minimum liquid level that can accurately be modeled

is difficult because the effects of the free slip boundary are implicit in simulated results. It is pos-

sible, however, to determine the liquid level above which surface effects are unimportant.

Three tests were devised to estimate an acceptable minimum liquid level. The first test

examined the vertical _ow component near the tank wall. This flow pattern is due to jet impinge-

met,t on the wall. By considering the dynamic pressure of upward flowing fluid elements, the

height to which a fluid element would ascend (if the free slip boundary were not present) can be

estimated with a simple conservation of energy argument. If this height is less than the height of

the liquid, then surface effects may not be important. The second, more qualitative test, examines

the horizontal component of flow at the free slip boundary. Generally, when a jet attaches to the
floor of a tank, horizontal velocities near the surface will be small. If the fluid surface is located

just above the jet nozzle, however, the jet can break the surface. The final test examined the effect

of fluid height on shear stress distributions at the floor.

A 4 in. jet was modeled at the tank center located 11 in. above the floor. Jet velocities

ranged from 5 m/s (16.4 ft/s) to 20 m/s (65.6 ft/s) and liquid depths ranged from 0.46 m (18 in.) to

approximately 3 m (10 ft). Test cases with liquid levels above 1 m showed floor shear stress to be

virtually unaffected by liquid level changes. Dynamic pressures near the wall and horizontal

velocities near the surface were found to be quite small. For fluid depths less than 60 cm (2 ft),

velocities near the surface approached maximum jet velocities. Also, floor shear stress increased

considerably. Based on these results, a minimum liquid level of 91 cm (3 ft) was chosen.
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3.3 Numerical Simulations

This Section presents results from the numerical simulations of submerged jets in INEL

tanks. The TEMPEST model is described first, followed by a description of the various test cases.

Detailed results are then presented.

3.3.1 The TEMPEST Model

The INEL tank geometry was modeled using a Cartesian (rectangular) computational grid.

This allowed accurate modeling of the cooling coil structures and permitted jets to be oriented in

both the North and East (or, equivalently, South and West) directions. A representation of the

computational domain (for a jet oriented to the North) is shown in Figure 3.5. The symmetric

geometry of centrally located, dual-opposed jets allowed the use of 1/4 segment of symmetry

computational domains with free-slip boundaries along the East (jet axis) and South. Due to the

Cartesian computational grid, curvature of the tank walls could not be modeled. Tests were per-

formed to exanaine the effects of approximating 1/4 of a circular tank with the rectangular seg-

ment. These tests indicated that jet flow detail and floor shear stress distributions were virtually

unaffected for two reasons: First, the curvature of the tank wall at the location of jet impingement

is insufficient to affect the flow patterns in the vicinity of the jet. Secondly, the jet structure was

found to be insensitive to the location or curvature of the tank boundary to the West, because flow

velocities in this region were very small.

N Computational Domain

/_-"'__ _ _ Free-slip Boundary

/

Tank Wall / Sy_mrnetryPlane _''_

Figure 3.5 Rectangular Computational Grid Representation
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A 1/4 segment of symmetry model of the jet mixing pump is shown in Figure 3.6. The

riser column, jet nozzle, and jet inlet were all modeled as rectangular geometries. For the majority

of the simulations, the jet nozzle was located 28 cm (11 in.) above the floor with the pump inlet 20

cm (8 in.) above the floor, allowing 2.5 cm (1 in.) between the top of the cooling coils and the

inlet. Representing a round jet nozzle as a square was not considered to be a problem because jet
behavior downstream of the nozzle is known to be independent of nozzle geometry.

The cooling coils were modeled as described in Section 3.2.3. Variable computational cell

spacing was used to minimize the total number of cells required, while maintaining good resolu-

tion in the vici_nityof the jet and floor. Most simulations required approximately 100 computa-
tional cells in the flow-wise direction, 20 to 30 cells in the vertical (depending on fluid height

simulated), and 20 computational cells normal to the jet. Simulations were carried out until jet

flow patterns reached steady state. Flow velocities continued to change far from the jet; however,

these changes did not effect the basic jet flow features. Steady jet flows were obtained within

approximately 25 s to 60 s depending on jet velocity. Approximately 2 to 4 days of computer time

was required for each simulation.

Side View Front View

Z.w
Riser Riser

Symmetry
Symmetry riane
l-'lane

Jet Nozzle Jet Nozzle

_Jet Inlet / Jet Inlet /
Cooling Coil] Cooling Coils]

I Structures _ Structures
_, Tank Floor Tank Floor

Tank Center Tank Center

Figure 3.6 Detail of Pump Nozzle and Inlet Model
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3.3.2 Test Cases

Table 3.1 describes the parameter values and configurations of the hydrodynamic simula-

tions performed. The majority of the simulations were performed for jets oriented perpendicular

to the cooling coils (North) because this orientation seemed to pose the greatest challenge to suc-

cessful mixing. Nozzle diameters from 5 cm (2 in.) to 20 cm (8 in.) and jet velocities from 6.9 rn/

s to 31.4 rn/s (22 ft/s to 103 ft/s) were considered. These corresponded to total hydraulic jet horse-

power ratings of 12.5 hp to 150 hp. The majority of the cases had jet horse powers of 25 hp to 75

hp; however, the lower and higher values were added in order to demonstrate some particular

power scaling trends.

Table 3.1 Test Case Parameters

Nozzle Jet Discharge Hydraulic Fluid
Test Case Diameter Velocity Parameter Horsepower Depth Comments

d o (cm) u0 (m/s)uod o (m2/s) pju3d_/746 hf (cm)!

N150A 10.2 15.7 1.59 75 91.4 Perpendicular to cooling coils

N 15OB 5.1 24.9 ""1.27 75 91.4 Perpendicular to c_31ing coil's

NI50C 15.2 12.0 1.83 75 91.4 Perpendicular to cooling coils

N150D 20.3 9.89 2.01 75 91.4 Perpendicular to cooling coils

N300A 5.1 31.4 ......1.59 150 91.4 Perpendicular to cooling coils

N100A 15.2 10.5 1.59 50 91.4 Perpendicular it cooling coils

N075A 20.3 7.85 1.59 37.5 9i14 Perpendicular to cooling coils

NI00A 5.1 21.8 1. i I 50 91.4 Perpendicular to cooling coils

NI00B 10.2 13.72 1.39 50 91.4 Perpendicular to cooling coils

N 100C ...... 20.3 8.64 1.76 50 91".4 Perpendicular to cooling coils

N050A .... 5.1 17.3 .8"78 25 9114 Perpendicular to cooling coils

NO50B 10.2 10.9 1.11 25 91.4 Perpendicular to cooling coils

N050C 20.3 6.86 1.39 25 91.4 Perpendicular to cooling coils

- N300B 20.3 12.46 2.53 150 91.4 Perpendicular to cooling coils

N025A 5.1 13.7 .697 12.5 91.4 Perpendicular to cooling coils

TI50A 10.2 15.7 1.59 75 91.4 No cooling coils

NI50E 10.2 15.7 1.59 75 91.4 Perpendicular to cooling coils

- N15OF 10.2 15.7 1.59 75 61.0 perpendicular to cooling coils

- Ni50G 10.2 15.7 1.59 75 183. Perpendicular to cooling coils

N150H 10.2 15.7 1.59 75 305. perpendicular to cooling coils

NI501 ..... 10.2 15.7 " 1.59 75 640. Perpendicular to cooling coils

N050D 10.2 i0.9 " 1.i 1 25 61.0 Perpendicular to cooling coils

N050F 10.2 10.9 1.11 25 183. Perpendicular to cooling coils

NO50G 10.2 10.9 1.i I 25 305. Perpendicular to.cooling coils
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Table 3.1 Test Case Parameters (cont.)

Nozzle Jet Discharge Hydraulic Fluid
Test Case Diameter Velocity Parameter Horsepower Depth Comments

do (cm) u0 (m/s) uodo (m2/s) pju3od2/746 h/(cm)
I

N050H 10.2 10.9 ill I 25 640. Perpendicular to cooling coils

E150A 10.2 15.7 1.59 75 91.4 Parallel to cooling coils (East)
,

EI50B 10.2 15.7 1.59 75 305 Parallel to cooling coils (East)

EI50C 10.2 15.7 1.59 75 640. Parallel to cooling coils (East)

W150A 10.2 15.') 1.59 75 91.4 Parallel to cooling coils (West)
,,,,,

W 150B 10.2 15.7' 1.59 75 305 Parallel to cooling coils (West)

WI50C 10.2 15.7 1.59 75 640 Parallel to cooling coils (West)

E050A 10.2 10.9 1.1i 25 91.4 Parallel to cooling coils (East)
, ,,, ,,,

E050B 10.2 10.9 1.11 25 305 Parallel to cooling coils (East)

E050C 10.2 10.9 1.11 25 640 Parallel to cooling coils (East)
,,w=,

W050A 10.2 10.9 i. 11 25 91.4 Parallel to cooling coils (West)

W050B 10.2 10.9 1.11 25 305 Parallel to cooling coils (West)

W050C 10.2 10.9 i. 11 25 640' Parallel to cooling coils (West)

N150J 10.2 15.7 1.59 75 91.4 Perpendicular, nozzle 36cm above floor

NI50K 10.2 15.'} 1.59 75 91.4 Perpendicular, nozzle 24cm above floor

NI50L 1().2 15.7 1.59 75 91.4 Perpendicular, nozzle under cooling coils

N 150M 10.2 15.7 1.59 75 91.4 Perpendicular, off-center jet

N 150N 10.2 15.7 1.59 75 305 Perpendicular, off-center jet

N050I 10.2 10.9 1.11 25 91.4 Perpendicular, off-center jet

N050J 1().2 10.9 1.11 25 305 Perpendicular, off-center jet

E 150D 1tJ.2 15.7 1.59 75 91.,_" Parallel, off-center jet

E 150E 10.2 15.7 1.59 75 305 Parallel, off-center jet

P050A 10.2 10.9 1.11 25 91.4 Parallel, particle-laden

P050B 10.2 10.9 1.11 25 305 Parallel, particle-laden

P 150A 10.2 15.7 1.59 75 91.4 Parallel, particle-laden

P150B 10.2 15.7 1.59 75 305 Parallel, particle-laden

P050C 10.2 10.9 1.11 25 305 Parallel, particle-laden, off-center jet

P150C 1().2 15.7 1.59 75 305.... Parallel, particle-laden, off-center jet
.....
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3.3.3 Centered Jets Oriented Perpendicular to Cooling Coils

In order to understand the effects of the cooling coils on jets flowing perpendicular to

cooling coils (North), comparisons were made with jet flows in tanks without cooling coils. Fig-

ure 3.7 shows a comparison of velocity vectors in the vertical plane of the jet center-line for test

cases N15OA and T15OA. These cases are for 75 hp jets with 10 cm nozzles located 28 crn above

the floor. Cooling coils are absent in the latter case. The locations of the cooling coils (not shown

in the plot) correspond to the regions of zero velocity seen near the floor. Several general effects

of the cooling coils are demonstrated by these comparisons. First, the cooling coils appear to pre-

vent the jet from attaching to the floor. Velocities near the floor are reduced considerably. Recircu-

lating eddies are found between the cooling coils and the floor. These are barely visible in the

plots due to reduced resolution. The peak jet velocity far from the nozzle is also reduced, imply-

ing a loss of jet momentum due to the cooling coils. Another significant difference is the flow pat-
tern near the tank wall. In the absence of cooling coils, the jet impinges on the wall and turns

upward. For the case with cooling coils, the jet impinges on the wall and then turns downward,

forming a recirculation near the wall. This recirculating region is shown in Figure 3.8.
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Figure 3.7 Velocity Vectors for Tank Without Cooling Coils (T150A) (top) and Tank
With Jet oriented Perpendicular to Cooling Coils (N 150A) (bottom)

3-13



06. _ _---" .........

y (m) _ ........04 ...... " " " '

0.2 --" : ..... i : :

6 )' ' '6',2 0,4 §,6 6,U 7,0 7,2 7.4 7.0
x (m)

Figure 3.8 Recirculating Flow Near Tank Wall Due to Cooling Coils

Figure 3.9 shows a comparison of floor shear stress along the jet center-line for test cases

T150A and N 150A. A significant shear stress reduction occurs for the case with cooling coils.
Near the tank wall, floor shear stress is reduced by about a factor of 30. The region of higher shear

stress directly under the pump inlet (not shown) is due to entrained fluid. The shear stress is low

just in front of the jet, due to a stagnation point dividing flow into the inlet and the jet flow. The

cooling coils have a periodic effect on the floor shear stress distribution. This is caused by the

eddy-like flow patterns behind each cooling coil. Figure 3. l0 shows contour plots of the floor
shear stress distributions for the two cases. For the case without cooling coils, the shear stress

decreases near the tank wall. This is due to the jet slowing as it impinges on the wall. Shear

stresses at the wall for the case with cooling coils increase, however. This is attributedto the fact

that once the jet begins to turn and flow parallel with the cooling coils, it is no longer hindered

from attaching itself to the floor. The velocity in the West and East directions (z-direction in Fig-

ure 3.10) is larger than the axial velocity (x-direction).
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Figure 3.9 Comparison of Jet Center-line Floor Shear Stress for Tank Without Cooling
Coils (T150A) and Tank with Jet Oriented Perpendicular to Cooling Coils
(N150A)
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Figure 3.10 Floor Shear Stress Contours for (a) Tank Without Cooling Coils (T150A) and
(b) Tank With Jet Perpendicular to Cooling Coils (N150A)

The effects of jet height above the floor was examined by simulating jets at three different

locations above the cooling coils and one by simulating the jet nozzle underneath the cooling

coils. Figure 3.11 shows floor shear stress along the jet center-line for test cases N150J. N150A.

and N150K which have nozzles located 36 cm. 28 cm. and 24 cm above the floor respectively.

Shear stress decreases with increasing jet height near the tank center. This seems to be due to the

fact that the jet has to travel farther before it reaches the floor. The opposite trend occurs near the

tank wall where shear stress increases with increasing jet height. Because the jet is further above

the cooling coils, there is initially less momentum loss due to interactions with the cooling coils.

The jet persists with higher velocity downstream and thereby causes greater shear on the floor.

Figure 3.12 shows contours of floor shear stress for a jet located underneath the cooling coils (test

case N150L). For this geometry, the inlet is located on the riser above the cooling coils. Floor

shear stress is increased drastically in the region from the tank center to about: half-way to the

wall. Closer to the wall. however, the jet is dissipated and shear stresses are reduced. This config-

uration is not considered practical for INEL tanks due to uncertainty in precise riser locations rel-

ative to the cooling coils. Jets located 28 cm above the floor will be used for the remainder of the

simulation, keeping in mind that shear stress may be increased by increasing the jet height.
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Figure 3.11 Effect of Jet Height Above Cooling Coils on Floor Shear Stress

Figure 3.12 Floor Shear Stress for a Jet Located Underneath Cooling Coils
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Figure 3.13 shows floor shear stress along jet center-line for test cases N150A through

N025A. These test cases all have jets oriented perpendicular to the cooling coils and have a fluid

depth of 91 cm (3 ft). Jet velocities are varied from 6.9 m/s to 31.4 m/s and nozzle diameters range

from 5.1 cm to 20.3 cm corresponding to total hydraulic horsepowers from 12.5 hp to 150 hp.

Variations in the jet velocity a.ad nozzle diameter are seen to have considerable effect on the floor

shear stress. On careful examination of Figure 3.13. it is evident that the value of shear stress at

some axial location is not proportional to horsepower. In an attempt to relate floor shear stress to

jet nozzle parameters, the scaling relationship given by Equation (2.12) was applied to the floor

stress data. Figure 3.14 shows the quantity z.r/pj (uod o) 2 plotted along the jet center-line. Near

the tank wall. all the curves are seen to collapse onto one. This result demonstrates that jet horse-

power is not the critical parameter affecting floor shear stress. Rather. the shear stress is propor-

tional to the jet momentum, pj (uod o) 2. Minimum shear stress near the tank wall is given by

•tf = 0.00019pj (uod o) 2 + lOgo. This relationship will be useful in the analytic model for erosion

and deposition of solids discussed in Section 4.

Figure 3.13 Floor Shear Stress Along Jet Center-line For Jets Oriented Perpendicular to
Cooling Coils with Various Operating Conditions
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Figure 3.14 Correlation of Floor Shear Stress Along Jet Center-line with Nozzle Discharge
Parameter uodo

Because the center-line floor shear stress scales nicely with jet momentum, it is reasonable
to see if the same scaling holds for off-axis floor shear stress. Figure 3.15 shows a line of constant

1:£/pj(uodo) 2 plotted for test cases N150A through N025A. Near the pump. there is much scatter

in the contours: however, far from the pump the lines nearly converge. The slight variation in the
contours seems to be primarily due to nozzle diameter. Lines of constant nondimensional floor

shear stress for small nozzles are further from the jet center-line than ones for large nozzles. This
is consistent with the fact that smaller diameter jets begin spreading sooner than large diameter
ones,

Figure 3.16 shows the radial (off-center) distribution of nondimensional floor shear stress

for test cases N1SOA- N025A. The curves are for a plane normal to the jet at an axial location

x = 4.3 m from the tank center. The shear stress for each of the test cases approaches zero at an
transverse distance z = 1 m. For each curve, the transverse location where the shear stress has a

value equal to 1/2 its center-line (maximum) value is approximately z = 0.5 m. The jet spread

angle based on the half- maximum floor shear is approximately 130. The spread angle based on
near zero floor shear is 26 °.
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Figure 3.15 Off-Center Nondimensional Floor Shear Stress for Test Cases NI50A
Through N025A

The effects of fluid depth on nondimensional floor shear are shown in Figure 3.17. Fluid
depths from 91 cm (3 ft) to 640cm (21 ft) were considered for 25 hp and 75 hpjets. No effects of
fluid height are observed near the center of the tank. However. close to the wall shear stress is

reduced due to increasing fluidheight. Floor shear appears to be independent of liquid levels for
fluid heights greater than 183 cm (6 ft). The minimum value of nondimensional floor shear stress

for fluid heights of 183cm and above is '_f = 0.00013pj (uodo) 2 corresponding to a 30% reduc-
tion below the 91 cm fluid depth cases discussed previously.

Figure 3.16 Transverse Variation of Nondimensional Floor Shear Stress at x = 4.3m for
TestCases N150A Through N025A
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Figure 3.17 Effect of Liquid Depth on Center-Line Floor Shear Stress

The flow patterns and velocity magnitudes near the tank wall are important in understand-

ing the jets ability to transport eroded solids off the tank floor. In order to understand how jet oper-
ating parameters effect velocities near the wall. a correlation similar to the one for floor shear

stress was attempted. Figure 3.18 shows contours of vertical and horizontal velocity near the tank

wall for test cases N150A through N025A. By normalizing the velocity components with the jet

discha_e parameter t_0d0. the contours collapse on each other.

Figure 3.19 through Figure 3.22 show contours of normalized velocity components for

test cases N150B. N150G. N150H. and N150I. These cases have fluid depth ranging from 91 cm

_3ft) to 640 cm 121 ft). For the 91 cm case. the recirculating flow region (rotating clockwise) near

the wall is clearly seen. Vertical velocities near the wall are all negative (downward). At about

x = 6 m there is a small upward velocity component implying some fluid elements turn upward

on encountering the eddy. As the fluid height is increased to 183 cm fluid streamlines divide at the

wall. Above v = 60 cm. fluid moves upward 'along the wall. This effect persists as the fluid

height is increased further, with a large counterclockwise recirculation above the lower eddy.

Figure 3.22 shows horizontal velocities at the liquid surface flowing back towards the center of

the tank. These velocities may be somewhat artificial due to the solid free-slip boundary at the
surface.
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Figure 3.18 Contours of Normalized Velocity Near the Tank Wall

Figure 3.19 Normalized Velocity Components Near Tank Wall for hr = 91 cm (test case
N150B). Horizontal velocity (top) and Vertical velocity'(bottom).
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Figure.' 3.20 Normalized Velocity Components Near Tank Wall for hf = 183 cm (test
case N150G). Horizontal velocity (top) and Vertical velocity (bottom).

Figure 3.21 Normalized Velocity Components Near Tank Wall for hf = 305 cm (test
case N150H). Horizontal velocity (top) and Vertical velocity (bottom).
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Figure 3.22 Normalized Velocity Components Near Tank Wall for hf = 640 cm (test
case N150I). Horizontal velocity (top) and Vertical velocity (bottom).

3.3.4 Centered Jets Flowing Parallel to Cooling Coils

This section presents results of jet simulations for jets oriented parallel to the cooling coils

(East and West in Figure 2.4). Tank-centered jets with these orientations will impinge on the cool-

ing coil support beams. There are three of these structures in the West orientation and four in the

East. Figure 3.23 shows velocity vectors in the plane of the jet center-line for the two different ori-

entations (test cases W150A and E150A). The jet is seen to attach to the floor for both cases, with

a region of velocity reduction behind each support beam. The recirculating region near the tank

wall is much smaller than for the case of jets oriented perpendicular to the cooling coils. Also.

fluid stream lines near the wall and above the cooling coils turn upward, unlike the perpendicular
flow case.

Figure 3.24 shows floor shear stress contours for the two cases. The jet spreads in front of

each of the support beams, causing floor shear to decrease near the stagnation point of the imping-

ing jet and increase laterally. The shear stress then slightly increases in the wake behind the

beams. Figure 3.25 and Figure 3.26 show normalized floor shear stress along the jet center-line

3-31



for several different jet operating conditions and fluid depths ranging from 91 cm to 640 cm. From

these plots, it is apparent that fluid height has little effect on the shear stresses. Also, the depen-

dence of floor shear on the jet discharge parameter is clearly seen. Normalized shear stresses near

the wall (x = 7 m ) are approximately 'if = 0.0012pj (uodo) 2 for the West orientation and

'If = 0.0008pj (uodo) 2 for the East compared with xf = 0.00019pj (uodo) 2forjets oriented per-

pendicular to the cooling coils. From these results, it is evident that perpendicular orientations of

cooling coils relative to fluid motions pose the greatest challenge to eroding the sludge.

Figure 3.27 shows normalized velocity contours in the plane of the jet center-line near the

tank wall for an East facing jet with a 91 cm (3 ft) fluid height. The support beam causes a deficit

in the horizontal component of velocity but creates an upward vertical component. A small recir-

culating region is seen at the wall near the floor. This recirculation is much smaller than for the

case of flow perpendicular to the cooling coils. Stream-lines above the cooling coils turn upward

at the wall. Figure 3.28 shows normalized velocity contours when the fluid height is 183 cm (10

ft). With the exception of the perturbation due to the support beam, flow near the wall behaves

much like that for the case of flow perpendicular the cooling coils. However, vertical and horizon-

tal velocity magnitudes are increased for this case.

II " " ' ' ' ' - ' '

0.8

0.6

(m) 0.4 __...........................................
Y

x (m)

Figure 3.23 Velocity Vectors for Jet Oriented Parallel to the Cooling Coils for (top) West
Facing Jet (W150A) and (bottom) East Facing Jet (E150A)
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Figure 3.24 Floor Shear Stress Contours for (top) West Facing Jet (W150A) and (bottom)
East Facing Jet (E150A)
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Figure 3.25 Normalized Center-line Floor Shear Stress for West Facing Jets
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Figure 3.26 Normalized Center-line Floor Shear Stress for East Facing Jets

Figure 3.27 Normalized Velocity Components Near Tank Wall for East Facing Jet in
91 cm Depth Fluid (E150A). Horizontal velocity (top) and Vertical velocity
(bottom).
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Figure 3.28 Normalized Velocity Components Near Tank Wall for East Facing Jet in
183 cm Depth Fluid (E150B). Horizontal velocity (top) and Vertical velocity
(bottom).

3.3.5 Simulations of Off-Center Jets

Simulations of off-center jets were performed by reducing the distance from the jet (still

located at the tank center) to the tank wall by a factor of two. While this approach does not capture

all of the effects of off-center jets. it is believed that the essential behavior in the vicinity of the jet,

particularly along the jet axis, is preserved.

Figure 3.29 shows velocity vectors in the plane of the jet center-line for an off-center jet

oriented perpendicular to the cooling coils. The axial coordinate is the distance from the location

of the jet (x = 0) to the wall (x = 3.8 m (.12.5 ft)). The jet is seen to impinge on the tank wall and

turn upward, unlike the behavior of the tank-centered jet. Figure 3.30 shows floor shear stress

contours for the same case. The behavior is similar to the tank-centered case, except the shear

stress near the wall is considerably higher, due to the closer proximity to the jet nozzle.

Figure 3.31 Shows normalized floor shear stress along the jet center-line for jets with dif-

ferent operating conditions and fluid heights. The shear stress scaling with nozzle discharge

parameter established for the tank-centered jets still holds for this case. The variation of normal-

ized floor shear near the wall is due primarily to fluid height. The minimum floor shear stress near

the wall is approximately zf = 0.0005pj (uodo) 2 for 91 cm (3 ft) depth and
zy = 0.0004pj (u0d o) 2 for 305 cm (10 ft) depth. These values are slightly more than twice the
values for tank-centered jets flowing perpendicular to the cooling coils.
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Figure 3,32 and Figure 3.33 show normalized velocity components near the tank wall for

off-center jets with liquid depths of 91 cm (3 ft) and 305 cm (10 ft) respectively. For the 91 cm

case, the recirculating region near the wall is reduced in size compared with tank-centered jets.

Also. a region of reverse horizontal flow occurs near the liquid surface. Magnitudes of both verti-

cal and horizontal velocity are increased by about a factor of three over those for tank-centered

jets. This is consistent with the jet being closer to the wall. Flow patterns for the 305 cm fluid

height case are somewhat different from those of the equivalent tank-centered case (Figure 3.21).

The region of upward moving fluid near the wall extends further from the wall than it does in the
tank-centered case. Reverse horizontal velocities near the surface are also reduced.

Figure 3.34 shows normalized floor shear stress along the jet center-line for East facing

off-center jets with different fluid heights. The behavior is similar to tank-centered East facing

jets. with an increase in the shear at the wall. Figure 3.35 and Figure 3.36 show velocity contours

at the wall for the same cases. Again, the behavior is similar to the tank-centered cases.
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Figure 3.29 Velocity Vectors for Off-center Jet Oriented Perpendicular to Cooling Coils
(test case N 150M)

Figure 3.30 Floor Shear Stress Contours for Off-center Jet Oriented Perpendicular to
Cooling Coils (test case N150M)
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Figure 3.31 Normalized Jet Center-line Floor Shear Stress for Off-center Jets Oriented
Perpendicular to Cooling Coils

Figure 3.32 Normalized Velocity Components Near Tank Wall for Off-center Jet in 91 cm
Depth Fluid Oriented Perpendicular to Cooling Coils (N 150M). Horizontal
velocity (top) and Vertical velocity (bottom).
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Figure 3.33 Normalized Velocity Components Near Tank Wall for Off-center Jet in
305 cm Depth Fluid Oriented Perpendicular to Cooling Coils (N 150N). Hori-
zontal velocity (top) and Vertical velocity (bottom).
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Figure 3.34 Normalized Center-line Floor Shear Stress for East Facing Off-center Jets
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Figure 3.35 Normalized Velocity Components Near Tank Wall for Off-center Jet in 91 cm
Depth Fluid Oriented Parallel to Cooling Coils (E 150D). Horizontal velocity
(top) and Vertical velocity (bottom).

Figure 3.36 Normalized Velocity Components Near Tank Wall for Off-center Jet in
305 cm Depth Fluid Oriented Parallel to Cooling Coils (E 150E). Horizontal
velocity (top) and Vertical velocity (bottom).
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3.3.6 Simulations of Particle Laden Jets

This section presentsresultsfor particle laden,densejet simulations.An extremely con-
servative approachwas taken in order to revealpotential areas of difficulty duringperiodsof jet
start-up. In a fully mixed scenario, particle effects should be,minimal, with the only significant
effect being a slight increase in effective fluid density due to suspended particles. However, dur-
ing pump start-up, jets may be heavier than surrounding fluid because particles will be entrained

into the pump inlet from the floor. For these simulations, a 5.7 cm (2.25 in.) sludge layer was
modeled at the tank floor. The sludge was made up of three particle species corresponding to the
largest (200 B), most populous (70 _t),and smallest (13 _t)particles describedin Section 2. The

simulation began by initialiT.ingparticle concentrations at the tank floor to correspond to the
assumed sludge mass distributions of 4%, 70%, and 26% for the largest, most populous, and
smallest particles, respectively, and to take into account the assumed void fraction of 50%. This
approach essentially represents a fully fluidized model. When the jet is turned on, the solid parti-

cles freely convect with the fluid motion. In light of this, the fluid entrained into the pump inlet is
significantly more dense than it would be in a true eroding situation. The model also included par-
ticle settling, with settling velocities specifiedfor each of the particle species.

Tests were performed forjets orientedperpendicular to the cooling coils with 91 cm fluid
heights (P150A and P050A), 305 cm fluid heights (P150B and P050B), and off-center jets with
305 cm fluid heights (P150C and P050C).

Figure 3.37 shows contours of solid/liquid mixture density for test cases P150A and
P150B. The density is highest underneath the pump inlet and in the core of the jet. A small verti-

cal density gradient occurs near the tankwall. This gradient is larger for the 305 cm fluid height
case. Tt_edensity of fluid above the jets is nearly equal to the waste solution density, implying
negligible solids concentrations are present.

Figure 3.38 shows the effect of particulates on normalized floor shear stress for the 91 cm
(3 ft) fluid height cases. Comparisons are made with floor shear for the fluid-only cases. Shear
stress near the wall are seen to be considerably reduced due to the particles. This means that the
scaling of floor shear with jet momentum does not strictly hold for the case of dense jets. This is
reasonable, because the jet can exchange momentum with the particles in accelerating them.
There is "alsoa power dissipation associated with particle drag on the fluidjet. From the trends
shown in Figure 3.38, the floor shear stress near the wall is a function of jet horse power as well as
jet momentum. This additional dependence is expected to diminish as particles in the tank become
mixed. Figure 3.39 shows, for off-center jets, the reduction in floor shear due to particles is signif-
icantly smaller. This occurs because fluid velocities near the wall are significantly higher and jet
momentum still dominates.
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Figure 3.37 Density Contours in Particle Laden Jets Oriented Perpendicular to Cooling
Coils for 91cm Fluid Height (P150A) (top) and 305 cm Fluid Height (P150B)
(bottom)
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Figure 3.38 Normalized Floor Shear Stress for Tank-centered Particle-laden Jets
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Figure 3.39 NormalizedFloor ShearStress for Off-center Particle-ladenJets

Figure3.40 shows normalizedvelocity componentsnear the tankwall for a tank-centered
densejet in a fluidof height 91 cm (3 ft). Both vertical andhorizontalvelocities aresimilarto
those for the correspondingpureliquidcase (see Figure3.19), except thatthe velocities in the
recirculationzone areslightlyreduced.Since velocities aresimilarfor the two cases, the observed
reductionin shear stressclueto particlesmustbe attributedto modifiedturbulenceintensity and
not velocities. Figure 3.41 shows normalized velocity components nearthe tank wall for a tank-
centereddensejet in a fluidof height 305 cm (3 ft). Upward vertical velocities at the wall arecon-
siderablysmaller than for the correspondingpure liquidcase (Figure3.22). When the jet is
located in the off-centerposition closer to the wall, the effects on velocity arediminished. This
case is shown in Figure 3.22.

Figure 3.43 throughFigure3.45 show the verticalvariationin particleconcentrations
along the jet center-line at the tank wall for the threedifferentparticlesizes. The concentrations
are normalized by their initial value on the tankfloor.For tank-centeredjets with fluid heights of
91 cm (test cases W050A and W150A) the concentrationsshow little variationin the vertical
direction, implying the jet is ableto transport all particlesto the surface. Fortank centered jets
with fluid heights of 305 cm, the variationof concentrationwith height depends on horsepower.
For test case W150, concentrationsdecreasewith vertical distance by about30% for the small

particles andabout 50%for the mediumand largeparticles.For test case W050 (which has a
lower hydraulichorsepower)concentrationsfor all particlesizes fall to nearzero values. Foroff-
centerjets (test cases W150Cand W050C), relativelyuniform concentrationsare seen for higher
powerjets with concentrationfalling off for lowerpowerjets.
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Figure 3.40 Normalized Velocity Components Near Tank Wall for Dense Jet in 91 cm
Height Fluid (P150A). Horizontal velocity (top) and Vertical velocity (bot-
tom).

Figure 3.41 Normalized Velocity Components Near Tank Wall for Dense Jet in 305 cm
Height Fluid (P050B). Horizontal velocity (top) and Vertical velocity (bot-
tom).
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Figure 3.42 Normalized Velocity Components Near Tank Wall for Off-center Dense Jet in
305 cm Height Fluid (P050C). Horizontal velocity (top) and Vertical velocity
(bottom).
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Figure 3.43 Normalized Particle Concentrations of Smallest Particles Along Tank Wall for
Various Test Cases
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4.0 Mixing System Requirements

This Section presents mixing system requirements and recommendations for jet mixing

pumps in INEL tanks. In the first section, several analytical models are developed which relate
mobilization and suspension requirements with jet operating parameters. In the second section,

the models are evaluated based on the assumed material properties and results from the numerical

simulations. The final section presents some mixing system design recommendations.

4.1 Analytical Models

This section presents analytical models that are used to determine the mixing pump oper-

ating conditions and configurations required to mobilize settled solids and maintain solids in sus-

pension. The models are developed based on conservative assumptions that capture essential

features of a jet mixing system.

4.1.1 Necessary Conditions for Effective Mixing

The processes involved in mobilizing and suspending solids in tanks using jet mixing

pumps are complex. However, several important requirements for successful mixing can be iden-

tified. The following conditions are fundamental to effective mixing:

1. The jet must produce sufficient shear stress on the floor to erode the solids.

2. The amount of mass eroded by a jet mustbe greater than the amount of mass

which settles outside the jet's range of influence.

3. The effective cleaning radius (ECR) of a jet must be greater than or equal to the

distance from the jet nozzle to the tank wall.

4. The jet must create a continuous upward vertical velocity at the tank wall or else
solids will accumulate.

5. The magnitude of vertical velocities at the tank wall must be sufficient to lift solid

particles to near the liquid surface.

6. The rate of work produced by the jet in suspending particles must be sufficient to

overcome the rate of gravitational work on the suspended particles.

7. For rotating mixing jets, the rate of rotation must be large enough to prevent a net
accumulation of solids on the floor.
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The conditions for successful mobilization and solids suspension are not, in general, inde-

pendent from each other. The first two conditions involve erosion and deposition requirements

necessary for both mobilization and solids suspension. Conditions 6 and 7 relate primarily to sol-

ids suspension. Conditions 3 through 5 pertain not only to jet operating parameters but also to the

number and placement of the mixing pumps.

4.1.2 Erosion and Deposition Models

The results of the numerical simulations demonstrated that the normalized floor shear

stress near the tank wall was approximately constant for a given jet orientation. This can be

expressed, in general, as

"rj/pf(uodo)2 = cx (4.1)

The constant,cx,isdependenton I)thejetorientationrelativetothecoolingcoils,2)thelocation

ofthejetrelativetothetankwall,andweaklydependenton3)theheightofthefluid.Inorderfor
erosiontooccur,theerosionmodelgivenby Equation(2.8)statesthecondition

xf/'re> 1, (4.2)

where 're is the critical shear stress for erosion. Combining the above two expression gives the
condition

uod 0 > _/'re/Cxpf (4.3)

Equation (4.3) sets a lower limit on the nozzle discharge parameter (uod o) in order for erosion to

occur and provides a means for satisfying condition 1. It also shows the dependence of the jet dis-
charge parameter on the critical shear stress for erosion.

Condition 2 states that the net mass erosion rate in the region of the jet's influence must be

greater than the net mass deposition rate outside this region of influence. In order to model this

condition, consider a reference frame which rotates with the jet as shown in Figure 4.1. The

region of the jet's influence can be approximated as the area of an angular segment of the effective

cleaning radius given by

= R2cOj/2, (4.4)A e

where 0j is the spreading angle of the jet and Rc is the effective cleaning radius. The area outside

the jet influence is given by
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Ad = (_R_)/2 - A e = Rc2 (_; - 0j)/2. (4.5)

Ad

Figure 4.1 Erosion and Deposition Areas Within the Effective Cleaning Radius

The rate at which mass is eroded or deposited is given by Equations (2.8) and (2.9) which are
rewritten here for convenience:

til e ---- E ( "r,/ T,e - 1) x,f > 'r,e (4.6)

rhd = us_ , (1 - 1;//I:d) 1;f_<_d (4.7)

Because these expressions give the mass flux (rate of mass flow per unit area), the total mass flow

rates are obtained by integrating them over the areas of influence. The shear stresses in Equations

(4.6) and (4.7) can be replaced with conservative mean values for erosion (_e) and deposition

(_a). These average shear stresses can be related to the jet discharge parameter by

_'e - c',Of(uodo) 2 (4.8)

_d = C'dPf(uodo ) 2 (4.9)

where the constants E-e and _d can be determined from the simulation data.
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With these simplifications, integration of Equations (4.6) and (4.7) over the affected areas
results in

Me = 2Aem e = R2cO.E(C.epf(uodo) 2/T,e - 1) (Uodo) 2>T'e/(C'ePf)

IV1e = 0 (uodo) 2 < ,Ce/ (_'ePf) (4.10)

Md = 2Adm a = R2c(lt-Oj)UsCs(1-?dPf(uodo)2/'_d ) (uodo)2<Xd/(CdPf)
(4.11)

1_1d = 0 (uodo) 2 >_,Cd/ (C'dPf) '

These two equations give the total mass erosion and deposition rates, M e and Md, respectively. In

order for the total mass erosion rate to be greater than the total mass deposition rate, the following
condition must hold:

OjE (_ePf(uodo) 2/x, e - 1)

l_le/J_l d = (Tc_ai) UsC_s(l__dPf(uodo)2/,_d)-- > 1 "Ce/ (_'epf) <_ (uodo)2 <'td/ (C.dpf) .

(4.12)

This inequality can be rewritten

(uodo) 2> _LE'OjET-_-+Ea(rc-Oy)u,*,/xaJ (uodo) 2 < '_d / (CdPf) (4.13)

Equation (4.13) must be satisfied for each particulate species. The settling velocity for each spe-

cies is given by Equation (2.10), written here for convenience as

1 gd2s(Ps-Pf)/I.tf. (4.14)us = 1"-8

The average mass concentration of each particulate species can be related to the sludge thickness
and fluid height by

¢. = (mfVslPslhsl)/hf. (4.15)

Here mf is the species mass fraction in the sludge, Psi is the sludge dry bulk density, Vsl is the

sludge void fraction, and hsl is the sludge thickness. The mass concentration Cs represents the
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particle concentration in the tank fluid if all the solids were suspended. During the early stages of

mobilization, it is unlikely the actual particle concentration will be as large as ¢s' because not all

the particles have been suspended. However, the assumption that all the particles are suspended

represents the worst case scenario for the models being developed.

There are several limits of Equation (4.13) that are worth noting. First, if the erodibility

constant E is very small, the right hand side of the inequality limits to "Ca/ (_'dpf). Hence the min-

imum jet discharge parameter depends on the critical shear stress for deposition and the constant

(?d)" For small values of ?d, implying very low floor shear away from the jet, the jet discharge

parameter will be large. Another limit occurs when the concentration of suspended particles or the

settling velocity is very small. For this situation, the right-hand side limits to Xe/(_epf), which is

dominated by erosion properties. A third limit occurs when OjE is small compared with

(_- Oj) UsOsand ?d is very small. In this limit, deposition is dominated by unhindered settling

and the right-hand side is dominated by the term XeUsOs/ (E_"coy)" Therefore, the critical shear

stress for erosion and the erodibility constant are of equal importance.

Finally, it should be noted that if the inequality in Equation (4.13) is replaced with an

equality, then the equation gives the minimum discharge parameter in order to keep solids sus-

pended, since there would be no net mass accumulation to the floor.

4.1.3 Jet Rotation Rate and Mixing Time Models

This section presents models that can be used to indicate necessary pump rotation rates

and mixing time required to mobilize and suspend the sludge. If the jets are rotating and Equation
(4.13) is satisfied, there will be no net accumulation of solids on the tank floor. However, after

each sweep of the rotating jet, some solids will accumulate regardless of pump rotation rate.

These solids will be eroded during the next jet sweep. Therefore, the primary factor affecting

pump rotation rate is the amount of material that can be allowed to settle on the floor at any given

time. Settling material implies nonuniform concentrations of solids in the suspension. The faster

the pump is rotated, the less time is available between jet sweeps for particle settling, and a higher

percentage of solids will b_ maintained in suspension.

A relationship between jet rotation rate (cbj) and the degree of uniformity (_) (defined as

mass of suspended particles divided by the total particle mass) can be obtained by considering the

amount of solids that settle on the floor between jet passes. The maximum amount of time which

the jet is not passing over any given point within the ECR is equal to (_ - 0j)/mj. The amount of

mass (for a single species) that settles per unit areaduring this time is n_a (_ - 0j)/(oj. This must

be equal to the amount of mass per unit area that accumulates on the floor given by mfVsl pslAhsl
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where Ahst is the height of the accumulated solid species. Equating the mass settled with the mass

accumulated and using Equations (4.7) and (4.9) results in

(7C- Oj) Users (1 --C, dPf(Uodo) 2/Xd)

(Oj = rnfVstP slAh sl (uodo) 2 < "cd/ (C'dPf) (4.16)

Given the definition of Os in Equation (4.15), Equation (4.16) can be rewritten in terms of the

degree of uniformity as

(_ - Oj) us (1 - Edp/( uod O)2/'cd)

(oj = hf( 1 - _) (uodo) 2 < "cff (E/pf), (4.17)

where _ is formally defined as

= 1 - Ahsl/hsl. (4.18)

The mixing time required to suspend the sludge can be modeled in a similar way. The mix-

ing time (T m) as the amount of time required to erode away the sludge layer of thickness hsl.

Because erosion and deposition are occurring simultaneously, the net erosion rate per unit area is

equal to rhe - n_a. The mass per unit area of each sludge component is mfVstPslhsl . The time

required to erode the sludge is therefore Tm = mfVslPslhsl / (rhe - rod)" With the aide of Equa-

tion (4.6) - (4.9), the mixing time is expressed as

T mfVstPsthsl "ce "cd= _-----< (uodo)2 < _----
m E (cePf(uodo)2//'Ce --1) --Usf_s(I- CdPf(uodo)2/'cd) CeP f CdD f

(4.19)
mfVslPslhsl

T = (uodo) 2 > Xd/ (cdPf)
m E ( EePf (uodo) 2/'ce -- 1 )

Equation (4.19) can be rearranged to give the jet discharge parameter in terms of the mixing time;

(u0do) 2 = mfVslPslhsl/Tm + E + Us_s "c/ ( epf) < (Uodo)2< ,ca/ (?aPf)
Pf (C.eE/'ce + UsC_sEd/'ca)

"ce(mfVslPslhsl/Tm + E) (4.20)
(uodo)2 = (uodo )2 > "cd//(_.dDf)

pyreE
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4.1.4 Solids Suspension Models

Condition 5 stated that vertical velocities at the tank wall must be sufficient to transport

settling particles upward to the fluid surface. This condition will be satisfied if the vertical veloc-

ity is greater than the settling velocity of the particles. Simulations showed thatvertical velocities

at the wall (vf) scaled with the nozzle discharge parameter. This can be expressed as

vl,/ (uodo) = cv (4.21)

where cv is determined from simulation data. The condition will be satisfied when

v/u s = cv (uodo) /u s > 1 (4.22)

Condition 6 states that the rate of work produced by the jet in suspending particles must be

sufficient to overcome the rate of gravitational work on the suspended particles. The rate of work

produced by the jet is the tc:al hydraulic power pj.ga .The rate of work due to gravitational set-

tling of one particle can be approximated by the drag on the particle (67rtxlUsds) multiplied by the

settling velocity. The total rate of work for each species of particles is the rate of work per particle

multiplied by the total number of particles (n s). The number of particles is related to the sludge

thickness and species volume fraction (vf) according to n s = rCR2chstvf/(_d_/6). Not all of the

flow work produced by the jet will go into resisting particle settling. Viscous shear will convert

some of the jets power into heat. Furthermore, it is only the vertical component of fluid velocity

that acts to counter the effects of gravity. On average, away from the jet, 1/6 of the fluid elements

will be moving upward (due to three degrees of freedom of motion). Therefore, the condition will
be satisfied to first order when

pjU 3J20,_0> 216_R2cvfhsll.tfu2/ds 2 (4.23)

Equation (4.23) must be applied for each of the species of particles present, with total power

required being the sum of the power required for each species.
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4.2 Model Results

In this section, the previously developed analytical models are evaluated for representative

ranges of parameter values for the INEL mixing system. The correlation constants required by

these models are obtained primarily from simulations of jets oriented perpendicular to the cooling

coils. Because floor shear stresses were smallest for this orientation, the models will give conser-

vative estimations. The results presented will be used to assess overall feasibility and guide in

mixing system design recommendations.

4.2.1 Erosion and Deposition Results

Equation (4.3) gives the minimum acceptable nozzle discharge parameter required in

order to erode the sludge material near the tank wall. Figure 4.2 shows uod o plotted as a function

of critical shear stress for erosion (Xe) for a tank-centered jet (ce = 0.00019 m"2) and an off-cen-

ter jet _'e = 0.0005 m"2. Significant variation in uod o is seen over the range of xe. The minimum

uod o required for a tank-centered jet is reduced by about 60% when the jet is in the off-center

position. The values of uod o required for larger xe are unfortunately large. A tank-centered jet

with 'r,e = 1.0Pa requires a minimum uod o of approximately 1.9 m2/s (20.5 ft2/s). For a 15 cm (6

in.) diameter nozzle, this would correspond to a total hydraulic jet horse power of about 170 hp.

However, this is just the minimum required to begin to erode the sludge. The actual power

requirement would be larger in order to erode in a realistic time.

2.0 ' ' i ' ' _ i _ ! i ! _ _ ' i ' '

1.5

1.0

...... :........ :..... : : :....... :.... i Otl._terJet.

0.5

0.0 , i , I I i J I,I i I ......
10a 10"1 100

xe (Pa)

Figure 4.2 Jet Discharge Parameter Required to Erode Sludge Near Tank Wall
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Equation (4.13) gives the minimum value of uod o required in order for mobilization to

occur for rotating mixing jets. In order to evaluate this expression, the mean correlation constants

?e and _'d must be determined from the simulation data. From Figure 3.16 it is seen that the aver-

age lateral shear stress is approximately one half the maximum center-line shear stress. This result

implies _e _ Ce/2. The constant ca was obtained by examining floor shear stress values far from

the jet erosion area. A value _a = 0.000064 m "2was found to represent several different test case

results for tank-centered jets oriented perpendicular to the cooling coils and ?a = 0.00035 m "2

for off-center jets. Equation (4.13) also requires the specification of the critical shear stress for

deposition, "rd"Due to lack of available data and in order to minimize the number of parameters,

'rd= "rewas assumed. This assumption is conservative because it results in a greater total deposi-

tion than if xa < 're.

Figure 4.3 shows values of uod o obtained from Equation (4.13) for a tank-centered jet.

Parameter conditions for this plot include hst/hy = 0.056 (corresponding to a 5 cm sludge thick-

ness and a 91 cm fluid height) and E = .001 kg/m2s. Results are shown for the three different par-

ticle species representing the sludge composition. Again, uod o is seen to be strongly affected by

the critical shear stress for erosion, with values being larger than those shown in Figure 4.2. The

increase in uod o is due to the fact that the jet must erode enough material to balance settling sol-

ids. Interestingly, uod o is only weakly affected by particle characteristics. The reason for this will

become clear momentarily.

Figure 4.4 shows the effect of the erodibility constant E on uod o. Again, only a small

effect is seen. Figure 4.5 shows that jet location has a significant effect on u0d 0, with the mini-

mum uod o being reduced by about 40% for an off-center jet. Variations in fluid height and sludge

thickness also were found to have little effect on the minimum uod o required for mobilization.

The reason for this can be understood by considering one of the limits of Equation (4.13) previ-

ously discussed. For the range of parameter conditions applicable to the INEL system, the terms

in Equation (4.13) that contain the erodibility constant E are small compared with the other terms.

This results in the limit (u0d0) 2 _ "re/(_apf). Hence, there should be a strong dependence on the

constant _d which represents the mean floor shear in the deposition are outside the jet's direct

influence. The effect of variations in _d are shown in Figure 4.6. As Cd is increased (correspond-

ing to higher background floor shear) uod o decreases.

The value of ca derived from the simulations is believed to be conservatively low. Fluid

motions away from the jet due to pump inlet entrainment, jet entrainment, large-scale circulations,

and interaction from other jets (for multiple jet scenarios) will all act to increase _a"
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4.2.2 Mixing Time and Pump Rotation Results

Equations (4.17) and (4.20) relate jet discharge parameter (u0d o) with jet rotation rate

(toj) and mixing time (Tin). These expression are functions of critical shear stress for erosion (x e)

and deposition (xd), erodibility constant (E), particle settling velocity (us), suspended particle

concentration (Os), fluid height (hf), sludge thickness (hsl), degree of uniformity (_), and the

correlation constants (?e and _d). In order graphically present the model predictions, base param-

eter values where chosen and then individual parameters were varied. The base values are

xe = "r,d = 0.1Pa, E = 0.01kg/m2s, hf = 91cm, hsl = 5cm, tb = 0.95, and _'d = 0.000064.

The correlation constant _'ewas 0.000095 for tank-centered jets and 0.00025 for off-centered jets.

The suspended particle concentration t_s was computed based on properties of the medium size

(most populous) particles.

Figure 4.7 through Figure 4.12 show the relation between uod o and mixing time for a

range of parameter variations. Figure 4.7 shows results for the three different particle composi-
tions of the sludge. The mixing time is strongly dependent on particle size and mass distribution.

The discontinuity in the curves for the large and medium particles represents the transition to the

hindered deposit._on regime. For short mixing times, a large value of uod o is required. This

increases the level of background shear enough to prevent any deposition from occurring away

from the jet. Settling begins when uod o is reduced to the value _/xd/(?.dpf) and below. In this
hindered deposition region, the effect of particle size is incidental. Figure 4.8 shows the effect of

varying the erodibiliry constant. A similar behavior is observed, where mixing time increases
with increasing E. Figure 4.9 shows the effect of liquid height on mixing time. For shorter mixing

times, the behavior is independent of fluid height. This is true because the fluid height is only
important when deposition is occurring. Figure 4.10 shows the effect of sludge thickness on mix-

ing time. Again, a strong dependence is seen for shorter mixing times, where an increase in mix-

ing time is seen with increasing sludge thickness. Figure 4.11 shows the effect of critical shear

stress for erosion on mixing time. For small values of xe, the curves truncate at a certain mixing

time. This occurs when the jet discharge parameter decreases to a value (u0d0) 2 = Xe/ (_epf).

Below this value, erosion cannot occur. For larger xe, uodo is limited to the minimum value

required for erosion given by Equation (4.13). Figure 4.12 shows the same plot for an off-center

jet, where similar results are seen.

Figure 4.13 through Figure 4.16 show the dependence of jet rotation rate (revolutions per

hour) on uod o for the same parameter variations discussed above. The range of uod o is limited to

values greater than the minimum required for erosion and less than the value where deposition
cannot occur. Above this latter value, there are no requirements on rotation rate. The trends are

consistent with those for mixing time. However, an additional dependence on the degree of uni-

formity is seen.
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4.2.3 Solids Suspension Results

Equation (4.23) relates the jet hydraulic horsepower to the rate of gravitational work due

to particle settling. The most conservative parameter values required to evaluate this expression

are Rc = Ry = 7.6 m (25 ft) and hsl = 7.6 cm (3 in.) which correspond to a single, tank cen-

tered pump with the maximum assumed sludge layer thickness. These produce values of the
3 2

parameter uod o equal to 0.53 rnS/s2 which corresponds to a hydraulic jet horsepower of about 1

hp. This low value of jet horsepower is attributedto the relative thinness of the sludge layer. In

light of this result, gravitational particle settling places no significant requirements on pump

power.

Equation (4.22) related the jet discharge parameter to the velocity correlation constant (c v)

and the settling velocity (u s). The value of cv for tank-centered jets with hf = 91 cm was deter-

mined from simulation data to be approximately 0.02. This value corresponds to the upward flow-

ing region about lm from the wall. For the largest particles where us = 0.022 m/s, Equation

(4.22) requires uod o > 0.9 m2/s. Values of cv for tank-centered jets with fluid heights greater than

91 cm and off-center jets were significantly larger, requiring a smaller jet discharge parameter.

4.3 Mixing System Design

This section addresses overall feasibility of using submerged liquid jets for heel removal

and solids suspension in INEL waste tanks. Results of the numerical simulations and analytical

models are analyzed to determine whether a suitable mixing system configuration exists.

4.3.1 Feasibility Assessment Approach

The results of the analytical models suggest that the minimum jet discharge parameter

(uodo) required to erode and suspend the sludge material is dependent on many physical parame-

ters. These include critical shear stress for erosion and deposition, the erodibility constant, the

sludge thickness and particle attributes, fluid height, degree of uniformity, and jet location. The

required mixing time (T m) andjet rotation rate (¢oj) are also dependent on these parameters.

Given the uncertainty in some of these parameter values, an assessment of feasibility is a chal-

lenging task. For example, uodo has a strong dependence on the critical shear stress for erosion

(Figure 4.5). The actual value of '_efor the sludge may dictate wether or not a given pump config-
uration will be successful.
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If one could show that the most conservative estimated parameter values (such as

_e = 1Pa, E = 0.001 kg/m2s, etc.) produce acceptable values of u0d 0, Tm, and o_j, then it could

reasonably concluded that heel removal would be possible. However, if these conservative esti-

mates produce unacceptable values of uod o, Tm, and _., then the question of feasibility cannot be

definitively answered without more accurate characterization of the sludge. Similarly, if the most

favorable estimations of parameter values (such as Xe = 0.01Pa, E = 0.1 kg/m2s, etc.)produce

unacceptable values of u0d 0, etc., then it could reasonably concluded that heel removal would not

be possible.

This principle is illustrated graphically in Figure 4.17 for the case of jet discharge parame-

ter dependence on critical shear stress for erosion. The minimum value of critical shear stress for

erosion has a corresponding jet discharge parameter (u0d0) min"If (u0d0) rain is too large (i.e. the

corresponding horsepower is prohibitively high) then one could conclude that heel removal is not

possible. Similarly, the maximum value of xe has a corresponding (u0d0) max"If the pump horse-

power required to produce (u0d0) maxis acceptable, then heel removal is possible (assuming the

mixing time and rotation rates are acceptable for the same scenario). If (u0d0) max is not accept-

able but (u0d0) min is, then Feasibility is uncertain, and more precise specification of xe is

required.

1;
e max

qierain ............

Not
Feasible Uncertain Feasible

(uodo) n_n (uodo) max uodo

Figure 4.17 Graphical Illustration of Feasibility Assessment Approach

This process needs to be repeated for all parameters which have an estimated range of val-

ues. Mixing time and jet rotation rates also need to be considered since, for example, (u0d0) max

may be acceptable, but the corresponding value of Tm may be excessive, requiring a larger uod o

in order to reduce Tm.
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4.3.2 Feasibility Results

In this section, the results of the analytical models are evaluated in order to determine

whether a positive feasibility assessment is possible, given the assumed ranges of parameter val-

ues for the INEL waste system.

The minimum value of uod o requiredto mobilize the sludge was given by Equation

(4.20). For tank-centered jets, uod o was found to be most strongly dependent on "ce. The value of

'_e Was estimated to be 0.01 Pa to 1.0 Pa. For the lowest value of Xe, the corresponding value of

uod o was determined to approximately 0.33 m2/s. For a 6 cm (2.5 in.) nozzle, this corresponds to

a total hydraulic horsepower of 1.2 hp, with pump horsepower being somewhat larger. For a 5 cm

sludge thickness, an erodibility constant E = 0.001 kg/m2s, and a 91 cm fluid height, the mixing

time for the most populous particles is approximately 30 h, and the jet rotation rate is about

0.7 rev/h. Clearly, Feasibility is not ruled out because there would be no physical constraints on

installing such a small pump.

The highest value of Xehas a corresponding uod o equal to 3.3 m2/s. For a 20 crn (8 in.)

nozzle, this corresponds to a total hydraulic horsepower of approximately 340hp. Since pump

horsepower would be even larger than this amount, this is clearly an excessive requirement. In

light of this, the feasibility of using a single, tank-centered pump is uncertain, requiring more pre-
cise specification of critical shear stress.

It would be interesting to determine what maximum value "ce can have in order for a tank-

centered jet to be effective. A pump power of 150 hp and a pump efficiency of 50% results in a

total hydraulic jet power of 75 hp. For an 15 cm (6 in.) square nozzle, this would require

uod o = 1.8 m2/s, with the corresponding 'coof about 0.3 Pa. Mixing time for the most populous

particles would be about 30 h with a jet rotation rate of about 1 rev/h for 95% uniformity and

about 10 rev/h for 99% uniformity. For the largest particles, mixing time would be about 35 h.

Mixing time for the smallest particles is about 11 h. If '[e were somewhat less than 0.3 Pa m;xing

times would decrease. Increasing the fluid height would also cause mixing times to decrease.

Because the success of a tank-centered jet cannot be definitely determined, the question of

using an off-center jet naturally arrises. From Figure 4.5, the value of uod o corresponding to

xe - 1.0 Pa is approximately 1.7 m2/s for an off-center jet. This corresponds to a total hydraulic

jet power of approximately 45 hp for a 20 cm (8 in.) nozzle. This is within an acceptable range,

even when considering total pump power which would be about 90 hp. For a 5 cm sludge thick-

ness, an erodibility constant E = 0.01 kg/m2s, and a 91 cm fluid height, the mixing time for the

most populous particles is approximately 5 days. If uod o is increased to 1.9 m2/s (64 hp), then the
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mixing time decreases to about 6 h. The mixing time will be differ, rot for different sludge thick-

nesses, fluid heights, and erodibility constants. If the upper limit of erodibility constant (E - 0.01

kg/m2s) is used, then a mixing time of approximately 2 days is required. There is no requirement
on jet rotation rate for these situations because stresses are high enough to prevent settling.

4.3.3 Conclusions and Recommendations

Based on simulation data and analytical model results, feasibility of using a single jet mix-

ing pump located near the tank center cannot be conclusively determined. The primary reason for

this is uncertainty in the critical shear stress for erosion ('ce) for the sludge in the INEL waste

tanks. The results suggest, however, that if x,e is less than about 0.35 Pa, a single pump with a jet

discharge parameter of uod o --- 1.8 m2/s (19.4 ft2/s) would be sufficient to mobilize and maintain

solids in suspension, if it were located near the center of the tank. For a circular nozzle 20 cm

(8 in.) in diameter, this would correspond to a total hydraulic jet power of about 62 hp and a pump

power of about 124 hp assuming a 50% pump efficiency. If a 15 cm (6 in.) round nozzle were

used, the required pump power would be about 164 hp. If a smaller nozzle was required due to

manufacturing constraints, the required pump horsepower would increase further. Mixing times

for these conditions range from about 5 to 30 hours depending on sludge particle characteristics

and thickness. Minimum pump rotation rates range from 0.1 to 5 rev/h for a range of conditions.

If a single mixing pump were used, it Should be located as close to the tank center as pos-

sible. For Tank WM-182, there is no existing riser near the tank center. Therefore, it would be

necessary to install a new riser inside the man-way as shown in Figure 4.18. For Tank WM-188

(shown in Figure 4.19), the existing riser near the center of the tank would suffice. An alternative

location would be inside the man-way as shown.

Using the estimated upper limit of critical shear stress for erosion of 1.0 Pa, model results

suggest heel removal would be successful if two off-center pumps were used. These pumps

should each have a jet discharge parameter of at least uod o = 1.7 m2/s (18.3 ft2/s). For a 20 cm

(8 in.) diameter round jet nozzle, the models predict a total hydraulic jet power of at least 52 hp is

required, corresponding to a pump power of approximately 105 hp per pump. If a 15 cm (6 in.)

round nozzle were used, the required pump power would be about 138 hp per pump. The mixing

time for this situation would be about 5 days. For a 20 cm diameter nozzle with a pump power of

about 150 hp, mixing time would be reduced to about 5 h.

Ideally, each off-center pump should be located about one half the distance from the tank

center to the outer wall along the tank center-line dividing east and west as shown in Figure 4.18

and Figure 4.19. This would maximize the propensity of the jet to erode the material on the north-

ern and southern sides of the tanks. Unfortunately, there are no existing risers near these locations.

Therefore, new risers would need to be installed in order to use a double pump configuration.
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Single pump location ':_

Optimum Double pmap locations

Figure 4.18 RecommendedMixing Pump Locations in INEL Waste Tank WM-182

Q Single pump location

O Optimal Double pump

0 Alte-" ,re location for single pump

Figure 4.19 Recommended Mixing Pump Locations in INL Waste Tank WM-188
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While model results indicate that a double pump configuration would be adequate for even

conservative values of critical shear stress for erosion (Xe), difficulties associated with new riser

additions may make this option unattractive. In light of this, it is imperative that INEL obtain

more precise estimations of xe in order to determine whether a single pump located near the tank

center would be effective. Model results indicate that if "r,e is determined to be less than about

0.35Pa, this option should be acceptable. The formulas for mixing time (Equation (4.19)) and

rotation rate (Equation (4.17)) could be used as guides for pump sizing. In using these formulas,

however, it would be helpful to have more precise estimates of particle properties such as size,

density, and distribution by weight; sludge thickness; and erodibility constant (E).

The models developed in this study represent simplifications of extremely complex flow

phenomenon. In light of this, it would be advisable for INEL to combine sludge characterization

activities with carefully designed mobilization experiments. Experiments could identify important

behaviors not captured by numerical simulations or analytical models. In particular, experimental

observations of jets in shallow liquids and measurements of floor shear underneath the cooling
coil:; would be helpful.
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