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The split Hopkinson pressure bar (SHPB) technique has been employed to evaluate the
dynamic squeeze flow behavior of viscous Newtonian fluids. In this paper, the conditions
under which classic Hopkinson bar data analysis is applicable for fluid specimens are
discussed in detail. Requirements include the development of a parabolic flow profile and
associated pressure distribution across the specimen. The times required for these
processes to occur are calculated and compared with the experimental timescale in order
to establish a specimen design criterion for valid SHPB testing. To evaluate this design
criterion, an isothermal squeeze flow model describing the behavior of a cylindrical fluid
specimen which includes inertial forces is used to predict the experimental results for
a model Newtonian fluid. Good agreement between the theory and the experiment is
obtained for thin specimens (~ 1.0 mm) across a wide range of shear strain rates (over
10° s ). As a result of this study, the conditions under which valid SHPB experimental
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results may be obtained for a Newtonian fluid specimen are identified.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The Hopkinson bar experimental technique has been
implemented over the last 50 years to characterize the
dynamic mechanical behavior of a variety of solid materials,
such as metals, ceramics, composites, polymers, etc. under
high rate compression, tension, and torsion loadings [1].
This paper expands the capabilities of the split-Hopkinson
pressure bar (SHPB) experimental technique to the high
rate characterization of viscous fluids.

Traditional techniques capable of imparting high shear
rates within a viscous fluid include capillary and rotational
rheometry. Capillary rheometers achieve high shear strain
rates (>10° s ') at very high shear strains and medium to
low shear stresses [2]. While highly effective for viscous
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polymer melts, this technique has limitations for complex
fluids (i.e. shear thickening fluids), as clogging of the
capillary can occur.

Rotational rheometers achieve lower shear rates;
however, recent efforts have been made to augment their
capabilities by Lee and Wagner [3]. As a result, a ARES
rheometer has been modified to achieve shear rates over
10*s™! in medium viscosity materials (~1 Pas). While
these techniques are capable of high shear rates at
a moderate stress range, the Hopkinson pressure bar can
achieve very high stresses, only limited by the yield stress
of the bar material. Moreover, while rotational and capil-
lary rheometers provide steady flow measurements, the
SHPB is a dynamic experimental technique capable of
measuring the transient response of a material to loading
rate. This is especially important for complex fluids and
suspensions which are rate sensitive.

Recently, modifications to the split-Hopkinson pressure
bar technique have been made to accommodate the eval-
uation of fluids undergoing pure compression. Previously,
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Kenner [4] explored the propagation of stress waves
through a column of fluid encased within a rigid tube. In
their research, the Hopkinson bar technique was used to
examine the dynamic behavior of glycerine and ethyl
alcohol under pure compression. Kenner’s work clearly
defines requirements which must be met for the containing
tube to be considered rigid and identifies testing conditions
under which the classic one-dimensional transmission and
reflection laws may be applied for fluids.

Hoglund and Larsson [5] and Ahrstrém et al. [6] later
employed the split Hopkinson bar technique to investigate
the behavior of elastohydrodynamic lubricants at high
pressures. Their experimental setup is similar to that of
Kenner’s; however, their oil specimens were placed in
a pre-stressed cemented carbide tube with a shrink-fit
assembly of 5 rings of high-alloy steel which ensured that
there was little or no radial expansion and thus no shear
within the oil specimens during testing. A major difference
between these two experimental setups is that the fluid
column in Kenner’s experiments is almost a meter long,
while the specimens examined in the apparatus modified
by Ahrstrém et al. are between 2 and 5 mm in length. Also,
Kenner’s experiments used a spherical projectile in lieu of
the standard cylindrical striker bar. An important facet of
the literature by Ahrstrém et al. is their identification of the
timescale associated with wave propagation through
a constrained fluid specimen. In this paper, we will expand
this analysis to encompass the behavior of an uncon-
strained fluid undergoing dynamic squeezing flow.

The Hopkinson bar experimental method has also been
used to study the behavior of viscous fluids under pure shear
loading. Clyens et al. [7] employed the Hopkinson torsion
bar to obtain high shear rate measurements of the viscosity
of supercooled liquids. Later, the through bar method [8]
was used to investigate the dynamic response of a high
polymer silicon oil. In this technique, the oil surrounds the
incident, or through bar, and is held in place by a coaxial
cylinder, mimicking a Pochettino-type viscometer. During
testing, the incident bar is driven through the fluid resulting
in a pure shear loading. PMMA bars were used, making it
possible to visually check that no air bubbles were present
during testing. This use of viscoelastic bars adds a level of
complexity to the SHPB data reduction. In addition, this
method was not validated using a viscosity standard.

These innovative techniques have proven useful for eval-
uating the compressive and shear behavior of fluids sepa-
rately. This study expands on these techniques by extending
the traditional SHPB technique to characterize the high rate
compression-induced shear response of a viscous fluid. In
these experiments, the SHPB apparatus is used as a means of
measuring the dynamic, high rate squeeze flow within
a viscous fluid specimen. This technique allows for the eval-
uation of smaller volumes of fluid as well as for easier spec-
imen loading. The aim of this study is two-fold: 1) quantify
the experimental conditions and parameters required for
valid SHPB evaluation of a Newtonian fluid specimen and 2)
validate the test methodology and associated data reduction
using known viscosity standards.

Two facets of SHPB data reduction for a viscous fluid are
discussed. The first is related to the applicability of classic
SHPB data reduction methodology to the case of a fluid

specimen. The second deals with establishing a relation-
ship between the SHPB data (e.g. bar force and gap closing
speed and acceleration) and the material properties of the
fluid. Our approach is to first satisfy the classic force equi-
librium assumptions, then to discuss further conditions
which must be met for a fluid specimen to achieve the fully
developed flow and pressure distributions derived for this
test method (i.e. dynamic squeeze flow). The flow and
pressure development times (referred to as characteristic
times) are determined as a function of the specimen
material properties and geometry. In order for the experi-
ment to be valid, the duration of the test must be larger
than the characteristic times required to achieve fully
developed flow and pressure distribution conditions. A
squeeze flow model which incorporates inertial effects is
used to predict the experimental results of a model New-
tonian fluid. Good correlation is seen for thin specimens
(0.5-1.0 mm) that satisfy our test methodology. A criterion
is derived to identify experimental conditions that will
allow for accurate characterization of Newtonian fluids
over a wide range of viscosities and strain rates.

2. Materials

The CANNON N4000 and N5100 Newtonian viscosity
standards consist of 100% polybutene. An AR-G2 rotational
rheometer was used to examine the shear rate dependence
of these viscosity standards at 20°C. The results for
a continuous shear stress ramp are plotted in Fig. 1, where u
represents the dynamic viscosity of a Newtonian material
and 7 is the applied shear rate. At shear rates over 1000 s,
the power limits of the AR-G2 are reached and, as a result,
the viscosity appears to drop drastically. This is not actual
shear-thinning, but rather due to the power limits of the
AR-G2. This follows standard rheological practice to show
the limitations of the rheometer. From the rheological
information in Fig. 1, it is clear that there is little or no rate
dependent behavior for these specimens at shear rates up
to 1000 s~!. Thus, the N4000 and N5100 fluid specimens
can be considered Newtonian at low to medium rates.

30_ S bl | s a bkl | M | Rl | il |
AR-G2 Rheometer
r 1°cone, 20 mm, 20 °C 1
25 r 1
20} % ]
I b \
1 '
© \
S 5p ]
10fF .
5L ]
—=— N4000 1
»— N5100 ]
| L i L m il " | um-
10? 10" 10° 10 10° 10° 10 10°
- -1
y (s7)

Fig. 1. Continuous shear-stress ramp of N4000 and N5100 at 20 'C. At
approximately 1000 s—' the power limit of the AR-G2 is exceeded.
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Fig. 2. Viscosity-temperature relationship for N4000 and N5100 standards.

The temperature dependence of the N4000 standard
has been provided by CANNON and is plotted in Fig. 2. This
data has been curve fitted and is used to determine the
actual viscosity for each test, given the measured ambient
temperature during testing. Here, E, is the activation
energy, R is the gas constant and T is the temperature of the
specimen. While Fig. 2 shows a strong temperature
dependence of these fluids, it should be noted that,
experiments were performed at sufficiently low average
shear rates to incur less than 1 'C temperature rise during
testing.

A conservative estimate of the sound velocity of poly-
butene is 700 m/s [9] and will be used in estimating the
characteristic timescales of the N4000 and N5100 fluid
specimens. The density of the N4000 fluid is 883.2 kg/m>
(886.2 kg/m® for N5100) at 20 'C. These values will be used
in later analysis of the viscous fluid specimen behavior
during SHPB testing.

3. Experimental

The diagram in Fig. 3 illustrates the SHPB experimental
setup adapted for dynamic testing of viscous fluids. In the
experiments discussed in this paper, the specimen and bar
diameters are the same (Dsp= Djg = Dtg). The aluminum
(Alloy 6061-T651, ¢y,=275.8 MPa) bars used in these
experiments were precision machined and centerless
ground for a high degree of alignment. The bars are
supported by four bearings to prevent bending and

Striker Bar
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Striker Gage (SG-1)

maintain alignment. These bearings are machined to fit the
bar outer diameter, resulting in reduced friction.

The fluid specimen is sandwiched between the bars and
held in place by a soft, flexible band. A key and pin system
was used to set the initial specimen thickness before each
test (Fig. 4). Two pins were attached to the incident and
transmission bars using strain gage adhesive. Several keys
were machined to control the distance between the two
pins. By using the keys to set the initial specimen thickness
before testing, experimental data could be taken with
a high degree of repeatability.

During each test, the flexible band encasing the fluid
is stretched due to fluid expansion in the radial direc-
tion. This creates a force applied to the fluid from the
band. An estimate of the magnitude of this effect was
made using data from quasi-static tensile tests
performed with an Instron 5567. It was determined that
the modulus of the flexible band was ~1 MPa. Given the
change in thickness during testing and considering
conservation of fluid mass, the pressure developed by
the band was negligible (two orders of magnitude lower)
compared to the pressures developed during compres-
sion loading. No specimens were tested more than once
in these experiments and a new band was used in each
test.

Two strain gauges were mounted at the center of the
incident and transmission bars at positions LSG-1 and LSG-
2 from the IB-SP and SP-TB interfaces, respectively. The
strain gages are mounted on opposite sides of the bar and
wired to cancel out radial strain, leaving only axial strain in
the recorded data. At the beginning of each test, the striker
bar is fired out of a 1 m long gas gun tube. Two infrared
sensors, mounted 50.8 mm apart at the end of the tube, are
used to measure the exit velocity of the striker bar, Vg,
which is often used as a measure of comparison between
different tests.

The striker bar impacts a pulse shaper, which is placed
at the incident bar end. The pulse shaper material creates
a near-triangular-shaped pulse which travels along the
incident bar to the IB-SP interface. At this interface,
a portion of the pulse is reflected while the rest passes
through the specimen and along the length of the trans-
mission bar. The factors affecting the magnitude of the
reflected and transmitted pulses are the bar-specimen
impedance (product of density, p, and wave speed, Cp) ratio
and the geometric properties of the specimen. These
experimental parameters, including the elastic modulus
(E), are listed for each material in Table 1. The wave speed
through each of the bars was determined through calibra-
tion experiments.
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Fig. 3. SHPB experimental setup adapted from [11].
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Fig. 4. Key and pin setup for specimen thickness control.

Several variables can be controlled in the test: the
loading rate, the amplitude and the total duration of the
incident pulse. The loading rate of the incident pulse was
set using a cylindrical rubber pulse shaper (2.54 mm
diameter, 1.45 mm thickness). This was found to yield the
slowest loading rate possible while maintaining a clear
distinction between the incident and reflected signals.
Aluminum bars were used as their low impedance is
sufficiently close match to the fluid without resorting to
polymeric bars. The incident pulse amplitude was limited
by the yield strength of the bars (g, =275.8 MPa). The
experiments reported in this paper were performed with
maximum axial strain rates (¢) between 1000 s~ (N4000)
and 4000s~! (N5100) which induce shear rates, (¥)
between 46,000 and 175,000 s~!. The loading times for
these experiments range between 150 and 250 ps. The
transient material behavior is measured accurately within
0.2 ps intervals using a 5 MHz data acquisition rate.

4. Data reduction and analysis
4.1. Governing equations

The standard Hopkinson bar data reduction method-
ology presented by Grey [10] and discussed extensively by
Gama [11] establishes the relationship between measured
acoustic data and the force acing on the specimen as well as
the specimen compression rate. The force applied to the
specimen represents the average pressure distribution in the
material at any pointin time. This is calculated as the average
of the forces within the incident and transmission bars:

1
F = Q[AIBEIB(EI + eg)AmsEmger] (1)
Table 1
SHPB experimental parameters.
N4000 N5100
Lig 1.83m (6') 1.82m (6')
Lts 1.83m (6') 1.82m (6')
Dig 0.0254 m (1") 0.0191 m (3/4")
Drg 0.0254m (17) 0.0191 m (3/4")
e 0.92m (3") 0.91 m (3)
liges 0.92 m (3) 0.91 m (3)
E 68.9 GPa 68.9 GPa
P 2700 kg/m> 2700 kg/m>
Co,1B, exp 5020 m/s 4998 m/s
CotB.exp 4940 m/s 4957 m/s
Dsp 0.0191 m (3/4") 0.0191 m (3/4")
i 0.102 m (4”) 0.127 m (5")

where A represents the bar cross-sectional area and ¢y, ¢g,
and er are the incident, reflected and transmitted pulses
obtained from the strain gage signals. The gap closing
speed is defined in [1] as the difference between the inci-
dent bar end particle velocity, U;, and the transmission bar
end particle velocity, U,, (Eq. (2)).

U= U, —U, = Cop(—& + &) + Cosser ()

For solid specimens, the “strain rate” within the spec-
imen is defined as U divided by the initial specimen
thickness (Hs). In this paper the same terminology is used
with the understanding that, in the scope of fluid behavior,
this interpretation is enhanced. We therefore have:

- U, - U, _ Cog(—er + er) + Coger
Hs Hs
The “strain” (¢) is determined by integrating Eq. (3). This
is used to determine the change in specimen thickness as
a function of time in Eq. (4).

3)

h = Hs(1 ) (4)

In addition, the average axial stress applied to the fluid
specimen is defined in Eq. (5) where Ag represents the bar
cross-sectional area and As represents the specimen cross-
sectional area. In the case of these experiments, the two
quantities are the same.

= AZBTFSB(EI +€R+€T) (5)

Fig. 5 shows the nomenclature and coordinate system
used in the vicinity of the bar-specimen interfaces.
Conditions of applicability of the classic SHPB data reduc-
tion above (Egs. (1)-(5)) were considered by Kolsky [12]
and revised later by Lopatnikov et al. [13]. It is shown that
the following conditions must be satisfied:

e Experiments must yield a strong transmitted signal.
e Fluid undergoes stable, laminar flow.
e The fluid specimen must be in force equilibrium.

Let us begin with the first item, as this requires the least
discussion. The specimen-bar impedance ratio does not
exceed 0.05 for this setup; however, it is shown in Fig. 6 that,
through our choice of specimen geometry, material and
testing parameters, a strong transmitted signal is achieved.

Transmission Bar

- i ’
Incident Bar Mot

Fig. 5. SHPB diagram for bar analysis, adapted from [1].
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Fig. 6. Incident and transmission bar signals.

Thus, we are able to satisfy this condition and our signals can
be accurately measured using our instrumentation.

A second consideration for dynamic squeeze flow is
related to the stability of the fluid during the experiment. It
is possible to show quantitatively that the fluid specimen
undergoes stable laminar flow by calculating the Reynolds
number characteristic of these experiments. The maximum
velocity (U) for these experiments is 2.0 m/s. From Eq. (22),
we can determine the maximum radial velocity (at z=h/2)
to be 19.05 m/s and 28.58 m/s for the N4000 and N5100
specimens, respectively. It follows that the maximum
Reynolds numbers for these experiments are 1.7 (N4000)
and 0.98 (N5100). The accepted Reynolds number below
which stable, laminar flow occurs for Poiseuille flow
between parallel plates is ~2000 [14]. These experiments
fall 3 orders of magnitude below this limit and one can
conclude that stable laminar flow exists during testing
conducted in this study.

Achieving force equilibrium can be shown using the
measured response from the strain gages during testing.
Sample experimental results for a single test on a 1 mm
thick N4000 fluid specimen are presented. The strain gage
data in Fig. 6 depicts the incident, reflected and transmitted
pulses from the first loading cycle of the CANNON N4000
viscosity standard specimen. The data was sampled at
0.2 us intervals (5 MHz) and was dispersion corrected using
a program based on the guidelines set by Li and Lambros
[15]. A complete description of the program is presented by
Gama [11]. This program corrects for variations in the
sound speed of the IB and TB using calibration test data,
performs a Fourier transform on the data to eliminate high
frequency oscillations, and sets time equal to zero at the
instant the specimen experiences the incident pulse. The
resulting dispersion corrected data is plotted in Fig. 7. For
bars and specimens of equal cross-sectional area, the R
value physically represents the net force acting on the
specimen by the incident bar (i.e. the sum of the incident
and reflected pulses) and the force acting on the trans-
mitted bar (i.e. the transmitted pulse). The R value is
defined as the force difference normalized by the average
force. When this value approaches zero, this is an
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Fig. 7. Dispersion corrected data.

indication that the specimen is in force equilibrium during
this loading cycle [9]. The R value is plotted in Fig. 7 for the
duration of the test presented in Fig. 6.

This criterion has been met for each experiment pre-
sented in this paper. At this point, it is necessary to discuss
the dynamic behavior of a viscous fluid in more detail.

5. Dynamic behavior of a viscous fluid

While the conditions of achieving force equilibrium in
the timescale associated with the stress wave propagation
through the specimen have been established experimen-
tally, there are additional squeeze flow requirements which
must be met. As will be shown below, a dynamic squeeze
flow model including inertial terms is derived to relate the
data collected during the test to the fluid viscosity. The
model assumes that the flow and pressure profiles are fully
developed.

In order for a fluid specimen to achieve these conditions
during dynamic testing, the times required for these
processes to occur must be small compared with the
characteristic time of the experiment (¢ !). In the following
sections, an estimate of these characteristic times is
developed. It will be shown that these estimates provide
guidelines for selecting appropriate SHPB test conditions as
well as specimen design, where the thickness or the
diameter of the specimen can be chosen as a function of the
fluid viscosity to ensure the model assumptions are valid.
This methodology also establishes the limits of applicability
for valid dynamic characterization of viscous fluids. In the
following section, characteristic times are considered for
axial wave propagation, flow and pressure development. It
is recognized that these responses can occur simulta-
neously but as a first step they are treated individually
using analytical estimates. When available, our estimates
are compared to expressions extracted from previous work.

5.1. Axial wave propagation

During a SHPB test, the viscous fluid specimen will
respond in several ways. First, the stress wave in the
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incident bar will travel through the specimen thickness to
the transmission bar. The specimen can be considered to be
in stress equilibrium through the thickness depending on
the specimen thickness and wave speed (Fig. 8).

Given the thickness and actual sound speed
(752-1009 m/s from [9]) of the N4000 fluid specimen, it is
possible to estimate the time required for the stress wave to
traverse the specimen (Eq. (6)).

Hs
TH—CT)

Since the specimens discussed in this work are very thin
(0.5-1.0 mm), this time will be very small (on the order of
1 us) compared with the timescale of each experiment.
Hence, the specimen can be considered to be in local force
equilibrium across its thickness, even when considering
multiple reverberations. This is consistent with the
measured forces across the bar diameter shown in Fig. 7. Just
this fact alone defines the applicability of the classic SHPB
approach and data reduction to these viscous fluids. The
effect of specimen thickness on equilibrium development
has been evaluated and discussed specifically by Song and
Chen in [16]. Additional information is provided in [17-19].

(6)

5.2. Pressure profile development

The second process to be considered is the development
of the pressure profile across the radius of the fluid spec-
imen. Due to the pressure gradient between the center and
outer boundary of the specimen (i.e. zero pressure), a non-
uniform pressure profile will develop across the specimen
radius. This progression is illustrated in Fig. 9. At t=0,
a constant pressure profile exists across the radius. This
profile will develop into a linear pressure profile over the
radius that is constant in the thickness direction (it will be
shown that the axial wave propagation occurs much more
rapidly than the time for pressure profile development). An
estimate of this characteristic time is derived next.

P;:P]' P_?:Pg'

Fig. 8. After a short time, ty, the pressure across the fluid layer reaches
equilibrium.

Fig. 9. Pressure profile development across the specimen radius.

In the case of a viscous fluid in a narrow gap (R > h), the
viscosity can strongly affect the pressure profile develop-
ment time. This time is determined by first writing the
continuity equation for a compressible fluid in which there
is no source or sink of mass, where V; and V, represent the
fluid velocities in the r and z directions:

p  (1a0V) oV,
&“’(? or "oz) =0 2

We can make the approximation:

v, U, -U, .
z- T — (8)

Here U; and U, represent the velocity of the transmitter
and incident bar surfaces, respectively, and é(t) represents
the current strain rate. Considering only cylindrically
symmetric flow in the r-direction, it is possible to rewrite
the continuity equation:

o 1oV
Pp 2 = pi(n) ©)

ot

Now it is necessary to consider the momentum balance
equation in the r-direction to obtain a relationship between
V; and AP. Additional assumptions inherent in Eq. (10) are
no slip between the bar and fluid and zero body forces:

v, P &V,
Pt = Tor TRz (10)

Here, it is possible to make the approximation:

o’V Vv
022~ HZ

(11)

Neglecting the transient inertial term, which is small in
comparison to the gradient of pressure, yields a “Darcy’s
law” for the gap:

I VA (12)

The coefficient, u/HZ, represents the permeability of the
gap for a viscous fluid. Eq. (12) can be solved for the fluid
velocity in the r-direction:

_ HZoP
Vi (13)

This can now be substituted back into Eq. (9) to yield Eq.
(14), where v represents the kinematic viscosity of the fluid.

ap H§16<6P)

ri
o0 v ror

ar) = P (14)
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The pressure change and density in the fluid can be
expressed as AP= —Kze and p = po(1 — ¢), where Kt is the
bulk modulus of the fluid and pg is its initial density.
Combining these expressions yields: Ap=AP/C§, where
Co = +/Ki/py and Ap = p — po. Substituting this relationship
into Eq. (14) yields:

aP chgla(@

ot v ror\ or

) = —pCit (15)
Eq. (15) represents a diffusion equation known as the
equation of piezoconductivity [20] with an effective diffu-
sion coefficient,Dp = H2C2 /v, written here for a specimen
with cylindrical symmetry. A similar expression has been
derived by Basov et al. [20] describing the behavior of
a power law fluid under oscillatory flow using Cartesian
coordinates. This equation describes the diffusion of pres-
sure related with the viscous resistance of the fluid to flow.
Thus, the characteristic time required for pressure profile
development from an initial constant pressure to a linear
profile can be described by this characteristic time related
with the viscous piezoconductivity of the gap (Eq. (16)).

R? VR?

Dr  C2H? (16)

p=

Eq. (16) includes the effects of material properties and
specimen geometry on this characteristic time. Hence, this
expression provides guidance on selection of bar diameter
and specimen thickness as a function of kinematic
viscosity. Another reference time for pressure profile
development can be related to the time for a wave to
propagate across the radius of the specimen:

TR =~ (17)

It is shown in a later section that this time can become
important for fluids of low viscosity. Both of these param-
eters are useful for defining the limits of valid SHPB test
conditions.

5.3. Flow profile development

The third dynamic process which must be addressed is
the development of the stationary parabolic flow profile of
radial velocity. This process is related with the develop-
ment of viscous boundary layers near the bar walls. With
time, these boundary layers overlap and form a parabolic
profile (Fig. 10).

A conservative estimate of this characteristic time is
given by the time required for a viscous wave to travel
through the specimen thickness,

_Hs

Ty = G (18)

Here, the speed of the transverse shear wave is given by
¢y, which has been defined by Wilhelm and Hong [21] as the

shear wave speed in an infinite fluid (Eq. (19)).

& = (/)" (19)

Fig. 10. Flow profile development.

Ty is a general relaxation time. For our situation, we
define this as the time required for the wave to travel
through the specimen thickness (Eq. (18)). Combining Eqs.
(18) and (19) results in an expression describing the char-
acteristic time for flow profile development:

2
=t (20)
v

Let us now use these characteristic times to develop
a criterion for specimen design. For a valid SHPB test, the
duration of the loading pulse must be greater than the
maxima in the four characteristic times discussed above
(axial and radial wave travel times and pressure and flow
development times). In Fig. 11, the characteristic times for
a 1.0 mm thick, 25.4 mm diameter specimen are plotted as
a function of the fluid kinematic viscosity. Based on Eq.
(20), the velocity profile development time decreases with
increasing viscosity, while the pressure profile character-
istic time increases (see Eq. (16)). In this plot, it is clear that,
for a N4000 viscosity standard (v = 20,000 mm?/s) spec-
imen with the above geometry, the governing characteristic
time is the flow development time of 50 ps. In this regime,
one also notes that the time for pressure development is
governed by the travel time in the radial direction (tg > tp).
Physically speaking, the pressure development across the
specimen radius will not occur faster than the time it takes
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Fig. 11. Characteristic equilibrium times for dynamic processes for a 1.0 mm
specimen.
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sound to travel that distance. However, for materials with
a kinematic viscosity higher than 55,000 mm?/s, the
process becomes piezo-conductivity dominated where the
governing characteristic time is now the pressure devel-
opment time.

From Fig. 11, it is clear that, for a given fluid kinematic
viscosity, there is a specific specimen geometry at which
the flow and pressure profile characteristic times reach
a minimum. This triple point can be expressed by the
relationship:

R v
H—g G- 1 (21)
Eq. (21) allows one to select a specimen aspect ratio (R/Hs)
which will result in the lowest possible governing charac-
teristic time for a given material (and hence the triple point
represents the highest strain rate that can be tested without
violating the assumptions of the squeeze flow model
developed in the next section). This procedure is illustrated
in a later section for the case of the N5100 fluid.

In our experiments on N4000, the specimen radius was
limited by the available bar diameter and the smallest
possible specimen thickness was used in order to yield
a strong transmitted pulse. As a result, these specimens
have a higher flow characteristic time (as stated above)
than the pressure characteristic time.

6. Squeeze flow model

Given that all characteristic times are satisfied,
a dynamic squeeze flow model including inertial forces can
be used to describe the SHPB experiment for a fluid
specimen. The classic squeezing flow model developed by
Stefan [22] has been modified to include terms accounting
for the fluid inertia by Kuzma [23] and is written in Eq. (23)
along with the radial flow velocity (Eq. (22)) and shear
rate (Eq. (24)).

_3r

V, = F(Zz — hZ) (U] — Uz) (22)
7R (3p - - 15p ,+ 1 \2 OBu - -

F:T(ﬁ(ulfumw(uﬁuz) *F(”“”z)) (23)
transient inertial bulk inertial viscous

av, oV, 6rz, - :
Yz = ('Terrairz = *F(Ul - Uz) (24)

The experimental force, F, is determined from the bar
strain measurements using Eq (1). The transient and bulk
inertial terms are calculated from geometry, fluid density
and experimental measurements of the bar end velocities
(Eq. (2)) and accelerations. Bar end accelerations are
calculated by taking the time derivative of locally smoothed
bar end velocity curves at each point in time. The instan-
taneous thickness is determined according to Eq. (4).

Now, these inertial terms may be subtracted from the
experimentally measured force, leaving only the experi-
mental viscous force contribution. In Eq. (25), the slope of
the curve is the fluid viscosity of interest.
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Fig. 12. Determining viscosity using the quasi-static squeeze flow theory for
a N4000 fluid specimen.

2h3 .
WFMEXP = :u'epr (25)

For information on the squeezing flow behavior of
non-Newtonian materials, the review paper by Engmann
et al. [24] is a good resource.

7. Theory-experiment correlation

Let us now examine the accuracy of the quasi-static
squeeze flow model predictions for SHPB experimental
data taken using the 1.0 mm thick, 25.4 mm diameter
N4000 fluid specimen discussed previously with
a maximum characteristic time of 7y = 50 ps. The pressure
profile development time for this material is governed by
the sound travel time across the specimen radius
(tr=18.1 us), which is small compared with the typical
duration of the test (275 us). A linear relationship is found
for the loading portion of all tests consistent with Eq. (25).
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Fig. 13. Theoretical prediction using the viscosity determined in Fig. 12
plotted against the viscous experimental force.
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Fig. 14. Normalized viscosity plotted against max shear rate for N4000
standard specimens.

Given the cubic dependence on specimen thickness and the
fact that thickness varies continuously with time during the
test, this linear correlation provides convincing evidence
that our approach is accurately capturing the correct
physics for dynamic squeeze flow. A typical result is shown
in Fig. 12 where the fluid viscosity is found to be 13.0 Pas
with a correlation coefficient of 0.9978. Using this value,
excellent correlation is shown in Fig. 13 between the model
prediction and experiments for the transient viscous force
during loading and unloading of the specimen.

The viscosity is normalized using the actual viscosity
(Mactual) of the standard at the experimental temperature
(Fig. 4). The normalized viscosities from 25 experiments
have been plotted in Fig. 14 according to the maximum
shear rate at the specimen edge defined in Eq. (24) in
each experiment. These experiments are performed at
low enough rates that the isothermal testing require-
ment is satisfied and the specimen characteristic times
do not exceed the characteristic experimental timescale.
When the specimen design criteria are satisfied, good
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Fig. 15. Characteristic equilibration times for a 0.5 mm thick, 19.05 mm
diameter specimen.

08 | .

06 u

j'lexplll'la::lual

04 | -

0.2 -

[ CANNON Viscosity Standard N5100
0.0 1 1 1 1 1 1 1
120000 140000 160000 180000 200000 220000 240000 260000 280000

at edge (s™)

lIma:(

Fig. 16. Normalized viscosity plotted against max shear rate for N5100 fluid
specimens.

agreement (fexp/Mactual = 0.94 &+ 0.05) was achieved over
a wide range of maximum shear rates at the specimen
edge (50,000-150,000 s 1).

To complete the experimental study, the N5100
viscosity standard was evaluated under the ideal specimen
design conditions (i.e. triple point) shown in Fig. 15
(tp=tv=1=13.6 us). With a kinematic viscosity of
18,500 mm?/s, the N5100 fluid specimen meets the
requirements for minimal profile development times for
19.05 mm diameter, 0.5 mm thick specimens. The average
loading time for these experiments is 200 us. For these
specimens, the theory-experiment correlation is plotted in
Fig. 16, where an excellent match is seen (Uexp/
Uactual = 1.00 £ 0.03). The maximum axial strain rate
achievable for this configuration should be limited to
7350 s~ (shear strain rate of 382,000~ ') in accordance
with the guidelines established in this study.

These results prove the concept of SHPB testing for thin
viscous fluids; reasonable data corresponding with the
known rheological behavior of the N4000 and N5100 fluid
specimens has been obtained. A good understanding of the
effect of dynamic processes on experimental results for SHPB
testing is demonstrated herein. With suitable specimen
design, accurate measurements of viscosity can be obtained.

8. Conclusions

The requirements for a valid SHPB test of a viscous
Newtonian fluid specimen are discussed in detail. The
classic Kolsky data reduction method is presented along
with the conditions under which this method may be
applied. Characteristic timescales for four dynamic
processes have been determined, each as a function of
material properties and specimen geometry. Using this
knowledge, the criterion in Eq. (21) was developed, which
allows one to determine the ideal specimen geometry
(radius and gap) for a material of known sound velocity and
kinematic viscosity. In cases where these are unknown,
estimates may be used to provide a range of feasible
specimen geometries.
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A squeeze flow model including inertial forces has been
experimentally validated using model Newtonian fluids.
The model accurately predicts the transient force applied to
the specimen during SPHB testing. Specimen viscosities
have been measured at shear strain rates up to 280,000 s~ !
and are found to be in excellent agreement with the known
viscosity when the test methodology is satisfied. Viscous
heating of the specimens is found to be negligible for the
testing conditions investigated in this paper. For higher
rates or more viscous materials, it will be necessary to
account for this in temperature-sensitive materials.
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