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Abstract

Real-Time In-Line Monitoring (RTIM) of rheological properties such as slurry yield stress is
important in different industries for its various benefits such as significant time savings and
increased safety /efficiency of processes while reducing secondary waste due to sampling or
inaccurate procedures. This paper discusses two methods for characterizing yield stress in
real time: the Pressure Loss method and the Liquid Rise method. The Liquid Rise method
uses the height of the slurry in a vertical column and the pressure difference to quantify
the yield stress. The Pressure Loss method uses the drop of pressure in a laminar flow
of slurry to determine the yield stress. Kaolin-water slurry is used as a simulant of the
non-Newtonian fluid. An experimental setup is built to demonstrate the methods, and data
obtained from the experimental setup is compared with the yield stress obtained from a
conventional table-top rheometer (baseline rheology). The results show a good agreement
between the experimental yield stress and baseline rheology.

Keywords: yield stress; kaolin; real-time monitoring; non-Newtonian fluid; radioactive
waste transfer; rheological characterization; Bingham model; slurry transport; kaolin-water
slurry; in-line rheology

1. Introduction

The yield stress is a property associated with numerous types of non-Newtonian
fluids. It is defined as the threshold value of stress that needs to be applied in order to make
the material flow. This is apparent in everyday tasks, such as spreading mayonnaise on
bread or pouring honey, to more complex processes, like those in nuclear waste treatment
plants. Understanding and measuring the yield stress is important across a wide range of
industries and applications [1]. The determination of a yield stress as a material property
can be difficult due to its dependency on the measurement technique and the conditions and
environment of the test. Although there are a number of approaches that exist to measure
yield stress for different industries and processes, no universal method is suitable for all
the applications [1]. Sampling or monitoring of properties such as the yield stress of the
non-Newtonian nuclear waste materials in various locations within Hanford and Savannah
River sites is essential for the effective operation of processes [2]. Conventional laboratory
rheometers only allow for offline determination of yield stress for samples. However,
state-of-the-art commercial instruments [3] have severe drawbacks such as increased risk
of personal exposure, delayed results, a change in rheological properties during transfer
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from the process to the laboratory and increased secondary waste, to name a few. The fluid
structure [4] may be distorted or damaged; therefore, the desired parameter, e.g., the yield
stress, of the measured sample is not representative of the actual yield stress.

Although yield stress is frequently treated as a material property, its interpretation
is not straightforward. Barnes and Walters [5] questioned the existence of a unique “true”
yield stress and argued that many materials considered to have a yield stress may flow
at sufficiently low stress if observed over long enough time scales. Barnes [6,7] later
emphasized that yield stress remains a useful engineering concept, but its measured value
should be understood as an apparent or operationally defined quantity rather than a
universal material constant. Coussot [8] similarly showed that yield-stress-fluid behavior
depends strongly on the experimental configuration, observation time, material structure,
and flow history. Therefore, in practical applications, the measured yield stress depends on
the measurement method, sample preparation, rest time, shear history, sensor geometry,
wall boundary condition, and the criterion used to define yielding. This distinction is
important for radioactive waste and waste simulant slurries because these materials are
often structured, heterogeneous, and time-dependent. Many clay-based and waste-like
suspensions exhibit thixotropy, meaning that their internal structure breaks down under
shear and rebuilds during rest. Meoller et al. [9] showed that thixotropy can make yield
stress difficult to measure reproducibly unless pre-shear, rest time, and measurement
protocol are carefully controlled. As a result, a distinction is often made between static yield
stress and dynamic yield stress. Static yield stress is associated with the stress required
to initiate flow from a rested or structured state, while dynamic yield stress is commonly
obtained by extrapolating steady-shear flow data after the material has already yielded.
The static yield stress is more sensitive to rest time and structural rebuilding, whereas the
dynamic yield stress is more closely related to the post-yield flow curve.

Real-Time In-Line Monitoring (RTIM) of properties such as slurry yield stress is
gaining attention for its various benefits such as significant time savings and increased
safety /efficiency of processes while reducing secondary waste due to sampling or inaccu-
rate procedures. In addition, it can be used to potentially identify undetected process upsets
and assist in running closer to the maximum solid concentration of waste being processed
at the sites [3]. A specific need for the development and deployment of RTIM technology at
Hanford involves obtaining the yield stress of the slurry in the Direct-Feed Low Activity
Waste System feeding the Melter Feed Preparation Vessel and EMF evaporator [3]. Yield
stress as a limiting property is also crucial to optimizing water addition to the Melter
Feed Vessel.

While in-line monitoring and measurement of other rheological properties such as
viscosity have been studied and methods have been developed [10,11], there has not been
a significant number of studies to develop methods for in-line real-time measurement of
yield stress. Inoue et al. investigated the shear strength of slurry clay by using the vertical
penetration of a thin plate or hollow cylinder under incremental load and compared it with
data from a series of viscometer tests [12]. Padmanabhan and Bhattacharya investigated
in-line measurement of rheological properties of polymer melts [13]. Present ultrasonic
techniques have been sufficiently developed to directly measure quantities such as particle
velocity, particle concentration, sound velocity, acoustic impedance, and sound attenuation,
leading to indirect measurement of bulk density, viscosity, and particle size and concen-
tration in slurries [14-17]. Ultrasonic techniques have been used to characterize the slurry
systems based on variations in velocity, attenuation and mean frequency of the acoustic
pulse [15]. One application of a non-invasive ultrasonic technique utilizes a velocity profile
of the flow using a transducer based on delay and Doppler shift measurements [11,17,18].
Further, existing correlations for the longitudinal wave velocity incorporate both shear and
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longitudinal modulus in solids and only longitudinal modulus in liquids, since shear mod-
ulus in liquids is approximately zero [19,20]. For the same reason, liquids cannot sustain
shear forces (except for liquids in supercooled equilibrium states or liquids excited with
gigahertz frequencies [21,22]) and shear waves cannot propagate in liquids. In viscoplastic
slurries, the presence of shear strength (yield stress in shear) can contribute to the coefficient
of stiffness and thereby to the speed of sound. This relationship has not sufficiently been
explored in the literature and investigations can assist in quantifying these effects. It is
expected that the presence of yield stress can contribute to larger wave velocities in yield
slurries. Shear waves can also propagate in yield stress slurries due to the presence of shear
strength, but at a lower propagation velocity compared to the longitudinal sound waves.

Yield stress of the non-Newtonian fluids can be measured via several direct and
indirect methods [23,24]. Although there are several instruments available for in-line
measurement of viscosity, there are no suitable measuring techniques available for yield
stress in real time. Examples of options to consider can be a product like the Ametek TT100
in-line viscometer, which, according to experts from BrookField Ametek, can possibly
be designed to work at speeds as low as 0.1 rpm, or a product similar to the OLR series
1000 Squeeze-flow equipment developed by Rheology Solution [25]. A recently developed
auger-extraction-based technique developed by Samaniuk et al. [24] can be considered with
minor modifications needed to limit material displacement during stress measurement. The
complexity with the measurement of yield stress is that several measurement techniques
work in operating conditions far from the yield point and many are not designed for
high flow speeds or low viscosity and yield stress ranges. Examples of these technologies
include vibrational (sweep and squeeze) and rotational rheometers, where measurements
take place away from the zero-shear rate region.

Pressure-drop-based rheological characterization is one potential route for in-line
yield stress estimation because pressure drop and flow rate are already common process
measurements in pipeline systems. Classical analyses for pipe flow of Bingham fluids,
including the Buckingham—Reiner formulation [26,27], relate pressure gradient, volumetric
flow rate, pipe diameter, wall shear stress, plastic viscosity, and yield stress under steady,
laminar, fully developed, homogeneous, no-slip conditions. Later explicit correlations, such
as those developed by Swamee and Aggarwal [28], provide practical engineering equations
for laminar Bingham plastic flow and friction factor estimation. These models provide a
theoretical basis for estimating rheological parameters from Pressure Loss data.

However, the method is indirect and strongly dependent on the validity of the under-
lying assumptions.

A major challenge in pressure-drop-based rheometry of suspensions is wall slip. In
concentrated suspensions, emulsions, gels, and clay-based slurries, the material adjacent
to the pipe wall may have a lower particle concentration or a different structure than the
bulk material. This creates an apparent slip velocity at the wall. Barnes [29] reviewed wall
slip and wall depletion in polymer solutions, emulsions, and particle suspensions and
showed that slip can significantly affect rheological measurements. Jastrzebski [30] also
identified entrance and wall effects in extrusion rheometry of concentrated suspensions,
while Yoshimura and Prud’homme [31] developed wall-slip correction methods for Couette
and parallel-disk geometries. In pipe flow, wall slip can reduce the measured pressure
gradient for a given flow rate, leading to underestimation of the bulk resistance to flow and
therefore underestimation of apparent viscosity or yield stress.

Particle sedimentation is another important limitation for slurry flow. In non-density-
matched suspensions, gravitational settling can create axial or radial concentration gradi-
ents. In horizontal pipe flow, this can lead to a particle-rich lower region and a particle-lean
upper region, particularly at low velocities or near transitional flow conditions. Since yield
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stress and plastic viscosity are strongly dependent on solid concentration, even modest
local concentration changes can alter the measured pressure drop. In radioactive waste
applications, sedimentation is especially important because real waste slurries may contain
broad particle-size distributions, dense particles, agglomerates, and chemically evolving
structures. Sedimentation can therefore cause pressure-drop-based estimates to deviate
from values expected for a homogeneous viscoplastic fluid.

In addition to sedimentation, shear-induced particle migration can influence the appar-
ent rheology of slurry pipe flow. Leighton and Acrivos [32] demonstrated that particles in
concentrated suspensions can migrate under shear, producing spatial variations in particle
concentration. Phillips et al. [33] developed a constitutive framework for concentrated
suspensions that accounts for shear-induced particle migration. Nott and Brady [34] and
Morris and Boulay [35] further showed that normal stresses and particle interactions can
produce concentration gradients in pressure-driven and curvilinear suspension flows.
These studies indicate that a slurry that is initially well mixed may not remain radially
homogeneous during pipe flow.

Kaolin-water mixtures are commonly used as model yield stress or viscoplastic sus-
pensions because clay-based slurries can be prepared safely, reproducibly, and over a
controllable range of solid concentrations and rheological properties [36,37]. Kaolin and
kaolin—bentonite mixtures have also been used in Hanford and Savannah River-related
simulant studies because their density, solid concentration, and Bingham-type rheological
properties can be adjusted to approximate selected waste-processing conditions [36-38].
However, kaolin—water slurry is only a simplified surrogate for radioactive waste and does
not reproduce all features of actual nuclear waste slurries. Real radioactive waste may ex-
hibit more complex particle-size distributions, chemical aging, mineralogical heterogeneity,
density variation, gas retention or release behavior, thixotropy, and shear sensitivity [37—40].
Hanford simulant-selection studies have emphasized that representative simulants should
consider liquid density, viscosity, pH, undissolved-solid concentration, particle-size distri-
bution, particle density, and slurry rheology [36]. In addition, studies of Hanford sludge
and nuclear-waste simulant slurries have shown that yield stress and viscosity can be
strongly influenced by shear history, solid concentration, particle-size distribution, and ag-
ing effects [39—41]. Therefore, kaolin-water data should be interpreted as proof-of-concept
validation rather than a full demonstration of field applicability. The surrogate is useful for
developing and comparing measurement methods under controlled laboratory conditions,
but further testing using more representative waste simulants would be necessary before
broad deployment.

In the present study, two different in-line methods for estimating yield stress in real
time are proposed: the Liquid Rise method and the Pressure Loss method. Kaolin—-water
mixtures are used to produce a yield stress fluid for the experiments, and data obtained
from the proposed methods was compared with baseline data obtained from a table-top
rheometer. Based on the literature, the present work is positioned as an experimental proof
of concept for two in-line methods for estimating apparent yield stress of non-Newtonian
slurry during transfer. Therefore, the objective of the present study is not to establish a
universal yield stress measurement technique, but to develop and evaluate two simple
in-line approaches for estimating apparent yield stress under controlled experimental
conditions. This study provides an initial assessment of whether pressure-drop and liquid-
rise measurements can be used to infer yield stress behavior during slurry transfer. This
paper is organized in the following manner: first, the theory behind the Liquid Rise and
Pressure Loss methods is discussed. Then, baseline rheology is established to compare
the experimental data. The experimental design and setup are then provided, followed by
results and discussion.
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2. Liquid Rise Method

This method is based on the balance of forces that act across a column of liquid slurry
in both static (no-flow) and dynamic (flowing) conditions. Let us consider a horizontal
and vertical pipe setup connected as a Tee (Figure 1). The horizontal pipe section has a
diameter of D;, where liquid is flowing with a velocity of v, and the vertical section has
a diameter of D,. Neglecting the friction forces in the system, when there is a flow in the
horizontal section of the pipe, a pressure difference is created in the vertical section. Due to
this pressure difference, the slurry rises in the vertical pipe, and it continues to rise until a
balance of forces is obtained. In a static condition inside the vertical section, three forces act
on the slurry: pressure force acting upward due to the difference in pressure, mass of the
slurry inside the vertical section acting downward due to the gravitational force and the
yield stress resisting the movement of the slurry liquid.

rD2

L
=
j

P e
v == D1 v —=

p—.y

Figure 1. Schematic of the Liquid Rise method, dynamic condition.

For the force balance, the upward direction is defined as positive. The pressure force
acts upward on the slurry column, while the weight of the slurry column acts downward.
The yield stress resistance acts opposite to the direction of motion. During the rising stage,
this resistance acts downward because the slurry column moves upward. At equilibrium,
when the slurry column stops moving, the pressure force is balanced by the combined
effect of gravity and the apparent yield stress resistance along the wall of the vertical pipe.

Pressure force (F) is dictated by the difference in pressure between the top and bottom
of the slurry column and is derived as

DZ
F, = AP <”42> (1)

where AP is the difference in pressure and D, is the diameter of the vertical section.
The force acting on the slurry due to gravity can be derived as

nD3
Fr = pgH <42> )
where p is the density of the slurry and H is height of the slurry column.
Finally, the force acting due to yield stress is defined as
F, = 1,(nDyH) (3)

where T, is the apparent yield stress of the slurry.

By considering a static equilibrium condition, as shown in Figure 1, a balance between
forces is created by the pressure differential, AP (P, — Py), yield stress, and gravity, which
keeps the slurry at height H inside the vertical branch.

https://doi.org/10.3390/fluids11050120


https://doi.org/10.3390/fluids11050120

Fluids 2026, 11, 120 6 of 20

7(D,)? 7(D,)?
AP<(42)> = 1, (nDyH) +ng<(42)> 4)
Therefore, the apparent yield stress can be equated as
Ty = ;7 (AP — pgH) (5)

By measuring the slurry density, vertical column height, vertical pipe diameter, and
the pressure difference inside the vertical branch, the apparent yield stress of the slurry can
be estimated.

The representation of the resisting force as 7, (D, H) is a simplified lumped-force
approximation. It does not imply that the local shear stress is uniform throughout the slurry
column or that the internal structure of the slurry remains perfectly homogeneous. Instead,
the value obtained from this force balance should be interpreted as an apparent yield
stress parameter representing the net resistance of the slurry column under the specific
measurement conditions. Effects such as wall slip, non-uniform particle concentration,
axial variation in the structure, and time-dependent rebuilding may alter the actual stress
distribution and therefore contribute to uncertainty in the inferred value.

Because the Liquid Rise calculation depends directly on slurry density, density mea-
surement is an important source of uncertainty. The density used in the Liquid Rise
calculation was assumed to represent the bulk density of the slurry entering the vertical col-
umn. However, if sedimentation or axial concentration gradients occur inside the vertical
section, the local density of the slurry column may differ from the measured bulk density.
This would introduce an error into the estimated yield stress. Therefore, the Liquid Rise
method is most reliable for well-mixed slurries and for measurements conducted over time
scales short enough to limit particle settling and structural rebuilding. Accordingly, the
Liquid Rise method should be interpreted as a proof-of-concept method for estimating
apparent static or equilibrium yield stress under controlled slurry conditions, rather than
as a complete constitutive characterization method.

3. Pressure Loss Method

The Pressure Loss method is based on the pressure drop in a horizontal pipe sec-
tion in laminar flow as shown in Figure 2. In the Pressure Loss method, the Pressure
Loss (AP) between two points in a fully developed laminar flow of slurry is measured
using a differential-type pressure transmitter. This pressure drop is related to the ap-
parent yield stress and plastic viscosity of the slurry through pipe-flow correlations for
viscoplastic fluids.

Flow
@ P1 direction qu P2
—
a p I

. L

|
2 A

Figure 2. Schematic of the Pressure Loss method.

For a horizontal test section of length L and inner diameter D, the pressure drop AP
can be expressed in terms of the Darcy friction factor as

P
P =Py =AP=L=o (6)
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where p is the slurry density, V is the average velocity of the slurry flowing through the
pipe, and f is the friction factor or coefficient.

For a Bingham-type fluid, the friction factor depends on both the Reynolds number
and the Hedstrom number. These dimensionless groups are defined as

Re = pVyD (7)
DZ
He = ;Ty (8)

where 7, and y are the apparent yield stress and plastic viscosity of the slurry respectively.
In the present method, 7y is inferred from the measured pressure drop and flow rate by
using pipe-flow correlations for laminar Bingham plastic flow. Several equations have been
proposed to relate the friction factor to Re and He for laminar flow of Bingham-type fluids.
The friction coefficient can be derived using different equations such as Buckingham—
Reiner equation [42,43]

32 (He\ 409 (1)\°(He\*
=i ()5 0) () ¥
The Swamee—-Agarwal equation [26] is the simplified version of the friction factor
equation and can be used to get the yield stress from the pressure drop in a laminar flow.

(10)

f B % % He 0.958
L= Re " Re\ 6.2218Re

Other equations have been suggested to calculate the pressure drop in laminar
flow [28,44,45]. The polynomial equation provides pressure drop using the following
expression:

AP 4u (8V)< 1 )
3
L - D\D)\1-&; %

These correlations assume that the slurry can be reasonably represented as a Bingham-

4L
_ iy
where X = pxp.

type material over the shear-rate range of the pipe-flow experiment. Therefore, the Pressure
Loss result should be interpreted as an apparent Bingham yield stress, not as a universal
material property. The suitability of this assumption is evaluated using baseline rheometer
flow curves. Additionally, since both T, and p appear in the friction-factor equations,
measurements at two different flow rates are required for each slurry concentration. The
two corresponding pressure-drop measurements provide two equations that are solved
simultaneously to estimate 7. This approach can be sensitive to experimental uncertainty,
especially in pressure drop, flow rate, density, pipe diameter, and pressure-tap spacing.
The Pressure Loss method is valid only when the flow is laminar and fully developed,
the pressure taps are sufficiently far from disturbances such as pumps, elbows, valves,
contractions, or expansions, and the slurry remains reasonably homogeneous during
the measurement. Particle sedimentation, particle migration, wall slip, or concentration
gradients may alter the measured pressure drop and lead to errors in the inferred yield
stress. Thus, the Pressure Loss method is treated as a proof-of-concept approach for
estimating apparent yield stress under controlled laminar slurry-flow conditions.
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4. Baseline Rheology

The baseline rheology of the Kaolin—water slurries was measured using a HAAKE
Viscotester iQ Air rheometer equipped with an FL40 vane and CC41/Ti recessed cylin-
der spindle (Figure 3). Before testing the Kaolin-water slurries, the rheometer was
checked using standard viscosity fluids to verify instrument response over the relevant
measurement range.

Figure 3. HAAKE Viscotester iQ Air rheometer with an FL40 vane and CC41/Ti recessed
cylinder spindle.

Kaolin-water slurries were prepared at selected mass concentrations by gradually
adding dry kaolin powder to water under continuous mechanical mixing. Each slurry batch
was mixed for 10 min to promote particle dispersion and reduce agglomeration. During
loop testing, the slurry was continuously mixed in the tank to reduce particle settling and
concentration gradients. Samples for baseline rheology were collected from the slurry tank
after each loop experiment. The time between sample collection and rheometer testing was
kept as short as possible to minimize changes caused by sedimentation, evaporation, or
structural rebuilding. Before loading into the rheometer, the sample was gently remixed to
improve homogeneity while avoiding excessive air entrainment and particle settling. The
details of the rheometer configuration and test conditions are summarized in Table 1.

Table 1. Rheometer protocol.

Parameter Value/Description

Rheometer HAAKE Viscotester iQ Air
Geometry used for yield-stress measurement CC41/Ti recessed cylinder spindle
Sample type Kaolin-water slurry

Kaolin concentration range 848 mass%

Test temperature 20°C

Sample preparation before test Gentle mixing before loading
Measurement mode Shear-rate sweep

Shear-rate Range 50-2001/s

Yield-stress criterion Bingham intercept

The apparent yield stress was determined from the rheometer data using a shear-
rate sweep. The flowing portion of the shear stress—shear rate curve was fitted using the
Bingham model:

T =Ty + Wy (12)
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where 7, is the apparent dynamic yield stress, u is the plastic viscosity, and - is the
shear rate. The intercept of the fitted line gives the apparent yield stress, while the slope
gives the plastic viscosity. Because the Pressure Loss method uses Bingham-type pipe-
flow correlations, representative rheometer flow curves were used to assess whether the
kaolin—water slurry could reasonably be approximated as a Bingham-type material over
the tested range. Figure 4 illustrates a representative rheogram of kaolin-water slurry at
20%wt kaolin concentration.

2.2

—— T=f(y)
2.1 H=— Bingham

20F

191

1.8

1.7F

Tin Pa

16

15

l4r

1.3

1 1 1 1 1 1 1
1'240 60 80 100 120 140 160 180 200

yin1l/s

Figure 4. Representative rheogram of kaolin-water slurry at 20%wt kaolin concentrations.

The baseline rheology showed that the apparent yield stress increased with increasing
kaolin concentration, consistent with the expected behavior of concentrated particle sus-
pensions. The measured yield stress values were used as reference data for comparison
with the proposed in-line methods. The variation in apparent Bingham yield stress with
kaolin mass percentage is presented in Figure 5.

25

20 A

15 A

10 1

Yield Stress (Pa)

0 10 20 30 40 50 60
Mass Percent of kaolin (wt%)

Figure 5. Change in Bingham yield stress with mass percentage of kaolin-water slurry using the
HAAKE Viscotester iQ Air rheometer.
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The rheometer result is interpreted as an apparent dynamic yield stress, as it was
obtained from the flowing region of the rheogram. Repeated rheometer measurements
were not available for every kaolin concentration tested in the flow loop. Therefore, the
dispersion and repeatability of the baseline rheology could not be fully quantified for all
samples. As a result, the comparison between the in-line methods and rheometer base-
line should be interpreted as proof-of-concept agreement rather than complete statistical
validation. Therefore, this baseline rheology provides a controlled reference for evalu-
ating the Liquid Rise and Pressure Loss methods while recognizing that yield stress is
protocol-dependent and should be interpreted as an apparent value under the specified
measurement conditions.

5. Preliminary Testing

To verify the proof of concept, a simple setup was constructed with % inch NPT
Standard-Wall pipe with 1.58 cm (0.622 inch) inside diameter (Figure 6). Kaolin-water
mixture slurry was used as the working fluid. Pressure drop between two points of the pipe
separated by 45 cm (~1.5 ft) was obtained using a PX-3005 (Omega, Norwalk, CT, USA)
pressure transmitter. A turbine-type Lake Monitors FlowStat ES paddle wheel (AW Lake
Company, Oak Creek, WI, USA) flow meter with a maximum 2% uncertainty was used to
measure the flow rate. To analyze the accuracy of this method, error levels induced by the
pressure transmitter and the flow meter were considered. To enable real-time monitoring
during experiments, an equation solver program in MATLAB (R2020a) (version 9.8) was
coupled with a VI (version 8.1) program in LabVIEW (version 2006).

|Liquid PO

level

Counter &
4-20 mA
convertor

kaolin- lush
| > water
| vessel vessel i

Figure 6. Experimental setup for initial testing of the pressure methods.

Testing was performed using an 11% volume kaolin-water mixture over a wide range
of flow rate values (0.5 to 1.7 gallons per minute). Figure 7 shows that consistent values for
yield stress were obtained using the Pressure Loss method around an average of 3.1 Pa,
which is within 15% of the 2.7 Pa measurement obtained from the rheometer.

The bench-scale test setup shown was also used to measure the liquid column height
that was produced by static pressure inside a vertical tube. This method was found capable
of differentiating between two kaolin-water mixtures with densities of 1.15 g/cc and
1.24 g/cc, with consistent yield stress values in a wide range of AP (0.3 to 1.5 psi). Yield
stress was obtained using the Liquid Rise method and results are shown in Figure 8. A
theoretical error analysis was performed by assuming a 1 mm uncertainty in the height
measurement of the liquid column and its effect on calculating the yield stress. The 1 mm
inaccuracy in the height measurement translates to a maximum of 1.3 and 7.7 percent error
for yield stress for the 1.24 g/cc and 1.15 g/cc mixtures, respectively.
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Figure 7. Yield stress for 11% volume kaolin-water slurry at different flow rates using the Pressure
Loss method.

25
¢ kaolin-water, 1.24 gr/cc © kaolin-water, 1.15 gr/cc
a2 :
§ ¢ L] ° '.. ¢ ‘
g 15 e o °
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Figure 8. Yield stress of kaolin—water slurry (1.24g/cc and 1.15g/cc) using the Liquid Rise method at
different pressure differences.

6. Experimental Setup

To achieve the objectives of determining the yield stress of the Kaolin-water slurry
using the Pressure Loss and Liquid Rise methods, a one-inch diameter standard steel pipe
loop was constructed. This loop, shown in Figure 9, contains a pressure drop measurement
section of ¥2-inch nominal diameter schedule-40 pipe for the Pressure Loss method and
two 1-inch nominal diameter schedule-40 vertical pipe sections, one steel and one clear
PVC, for the Liquid Rise method. The height of slurry in the vertical section of the pipe
is measured using a Flowline radar level transmitter. A Dayton 0.5 HP mixer with an
upgraded 6” propeller allows for efficient mixture of the slurry, which is transported
through the loop via a 36 GPM centrifugal pump. A 1-inch Khrone Optimass 1000 Coriolis
(KROHNE Group, Beverly, MA, USA) meter was installed at the entrance of the loop to
measure the flow rate and density of the material flowing through the loop in real time. The
PX-3005 (Omega, Norwalk, CT, USA) differential pressure transducer was used to measure
the pressure difference in various sections of the loop. In addition, measured pressure,
flow rate and density data was fed into an in-house LabVIEW and MATLAB code, which
enabled real-time monitoring of yield stress during experiments. A schematic diagram of
the experimental setup is presented in Figure 10 to illustrate the main components and the
overall measurement configuration of the system.
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Vertical
pipe section

Differential
pressure

Figure 9. Experimental setup (1-inch loop) for in-line monitoring of yield stress in real time using the
Liquid Rise and Pressure Loss methods.

9 Radar level transmitter

Vertical column

X

Coriolis meter Pressure transmitter

®

Pump

Figure 10. Schematic diagram of experimental setup showing pressure taps and vertical riser.

The geometry of the test loop and the location of the measurement instruments
are important because the Pressure Loss method requires laminar and fully developed
flow between the pressure taps. Therefore, the dimensions of the Pressure Loss section,
pressure-tap spacing, vertical column diameter, and available upstream straight lengths
were documented. These values are summarized in Table 2.

For each Kaolin-water slurry concentration, the slurry was first prepared and mixed
in the tank until a visually uniform suspension was obtained. The pump was then started,
and the slurry was circulated through the loop. The flow rate was adjusted using the
bypass valve or control valve to obtain the desired operating condition. For the Liquid
Rise method, the slurry height in the vertical column and the corresponding pressure
difference were recorded after the column reached a stable height. For the Pressure Loss
method, pressure-drop measurements were recorded across the horizontal test section
at two different flow rates for each slurry concentration. The two flow-rate conditions
provided the two equations required to solve for the apparent yield stress.
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Table 2. Main geometric details of the flow loop and measurement sections.

Parameter Value/Description
Main loop nominal diameter 1 inch Schedule 40
Pressure-loss test-section diameter 0.5 inch Schedule 40
Pressure tap spacing, (L) 15 inches

Upstream length before pressure taps 30 inches

Vertical liquid-rise section diameter 1 inch Schedule 40

Maximum measurable liquid-rise height 66 inches

Slurry tank mixer Dayton 0.5 HP mixer

Pump capacity 36 GPM

Flow rate/density measurement KROHNE OPTIMASS 1000 Coriolis meter
Pressure difference measurement Omega PX-3005 pressure transmitter
Slurry column-height measurement Flowline radar level transmitter

Data processing LabVIEW and MATLAB

7. Results and Discussion
7.1. Liguid Rise Method

A series of experiments was conducted with kaolin-water slurries of different specific
gravities. Experiments were focused on a slurry yield stress range from 2 Pa to 30 Pa, which
is the typical yield stress range for the radioactive waste. Estimation of yield stress was done
using the Liquid Rise method and an error analysis was performed. For each experiment,
slurry samples were tested using the rheometer so that the data could be compared with
experimental results. The comparison between the Liquid Rise method and the baseline
rheometer measurements is shown in Figure 11a. This figure indicates that the Liquid Rise
method captured the increase in apparent yield stress with increasing kaolin concentration.
This agreement supports the feasibility of the method as a proof-of-concept approach for
estimating apparent yield stress under controlled slurry conditions. Figure 11b shows the
linear increment in the height of the slurry column with increasing yield stress.

30 6
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-
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Figure 11. (a) Comparison of yield stress measured with the Liquid Rise method and the baseline
rheometer. (b) Change in the height of the slurry in the vertical column with increasing yield stress.

The yield stress data obtained from the testing was plotted with the rheometer-
measured data in Figure 12. The measured apparent yield stress showed limited variation
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among the tested conditions, suggesting that the method was relatively stable within the
operating range examined.
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Figure 12. Comparison of yield stress measured with the Liquid Rise method and the rheometer.

The Liquid Rise method was tested for different flow rates of the slurry to deter-
mine the repeatability and dependency of the yield stress data on flow rates. Flow rates
were varied by controlling a bypass valve, which regulates the slurry flow through the
measurement section. Figure 13 shows the repeatability and flow-rate dependence of the
Liquid Rise method for repeated experimental runs. The measured apparent yield stress
values from different runs follow the same increasing trend with kaolin concentration and
show limited deviation from the baseline rheometer data. This indicates that, within the
tested operating range, the Liquid Rise method was relatively insensitive to the flow-rate
variations examined and was able to reproduce the yield stress trend consistently.

The uncertainty of the Liquid Rise method is influenced mainly by uncertainty in the
measured pressure difference, column height, slurry density, and vertical pipe diameter.
The uncertainty in the Liquid Rise yield stress estimate was calculated using the standard
propagation of uncertainty applied to 7, = ET—ZI (AP — pgH). The uncertainty contributions
from pressure difference, slurry-column height, slurry density, and vertical pipe diameter
were included. The combined uncertainty was calculated as

D 2 /D,AP \?> (D 2 /AP — ooH 2
uTyZ\/<41§uAp) +(42HZ”H> +(jgup) +(4HpguDz> (13)

where uap, uy, p, and up, are the uncertainties associated with pressure difference,

column height, slurry density, and pipe diameter, respectively. The corresponding relative
uncertainty was calculated as

U,
%tir, = — x 100 (14)

Ty
The pressure and density uncertainties were +0.075% and £0.2%, respectively, while
the height uncertainty was +3 mm. Because the vertical pipe diameter uncertainty was
asymmetric (+4.67%/ — 1.43%), upper and lower uncertainty bounds were calculated
separately. Using this approach, the measurement-based uncertainty in the Liquid Rise
yield stress estimate was approximately +8.2%/—6.8% over the tested conditions. In
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particular, lower yield stress samples are more sensitive to small height and pressure
variations because the calculated stress is smaller.
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Figure 13. Repeatability and flow-rate dependence of apparent yield stress measured using the
Liquid Rise method for different experimental runs compared with baseline rheometer data.

The uncertainty analysis above accounts for measurement uncertainty in the input
variables, but it does not fully include model-related uncertainty. Additional uncertainty
may arise from wall slip, sedimentation, density gradients inside the vertical column,
time-dependent structural rebuilding, and possible non-uniformity of the slurry column.
Since the Liquid Rise method depends on slurry density, maintaining a homogeneous
suspension is important. During the experiments, the slurry was continuously mixed in
the tank to reduce particle settling before entering the measurement section. The density
measured by the Coriolis meter was used as the bulk slurry density in the calculation.
However, if sedimentation or concentration gradients occur inside the vertical column, the
local density of the column may differ from the measured bulk density, introducing error
into the calculated yield stress.

Overall, the Liquid Rise method showed promising agreement with the rheometer
baseline and demonstrated the ability to track changes in apparent yield stress with kaolin
concentration. Nevertheless, the method should be interpreted as a proof-of-concept
approach for estimating apparent static or equilibrium yield stress under controlled, well-
mixed slurry conditions.

7.2. Pressure Loss Method

For the Pressure Loss method, experiments were conducted in a range of yield stress
from 6 Pa (34.47%wt) to 45.2 Pa (43.29%wt) using kaolin—water slurry. Since the Pressure
Loss method requires a system of equations generated at two different flow rates, for each
specific gravity of the slurry sample, two measurements of flow rate and corresponding
pressure drop were acquired and processed. These two flow conditions were used to
solve for the apparent Bingham yield stress and plastic viscosity using the Pressure Loss
relationships described in Section 3. The Pressure Loss method assumes that the slurry flow
is laminar, fully developed, and reasonably represented by a Bingham-type constitutive
model over the tested shear-rate range. Therefore, the calculated values are interpreted
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as apparent Bingham yield stresses rather than universal yield stress values. To evaluate
the validity of the laminar-flow assumption, the Reynolds number and Hedstrom number
were calculated for the Pressure Loss experiments using the measured density, flow rate,
pipe diameter, and rheological parameters. Table 3 shows the flow regime parametes for
the pressure loss experiments.

Table 3. Flow-regime parameters for the Pressure Loss experiments.

Ciaczlrilrtlra- Flow Rate, Densigy, Reynolds Hedstrom Rl::lgoi‘:;-e

tion, %wt kgls kg/m Number Number Assessment
34.3 0.7635 1249.95 1183.27 652.79 Laminar
36.3 0.7640 1270.37 1080.22 892.96 Laminar
37.5 0.7326 1283.12 967.86 1054.79 Laminar
39.0 0.7009 1298.82 830.63 1221.67 Laminar
40.8 0.6201 1319.33 648.98 1513.75 Laminar
43.0 0.4856 1343.80 483.17 2333.57 Laminar

The calculated flow-regime parameters indicate that the analyzed Pressure Loss data
were obtained under conditions intended to be laminar. The fully developed flow as-
sumption was assessed by comparing the available upstream straight length before the
first pressure tap with the estimated laminar entrance length. As a first-order engineering
estimate, the laminar entrance length was evaluated using L. /D =~ 0.05Re. For the Pressure
Loss experiments, the calculated entrance length requirement ranged from 59 D to 24 D,
while the available upstream straight length was 60 D. Therefore, the pressure taps were
located beyond the estimated entrance region. This supports the assumption that the
measured pressure drop primarily represents developed frictional Pressure Loss. However,
because entrance length correlations for concentrated yield stress slurries are approximate
and may be affected by wall slip, particle migration, and thixotropy, this assessment is
treated as an engineering verification rather than a complete proof of fully developed flow.

The yield stress was calculated using the Buckingham—Reiner friction factor equation,
the Swamee—-Agrawal friction factor equation and the polynomial equation. Figure 14
shows the yield stress data calculated using all three equations along with the baseline
rheometer data. The results show that the Swamee-Agarwal (SA) equation provides the
closest match with rheometer data.

In addition, trials were conducted to determine the effect of flow rates on yield stress
measurement using the Pressure Loss method. Yield stress was calculated using the
SA equation at two different sets of flow rate data. Figure 15 shows that the calculated
yield stress followed the same general trend when different pairs of flow rates were used.
However, the method is sensitive to the selected flow conditions because Ty is obtained by
solving two equations from two pressure-drop measurements. If the two flow rates are too
close, or if the pressure-drop difference between the two conditions is small, uncertainty in
pressure and flow measurement can be amplified in the calculated yield stress.

The primary uncertainty sources for the Pressure Loss method include pressure-drop
measurement, flow-rate measurement, density measurement, pipe diameter, pressure-tap
spacing, and the choice of constitutive model. Unlike the Liquid Rise method, where
yield stress is calculated directly from an explicit force balance, the Pressure Loss method
determines T, indirectly through a system of equations. Therefore, uncertainty in the
measured input variables can propagate nonlinearly into the final yield stress and plastic
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viscosity estimates. This effect is especially important at low pressure-drop values or when
the two selected flow rates produce similar Pressure Loss responses.
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Figure 14. Comparison of yield stress using different Pressure Loss equations with rheometer data.
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Figure 15. Effect of flow-rate selection on apparent yield stress estimated using the Pressure
Loss method.

In addition to measurement uncertainty, the Pressure Loss method is affected by
slurry-specific phenomena such as wall slip, particle sedimentation, particle migration, and
concentration gradients within the pipe. These effects can change the measured pressure
drop and lead to differences between Pressure Loss estimates and rheometer measurements.
During the present experiments, the slurry was continuously mixed in the tank and density
was monitored using the Coriolis meter to reduce the influence of bulk settling. However,
local particle migration or near-wall concentration variation inside the pipe was not directly
measured and is therefore acknowledged as a limitation. Furthermore, although the
Pressure Loss formulation contains both 7, and y, the present implementation focuses
on estimating apparent yield stress. A full comparison of Pressure-Loss-derived plastic
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viscosity with rheometer-derived plastic viscosity was not performed and is identified as a
limitation of the current study.

Overall, the Pressure Loss method was able to capture the increasing apparent yield
stress trend with increasing kaolin concentration, with the Swamee—-Agarwal equation
providing the closest agreement with the rheometer baseline. Nevertheless, the method
should be interpreted as a proof-of-concept approach for estimating apparent Bingham
yield stress under controlled laminar-flow conditions.

8. Conclusions

In recent years, there has been growing interest in developing efficient methods for real-
time monitoring of yield stress in pipe flow. The ability to measure yield stress accurately
and continuously can provide valuable insights into the properties of complex fluids and
play a crucial role in process control and optimization in various industries. This study
evaluated two in-line approaches, the Liquid Rise method and the Pressure Loss method,
for estimating the apparent yield stress of Kaolin—water slurries under controlled flow-loop
conditions. The objective was to assess the proof-of-concept feasibility of using pressure,
density, flow rate, and liquid-height measurements for real-time monitoring of yield stress
behavior during slurry transfer.

The Liquid Rise method provided promising agreement with the baseline rheometer
measurements over the tested concentration range. The method was able to capture the
increasing apparent yield stress trend with increasing kaolin concentration. However,
the yield stress obtained from this method should be interpreted as an apparent static or
equilibrium yield stress, because the slurry column rises and then reaches a stationary
height. The method also depends on assumptions related to slurry homogeneity, density
accuracy, limited sedimentation, and simplified wall-resistance behavior.

The Pressure Loss method also captured the general increase in apparent yield stress
with increasing kaolin concentration. Among the equations evaluated, the Swamee-
Agarwal formulation showed the closest agreement with the rheometer baseline for the
tested conditions. The Pressure Loss results should be interpreted as apparent Bingham
yield stresses because the method relies on Bingham-type pipe-flow correlations and
requires laminar, reasonably developed flow. Flow-regime assessment using rheometer-
derived Bingham parameters, including plastic viscosity and yield stress, was used to
support the laminar-flow assumption.

Overall, both methods demonstrated potential for real-time in-line estimation of ap-
parent yield stress in controlled Kaolin-water slurry flow. However, important limitations
remain, including uncertainty in baseline rheology repeatability, possible wall slip, parti-
cle sedimentation or migration, density gradients, thixotropic rebuilding, and the use of
Kaolin—-water slurry as a simplified surrogate rather than a fully representative radioactive
waste simulant.

Future work should include repeated rheometer measurements, complete uncertainty
propagation, verification of fully developed flow over a wider operating range, evaluation
of wall slip and particle migration effects, and testing with more representative radioactive
waste simulants. Also, future work should extend the Pressure Loss method to complete
two-parameter rheological characterization by determining both the apparent yield stress
and plastic viscosity from pressure-drop measurements at multiple flow rates. Additional
studies in larger-scale loops will also be necessary before these methods can be generalized
for field-scale radioactive waste transfer applications.
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