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"3 ABSTRACT. A forced vibration rheometer was developed to measure
EF*? &Eénviscoelastic properties of gelled hydrocarbons. In one form the
$ i rument consists of a sphere which performs forced sinusoidal os-
cillations in the liquid to be investigated. The driving force 1s
recorded as a function of amplitude and frequency. To evaluate the
force on the sphere due to the viscous drag of the fluid, wall-,
end-, and depth-effects as well as the nature of the surface of the
sphere were studied., It was found that the observed force is partic-
ularly sensitive to the geometry of the instrument but relatively in-
sensitive to the nature of the sphere. This work sheds light on the
general applicability of existing sphere rheometers for the rheologi-
cal characterization of non-Newtonian systems.
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FOREWORD

A program at the Naval Weapons Center has been directed toward
understanding the basic nature of gels and gelling processes. This
report presents the results of the first phase of this program.

The information, conclusions, and recommendations are developed
with the hope of stimulating further research in this area.

This study was made in the period October 1968 to March 1969
under AIRTASK No. A31310/216/69R0010602 issued by the Naval Air
Systems Command.

Because of the continuing nature of this work, refinements and
modifications may later be made in the method and the measurements
discussed.

This report was presented at the Winter Meeting of the Society
of Rheology which was held in Pasadena, California on 2-4 February
1970. :
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INTRODUCTION

The rheological behavior of simple Newtonian and complex non-
Newtonian materials under isothermal conditions is usually determined by
mezsuring the shearing stress as a function of the rate of shear. The
resu!ts can be expressed in the form of a flow curve by plotting the
rate »f shear against the shearing stress. A Newtonian body is thus
represented by a straight line for which the apparent viscosity coeffi-
cient in shear is constant. For other cohesive bodies such as gels the
flow curves are generally found to be concave upwards, indicating
pseudoplastic flow, At sufficiently high shear stresses in laminar flow
the slope of the flow curve becomes constant and the body approaches
Newtonian flow behavior with a limiting viscosity determined by the con-
centration and nature of the dispersed phase. If the fluid exhibits a
yield value it can generally be determined by extrapolating either the
upper, linear portion or, less reliably, the lower, curved portion of
the flow curve to zero rate of shear.

The non-Newtonian fluw behavior of viscoelastic bodies has been
observed using a wide variety of highly developed, dynamic instruments.
These include capillary, coaxial cylinder, telescopic shear, sliding
parallel-plate, and cone and plate viscometers. More recently the ris-
ing sphere rheometer, originally conceived by McVean and Mattocks (Ref.
1), has been extensively used to measure the yield stress of gelled
systems., With this instrument the force required to raise a sphere of
known diameter at a constant, low velocity through the test material is
measured. If it is assumed that a stress is applied to the gel from
the entire surface area of the sphere, a yield value can be calculated
by dividing the measured force corrected for buoyancy by the surface
area of the sphere,

All of these instruments suffer from the theoretical objection
that rheological information about the test material is obtained after
the gel structure has been destroyed under various shearing conditions.
Furthermore, since yield stress is a static property of a gelled system,
it can be argued that data obtained under steady shear should not be
extrapolated to static conditions. Nevertheless, a large body of practi-
cal and useful rheological information can be obtained with these instru-
ments provided that their theoretical and experimental limitations are
kept in the proper perspective.
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The rheological examination of a viscoelastic substance such as a
hydrocarbon gel is best carried out at very small shear strains. Effects
due to thixotropic breakdown are eliminated and the sample may be con-
sidered to be in a nearly undisturbed state. Since measurements based on
forced, sinusoidal deformations can be particularly valuable, a forced
vibration rheometer was investigated.

The instrument was designed to cover the range cf frequencies from
0.01 to 1.0 Hz, a range suitable for viscoelastic measurements since
materials with fairly short relaxation times can be studied. The sinu-
soidal variations in force on a sphere at various input amplitudes and
frequencies are displayed as Lissajous figures on a recorder or oscillo-
scope. Through an appropriate graphical technique (Ref. 2,3), the stress
contributions of the viscous and elastic elements as well as the phase
angle, the difference between the input sinusoidal strain and the re-
sulting sinusoidal stress, can be evaluated. A simplified version of this
apparatus has been described (Ref. 4).

It should be noted that sinusoidal deformations of a viscoelastic
body by a sphere result in an extremely complex loading pattern. For ex-
ample, since both normal and shear stresses are imposed on the body by
the surface of the sphere the shear state cannot be rigorously defined
(Ref. 5). This and other considerations led to the abandonment of sphere
geometry in the forced vibration rheometer. However, many of the observa-
tions are directly applicable to the measurement of yield stress with a
rising sphere rheometer. In this report, certain experimental results are
described. Recommendations for improving the reliability and reproduci-
bility of measurements of yield stress with a rising sphere rheometer are
made,

EXPERIMENTAL

FORCED VIBRATION RHEOMETER

A schematic diagram of the complete apparatus is shown in Fig. 1.
The gel specimen is strained by either a 1.91 or 2.54 cm solid Nylon or
Teflon sphere suspended on a 0.C635 cm diameter rigid tungsten rod. Si-
nusoidal elongations having any amplitude in the range 0 to 0.75 cm were
impressed upon the sample by a variable eccentyic device. The latter was
driven by a 600 rpm Insco Gearmotor (Cat. N18RN003) coupled to an Insco
Model 00140 Step-Function Speed Reducer. Seven steps of the speed reducer
were utilized to obtain output frequencies of 0.01, 0.02, 0.05, 0.1, 0.2,
0.5, and 1.0 Hz.
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FIG. 1. Schematic Sketch of the Forced Vibration Rheometer.

Low range dynamic force (AF”) on the sphere was measured with a
Photocon Research Products Model 907 Load Cell (0-1 1b) in conjunction
with a Model DG-600 Dynagage and a Model PS-600 Regulated Power Supply.
A tenfold increase in sensitivity was obtained by attaching a simple
lever mechanism to the diaphragm of the load cell. The output from the
load cell was fed into the Y input circuit of an F. L. Moseley Co. Model

2D-2 X-Y Recorder.

Strain amplitude was initially set into the instrument with a
dial indicator and then continuously monitored with a Beckman Instru-
ment, Inc. Model NL5713 R20K C.5 Sin/Cos Potentiometer which was coupled
to an extension of the output shaft of the speed reducer. The output
from the potentiometer was fed into the X input circuit of the recorder,

All measurements were made at 24 £ 1°C.
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SOLVENT

Baker and Adamson Reagent Xylene, comprising 9.3 wt. % o-xylene,
57.5 wt. % m-xylene, 14.4 wt. % p-xylene, and 18.8 wt. % ethylbenzene,
was used.

GELLING AGENTS AND GELS

Shell A1MB2 Gellant--a proprietary material manufactured by Shell
Development Co., Emeryville, Calif. A thixotropic gel containing 1.25
wt. % AIMB2 was prepared by high shear mixing in a Waring Blendor at
ambient temperature.

Incendiary 01l Thickener M4é--the diacid aluminum soap of iso-~
octanoic acid, containing principally dimethylhexanoic, methylhepta-~
noic, and methylethylpentanoic acids. A 3 wt. % gel was prepared by
prolonged, low shear mixing in a container turned on a set of rolls.,

RESULTS AND DISCUSSION

EFFECT OF SPHERE SURFACE

The determination of yield stress using the rising sphere rheom-
eter has been discussed in some detail in the literature (Ref. 1, 6, 7,
8, 9). All of these investigators have used a so~called "standard"
steel or stainless steel sphere. However, Bost, et al. (Ref. 6) have
given data for water gels from which it can be inferred that the material
from which the shearing surface is formed has no influence on the measured
stress. Capener and Tschoegl (Ref. 7), on the other hand, working with
metal-loaded hydrazine gels, explicitly demonstrated that the surface
has a profound effect on the measurement of yield strength with a rising
plate and a parallel sliding~plate viscometer. Gold, chromium, alumi-
num, stainless steel, and Lucite surfaces were studied. The low yield
values obtained with gold surfaces were attributed to adhesive failure
on the surface.

In a limited series of experiments with the forced vibration rhe-
ometer it was found that the measured force was independent of the nature
of the shearing surface, In Fig. 2, values obtained with 2.54 cm Nylon
and Teflon spheres in an AIMB2-xylene gel are compared. While there is
some scatter of the experimental points, it is quite clear that virtually
identical results are obtained with these diverse surfaces.
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FIG. 2. Effect -of Sphere Sur-
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It should be pointed out that the measured quantity may depend not
only on the nature of the surface and its concomitant adhesive bond but
3 also on the cohesive strength of the gel structure (Ref. 10). The latter
is primarily dependent upon the nature and concentration of the dispersed
phase, the type of solvent, the method and duration of mixing, the nature
and amount of other materials added, and the previous stress history.
Some of the poor reproducibility of measurements made with the rising
sphere rheometer may be attributed to cohesive failure of the gel. Since
s definite information on the adhesive and cohesive strength of visco-
] elastic gels is not available at the present stage, it is difficult to
, discuss these features in more detail. More refined measurements should

be made to clarify this problem.
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EFFECT OF SPHERE DEPTH

In taking data with the rising sphere rheometer the sphere is ini-
tially positioned in the lower one-third of the sample at least one
sphere diameter from the bottom of the sample container. In general,
the height of sample above the sphere is not defined. Corrections for
errors in the data due to the height of gel above the sphere have not
been made by other workers,

Oscillatory measurements were made wiik the forced vibration rhe-
ometer by subjecting an M4-xylene gel to a sinusoidal strain of varying
amplitude at a frequency of 0.2 Hz in a series of cylindrical containers.
The force on a 2.54 cm Teflon sphere was measured in increments of one~
half sphere depth starting at a point one-half sphere diameter below the
surface of the gel.

Values of force are plotted versus amplitude in Fig. 3 for a 10.42
cm container. The data clearly show that the apparent viscoelastic re-~
sistance of the gel structure to the applied strain increases as the
height of gel above the sphere increases. The set of data represented
by the upper curve in Fig. 3 was taken with the sphere positioned about
0.5 cm above the bottom of the container and demonstrates the drag due
to the stress on the bottom surface of the cylinder. Similar results
were obtained in other containers.

An absolute correction for this effect would depend upon more de-
tailed information about the complex dynamic shear modulus G*(w) of the
particular gel being studied. The implication is, then, that to obtain
more accurate and reproducible values of yield stress by the rising
3phere method, it is essential to define the exact location of the sphere.

EFFECT OF WALL

A number of theoretical and empirical equations have been developed
to correct for the influence of a solid wall on the motion cf bodies in
fluids. 1In the case of spherical symmetry the Faxén equation (Ref. 11)
in the form

F = Fobs[l - 2,104 d/D + 2.09 (d/D)® - 0.95 (d/D)%)

can be used to correct for the wall-effect when d/D < 0.32. In the
above expression

F force reading of the load cell,

obs
d = diameter of sphere,
D = diameter of container.
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FIG. 3. Effect of Sphere Depth in 10.42 cm Con-
tainer, The numbers on the curves correspond to:

: Depth in sphere
f Number pdjymetegs

k 1 0.5
3 2 1.0
3 1.5
F 4 2.0
3 5 2.5
3 6 3.0

3 7 0.5 cm above bottom
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Only a few investigators have applied the Faxén correction to force
measurements taken with the rising sphere rheometer (Ref. 1,7). However,
Bost, et al. (Ref. 6) demonstrated a negligible wall-effect in contaiuers
of diameter greater than approximately 3.5 times the sphere diameter.

To examine the influence of the wall on force measurements taken
with the forced vibration rheometer, experiments were carried out using
d/D ratios which varied between 0.21 and 0.47. The family of curves
shown in Fig. 3 is typical of the data obtained for an M4-xylene gel at
0.2 Hz in one container. Figure 4 shows uncorrected force values observed
in all containers at a depth of one sphere diameter while Fig. 5 shows the
same data after applying the Faxén correction.

It is clearly seen that the Faxén correction provides an adequate
way to correlate data taken in large-diameter containers. Its use in the
rising sphere technique is strongly recommended.

EFFECT OF FREQUENCY

As described previously, the forced vibration rheometer imparts
small deformations to a sample so that the effect of varying amplitude
and frequency can be measured. Assuming that Stokes' equation applies

= 3WUVD

where F is the measured force, D is the diameter of the sphere, u is the
dynamic viscosity, and V is the average velocity of the sphere over one-
halt cycle rates of shear varying from 7.7 X 10 "5 to 4.5 x 10 ! sec ! are
obtained for a 2.54 cm sphere.

As usually constructed a rising sphere rheometer provides rates of
shear which vary between 2 x 10 " and 8.5 x 10™ ! sec !, Bost, et al.
(Ref. 6,12) found that yield stress measurements are independent of the
rate of shear. However, Capener and Tschoegl (Ref. 7) and Garmon, et al,
(Ref. 13) have reported a dependence of stress on the rate of shear in
the region around 10 "3 sec’!. The flow curve was extrapolated to zero
shear and the intercept was taken as the yield stress. A similar techni-

que has been used by Kirsch (Ref. 14).

A limited seriec of measurements made at various frequencies with
the forced vibration rheometer is shown in Fig. 6. Here it is seen that,
for an AlMB2-xylese gel, there was a moderate dependence of force on fre-
quency, hence, rate of shear. Since the response of gels is obviously
complicated by their composition and other factors, it is suggested that
the relationship between rate of shear and shearing stress be examined
ir measurements made with the rising sphere rheometer.
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