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ABSTRACT

A capillary rheometer was designed and constructed to carry out studies on
the flow behaviour of viscous non-Newtonian fluids . Two capillary tubes were
attached to the pressure chamber which increase the accuracy of the
rheological measurements ( power law index as well as consistency index ).
By employing two capillary tubes, the power law index can be calculated
directly from the measuring values and the accuracy of consistency index
increases as well. Capillary tubes with different diameters and various lengths

can be used and a wide range of shear rates can be covered by using
different tubes . Tests were conducted with solutions of sodium carboxymethyl
cellulose (CMC) of different concentrations and various temperatures . The

CMC solutions exhibited characteristics typical of power law model of non-
Newtonian fluids . The measurements illustrated that the consistency index

varies significantly with both concentration and temperature . Increasing
concentration enhances consistency index while promoting temperature has
a reverse effect . Also concentration has noticeable effect on power law Index.
As concentration increases the power law index decreases . The effect of

temperature on power law index is negligible.
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INTRODUCTION

Flow models are used to relate the shear rate and
shear stress data of fluid material . The models can be

used in engineering applications such as fluid flow
and in transport equations . Many important industrial

fluids are non-Newtonian in their flow characteristics.
Commonly encountered non-Newtonian fluids

are of pseudoplastic type whose apparent viscosity
decreases with increasing shear rate . It is desirable to

have available some information on the rheological

behaviour of power law model of non-Newtonian

fluids. This would facilitate the design of pipelines

and heat transfer equipment employed in chemical,
petrochemical, polymer, food processing and in bio-

medical engineering practice.
Process viscometers are usually designed for

Newtonian fluids. Tamura [I] has written a review of
common process viscometers, and an earlier review of

industrial Newtonian and non-Newtonian viscometers
can be found in Buskins [2] as well as Dealy [3],

Whorlow [4], Macosko [5], Larson [6], and Barnes
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and Carnali [7).
There are a wide variety of methods for measu-

ring the properties such as: consistency index (k') and
power law index (n) for power law model of non-
Newtonian fluids. These include rotating cones and
concentric cylinders, capillary tube, falling spheres,
etc. . The measurement of flow rate in a tube with
small radius as a function of pressure drop is the
technique that has been most popular for the study of
rheological properties of liquids . In this apparatus the
viscometric flow is most easily generated in the
laboratory . Small radius of the tube minimizes the
effect of viscous heating and for low viscosity liquids
can provide a significant magnitude of pressure drop
in a tube of convenient length . The pressure driven
rheometers are also relatively inexpensive and simple
to operate. Another major advantage of capillary
rheometer is that closed channel flows have no free
surface in the test section . In fact, for viscous polymer
melts, capillary or slit rheometer appear to be only
satisfactory means of obtaining data at shear rates
greater than 10 s-1 .

Capillary rheometer can eliminate solvent eva-
poration and other problems that plague rotational
devices with free surfaces . Another reason capillary
rheometers are so widely used is that they are very
similar to process flows like pipes and extrusion dies.
A capillary run is an excellent first test of process-
ability for a small amount of a new polymer.

The overall objective of the present study was

t receiver,

Figure 1 . Schematic diagram of a capillary rheometer .

to design and construct the capillary rheometer that
could characterize the rheology of power law model
of non-Newtonian fluids accurately . The entrance
effect was minimized using very long and various
capillaries with different small radii.

PROBLEM STATEMENT

A schematic diagram of a gas driven capillary rheo-
meter with a vertical capillary attached to the bottom
of the reservoir is given in Figure 1 . Compressed
nitrogen gas is used to generate pressure on the fluid.
A capillary tube of radius R and length L is connected
to the bottom of the reservoir . The important
assumptions are as follows:
–Fully developed, steady, isothermal, laminar, incom-
pressible flow.
–No slip condition exists at the walls.

In a capillary rheometer shear stress as well as
shear rate vary with the distance from the capillary
axis, therefore it is necessary to determine these quan-
tities at the same point in the capillary, the most
convenient point being the capillary wail.

For a power law fluid through capillary tube the
relation between pressure drop and average velocity
can be written as:
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4L — k [( 4n x
D ))

where Ap and u are pressure gradient and average
velocity ; and L, D, are length and diameter of the
capillary tube ; and n, k are power law index and
constant related to consistency index of the fluid.

Equation I is normally expressed as:
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A graph can be plotted from the experimental
data (ApD14L vs. SuID) on log-log coordinates . The
slope of the flow curve is power law index (n) and the
intercept is consistency index (k') . The relation
ApD14L = f(Bu/D) is especially useful in engineering

gas
pressure
supply

(I)

(2)

(3)
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Figure 2 . Constructed capillary rheometer.

problems concerning the flow of non-Newtonian
fluids in pipes . From eqn (1), in order to determine
the flow curve of a fluid using a capillary rheometer,
one has to know the functional dependence of the
volumetric flow rate on the pressure gradient in fully
developed laminar flow . The flow rate is measured by
determining the time that the fluid takes to fill a
known volume of the collection flask. Due to the
entrance and end effects, the accurate determination
of the pressure gradient is not simple . Entrance effects
result from the development of a boundary layer in
the entrance region of the capillary . Because of the
development of this layer an additional pressure drop
occurs, therefore the pressure gradient in the entrance
region is higher than in fully developed a region . End
effects also result in higher pressure drop_

For non-Newtonian fluids a proper numerical
determination of the entrance effect for different
values of power law index is difficult . The problem of
calculation of the extra pressure drop may be
minimized by using very long capillaries . But for very
viscous fluids, in the range of high shear rates, the
axial pressure drop becomes so high and one has to

use short capillaries . In this case the correction for
end effect is necessary . The correction of end effects
for non-Newtonian fluids is usually carried out using
Couette method.

EXPERIMENTAL

Apparatus Design
Figure 2 shows a capillary rheometer system designed
and constructed in this investigation . For conveni-
ence, a number of capillary tubes are attached to the
pressure chamber, therefore a wide range of shear
rates can be covered by shifting from one tube to
another . The pressure difference, Ap, is read by a
pressure gauge and temperature is controlled by a hot
water jacket around the reservoir . To the fluid
reservoir, two capillary tubes (Figure 3) with different
diameters and lengths can he attached.

To operate the instrument, a driving pressure,
p,,, is exerted over the liquid which causes the fluid to
emerge from the different tubes at velocities u 1 and u ;.
If equation 2 is applied to each tube, the following
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Figure 3 . Different capillary tubes.

relations are obtained:

q pDo 8u l r
k( D
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Dividing eqn (4) by eqn (5) and noting that n,
k' and Ap are the same for both tubes, the following
equations can he obtained:

D I L 3 =
k (

102 )Ir (6)
D2L 2	u2 D 3

n = In 1)31+t 0), (7)
D21..3 u2Di

Thus, for the first run the value of power law index, n,
can be obtained by measuring only the flow velocities
and diameters and lengths of capillary tubes.

For other runs by using the same tubes and
changing the pressure difference the following equa-
tion is obtained:

MApkN

	

(8)

where:

M =	 D and N— g~

	

(9)

the values of k' can be determined by substi-
tuting the n obtained from eqn (7) and experimental
data (Ap and u) from different runs . The arithmetic
mean is used as an estimate of the value of the con-
sistency index. Using this apparatus and employing
this method minimizes the entrance error and also
error coming from the numerical regression used in
other common ways.

RESULTS AND DISCUSSION

To investigate about the ar:euracy of the constructed
apparatus, different tests were done for motor oil
(SAE 40) . The comparison of the results of this study
and data obtained by Ostwald viscometer liar motor
oil (maximum 6 .250 %) emphasizes the high accuracy
of the results of this investigation.

Figures 4 and 5 present the consistency index
and k, respectively, for different measurements made
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Figure 4. Measurements of consistency index at various
concentrations of CMC and different temperatures.

on a fluid consisting of water to which 50, 100, 200,
500 and 1000 ppm by weight of CMC (sodium
carboxymethyl cellulose) have been added at different
temperatures (20, 30, 40, 50 and 60 °C) . Of particular
interest is the fact that the consistency index varies
significantly with both concentration and temperature
(Figure 4) which means that the measurement of
consistency index is most important in such fluids.
Increasing concentration of CMC enhances consisten-
cy index of the fluid . For instance consistency index
values for 1000 ppm by weight of CMC at 20 'C
possesses about 1679 % higher value than that of
consistency index belonging to 50 ppm of CMC at
20 °C . At 60 'C the corresponding value of enhance-

Figure S . Measurements of k at various concentrations of
CMC and different temperatures .
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Figure S. Measurements of power law index at various
concentrations of CMC.

ment of consistency index, due to the increase in the
concentration from 50 ppm to 1000 ppm of CMC, is
1949 %.

Also, the fact that consistency index varies with
temperature, indicates that great care has to be
exercised in using heat transfer which makes the
assumption of constant properties meaningful . The
effect of temperature dependent consistency index on
heat transfer coefficient has been studied by Etemad
et al . [8] and Etemad and Mujumdar [9] . As temper-
ature increases the consistency index decreases for all
solutions of different concentrations of CMC . For
example, increasing temperature from 20 °C to 60 'C
for the solutions with 50 ppm and 1000 ppm by
weight of CMC reduces the consistency index to
43 .950 % and 35 .425 %, respectively.

On the other hand, the power law index is
essentially independent of temperature . Increasing
concentration decreases the power law index but the
latter, however, is not a particularly strong function of
concentration (Figure 6). Increasing concentration of
CMC from 50 ppm to 1000 ppm changes the power
law index from 0 .87 to 0 .67.

CONCLUSION

A capillary rheometer was designed and constructed
which enables the prediction of rheological properties
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of non-Newtonian fluids. Two capillary tubes can be
attached to the pressure chamber . The use of this
method permitted the direct determination of power
law index and eliminated the regression analysis to
calculate the consistency index.

Using the constructed capillary rheometer, the
theological properties of CMC in concentrations of
50, 100, 200, 500 and 1000 ppm and at different
temperatures were measured which were well presen-
ted by the power law model. The effect of tempera-
ture on power law index was negligible but consist-
ency index was decreased sharply by concentration
and temperature.
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