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In this paper we demonstrate that the ultrasonic velocimetry in pipe flow is a tool which can be used to
measure quantitatively in-line rheological properties of polyurethane based adhesives and sealants. In
such concentrated suspension, the velocity profile is only measurable in the first few millimeters at the
wall of the pipe due to the high acoustic attenuation. However, we show that the wall shear rate can be
quantitatively measured by using a new velocity estimation method based on the analysis of the
spectral data across different depths. The resulting profiles in the wall region were not visibly affected
by changes of the ultrasonic sample volume (pulse length, frequency) and allow the determination of
rheological parameters of the adhesive over a large range of volume flow rates.
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1 Introduction

In many industries such as chemical, food, pharmaceutical and cos-
metics the rheology is an important part of the product quality. At the
same time the rheological properties are often difficult and time con-
suming to measure, especially for complex fluids. For Sika, producing
all kinds of construction chemicals, it is important to be able to charac-
terize the rheological properties of the products [13]. The possibility to
measure the shear thinning behavior of a product directly in-line in a
continuous production process would have further advantages. Deal-
ing with highly filled, opaque suspensions such as polyurethane based
adhesives and sealants, the ultrasound velocimetry based rheometer
concept [1-4, 11, 12, 14, 15, 19, 20, 22] is an interesting option. The
method is based on the measurement of the velocity profile in steady
and laminar pipe flow and often pressure drop. With this information it
is possible to obtain the viscosity by either fitting to a fluid model (e.g.
power law or Herschel Bulkley) or by using directly the velocity gradi-
ent as local shear rate combined with the local shear stress derived
from the pressure drop (known as gradient or point wise method).

First measurements in different types of adhesives showed that ve-
locity profile measurements are possible but the penetration depth is
limited to at most a few millimeters due to the high attenuation. There-
fore we tried to optimize ultrasound transducer and signal processing
for the measurement of the velocity profile close to the wall, as this
contains also important rheometric information. For industrial appli-
cations it is important to have a quantitative measurement of the rhe-
ology and therefore the influence of the ultrasonic pulse parameters,
such as length and frequency, were varied to investigate their effect
on the velocity profile and the derived rheological properties.

2 Material and methods

2.1 Suspension

The adhesive studied in this paper is a filled polyurethane with high
adhesive strength. It belongs to a class of adhesives used for making
permanent elastic seals of different types of substrate materials such
as wood, metal, metal primer, ceramic material, plastic and can be
used to assemble windows on their frames either for the construction
or for the car industry. These products must have features to suit the
customers’ expectations: sealing properties, strength, color, curing
kinetic but should also have special rheological properties (viscosity,
yield stress) for their correct application.  Consequently they are the
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result of a complex formulation work. High strength polyurethane seal-
ing products are composed of: (i) polyurethane (20 — 30 w%) respon-
sible for the adhesive and reactive properties of the paste, (ii) fillers (20
—40w%), that, depending on the system, consist in chalk, kaolin, titan
dioxide, alumino-silicates or carbon black and are used to increase the
viscosity of the paste and its final strength, (iii) other materials (10 —
30 w%) which can be plasticizers, stabilizers and catalysts [5].

2.2 Flow setup

The material was pumped by a dosing unit as it is used for the robotic
application of the material e.g. to windscreens in the automotive in-
dustry. The dosing unit itself has a capacity of 614 ml and is supplied
with another pump directly connected to a 200 L barrel. With the used
adhesive the volume flow rate can be varied between 1 and 40 ml/s
thus the phases of constant flow (corresponding to one filling of the
dosing unit) are between 10 minutes and 15 seconds respectively.

The flow cell for the ultrasonic measurement was attached to the
end of a temperature controlled tubing of a total length of 15m. The
pipe diameter in the flow cell was 25 mm. The cell was also equipped
with two temperature and two pressure sensors.

2.3 Electronics and transducer

We used an ultrasound apparatus developed in the Microelectronics
Systems Design Laboratory of the University of Florence [16] that al-
lows the control of several transmission and reception parameters.
The system was connected to a home-made 5.5 MHz pencil trans-
ducer featuring a 80 % —3 dB bandwidth and a 1.2 mm beam-width
in the focus region. The transducer was excited with frequencies be-
tween 2 and 8 MHz and pulse width between 1 and 32 cycles. The
data received from the transducer in each pulse repetition interval
were sampled at 64 MS/s, demodulated, decimated to up to 16 MS/s
(corresponding to a maximum gate resolution in water (c = 1480 m/s)
of 46 um), and finally saved in a file for post processing.

2.4 Signal processing

The convolution of sample volume and the actual flow profile [9, 10]
results in a significant distortion of the measured velocity profile to-
wards the wall. Literature describes mainly two different strategies to
recover the actual profile: (i) deconvolution in the frequency domain
[7—10] or (ii) use of the envelope profile [17, 18]. The first method re-
quires knowledge of the sample volume which would be difficult to ob-
tain in our highly attenuating suspension. While the envelope profile is
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Figure 1: Theoretical calculations for power law fluids with n ranging
from 0.1 to 0.2. Top: wall shear rate in function of n, bottom: velocity
profiles and corresponding slopes.

easier to calculate as it only requires one correction factor describing
the transducer characteristics, this method has a reduced accuracy
due to the high attenuation. In this work we tested an alternative pro-
file estimation method which was successfully used for the wall shear
rate determination without requiring a sample volume dependent cor-
rection factor.

2.5 Rheometry

For most of the measured velocity profiles the available information
covers only 5 to 10 % of the pipe radius. Altough the measured fluid
is highly shear thinning, the onset of the velocity plateau in the central
part of the pipe is not always visible.

Figure 1 shows some theoretical pipe flow calculations for a power
law fluid for which viscosity 7 is a function of shear rate ¥, the coef-
ficient K and the exponent n: 7 = K4"~'. For the calculations the
exponent n was varied from 0.1 to 0.2, the pipe radius R = 12.5mm
and the flow rate Q = 20ml/s. Those parameters are typical for the
presented measurements. For the power law fluid the wall shear rate
4w can be calculated using:

3n+1 4Q
4n wRS

Tw =

M

The resulting # varies from 42 to 26s~' for n equal 0.1 and 0.2
respectively. Thus +w has the potential to be used for characterization
of the shear thinning behavior of the fluid. The second plot of figure
1 shows the resulting velocity profiles and in addition the slope of the
velocity profile calculated from the wall to the radial position. This
indicates the shear rate can be determined from a linear interpolation
in the corresponding region. It also shows that it would be ideal to be
able to measure the shear rate in the first millimeter from the wall as
this results in the most important differences.

3 Results and discussion

3.1 Off-line rheometry

Figure 2 shows the evolution of the viscosity as a function of the shear
rate for different temperatures ranging from 25 to 50 C. The onset
of the flattening of the infinite viscosity region is in the range of the
expected wall shear rate which varies between 5 and 40 s ~'. Thus the
power law model is only an approximation of the actual shear thinning
characteristics of the fluid.
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Figure 2: Viscosity curves of the adhesive used for the profile
measurements obtained with a laboratory rheometer at different
temperatures.
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Figure 3: Example of a velocity profile measured for a flow rate of
30ml/s with a pulse length of 4 cycles and a base frequency of
3.5MHz. The left side shows the spectral intensities and the esti-
mated profiles. The right side just the profiles estimated with three
different methods.

3.2 Acoustic properties

The material has a relatively high attenuation coefficient of 0.4 Np/cm
and a sound velocity of 1376 m/s at 20 <C with a temperature depen-
dency of —3.4ms~' C~'.

3.3 In-line rheometry

Figure 3 shows a typical result for a profile measurement at a volume
flow rate of 30 ml/s. The full line («CF Vertical») shows the conven-
tional profile estimated from the channel-wise central frequency. It is
obvious that this profile is not usable to extract the wall shear rate. The
«+» symbols («CF Horizontal») indicate the central frequency deter-
mined across different depths. The resulting profile is realistic over the
first 5mm from the wall until the penetration limit of the measurement
is reached. Finally a dashed line («Perpendicular» shows the result
of an estimation of the central frequency analyzing the spectral infor-
mation perpendicular to the velocity profile. This approach results in
a profile overlapping with the horizontal central frequency over a wide
radial range. Towards the end of the measured profile the result is bet-
ter but not necessarily very reliable. Very close to the wall the method
is not usable with the available spectral information.

3.4 Variation of physical measurement parameters
3.4.1 Pulse length

The pulse length was varied from 1 to 32 cycles for a base frequency
of 3.5MHz for a flow rate of 1 ml/s. The surface plots of the spectral
intensity distribution (figure 4) show the expected broadening of the
signal, the estimated velocity profile is shifted proportionally to the
number of cycles away from the wall. The pulse length has no visible
effect on the profile shape.



Figure 4: Spectral intensities for a pulse length of 1 (left) and 32 (right)
cycles.

Number of cycles
—x— 1
—o—3
—v— 6
——8
—2—16
—Xx—16
—0—32

Velocity (mm/s)

3 4 5

Distance (mm)

2

Figure 5: Profiles estimated for different pulse lengths. All curves were
normed to distance zero.

3.4.2 Frequency variation

The result of a variation of base frequency from 2 to 6.5 MHz (figure
6) looks similar to the one for the pulse length variation. The profiles
are just shifted in radial direction (not visible in the figure as the profile
locations are normalized) while the estimated wall shear rate is not
affected (within the limited available precision).

3.4.3 Gain variation

Also a variation of the analog gain (figure 7), the amplification of the
received signal, does not influence the shape of the profile and the
resulting wall shear rate significantly.

3.5 Variation of post processing parameters
3.5.1 Assumed Doppler angle

The transducer was not directly in contact with the fluid. Therefore the
Doppler angle (angle between flow- and beam directions) in the fluid
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Figure 6: Profiles measured at different frequencies. All curves were
normed to distance zero.
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Figure 7: Profiles measured with different amplification settings.
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Figure 8: Influence of assumed Doppler angle on wall shear rate.

has to be calculated by Snells law (cz sin 01 = ¢4 sin 62) which corre-
lates incidence 64 and refraction 6, angles with the sound velocities
(c1 and ¢») in two different media [6]. The wall shear rate is sensitive to
the Doppler angle (figure 8) but even an error of 50 m/s in the sound
velocity of the fluid would only result in an error of the Doppler angle of
less than 1°and accordingly 1.5s~" in the wall shear rate. Thus the
relative errors in sound velocity and wall shear rate are approximately
equal.

3.6 Flow rate variation

The flow rate was varied in steps of 5ml/s from 5ml/s to 30 ml/s and
back to 5ml/s. The wall shear rate was determined using the velocity
data in the first 0.5 mm from the wall (corresponding to 4 % of the pipe
radius). In a first step the velocity information was used to to fit the
power law exponent n with following equation [21]:

n+1

where v the average flow velocity (v = ng)- Next the wall shear
was calculated using equation 1. Fitting to the power law based ve-
locity profile equation was chosen to obtain more realistic wall shear
rates compared to a simple polynominal fit.

The resulting wall shear rates are shown as circles in figure 9. The
shear rate predicted using a constant power law exponent n equal 0.2
and equation 1 is indicated with «x» symbols in the same figure. In
this case the wall shear rate is simply direct proportional to the volume
flow rate. But as shown in the laboratory rheometer measurements
(section 3.1 and figure 2) the power law model is only an approxima-
tion, especially for the high shear rates. Therefore we used a second
approach and calculated a «local» power law fit of the viscosity curves
measured with the rheometer using one decade of shear rates around
the approximate wall shear rate. Those calculations also consider the
fluid temperature measured in the flow cell. The resulting n varies
between 0.20 and 0.33 for flow rates of 5 and 30 ml/s respectively.
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Figure 9: Wall shear rates in function of the flow rate extracted from
the measured velocity profiles and predicted based on the rheome-
ter measurements.

The resulting wall shear rates, again calculated using equation 1 are
indicated with «+» symbols in figure 9. Especially for the higher flow
rates those wall shear rates match the ones extracted from the ve-
locity profiles quite well. For the lower flow rates the wall shear rate
extracted from the flow profiles is slightly overestimated. This corre-
sponds to an increase of the velocity slope very close to the wall also
visible in figures 5 to 7. It is assumed that this artifact is due to the
fact that in this region only a part of the sample volume is inside the
fluid. More sophisticated spectral analysis methods should enable a
compensation of this effect.

4 Conclusions

It was shown that an optimized measurement setup and profile esti-
mation method allow to obtain the velocity profile in the wall region.
The presented velocity estimation method has the additional advan-
tage that the wall shear rate is insensitive to the sample volume, thus
ultrasound parameters such as pulse length, base frequency and am-
plification. Further measurements, for example in fluids with different
shear thinning characteristics at a constant flow rate, are necessary
to test accuracy and precision the measurement system. Also a CFD
calculation of the velocity profile based on the rheometer measure-
ments will be of interest.
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