
PNL-10170 

Acquisition and Reduction of Data Obtained 
from Tank 101-SY In-Situ Ball Rheometer 

C. L. Shepard 
M. A. Chieda 
L. J. Kirihara 
J. R. Phillips 
A. Shekarriz 
G. Terrones 
J. Abbott1 

C. Unal1 

K. O. Pasamehmetoglu1 

A. Graham1 

T. I. Stokes2 

December 1994 

Prepared for 
the U.S. Department of Energy 
under Contract DE-AC06-76RLO 1830 

Pacific Northwest Laboratory 
Richland, Washington 99352 

*Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

^Westinghouse Hanford Company 
Richland, Washington 99352 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED 

tt I tit 





DISCLAIMER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither 
the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, express or 
implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial 
product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by 
the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



Summary 
Development of the ball rheometer to measure rheological properties and density of the waste in 
Hanford Tank 241-SY-lOl will be completed around September 1994. This instrument is expected to 
provide the first-of-its-kind in-situ measurements of die fluid properties, such as viscosity, of the 
waste contained within this tank.that have been desired for years. Since the ball rheometer project 
began, a mixer pump has been installed in this tank, and by all accounts this pump has been very 
successful at mitigating the flammable gas problem associated with Tank 101-SY. Present plans now 
call for the use of mixer pumps in several other tanks. 

The ball rheometer will serve as a diagnostic tool for judging the effectiveness of mixing in Tank 
101-SY and others and will be one of few in-situ probes available for diagnostic measurements. The 
data requirements and basis of choice for the ball rheometer and die theory of die operation of die 
ball rheometer have been covered in previous reports (Pasamehmetoglu et al. 1993, Shepard 1994, 
Shepard et al. 1994). The in-situ data collection strategy and die methods of data analysis and 
reduction are presented in this final report concerning tiiis instrument. Based on experiments 
performed at Los Alamos National Laboratory and Pacific Northwest Laboratory, it is believed that a 
generalized Bingham fluid model (Herschel-Bulkley fluid model) may be useful for describing at least 
some of me waste contained in Tank 101-SY, and data obtained in the tank will initially be reduced 
using diis fluid model. The single largest uncertainty in die determination of die drag force on the 
ball is the drag force which will be experienced by die cable attached to the ball. This drag can be a 
substantial fraction of die total drag when the ball is deep within die tank. Careful accounting of die 
cable drag will be important in die reduction of die data. 

It is expected mat die fluid properties may be history dependent, dius rheological properties of die 
undisturbed fluid may be different from die same properties after die fluid has been disturbed by 
passage of die ball. The data collection strategy allows die determination of die waste fluid rheology 
bodi in die undisturbed state and after it has been disturbed by die ball. Fluid density will be 
measured at regular intervals. Unlike die rheological parameters, measurement of density requires no 
model for its interpretation; however, die effects of yield stress may need to be accounted for. This 
measurement can be made widi fairly good accuracy and may provide die most useful data in 
determination of mixer pump effectiveness. 
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1.0 Introduction 

Since mid-1993 a team made up of staff from Westihghouse Hanford Company (WHC), Pacific 
Northwest Laboratory (PNL), and Los Alamos National Laboratory (LANL) has been developing a 
measurement instrument for determination of some of the fluid properties of the wastes contained in 
Tank 241-101-SY (hereafter abbreviated as 101-SY) on the Hanford Reservation. The ball rheometer 
was chosen for its simplicity, its ease of deployment, and its capabilities for providing data from 
which fluid density, yield stress, and apparent viscosity can be determined. The basis for its choice 
and the identified data requirements are outlined in an earlier report (Shepard 1994), while the 
underlying theory and practical application of the ball rheometer are given in other reports (Shepard 
et al. 1994; Pasamehmetoglu et al. 1993). The ball rheometer consists of a ball attached to a cable 
which is wound onto a spool. The system will be installed on a riser pipe through which entry into 
Tank 101-SY is obtained. The ball can be lowered into the waste or retrieved from the waste by 
rotation of the spool, which is mechanically connected to electric drive motors. The present ball is 
comprised of a tungsten alloy and is 9.1 cm in diameter and weighs about 16 lb (7.3 kg). It is likely 
that other balls of similar size but lower density, such as a steel ball, will also be employed. The 
cable is stranded stainless steel of diameter 0.32 cm (0.125 inches) and has a polyethylene coating. A 
diagram of the ball rheometer is shown in the following figure. The ball is deployed into the waste 
and retrieved by rotation of the take up spool. Typically the ball will be deployed at a constant 
velocity, which is adjustable over the velocity range from 0.1 cm/s to 100 cm/s. The cable passes 
over a pulley to which a load cell is attached. The tension in die cable, or actually twice the tension 
in the cable is measured by this load cell. We will measure the tension in the cable as the ball is 
being moved through the waste at different velocities. From these measurements, the drag on the ball 
due to movement through die waste can be determined. The amount of drag depends on the rheology 
(roughly the yield stress and the viscosity) of the waste fluid, and we are interested in determining the 
rheology of the fluid. Static force measurements obtained while the ball is at rest in die fluid will 
allow a determination of me fluid density. We intend to characterize the fluid at all depths within the 
tank. 

This report is largely concerned with the testing strategy when me ball rheometer is installed on Tank 
101-SY. The strategy is based partially on the results of laboratory investigations conducted at LANL 
and PNL. The methods to be used for reduction of the data to obtain fluid properties is also a topic 
of interest here. Finally, some estimates of the accuracy we can expect in the derived fluid properties 
will be given. 

In Section 2.0 of this report, we review the results obtained from laboratory investigations using 
chemical simulants of the waste. Experiments were performed at both LANL (primarily falling ball 
experiments) and PNL (primarily drag force measurements). These results are important for forming 
me tank testing strategy, which are presented in Section 3.0. The memods for reduction of the data 
to obtain fluid rheological parameters and fluid density are discussed in Section 4.0. Reduction of the 
data presently requires a fluid model, and we will initially assume mat the fluid behaves as a 
generalized Bingham (Herschel-Bulkley) fluid and reduce me data to obtain parameters for the model. 
It should be noted mat a time independent generalized Bingham fluid model may not adequately 
describe all or parts of the real waste. We can fully address die problem of data reduction only after 
we have acquired actual in-situ data. The actual tank waste may behave differently from the simulant 
tested in the laboratory. In Section 5.0 we present an estimate of the accuracies for the derived fluid 

1 



54.50 

N» 

LOAD CELL 

GAS IMPERMEABLE 
ENCLOSURE 

CABLE DRUM 

4" SHUTOPE 
VALVE 

DECON MANIEOLD 

ADAPTERS AS REQUIRED 

Diagram of the Ball Rheometer System Showing the Ball, Cable, Take-up Spool, Pulley, and Load Cell. 
The instrument fastens to a riser pipe through which entry into the waste tank is obtained. 



rheological parameters and the fluid density. Conclusions and a summary are given in Section 6.0. 
An Appendix contains detailed information about the experiments performed at bodi laboratories, as 
opposed to the cursory review presented in the main body of this report. 

2.0 Results from Laboratory Investigations 

Experiments were performed at bom PNL and LANL in support of the ball rheometer project. 
Experiments at PNL used an experimental setup which closely resembles the actual hardware being 
constructed by WHC. The primary purpose of these tests was to examine unresolved issues 
concerning the expected performance of the in-tank ball rheometer. Experiments at LANL were 
concerned with determination of the fluid properties of a chemical simulant of the 101-SY waste 
which is expected to behave similarly to die actual waste fluid. These experiments were aimed at 
determining the applicability of fluid models to describe the behavior of the simulant and at examining 
the fluid behavior of the simulant. The experiments will be described separately below. 

2.1 Experiments Performed at PNL 

The force measured by the load cell will not simply be the drag force on the ball. Other forces also 
contribute to the measurement. In the reduction of the force data to obtain the rheology of the fluid, 
the drag force on the ball is of primary importance. In the measurement of density, the buoyancy 
force on the ball must be determined. It is necessary to determine all of the forces at work in these 
measurements and men determine which part of me total force is due to drag on me ball. As a result, 
the actual measured force will have to be corrected to account for quantities such as the weight of the 
ball, the weight of the deployed cable, me weight of me pulley, the friction in the pulley, and the 
buoyancy forces on both me cable and ball. Finally, me drag force on the cable has to be deter
mined. Some of these forces can be obtained by laboratory measurements prior to deployment of the 
ball. For instance, the weights of all components and pulley friction should be well known ahead of 
time. Buoyancy can be reliably calculated from static measurements made in the tank. It turns out 
that only one force, the drag force on the cable, will present difficulties for measurement or 
calculation. This conclusion was reached independently at both laboratories. 

A theoretical analysis was performed to identify the various forces measured with the load cell. 
Then, experiments were performed with simulants to estimate the contribution to me total force due to 
buoyancy and drag on me cable. In addition, constant velocity drag force experiments were 
performed using several ball sizes and simulants to determine how the drag forces on me ball varied 
with ball size and velocity for these fluids. These experiments simulate the manner in which data will 
be collected in actual work with the in-tank ball rheometer. Finally, we investigated the effects due 
to fluid boundaries (such as the air-fluid interface) and also transients mat arise when motion of the 
ball is started and stopped. Experiments were performed with three different fluids: a chemical 
simulant of the waste, carbopol (a semi-clear polymer fluid containing no particles), and Bentonite 
clay (a mixture of clay and water having a high yield stress and viscosity) in order to span a 
reasonable range of Reynolds and Bingham numbers. We have attempted to parameterize the 
expected transient responses in terms of the fluid properties. Samples of the fluids were also 
characterized independently using a Bohlin rheometer, which consists of a pair of concentric cylinders 
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with the sample contained in the gap between the cylinders. The results obtained with this instrument 
were then compared with results obtained by reducing the drag force data using theoretical relation
ships. 

The equations giving the drag force on the ball in the case of a falling and rising ball are given 
respectively by (see Appendix), 

Db = Bb - Ciz-zJ-^Aiz1)- B(z)]dz' - ^-—^ falling ball (1) 

and, 

Db = -Bb + C(z-z 0)-jl,4(zV'B(z /)>fe / - ^ r - ^ rising ball (2) 

where 

D b = drag force on ball 
B,, = buoyancy force on ball 
z 0 = reference position of ball 
z = ball position 

A = drag coefficient for cable 
B = cable buoyancy coefficient 
C = weight per unit length of cable 
ij = pulley friction coefficient 

AR = R(z) - R 0 

R„ = load cell reading at reference location z„. 

The above equations assume a reference measurement (RJ of the cable tension. This measurement 
should be made just above the surface of the waste (at z„) and includes the weight of the ball, pulley, 
and the deployed cable. In the experiments, AR will be a measured quantity. Some of the other 
quantities given in Eq. 1 and 2 will be well known but will not be directly measurable during 
experiments. The weight of the cable per unit length can be determined with prior measurements. 
Pulley friction as a function of load and speed can also be measured beforehand. Both the buoyancy 
on the cable and the drag on the cable may not be linear functions of the deployed cable length, since 
they depend on the fluid properties. If the density is known as a function of depth, then the cable 
buoyancy can be calculated as an integral over the cable length. For density measurements the drag 
forces and the pulley friction become zero and the density is calculated from 

A * Bb = -fBkW * C( Z - Z f l ) - *g 0) 
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and the relation 

where p is the fluid density, d is the ball diameter, and g is gravitational acceleration. If the fluid 
density is measured at regularly spaced intervals, then the integral over the depth can be performed to 
obtain the total buoyancy of the cable. Thus, static measurements allow a direct determination of the 
buoyancy forces and therefore the fluid density. Errors in the estimation of fluid density may result if 
the fluid has a significant yield stress and the ball is partially supported by this force, which is 
unaccounted for in Eq. 3. Laboratory experiments with a well mixed simulant have shown that the 
effect is negligible. The same may not necessarily be true in the actual tank waste, and this subject 
will be revisited when actual data are obtained. In examining Eq. 1 and 2 and in consideration of the 
above comments, it is seen that all terms in these equations can be accounted for except the cable 
drag coefficient (A). 

The drag on the cable depends on the rheological properties of the fluid, which may be a function of 
depth within the fluid. This drag will also depend upon the length of cable immersed in the fluid. If 
the ball is deep enough into the waste, the drag on the cable may be a substantial fraction of the drag 
on the ball. At immersion depths greater than about 3 meters, die surface area of the. cable in contact 
with the waste exceeds the surface area of the ball. We need to know the drag on the ball alone in 
order to determine the fluid rheology. This means that we need to correct measurements for the drag 
on the cable, but we can make this correction only if we know the fluid rheology. We presently have 
no theory with which to calculate the cable drag even if we can estimate the fluid rheology. 
Laboratory investigations are continuing in order to obtain some knowledge of how to account for 
cable drag. In the general case it does not appear possible to experimentally determine both drag 
forces independently in in-situ tests. However, this possibility will be explored. An iterative 
approach may provide a possible solution of this problem. Knowledge of the cable drag force as a 
function of position in the waste will allow the calculation of the integral for the total cable drag at 
any depth into the waste. We will discuss tiiis problem in more detail in the Section 4.0, which deals 
with data reduction. 

Experiments were performed to verify that the buoyancy of the ball is given by Archimedes Principle 
even when the ball is in motion through non-Newtonian fluids. These experiments verified that 
Archimedes Principle is applicable for these fluids and the measurement of fluid density will be 
possible in experiments conducted in the tank. Again however, if the fluid has a significant yield 
stress the accuracy of density determinations may suffer. 

Experiments were conducted where only the drag forces acting on cables were measured. As with all 
of our experiments, the range of Reynolds number and Bingham number was limited. For experi
ments involving just the cables, the Reynolds number was always less than 0.1 while the Bingham 
numbers ranged from about 1 to 10. The results indicate that while the drag force per unit length of 
cable is small, the total force acting over a long cable may in some cases be comparable to the drag 
force on the ball. The drag force is dependent on the types of fluids tested, but appears weakly 
dependent on cable velocity. This result suggests that the drag is dominated by forces needed to yield 
the fluid, rather than by viscous drag. However, no clear trends are apparent from the data. The 
drag force does not seem to correlate with the fluid yield stress, Bingham number, or Reynolds 
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number. These experiments will be repeated in further attempts to understand the correlation between 
cable drag and fluid rheology. 

There was concern that, for rising ball tests, the passage of cable through a region of fluid prior to 
the passage of the ball through the same fluid may affect the drag force on the ball due to the prior 
disturbance of the fluid. Experiments with the chemical simulant (well mixed), the bentonite clay, 
and the carbopol have shown that the effect is negligibly small. These experiments were mostly 
performed at Reynolds numbers less than 1.0. 

In any experiment there will be a transition region where the ball accelerates to a constant velocity 
and steady state fluid flow is established about the ball. Available theory with which we will reduce 
the drag force data is based on steady state fluid flow. Experiments were conducted to examine the 
pull distance required before steady state drag is observed. The distance depends somewhat on the 
fluid rheology, but is typically of the order of one ball diameter, at least in our tests where the 
Reynolds number typically less than unity. The range of Reynolds numbers expected in actual testing 
in the tank may be substantially higher than 1, perhaps as high as Re = 50. In use of the ball 
rheometer in the waste tank, a pull distance of greater than one ball diameter will probably be 
required, and we plan initially to use at least three diameters. The required pull distance can be 
determined in actual in-situ testing, and adjustments will be made as necessary. 

The effects of interfaces were also investigated in our experiments. For the fluids tested, a boundary 
(such as the fluid-air interface) begins to affect the measured drag forces when the ball approaches to 
within about one ball diameter of the interface. For experiments within the tank then, experiments 
should begin well away from known boundaries, such as the surface and the tank bottom. Interfaces 
within the fluid where the character of the fluid changes dramatically will be observed over a distance 
of several ball diameters over which it will be difficult to obtain reliable steady state data. 

2.2 Experiments Performed at LANL 

Primarily free-falling ball experiments were conducted in these tests. In addition, a significant effort 
was put forth to produce a large quantity of a chemical simulant. The primary focus of the experi
ments was to determine the applicability of continuum fluid mechanics in the analysis and reduction of 
ball rheometer data and to determine an appropriate fluid model with which to describe the fluid. 
Data were obtained with two simulants; an "aged" simulant which has been resident at LANL for 
years and a new simulant just recently prepared and chemically very similar to the older simulant. 
Tests show that the two simulants are not the same, but do not differ greatly. A generalized Bingham 
fluid model appears to be applicable for both of these fluids. The effect of cable drag was also 
investigated analytically. Calculations based on the assumption of a Newtonian fluid indicate that 
cable drag can be a substantial fraction of the drag on the ball, in agreement with the experimental 
findings at PNL. Both laboratories have independently identified cable drag as a major factor in the 
reduction of the actual in-situ data. In addition, experiments were conducted with a settled simulant 
in order to observe how the particulates in the fluid settle and how the fluid rheology changes as a 
result of the settling. Results from this testing have contributed to the testing strategy which will be 
discussed below. For instance, based on these laboratory tests we will conduct experiments to probe 
the dependence of fluid properties on the shearing history of the fluid. It was observed in these 
experiments that the behavior of the fluid depends on this past history. Also, these tests showed that 
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the undisturbed fluid can only be tested in falling-ball experiments, rather than with retrieving-ball 
experiments. Details of the laboratory investigations performed at LANL are given in the Appendix. 

Experimental work at LANL required a considerable amount of simulant. Some existing waste 
simulant was available, but not nearly enough. Thirty gallons of new simulant was prepared 
following a procedure developed at LANL. The chemical composition of the new simulant is similar 
to other formulations used at PNL and is based on the chemical composition of the real waste as 
determined from sampling. Of course, radioactive components are omitted. While chemically very 
similar to existing PNL and LANL waste simulants, there was no assurance that all simulants would 
have exactly similar rheological properties. In order to assure that results obtained at PNL can be 
compared to those obtained at LANL, about 10 gallons of the new simulant was shipped to PNL for 
laboratory experiments. Future testing at PNL will be performed with this simulant. 

Testing with the simulants was performed using free-falling ball rheometry. In addition, a Couette 
viscometer was used for an independent characterization of the simulant. Couette viscometry is based 
upon dissapative resistance in a fluid between two concentric cylinders with at least one of them 
rotating. Falling-ball tests utilized a variety of balls of different sizes and densities. The balls fell 
through a 5-cm diameter and 50-cm length column of waste simulant and the flight path of the balls 
through the column was recorded using x-ray radiography and a video recording system. The ball 
velocities were determined from the video images. Experiments were performed with well-mixed and 
settled simulants. 

Experiments with a well-mixed homogeneous simulant showed very good reproducibility in the 
terminal velocities of similar balls dropped through the simulant in repeated tests. The conclusion 
drawn from these experiments was that the well-mixed fluid behaved as a continuum and was 
therefore amenable to theoretical treatment as a single phase fluid. In addition, the rheology for the 
well mixed simulants could be determined from these data. Both simulants ("old" and "new") 
appeared to behave as generalized Bingham fluids. However the new simulant had a much higher 
yield stress. 

Results from Couette viscometer tests with the same well-mixed simulants showed qualitatively 
similar results, but the viscosities were consistently lower by about a factor of two than viscosities 
determined by the falling-ball method. In addition, there were differences in the power law indices, 
with the indices being less using the Couette viscometer. The most likely cause for the discrepancy is 
that the simulant is not exactly described with the simple power law model. Small samples taken 
from a large volume of simulant were used for these tests, and non uniform sampling may also be a 
cause for the discrepancies. 

Data obtained from falling-ball tests with a settled simulant suggest that the simulant is a history 
dependent non Newtonian fluid. The fluid apparently thins after being subjected to shear. In 
repeated falling ball tests through a simulant in which particles had been allowed to settle under 
gravity, the first ball through a region always dropped slower than subsequent balls dropped through 
the same region. A fluid model could not be determined for the settled simulant due to the variability 
of ball velocities in repeat tests. The experiments show that steps should be taken in actual experi
ments with the tank to determine the history dependence of the fluid rheological properties. As 
described below, these measurements will be obtained. 
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The additional complication introduced by the presence of a cable attached to the ball was addressed 
analytically. Both theoretical calculations and numerical calculations which include appropriate end 
effects indicate that drag on the cable when the ball as near the tank bottom may be a substantial 
fraction of the total measured drag. The calculations were based on a Newtonian model for the fluid, 
and improvements could be made by using non-Newtonian fluid models. However, these studies 
along with the experimental measurements obtained at PNL establish that cable drag will have to be 
accurately accounted for in the reduction of the actual in-tank data. 

3.0 Data Acquisition Strategy 

We desire to obtain a complete profile of the fluid properties from the top of the waste to the bottom. 
Measurements will be taken proceeding downwards, primarily with a falling ball operated at constant 
velocity. Once a complete test has been performed, we may desire to perform measurements from 
bottom to top in order to obtain repeat supplemental data. It should be noted that initially we will 
have incomplete knowledge the actual waste rheological character and the manner in which the 
rheology changes as a function of depth in the waste. The goal of the testing is to obtain this 
information and to establish as completely as possible the nature of the waste held within the tank, at 
least along one vertical dimension. Our testing strategy will reflect this goal. We begin tfiis testing 
description by assuming that the ball rheometer system is in place on the selected tank riser and ready 
for deployment. 

3.1 Measurements in the Riser Pipe and Dome Space 

With the ball fully retracted in die "home position," the ball position should be verified to be at 
distance zero, our reference position. After opening the gate valve which seals the instrument from 
the tank riser pipe, lower the ball at 1 cm/s for 1 cm and obtain a force measurement after die ball is 
stopped. The static density mode should be used for mis measurement. This measurement deter
mines die weight of die ball and die reading can be checked wim die expected result. A reading 
which deviates from die expected value indicates mat eittier an incorrect load cell has been installed 
(if mere is a gross difference between measured value and expected value) or perhaps the calibration 
has shifted. The measurement is obtained near die home position so diat immediate changes can be 
made if the measurement indicates a problem. It is fully expected diat die measurement will be 
wimin tolerances, and me primary purpose of mis measurement will be to detect long-term drifts in 
the apparent weight of the ball which could be due to instrument drift or waste buildup on the ball. 
Laboratory tests widi a chemical simulant performed at PNL have shown mat buildup of crystals and 
other material on die ball and cable occurs very slowly, and for durations of less uian about a mondi 
buildup should not be a problem. However, our data analysis procedures will identify and quantify 
diese effects. 

The ball should men be lowered very slowly dirough die riser pipe (1 cm/s) while die load cell is 
monitored to observe reductions in the apparent weight of die ball. Such an observation would be an 
indicator mat die ball is being impeded by die riser pipe or material widiin the riser pipe. No data 
are collected in diis procedure. However, if die ball becomes stuck or begins to show signs mat it is 
becoming stuck, die ball should be stopped and steps taken to understand me difficulty. Visual 
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verification that the ball has passed through the riser pipe and into the dome space should be obtained 
utilizing the DACS camera. By the same means, it should also be verified that the cable is not in 
contact with the riser pipe after the ball has passed through the pipe. 

After the ball has passed through the riser, it should be lowered by another 50 cm and brought to 
rest. A static measurement should then be obtained. Then four constant velocity measurements 
should be obtained: (1) lower the ball at 1 cm/s for 100 cm, (2) raise the ball at 1 cm/s for 100 cm, 
(3) lower the ball at 10 cm/s for 100 cm, (4) raise the ball at 10 cm/s for 100 cm. These tests are 
designed to check for pulley friction and the results should be compared to expected results based on 
previous laboratory testing. Long-term deviations may indicate a changing pulley friction. A static 
measurement should follow the final test. 

The ball should then be lowered at 1 cm/s to very near the surface of the waste and another static 
measurement should be obtained. No data need be collected or recorded while the ball is falling. 
Approach to the surface can be verified by the DACS camera or by prior knowledge of the location 
of the surface and consideration of the amount of cable which has been released from the cable spool, 
and the measurement should be performed within several inches of the actual fluid surface. Exact 
position is not critical, but the ball should not be in contact with the waste. This measurement forms 
the reference measurement against which all other measurements will be compared. In Eqs. (1) and 
(2), this measurement provides R„. At this point we are ready for measurements in the waste fluid. 

3.2 Measurements in the Waste 

The first task is to remove a large enough volume of crust from the area immediately beneath the ball 
so that we can perform tests in the waste. There are several alternative methods for removing the 
crust. The first attempt will be to see if the ball itself can either push through or past the crust. If 
this fails, then water lancing will probably be the next option. In any event, the crust must be 
removed so that it does not interfere with the measurements. 

Lower the ball at constant velocity (1 cm/s) for 20 cm while recording data. We should observe that 
the apparent weight of the ball changes by about 12 N as the ball travels from the dome space 
completely into the fluid. The spatial midpoint of this gradual change in cable tension marks the level 
of the fluid, and that level should be recorded on a data sheet. If the change is much larger than 12 
N, then possibly the ball is either partially or totally supported by a crust layer. The DACS camera 
should be used to verify the condition. Steps should be taken to position the ball past the crust layer. 
Possible tactics include repeated high velocity (1 m/s) impacts of the ball with the crust or perhaps 
water lancing of the crust. It is essential that the ball travel into the liquid region beyond the crust. 
Lower the ball at 1 cm/s until the ball is 30 cm below the bottom of the crust layer. As the ball is 
falling, observe and record the drag force data. If there is a substantial drag, it may be due to 
friction between the cable and a portion of the crust. As much as possible utilize the DACS camera 
to help in making a determination. If the crust is impeding the cable, take steps to eliminate the 
problem. There is little point in continuing unless the cable is free from any influence due to the 
crust. 

Perform a static density measurement. Now a series of repeated measurements will be obtained from 
this location throughout the entire depth of the tank. We will perform measurements at four 
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velocities: 0.1, 1.0, 3.0, and 10.0 cm/s. These velocities are chosen to span as wide a velocity 
range as is reasonable practical, thereby providing data over a similarly broad range of strain rate. A 
minimum of three velocities are required in order to reduce the data in terms of a three-parameter 
model. A complete set of experiments will require 120 cm of distance in the fluid (30 cm for each 
velocity). An implicit assumption in the reduction of the data will be that the fluid can be character
ized by the same model parameters over the entire 120-cm distance spanned by a set of measure
ments. This assumption may not necessarily hold true for the entire depth of the waste. One means 
of observing changes which occur over a smaller distance scale is to group contiguous sets of data 
obtained at four (or three) velocities and perform essentially a running average over 120 cm (or 90 
cm) every 30 cm. 

Starting with the ball at about 30 cm beneath the bottom of the crust, lower the ball at 0.1 cm/s for 1 
cm and at the highest data rate (100 samples/s). This step is taken to obtain the initial transient force 
spike which occurs during the initiation of ball movement and provides an independent estimate of the 
fluid yield stress. This step will be repeated at the beginning of each drop into undisturbed fluid. 
Now lower the ball at 0.1 cm/s for 30 cm and at standard data collection rates (15 samples/s). 
Retrieve the ball at the same speed. Repeat these measurements. From the graphic display, 
determine if there is any measurable change in the drag force between the two experiments. If a 
change is observed, repeat the experiment a third time and a fourth time if necessary. When these 
measurements are done, the ball should be back at its original location, about 30 cm beneath the crust 
surface. Increase the velocity to 1.0 cm/s and repeat the experiment twice. Repeat the procedure 
(i.e., two complete runs) at 3.0 and 10.0 cm/s velocities. The point of these measurements is to 
observe if the fluid changes character as a result of the shearing caused by the ball. Changes can be 
attributed possibly to mixing or to history dependent behavior (such as thixotropy). Also, by 
obtaining data at four velocities, some average character for the fluid in the 30-cm section should be 
obtainable. Lower at 1 cm/s for 30 cm and obtain a static density measurement. We are now at the 
lower point of the first set of experiments (the fluid immediately beneath the ball has yet to be 
probed) and are ready to repeat measurements with a different initial velocity. We first perform the 
drop test at 0.1 cm/s for 1 cm. We then repeat all measurements but start at 1 cm/s velocity (we 
perform up to four experiments at this velocity) and then proceed to 5.0, 10.0, and 0.1 cm/s. We 
then lower the ball 30 cm and perform another static density measurement. We are now ready to 
perform experiments at the third velocity, 3.0 cm/s. After the initial drop test at 0.1 cm/s for 1 cm, 
the exact same procedure is followed, with an initial velocity of 3.0 cm/s followed by 10.0-, 0.1-, 
and 1.0-cm/s velocity experiments. After lowering the ball and obtaining another static density 
measurement, the same procedure is followed with the velocity sequence of 10.0, 0.1, 1.0, and 3.0 
cm/s. We then lower the ball 30 cm and obtain another density measurement. At this point a 
complete sequence has been obtained and we are ready to repeat the entire process again for the next 
120 cm of waste. In such a fashion we should work our way downward through the entire tank. 

It may happen that the drag force on the ball will increase as we proceed deeper into the waste such 
that it is no longer possible to obtain high velocities such as 10 cm/s with only gravity acting in the 
downward direction on the ball. If this event occurs, it becomes necessary to reduce our velocity 
range. From the data we should be able to determine a reasonable estimate of the free-fall terminal 
velocity and then set a new upper limit which is somewhat less than this velocity. In such a case, the 
similarity between the upwards travelling experiments and the downwards travelling experiments will 
be broken. Only the velocities of the falling experiments need be adjusted and we will maintain die 
same velocity range for the retrieval measurements. If the free-fall terminal velocity falls below 1 
cm/s, then it will be difficult to obtain sufficient data over a wide enough range of strain rate to 
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adequately produce a rheological curve for the fluid, at least for the falling ball case. When this 
condition is reached, it is probably best to terminate the falling-ball experiments as described above. 
Choosing the constant force mode of operation and setting the force as low as possible, we will 
simply record the free-fall velocity for the falling ball case. Retrieval experiments will be conducted 
as before, however, so we will still be able to obtain a rheological curve from these data. Density 
measurements will be obtained at 30 cm intervals just as above. 

It is planned that all experiments will be conducted over the same distances, namely 30 cm, and an 
implicit assumption is that this distance will be sufficient for obtaining a steady state condition. 
Laboratory experiments suggest that this distance will be sufficient, but these tests were not complete 
and the tank waste may not behave like the chemical simulants used in laboratory testing. For 
instance, no tests were performed at a ball velocity of 10 cm/s, nor were any balls greater than 5 cm 
in diameter used. If in the field we observe in any test that 30 cm is not a sufficient pull distance to 
achieve steady state then we will increase the distance to perhaps 60- or 90-cm. It may be that 
conditions are such that we never achieve steady state, in which case we will have to deal with 
reducing transient data, which will probably be a formidable task. 

If the condition occurs where the ball simply will no longer fall through die waste at any velocity, 
dien we will terminate the downwards travelling phase of the experiments and proceed with die 
retrieval phase of the measurements. Upon completion of the retrieval experiments, a decision will 
be made as to die viability of water lancing in order to obtain data from deeper in die tank. 

A complete set of data obtained over 120 cm will require from about 30 minutes to 60 minutes to 
obtain, depending on die exact velocity sequence which is followed. If we assume an average time of 
45 minutes per set, it will require about 6 hours to perform a complete profile of die tank from top to 
bottom. Retrieval experiments will require about the same time. For planning purposes, 16 hours of 
operation time should be allowed for a complete set of experiments and personnel should be so 
advised. 

From me experiments above, we should have a very good notion of die ball weight which the fluid 
will support. If the apparent weight of the tungsten alloy ball never falls below about 80 N (mea
sured), tiien a steel ball of the same diameter will also fall tiirough the waste. Subsequent experi
ments conducted at later dates should then be performed using a steel ball rather than the tungsten 
alloy ball. Use of die steel ball allows for use of a more sensitive load cell, such as me 15- or 25-lb 
full-scale load cell. The advantage gained from mis configuration will be most evident in the 
determination of die fluid density, which can men be reliably determined to widiin 1%. Determina
tion of model parameters may or may not be improved, but measurement capabilities towards lower 
viscosities and yield stresses should result. If me steel ball will sink under gravity diough most of me 
tank, we can conclude that me fluid viscosity and yield stress are lower man the upper limits 
determined to date. An experimental procedure similar to die one described above should be 
followed. 

The above experiments are conducted widi me ball generally progressing in die downwards direction, 
aldiough experiments with the ball in retrieval are performed along with me falling ball tests. A 
similar set of experiments will be performed with die ball generally heading in the upwards direction. 
These experiments can commence at any time after the falling-ball experiments are concluded. 
Experiments widi the ball in retrieval will provide essentially me same information as me falling-ball 
experiments. The time-dependent behavior of the fluid can be probed by a comparison of results 
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obtained for both sets of experiments. For example, if the fluid recovers its original characteristics 
within several hours after the initial passage of the ball through the waste, we should be able to 
observe this behavior in the retrieval experiments. In addition, a comparison of results may allow 
some insight into determination of cable drag in the waste. In retrieval the cable leads the ball and is 
pulled through relatively undisturbed fluid; while in the falling-ball experiments, the cable is always 
travelling in fluid which has been sheared by the ball. Except for this difference, the experiments 
will provide basically the same information and, at a minimum, provide a repeat of the falling ball 
experiments. 

The experiments begin by first retrieving the ball 30 cm from its original position, which will be 
either at the tank bottom or the position of deepest travel in the falling ball runs. Obtain density 
information using the dynamic density mode. Raise the ball at 0.1 cm/s for 30 cm. Lower the ball at 
the same speed. Repeat these measurements. From the graphic display determine if there is any 
measurable change in the drag force between the two experiments. If a change is observed, repeat 
the experiment a third time and a fourth time if necessary. When these measurements are done, the 
ball should be back at its original location, about 30 cm above its deepest position. Increase the 
velocity to 1.0 cm/s and repeat the experiment twice. Repeat the procedure (i.e., two complete runs) 
at 3.0 and 10.0 cm/s velocities. The point of these measurements is to observe if the fluid changes 
character as a result of the shearing caused by the ball. Changes can be attributed possibly to mixing 
or to shear-dependent behavior (such as diixotropy). Also, by obtaining data at four velocities, some 
average character for the fluid in die 30-cm section should be obtainable. Raise die ball at 1 cm/s for 
30 cm and obtain a density measurement. We are now at die upper point of me first set of experi
ments (the fluid immediately above the ball has yet to be probed) and are ready to repeat measure
ments with a different initial velocity. We repeat all measurements but start at 1 cm/s velocity (we 
perform up to four experiments at this velocity) and then proceed to 5.0, 10.0, and 0.1 cm/s. We 
men raise me ball 30 cm at 1 cm/s and perform anodier density measurement. We are now ready to 
perform experiments at die diird velocity, 3.0 cm/s. The exact same procedure is followed, wim an 
initial velocity of 3.0 cm/s followed by 10.0-, 0.1-, and 1.0-cm/s velocity experiments. After raising 
me ball and obtaining anodier density measurement, the same procedure is followed widi the velocity 
sequence of 10.0, 0.1, 1.0, and 3.0 cm/s. We men raise die ball 30 cm at 1 cm/s and obtain anodier 
density measurement. At this point a complete sequence has been obtained and we are ready to 
repeat die entire process again for die next 120 cm of waste. In such a fashion we should work our 
way upwards mrough the entire tank. 

After completion of the retrieval experiments anodier short set of experiments should be performed. 
These experiments are done in order to obtain some information about cable drag. Starting at 1 cm/s 
velocity, lower and raise die ball mrough die entire depdi of me tank four separate times. Repeat the 
procedure at 3- and 10-cm/s ball velocities. If mere are regions over which die drag force varies 
linearly with pull or fall distance we can perhaps obtain an estimate of the contribution due to drag on 
die cable. 

It should be clear diat me rising ball experiments are exactly die same as die falling-ball experiments, 
except performed in die opposite direction. The same contingencies will apply in case die ball will 
not drop at die desired speeds. Experiments will terminate when we have reached a position widiin 
30 cm of the bottom of die crust. The time required to perform a complete set of experiments will be 
very similar to die time taken to perform die falling-ball tests, estimated to be about 6 hours. If 
experiments are concluded and diere is no desire to obtain more data, die ball should be retrieved 
back into die ball rheometer container. In retrieval dirough die dome space, the position of die fluid 

12 



surface should be determined and the apparent weight of the ball should be measured at die reference 
position just above the fluid surface. If differences are noted these may indicate material buildup on 
the ball or cable or instrumental drift. In addition to rechecking these values, pulley friction should 
again be measured. The procedures for accomplishing these measurements are identical to those 
described earlier except that the waste surface location is determined with the ball going from fluid 
into the dome space. There is no need to repeat the initial measurement of the ball weight with the 
cable almost fully retracted. Rather, the ball should simply be returned to the home position. 
Extreme care should be taken as the ball approaches the riser pipe from below and full use of the 
DACS camera should be taken. 

In the event that more data are desired later on, the ball should be stored in the rheometer enclosure 
unless retrieval data are needed, in which case die ball should be left as near to die bottom of die tank 
as possible. 

4.0 Reduction of Data 

Experimental work wim chemical simulants along witii theological data obtained previously widi core 
samples from tank 101-SY have allowed the conclusion that die waste fluid can be modeled approxi
mately as a history dependent generalized Bingham plastic fluid. In reality, many fluids are very 
complex in tiieir fluid properties and cannot be exactly described by any of die standard fluid models. 
Fluid models have as dieir primary advantage a madiematical simplicity and, by virtue of parameters 
contained widiin diese models, allow a description of die fluid in terms of these parameters. For 
instance, in we generalized Bingham fluid model, die parameters are termed the consistency index, 
die power law index, and me yield stress. These parameters only have meaning widiin the context of 
die model, and their relationship to fundamental physical parameters is not well established. It is not 
particularly important for die fluid model to describe die fluid except in a general sense. In our 
reduction of die data obtained widi die ball rheometer, we will initially attempt to describe die fluid in 
terms of a generalized Bingham fluid, at least for regions where some mixing of die waste has 
occurred. Such a choice allows die great convenience of a fluid description witii a very small number 
of parameters (tiiree), and a more general reduction is probably not possible or advisable. A model 
which included all of die correct physics would better characterize the waste but inclusion of tiiis type 
of model into omer codes would be very difficult. For very general fluids, notions such as viscosity 
and yield stress begin to lose tiieir meaning, and we dien have to invent other terms widi which to 
describe die fluid. A clearer picture of die fluid behavior would not likely result from such an 
endeavor, and informing data users (who want to hear terms such as viscosity) of die fluid properties 
could become quite confusing. However, it should be remembered tiiat our description of die fluid 
will always be somewhat approximate. 

The data reduction strategy outiined here represents our best present ideas of how to go about analysis 
of die drag force data. In fact die metiiods and models used to reduce the actual data may not be 
completely determined until these data are collected. Perhaps a generalized Bingham model will 
simply not be appropriate to adequately describe all of die waste. We are presendy unsure of die best 
manner in which to account for drag on die cable, and laboratory investigations are continuing on this 
problem. Mediods for reducing me data will evolve once data are collected in the field. 
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For a generalized Bingham fluid, the shear stress (T) is related to the shear rate (7) by the following 
equation (Chhabra 1993): 

T = xa + m y" for T>T 0 

Y = 0 for T£T o 

Thus, there are three parameters in the model: the yield stress (TJ, the consistency index (m), and 
the power law index (n). If n= 1 then m is the viscosity and the fluid is a Bingham fluid. If r 0 = 0 
and n= 1, then the fluid is Newtonian; while if T„ = 0 and n< 1, the fluid is a power law fluid. It is 
seen that the generalized Bingham fluid model contains as subsets three other fluid models. The 
relationship between the drag coefficient(Ca) and the drag force experienced by a ball of diameter (d) 
traversing the fluid at velocity (V) is given by, in the case of Newtonian fluids, 

K- \<>CdV\±d>) (6) 

where, in the limit of small Reynolds number, the drag coefficient is given by 

Cs - ^ (7) '</ Re 

For non-Newtonian fluids, the typical approach has been to utilize Eq. 6 using a modified drag 
coefficient which depends on dimensionless model parameters such as the Reynolds number or the 
Bingham number. We will adopt the results of Attapattu (Chhabra 1993), who gives the Reynolds 
number as 

Re= *V « (8) 
m 

and the Bingham number as 

.*' p . (9) 
a 

Attapattu relates the drag coefficient to a dynamic parameter by 

24 
<? 

where 

C = ^ (10) 
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„ Re 
O = — — — 

1 + KBi 

Attapattu states that the correlation is valid over 8 orders of magnitude in the dynamic parameter. 
The parameter K is chosen so that, for any particular set of measurements, Eq. 10 is valid (i.e., the 
coefficient remains 24). This parameter probably depends on fluid rheology and is not a constant; 
however, Attaputtu gives a value of very nearly one. If we assume that the power law coefficient is 
very nearly unity and further assume that the lowest viscosity of interest will be about 10 poise and 
that the lowest yield stress will be about 100 dynes/cm2, we can estimate the range of the Reynolds 
number and the dynamic parameter for our in-tank experiments. Reynolds numbers range from about 
0.1 (lowest velocity) to 10 (highest velocity) while the dynamic parameter ranges from 0.004 to about 
2, if we estimate that K= 1 in Eq. 11. The dynamic parameter is within the applicable correlation 
range given by Attapattu. Substituting for all quantities, we find that the drag force on the ball is 
given by 

Fd = 3%md2-nVn (12) 

There are three unknowns in Eq. 12; thus, if we obtain drag force data at three or more different 
velocities, we can solve for all three parameters. Eq. 12 will be the basic theoretical equation by 
which we relate measured drag force on the ball to the fluid properties. For n = 1 and Bi = 0 (i.e., 
T0 = 0), the above expression reduces to the well-known result for Newtonian fluids in the limit of 
small Reynolds numbers. 

Eq. 12 can be rewritten as 

Fd = 3nd2 m(-X + Kx (13) 

or 

- ( ! ) ' 
F , « * m + * , . (w) 

where M is a constant and B is nearly constant if K does not vary significantly over the range of 
shear rates spanned by the data. One method for determining the parameters M and B is to plot the 
drag force data against (V/d)n and then perform a least squares best fit of the drag force to a straight 
line where n is varied. The best fit gives n, and the resulting slope and intercept give M and B, from 
which m and T„ are determined. 

Note that the method outlined for data acquisition allows some choices for the reduction of the data. 
We are obtaining data at four velocities rather than three; so if data from all four velocities are 
considered in the determination of die three model parameters, we will have four equations with three 
unknowns and the parameters are then overdetermined. A statistical analysis can then be performed 
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to determine the parameter values which best fit each set of data obtained at four velocities. Alterna
tively, we can take any set of three measurements and determine the model parameters. It may make 
sense to fit the data to the model for the lowest three velocities (0.1, 1.0, and 3.0 cm/s) and then the 
highest three velocities (1.0, 3.0, and 10.0 cm/s) and compare results for the parameters. There 
should be reasonable agreement if the model is fairly representative of the fluid. The best average 
representation should be obtained by full consideration of all four data sets, however. 

We can obtain a characterization of the fluid for each 30-cm increment, since multiple measurements 
at different velocities will be obtained for each increment. These characterizations will describe the 
fluid after it has been well sheared by the ball. Only the data obtained as the ball first traverses any 
30-cm increment is representative of the undisturbed fluid. Clearly, we will have data at only one 
velocity for this case. 

For the undisturbed fluid, drag force data obtained at four velocities over a distance of 120 cm will be 
reduced to obtain the average fluid properties over that distance. Since the ball velocities will be 
chosen sequentially, we can reduce any contiguous set of four separate measurements (or, for that 
matter, any set of three measurements). Thus, while the results represent data obtained over 120 cm, 
we can update the results every 30 cm. 

There appears to be no satisfactory method to determine drag force on the cable otiier than by 
calculation. Given that the fluid properties are known, the drag on the cable can be calculated. For 
each 30 cm distance in the fluid, the drag on the cable will always be much smaller than the drag on 
the ball. One means of calculating the cable drag is to first reduce the data, assuming there is no 
drag, and arrive at the fluid description. Then we correct the apparent drag on the ball to account for 
the drag on the cable and recalculate the fluid properties (actually, the model parameters). In order to 
use this method we need to understand the relationship between fluid rheology and the drag on the 
cable. We do not presently have this knowledge, but laboratory studies are continuing towards a 
solution to this problem. Assuming that we can account for cable drag, continued iteration will 
produce a consistent set of model parameters; and since the contribution of cable drag is incrementally 
small, convergence should occur very quickly. When the ball is subsequently lowered, we need to 
include the integrated cable drag calculated in all previous steps as a part of the correction. In this 
manner we can determine the cable drag just as we determine the model parameters, 30 cm at a time. 
We cannot, for each 30-cm increment, determine the cumulative drag on the cable from the single 
measurement. This method will only work if the data are reduced in a particular order, from the top 
of die fluid to the bottom. 

Reduction of static measurement data to obtain fluid density is straightforward. Again, however, the 
data must be reduced in order, from the top of the fluid to me bottom, in order to perform die 
integral for the contribution to the buoyancy force due to the cable. The contribution due to the cable 
will be a small correction. Density measurements in regions of the fluid wim a high-yield stress may 
be difficult, owing to residual stresses in the fluid which will contribute to the apparent weight of the 
ball. For this reason we will obtain density measurements in regions of the fluid which have already 
been well sheared by the ball. 
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5.0 Expected Accuracies 

The accuracies we can expect to obtain in the determination of model parameters has been discussed 
in a previous report (Shepard et al. 1994), where it was assumed that a Bingham model for the fluid 
would be appropriate. The only difference between the model used in that report and the one used 
here is the addition of a power law index. This extra degree of freedom and the expected error in 
measuring the drag force on the ball will allow substantial errors in the calculated quantities, possibly 
making it difficult to differentiate the power law index from one. Experiments with well-mixed 
simulants have shown that the power law index is fairly close to 1.0, which is the Bingham fluid 
value. Given the restricted range of strain rates which will be experimentally available, it will be 
difficult to determine a power law index different from 1 unless it is much different from 1. Precise 
determination of this index is made especially difficult due to the expected large uncertainty in the 
effective viscosity. Therefore the analysis presented in the earlier report gives a realistic picture of 
the accuracies we can expect if we adopt a generalized Bingham fluid model. The drag on the ball is 
expected to be due primarily to yielding of the fluid with a small contribution due to viscous drag. 
As a result, it is expected that the fluid yield stress will be determined to good precision but there will 
be considerable uncertainty in the viscosity (perhaps as much as 50 to 100%). 

The effect of cable drag as a source of uncertainty was not discussed in detail in die earlier report. It 
has since been recognized that this factor represents the most important and least accessible correction 
to the drag force data. The current plan is to attempt to calculate the correction. We will also 
perform in-situ experiments aimed at estimating cable drag. While the error in our calculation or 
measurement of cable drag may be incrementally small, the cumulative errors may be substantial, 
especially if we consistently overestimate or underestimate the cable drag contribution. For low 
Reynolds numbers (less than about 1) the total error in the cable drag force will affect the determina
tion of the yield stress, but will introduce no significant error into the viscosity. It will appear as a 
systematic velocity-independent error in the reduction of any group of four data sets. Since the 
determination of viscosity relies on the velocity dependent part of the drag force, it will not be 
affected by the constant offset due to miscalculation of the cable drag. The yield stress is determined 
from the velocity independent part of the drag force and, therefore, the yield stress will reflect the 
error in the cable drag term. The error is estimated to be less than about 25%, based on the total 
expected cable drag as compared to drag on the ball. For higher Reynolds numbers the picture 
becomes more complicated because the drag on the ball due to yield stress may not be constant. We 
can probably expect Reynolds numbers of around 10 in actual experiments. In this case increased 
uncertainty in the calculated viscosities will probably result. 

Errors in the determination of the density will depend primarily on the load cell used for the 
measurements. The load cells have a nominal rated accuracy of 0.1 % of full-scale reading. If we 
use a 100 lb (450 N) range load cell, then the resolution is about 0.45 N. The fluid density is 
expected to range between about 1.4 and 1.6 g/cm3 (a rather limited dynamic range), so that the 
expected buoyancy force will be around 5.9 N. The pulley arrangement results in a doubling of mis 
force, so we expect that we can measure density to within about 4% of true value with this load cell. 
As can be seen above, the expected total change in density will be about 13% of the mean value, and 
so resolution of 4% will produce relatively course results. Resolution on the order of 1 % would be 
highly desirable, especially in view of the fact that the density data may provide the most reliable and 
interpretable information concerning the action of the mixer pump. It would be advantageous to use a 
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more sensitive load cell (15- or 25-lb full-scale) which would allow for the desired accuracy. If the 
initial experiments demonstrate mat drag forces are sufficiently small to allow use of more sensitive 
load cells, measurements will be repeated using such load cells and perhaps a lower density (steel) 
ball. 

6.0 Conclusions 

We have presented a plan for the collection of in-situ data witii the ball rheometer and the subsequent 
reduction of these data. This plan is fairly detailed and, if followed, should allow the extraction of 
meaningful information about the waste fluid contained in Tank 101-SY. The plan implicidy assumes 
mat we simply wish to determine fluid rheology and density from the top of the waste to the bottom, 
and is presented to accomplish mis goal. Contingencies have been described to account for as many 
possibilities as could be imagined. It should be remembered that this plan is by no means complete 
or all inclusive. Only time and careful planning will determine the breadth of measurements we wish 
to make with this instrument. It is expected that it will be called upon to provide extended service as 
a diagnostic tool, since the availability of in-situ measurement instruments for the tanks is quite 
limited. It should be remembered that the ball rheometer can only directly measure fluid rheology 
and density, nothing more. The interpretation of what these quantities suggest, especially in judgment 
of mixer pump performance, will depend on other factors involving me use of the mixer pump. 

We will reduce the drag force data to obtain fluid rheological parameters by assuming that the fluid 
can be adequately described with the generalized Bingham fluid model. It is expected that this model 
should be applicable, based on experimental results with chemical simulants of the waste. If actual 
data obtained from the tank indicates that this model is quite inappropriate, then the fluid model 
question will be revisited. Data will be obtained at four ball velocities so that determination of the 
three model parameters can be performed. Both the undisturbed fluid and the "well-mixed" or 
"highly sheared" fluid will be characterized. 

We do not expect to obtain highly accurate rheological values, with expected errors of perhaps 50% 
for the viscosity and 25% for the yield stress. Viscosities below about 10 to 100 poise will be 
difficult to measure, as discussed in previous reports. Data users have consistently reported that such 
accuracies are sufficient. Unless residual stresses due to the yield stress of the fluid present 
difficulties, we expect to be able to make fairly accurate measurements of density, within 1% error if 
a low-range load cell can be used. 
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Results of Laboratory Experiments in Support 
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Chester L. Shepard, Leslie J. Kirihara, M. Andrew Chieda, 
Alireza Shekarriz, Guillermo Terrones, Jon Phillips 

Pacific Northwest Laboratory 

1.0 Introduction 
The ball rheometer is being developed in order to perform in-situ measurements of tank waste 
rheological properties, initially in Tank 101-SY. Previous reports have described the need for these 
data (Shepard 1994), rheological measurements of tank wastes (Pasamehmetoglu et al. 1993), and the 
theory of operation of the ball rheometer (Shepard et al. 1994). In this report we will concentrate on 
the reduction of the expected load cell data to obtain drag force on the ball and the methods we will 
employ to determine the waste's rheological properties from the drag force data. The ball rheometer 
consists of a ball attached to a cable which is wound onto a spool. The system will be installed on a 
riser pipe through which entry into Tank 101-SY is obtained. The ball can be lowered into the waste 
or retrieved from the waste by rotation of the spool, which is mechanically connected to electric drive 
motors. The present ball is comprised of a tungsten alloy and is 9.1 cm in diameter and weighs about 
16 lb (7.3 kg). It is likely that other balls of similar size but lower density, such as a steel ball, will 
also be employed. The cable is stranded stainless steel of diameter 0.32 cm (0.125 inches) and has a 
polyethylene coating. A diagram of the ball rheometer is shown in Figure 1. The ball is deployed 
into the waste and retrieved by rotation of the take up spool. Typically the ball will be deployed at a 
constant velocity, which is adjustable over the velocity range from 0.1 cm/s to 100 cm/s. The cable 
passes over a pulley to which a load cell is attached. The tension in the cable, or actually twice the 
tension in the cable is measured by this load cell. We will measure the tension in the cable as the ball 
is being moved through the waste at different velocities. From these measurements, the drag on the 
ball due to movement through the waste can be determined. The amount of drag depends on the 
rheology (roughly the yield stress and the viscosity) of the waste fluid, and we are interested in 
determining the rheology of the fluid. Static force measurements obtained while the ball is at rest in 
the fluid will allow a determination of the fluid density. We intend to characterize the fluid at all 
depths within the tank. 

The report is organized as follows. In Section 2 we examine the forces involved in measurements 
with the load cells. The goal is to identify the drag force contribution to die total force measured 
with the load cell. Not all of these forces will be measurable in die tank, and accurate estimates from 
laboratory measurements will have to suffice. We will present the results of laboratory tests to 
determine some of me forces involved in Section 3. 
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Figure 1. Diagram of the Ball Rheometer System Showing the Ball, Cable, Take-up Spool, Pulley, and Load 
Cell. The instrument fastens to a riser pipe through which entry into the waste tank is obtained. 



2.0 Determination of Drag Forces on the Ball 
The load cell measures the total tension in the cable to which the ball is tethered plus frictional forces 
in the pulley plus the weight of the pulley assembly. Only part of the total force is due to viscous 
drag on the ball. It is imperative that we be able to account for all of the forces involved and 
separate out the drag force contribution, since this force can be related to the rheological properties of 
the fluid. We will begin with a theoretical description of the ball rheometer system. 

2.1 Theory 

We desire to understand and identify the forces which play a part in the Ball Rheometer. First 
consider the forces acting on the ball in the fluid and let upward forces be positive while downward 
acting forces are negative. Assume that the ball is falling at some constant velocity. The forces are 
shown in Figure 2. 

Db 

Bb 

O 

Wb 

Figure 2. Forces Acting on a Ball in Motion in a Fluid 

where 

T = tension in the cable at the ball 
D b = drag force on the ball due to the liquid 
Bfc = buoyancy force on the ball due to the liquid 

W b = weight of the ball in air 

The equilibrium condition is 
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T * Db + Bb - Wb = 0 (1) 

Now consider the forces acting at the load cell, as shown in Figure 3. 

it 

T ^ NU T 

Figure 3. Forces Acting at the Load Cell 

where 

T' = tension in cable at pulley 
17 = friction in pulley 

W,, = weight of pulley and other components 
F c = counterbalance force 
R = force with which the load cell pushes back. This is the load cell reading. 

The equilibrium condition is 

R + Fe = IT1 - n + W. (2) 

In general the tension at the pulley does not equal die tension at the ball. 

T' = T + W. - D. - B. (3) 

where 

Wc = weight of deployed cable 
D c = total drag force on cable 
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Bc = buoyancy force on cable 

Using Eq. (3) and substituting for T in Eq. (2) gives 

R + Fe = 2[T + Wc - Dc - Bc] - n + Wp (4) 

Using Eq. (1) and substituting for T in Eq. (4) gives 

R + Fe= 2{Wb-Db-Bb-D£-Be + Wc] - T, + Wp (5) 

or, upon rearrangement 

R = 2 wb-— 
h 2 

- (Db+Bb) - (De+Be-We) r\ + K (6) 

Eq. (6) shows that the counterbalance force can be viewed as equivalent to using a lighter ball of 
weight (Wb - Fc/2). The cable-related force terms, Dc, B c, and Wc, are not constant but will depend 
linearly on the amount of cable deployed in the waste. 

Let z0 be the distance at which the ball is just above the surface of the waste. At this location, 

R0 = 2 Wi~ + *&) + W p 

At some distance z > z„, we have 

* - Ro - 2[(2>»+^ + (pt+Bt-W&)] - n 

If we assume 

Dc = /ilfcO*' 

Z 

B e=/5(zW 

where C is a constant and A and B depend on position in the waste, then we can write 
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ARf = R-R0 = -2 (0*+**)+/U(zVi?(z />)<fc / - C(z-z0) 0) 

If we obtain the load cell measurement at z0 and concern ourselves with load cell measurement 
differences (R - RJ, then the situation is simplified somewhat. Solving Eq. (7) for D b gives 

*>„ = - B^f^^^Biz^ck'-^z-z,) * ^ ^ 
*. 

(8) 

Thus, in order to determine the actual drag force on the ball, several parameters must be determined 
independently. These include: 

the buoyancy of the ball, which may depend on waste type 

the buoyancy on the cable 

the drag on the cable 

the weight of the cable 

the friction in the pulley, which may depend on velocity and load. 

Eq. (7) and (8) hold for a falling ball. For a rising ball, the drag forces on the ball and cable as well 
as the pulley factional force reverse in direction. Eq. (6) becomes 

R = 2 w„--z + (Db-Bb) * (D£-Bc + Wc) + t! - WB 
(9) 

Following the same procedure as before, Eqs. (7) and (8) become, for a rising ball, respectively, 

LRr = R-R0 = 2Db-2Bb+2fe(z')-B<z'))dz' + 2C(z- Z o) + n (10) 

*>b=Bb + 

A* r -n 
-/(AfeV-Bfetyfe'-Cfc-z.) (11) 

Equations (8) and (11) relate the drag force on the ball to other quantities. We will use Eq (7) and 
(10) in some of the analysis of data which follows. With the load cell we will measure AR. Pulley 
friction can be determined from laboratory measurements, as can the cable weight per unit length. 
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Therefore only the buoyancy forces and the drag on the cable are not well known prior to deployment 
of the ball rheometer. Values for these forces may depend on the fluid properties and therefore 
cannot be determined ahead of time. We have performed laboratory experiments with several fluids 
in order to determine representative values for these forces, but their actual determination will have to 
be made in the tank if possible. 

3.0 Results of Laboratory Investigations 

Experiments were performed with several fluids to determine the ranges of parameters which we 
might expect in tests which will be performed in the tanks. Quantities such as the buoyancy forces 
and drag forces were measured with simulants which included a chemical simulant, Bentonite clay, 
and carbopol. The experimental arrangement was our standard configuration. The fluids were held 
in a 5 gallon bucket so that total fluid depth was about 30 cm and the bucket diameter was also about 
30 cm. In most tests a steel ball was suspended over a pulley with a thin stainless steel braided cable 
normally used and marketed for fishing applications. The pulley and ball were supported by a load 
cell which measured total tension in the cable. These results are presented in this Section. 

3.1 Buoyancy Force on the Ball 

For static measurements in a material with a yield stress the buoyancy force on the ball may not 
necessarily be given by the change in the apparent weight of the ball, since the ball can be partially 
supported by the yield stress. In dynamic measurements it is not clear if the buoyancy is simply the 
weight of the displaced fluid, although it appears difficult to describe it otherwise. Due to this 
uncertainty, we performed experiments to determine the dynamic buoyancy of the fluids. The 
buoyancy force on the ball is most easily determined from total force measurements obtained while 
the ball is rising and while me ball is falling. For these tests we used a very thin wire for a cable, 
so that the drag, weight, and buoyancy of the cable could be neglected. Adding Eqs. (7) and (10) 
with the cable related terms set to zero we obtain 

B _ - (A*/ * A * J (12 
* 4 

Some of the relevant data are shown in Figures 4 through 8 for 0.5-, 1.0-, and 2.0- inch balls and for 
the chemical simulant and carbopol. All of the data show buoyancies, from Eq. (12), which are 
consistent with results obtained using Archimedes Principle. The measured densities of the chemical 
simulant and carbopol are 1.55 g/cm3 and 0.96 g/cm3 respectively. From Archimedes Principle we 
therefore expect buoyancies of 13.3 g and 106 g for the 1- and 2-inch balls in the chemical simulant 
and buoyancies of 1.0 g, 8.2 g, and 66.0 g for 0.5-, 1- and 2- inch balls submersed in carbopol. The 
data shown in diese figures indicate buoyancies in close agreement. For the chemical simulant we 
determine buoyancies of 12.5 g and 103 g for the 1- and 2-inch balls while for the carbopol we 
determine buoyancies of 1.0 g, 8.5 g, and 67.5 g. We can conclude that the dynamic buoyancy force 
in these fluids is given by the weight of the displaced fluid. 
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Figure 4. Plot of ball drag force measured with chemical simulant with the 1 inch ball first falling 
and then rising at 0.S cm/s 

In the data presented in Figures 4-8, the ball is initially in air and is men lowered into the fluid until 
the bottom of the container is approached. The ball is then retrieved at the same velocity. In order 
to apply Eq. (12) a reference value is needed (Rj. This value is the apparent weight of the ball prior 
to entering the fluid. For example in Figure 4, this value is 70 g in one case and 72 g in another. 

Similar high quality data are not available for the Bentonite clay mixture because this fluid would not 
allow the free sinking of any of the test balls. This fluid had a very high yield stress, and its density 
was 1.05 g/cm3. The data which are available, shown in Figures 9 and 10, are consistent with the 
notion that the buoyancy is given by Archimedes Principle. Some comment is necessary to describe 
how these data were collected. Since the ball, which was formed from tungsten powder and had a 
diameter of 1.925 inches, would not freely sink, weights were attached to it using a platform and a 
thin hollow rod. One end of the rod rested on the ball while the other end held the weights on a 
platform which was well above the surface of the clay mixture. The ball was then lowered into the 
waste at 0.2 cm/s. The reference weight shown in Figure 9 was about 2200 g. Before retrieving the 
ball, the platform, weights, and rod were removed. Then the clay was moved to fill in the hole left 
behind while the ball was falling. The thin rod has little effect on the total drag while die ball is 
falling because of the large hole which the ball leaves in its wake. Very little material comes in 
contact with the rod. Therefore, in Figure 10, the weight of the platform and other weights (2044 g) 
should be added to the drag curve to compensate for their removal and to allow its use with Figure 9. 
As the plots show there is a large uncertainty in the buoyancy obtained from these data, since stable 
drag forces were not obtained. Using reasonable values from the plots we obtain a buoyancy of 64 g 
for the ball, while the expected value is 66 g. The uncertainty in die value obtained from the plots is 
about 15 g. Based on the results of measurements with all three fluids and especially the chemical 
simulant and carbopol, which also have a yield stress, we conclude that the buoyancy is given by me 
weight of the displaced fluid. 
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then rising at 0.2 cm/s 
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The verification that the buoyancy force is given by the weight of the displaced fluid regardless of 
fluid type allows the calculation of both B and B(z') in Eqs. (8) and (11), since the fluid density will 
be measured as a function of ball position. 

3.2 Drag Forces on the Cable 

Drag force on the cable was measured in a relatively simple manner. A length of cable was placed 
vertically in the fluid and extended downwards to the bottom of the container. Three cable diameters 
were used, 0.013-, 0.125-, and 0.250-inches. Weighted stainless steel tubing was used for the larger 
sizes while a stiff stainless steel wire cable was used for the small size. The cables were then 
withdrawn at constant velocity while the drag force was monitored. The slope of the drag force as a 
function of distance or time (divided by two to account for the experimental arrangement) could then 
be used to obtain the drag force per unit length of the cable. In the cases of the 0.125- and 0.250-
inch cables which have substantial weights, corrections were applied to the data to account for the 
increase in cable tension due to the withdrawal of the cable from the fluid and into the air, where 
there is no buoyancy. Representative data are shown in Figures 11 through 13, which show the drag 
on a 0.125 inch diameter cable at 0.5 cm/s velocity for the three different fluids. The results 
obtained from all of the data are summarized in Table 1. 

For the chemical simulant the drag force on the cable does not seem to depend on the cable diameter 
or the cable retrieval speed. For the carbopol and Bentonite clay, both diameter and speed are 
important, but there is no apparent simple correlation. A more thorough discussion of these results 
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Table 1. Drag Force per Unit Length on Cable 

Cable Velocity (cm/sec) 

Cable Diameter, 
(inches) 

0.1 0.5 1.0 

Drag Force (gm/cm) 

Chemical Simulant 

0.013 0.05 0.04 0.04 

0.125 0.09 0.09 0.10 

0.250 0.10 0.10 0.09 

Carbopol 

0.013 0.10 0.11 0.12 

0.125 0.29 0.52 0.65 

0.250 0.98 1.15 1.89 

Bentonite Clay 

0.013 0.52 0.52 0.53 

0.125 1.91 4.17- 4.03 

0.250 3.27 5.71 6.18 

will be presented after we discuss results obtained for the fluid Theological parameters. In actual 
practice in the tank, it is important to establish die drag force on the cable from in-situ measurements. 

3.3 Drag Force on Ball 

The drag force on balls of diameters 0.5-, 1.0-, and 2.0- inches at velocities of 0.1-, 0.5-, and 1.0-
cm/s were measured for all three fluids. Results for the 1 inch ball at 0.5 cm/s velocity are shown in 
Figures 14 tihrough 16. The results for all of the data are summarized in Table 2. For all fluids the 
velocity dependence of the drag force is very weak. The dependence on ball size is strong, scaling 
roughly as the square of the diameter. Both of these factors suggest that the drag force is dominated 
by the yield stress of the material. It is from data such as these that the model describing the 
behavior of the fluid must be obtained. The reduction of these data will be described below in the 
discussion of results obtained with the Bohlin rheometer. 
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Table 2. Drag Forces on Ball 

Ball Velocity (cm/sec) 

Ball Diameter, 
(inches) 

0.1 0.5 1.0 

Drag Force (grams) 

Chemical Simulant 

0.5 — ~ — 

1.0 1.7 1.8 2.2 

2.0 6.4 6.8 7.6 
.<- Carbopol 

0.5 4.5 6.0 6.0 

1.0 16 19 22 

2.0 75 92 97 

Bentonite Clay 

0.5 44 48 50 

1.0 138 150 155 

2.0 562 600 655 

3.4 Cable-Ball Interaction 

There has been some concern that operation of the ball in the retrieval mode may lead to measure
ment errors due to the disturbance of the waste by the cable prior to the passage of the ball through 
the same waste. Clearly as the cable diameter approaches the ball diameter the drag on the ball will 
be diminished since the fluid would no longer have significant contact with the ball. However, in the 
case where the cable diameter is small compared to the ball diameter, which should always be die 
case, the effect should be very small unless the cable somehow changes the character of die fluid 
through which the ball will pass. We tested this concern experimentally. If the cable causes very 
little change in the character of the waste in the retrieval mode, then we should observe that the drag 
force on the ball plus cable system should equal the drag force on the cable plus the drag force on the 
ball measured independently. The results for the drag force on die cable and drag force on die ball 
have been presented above. In die measurements of die drag force on die ball, shown in Table 2, a 
dun stainless steel cable was used. The drag on mis wire is negligible compared to die drag on die 
ball and so die results shown for drag force on die ball can be taken as due to die ball only. We 

A. 15 



70 

65 

S 6 0 
a 
S 
•o 

to 

55 

50 

45 

40 

35 

Tan Chem Pull Test Comparison Plot 
t 'dia Ball© 0.5 cm/s 

' | 
i 

(\ l^zx 
! 

L 
• v -, i 

• v - u 

TL 
vf*BlG* H'vrtnffiesoo-T 

10 20 30 40 50 
Time (s) 

60 70 80 

— B10IS05.WQ1 — B10IS05.WQ2- — B10IS05.WQ3 I 

Figure 14. Plot of the ball drag force measured with the chemical simulant with the 1 inch ball being 
withdrawn completely from the fluid at 0.5 cm/s 
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Figure 15. Plot of the ball drag force measured with carbopol with the 1 inch ball being withdrawn 
completely from the fluid at 0.5 cm/s 
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Bentonite Clay (13.5%) Ball Drag Test 
1.0" dia Ball @ 0.5 cm/s 

. I I I ' 1 

. f "N 
1 

• 1 I 
1 \ 1 1 1 

I ! 

j i j 
J> 

• 

0 10 20 30 40 50 60 70 80 90 
Time(s) 

600 

500 

_ 
OI 

400 (U 
o 
o l[„ 

TJ 300 
(!) £ 0) 
J3 200 
o 

100 

— NB10AS05.WQ1 — NB10AS05.WQ2 

figure 16. Plot of the ball drag force measured with bentonite clay with the 1 inch ball being 
withdrawn completely from the fluid at 0.5 cm/s 

performed experiments where cables of diameter 0.125 and 0.250 inches were attached to 1.0- and 
2.0-inch-diameter balls, and drag force measurements were made as these systems were pulled 
through the fluids at constant velocities. After accounting for the drag force on the cable, the drag 
forces on the balls were compared to the same drag forces measured with the thin wire. Within 
experimental error there appears to be no differences. These results suggest that the interaction 
between cable and ball is negligible and can be neglected. 

Results for the 1-inch ball with the 0.125-inch-diameter cable are shown in Figures 17 through 19 for 
all three fluids and a velocity of 0.5 cm/s. These plots have been corrected to account for the weight 
and buoyancy of the cable and the manner in which these change as the cable is being withdrawn 
from the fluid. The drag on the cable accounts for the apparent slope in the curves, and this drag 
decreases as the cable and ball are withdrawn from the fluid. The drag near the end of the pull where 
the cable is nearly completely withdrawn from the fluid represents the contribution of the ball to the 
total drag. It is this drag force which should be compared to the drag force measured when the ball 
was retrieved with the thin cable. The determination of drag forces from these plots is not simple, 
due to the fact that experimentally it is advantageous to allow for a flexible zero offset and this advan
tage was used to the fullest extent here. The results for all of the measurements are shown in Table 
3. In nearly all cases the drag forces listed in this table are in close agreement with the correspond
ing drag forces shown in Table 2. There is no clear trend in the comparison of the data in these two 
tables. It is seen from Table 3, however, that, on average, the drag force measured with the 0.250 
inch cable attached to the ball is somewhat less than the corresponding drag forces measured with the 
0.125 inch cable. This would lend some support to the notion that a cable-ball interaction exists. It 
is clear that the effect, if any, is rather small. The conclusion from these data is that the cable has 
little influence on the drag force on the ball. For the case of the actual planned in-situ ball rheome-
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Figure 17. Plot of the combined drag force due to 0.125 inch diameter cable and 1 inch ball being 
pulled through the chemical simulant at 0.5 cm/s 
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Figure 18. Plot of the combined drag force due to 0.125 inch diameter cable and 1 inch ball being 
pulled through carbopol at 0.5 cm/s 
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Figure 19. Plot of the combined drag force due to 0.125 inch diameter cable and 1 inch ball being 
pulled through bentonite clay at 0.5 cm/s 

ter, where the cable diameter will be 0.125 inches and the ball diameter will be 3.6 inches, any effect 
should be entirely negligible. 

3.5 Effects of Interfaces and Distances Required for Steady-State Flow 

The drag force data can be related to expectations based on fluid flow models if the flow is a steady 
state flow. It requires some distance from the start of ball motion before steady state flow conditions 
are reached. This distance could conceivably depend on the fluid rheological properties as well as 
ball diameter and velocity. It is important to know these distances so that the distance over which a 
ball must be pulled or dropped at a constant velocity before steady state is achieved can be estimated. 
The planning of experiments is aided with this information. In addition, the distance required for 
steady state flow to develop may be useful for the estimation of fluid properties, although this 
possibility has yet to be explored to any degree greater than simple speculation. In actual practice, 
the steady state pull distance will be determined empirically. It may provide some qualitative 
information about the nature of the fluid which is independent of the drag force measurements. 
However, fluid properties must still be determined from the steady state drag force data. 

The presence of interfaces in the fluid, such as an air-fluid boundary or a sludge-liquid boundary or 
the boundary between the bottom of the tank and the fluid can result in differences between the drag 
forces measured near the interfaces and those measured far away from the interfaces. We have two 
natural interfaces within our experiments, the fluid container bottom and the free surface of the fluid. 
In the natural course of experimentation both the steady state pull distances and the effects of 
interfaces have been investigated. We will first consider the pull distance necessary to reach a steady 
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Table 3. Drag Force on Ball with Different Cables 

Ball Velocity (cm/sec) 

Cable Diameter, 
(inches) 

0.1 0.5 1.0 

Drag Force on Ball (grams) 

Chemical Simulant/Ball Diameter = 1 inch 

0.125 1.5 1.5 2.0 

0.250 1.4 1.5 2.1 

Chemical Simulant/Ball Diameter = 2 inches 

0.125 6.0 6.5 6.0 

0.250 6.5 6.5 6.5 

Carbppol/Ball Diameter = 1 inch 

0.125 17 21 22 

0.250 18 19 19 

Carbopol/Ball Diameter = 2 inches 

0.125 80 87 100 

0.250 76 84 101 

Bentonite Clay/Ball Diameter = 1 inch 

0.125 140 150 165 

0.250 130 135 150 

Bentonite Clay/Ball Diameter = 2 inches 

0.126 600 625 625 

0.250 575 625 625 

state flow condition. Results obtained from plots such as are shown in the figures presented here are 
given in Table 4. The pull distance to steady state is greatest for carbopol (most of the time), which 
has almost no yield stress and a viscosity between those of the chemical simulant and bentonite clay. 
The pull distance is least for the chemical simulant, which has the lowest viscosity. Except for one 
case with the bentonite clay, the pull distance does not depend strongly on velocity. Most of the data 
suggest that it scales with ball size, but not linearly. Examination of the results in Table 4 show no 
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Table 4. Pull Distances to Steady-State Flow 

Ball Velocity (cm/sec) 

Ball Diameter, 
(inches) 

0.1 0.5 1.0 

Pull Distance (cm) 

Chemical Simulant 

1.0 0.5 0.5 1.5 

2.0 0.5 0.5 1.5 

Carbopol 

1.0 4.0 5.0 5.0 

2.0 7.0 7.0 7.0 

Bentonite Clay 

1.0 2.0 7.0 10.0 

2.0 4.0. 4.0 5.0 

correlation with the fluid Bingham numbers or the Reynolds numbers. 

The distance at which interfaces begin to affect the drag forces was also obtained from data plots. 
The results are shown in Table 5. This distance does not seem to depend on ball velocity. Both the 
carbopol and the chemical simulant give similar results and the results are similar for bom ball sizes. 
The distance is largest for the Bentonite clay, for which case ball size seems to be important. 
Bentonite clay has a much larger yield stress than either the chemical simulant or the carbopol, and it 
would seem that yield stress may be the important factor in determining how close the ball can 
approach an interface before the drag force is affected. Again however, we have found no correlation 
with either the fluid Bingham numbers or the Reynolds numbers. 

3.6 Fluid Rheograms 

Samples were obtained for each fluid and rheograms were obtained with a laboratory Bohlin VOR 
rheometer. Results of such testing are shown in a separate report by Jon Phillips. Rheograms for the 
three fluids are shown in Figures 20 through 22. We will glean some of these results and compare 
them to the results determined from the ball rheometer as given in Table 2. 
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Table 5. Interface-Effects Distance 

Ball Velocity (cm/sec) 

Ball Diameter, 
(inches) 

0.1 0.5 1.0 

Interface-Effect Distance (cm) 

Chemical Simulant 

1.0 2.0 2.0 2.0 

2.0 2.0 2.0 2.0 

Carbopol 

1.0 2.0 2.0 2.0 

2.0 2.0 2.0 3.0 

Bentonite Clay 

1.0 3.0 3.0 3.0 

2.0 7.0 8.0 8.0 

The data in Table 2 show mat me drag force on die ball scales roughly as the square of the ball 
diameter and is a weak function of the ball velocity. These observations suggest that a Bingham or 
generalized Bingham fluid model may be useful in describing the fluids. A simple form for die 
equation relating drag force on the ball to viscosity and yield stress for a Bingham fluid is given by 
Bhavaraju et al. (1978) as 

Fd = 3TTU/F 1 + 1.6— (13) 

where, 

F d = 
Mo = 
d = 
V = 
T„ = 

drag force on ball 
zero shear rate viscosity 
ball diameter 
ball velocity 
yield stress 

Simplifying Eq. 13 we find that it contains a term which depends on viscosity and velocity (the usual 
Stokes term) and anotiier which depends on die yield stress and die square of me ball diameter. 

A.22 



Viscometry of 0.2% (wt) Carbopol 980 
(040794.849.visc.data) 
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figure 20. Rheogram for carbopol as measured with the Bohlin rheometer 
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iigure 21. Rheogram for bentonite clay as measured with the Bohlin rheometer 

A.23 

http://040794.849.visc.data


101-SY cnamicai Simulant 
T => 50*C, file s 0504S4.2-4.vis&data 

iaa 

N 
* \ 

Y-HO'X 1" 
MO 
Ml 

Z22S7 
-0.S5921 
0.39277 

_&.(. ! 1 

QJJ1 0.1 1 10 

strain rata (1/s) 

Figure 22. Rheogram for chemical simulant as measured with the Bohlin rheometer 

Fd = 3n\jL0dV * 4.8% x J1 (14) 

If we assume the applicability of this description of the fluid we can reduce the data contained in 
Table 2 and determine values for the yield stress and the viscosity. These values can be compared to 
results obtained with the laboratory viscometer. The comparison is shown in Table 6, where ranges 
of measured values are reported. Results with the Bohlin rheometer show that in all cases the 
viscosity is shear rate dependent. The shear rates obtained in the ball rheometer studies (ball 
speed/ball diameter) range from less than 0.1/s to less than 1/s, and in order to facilitate comparison, 
we chose the region of the flow curves between shear rates of 0.1/s and 1.0/s in order to obtain 
results from the Bohlin rheometer. The table shows that for the chemical simulant and the bentonite 
clay, both instruments provide comparable numbers for the yield stress but the viscosities determined 
with the ball rheometer are generally somewhat lower man those found with the Bohlin rheometer. In 
the case of carbopol, the yield stress given by the ball rheometer is much greater than the actual yield 
stress as measured with the Bohlin rheometer. Carbopol is known to be undescribable in terms of a 
simple Bingham fluid, and the disagreement here is not surprising. The disagreement in measured 
viscosities may be due to failure to include a power law term in the reduction of the ball rheometer 
data. The data obtained with the Bohlin rheometer indicate that the fluids are describable in terms of 
a power law model. Continued research at our laboratory has shown that both the bentonite clay and 
the chemical simulant can be described with a generalized Bingham fluid model. The carbopol 
cannot be so described. This study has yet to be completed, however all indications are that reduction 
of the actual in-situ data obtained from the tank should begin using a generalized Bingham fluid 
model. 
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Table 6. Comparison of Experimental Results Obtained with Ball Rheometer and Laboratory 
Rheometer for Three Simulants 

Ball Velocity (cm/sec) 

Yield Stress 
(Pascals) 

Viscosity 
(Pascal-sec) 

Chemical Simulant 

Ball rheometer 1.5 -1.6 2.2-2.8 

Bohlin rheometer <1.0 2 -10 

Bentonite Clay 

Ball rheometer 135 - 170 60-200 

Bohlin rheometer 130 200-1000 

Carbopol 

Ball rheometer 15-19 11 -19 

Bohlin rheometer -2 .0 20-30 
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