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ABSTRACT

Dimensional analysis is used to determine the similarity parameters that describe the uniformity of

radioactive slurry wastes to be suspended by mixer pumps. The results of this analysis are applied to the

design of sealed experiments that will determine the operating parameters that will ensure an adequately

uniform feed stream during waste retrieval from Hanford double-shell tanks. Ten dimensionless parameters

describing the slurry mixing process were identified. Of these, three describe purely geometric features,

three describe slurry properties only, one is a dimensionless dme scale, and three describe important

dynamic factors. The three parameters describing the dynamic features are the Reynolds number, which

describes the degree of turbulence in the tank; the Froude number, which describes the effects of

stratification on the circulation patterns; and the gravitational settling number, which describes the balance

between the work done by gravity to cause settling and the work done by the pump to resuspend particles.

"Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract DE-AC06-
76RLO 1830.=
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INTRODUCTION

Transuranic, high-level, and low-level wastes are stored in double-shell tanks (DSTs) at the Hanford Site

in Richland, Washington. Eventually, these wastes will be removed and processed into immobile waste

forms suitable for permanen_t disposal. During retrieval a submerged slurry pump will remove the waste

from the tank while rotating slurry jet mixer pumps maintain a uniform suspension throughout the tank.

Figure 1 shows the tank cortfiguration during waste removal.

FIGURE 1. Double-SheU Tank Waste Retrieval Equipment

Mixer pumps have high volume, horizontally directed jets that will impact and mobilize the sludge in

the bottom of the tank, mix it into a slurry, and then maintain the solids in suspension. In the proposed

implementation, the mixer pumps will operate at maximum nozzle velocity during sludge mobilization.

Af-mr initial mobilization, the mixer pump nozzle exit velocity will be reduced to a level that avoids

excessive forces on internal tank components while maintaining the solids in uniform suspension.
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"; Successful implementation of the complete waste treatment strategy requires steady slurry, feed streams

i

• with uniform concentrations throughout the process. Currently, no method reliably predicts the degree of
i

, uniformity that mixer pumps can achieve in large scale (million-gallon) tanks. Therefore, scaled tests will
;

• be conducted to determine the relationship between the nozzle exit velocity and the degree of uniformity in

|

the tank.
.i

TNs paper describes an analysis to determine the dimensionless quantities that govern the uniformity

achieved during mixing of solids in tanks. The analysis is part of a larger research effort to determine the

operating limits that will ensure that all waste retrieval requirements are met, including complete removal

of wastes from the tank. The dimensional analysis presented here has been used to design scaled

experiments to determine the effects of operating parameters variations on the degree of solids uniformity

"- achieved in a tank. Additional research is being done to detenuine the operating parameters required to

initially mobilize the waste.

SIMILARITY APPLIED TO THE DESIGN OF EXPERIMENTS

The physical processes governing slurry mixing in tanks are complex and difficult to analyze. Accurate

predictions of prototype behavior require experimentation. Dimensional analysis is an important analytical

- tool that implements the concept of similarity to reduce the number of experiments required and to provide

a basis for the interpretation and presentation of the experimental results. It is used here to obtain a set of

dimensionless param _ters that characterize the steady-state slurry mixing problem.

Similarity underlies much of the experimental work in the field of fluid mechanics. Similarity allows

information from one set of experiments to be used to predict behavior under apparently different conditions-

if the geometric, dynamic, and kinematic features are similar. For example, mixing behavior in a prototype-

can be predicted on the basis of similar scaled experiments.

I
I
i

I



The methods to determine the requirements for similarity between scaled experiments and prototypes

may be applied to any problem. These methods use dimensional analysis to produce a set of dimensionless

parameters that characterize the physical process. Because the dimensionless parameters produced using

dimensional analysis are not unique, understanding of lhc a physical process is necessary to select physically

meaningful dimensionless parameters.

The first requirement for similarity between a sealed experiment and ti,e prototype is geometric

similarity. Geometric similarity exists when ali points on the scaled model have a one-to-one correspondence

to points on the prototype; the prototype and the sealed model must have identical shapes. Kinematic

similarity requires that all fluid streamlines and particle pathlines have a one-to-one correspondence in the

model and the prototype. Dynamic similarity requires that ali external and internal forces applied to the

model correspond to forces applied to the prototype, and these forces must be related by the same scale

factor.

Achieving similarity appears daunting because fluid streamlines, particle pathlines and some of the

internal forces are dependent parameters. In practice, kinematic and dynamic similarity of geometrically

similar flows may be ensured by the use of dimensional analysis.

APPLICATION OF DIMENSIONAL ANALYSIS TO OBTAIN DIMENSIONLESS GROUPS

The first step in applying dimensional analysis is to list dimensional parameters that are relevant to the

problem. The second step is to obtain dimensionless groups that contain the dimensional parameters that

describe slurry mixing.

In the steady-state slurry mixing problem, the relevant dimensiunal parameters and their dimensions

(__Length,Mass, or Time) as identified in Bamberger c,t al.: are:

!
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• Geometric parameters

Do = jet nozzle diameter (L)

D_ = tank diameter (L)

E = elevation of nozzle centerline from tank floor (L)

H = liquid height in tank (L)

N = rate of rotation of jet (I/T).

• Slurry and particle properties

C = slurry mean weight % solids concentration

AC = difference in weight % solids concentration in two specified locations in the tank.
(This is the dependent variable of interest.)

_b = slurry viscosity (M/LT)

Pb = slurry bulk densityy (M/L _)

p, = particle (solids) density (M/L3).

• Dynamic properties

g = acceleration caused by gravity (L/T0

U. = jet exit velocity (L/T)

U, = particle unhindered settling velocity (L/T).

The surface tension of the slurry was omitted because surface tension effects are expected to be small.

The particle settling velocity (U.) was chosen instead of the particle diameter (d) because the particle settling

velocity produces more physically meaningful dimensionless groups and because it is impossible to adjust

the settling velocity and particle diameter independently without also adjrasting zt least one other relevant

physical property. For more information on factors affecting slurry, see Bamberger et al. t

The Buckingham Pi theorem shows that the slurry uniformity mixing problem is described by a set
-

of ten dimensionless parameters, which are often referred to as _"parameters. The set of ten r parameters

determined by dimensional analysis is not unique, that is, more than one correct set of dimensional groups

may be used to describe the problem. Similarity ensures that when nine of these ten groups in any two
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experiments are matched, the tenth will automatically match. In this sense, nine of the groups are

'independent' parameters while the tenth is a 'dependent'.

i The goal of dimensionless analysis is to obtain nine usefuL, algebraically independent parameters that
i

i

do not contain the dependent parameter AC plus one dependent parameter that contains AC. A set which
I
! describes mixing in a tank will be obtained below.

The most obvious of the dimensionless parameters are the mean weight % solids concentration, C,

and the difference in the solids concentration, AC. They are already dimensionless, but it is preferable to

express the nonuniformity in the solids concentration, AC, as a fraction of full-scale. Thus, the first vrgroup

' to be described is the dependent variable of interest to this problem.

AC (I)vrl=_ _

The second vr group is solids concentration

vr2 = C (2)

The solids concentration has been shown to affect the transition to turbulence and the absolute level

of turbulent kinetic energy in the flow of slurries through pipes. 2 Consequently, the solids concentration is

expected to affect transition to turbulence and the degree of fluid turbulence in other flows as weil.

The next set of dimensionless parameters ,_'_.scribestank geometry. Although numerous ratios of Do,

Dr, E, and H could form dimensionless groups, exactly three algebraically independent geometric parameters

are necessary and sufficient. The parameters chosen are:

vr3= DJH (3)

vr,= D,/H (4)
-

vr5= E/II (5)
3

z
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Geometric similarity requires that 7r3, 7r4, and r5 in the scaled model match the values in the

prototype. The entire tank must be a scaled model of the prototype, so a number of other geometric ratios

must also match in the scaled model and the prototype. For example, geometric ratios must include

descriptions of the tank components such as air-lift circulators, radiation dry wells, and the steam coil.
|
!

i The ratio of the two densities is the sixth parameter:
i

xe = PJPb

(6)

It is now convenient to select 7rgroups that govern dynamic behavior during mixing. The seventh

a" group is the Reynolds number based on the velocity of the jet at the nozzle, the jet diameter, and the bulk

density of the fluid.

PbUo D0
a"7 = Re.= (7)J tz

The Reynolds number affects the stability of the flow and the turbulence structure. Fox and Gex 3

suggest that the jet Reynolds number, Rej, affects mixing in tanks of single-phase mixtures; it is also likely

that this quantity affects solids suspension. However, the literature also suggests that in the fully turbulent

range, the degree of mixing achieved will become independent of the Reynolds number.

The eighth _"group is a Froude number:

2
U

_"8 = Fr = o (8)gH

The magnitude of the Froude number will affect two distinct features related to mixing in a tank. lt is

possible to show that the surface level will be perturbed by the fluid motion when the Froude number is

large. If surface perturbation is vigorous, it may affect the actual circulation pattern in the tank. Thus, the

degree of mixing might be affected by the Froude number.
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Second, the Froude number also describes the importance of density variations on the tank's

circulation pattern. It is more physically justifiable to characterize this effect with a densimetric Froude

, number as suggested by Fossett and Prosser _ who observed that the contents of mixing tanks will stratify

at low values of a modified densimetric Froude number. However, in a solids mixing problem, the solids

' concentration and mean slurry density variations are dependent parameters. Consequently, the densimetric

Froude number cannot be directly controlled in the same manner that features like nozzle velocity, tank

height, or the Froude number defined above are controlled. Consequently, it is more convenient to design

an experiment using the Froude number. To match tile densimetric Froude number, it is necessary to match

ali other dimensionless parameters, particularly the solids concentration and the ratio of the solids density

to the bulk density of the mixture.

At least one 7rparameter that describes the solids settling behavior must be included in the set of

independent dimensionless parameters. Two parameters have possible physical significance. One is the ratio

of the particle settling velocity to the velocity of the jet at the nozzle (U,,'Uo). The other is the ratio of the

power supplied by the jet to the rate at which the gravitational field draws particles down to the lower

regions of the tank. The latter was selected as the ninth r parameter and will be referred to as the

gravitational settling number or Gs.

The ninth ._"group is defined

2
2D t H (Ps "Pb)_bs Ug

a'9= Gs = 3 2 (9)
pb U Do O

Here o is the volume fraction of solids in the slurry and may be determined as a function of the weight %

solids concentration using

Pb C

_s = Ps (10)

=
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Selection of this parameter instead of the velocity ratio should not affect the generality of the results.

Finally, a parameter that describes the effect of jet rotation must be included. This parameter will

be referred to as the rotation number based on tank height, and it is the ratio between the time required for

the jet to return to a particular location and the time required for particles to settle.

The tenth a-parameter

NH
7r10= r/rh- U (11)

S

DESIGN OF EXPERIMENTS USING THE TEN DIMENSIONLESS GROUPS

Similarity ensures that the concentration difference between the bottom and top of the prototype and

of the scaled model will obey ,,_,_mufunctional relation of the form:

,xC
= f (C, s, Do/H, Dt/H, E/I-I, Fr, Re, Gs, r/rh) (12)

The form of this relation cannot be obtained by dimensional analysis but must be obtained through

analytical treatment of the problem or through experimentation. However, similarity dictates that if the ali

nine dimensional parameters on the right-hand side of the functional relation are idex:tical in any two cases,

then the concentration difference on the left hand side wiU also be identical. -,

This information may be used to design a sealed experiment becat se it implies that the concentration

difference in the prototype DST may be determined from data in the scaled •model tank in the following

manner. First, the magnitudes of ali nine independent dimensionless parameters during operation of the

mixer pumps in the prototype DST must be determined. Second, tests must be performed at the same

magnitudes of these parameters in the scale model tank. During these tests, the concentration inhomogeneity

can be measured. Similarity then ensures that the concentration inhomogeneity in the prototype DST will

equal that measured in the scale model tank.
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In principle, the information required to predict the behavior in the prototype may be obtained by!

performing experiments at any scale, if all nine of the independent parameters in the prototype are matched

_! in the scaled experiment. In practice, it may be impossible to match ali parameters simultaneously in both_

scales. This is the case in the problem of interest where eight of the nine independent parameters may be
_

conveniently matched in both of the experiments. The difficulties of matching the ninth independent

z: parameter are diseussed here.

Matching all parameters in this particular application is difficult because very low viscosity fluids are

not available. Without a low viscosity simulant, it is impossible in some sealed cxperiments to match the

Froude and the Reynolds numbers simultaneously. Both the Froude number and the Reynolds number have

: been shown to affect mixing time, but matching them simultaneously in an experiment performed at smaller

scale than the prototype requires a lower viscosity fluid and a lower speed jet. This may be shown as

follows.

: Assume that ali geometric features in the ._caled model are reduced by a scale factor X, that is:

_

Dt, m H D- X = m o,m- = (13)

Dt, p H Dp o,p

where the m subscript denotes evaluation in the sealed experiment and p in the prototype.

z: The sealed velocity in the model tank may be determined by matching the Froude number. That is

_- o _ o (I4)

gI-I model gH prototype5

Because H,,/I-Ip = X, this imposes the relationship on the velocities:

|
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m
j - _ = X (15)

1 % i%!
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._ The viscosity requirement for scaled experiments may be found by imposing the Reynolds number
|

criterion:

' Re = Re (16)
m p

which results for kinematic viscosity, v

v U D

na= o,m o,m (17)v U D
p o,p o,p

where v m= _m/_';'o,m and Vp =/Zp/Ob,p are the effective kinematic viscosities in the scaled model and the

prototype._

Substituting the relationships between the scale (X) velocities and nozzle diameter results in:

m _ o,m = X3/2 (I8)

Vp Do,p

In principle, both Froude and Reynolds numbers are matched in scaled experiments by simply selecting the

= viscosity required in Equation (18). However, as evaluation of slurry properties in the tanks indicates that

fluids of sufficiently low viscosity are impossible to obtain when tests are planned in small scale tanks. The

difficulties in achieving similarity in an available 1/12-scale tank are described here. Absolute. viscosities k

of the slurries in the DSTs may be are as low as 0.002 Pa-s (2 cP) and as high as 0.05 Pa-s (50 cP) in

extremely concentrated slurries. Simultaneously matching the jet Reynolds number and the tank Froude

- number achieved with the 0.002 Pa-s (2 cP) fluid in the prototype DST requires that tests be performed with

i
-I
III

!



a 5 x 10-5Pa-s (0.05 cP) fluid in an a 1/12-scale tank, which is available. This viscosity is much lower than

that exhibited by most fluids. [For reference, water at 20"C has a viscosity of 0.001 Pa-s (i.0 cP).] The

0.05 Pa-s (50 cP) fluid behavior could be matched by using a flwd with a viscosity of 0.0012 Pa-s (1.2 cP)

;.aa 1/12-scale simulation. Although fluids with viscosities of 0.0012 Pa-s (1.2 cP) do exist, it is unlikely

that a moderately concentrated slurry with this viscosity could be manufactured. Without sufficiently low

viscosity slurries, either the Reynolds number or the Froude number, but not both, can be matched in a 1/12-

scale experimer,.z.

Because of the difficulties in matching ali dimensionless parameters, it is important to identify which

parameters will have the smallest effect on achieving uniformi.ty in the tank. This is done by first

_:_,nining which parameters have a negligible effect in related problems discussed in the qterature and then

te_tmg the scaled model to determine the relative importance of different parameters.

The literature suggests that the parameters affecting mixing times tor miscible fluids are Froude

number, Reynolds number, and tank geometry. The effect of geometry is noticeable, but it has not been

quantified. Consequently, it is recommended that geometric similarity be maintained. The effect of Froude

number on mixing times has been shown to be important when density differences exist. If the densimetric

jet Froude number (Fr_) is low, the tank contents will stratify. In this particular application, it is not

possible to know a priori whether the jet Froude number will have a significant effect on mixing in the

prototype because the magnitude of the density differences in the tank is unknown. Estimates based on

Fosset and Prosser's _ results indicate that the Froude number may have an effect. If testing in a scaled

model is to produce useful results, then experiments must be per'formed in a Froude number range where

the tendency to stratify is equivalent to that expected in the prototype. Tiffs restriction requires that the

Froude number in the sealed model match that in the prototype.

Currently the literature suggests that the jet Reynolds number has an important effect on mixing times

when Rej < 2000; at larger Reynolds numbers, mixing times are not strongly affected by the jet Reynolds

number. This suggests that the sensitivity to the Reynolds number may be small for large Reynolds

•
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numbers. Consequently, it is probably unnecessary to match the Reynolds number exactly if the actual

Reynolds numbers used in testing are much greater than 2000. However, testing should still be done in the

turbulent range, because mixing is sensitivn to the magnitude of the Reynolds number when the Reynold:_

number is small.

The Reynolds number range that will occur during waste retrieval from Hanford DSTs has been

investigated. The jet mixers can be operated at speeds as low as 25% of full speed. The current design of

the mixer nozzle diameter will be 0.15 m (6 in.) and the full-speed velocity will correspond to a ,, _duct

U,D. equal to 2.73 m:/s (29.4 f'd/s). It is asstuned that the maximum velocity to be achieved by using the

proposed mixing pump design does not depet,u on the fluid properties.

The anticipated range of Reynolds numbers and Froude numbers during full scale mixing is shown

in Figure 2. The minimum Reynolds number at which the jet may be operated in the prototype DST is

10,000.

The minimum Reynolds number at which the jet may be operated in the prototype is 1@ which is

sufficiently above the critical value of 2000 observed by Fox and Gex3 to ensure that mixing in the prototype

will be turbulent. Thus, the changes in the Reynolds number are not expected to have an important influence

in the mixing behavior observed in the prototype.

However, the Froude number may affect mixing at ali nozzle exit velocities. In addition, the results

of Fosset and Prosser 4suggest tla,_,stratification may occur at low densimetrie Froude numbers, while scaling

suggests that the nondensimetric Froude numbers will affect the surface rippling at the upper surface and

can also affect mixing by affecting the flow pattern. Consequently it was decided that tests will be conducted

at the Froude numbers achieved in the prototype tank to assess the possibility of stratification at the small

scale. Running tests at prototype Reynolds numbers in the small scale would result in large Froude

numbers; in this case, stratification might not be observed in the scaled model even though it would occur

in the prototype.
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FIGURE 2. Comparison of Froude Number and Reynolds Number Regions
of Interest in Prototype and 1/12-ScaleModel

A parallelepiped is drawn in Figure 2 to show the region to be studied in a proposed t/12-scale

experiment. The region is bounded by the same Froude numbersas those that bound the prototype DST and

by the operational lines describing the Froude number/Reynolds number variation achieved in the sealed

model using 0.002 Pa-s (2 eP) and 3.4 x 10"3Pa-s (3.4 cP) fluids. The lower viscosity value was selected

to represent an achievable low value of viscosity in a simulated slurry. An upper bound on the viscosity

used during sealed tests was selected because matching the Reynolds number regime is considered critical.

In the proposed plan, ali tests are at Reynolds numbers of 6000 or greater, which is expected to ensure

_bulent flow.
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Figure 2 illustrates the relationship between the magnitude of the Reynolds numbers and Froude

numbers achieved in the prototype DST and the sealed experiment. Recall that there are seven other

independent parameters. Consequently, there are thirty-six such figures containing combinations of any two

of the dimensionless parameters. Figure 2 was selected in order to illustrate a case in which the test region

and the region in the prototype do not match. Because ali the other parameters do match, most of the

remaining figures would show test regions that overlap the prototype region exactly. For example, a figure

showing the Froude number and GS numbers would have two identical parallelepipeds illustrating tests in

the sealed model and operation in the prototype DST.

Once the decision is made to match the Froude number and compromise on the Reynolds number,

it is possible to match ali other dimensional parameters. Consequently it is recommended that testing be

performed at values of the specific density (p), concer_a,'ion (C), Froude number (Fr), gravitational settling

number (Gs), and rotation number (r/_), which match those that occur in the prototype tank. Matching both

specific density and Froude number will ensure that the densimetri¢ Froude number is also matched.

Experiments performed in this parameter range will provide data that is relevant to predictions of mixing

in the prototype DST.

CONCLUSIONS

Application of the concept of similarity indicates the degree of uniformity achieved in a Hanford DST using

mixer pumps can be described by ten similarity parameters. Evaluations of the magnitudes of ali parameters

suggests that only one independent parameter can be achieved during scaled testing in a 1/12th scale tank.

The recommended strategy for scaled testing is to match ali parameters except the Reynolds number, while

maintaining the Reynolds number in the turbulent regime. Tests at two viscosities are recommended to

assess the effects of Reynolds number variations.
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