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ABSTRACT:

The shape and fracture of the free surface frequently limits the measuring range and impedes the use of optical velocimetric
techniques in parallel plate and cone plate setups. To prevent this, various kinds of edge guards are often employed. In the
present study, we elucidate how an edge guard distorts the steady velocity profile in a parallel plate setup. To this end, we
analyzed the velocity field of a strongly shear-thinning fluid, a Newtonian fluid and a set of suspensions via particle image
velocimetry in a parallel plate device. Several guard ring sizes were studied. The distortion is described by a simple three para-
meter model. These parameters are mostly constant for different fluids and suspensions with particle volume fractions below
45 %. With increasing radius, the guard ring’s influence approaches a limiting value that we attribute to the influence of the
fluid surrounding the gap. Our results indicate a limiting ratio of the difference between plate radius and guard to gap size
that should always be exceeded. In the presence of a guard ring, even Newtonian fluids do not exhibit a constant shear rate
for most radial distances within the gap. This distortion of the velocity field challenges the simple superposition approach of

unguarded device and guard influence that is prevalent in the literature.
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1 INTRODUCTION

The parallel plate (PP) and the cone plate (CP) setup are
among the most frequently used devices in rheology. A
major disadvantage of these systems is that the upper
limit of the accessible shear rate range is not deter-
mined by the rheometer’s specifications but by the on-
set of edge fracture. A factor that is mostly determined
by the sample’s properties and that frequently evokes
inaccurate rheometric results. Even if no edge fracture
occurs, the shape of the meniscus can affect the signal
recorded by the instrument [1-4] and complicate opti-
cal accessibility [5], which is a prerequisite for tech-
niques such as particle image velocimetry (PIV).
Several approaches to avoid these problems have
been proposed. Gleissle [6] fitted a circumferential
guardto a CP system to extent the measuring range for
normal stresses to higher shear rates. This resulted in
an actually steady torque signal for higher shear rates
that he could not obtain without the guard ring. In a
subsequent study, Mall-Gleissle et al. [7] shifted the
shear stress obtained with the same setup tothe values
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that were obtained without the guard ring in a range
thatisaccessible to both setups. Thus, they determined
an offset factor that was used to correct their results
for the ring’s influence. Another approach is the cone
portioned plate (CPP) device [8], where only the inner
part of the plate rotates and the outer annulus is fixed
to the rheometers frame. The guard ring is thus re-
placed with a stationary fluid and the free surface is re-
moved from the sheared volume. Schweizer [9] com-
pared the CPP setup to a conventional CP and found
that the CPP geometry resulted in higher shear stresses
and normal forces but concluded that these differences
were negligible. Another study [10], specifically target-
ed at polymer solutions, came to a similar conclusion
regarding the steady state.

To minimize optical distortion at the free surface,
acommon approach, used for example by Meeker et al.
[11-12], is to wrap the edge with a transparent film. In
their work, Meeker et al. only studied a single radial dis-
tance with a particle tracking technique. They reported
thatthefilm’s influence was negligible for this position
even though it resulted in an apparent shear stress rise
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Figure 1: Schematic of the Rheo—PIV setup.

of approximately 20 %. Tapadia et al. [13] used such a
film guard to study an entire CP device by optical ve-
locimetric means and claimed that the film’s influence
was negligible. However, this was later challenged by
Li et al. [14] who found that the results shown by Tapa-
dia et al. were heavily influenced by edge effects and
thefilmin particular. Furthermore, they concluded that
the film significantly complicates the start-up flow be-
havior. Dimitriou et al. [15] showed that Rheo-PIV is pos-
sible without any edge guard if the meniscus does not
deform much during the experiment. This is only pos-
sible for few fluid systems, since optical distortion at
the free surface depends strongly on the sample’s edge
properties. The same group [5] also demonstrated that
a planoconcave lens, placed extremely close to the ro-
tating plate of a CP device is not suitable for fluids that
do necessitate an edge guard as it adds too much local
friction to the fluid in the setup.

Most of the studies discussed above simply as-
sumed that the velocity profile in the gap remained un-
changed and described the influence of the guard by
superposition of torque contributions. However, with
currently available PIV technology the actual velocity
profile can be determined to improve on this approxi-
mation. In the present work, we focus on the PP setup
as this is more important than CP in suspension rheol-
ogy, which is the main topic of our group. We aimed to
provide answers to the most essential questions that
may be raised when an edge guard is applied. Mainly,
whether the velocity profile in the gap remains intact
ascompared tothetheoretical velocityinanunguarded
PP device, how large the distance between the rotating
plate and the guard should be to minimize distortion
and whether the distortion depends solely on the
geometry or on the sample’s properties.

2 MATERIALS & METHODS
2.1 SETUP
We used the parallel plate setup shown in Figure 1that

was mountedtoanAnton Paar MCR501stress controlled
rheometer. Note that the radius of the rotating plate
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Figure 2: Viscosity plots of the Nal-PTX based suspensions
and of the xanthan solution.

wasR=12.5 mmwhereasvarious guardring radii R, were
used. The ratio between radii difference and gap size
(R;—R)/H is denoted in the respective figures. The tem-
perature was 20.5 + 0.5 °C. The guard ring was planar to
serve as a planoconcave lens as well as providing a
smooth surface. Both the ring and the lower plate were
made of PMMA, whereas the upper plate was covered
with a smooth black surface that sufficiently inhibited
reflection. A CCD camera DantecDynamics EO 4M
recorded the light of fluorescent tracer particles (see
‘Materials’ section) in an illuminated plane that corre-
sponded to a specified radial distance. The camera had
a sensor resolution of 2048 times 2048 pixels. It was op-
erated in single frame mode at acquisition frequencies
between 1and 15 Hz, depending on the flow velocity to
be observed. We used a Blau Optoelektronik MVNano
DL 520 nm 30 mW laser with included light sheet gen-
erating optics as light source. To ensure that only the
fluoresced light was recorded, we placed a long pass
edge filter, cut-off wavelength A, = 536.4 nm, in front of
the camera. Because thelight sheet was straight but the
particle’s trajectories curved, the visible particles in
every image were distributed over a range of radial dis-
tances. From the width of the observation window,
which was 2.00 mm, we estimated the maximum radial
distance between two tracer particles in an image as
0.10 mm < Ar < 018 mm. All other experimental para-
meters are denoted in the corresponding diagrams.

2.2 IMAGE PROCESSING

First, allimages were subjected to a low threshold high
pass filter. This greatly reduced noise and computation
time of the next step. The essence of standard PIV al-
gorithms is the cross-correlation of defined interroga-
tion areas of successive images. The correlation func-
tion maximum corresponds to the average displace-
ment of the interrogation areain atime step,i.e.thein-
verse frame rate. The same method was used here. We
adjustedtheframerateforeveryradial positionand an-
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Figure 3: Circumferential velocity at (a) r = 12.0 mm and (b) r = 10.0 mm.

gular velocity to ensure that the maximum displace-
ment between consecutive images did not exceed the
maximum displacement detectible with the algorithm.
The vertical size of the interrogation areas was 8 pixels.
We estimated the vertical spatial resolution to be ap-
proximately equivalent to the tracer particle radius, i.e.
15 um, and slightly higher near the plates, as these can-
not be penetrated by the particles. No noticeable flow
was detected in the vertical direction and will therefore
not be discussed below. Since the scope of the present
study was steady shear flow, we averaged the velocity
profile over 200 consecutive image pairs to obtain a 2D
velocity field for every radial position and experimental
parameter set.

A two-step process was employed to detect the
plates. First, the average intensity distribution was cal-
culated for every series of images. The gap was visible
in the resulting average image as bright area. Standard
edge detection algorithms were then used to detect the
edges of the gap in this image. The gap size detected
fromtheimagesandthe nominal gap size agreed within
2 %. However this does not account for deviations of the
actual gap size such as errors during the determination
ofthezerogap position. The detection process was likely
better than implied by the deviation percentage.

2.3 MATERIALS

We used CA30 poly(methyl methacrylate) (PMMA)
spherical particles from Microbeads as tracers for the
PIV measurements. These particles had a mean diame-
ter of 30 um and a very narrow size distribution accord-
ing to the supplier. The tracers were dyed with Rho-
damine B by the following process: 0.75 g/l Rhodamine
Bweredissolvedinethanolat 60 °C.20.0 g/l of particles
were then added to the fluid and stirred for one hour at
this temperature. After filtration, the particles were
rinsed with pure ethanol. The concentration of these
tracer particles was 0.20 % in all samples, which did not
noticeably alter the rheological response. The suspen-
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sion particles used in this work were PMMA spheres,
trade name Degacryl M449, provided by Evonik Indus-
tries. The diameter range was 100 to 125 um obtained
via air jet sieving. The refractive index of these particles
Was Np,, =1.4900 and the density p = 1190 kg/m3 at the
average laboratory temperature of 20.5°C.

We chose the matrix fluid to closely match the
particle’s refractive index and density. Refractive index
matching is a prerequisite for transparent suspensions
thatare mandatoryfortheapplication of PIV.The match-
ing density was necessary to allow for sufficient de-
gassing by sonication. A density mismatch may lead to
both sedimentation and cause ayield stress [16] that fur-
ther obstructs the degassing process. Furthermore, a flu-
id with a high ion content was chosen to prevent electro-
static interactions of the particles [17]. The Newtonian
matrix fluid, a mixture of 54.76 wt% Triton-X100,
25.23 wt% poly(ethylene glycol) 400 and 20.01 wt% of a
60.00 Wwt% solution of sodium iodine in deionized water,
exhibited a dynamic viscosity of 1, = 0.908 Pas. Since
both refractive index and density are never perfectly uni-
forminabatch of particles, Anp,,=3-104and Ap/p=21073
were found to be the limiting tolerances. This fluid is re-
ferred to as “Nal-PTX” in the remainder of the study.

A shear thinning fluid was prepared by dispersing
0.50 wt% xanthan gum in 25.0 wt% poly(ethylene gly-
col) 400 and then adding deionized water under vigor-
ousstirring. This mixture was slightly opaque but trans-
parent enough to allow for robust PIV measurements.
Viscosity plots of all of the suspensions, the unfilled
Nal-PTX fluid and of the xanthan solution are shown in
Figure 2. These were recorded with a commercial con-
centric cylinder cell of the Searle type for the MCR501
Anton Paar rheometer mentioned in the “Setup” sub-
section. As these plots demonstrate, all of the suspen-
sions exhibited fairly Newtonian behavior at shear
rates below 1.0 s and only the highest concentrations
were shear-thinning at higher shear rates. Asintended,
the xanthan solution was strongly shear-thinning in
the entire measuring range.
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Figure 4: Circumferential velocity in the gap’s vertical central
plane (solid lines correspond to the model function).

3 RESULTS & DISCUSSION

The circumferential velocity of two vertical sections is
shown in Figure 3. These sections correspond to two ra-
dial positionsinthe gap close tothe edge of therotating
plate. As these plots show, the slope of the Newtonian
fluid’s velocity profile was fairly close to the standard
theory for parallel plate rheometers, even close to the
edge. The dense suspension deviated from this slope
andexhibited a noticeable curvature. This deviation de-
creased with increasing distance to the edge of the ro-
tating plate, i.e. towards the axis of rotation (Figure 3b).
The dense suspension also seemed to slip at the upper
plate but not at the lower plate. Intense particle-parti-
cle interactions probably impeded the propagation of
shear flow in the bulk and flow was partially localized
to the thin depleted fluid layer that is characteristic of
apparent slip. Due to the finite size of the tracer parti-
cles, measurement uncertainty was slightly larger near
the plates. The slight slip of the Newtonian fluid in Fig-
ure 3 was probably a consequence of this effect.

The extremely shear-thinning fluid deviated much
more atthevertical center but approachedthe expected
values near the top plate. This resulted in a strong cur-
vature of the profile with high local shear rates in the
top half of the gap and shear rates that were lower than
expected in the bottom half. These curves agree quali-
tatively with the study of Li et al. [14] for polymer solu-
tions, which are also strongly shear-thinning. As for the
suspension, the curvature of the shear-thinning fluid’s
profile was also less pronounced at the lower radial dis-
tance. A horizontal section in the vertical center of the
velocity field is shown in Figure 4. As expected from the
vertical sections, the Newtonian fluid agrees quite well
with the standard PP theory over most of the moving
plate’s radius. However, the circumferential velocity
starts to decrease in the gap and not just outside of it.
Peak velocity occurs much earlier in a dense suspension
and earlier still in the shear-thinning fluid.

© Appl. Rheol. 26 (2016) 64533 | DOI: 10.3933/ApplRheol-26-64533

a) 45] Newtonian fluid 71 shear-thinning fluid

1 experiment 35] I experiment
model model

w/o w/ ‘ ) w/o w/
guard ring guard ring

Figure 5: Torque predicted by the model compared to experi-
mental values for a Newtonian fluid b shear-thinning fluid
(AR/H = 5.15, H = 2.0 mm, yr=R=1.0 s-1).

A simple model that describes the circumferential
velocity vas a function of both the radial distance rand
the vertical position his given in Equation 1. This model
equation can be applied to the entire radial distance
range o <r=<R,.

v:wgrks@—F(r)) o)

where F(r) is a cumulative normal distribution function
with mean value u and standard deviation o (Equation 2).

o]

The slope parameter k;accounts forthe deviation of the
angular velocity from the expected value, for example
in the dense suspension due to slip at the upper plate,
and should be between zero and one. The mean value
pnofthedistribution function, referred to as position pa-
rameter here, corresponds to the inflection point of the
velocity decay outside of the gap. The standard devia-
tion o, referred to as edge parameter, scales the rate of
decay. For k; =1, u = R and o = o the velocity profile is
equivalent to the theoretical shape expected for stan-
dard parallel plate devices. Thus, we were able to eval-
uate the shape of a radial velocity profile and its devia-
tion from standard theory by comparing these model
parameters and their changes with regard to different
experimental parameter sets. While this model worked
reasonably well fortwo dimensional sections of the gap
asshownin Figure 4, it certainly hasits limitations. Even
withthree parameters,the modelstillassumesthatthe
velocity is proportional to the vertical coordinate h. This
may reasonably approximate the Newtonian fluid
shown in Figure 3, as well as both the suspensions and
the shear-thinning fluid some distance from the edge.

(2)
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Figure 6: Edge and position parameter as a function of the
particle volume fraction.

However, the information of the curved profile in Fig-
ure 3a is reduced to its average slope. A simple way to
assess the quality of the model approximation is to
compare the steady torque predicted by the model to
the experimental results. The torque is especially suit-
able because it is an integral parameter, i.e. it accounts
forthe entire shearfield, and it is experimentally acces-
sible without relying on further assumptions. We
calculated the steady torque M (Equation 3) for the
Newtonian fluid, as best case, and the xanthan based
shear thinningfluid,asworstcase. This was performed
for the setups with and without guard ring.

Ra
M=2nr | nyridr
fo @)

We used the viscosity from the plots shown in Figure 2
and determined the shear rate by applying the defini-
tion given in Equation 4 to the model Equation 1 and
the standard PP velocity function respectively.

g dv

dh (4)
Experimental values of the torque without guard ring
were obtained by applying standard edge trimming.
Since the curvature of the Newtonian fluid’s velocity
plots (Figure 3) is low, model prediction and experimen-
tal values shown in Figure 5 agreed quite well. For the
shear-thinning fluid, the predicted value exceeded the
experimental result for both the guarded and the un-
guarded setup. The difference was only slightly larger
than the measurement uncertainty of the experimen-
tal torque, but much greater than for the Newtonian
fluid. It was also present for the setup without guard
ring, indicating that edge effects already have a signif-
icant influence at the low shear rate chosen here. The
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Figure 7: Slope parameter versus apparent shear rate.

difference between the experiment with and without
guard was 35.5 % for the Newtonian fluid and 18.0 % for
the shear thinning sample which agrees with the re-
sults of Meeker et al. [11] [12].
Nonetheless, the model still proved valuable to quan-
tify and discuss the average distortion of the velocity
field with regard to various experimental conditions.
Figure 6 shows two of the three model parameters
forone experiment as a function of the particle volume
fraction. Most properties of a suspension, such as the
dynamic viscosity, are very sensitive to changes of the
particle volume content. However, the shape of the ve-
locityprofile and thus the model parameters are very
robust regarding this parameter. They are only affected
at the highest concentrations. While the suspensions
were also shear-thinning in this concentration range,
none of them showed noticeable non-Newtonian be-
havior for the apparent shear rate used here. The con-
centration limit, approximately 45 %, roughly corre-
sponds to the onset of strong structuring for these par-
ticles [18]. Hence, it was probably the increase of me-
chanical particle-particle interactions that shifted the
edge influence further into the sheared gap as indicat-
ed by the decrease of the position parameter. This also
resulted in a progressive propagation of slip, localized
at the upper plate, from outer to inner radial positions
as flow was increasingly restricted by the surrounding
stationary particles. As this slip occurred at radial posi-
tons beyond the peak velocity, it was not reflected in
changes of the slope parameter. The underlying shape
of the peak changed only slightly since both the edge
parameter and the slope parameter (not shown) were
not affected significantly. Standard PP rheometer the-
ory assumes that the shape of the circumferential ve-
locity profile is not affected by the angular velocity. This
mostly held true for the guarded PP setup as well. The
model parameters were invariant to changes of the ap-
parent shear rate except for the slope parameter of the
shear-thinning fluid (Figure 7).
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Figure 8: Model parameters as a function of the gap height for (a) edge and (b) slope parameter.

In contrasttothe Newtonian fluid and the suspen-
sions, the shear-thinning fluid’s slope parameter actu-
ally approached k, = 1 for increasing apparent shear
rates,i.e.angularvelocities. Thus, theresults of a guard-
ed PP setup actually improved for shear thinning fluids
if the apparent shear rate is increased. While the other
parameters were not affected, a changing shape of the
velocity profile also means that the results obtained
with different shear rates cannot be compared without
accounting for this effect. To understand this effect, it
is more convenient to argue based on the shear stress,
ratherthanshearrate. Becausethetorqueisdistributed
overalargersurfaceareaatthelowerthanatthe upper
plate, the shear stress is also a function of the vertical
coordinate and reaches its maximum at the upper
plate. Higher local shear stresses result in higher local
shear rates. This effect is small for Newtonian fluids, as
displayed in Figure 3a. But for shear thinning fluids, the
absolute viscosity difference fora given shear stress dif-
ferenceis lower for higher shear stresses than for lower
levels. Thus, the absolute shear rate difference along
the vertical coordinate is also lower for higher shear
stresses and the curvature of the velocity profile de-
creases. The slope parameter, which represents the av-
erage deviation from unguarded PP systems, therefore
also decreases.

By far the most important parameter for guarded
systems of any kind is the gap height. While the edge
parameter was insensitive to changes of the angular ve-
locity, it scaled linearly with the gap height as shown in
Figure 8a. Users of aguarded setup are thus well advised
to keep the gap small. The relationship between edge
parameter and gap was linear, but they were not pro-
portional,i.e.evenifthe gap approached zero the veloc-
ity field would not conform to the ideal shape. The other
two model parameters were generally not affected by
the gap size. The only exception in this regard was the
slope parameter of the shear-thinning fluid (Figure 8b).
It decreased slightly with increasing gap size. Thus re-
ducing the gap size of a guarded setup would be bene-
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ficial both regarding the velocity profile in the gap as
well as its decay outside of it.

Supposedly, the main advantage of the CPP over
other guarded systems s that it does not require an ad-
ditional film or ring which is believed to affect the ve-
locity field more than the additional fluid surrounding
the sheared portion. In our own experiments, we found
that the surrounding fluid created the majority of the
distortion and the ring’s influence was small. Figure 9
shows the edge parameter as a function of the relative
radii difference AR/H. This value increased if the dis-
tance betweenguardringandrotating platewaslarger.
As is demonstrated by the graph, the shape of the ve-
locity field outside of the gap was not affected by the
ring forvalues of AR/H > 3.Since the position parameter
was generally lower for the shear-thinning fluid, it was
still less influenced by the presence of the ring. Since
the shape of the velocity field stabilizes for very small
fluid reservoirs surrounding the sheared part, we con-
cludethatitis entirelyirrelevant if the surrounding flu-
id is contained by a film or tube.

4 CONCLUSION

The distortion of the steady velocity field in a parallel
plate device was shown to be effectively characterized
by a simple three parameter modification of the stan-
dard theoretical velocity function. These model para-
meters were largely independent of geometric factors.
The exception to this was the rate of velocity decline
outside of the gap. This parameter scaled linearly with
the gap height. As the parameters were independent
of the guards radius for a ratio of AR/H > 3, we conclude
thatthislimitingratioshould always be exceeded when
experiments are designed that necessitate an edge
guard. Regarding the different fluids, not even the
Newtonian fluid exhibited a constant shear rate for
outerradial positions withinthe sheared gap. However,
this behavior was independent of the fluid for all the
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homogeneous samples studied here and also for most
ofthe suspensions. Only when the particle volume frac-
tion approached 45 % stronger distortions of the veloc-
ity field occurred. The shear thinning fluid exhibited the
strongest distortion in both vertical and horizontal sec-
tions of the gap. It was also distorted by factors, such
as shearrate, that did not affect the Newtonian fluid or
the suspensions.

While the model used in the present work can also
predict the steady torque quite accurately, this presup-
poses that the parameters are well known for the re-
spective fluid. Furthermore, it does not eliminate the
problem that, in the presence of a guard ring, a repre-
sentative shear rate is difficult to define. Since even
Newtonian fluids exhibited a distorted velocity field,
the previously prevalent approach, i.e. the superposi-
tion of unguarded device and guard influence, should
be avoided if possible. An edge guard can still be useful
to extent the measuring range that would otherwise
not be accessible, if the distortions are properly ac-
counted for. While the model parameters were only
marginally influenced by experimental factors for the
Newtonian fluid and the suspensions, caution is ad-
vised when using shear thinning fluids as these are
more strongly distorted and even comparing measure-
ments under identical conditions is problematic. While
itshould be good practice forany type of measurement,
itis especiallyimportant for guarded setups to note the
exact experimental conditions and geometric dimen-
sions to prevent inappropriate conclusions.
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