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EXECUTIVE SUMMARY

The work described in this document supports the Department of Energy Environmental
Management and Technology Development in furthering the capability of the vane method to
assess the rheological properties of homogeneous and settled slurries in a larger bed as compared
to bench top data. The scope of work covers the following items:

e Fabricate vane instrument.

e Bench top testing to further characterize the effect of cohesive and non-cohesive
simulants.

e Data from measurement of homogenized and settled bed of Kaolin sludge and assessment
of the technology.

The vane method was used to characterize the yield stress of four different non-cohesive glass
beads as a function of depth and forced settling (tapping) using bench top equipment. The results
indicate the following:

e Surface measurement results are insensitive to tapping or particle size distribution.

e Tapping increases the yield stress for a given submergence for all beads.

e Yield stress response is somewhat linear with depth other than the deepest measurement.
The deepest measurement may be impacted by the bottom of the container resulting in a
much higher response than expected for a linear relationship.

e In all cases, the glass beads easily poured out of the containers upon completion of
testing, indicating the measured yield stress is a “confined” yield stress created by the
wall of this container and the mechanical (hard body) interactions of the solids.

The vane was used to characterize the rheology of xanthan gum using both the vane method and
vane flow curve. These results were compared to the traditional flow curve (concentric
cylindrical method). All measurements were bench top and the results are:

e The traditional flow curve yielded the highest yield stress, followed by the vane flow
curve and final the vane method. The reason for this is the range of shear rate measured
and the range in which the data were fitted in the individual flow curves. The traditional
flow curve had a much large shear rate range of measurement.

e The vane method showed an elastic modulus that was very short and a viscoelastic
response that was long before the dynamic yield stress was reached. This response could
be typical for such a fluid, where the continuous phase is non-Newtonian.

A conventional mixer (Rushton impeller) was used to prepare 15 to 32.5 weight percent (wt%)
kaolin slurries and they were continuously mixed for up to 22 hours. Samples at 2 hour intervals
were pulled and analyzed using the vane method, vane flow curve, and traditional flow curves as
well as for wt% total solids and density. A 22.5 wt% slurry was prepared using a high shear
mixer and analyzed using the traditional flow curve. Finally, 22.5 and 25 wt% slurries were
analyzed for particle size distribution at 2 and 9 hours of mixing. All measurements were bench
top and the results are:

e The traditional flow curve yielded the highest yield stress, followed by the vane flow
curve and finally the vane method. The reason for this is the range of shear rate
measured and the range in which the data were fitted in the individual flow curves. The
traditional flow curve had a much large shear rate range of measurement.
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As the wt% solids increased, the difference between the vane measurements and
traditional flow curve yield stresses increased. This is attributed to an increase in a more
power law response at the lower shear rate range in the traditional flow curve as the wt%
solids increased and curve fitting the linear region of the flow curve.

For 20 wt% or greater kaolin concentration, the yield stress tends not to change much
after 14 to 16 hours of mixing, given the mixing system used in this task.

The vane method for the less than 22.5 wt% kaolin slurries does not show the typical or
expected vane response, though the yield stresses as measured using the other methods
are very similar.

The vane method response to the kaolin slurries was different than that of the xanthan
gum, where for the kaolin slurries there was a very small viscoelastic response region.

An exponential model was used to fit the Bingham Plastic parameters of the traditional
flow curve as a function of wt% TS for the different mixing times. The curve fit was
good. One data set was assessed by fitting the data with the same model but using a
limited number of data points to see the effect of interpolation and extrapolation.
Interpolation fitted well with the actual data points whereas extrapolation in this case
over-estimated the yield stress.

The 22.5 wt% high sheared slurry resulted in rheological properties that were a factor of
two greater as compared to the Rushton mixed sample and mixing times were reduced
over a hundred fold. The sample was sheared at both high and very high shear rates and
the rheological properties increased at the very high shear rates. The rate of applied shear
and the time of shearing affect the rheological properties of kaolin.

The particle size distribution shifted to a smaller distribution when continuously mixed
using the Rushton impeller. The shift to a smaller particle size distribution is one of the
parameters that is most likely affecting the rheological properties of kaolin. Sonication of
these samples showed even a further shift to a smaller particle size distribution.

A large scale vane was designed, fabricated, and tested. The vane had the following capabilities:

Measure up to 50 inches of slurry, homogenized or settled.

Two different torque sensors, 0 to 0.5 N-m and 0 to 5 N-m.

Five different vane sizes with A factors ranging between 139 to 1720 m™ for subsurface
measurements and 159 to 2148 m™ for surface measurements.

Vertical vane position and the rate of insertion in and out of the fluid are controlled.
Rotational rate between 0.05 to 28 revolutions per minute.

A 5 foot tall by 12 inch inside diameter tank for loading simulants.

The large scale vane was benchmarked against the bench top rheometer using 30 and 35 wt%
kaolin slurries using both the vane method and vane flow curve with the following results:

The vane method results for the 6x6 vane compared well with the bench top (up to + 5%)
over a range of 0.05 to 0.6 RPM. The vane method results for the 3x5 vane slightly
under-estimated the 30 wt% and slightly over-estimated the 35 wt% as compared to the
bench top (up to + 20%) over a range of 0.05 to 0.6 RPM.

The 3x5 and 6x6 vane flow curves are similar.

The 3x5 and 6x6 vane flow curves yield smaller Bingham Plastic parameters as
compared to the bench top results.

The 3x5 and 6x6 vanes produced a circular cut through the fluid, supporting the vane
method assumption (cylindrical shape) used in assessing the vane for yield stress.

The large scale vane was tested using a 3 wt% xanthan gum solution. The xanthan gum filled the
5 foot tank and three data points at any given elevation were obtained using the 3x5 or 6x6 vane
with the following results:
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e The vertical yield stress distribution was fairly flat using either the 3x5 or 6x6 vanes
based on the initial vane measurement. The effect of depth did not impact the vane
method result.

e The 2" set of vane measurements showed that xanthan gum is highly impacted by shear
history and this was supported by the bench top vane results.

e The bench top vane results were greater than the 3x5 or 6x6 vane results.

The large scale vane was tested using a 35 wt% kaolin slurry. The 3x5 vane was selected for this
testing since it could obtain more vertical data points than the 6x6 vane. Both fresh (just mixed
and placed kaolin slurry) and settled (3 month) 35 wt% data were obtained with the following
results:

e The vertical yield stress distribution for the fresh slurry was fairly flat, indicating that
slurry depth had no impact on the vane results for fresh properties. This was consistent
with the xanthan gum results.

o The initial large scale vane results were comparable to the initial bench results.
Subsequent vane method measurements showed the 35 wt% kaolin slurry to be somewhat
thixotropic and this was evident in both the large scale vane and bench scale.

e After 3 months of settling, the average calculated solids concentration in the settled bed
of kaolin increased by 2.36 wt%.

e The vertical yield stress distribution for the settled bed showed a vertical yield stress
distribution, becoming thicker as the depth increased. The yield stress at 8 inches from
the top of the settled bed was 43 Pa and at 53 inches it was 123 Pa. Six vertical data
points were obtained and these data fit well to an exponential model.

e The second vane method measurement showed the settled bed to be much more
thixotropic as compared to the fresh state. The initial measurements are important in
determining the bed yield stress.

e Vane flow curves were obtained at 17 and 53 inches below the surface. Thixotropic
properties were removed using the vane at 25 RPM. The results clearly show the flow
curve at the 53 inch level to be much thicker than that at the 17 inch level.

The use of xanthan gum or other rheology modifiers that directly dissolve and become part of the
continuous phase to make the solution non-Newtonian is not recommended for future testing. In
the DOE realm of waste, the continuous phase is a solution that only has Newtonian properties
and the undissolved solids is the phase that contributes to the non-Newtonian behavior.

The following recommendations are to further develop the capabilities of the vane for use in
measuring the rheological properties of slurries and implementation for in situ measurements of
both settled and homogenized slurries in actual tank farm operations or test programs:

e Compare the bench top and large scale using the vane method to see whether the bench
top measurements can be used to assess for settled solids or aging effects that could occur
in a large settled bed. The bench top container and vane must be modified such that
depth measurements on the bench scale can be made. Simple single point bench scale
vane method measurements are not sufficient.

e Quantify whether the vane can be used to determine the flow properties of non-
Newtonian fluids on the bench scale. Only cover the rheological range of properties that
can typically be mixed or transferred in the DOE complex. This work should initially be
performed on the bench scale and then taken to the large scale vane.

e Perform bench scale tests with cohesive slurries containing non-cohesive materials to
determining how the non-cohesive materials settle out over time and how they impact the
rheological properties. The cohesive materials should have a range of rheological
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properties. The non-cohesive materials should include solids that have different densities
and particle size distributions. The concentration of these non-cohesive materials should
also be a variable. These properties can be determined at a later date.

Use the existing large scale vane to investigate whether the settled bed of cohesive solids
packs differently if the initial starting wt% solids concentration of the slurry is a variable.
Obtain settled bed material to quantify both density and wt% solids so as to relate these
data back to the yield stress measurements. The effect of settling time should also be
included. The initial cohesive simulant should be a simple simulant. Bench scale tests
should be run concurrently to determine whether scale is an issue, e.g. the height of the
settled bed is a factor.

Use the existing large scale vane to determine when shaft contributions start to impact the
vane measurement.

Use the existing large scale vane and results from the bench scale testing to determine the
effect of non-cohesive solids on the settled bed of cohesive solids. These data must be
compared to bench top data to determine whether bench top data can be used to assess
settling or aging.

Design, fabricate and test a large vane that has attributes that can be deployed to a full
scale vane for plant measurements. Such attributes would include how to extend the
shaft, easy replacement of components, and upgrading instrumentation and equipment
capability.
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1.0 Introduction

The vane method has been shown to be an effective tool in measuring the yield stress of both settled and
mixed slurries in laboratory bench scale conditions in supporting assessments of both actual and simulant

waste slurries. ', % °, * The vane has also been used to characterize dry powders and granular solids’, the

effect of non-cohesive solids with interstitial fluids °, °, " and used as a guide to determine if slip is present
in the geometries typically used to perform rheological flow curve measurements.® The vane has been

extensively characterized for measuring the shear strength in soils in both field and laboratory studies.’

The objectives for this task are stated below and are from the Department of Energy (DOE)
Environmental Management (EM)-30 Technology Development and Deployment (TDD) Program Task
Plan, Task 3.2.1."

e Fabricate vane instrument.

e Bench top testing to further characterize the effect of cohesive, non-cohesive, and blends of
cohesive/non-cohesive simple simulants.

e Data from measurement of homogenized and settled bed of Kaolin sludge and assessment of the
technology.

In this document, the assessment using bench scale measurements of non-cohesive materials (beads) and
cohesive materials (kaolin) is discussed. The non-cohesive materials include various size beads and the
vane was assessed for depth and deaeration (or packing) via tapping measurements. For the cohesive (or
non-Newtonian) materials, flow curves and yield stress measurements are performed using the vane and
this data is compared to the traditional concentric cylinder flow curve measurement. Finally, a large scale
vane was designed, fabricated, and tested with the cohesive (or non-Newtonian) materials to determine
how a larger vane performs in measuring the yield stress and flow curve of settled cohesive solids.
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2.0 Experimental Procedure

The experimental procedure section consists of the following sections: (2.1) simulant selection
description and preparation, (2.2) measurement techniques, (2.3) full scale vane, (2.4) bench scale

simulant testing, and (2.5) full scale simulant testing.

2.1 Simulants

The non-cohesive simulants are type A and P glass beads made by Potters and at least 90% are spherical’.
These beads have been used in previous programs, hence were readily available for testing. The particle
size distribution and analysis of these beads were performed with a Microtrac S3000 using DI water as
the carrier fluid. The densities of the beads are 2.5 g/cm’ and the volume, area, and number means are
provided in Table 2-1. The particle size distribution is provided in Figure 2-1. The distribution of the P-

blend is broad compared to the other beads.

Mean Variable Potter Bead Designation
P-0040 P-0080 A-1922 | P -Blend
Volume (um) 75.2 164.0 207.4 115.9
Area (um) 73.6 161.2 205.7 108.8
Number (1m) 71.4 155.8 202.4 92.3

Table 2-1 Mean Volume, Area and Number of Potter Glass Beads Used

Figure 2-1 Volume Distribution of Potter Beads Used
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Per vendor description of their products. This was not validated using visual microscopy.
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The beads were used as is, where they were taken directly from their container and placed into the
measuring container. No effort was made to remove any residual moisture that may have been present on
the beads.

Two types of non-Newtonian simulants were used, xanthan gum from Sigma-Aldrich and EPK kaolin
from Edgar Minerals. The xanthan gum has been used in previous conventional mixing studies and the
EPK kaolin has been used to support Hanford jet mixing activities. These two materials can produce non-
Newtonian fluids, though through different mechanisms. The xanthan gum effects the continuous phase
of the liquid (in this case, water) and the resulting product is a homogenous product, where no settling
occurs due to the dissolution of the xanthan gum into the continuous phase. There is a concentration at
which dissolved xanthan gum makes the fluid non-Newtonian. The concentration of xanthan gum in
water has little effect on density. The EPK kaolin is also blended with water, but unlike xanthan gum, the
kaolin does not dissolve. Kaolin has a very broad distribution of solids and the particles are typically in
the micron range or smaller. The density of the kaolin particles is 2.65 g/cm’." The kaolin is blended
with water and non-Newtonian properties occur at some minimum solids concentration. Unlike xanthan
gum, if this kaolin-water slurry is allowed to remain at rest (no mixing), the kaolin solids will separate,
resulting in a clear standing water on top of the settled solids. There is a solids concentration where no
visual separation (settling) will occur, but such a case was not tested.

2.2 Measurement Techniques

The following bench scale measurements were used in this task, (1) solids analysis, (2) density, (3)
particle size, and (4) rheology.

2.2.1 Solids Analysis

Samples used for solids analysis were homogenized (shaking of the bottle) prior to performing the
analyses.

The Mettler Toledo HR83 Halogen Moisture analyzer, Figure 2-2, was used to analyze for weight
percent (wt%) total solids (TS). This moisture analyzer uses a load cell that continuously measures the
mass placed on the cell. Water and volatiles are evaporated using a halogen heat lamp that is controlled
by an infrared thermometer that measures the temperature of the surface of the sample. The mass of the
sample pan and sample mesh is first measured and the weight tared. The sample is homogenized via
rapid shaking of the sample and approximately 1.5 to 3 grams of a sub-sample is placed onto the mesh
(which helps absorb and distribute the liquid) and this mass is recorded by the analyzer. The temperature
of the sample is then ramped to 105°C and maintained throughout the measurement. The measurement
stops when the weight of the sample does not change more than 1 milligram over a 20 second period and
this final mass is recorded by the analyzer. The wt% TS is the ratio of the final mass (Mrg) to initial
mass (Mr)multiplied by 100%, equation ( 2-1 ). The analyzer load cell is checked on a daily basis
(when used) using a 2.0 gram weight and functionally checked using a 8.0 wt% TS NaCl solution.
Duplicate samples are run and the data averaged.

_ My
wtoh TS = —= - 100% (2-1)
Mz

i per vendor MSDS 43685.
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Figure 2-2 Mettler Toledo HR83 Halogen Moisture Analyzer

2.2.2 Density

Densities were measured using an Anton Paar DMA 4500 Density analyzer, Figure 2-3. A sample is
pushed into the density analyzer glass u-tube and the sample temperature controlled to 25°C. A
vibration is then induced on one end of the u-tube and the frequency is measured at the other end. The
density of the sample is determined based on the measured frequency shift. The density analyzer is
functionally checked on a daily basis (when used) with DI water. Duplicate samples are run and the data
averaged.

Figure 2-3 Anton Paar DMA 4500 Density Analyzer

2.2.3 Rheology

Rheological measurements were obtained using the Haake RS600 rheometer. The flow curve
measurements were obtained using the Z41 cylindrical rotor and their specifications are shown in Table
2-2. The cup and rotor are initially installed onto the rheometer and then the zero reference point is
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determined by the rheometer by raising the cup until the bottom of the cup makes contact with the rotor.
The cup is then lowered and the rotor and cup are removed. The appropriate sample volume is added to
the cup and the cup and rotor are then reinstalled onto the rheometer. The rheometer drives the rotor into
the predetermined bottom off-set position based on the rotor. A cooling/heating bath is used to control
the temperature of the rotor/sample/cup at 25°C. The rheometer is programmed to control the rate at
which the rotor spins and measures both the rotational speed and the torque (the resistance to shear), and
this method is known as the control shear rate. The shear stress at the wall of the rotating rotor is then
calculated (internally by the Haake™ software) based on the product of the measured torque and
geometry (A-factor) of the rotor. The shear rate of the rotating rotor is calculated as the product of the
measured speed and geometry (M-factor) of the rotor/cup and assumes the fluid is Newtonian. The A-
factor, M-factor, and flow curve (shear rate range and the linear ramp up time, hold time at maximum
shear rate, and linear ramp down time) are provided in Table 2-2. The linear ramp rates (or acceleration)
is + 30 sec”' per minute.

Table 2-2 Z41 Rotor Specification and Program Ramp Rates

Design of Rotor ZA41 Rotor Specifications
Rotor 741
<€— Ra— Rotor radius (mm) R;=20.710
Cup Radius (mm) R,=21.700
Height of rotor (mm) L=55
Sample Volume (cm®) V=14
Bottom off-set (mm) Log=3
A factor (Pa/(N-m)) 6750
M factor (s"'/rad s™) 22.4
Shear rate n(];:_ell;uring range 0— 1000
Ramp up time (min) 5
Hold time (min) 1
Ramp down time (min) 5

Prior to any flow curve measurement, the rotor and cup are inspected for visual damage that could
potentially impact the rheological measurement. A National Institute of Standards and Technology
(NIST) traceable Newtonian oil standard is then used to verify the operability of the rheometer at a
measurement temperature of 25°C. The NIST flow curves are analyzed as a Newtonian fluid and the
calculated viscosity is compared to that of the NIST traceable Newtonian oil standard. The rheometer is
considered operable if the calculated viscosity is within + 10% of the NIST traceable Newtonian oil
standard viscosity. The NIST traceable Newtonian oil standard was run each day that a flow curve or
vane measurements was required. The measured viscosities were always within the + 10% of the
standard. Upon completion of a flow curve measurement, the bottom of the rotor is inspected to
determine if the sample completely fills the void space, and if so noted. This void space is an air buffer,
where the shear stress contribution is negligible compared to the shear stress contribution from the
cylindrical section of the rotor, which is in complete contact with the fluid during the flow curve
measurement. The effect of the bottom void being completely filled is an increase in the measured shear
stress. In all cases, the void was never completely filled.
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For all baseline samples, a minimum of two flow curve measurements were performed. The non-
Newtonian fluids are analyzed as a Bingham Plastic fluid, equation ( 2-2 ). Because these fluids are not
true Bingham Plastic fluids, the shear rate range in which the data is fitted are also provided.

T=T, + NV (2-2)

Where: T = the shear stress (Pa)
7, = the Bingham Plastic yield stress (Pa)
N = the plastic viscosity (Pa-sec)
y = shear rate (1/sec)

The rheological properties can be estimated given another physical property, such as wt% undissolved
solids, which for cohesive or micron size particles are typically the controlling parameter for a salt based
slurry. In this case, where only kaolin and water will be used, this relationship will be related to total
solids, which is that of the kaolin itself.. The simplest relationship relating rheological to wt% TS is the
exponential model, equation ( 2-3 ) and requires at least two data points, though at least three is
recommended as a minimum to fit this equation. Other models which have additional fitting parameters
have been used, but as the number of parameters increase, more data points are required.

T, = 2ePWt%nTs (2-3)

Vanes have been used to measure the yield stress (or shear strength or settled solids yield stress) of non-
Newtonian fluids. '""'*'*'*!31%17 Eor Jaboratory measurements, the conditions shown in Figure 2-4 must
be satisfied. The vane is inserted into the fluid and is rotated at a very slow speed, unlike in flow curve
measurement, typically between 0.1 to 0.7 rpm. The cylindrical surface area cut by the vane is used to
determine the shear stress. It has been shown that this assumption is adequate for determining the yield
stress of the fluid using the vane.'®'” Equation ( 2-4 ) is used to determine the yield stress and it assumes
the yield stress is uniform. If there is not sufficient sample and the other geometric conditions are met,
the yield stress can be determined using equation ( 2-5 ) where the vane is submerged to a point where it
is flush with the surface of the sample. In this case, stress contribution from the top circular surface is
that from air and is negligible.

—_ T _ . _ 2
R TR 0
Ty sur = 7t._D3(FE 1) =Agyr ' T, Agyr = @ (2-5)
2 \D'6 D6

Where t,= yield stress, shear strength or settled solids yield stress (Pa)
Ty suf = yield stress, shear strength or settled solids yield stress measured at surface (Pa)
I' = measured torque (N-m)
D = diameter of vane (m)
H = height of vane (m)
A = geometric constant (m™)

A typical stress versus time (or displacement) curve for a vane measurement is shown in Figure 2-5. The
initial vane response for a non-Newtonian fluid having a yield stress is typically linear with a slope that is
called the Hookean elastic modulus (G). The point of departure from this linear region, called the static
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yield stress,'' occurs when the fluid starts to transition from a fully elastic to viscoelastic behavior. At the
maximum stress, the behavior of the material transitions between viscoelastic and fully viscous and is
called the yield stress (also known as the dynamic yield stress). This maximum shear stress is the
reported yield stress using the vane.

N (rpm)
q B
7
— H/D <35
D/D >2.0
H Z1/D>1.0
* Z5/D > 0.5
- ) - ;z
—t o=
Geometry Requirements Actual FL-22 Vane

Figure 2-4 Vane Requirements and Actual Vane

max

Stress

time

Figure 2-5 Typical Vane Torque Versus Time/Displacement Curve

All bench scale measurements were performed using the dimension of the Haake FL-22 vane. SRNL
fabricated additional vanes using the same vane dimensions to allow measurements of varying depths and
to investigate how a bent shaft could impact the measurement, see Figure 2-6. Time did not permit
investigating the bent shaft.
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The height and diameter of the FL-22 vane are 16 mm and 22 mm respectively. The A factor for surface
and submerged measurements are 66,881 m™ and 56,371 m™ respectively, using equations ( 2-4 ) and
(2-5). For submerged depth measurement, no correction of the submerge shaft was considered, which
would have slightly reduced the yield stress.

Extended

Figure 2-6 Bench Scale Vanes with The Same Vane Geometry (A-Factor)

The rotational speed for measuring the yield stress using the vane was 0.3 RPM for all the simulants used
in this task. The vane has been used to measure the yield stress of dry/wet beads/granular solids,>’ but
the results are questionable in how they should be applied to the various process operations in the DOE
complex, if any.

Finally, vane flow curves were obtained for the non-Newtonian fluids by rotating the shaft between 0 to
40 sec™ (M factor of 1.7 was used in the Haake software) and this data was fitted to a Bingham Plastic
model, without correcting for the shear rate. Due to the complex geometry of the vane and the large gap
between the vane and the wall, correcting the shear rate was not performed. Simplistic methods, such as
the Otto-Metzner method where a linear relationship between the rotational speed is obtained (such as
that of an M factor) for the average shear rate were not performed or used.'”® This method is independent
of the diameter and can either be obtained from literature (if previously analyzed) or determined using a
range of NIST traceable Newtonian fluids.
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2.2.4 Particle Size Distribution

Particle size distributions (PSD) were measured using a Microtrac S3500 particle size analyzer. The
S3500 uses a Tri-Laser system that uses angular measurement of scattered light through a full 180 degree
angular range with three lasers and two detector arrays. The Tri-Laser System analyzes the scattered
light to determine particle size using the Mie based unified angular scattering theory from large particle
analysis to small particle analysis. For the kaolin simulants, the samples were analyzed and then
sonicated and re-analyzed. DI water was used as the carrier fluid for all the simulants. Triplicate
measurements were made and averaged.

2.3 Full Scale Vane

A large scale vane platform (LSV) was designed and fabricated to permit measuring about 5 vertical feet
of fluid (see Figure 2-7 and Figure 2-8). The LSV is predominately made of aluminum and the vanes
were all made of stainless steel. The LSV used a Baldor servo driven linear actuator that controlled the
vertical position and rate at which the vane traveled into and out of the fluid. A 17 MDSI stepper motor
controlled the rotational rate of the vane, between 0.05 to 28 RPM. Two different sized inline torque
transducers were procured, one providing a range between 0 to 0.5 Nm and the other between 0 to 5 Nm.
These transducers were calibrated at the factory. A data acquisition and control system was used to
control the LSV and record the linear and rotating speed settings, torque measurement, and vertical
location. Five different vanes were fabricated and their nominal dimensions and the subsurface and
surface A factors are provided in Table 2-3. All vane shafts are % inch in diameter and connect to the
torque transducer via a coupling. Care was used to minimize balance issues during the fabrication of the
vane, since there was no method readily available to balance the vanes. All vanes had a slight wobble
that was noticeable at the higher RPMs. At 0.1 to 0.7 RPM, wobble was not noticeable. The various
vanes can be loaded onto the LSV chassis for storage (Figure 2-8). The torque sensor, drive length, and
vane/torque connection are shown in Figure 2-9 and Figure 2-10. To mitigate any potential tipping issues
with this design, 400 pounds of counterweights were used as shown in Figure 2-8. The tank used to hold
the simulants is 59 inches tall and has an inside diameter of 12 inches and can be loaded and drained from
the bottom drain valve (Figure 2-8). This tank was selected to minimize simulant usage given the
maximum vane size. Modification to the LSV can be performed to extend the vertical track away from
the base.

During the vane method measurements, a baseline air reference torque measurement is first made (there is
no zeroing capability of the torque sensors used) and then the vane is inserted into the fluid to make the
vane measurement. The baseline data is averaged and then subtracted from the vane measurement,
yielding the measured torque of the vane going through the fluid. There was little difference between the
baseline air measurements for a given day of measurements for a given vane set. Changing of the vane
set can shift the zero position. For the vane flow curve, only one baseline air reference is made.



Table 2-3 Large Scale Vane Platform Vane Dimensions and A Factors

SRNL-STI-2012-00519

Vane Designator | Height | Width | Subsurface | Surface
(in “x” in) (cm) (cm) A (m?) Ag(m™)
1.5x3 3.835 7.62 1720 2148
2x4 5.08 11.584 531 677
3x3 7.62 7.62 1079 1233
3x5 7.62 12.497 346 420
6x6 15.24 15.037 139 159

10
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Figure 2-7 Full Vane — Front View, 6x6 Vane Installed Figure 2-8 Full Vane — Side View, 6x6 Vane Installed

11



SRNL-STI-2012-00519
Revision 0

g

Figure 2-9 Full Vane — View of Vertical Track Figure 2-10 Full Vane — Torque Transducer
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Unlike the bench scale vanes, the shafts on the LSV vanes are long, with a maximum immersion depth of
50 inches. The shaft can contribute to the torque measurements as the shaft is immersed further into the
fluid. In this analysis, it is assumed that the stress contribution of the fluid is constant on all surfaces of
the shaft and vane and there is no twisting of the shaft. The measured torque is the sum of the torque
contribution from the vane and shaft. The shaft has a submerged diameter d and height h. The vane has a
diameter D and height H. The total torque is:

Liotar = I1shaft + loane (2-6)
The torque from the shaft is due to the shearing on the sides of the cylinder (e.g. no end contributions) and
is given as:

T 1
Fsnage = 5 d*hts = s, (2-7)

N

Where Ag = % (m™)

The torque from the submerged vane is given by equation ( 2-4 ), hence the total shaft torque is:

1 1
Liotar = A_Ts + ZTy (2-8)
s

For constant fluid properties (e.g. yield stress), the above equation reduced to:

1 1
Liotar = (A_ + Z) T (2-9)
s

The fraction of torque contributed by the shaft is:

1
_ A A4
frshaft—i+l—A+As (2-10)
4.t

The fractional torque shaft contributions as a function of submerged shaft length for a constant properties
fluid for the various fabricated vanes for the LSV are provided in Table 2-4. Given the potential range of
yield stress of the non-Newtonian materials that will be tested, the 3x5 and 6x6 vanes were selected for
testing. Shaft contributions will not be corrected in this task and the reported results will be an over-
estimate of the yield stress. The fractional torque shaft contributions listed in Table 2-4 are most likely an
overestimate due to the shear history and settling effects not being considered.

If the fluid properties are such that they are a function of depth (or from shear history or settling), then the
shaft contribution can be determined using either equations ( 2-11 ) or ( 2-12 ). If the yield stress of the
fluid is discrete for any given height (h;), then equation ( 2-11 ) should be used. If the yield stress is a
continuous function of fluid height, then equation ( 2-12 ) is the preferred equation.

13
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L
h
T
Conage = 502 | T5:(h) dh (212)
0
Table 2-4 Fraction of Torque Contribution Due to Shaft Immersion for the LSV Vanes

h Vane Designation h Vane Designation
(in) | 1.5x3| 2x4 3x3 3x5 6x6 |(@n) | 15x3| 2x4 3x3 3x5 6%x6

1 0.0109 | 0.0069 | 0.0034 | 0.0022 | 0.0009 | 26 | 0.2234 | 0.1529 | 0.0815 | 0.0547 | 0.0227
2 0.0217 | 0.0137 | 0.0068 | 0.0044 | 0.0018 | 27 | 0.2301 | 0.1579 | 0.0844 | 0.0567 | 0.0236
3 0.0321 | 0.0204 | 0.0101 | 0.0066 | 0.0027 | 28 | 0.2366 | 0.1628 | 0.0873 | 0.0587 | 0.0244
4 0.0424 | 0.0270 | 0.0135 | 0.0088 | 0.0036 | 29 | 0.2430 | 0.1676 | 0.0901 | 0.0606 | 0.0253
5 0.0524 | 0.0336 | 0.0168 | 0.0110 | 0.0045 | 30 | 0.2493 | 0.1724 | 0.0929 | 0.0626 | 0.0261
6 0.0623 | 0.0400 | 0.0201 | 0.0132 | 0.0053 | 31 | 0.2554 | 0.1771 | 0.0957 | 0.0645 | 0.0270
7 0.0719 | 0.0464 | 0.0233 | 0.0153 | 0.0062 | 32 | 0.2615 | 0.1818 | 0.0985 | 0.0665 | 0.0278
8 0.0813 | 0.0526 | 0.0266 | 0.0175 | 0.0071 | 33 | 0.2675 | 0.1864 | 0.1013 | 0.0684 | 0.0287
9 0.0906 | 0.0588 | 0.0298 | 0.0196 | 0.0080 | 34 | 0.2734 | 0.1910 | 0.1040 | 0.0704 | 0.0295
10 0.0996 | 0.0649 | 0.0330 | 0.0218 | 0.0089 | 35 | 0.2792 | 0.1955 | 0.1068 | 0.0723 | 0.0304
11 0.1085 | 0.0710 | 0.0362 | 0.0239 | 0.0097 | 36 | 0.2849 | 0.2000 | 0.1095 | 0.0742 | 0.0312
12 0.1172 | 0.0769 | 0.0394 | 0.0260 | 0.0106 | 37 | 0.2905 | 0.2044 | 0.1122 | 0.0761 | 0.0320
13 0.1258 | 0.0828 | 0.0425 | 0.0281 | 0.0115] 38 | 0.2960 | 0.2088 | 0.1149 | 0.0780 | 0.0329
14 0.1342 | 0.0886 | 0.0456 | 0.0302 | 0.0124 | 39 | 0.3015 | 0.2131 | 0.1175 | 0.0799 | 0.0337
15 0.1424 | 0.0943 | 0.0487 | 0.0323 | 0.0132 ] 40 | 0.3068 | 0.2174 | 0.1202 | 0.0818 | 0.0345
16 0.1504 | 0.1000 | 0.0518 | 0.0344 | 0.0141 | 41 | 0.3121 | 0.2216 | 0.1228 | 0.0836 | 0.0354
17 0.1583 | 0.1056 | 0.0549 | 0.0365 | 0.0150 | 42 | 0.3173 | 0.2258 | 0.1254 | 0.0855 | 0.0362
18 0.1661 | 0.1111 | 0.0579 | 0.0385 | 0.0158 | 43 | 0.3224 | 0.2299 | 0.1280 | 0.0874 | 0.0370
19 0.1737 | 0.1166 | 0.0609 | 0.0406 | 0.0167 | 44 | 0.3275 | 0.2340 | 0.1306 | 0.0892 | 0.0379
20 0.1812 | 0.1220 | 0.0639 | 0.0426 | 0.0176 | 45 | 0.3324 | 0.2381 | 0.1332 | 0.0910 | 0.0387
21 0.1886 | 0.1273 | 0.0669 | 0.0447 | 0.0184 | 46 | 0.3373 | 0.2421 | 0.1358 | 0.0929 | 0.0395
22 0.1958 | 0.1325 | 0.0699 | 0.0467 | 0.0193 | 47 | 0.3422 | 0.2461 | 0.1383 | 0.0947 | 0.0404
23 0.2029 | 0.1377 | 0.0728 | 0.0487 | 0.0202 | 48 | 0.3469 | 0.2500 | 0.1408 | 0.0965 | 0.0412
24 0.2099 | 0.1429 | 0.0757 | 0.0507 | 0.0210 | 49 | 0.3516 | 0.2539 | 0.1433 | 0.0983 | 0.0420
25 0.2167 | 0.1479 | 0.0787 | 0.0527 | 0.0219 | 50 | 0.3562 | 0.2577 | 0.1458 | 0.1001 | 0.0428

2.4 Bench Scale Simulant Tests

For the non-cohesive simulants (beads only), the beads were placed into two different sized beakers
(smaller beaker D=1.9” H=2.25", large beaker D=3.25", H=4"). The smaller beaker allowed for a surface
and one sub-surface measurement. The larger beaker allowed for a surface and four sub-surface
measurements. The beakers once filled with beads were tapped once manually or placed on a tapper and
tapped 100 times using a Quantachrome Autotap (Figure 2-11). The 100 taps was randomly selected,
since the purpose was to see how settling (forced in this case) can effect non-cohesive vane measurements.
For plotting purposes, half the vane height minus the total submergence depth will be used, since this is
the center location of the vane relative to its measurement. The distances for the surface, 1* subsurface,
2™ gubsurface, 3™ subsurface, and 4™ surface measurements are 8, 24, 40, 56, and 72 mm respectively.
Due to the vane requirements for measurement, the smaller beaker had to be reloaded for each
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measurement. For the large beaker, the surface, 2" subsurface and 4™ subsurface measurements were
made and the beaker had to reloaded for the other set of measurements. At least 2 measurements of each
depth and condition were made.

AUTOTAP

QUANTA H31115] 3

Figure 2-11 Quantachrome Auto Tapper

For the xanthan gum solutions, 20 and 30 Pa Bingham Plastic yield stress fluids were selected for testing.
The concentration of xanthan gum used was 2 grams and 2.67 grams per 1000 grams of DI water for a 20
and 30 Pa fluid respectively. These solutions were made using conventional mixers (Rushton blade) and
the solution was mixed until all the solids dissolved. Flow curve, subsurface vane, and vane curves were
measured.

For the EPK kaolin, 15, 17.5, 20, 22.5, 25, 27.5, 30, and 32.5 wt% kaolin batches were made. These
batches were mixed between 16 to 22 hours. Batches were made such that a small vortex was maintained
throughout the mixing time for all the blends and the agitator speed was dependent on the rheology of the
sample and changed as the rheology changed. The mixing containers were two liter bottles with drilled
out holes so that the agitator shaft could pass though so as to minimize evaporative losses. Mixing only
occurred when staffing was available to perform the necessary measurements and mixing occurred for
two consecutive days for each mix. Samples were pulled every two hours and analyzed for flow curve,
subsurface vane, vane curves, total solids, and density. A set of 22.5 and 25 wt% kaolin batches were
made and samples pulled at 2 and 9 hours of mixing and analyzed for particle size analysis, without and
with sonication to determine the effect of mixing on PSD. Another set of 22.5 wt% kaolin was made
using a high shear Ross HSM L100 laboratory mixer to mix the slurry for 7 minutes at high shear and for
another 2 minutes at very high shear. Rheology measurements were made at 2, 3 5, 7 and at the end of
the very high shear mixing.

15
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Figure 2-12 Cage used on Ross High Shear Mixer

2.5 Large Scale Vane (LSV) Tests

In the initial LSV tests, 5 gallon bucket tests were performed using 3 wt% xanthan gum and 30 wt% and
35 wt% EPK kaolin. In these tests, the RS600 was used to obtain rheological data for comparison. Vane
and vane curve measurements were obtained from the LSV. The RS600 also captured the traditional flow
curve. In these 5 gallon bucket tests, the non-Newtonian fluids in the bucket were mixed between
measurements, so as to remove shear history on the measuring surfaces. In these tests, the 6x6 and 3x5
vanes were used.

A 3 wt% xanthan gum solution and 35 wt% kaolin slurry were used for the large scale vane tests. These
fluids were mixed in a 55 gallon drum using a propeller blade and mixed for at least 24 hours prior to use.
The fluids were transferred to the LSV tank, filling this tank using the bottom drain valve. During these
transfers, air entrainment was kept to a minimum (suction was taken from the bottom of the 55 gallon
drum) so as not to effect the measurements in the LSV tank. The 3x5 vane was primarily used in these
measurements. Variable depth vane measurements were made of the simulants once they were
completely loaded into the LSV tank so as to minimize aging effects in the measurements. A second set
of measurements were performed to obtain additional data. The measurements started from the top and
then down. Vane curve measurements were also obtained near the top and bottom of the LSV upon
completion of the vane measurements. Subsamples were pulled while filling the LSV from the 55 gallon
drum and measured by the RS600 for comparison. In these tests, due to how the vane measurements are
performed, shear history was taken into consideration and RS600 data as generated for comparison.

The 35 wt% kaolin slurry was allowed to settle undisturbed for 3 months (12/8/2011 to 3/11/2012). This
test was to show the capabilities of the vane to measure the settled solids shear strength as a function of
depth. Vane curve measurements were also obtained for the 2" and deepest subsurface measurements
upon completion of the vane measurements. There was no RS600 data taken during these measurements.
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3.0 Results and Discussion

The results are broken into the bench and full scale tests.

3.1 Bench Scale Results

The results are broken into the dry beads, xanthan gum solution, and EPK kaolin slurries.

3.1.1 Dry Beads

The vane yield stress results for the glass beads for the small and large cups are provided in Table 3-1.
The vane results for the large cup is shown in Figure 3-1 and for the surface and 1% subsurface vane
measurements are shown in Figure 3-2.

Table 3-1 Vane Yield Stress Measurements of Glass Beads

Denth Potters P-0040
Loamio Small Cup (8-24-2011) Large cup (9-21-2011)
(mm) 1 tap 100 Tap 1 tap 100 Tap
Avg. Std. Avg. Std. Avg. Std. Avg. Std.
8 200 20 196 3 215 7 220 12
24 573 6 782 1 498 84 702 42
40 - - - - 821 266 1269 32
56 - - - - 978 115 1815 29
72 - - - - 2032 1502 3198 87
Depth Potters P-0080
Location Small Cup (8-23-2011) Large cup (9-21-2011)
i) 1 tap 100 Tap 1 tap 100 Tap
Avg. Std. Avg. Std. Avg. Std. Avg. Std.
8 208 5 223 9 213 57 313 23
24 586 3 1055 9 670 39 1005 148
40 - - - - 720 29 1519 76
56 - - - - 952 70 2125 105
72 - - - - 1459 66 3710 154
h Potters A-1922
L](?:gion Small Cup (8-23-2011) Large cup (8-23-2011)
i) 1 tap 100 Tap 1 tap 100 Tap
Avg. Std. Avg. Std. Avg. Std. Avg. Std.
8 169 13 164 1 181 8 179 2
24 563 15 674 4 670 39 652 27
40 - - - - 746 3 1107 111
56 - - - - 1067 71 1865 128
72 - - - - 1566 94 3190 412
Denth Potters P-Blend
Lo:gion Small Cup (9-21-2011)
) Avg. Std. Avg. Std.
1 tap 100 Tap
8 173 14 161 1
24 618 49 736 11
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Figure 3-2 Vane Yield Stress — Glass Bead Surface and Subsurface Measurement Results

The yield stress response is somewhat linear with respect to depth (Figure 3-1), other than the deepest
measurement. The yield stress response for the deepest measurement could indicate that the vane is too
close to the bottom of the container. Tapping (compaction) results in a higher yield stress and was

expected for all submerged depth measurements.
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insensitive to tapping or particle size. The P-0080 glass beads (mean particle size falls between the P-
0040 and A-1922) has a higher yield stress response as compared to the other beads. This could be
attributed to this material having less spherical particles, more moisture, or has a higher packing density,
all of which were not characterized. In all cases, the solids easily poured out of the containers (by tilting
the containers) upon completion of testing, indicating the measured yields stress is a “confined” yield
stress created by the wall of this container and the mechanical (hard body) interactions of the solids.
Hence the use of such measurements is questionable in its application to DOE waste processes.
Individual yield stress vane measurements and particles size number and volume distributions can be
found in reference 19.

3.1.2 Xanthan Gum

The flow curve, vane curve and vane yield stress data for the 20 and 30 Pa xanthan gum fluids are
provided in Table 3-2. Typical flow curve, vane curve and vane yield stress curve for the xanthan gum
solutions are provided in Figure 3-3, Figure 3-4, and
Figure 3-5 respectively. The traditional flow curve provides the highest yield stress, followed by the vane
flow curve and then finally the vane yield stress. The 30 Pa xanthan gum fluid is more thixotropic as
compared to the 20 Pa xanthan gum fluid as shown in Figure 3-3 and Figure 3-4 if one observes the first
part of the up curves. The Bingham Plastic fit to the flow and vane curves cannot be compared, since
correction to the vane curve shear rate was not determined in this task. Figure 3-6 is a plot of the 20 Pa
xanthan gum Z41 and vane curves in the lower shear rate range. Inspection of this curve indicates that
increasing the M factor (geometric shear rate factor) could potentially result in similar flow curve
assessments while targeting a common maximum shear stress common to both sets of data. The vane
yield stress curves for the these xanthan gum solutions show that this fluid has an elastic modulus that is a
very short and the viscoelastic response is long before the dynamic yield stress is reached. This response
could be typical for such a fluid, where the continuous phase is non-Newtonian. Individual xanthan gum

rheological measurements can be found in reference 20 for bench top measurements.

Table 3-2 Xanthan Gum Flow Curve, Vane Curve, and Vane Results

Traditional Z41 Flow Curve Vane Curve Vane
Taroet PV BPYS Fitted Range PV BPYS Fitted Range Yield
s (cP) (Pa) (sec-1) (cP) (Pa) (sec’) | Stress (Pa)
36.3 23.8 50 - 1000 370 154 1-40
20 Pa 37.9 23.6 1000 - 50 347 15.9 40 -5 108
43.2 40.6 50 - 1000 412 27.8 2-40
30Pa 49.8 35.7 1000 - 50 484 24.9 40-5 18.0

19



SRNL-STI-2012-00519
Revision 0

741 Flow Curve

+30PaUp  m30PaHold 30PaDown  x20PaUp  ®20PaHold +20PaDown

Shear Stress (pa)

90
80
70
60
50
40
30
20
10

0

100 200 300 400 500 600 700 800 900 1000
Shear Rate (1/sec)

(=]

Figure 3-3 Typical Xanthan Z41 Flow Curve
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Figure 3-4 Typical Xanthan Vane Flow Curve
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Figure 3-6 20 Pa Xanthan Gum Flow Curve (FC) and Vane Curve (VC)
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3.1.3 Kaolin Slurries

The up and down Bingham Plastic parameters for both conventional and vane flow curves, vane yield
stress, wt% total solids and density data for the 15, 17.5, 20, 22.5, 25, 27.5, 30, and 32.5 wt% Kaolin
slurries are provided in Table 3-3, Table 3-4, Table 3-5, Table 3-6, Table 3-7, Table 3-8, Table 3-9, and
Table 3-10 respectively. These tables provide all these properties for the various mixing times these
slurries were mixed. The wt% and density data indicate that during the mixing and sampling activities,
the mixtures were maintained such that evaporative losses were minimized. The wt% data were all below
target. The EKP kaolin source was analyzed for water content using the halogen loss and weight
instrument and was determined to contain 2.8 wt % water, explaining the difference in target and actual.
The Bingham Plastic yield stresses and vane data for 15, 17.5, 20, and 22.5 wt% kaolin is shown in
Figure 3-7 and for the 25, 27.5, 30, and 32.5 wt% Kaolin slurries they are shown in Figure 3-8. Typical
flow curves from both the concentric (Z41) and vane are shown in Figure 3-9 for a rheologically thin and
viscous kaolin slurries. For the 15 wt% kaolin, Taylor vortices are present in the Z41 flow curve and the
same type of response (or instability) is shown in the vane flow curve as well. Due to these instabilities,
the flow curves were fitted in the initial linear region and the region of curve fit for each flow curve is
provided in Table 3-3 through Table 3-10. The BPYS response is consistent with each data set, where the
ZA1 flow curve BPYS’s are larger than either the vane flow curve or vane yield stress measurements.
Additionally, the up curve BPYS is lower than the down curve BPYS and the plastic viscosity of the up
curve BPYS is greater than the down curve BPYS. As the wt% increases, the vane yield stress
measurement tends to the lowest yield stress value and this is due to how the flow curves were fitted.
This is the same issue that was observed with the xanthan solutions. Furthermore, the yield stress
response for the EKP kaolin slurries is different than that of the xanthan gum and this can be observed in
Figure 3-10, where there is a very small viscoelastic component. For 20 wt% or greater kaolin
concentration, the yield stress tends not to change much after 14 to 16 hours of mixing, given the mixing
system used in this task. The use of the vane method to determine the yield stress for the thinner
rheological materials needs further assessment to determine its viability using field type equipment.
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