


Figure 3 Differential Pressure Normal Force sensor.

STRESSTECH HR rheometer.

Figure 4

to the second fixed measuring body (23) via sam-
ple media (24). The shaft on the other end is con-
nected in a conventional way to a drive motor (37).

Using this sensor, the authors performed the studies
described below.

Experimental

Rheological measurements were made using a fully
automated STRESSTECH HR rheometer equipped
with the DPNF sensor (Figure 4). The rheometer is
designed with industry-leading torque sensitivity,
position resolution, and normal-force capability. As
described above, measurement of the elasticity of a
material plays an important role in predicting the
end-use performance of the material. Therefore, to
quantify the difference in the end-use performance,
an accurate and sensitive yet robust means of mea-
suring the elasticity of the materials is required.

Results and discussion

As described above, the study was divided into two
parts: 1) DPNF sensor precision and accuracy perfor-
mance, and 2) normal-force measurements on low-
viscosity liquids and application to drag reduction.

1. DPNF sensor sensitivity study. As mentioned
above, a study on NIST-traceable material was
conducted to evaluate the performance of the
DPNF sensor. The solution used for the study was
Standard Reference Material 2490 (SRM 2490).
SRM 2490 consists of a polyisobutylene dissolved
in 2,6,10,14-tetramethylpentadecane. The solu-
tion contains a mass fraction of 0.114 polyiso-
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butylene. The mass average relative molecu-
lar mass of the polyisobutylene is reported as
1,000,000. The data used were collected from
144 laboratories over a three-year period.

For the normal-force study, stead@ar tests were
performed from 0.05 to 100 1/sec at 25 °C. A 48-
mm/2° cone and plate fixture was used. SRM 2490
was loaded with constant 5.0 N normal force to
ensure the exact sample loading history. The sam-
ple was trimmed at a 50-um gap above the target
gap to remove the error in data collection due to
edge effects. Rheological data were collected as a
function of shear rate. Figure 5 shows the results
for this study along with the NIST-published data.
As expected, in the terminal zone, N; increased
with shear rate at a slope of 2 on a log/log plot.
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Comparison of NIST 2490 data to STRESSTECH HR data.

The following fundamental equation can be used
to fit the relationship in the terminal zone:

om

N1=A’Y (3)

Where A and m are constants, with m being typ-
ically in the range of 1 < m < = 2. As the shear
rate decreases, the value of m approaches 2.

Using Eq. (3), for the NIST sample, the fit for
shear rate is in the 0.05-1.0 s range, giving the
following relationship:

o173
N, =583y (4)

As the results indicate, the STRESSTECH HR
rheometer data and NIST-published data agree
well at intermediate to high shear rates, where
the measured axial force is above 0.06 N.

The DPNF sensor equipped with the STRESSTECH
HR agrees with the published results to the lower limit
provided by NIST of 0.2 s™ at an axial force of 0.005
N. Note the ability of the DPNF sensor to provide
accurate N results below 0.1 s7, at an axial force of
0.00055 N. These results are below those published by
NIST for SRM 2490.

As mentioned above, normal force is a result of
elasticity in a material. Other rheological proper-
ties also manifest themselves as a result of elasticity.
Viscoelasticity is another method for quantifying
the elastic behavior of materials. Since all of these
measurements are in effect based on the same mate-
rial property, they can be mathematically related
to each other. Hence, the normal force generated
during steady shear experiments can be compared to
viscoelastic properties such as dynamic viscosity (1)
and dynamic rigidity or storage modulus (G’). In the
terminal zone, using fundamental relationships, it
can be shown that: .
G (@) _ Ni(1)
— = . (5)
Q) 2 »YZ
From Eq. (6), 2G” = Ni. To confirm this relation-
ship, oscillatory experiments on SRM 2490 were
performed from 0.001 to 100 rad/sec in the linear
viscoelastic region using the same geometry at 25 °C
to generate viscoelastic data. The results are plotted
in terms of G’, G”, and N* versus frequency (Hz)
in Figure 6. Using Eq. (6), the data collected in the
steady shear and dynamic study are compared in Fig-
ure 7. As can be seen, as one approaches the terminal
zone, the data agree, as expected.

2. Normal-force application in drag reduction. In the
simplest terms, drag defines the power or energy
required to maintain the given output flow rate.
The drag coefficient or friction factor can be
measured as the ratio of work done by force
divided by kinetic energy carried by the fluid. In
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Dynamic properties of NIST 2490.

the laminar flow process, the drag coefficient is
inversely proportional to the Reynolds number,
while in the turbulent process, the drag coef-
ficient is independent of the Reynolds number
and much higher than in laminar flow. As the
drag increases, a higher pressure drop or higher
pumping capacity is required to maintain the
same flow rate.

In 1948, British chemist B.A. Toms? discovered
that by adding a small amount (ppm) of high-
molecular-weight polymer to water, a nearly 80%
reduction in drag could be achieved. This study
triggered new interest in the use of rheological
measurements to understand this effect and, as a
result, much work has been done to comprehend
the exact mechanism behind this flow behavior.
Theory attributes this phenomena to change in
boundary layer formation. Due to the presence of
long-chain polymers, the boundary layer thick-
ness increases and therefore acts as a smoothing
layer, and hence pressure drop is reduced. Thus
far, none of the experimental or theoretical stud-
ies has shown a clear relationship between turbu-
lence and polymer interaction. However, due to
the presence of DRAs, the elasticity of the fluid
changes drastically, which can be measured by
changes in normal force.

Experiments on a crude oil with and without DRA
have been performed in an effort to find a simple,
fast, and reliable way to characterize the effect and
performance of the DRA. Each crude oil sample,
along with a Newtonian standard, was run in a
couette 25-mm measuring system to determine the
effect of the DRA polymer on the shear viscos-
ity (Figure 8). As documented in the literature,
the sharp increase in viscosity is due to the onset
of secondary flow called Taylor vortices. In the
literature, it has been shown that the shear rate at
which this effect manifests itself trends with viscos-
ity; however, it is interesting to note that while the
crude oil sample with DRA has a higher viscosity, it
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sure of up to 60 psig to maintain the sample
integrity while allowing normal-force mea-
surements. To accomplish this, a patented
Sealed Cell accessory with parallel plate
geometry was used (ATS RheoSystems/
REOLOGICA Instruments) (Figure 10).
The Sealed Cell, the only commercially
available system to allow normal-force
measurements under pressure, uses a pro-
prietary design to pressure the sample while
not mechanically contacting the rotating
shaft, and thus allowing the axial force to
be measured.

The two crude oil samples were tested at
93 °C at a head pressure of 60 psig. A shear
rate sweep from 1000 to 50,000 1/sec was
performed with a 25-mm parallel plate with
a run gap of 50 pm. The axial force gener-
ated was collected as a function of shear
rates. N1—N; is plotted versus shear rate in
Figure 11. As shown previously, at room
temperature, the DRA crude demonstrated
strong elasticity, while the neat crude did
not exhibit any appreciable elasticity.

For this sample, using Eq. (3), the following
empirical relationship can be established between
shear rates 2000 and 20,000 1/sec:

o133
N, =0.0017y (6)
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Figure 8
suring system at 25 °C.

transitions into secondary flow at lower shear rates.
This may be attributed to an extensional or elastic
effect in the lower section of the measuring system.
Thus, an elasticity measurement may allow quanti-
fication of the DRA mechanism.

To investigate this phenomenon, and in an attempt
to determine the contribution of extensional vis-
cosity and elasticity, N; was measured for the same
three samples with parallel plate geometry, since
the parallel plate geometry does not suffer from
the same secondary flow limitation as the measur-
ing system used. N;—N; and viscosity were mea-
sured in a shear rate sweep using a 25-mm parallel
plate geometry at a 30-um gap run at 25 °C. The
results for the three samples are plotted in Figure 9.
Included are data on the same crude DRA sample
run three successive times.

The crude oil with DRA generated significant
normal force upon shearing, while the Newtonian
standard and neat crude oil did not generate any
normal force, and in fact showed a decrease. The
decrease in Ni-N; for the two inelastic samples is
due to sample inertia causing the sample to move
away from the axis of rotation. In addition, it was
also found that the elasticity for the DRA crude
was reduced because of shearing. This suggests that
breakage or degradation of the polymer chains may
be taking place as a result of high shear rates. This
breakdown may also be occurring in the pipeline

flow in which the DRAs are being used.

Since crude oil is pumped and processed in the
field at elevated temperatures around 100 °C,
DRA performance must be studied at these condi-
tions. However, due to the volatile nature of the
sample containing light hydrocarbons, a measur-
ing system is needed that will provide a head pres-
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Effect of DRA on shear viscosity in couette 25-mm mea-

The addition of DRA to crude oil causes a
slight increase in the viscosity and a signifi-
cant increase in the elasticity of the sample.
As the DRA reduces the pressure drop, the
elasticity, not the viscosity, appears to be the
controlling resistance in terms of drag reduc-
tion. This elasticity can be quantified by
making reliable normal-force measure-
ments under field conditions.

Conclusion

The studies presented here demonstrate both the
sensitivity and performance of the DPNF sensor for
reliable rheological measurements, as well as the
ability of these measurements to help solve real-
world problems. Using DRAs, one can alter the
elasticity of the fluid and hence its flow properties.
Application of DRAs has been a very economical
approach to reducing the pressure drop across the
flow lines and therefore lowering pumping costs.
The present study shows how different fluids can be
easily analyzed to demonstrate the effect of DRAs
on the elasticity of the fluid. The rheological mea-
surements have been a fast, accurate, and economi-
cal way to determine flow properties.

Most researchers and manufacturers count on
rheological measurements to develop products
with a competitive edge in the marketplace. A reli-
able research-level rheometer and a thorough under-
standing of rheological measurements are now a
necessity for success in today’s market.
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Figure 10

Sealed Cell with parallel plate geometry.
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