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An inexpensive, rapid method for measuring the rheological properties of yield stress fluids is described and tested. The
method uses an auger that does not rotate during measurements, and avoids material and instrument-related difficulties,
for example, wall slip and the presence of large particles, associated with yield stress fluids. The method can be used
for many types of yield stress fluids, including concentrated lignocellulosic biomass. Sample preparation prior to mea-
surement is minimal, reducing, or eliminating disruption of the sample. We show that measurements using this technique
compare well with measurements obtained with a vane rheometer. A variation of the described method is proposed that
would make it easier to measure time-dependent rheological properties. VC 2014 American Institute of Chemical Engi-

neers AIChE J, 60: 1523–1528, 2014
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Introduction

Lignocellulosic biomass can be converted to fuels and
chemicals by a variety of processes.1–4 Capital and operating
costs can be reduced by processing the biomass at high solids
concentration.5–7 Unfortunately, concentrated biomass is typi-
cally a complex fluid with a significant yield stress, which
makes mixing, heating, and transporting challenging.8,9 It is
thus apparent that measuring, understanding, and controlling
the rheological properties of biomass is essential for the devel-
opment of economical processes. In this article, we describe a
new, convenient method for measuring the yield stress of bio-
mass, as well as that of other yield stress fluids.

Lignocellulosic biomass from woody plants, such as corn
stover (corn stalks, leaves, cob, and husk), perennial grasses,
and forest residues, are composed of cellulose, hemicellu-
lose, and lignin. In processes designed to convert biomass to
fuels and chemicals, the biomass is typically subjected to
size reduction operations that produce fibrous particles. The
resulting particle-size distribution can be quite broad, with
maximum fiber lengths up to several centimeters. The parti-
cle size can be reduced further prior to thermal or chemical
processing, but this adds additional processing costs. Fiber
lengths and solids concentration then decrease further during
the thermal and chemical processing steps.10,11

The rheological properties of biomass depend on the solids
concentration as well as the fiber length distribution. Suffi-
ciently dilute suspensions of fibers can behave as Newtonian
fluids, whereas concentrated suspensions behave more like a
paste with a substantial yield stress.12–16 The concentration
ranges defining these regimes depend on the fiber length.17,18

The concentrated regime is of most interest for biomass
processing, and the yield stress is the primary rheological
parameter required for the design of processes and
equipment.15

Measuring rheological properties of biomass can be chal-

lenging, especially when the particles are large or the concen-

tration of insoluble solids is large. This has been illustrated in

several recent studies in which a variety of measurement geo-

metries and techniques were used.14–16 Parallel disk geome-

tries can be used provided that the particles are not too large

and the suspension is not too concentrated. Phenomena that

complicate or prohibit measurements at large concentrations

include wall slip, edge fracture, and ejection. Knutsen and

Liberatore14 also showed that measured shear stress values

depend on the normal load for concentrated systems, which

makes it difficult to extract material properties.
Vane geometries can be used for concentration ranges simi-

lar to those accessible with parallel disk geometries,15 and can
accommodate larger particles. The main limitation is that,
above some limiting concentration, the vane cannot be
inserted into the sample without compressing the sample.17

This limiting concentration decreases with increasing fiber
length, and can be decreased by adding rheological modifiers.

A torque rheometer19,20 can be used to measure apparent

rheological properties of highly concentrated biomass sus-

pensions.16,21 The main limitations of this technique are that

the method is time consuming, and the particle-size distribu-

tion can be reduced during the measurement. Nonetheless,

Stickel et al.15 showed that for an acid-hydrolyzed corn sto-

ver sample, yield stresses measured using torque rheometry

at high-solids concentration were consistent with values

obtained using parallel disk and vane geometries at smaller

concentrations. The combined yield stress data were well-

represented by the power-law expression
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where s0 is the yield stress, Cm is the solid-mass fraction,
and a and b are empirical parameters. Such a power-law
dependence is commonly observed for natural fiber
systems.18,22

Rheological parameters can also be estimated using a vari-
ety of “practical” rheological tests, such as the slump test,
the squeeze test, and cone penetrometry.23–25 These methods
are rapid, inexpensive approaches for estimating parameters
that correlate well with various operations or processes. We
have found, however, that these methods do not work well
for untreated biomass samples, because a variety of limita-
tions discussed below prohibit the use of approximate analy-
ses for extracting the shear yield stress. In the slump test,
the continuous phase separates from the solid phase at small
solids concentrations, and the material does not slump at
large solids concentrations. In the squeeze test, the continu-
ous phase again separates from the solid phase at small sol-
ids concentrations, and the biomass compresses at large
solids concentrations. Cone penetrometry can be used at
small solids concentrations, but the sample compresses at
large solids concentrations.

In this article, we describe a new method for rapidly and
inexpensively measuring the yield stress of concentrated bio-
mass samples. The method uses an auger that is inserted into
a sample much like a screw is inserted into a piece of wood.
The auger is then translated axially while the axial force is
measured. The maximum force measured at small translation
rates divided by the cylindrical yield surface area is equated
with the yield stress. Yield stress values obtained with this
new “yield meter” compare well with values obtained using
other techniques. We also show that this method can be used
for yield stress materials other than biomass, and that other
modes of operation, such as oscillatory shear, are possible.

Materials and Methods

Prototype design

A schematic diagram and a photograph of the yield meter
are presented in Figure 1. The auger (Auger Fabrication,
Exton, PA) has a flighted shaft that is 150-mm long, 25.4
mm in diameter, 3-mm thick, and has a pitch of 25.4 mm.
The auger shaft diameter is 9 mm. The auger is attached to
a load cell (LC703-150, 670 N maximum load, Omega Engi-
neering, Stamford, CT) via a coupling with a set screw. The
output from the load cell is recorded using LabView via a
Cole-Parmer control box to a USB connection. The load cell
is attached to a carriage that slides along guide rails, which
allows the auger to be translated without rotating. The car-
riage is translated by a lead screw (1.5-mm pitch) attached
to a stepper motor (G723-280-4, Geckodrive Motor Controls,
Tustin, CA) and controller (Model G201X, Geckodrive
Motor Controls, Tustin, CA). The motor is mounted to a
rigid aluminum frame, is driven by a square-wave, 3.5-V
peak-to-peak signal from a function generator, and has a
maximum holding torque of 1.98 Nm and an encoder resolu-
tion of 2000 steps/revolution. The motor and carriage speeds
are proportional to the frequency, f, of the input voltage,
with the carriage speed in mm/s given by 7.94 3 1025 f.

Measurement procedure

Before measurements are made, the weight of the attached
auger is measured using the load cell with the auger hanging
freely. The yield stress fluid is loaded into a 100-mm diame-
ter, 150-mm long cylindrical container. The auger is then
detached from the load cell by loosening the set screw and
inserted (“drilled”) into the sample material by rotating the
auger by hand in a screw-like fashion (Figure 2a). This is a

Figure 1. Schematic diagram and photograph of the
“yield meter.”

Figure 2. Schematic drawing of (a) the auger after
insertion into a sample material but prior to
operation and (b) the auger after it has been
displaced during a measurement.

The depth of insertion, L, the auger diameter, D, and

the gap between the auger and frame are indicated.
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critical step in the experimental procedure, and must be
accomplished without significantly disturbing the fluid. The
frame–motor–load cell assembly is then placed onto
the auger such that the bottom of the frame is supported by
the sample container. The auger is attached to the load cell
by tightening the set screw.

Data from the load cell (force) is recorded at 5 Hz, begin-
ning just before the motor is turned on. The motor is then
used to drive the carriage, load cell, and auger at a predeter-
mined speed. The force measured by the load cell increases
as the auger begins to translate (without rotating). For all
yield stress fluids examined, the material yields along the
cylindrical surface defined by the auger flights, as illustrated
in Figure 2b. Between measurements, the sample material is
removed from the sample container, mixed, and reloaded.
Measurements were made in triplicate and error bars in fig-
ures here represent a single standard deviation.

We assume that the contribution to force measurements
from the complex material deformation near the end of the
auger can be neglected. We also assume that the sample mate-
rial deforms as a plug in such a way that the shear surface is
coincident with the surface of the cylinder defined by the
depth of insertion, L, and the auger diameter, D, as shown in
Figure 2. The apparent shear stress can then be written as

sapp 5
F

pDL
(2)

where F is the force measured during deformation, indicated
in Figure 2b.

The apparent stress depends on the deformation and rate
of deformation. Apparent strain, capp, is defined as the axial
displacement of the auger divided by the gap indicated in
Figure 2b, and the apparent strain rate, _capp , is defined as the
axial displacement rate divided by the gap. Example data for
a “stress growth” measurement, in which sapp is measured as
a function of capp, is plotted in Figure 3. The apparent stress
passes through a maximum, denoted by sapp,max. For suffi-
ciently small shear rates, all materials investigated exhibit
this maximum. We define the yield stress as

s0 � lim
_capp!0

sapp;max (3)

Vane rheometry

Yield stress measurements made with the yield meter
were compared with results obtained from a vane rheometer.
The vane geometry is commonly used to obtain rheological
properties for yield stress fluids.14,26 The vane geometry
used in this study consists of a four-bladed vane and a
baffled cup. Yield stresses were obtained using the stress
growth method whereby stress is measured at a constant
shear rate and the maximum stress at low deformation rates
is equated with the yield stress. An apparent shear rate of
0.0085 s21 was chosen because the maximum stress was not
a function of shear rate below this value. Additional details
of the device geometry and calibration can be found
elsewhere.27

Materials

The yield meter was used to measure the yield stress of
numerous colloidal, fibrous, and granular materials, listed in
Table 1. Also listed in Table 1 is the type of suspension, and
in most cases, an estimate of either the maximum particle
size or the average particle size. Yield stresses of these
materials were measured at 20�C unless otherwise specified.

Results and Discussion

Effect of apparent shear rate

The maximum apparent shear stress obtained using the
yield meter, sapp,max, is plotted as a function of apparent
shear rate for Play-Doh in Figure 4. For this material,
sapp,max is independent of shear rate below a shear rate of
0.25 s21. For other materials investigated, sapp,max is inde-
pendent of shear rate for shear rates less than 0.2 s21. Unless
otherwise specified, all subsequent measurements were made
at a shear rate of 0.05 s21, and sapp,max measured at this
shear rate was equated with the yield stress.

Effect of gap size

The yield stress is plotted as a function of the gap
between the auger flights and the frame (see Figure 2b) for
four different materials in Figure 5. For Play-Doh and soil,

Figure 3. Example data for apparent shear stress as a
function of apparent shear strain for a single
yield meter run with Play-Doh at 22�C.

Apparent shear stress increases at small capp values,

reaches a maximum, and then decreases with increasing

capp.

Table 1. Particle-Size Information for the Materials Tested

Material
Suspension

Type Particle-Size Estimate

Play-DohVR Colloidal
Hydrolyzed hardwood

fibers (HHWF)
Fibrous <8 mm

Refined corn stover Fibrous and
granular

<3 mm

Joint compound Colloidal
Soil Fine granular <3.6 mma

Mayonnaise Colloidal
Nylon Fibrous 6.5 mm
Concrete Coarse granular <15 mm
Grease Colloidal
Sand Fine granular <420 mma

Bleached aspen
wood fibers

Fibrous 0.28 mmb

Wood flour Fine granular <208 mma

aIndicates that the value represents the maximum particle size determined
from shake-screen classification.
bIndicates that the value represents weighted average length.
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which have particle sizes smaller than the gap, the yield
stress is independent of the gap over the range of gaps inves-
tigated here. For the Nylon fibers, the yield stress is inde-
pendent of the gap for gap sizes greater than the fiber length
(6.5 mm), but increases for gaps smaller than the fiber
length. For concrete, the measured yield stress decreases
with increasing gap over the entire range of gaps investi-
gated. The largest particle size within the concrete is 15 mm,
which is larger than the largest gap investigated (12.8 mm).
From the results depicted in Figure 5, it is apparent that gap
should be larger than the particle size to get results that are
independent of the gap.

Effect of auger aspect ratio

The auger does not need to be inserted fully into the sam-
ples to measure a force when it is removed. The yield stress
is plotted as a function of the depth of insertion, L, divided
by the auger diameter, D, in Figure 6 for Play-Doh and joint
compound. For the joint compound, the measured yield
stress is independent of the depth of insertion. For Play-Doh,
the yield stress increases with decreasing depth of insertion
for values of L/D less than approximately 3. Such a depend-
ence on the depth of insertion is expected to arise for suffi-

ciently small depths as the stress acting on the end of the
auger is ignored in the analysis. For these materials, the
depth-to-diameter ratio should be L/D> 3 to obtain results
that are independent of L/D.

Effect of cavitation

The process of extracting the auger can result in the for-
mation a sample-free space, or cavity, at the end of the
auger, as illustrated in Figure 2b. If air cannot enter this
space, the reduced pressure would increase the force on the
load cell and potentially produce erroneously large values of
yield stress. To assess whether or not this phenomenon
impacts the measured yield stress, set of experiments were
performed in which the sample container was modified with
a small hole that allows air to enter the sample below the
auger. Yield stresses measured for three materials in the
original sample container are compared with those measured
using the modified container with the hole in the bottom in
Figure 7. The yield stress values are the same for the two
containers, and thus the space created below the auger when
it is removed does not appear to influence the measured
stresses.

Figure 4. Maximum apparent shear stress as a function
of _capp for Play-Doh using the yield meter.

Below 0.25 s21, sapp,max is independent of _capp .

Figure 5. Yield Stress as a function of gap size for four
different materials.

The gap is indicated in Fig. 2(b). Relevant measures of

particle size for each material are shown in Table 1.

Figure 6. Yield stress as a function of depth of inser-
tion (scaled by the gap, D) for Play-Doh and
joint compound.

Figure 7. Comparison of yield stresses obtained using
the original container and the modified con-
tainer with the hole in the bottom, for three
different samples.

1526 DOI 10.1002/aic Published on behalf of the AIChE April 2014 Vol. 60, No. 4 AIChE Journal



Comparison with the vane rheometer

In Figure 8, yield stress values obtained using the yield
meter are compared with yield stress values obtained using
the vane rheometer for several materials. Results obtained
using the yield meter agree within experimental uncertainty
for several of the materials tested, and differ by less than a
factor of two for all materials except mayonnaise.

Yield stress of biomass

The yield meter is capable of measuring the yield stress of
concentrated lignocellulosic biomass suspensions. Figure 9
shows the yield stress as a function of solids concentration
for suspensions of bleached aspen wood fibers. The fibers
were prepared by exposing pressure-refined aspen wood
chips to a chloro-acetate bleaching process.28 The rapid
increase of yield stress with increasing solids concentration
in Figure 9 is consistent with results from many rheological
studies of lignocellulosic biomass.13,15,16,22,29 A fit of Eq. 1
to the data results in a value of parameter b of 1.8 6 0.6.

The yield stress of untreated, refined corn stover is plotted
as a function of solids concentration in Figure 10. Data
obtained using the yield meter are plotted along with data
obtained using the vane geometry. Above 20 wt % solids,
the vane rheometer could not be used because the vane could

not be inserted into the sample. Measurements were made
with the yield meter up to 57 wt % solids (the corn stover
was acquired at this solids concentration). For concentrations
where both techniques can be used, Cm� 20 wt %, the yield
stresses from the two techniques are similar. Below 35 wt %
solids, the data obtained using the yield meter follows the
power-law relationship of Eq. 1. A fit of Eq. 1 to this data
results in a value of b of 3.6 6 0.1, which is in agreement
with results for other refined biomass.18,22 At solids concen-
trations of 45 and 57 wt %, the refined corn stover contained
entrained air and became highly compressible. As a result,
the bulk density was smaller than that at lower solids con-
centration, and not easily controlled. These samples are indi-
cated by the filled symbols in Figure 10.

Oscillatory mode

The procedure used for all measurements in this study
requires deformation of the sample beyond the regime where
stress depends linearly on strain so that sapp,max can be
obtained. Prior to the next measurement, the auger must be
removed and the sample must be mixed. The yield meter
may also be operated by translating the auger in an oscilla-
tory manner to obtain dynamic stress–strain data. Dynamic
properties, that is, G0 and G00,30 may be obtained if the defor-
mation remains in the linear regime. It may also be possible
to relate dynamic mechanical properties, for example, elastic
modulus, to other rheological properties of interest such as
the yield stress.31,32 This approach would make it easier to
measure time-dependent rheological properties.

Conclusions

A method for measuring yield stress that utilizes an auger
to deform a sample was developed and tested. The technique
avoids difficulties encountered with conventional rheometric
techniques, such as wall slip, sample disruption during prep-
aration, high normal stresses, and phase separation. It can be
used with a wide range of industrially relevant yield stress

Figure 8. A comparison of s0 measurements made in
the vane rheometer and the yield meter for
different materials.

Figure 9. Yield stress as a function of solids concen-
tration measured in a suspension of
bleached aspen wood fibers.

Figure 10. Yield stress of refined corn stover vs. solids
concentration.

Measurements were made using the vane rheometer and

the yield meter. The vane rheometer could not be used to

make measurements above 20 wt % solids. The filled

symbols (45 and 57 wt % solids) indicate that air was

entrained in the sample and the bulk density was smaller

than that at lower solids concentrations. Error bars indi-

cate 20% uncertainty, the value of a single standard devi-

ation based on triplicate measurements at 20 wt % solids.
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fluids including concentrated lignocellulosic biomass, con-
crete, and food products. The effects of strain rate, gap size,
and auger aspect ratio were examined. Results from the yield
meter compared well with results obtained using a vane rhe-
ometer. The device may also be used in oscillatory mode,
which would make it easier to measure time-dependent rheo-
logical properties.
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