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Abstract--Using falling ball rheometry, we measured the viscosities of suspensions of oriented rods 
(average aspect ratio = 19.83). The rods were neutrally buoyant in the suspending fluid and were 
sufficiently large so that Brownian and colloidal forces were negligible. The rods were oriented 
hydrodynamically by passing a fixture through the suspension which produced a local flow-that tended 
to align the particles along the axis of the glass column containing the suspension. Balls were dropped 
along the axis of the cylinder and the average terminal velocity was measured using an eddy current 
detector. We find that the apparent viscosity for a suspension of rods that are approximately aligned is 
less than that for a suspension having the same volume fraction of rods that are randomly oriented. For 
example, at a volume fraction of 0.05, the relative viscosity of an oriented suspension is 1.52, whereas 
a randomly oriented suspension has a relative viscosity of 2.37. In addition, we find that the viscosity 
measured for the aligned rods closely correlates with the viscosities of suspensions of short fibers (having 
similar aspect ratios and concentrations) measured in shearing flows. 
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I N T R O D U C T I O N  

In a recent series of papers (Graham et  al. 1987; Milliken et al. 1989a, b; Powell et  al. 1989), we 
have shown that falling ball rheometry can be used to measure the viscosity of suspensions of ran- 
domly oriented rods. In this paper we describe experiments in which this same technique is used to 
determine the viscosity of suspensions of rods that are approximately aligned. We find that falling 
ball rheometry is a tool with which the effects of particle orientation can be isolated. As used in 
these experiments, the size of a test sphere is of the order of the characteristic length of the sus- 
pended particles. As it falls, it disturbs the original microstructure of the suspension only slightly, 
and it experiences an effective resistance (viscosity) which is that of the undisturbed or slightly dis- 
turbed suspension. This is in contrast to conventional rheological measurements using shearing 
flow in which interacting rods that are not subject to randomizing rotary Brownian forces tend to 
align; hence, shearing measurements are performed on suspensions having flow-induced anisotropy. 

In the falling ball measurements performed to date, the suspensions were stirred prior to each 
experiment to ensure that the suspensions were isotropic. It is possible, however, to use the falling 
ball technique on oriented suspensions. That is, rather than stirring the suspensions to achieve 
randomness, one can hydrodynamically induce alignment in the suspension. Once the particles are 
aligned, the terminal velocity of a ball falling through the suspension is measured. This work is 
motivated by the observation that such alignment may mimic the flow-induced orientation found 
in rotational rheometers. Indeed, as we shall demonstrate, the average axial viscosity determined 
by falling ball rheometry compares favorably with measurements made using conventional 
techniques and is lower than that measured for randomly oriented suspensions. 

Theore t ica l  Considerat ions  

The theoretical basis for falling ball rheometry is Stokes' formula relating the terminal velocity 
of a ball falling under gravity through a Newtonian fluid and the viscosity, #, of the fluid (Stokes 
1851; Happel & Brenner 1983): 

2 
gdbau (Pball -- P)  

V~or = 18~ ' [1] 
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where g is the acceleration of gravity, dball is the ball diameter, Pb~u is the density of the ball and 
p is the density of the fluid. 

We use the symbol Vco~ to accentuate the difference between the measured velocity, v, and the 
velocity which is corrected for the additional drag due to wall effects (Milliken et al. 1989a, b). For 
balls sufficiently large relative to the mean suspended particle size (ball diameter/rod diameter/> 8), 
the balls experience a Newtonian continuum: the extra drag on the balls due to the presence of 
the cylinder walls is predicted by a Fax6n correction for a Newtonian fluid, and the corrected 
velocity is proportional to the square of the diameter of the ball. Note that even these "sufficiently 
large" balls can be small compared to the suspended particle size (ball diameter/rod length < 1). 
This Fax6n correction (Fax6n 1923), due to Bohlin (1960), is t o  O ( d b a u / D c o l )  6 

v 
Vco, = 3 5 ,  [2] 

1--2.104 ( ~ ) +  2.09(dbaH ~\D~o, / -- 0.95(dban)\D¢o, / 

where Dco~ is the diameter of the cylindrical column containing the suspension. We will show that 
this Fax6n correction also appears to be appropriate for the suspension of approximately oriented 
rods. 

Falling Ball Rheometry for Suspensions 

We have shown (Graham et al. 1987; Milliken et al. 1989a, b; Powell et al. 1989) that the average 
suspension viscosity measured by falling ball rheometry is reproducible even when relatively small 
balls are used. For example, for a suspension of rods having a nominal aspect ratio of 20 (31.65 mm 
long x 1.596 mm dia), measurements using balls of diameter > 0.3 times the rod length yielded an 
intrinsic viscosity that agrees well with predictions by Brenner (1974). These relatively small balls 
disturb the initial orientation only slightly. However, such a small ball must interact with a large 
number of suspended particles, sampling all orientations, in order for its average velocity to be 
accurately represented by [1] and [2], where p is now the suspension viscosity. The ball also must 
travel over a sufficiently long length to average to a reproducible value over any inhomogeneities 
in the suspension. Because our sampling distance is fixed by the apparatus, we repeat the 
measurement of Vcor over this fixed distance several times with similar balls. Then we define the 
measured average viscosity of the suspension as 

1 2 
= - ~f~ gdba l l (Pba l l  - -  P )  [3] 

~Aavg n ~ 18Vco r ' 

where n is the number of individual measurements for balls of similar diameter and mass.t 
Throughout this paper, we shall refer to #avg as simply the suspension viscosity, which will be 
symbolized by/~. In addition to #, the viscosity of a suspension is often described by the relative 
viscosity, pr, which is the ratio of the viscosity of the suspension to the viscosity of the suspending 
fluid. 

Suspensions of  Rodlike Particles 

Suspensions of rods and rodlike particles have recently received considerable attention. For 
suspensions in which Brownian forces are absent, Batchelor (1971) calculated the Trouton viscosity 
in uniaxial extensional flow in which the particles are completely aligned. He determined that for 
oriented suspensions, the dilute range could be identified by enl 3 ,~ 1, where n is the number of 
particles per unit volume, l is one-half the length, L, of a rod, e = (ln(2L/d)) -1 and d is the rod 
diameter. The average spacing between particles, h, was found to be h = (2nl) -~/2, and a theory 
for concentrated suspensions was proposed for L >> 2h >> d. The resulting formulas for the Trouton 
viscosity were shown by Batchelor (1971) to be consistent with the data of Weinberger & Goddard 
(1974) and were later found by Mewis & Metzner (1974) to describe their experimental results. For 

]'Note that the value of the viscosity using the average of l/v¢o r defined by [3] may be slightly different than the viscosity 
calculated using the inverse of  the average of  Vco r. This is only significant when the scatter in individual values of  vco r 
is large, al though even then the difference is contained within the 95% confidence limits on the mean viscosity. The 
difference between the two averages is very small for the measurements  presented in this paper. 
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rods subject to strong Brownian motion, Brenner (1974) obtained results for a wide variety of flows, 
which were specialized to the case of simple shearing. Results for slender bodies in strong flows 
(weak Brownian motion) were obtained by Leal & Hinch (1971). More recently, the interest has 
been in the behavior at higher concentrations. A recent theory of Berry & Russel (1987) examines 
the rheology of interacting slender rods. They include long-range interactions of rods subject to 
strong Brownian motion to obtain an expression for the viscosity which is valid to O(n2). Their 
theory holds for ~nl 3 < 1, and it may be seen as a bridge between theories for dilute suspensions 
where enP ,~ 1 and semi-concentrated theories where enP >> 1. Other works by Dinh & Armstrong 
(1984) and Bibbo et al. (1985) have attempted to use results from both the hydrodynamic theories 
(Batchelor 1971) and molecular theories (Doi & Edwards 1978a, b) to calculate the properties of 
suspensions of interacting rods on which only hydrodynamic forces act. Their model is limited in its 

" t - 3  -2 range of concentrations to < n < d L  for randomly oriented suspensions and L-3 < n < L d  -2 

for oriented suspensions. 
Recent experimental results from conventional rheometrical tests are discussed in Milliken et al. 

(1989a), and for work prior to 1984 in Ganani & Powell (1984). One of the principal conclusions 
from these studies is that for suspensions of rigid rodlike particles, the effects of particle volume 
fraction, aspect ratio and orientation have yet to be clearly understood. For example, Milliken 
et al. (1989a) found that for suspensions of randomly oriented rods of a single aspect ratio, ar, a 
dilute regime exists in which the relative viscosity is proportional to the volume fraction, ~b, and 
a concentrated (or semiconcentrated) regime where # r -  1 oc ~b 3. For these ar = 19.83 particles, the 
dilute regime extended to a volume fraction of approx. 0.12. In terms of the usual measure of 
concentration for rodlike particles, n L  3, the transition occurred at n L  3 ~ 60, which is surprisingly 
similar to the value predicted by recent theories of solutions of rodlike macromolecules (Keep & 
Pecora 1985; Magda et al. 1986; Bitsanis et al. 1988). The intrinsic viscosity calculated in the dilute 
regime compared to within 6% with the predictions of Brenner (1974) for dilute suspensions of 
randomly oriented rods. [The rigorous correspondence between measurements of the viscosity of 
suspensions of randomly oriented rods and Brenner's theory for suspensions subject to strong 
Brownian motion was made possible by the foundations laid by Haber & Brenner (1984).] 

For all the data reviewed by Ganani & Powell (1984), it appeared that the aspect ratio rather 
than the volume fraction was the determining rheological parameter outside the dilute regime, 
although, as discussed subsequently by Ganani & Powell (1986), a more critical evaluation of the 
data suggests that experimental artifacts may be present in many of the reported data. However, 
the study of Powell et al. (1989) reinforces these observations on the importance of aspect ratio. 
Using particles with ar = 10 and comparing our results with those of Milliken et al. (1989a) we 
showed that the aspect ratio has a dramatic effect on relative viscosity. For suspensions having 
q~ = 0.05, we found that the relative viscosity decreased from 2.37 to 1.45 when the aspect ratio 
was halved. In terms of the intrinsic viscosity, [/z], which can be defined through #r = 1 + ~]~b, this 
represents a decrease from [/a] = 27.6, measured by Milliken et al. (1989a), to ~] = 9. These results 
were also predicted by Brenner (1974). In contrast, the recent work of Bibbo et al. (1985) appears 
to suggest that the particle aspect ratio may be of little importance. This would contradict our 
falling ball studies published to date (MiUiken et al. 1989a; Powell et al. 1989) as well as recent 
work in our laboratory (Morrison 1989). Further Bibbo et al. (1985) claim that when using a 
parallel-plate rotational rheometer, the rheometer gap-to-particle length ratio needs only to be 
maintained at approximately one to ensure that instrumentation effects are eliminated. Our 
published falling ball studies strongly suggest that a characteristic container dimension (Dco~) must 
be maintained at least 3 times larger than the particle length to allow free rotations of the rods 
as the ball sediments through the suspension and thereby eliminating geometrical effects. Further, 
our more recent studies (Morrison 1989) strongly suggest that a column 5 times larger must be 
used. These discrepancies may be a function of the alignment induced in shearing flow. 

It is well-known that in pure straining motion, long rigid particles in suspension will align along 
the direction of the highest principal rate of extension (Batchelor 1971). In shearing flow, rods 
rotate at a rate proportional to the vorticity (Salem & Fuller 1985) producing periodic stresses in 
dilute suspensions (Ivanov et al. 1982a, b) which decay at long times due to slight deviations from 
an exactly monodisperse population of particles. Both flows produce particular realizations of the 
suspension microstructure which, on the average, determine the macroscopic stresses. For a given 
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suspension, however, there are infinitely many realizations depending upon the details of the 
particle orientation distribution. Previously, we have used falling ball rheometry to probe a 
particular realization of the microstructure of suspensions of rods: the randomly oriented 
suspension. In this paper, we use falling ball rheometry to isolate the effects of particle orientation 
on the viscosity of suspensions of nonspherical particles and thereby develop a method for 
measuring the theological properties of a particular realization of the microstructure. We use the 
same fluids and particles as those used previously. Now, however, rather than stirring to produce 
randomly oriented suspensions (Graham et al. 1987; Milliken et al. 1989a, b; Powell et aL 1989), 
we align the rods using hydrodynamic forces (Shaqfeh & Koch 1988). This is described in the 
Experimental section. In the following section, results for two suspensions, q~ = 0.02 and 0.5, are 
presented. 

EXPERIMENTAL 

General descriptions of the experimental apparatus have appeared elsewhere (Graham et al. 

1987; Milliken et al. 1989a, b; Powell et al. 1989), and here we include details only as they apply 
to these measurements. 

Suspensions were made using the same fluid/particle systems described by Milliken et al. (1989a). 
The particles (31.65 mm long x 1.596 mm dia polymethyl methacrylate rods) have an aspect ratio 
of 19.83 with a standard deviation of 0.73. These rods are rigid and they are sufficiently large that 
Brownian effects can be neglected (Milliken et al. 1989a). They are neutrally buoyant in the 
suspending liquid at a temperature of 20.6°C. The viscosity of the suspending fluids, as measured 
by falling ball rheometry, was found to be 11.15 Pa s at 20.4°C. All measurements affirm that the 
suspending fluid is Newtonian (Milliken et al. 1989a) in the shear rate range of interest in these 
experiments. 

The experimental apparatus consisted of a glass column, 510 mm high x 46 mm dia. The column 
was placed in an insulated tank connected to a water bath and controller. The temperature was 
maintained at 20.6 _ 0.2°C, which was determined by trial-and-error to be the temperature at which 
no appreciable settling of rods occurred over a 24 h period. We recorded the temperature in the 
bath frequently during the experiments. Independently, we measured the viscosity of the suspending 
fluid as a function of temperature using falling ball rheometry. For each experiment, it was then 
possible to calculate the viscosity of the suspending fluid, and thereby, the relative viscosity. 

The falling balls were brass ball bearings having nominal diameters of 12.70, 15.88 and 19.05 mm. 
These diameters were used because previous studies had shown that the viscosity of suspensions 
of randomly oriented rods could be measured if the relations d~lj /d > 6 and dball/L > 1/3 (Milliken 
et al. 1989b) were satisfied. The mass and diameter of each ball were determined to within + 0.2 mg 
and _ 0.0025 mm, respectively. Prior to the experiments, the balls were placed in the water bath 
to thermally equilibrate to the temperature of the suspensions. The balls were dropped along the 
centerline of the column and measurements of the terminal velocity were made using an eddy 
current detector system (Powell et al. 1989). 

The crucial difference between the current study and our earlier ones is the treatment of the 
suspensions between individual experiments. In our previous work, our objective was to determine 
the viscosity of suspensions of randomly oriented rods. Between each experiment, the suspension 
was stirred to ensure that the rods were randomly oriented and that the suspension was 
homogeneous. In the present study, we aligned the rods in the suspension prior to each experiment, 
while maintaining a uniform distribution of particles. This alignment was achieved hydrodynam- 
ically. After stirring the suspension, we passed a fixture, designed to align rods, along the axis of 
the cylinder through the suspension prior to each experiment. This fixture was an irregular grid, 
aligned parallel to the bottom of the cylinder, suspended on fine supports, and passed slowly up 
and down the cylinder through the suspension. A sketch of this fixture is shown in figure 1. The 
exact geometry was developed by trial-and-error, and it will likely change for rods of other 
diameters and lengths. The central idea behind this technique is that since the rods are neutrally 
buoyant and since, in the quiescent suspension, they are undisturbed by interparticle or Brownian 
forces, any alignment induced by flow will remain once the flow is stopped. 
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! 

Figure 1. Sketch of the fixture used to align the rods. 

The alignment induced by the fixture was checked by making the suspensions using both 
transparent and dyed rods. Except for their opacity, the dyed rods were identical to the transparent 
ones. Approximately 1 out of every l0 rods was opaque. After passing the aligning fixture through 
the suspension, we photographed the suspension for subsequent anaysis of the orientation 
distributions. A typical photograph is shown in figure 2. Usually each picture showed 25-30 dyed 
rods which could be used for orientation distribution analysis and for assurance that no significant 
concentration gradients resulted from the alignment procedure. We analyzed these photographs by 
making a composite of several photographs and formulating a probability density distribution 
(i.e. determining the probability of finding a rod in a particular orientation), using Givler's (1986) 
analysis [see also McGee (1982) and Lovrich & Tucker 0985)]. This analysis is based on the fact 
that the Fraunhofer diffraction pattern is identical to the Fourier transform of a pattern of oriented 
rods. If the original image serves as a two-dimensional diffraction grating, azimuthal profiles of 
the intensity of the diffraction pattern are proportional to the rods' orientation distribution 
function. Likewise, these profiles can be calculated from a Fourier transform of a high-contrast 
digital image, produced from a photograph of tracer rods. Digitally processed images composed 
of composites of several photographs were used in order to have over 100 rods in view, thereby 
giving a more accurate representation of the average orientation distribution. This analysis is, of 
course, only of the two-dimensional projection of our three-dimensional suspended particles. 
Nevertheless, we feel that it gives a strong indication of the orientation state of the particles. 

Typical results, obtained in this way, for the orientation distribution of rods are given in figures 3 
(4, = 0.02) and 4 (~b = 0.05). These distributions are normalized so that the total area under each 
curve is I. The "r"-values represent the number of pixels, measured from the center of the Fourier 
transformed image. Uncertainties in the image analysis process lead to slight differences in the 
probability distributions for the various r-values. Generally, however, the peaks in the probability 
distributions are at an orientation angle of approximately 7r/2, which represents the angle for which 
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Figure 3. Probability density function of the orientation angle of  the rods in a 4) = 0 . 0 2  suspension. 

the rods are aligned along the gravity vector, and hence, along the path of the ball. Since other 
composite photographs gave analogous results, we concluded that the rods were predominantly 
aligned. 

As with our previous studies, the velocity or viscosity we report is the average value obtained 
from several experiments. In between each measurement, the suspension is aligned. The photo- 
graphs confirmed that each ball saw a different configuration of rods. Therefore, each measurement 
yielded a different value for the viscosity. These values did not correlate well with the degree of 
alignment determined with Givler's (1986) analysis on the individual photographs. This is not 
surprising, however, because the difference in the degree of alignment was small from photograph 
to photograph and Givler's analysis requires more rods to be in view than appeared in an individual 
photograph. The reported values were obtained by dropping, usually, 10 balls of the same size in 
each suspension. In our earlier studies, we generally found that data from 10 experiments would 
give a mean value of velocity or viscosity which would not change significantly if more experiments 
were performed (cf. Milliken et  al. 1989a). This was confirmed in these studies, where we compared 
the mean values obtained using groups of 5 experiments and the overall average obtained using 
data from all 10 experiments and found no significant difference. Along with each average 
measurement, we report the 95% confidence interval (Johnson 1984) based on a standard Student 
t-distribution. 
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Figure 4. Probability density function of the orientation angle of  the rods in a q~ = 0 . 0 5  suspension. Also 

shown is a probability density function for a suspension of randomly oriented rods at 4~ = 0 . 0 5 .  
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Table 1. Summary of data for suspensions of oriented rods 

Corrected 
Volume Ball No. of velocity Viscosity Relative 
fraction dia (ram) observations (mm/s) (Pa s) viscosity 

0.02 12.7 I0 49.42 __+ 2.5 12.67 + 0.50 ~ 1.156 -I- 0.044 
0.02 15.88 9 73.90+5.96 13.17+0.81 1.192+0.061 
0.02 19.05 10 107.2 + 4.6 13.12 _ 0.40 1.188 + 0.039 
0.02 Composite 29 12.98 _+ 0.30 1.178 _+ 0.025 

0.05 12.7 10 37.01 _+ 3.8 17.03 + 1.21 1.542 _ 0.107 
0.05 15.88 10 58.73 __+ 7,03 16.69 _ 1.45 1.518 + 0.127 
0.05 19.05 10 86.9 -t- 11.7 16.43 + 1.61 1.489 __+ 0.139 
0.05 Composite 30 16.71 +_ 0.70 1.516 _+ 0.061 

aErrors refer to 95% confidence limits. 

RESULTS AND DISCUSSION 

Table 1 gives the average velocity corrected for wall effects using [2], v .... for each ball diameter 
along with the 95% confidence limits on these data. Data for two volume fractions are reported, 
~b = 0.02 and 0.05, and they are shown in figure 5 as vcor vs d 2. The best-fit straight lines passing 
through the data and having the form Ccor= const x d: are also shown in figure 5. These lines are 
consistent with [1] in that V~oroCd 2. Hence, these suspensions are behaving as Newtonian continua 
in the sense that the additional drag due to the container walls is given by theoretical results for 
Newtonian fluids; and [2] relates the average terminal velocity to the ball diameter. This behavior is 
the same as that observed for suspensions of randomly oriented rods (Graham et al. 1987; Milliken 
et al. 1989a, b; PoweU et al. 1989). Therefore, it is possible to use [3] to calculate the viscosity of 
the suspension in such a way that the results are independent of the diameter of the test ball. 

The viscosities of the suspensions, as calculated with [3], are given in table 1 and plotted in 
figure 6 as a function of the nominal ball diameter. As expected by the preceding discussion, to 
within the error of these experiments, the viscosity is independent of the ball diameter. No trend 
with ball diameter is observed, which indicates that ball size effects such as those found by Milliken 
et al. (1989b) are not present here. Also given in table 1 and shown in figure 6 as the solid horizontal 
lines are the average viscosities for each volume fraction, which were calculated using the data from 
all the ball sizes. 

Figure 7 presents the principal result of this study, namely, the relative viscosity of the two 
suspensions of aligned rods as a function of the dimensionless ball diameter, d~, /L .  The solid 
horizontal lines in figure 7 are data obtained by Ganani & Powell (1986) for the relative viscosity 
of suspensions of rodlike particles, having ar = 25, in shearing flow. The similarity is striking. The 
falling ball and shearing measurements yield very similar results, indicating that the mean 
orientation imposed in our experiments approximately corresponds to the mean orientation 
induced by the macroscopic flow in the shearing experiments. The difference in the rheological 
properties implied by this orientation is demonstrated by the data shown in figure 7 for the relative 
viscosities of suspensions of randomly oriented rods, as determined by falling ball rheometry 
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Figure 5. The average velocity corrected using [2], v .. . .  as a 
function of  the square of  the ball diameter, d~l for suspen- 
sions of  oriented rods at q~ = 0.02 (A)  and 4~ = 0.05 (rl) .  

The lines represent the best-fits to [1]. 
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obtained in shearing flows. 

(Graham et  al. 1987; Milliken et  al. 1989a). At ~b = 0.02 the viscosity of the randomly oriented sus- 
pension is 30% larger than that of the aligned suspension, whereas for the ~b = 0.05 suspension 
it is nearly 60% larger. This difference is well above the uncertainties in the measurements. In terms 
of the specific viscosity, #sp = (#~ - 1)/~b, the difference is even more dramatic. The intrinsic viscosity 
of the randomly oriented suspension, which is the zero concentration limit of #sp, is 27.2. Table 2 
shows that this value is over 250% higher than the specific viscosity of the oriented suspensions 
(~  10). 

In our earlier studies of suspensions of randomly oriented rods (Milliken et  al. 1989a; Powell 
et  al. 1989), we found that, in the dilute range, the relative viscosity measured by falling ball 
rheometry compared quite well with Brenner's (1974) theory for the viscosity of suspensions of 
rodlike particles subject to strong Brownian motion. The justification for this comparison was 
based upon the work of Haber & Brenner (1984) who showed that the shear viscosity of a 
suspension of randomly oriented particles was the same as the shear viscosity of a suspension of 
particles subject to strong Brownian motion if the particle is a body of revolution. For suspensions 
of oriented rods, there appears to be no immediate connection between the results from falling ball 
rheometry experiments and existing theories. The most appealing choices for comparing our results 
are those theories which predict the viscosity for a suspension of rods which, in the mean, are 
aligned. In all such theories, however, the alignment is flow induced, with the viscosity increase 
due to the presence of the particles being caused by their disturbing the imposed macroscopic flow. 
No such flow is present in our experiments, and, hence, our comparisons must be viewed with some 
caution. 

Batchelor's (1971) theory for the theology of suspensions of rods provides estimates for the 
Trouton viscosity both for dilute and concentrated suspensions. Table 2 compares our results with 
the predictions of Batchelor (1971). We have obtained the values in table 2 using Batchelor's results 
for concentrated suspensions, which hold when 15.825 >> h >> 0.798 mm, and we have divided the 
Trouton viscosity by 3. Values for h are given in table 2, where it is seen that the ~b = 0.05 
suspension most closely fits within the "concentrated" category. The discrepancy between the 
measurements and the theory implies that our experiments are determining a property of aligned 
suspensions different from their resistance to straining motions. Our data can also be compared 
with the model of Bibbo et  aL (1985). For aligned rods, their predictions are valid in the range 
L - a <  n < L d  -2. In our case, this criterion is 3.1 x 10-5< n < 1.25 x 10 -2 mm -3. Table 2 shows 
that both of our suspensions fit within these limits, and, it also gives the theoretical predictions 
which agree reasonably well with our results. 

Table 2. Comparison between data for oriented suspensions and theoretical results 

Relative viscosity dp n Enl 3 h I~v 
(mm- a) (mm) (l)a (2)a (3)a (4)a (5)a 

0.02 3.2 x l0 -4 10.2 9.9 8.9 1.178 1.53 1.70 1.088 1.19 
0.05 8 x l0 -4 25.5 6.3 10.3 1.516 2.46 2.15 1.22 1.34 

a(l) Suspensions of aligned particles (this study). (2) Randomly oriented suspensions (Milliken et al. 
1989a). (3) Batchelor (1971). (4) Leal and Hinch (1971). (5) Bibbo et al. (1985). 
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Another class of theories with which it might be reasonable to compare our results are those 
which consider particles subject to weak Brownian motion. In shearing flow the particles tend to 
align along the streamlines, somewhat analogous to our oriented suspension. For spheroidal 
particles, Leal & Hinch (1971) give results for the intrinsic viscosity for ar = 20, [p] = 4.403. This 
value is lower than ours by a factor of 2. Further, as discussed by Cox (1979), a comparison between 
results for spheroidal and cylindrical bodies should include a correction for the geometrical 
difference between the two particles. For rods having a r = 20, the equivalent aspect ratio for a 
spheroid is 14.2 (Milliken et al. 1989a). The associated intrinsic viscosity would therefore be even 
lower than 4.403. This large discrepancy between our measurements and theoretical results for 
weak Brownian motion may result from the range of concentrations used in our studies. Leal & 
Hinch's (1971) theory is for dilute suspensions. By the classic measures, for example Enl 3 ,~ 1, our 
suspensions are not dilute. However, as with the randomly oriented suspensions (Milliken et al. 
1989a; Powell et al. 1989), we expect that the dilute range, as defined by a linear viscosity-volume 
fraction relationship determined using falling ball rheometry, may extend beyond the classically 
defined limits for oriented suspensions. Since we have data at only two concentrations, it is not 
possible to ascertain at this time whether such an assumption is valid. 

CONCLUSIONS 

Falling ball experiments in suspensions of rods which were hydrodynamically aligned prior to 
each experiment result in measured specific viscosities which are less than the specific viscosities 
of suspensions of randomly oriented rods by two-thirds. This result has been obtained for a single 
aspect ratio particle at two volume fractions. In both cases, our measurements agree well with 
measurements of the shear viscosity, made in shearing flow, of suspensions of fibers having a similar 
aspect ratio and the same volume fractions. As opposed to the case of randomly oriented rods, 
where a well-founded basis exists for comparing falling ball results with existing theories 
(cf. Milliken et al. 1989a), no such basis exists here. Available theories, do, however, lead to the 
conclusion that suspensions which experience flow-induced alignment during shearing have a lower 
viscosity than suspensions which stay random during flow (strong Brownian motion). These results 
further demonstrate the usefulness of falling ball rheometry as a tool for probing the macroscopic 
rheology of suspensions. They also raise several questions, including the effect of orientation on 
the concentration at which the dilute to semiconcentrated transition occurs, the effect of aspect ratio 
on the viscosity of oriented suspensions, and the directional dependence of the viscosity, all of 
which will be the subject of future studies. 
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