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Abstract

The ¯ow of dilute aqueous suspensions of micron-size carbon black particles in di�users was studied
by visualization and by measurements of pressure drop. For particle concentrations from 0.1 to 1.0% by
weight and for conical di�users with half angles of 5 and 118, the measurements show that pressure
recovery was less than that for plain water. The reductions were of order 10% and increased with
particle concentration. To understand this e�ect, the ¯ow was visualized in a two-dimensional di�user,
using computed sonography because of liquid opacity. The sonographic images show that the ¯ow
separated earlier than it did with water, which explains the reduced pressure recovery. At the same time,
it is not understood how such minute particles at such small concentrations a�ect ¯ow
separation. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recent studies have demonstrated that the drag on a sphere or cylinder in an aqueous
suspension of ®ne particles may be less than the drag for water alone. Watanabe et al. (1991,
1992) and Watanabe and Kui (1995) reported that the drag on a sphere in a dilute suspension
of micron-size particles of carbon black or silica dioxide was up to 20% less than that in plain
water, at Reynolds numbers in the range of 8 � 103 to 3 � 105. On the other hand, above 3 �
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105, i.e., above the transition to turbulent ¯ow in the boundary layer, the drag was increased
by the particles. A similar reduction in drag was found for circular cylinders (Watanabe et al.,
1996). The reduced drag is a remarkable hydrodynamic e�ect in light of the low particle
concentrations: solid volume fractions were of the order of 0.001. In this concentration range,
particles of carbon black or silica dioxide are not expected to a�ect the viscosity and
measurements revealed that suspension viscosities were virtually the same as those of water, the
di�erence being less than the measurement error of 2%. Because of these small di�erences and
because of the high Reynolds numbers, the particles must have a�ected the inertial component
of the ¯ow, and the lower drag suggests that the particles in¯uenced ¯ow separation. But a
direct examination of the separation zone was di�cult because the ¯uids were opaque and the
bodies were moving.

Fig. 1. Experimental system.
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2. Experimental apparatus and method

2.1. The ¯ow system

Fig. 1 shows the experimental system. Test ¯uids were circulated by a centrifugal pump
through a loop, which included an open supply/collection tank. When the di�user was a
conical channel, it was preceded by a long (1.5 m) pipe with an inside diameter to match the
inlet diameter of the di�users (13 mm). The variation of pressure along a channel was
monitored by a bank of eight manometer tubes, as illustrated. Two conical di�users were used
and their dimensions are given in Fig. 1. To ensure ¯ow separation, each had a half angle �a�
greater than 3.58; speci®cally, the angles were 5 and 118. To generate planar motion for
visualizing the ¯ow, the di�user was a truncated half wedge, as illustrated in Fig. 1. It was
made of clear plastic and had a half angle of 228.
A computed sonography system was attached to the non-oblique wall of the half wedge, as

shown in Fig. 1. Since the test ¯uids already contained particles, tracers were not needed. In
this technique ultrasonic waves are sent into the ¯ow by a sonographic probe and re¯ected by
the solid particles. The re¯ected echo signals are processed by a computer system to create an
image of the ¯ow on the screen. The electronic equipment for the system is shown in schematic
form in Fig. 2.
Flow in the half-wedge di�user was designed to generate Reynolds numbers ranging from

1000 to 2000. In this way, the ¯ow was initially laminar and therefore motion in the separation
zone was steady and easily observed. In this work, the Reynolds number is de®ned as
Re � r �vD=m, where �v is the average velocity at the inlet of a di�user, D is the diameter (or
equivalent diameter) of the di�user inlet, and r and m are the density and viscosity of the test

Fig. 2. Block diagram of the computed sonography system.
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¯uid. The velocity was determined from the ¯ow rate, which was measured by weight collected
over a known time. For the conical di�users, the ¯ow rates were much higher than those in the
half-wedge di�user in order to generate measurable pressure di�erences. The Reynolds
numbers for that work were between 3.5� 104 and 5.5� 104.

2.2. The test ¯uids

The ¯uids were dilute suspensions of carbon black particles, the same ¯uids used in the prior
work on spheres. These particles had a density of 1950 kg/m3, and mean diameters were found
to vary from 1.29 to 1.40 mm. Mean diameters were determined by measuring particle sizes
from electron micrographs, and more than 100 particles were used in the calculation of a
mean. Particle shape was not considered to be a factor in this work because, at solid volume
fractions of order 0.001, near-spheres have the same hydrodynamic e�ects as spheres. Four
carbon black suspensions were tested in the conical di�users, and these had weight fractions of
0.1, 0.3, 0.5 and 1.0%, corresponding to solid volume fractions of 0.0005 to 0.005. Two of
these ¯uids, the 0.1 and 0.5 wt% suspensions, were the test ¯uids in the ¯ow visualization
study. At these concentrations, suspension viscosities were not expected to be measurably
di�erent from the viscosity of the suspending medium, i.e., of water. As mentioned earlier,
prior measurements (Watanabe et al., 1991) of these same ¯uids established that the viscosities
were only a few percent higher than that for water, which is consistent with the known
rheology of suspensions (Barnes et al., 1989). However, viscosity is not a factor here anyway.
Because of the high Reynolds numbers, inertia dominates and the ¯ow is not likely a�ected by
small changes in viscosity.

Fig. 3. Comparison of the pressure pro®les of tap water and the 0.5% carbon black suspension in the 58 conical

di�user. Pi is the pressure at the ith location in the di�user (8 locations in all), P0 is an upstream reference pressure
and Xÿ X0 is the distance along the di�user, from its entrance.
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3. Results

3.1. Pressure pro®les

Measurements of pressure along the conical channels are reported ®rst to establish that ¯ow
in a di�user can be a�ected by tiny particles, as we expected. Fig. 3 presents direct
measurements for a typical case, the 0.5 wt% suspension in the 58 di�user. The ordinate is the
pressure recovery, de®ned as Pi ÿ P0, where Pi is the pressure at the ith location in the di�user
(i = 1±8), P0 is an upstream reference pressure. In the abscissa, X is the axial distance from
the extended vertex of di�user, and X0 is the distance from the vertex to the entrance. Data are
presented for three ¯ow rates (in terms of Reynolds numbers), and the corresponding data for
water are given as well. The graph shows that pressure recovery was less for the suspension
than for water alone, and increasingly so as the ¯ow rate increased. The reduced pressure
recovery with particles suggests that the ¯ow separated earlier in the di�user.

3.2. Pressure recovery coe�cient

The same data are presented in dimensionless form in Fig. 4, along with data for the 118
di�user. The ordinate is the pressure recovery coe�cient, which is the dimensionless quantity
normally used in such ¯ows and which is de®ned as Cp � PiÿP0

1=2r�n2 : The abscissa is the area ratio
R � Si=S0, where Si is the cross-sectional area at the ith pressure tap and S0 is the area at the
inlet. R was chosen as the dimensionless axial distance because Cp can be expressed in terms of
R for an ideal (inviscid) ¯ow which does not separate, i.e., Cp � 1ÿ 1=R2: By expressing the
results in terms of Cp, the 58 data in Fig. 4 are almost collapsed, which is expected because the
Reynolds numbers are of order 104. Also shown in the graph are data for the wider-angle

Fig. 4. Relationship between the pressure recovery coe�cient Cpr and R for a carbon black suspension (Cw=0.5%).

K. Watanabe et al. / International Journal of Multiphase Flow 26 (2000) 729±739 733



di�user �a � 118), as well as the curve for an ideal ¯uid. With the wider angle, it is expected
that less pressure is recovered and the data con®rm this expectation.
Particle e�ects can be seen more clearly if di�erences between the results for water and the

suspensions are presented. To this end, let e designate the percentage change in the pressure
recovery coe�cient, de®ned as e � CpÿCp0

Cp0
� 100%, where Cp0 is the pressure recovery coe�cient

for water. The pressure measurements are presented in this form to illustrate, in Fig. 5, the
e�ect of Reynolds numbers and, in Fig. 6, the e�ect of particle concentration, for the two half
angles respectively. The ®gures show that the pressure coe�cient can be reduced by as much as
13% and that the reduction is more extensive in 118 cone. The in¯uence of Reynolds number,
shown in Fig. 5, is surprisingly strong when one considers that the particles are micron-sized
and that the ¯ow is dominated by inertia. The graphs of Fig. 6 show that the largest changes
in pressure recovery occur with the intermediate concentration, 0.5 wt%, i.e., the maximum
e�ect occurs at a solid volume fraction of about 0.0025. This latter result deepens the mystery
as to how the particles a�ect the ¯ow because, whatever the mechanics, one expects the
hydrodynamic e�ect to increase with concentration in the dilute regime, in the same way that
the viscosity increases in that regime. Indeed, because the viscosity is known to increase
linearly with concentration for solid volume fractions up to about 0.1, one expects a similar
increase for any other hydrodynamic e�ect. One does not expect the e�ect to saturate when the
solid volume fraction is only 0.0025. The behavior is consistent, however, with the prior results
for spheres; the data in Watanabe et al. (1991) show that drag reduction was a maximum for a
concentration between 0.5 and 1.0 wt%, for carbon black particles.
Visualization using the computed sonography system con®rmed that the particles caused

early separation. Figs. 7 and 8 illustrate images obtained by the system for water and the 0.1
wt% suspension. With water, tracer particles had to be added and these were 12-mm metallic

Fig. 5. Relationship between e and R for a carbon black suspension in the conical di�users Ð e�ects of Reynolds
number.
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coated particles at a weight concentration of 3.2 � 10ÿ3 kg/m3, which translates to weight
concentration of 0.0003 wt%. This value is so far below the minimum carbon black
concentration of 0.1 wt% that the tracer particles did not likely a�ect the ¯ow of water. The
®rst image in Figs. 7 and 8 is a photograph obtained by superposing at least 30 video pictures.
The streaks in each photograph were used to construct the streamline pattern, which is the
second image of each ®gure. In each second image, the dividing streamline is shown by a
dashed line.

Fig. 6. Relationship between e and R for a carbon black suspension in the conical di�users Ð e�ects of particle
concentration.

Fig. 7. Flow visualization photographs of water in the asymmetric di�user (Reynolds number = 2000).
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Points on the separation streamlines are plotted in Fig. 9, for several particle concentrations
and for two Reynolds numbers. In these plots, X is the distance along the upper (non-oblique)
wall and Y is the distance perpendicular to that wall. To show the separation streamline
clearly, the perpendicular scale is magni®ed and hence the lower (oblique) wall appears much
steeper than its actual 228. As shown in Fig. 9, curves were ®tted through the data points and
extrapolated to the wall to identify the points of separation. The plots clearly show that the
suspensions separated earlier than water, as anticipated. Furthermore, the 0.5 wt% suspension
separated earlier than the 0.1 wt% suspension, consistent with the pressure recovery results in
Figs. 5 and 6. Fig. 9 also shows the e�ect of Reynolds number, which are 1000 and 2000,
respectively. As expected, ¯ows at the higher Reynolds number separated earlier, for all three
¯uids.

Fig. 8. Flow visualization photographs of the 0.1 wt% carbon black suspension in the asymmetric di�user
(Reynolds number = 2000).

Fig. 9. Separation locations of several test ¯uids in the asymmetric di�user.
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The separation results are summarized in Fig. 10, in which the distance to the separation
point, Xs, is made dimensionless by the length of the di�user channel, taken along the oblique
wall. The graph reinforces how the separation point moves upstream with Reynolds number
and with particle concentration.
Fig. 11 shows values of e for the other di�user, the half-wedge di�user, for Reynolds

numbers of 1000 and 2000. The results are similar to those for the conical di�users;
numerically they are somewhat larger, perhaps because the entering ¯ow was laminar in the
half-wedge case.

4. Discussion and conclusion

The present experiment demonstrates that carbon black particles can cause early ¯ow
separation in a di�user and thus decrease the recovery of pressure. The data show that the
particles had a maximum e�ect at a concentration around 0.5 wt%. At this concentration level,
it is remarkable that the particles had any e�ect at all. Since the particles did not change the
viscosity in a signi®cant way, one has to consider other mechanisms. One possibility is that the
particles had a roughness e�ect similar to surface. That is, when particles are attached to a
surface to create roughness elements, they can in¯uence ¯ow separation and the transition to
turbulence. Classic work by Fage and Warsap (1930), as reported in Schlichting (1968), shows
that the drag on a circular cylinders is a�ected when the size of roughness elements is O(10ÿ3)
of the cylinder diameter. Their graph (Schlichting, 1968, p. 622) shows that when the Reynolds
number is below about 3� 105, i.e., before transition to turbulence takes place in the boundary
layer, roughness elements cause early transition and hence later separation and lower drag.
When the Reynolds number is above 3 � 105 and the boundary layer ¯ow is turbulent, the
elements cause early separation instead and so the drag is higher. The prior work by Watanabe
et al. (1991) shows that small suspended particles can have exactly the same e�ect: lower drag

Fig. 10. Dependence of the separation location on the Reynolds number for the asymmetric di�user.
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before transition and higher drag after. Hence suspended particles can a�ect the ¯ow in the
same way as attached particles.
Another classical work which is relevant is the study of roughness and transition in boundary

layer ¯ow on a ¯at plate (Dryden, 1953, also reported in Schlichting, 1968). Data collected by
Dryden (Schlichting, 1968, p. 513) show that transition to turbulence occurs early when the
roughness size is of order of the displacement thickness of the boundary layer. This size criterion
is the same as that in the studies of Fage and Warsap (1930), where the relative roughness size
was of order 10ÿ3. That is, the Reynolds numbers in their cylinder ¯ows were of order 105,
and, since the boundary layer thickness on a cylinder is of order, Re1=2 the relative boundary
layer thickness was of order 10ÿ5=2 and therefore comparable with the relative roughness size
of 10ÿ3. Hence, classical work is consistent in showing that boundary layer ¯ow is a�ected by
surface roughness when the irregularities are the size of the boundary layer thickness.
But the particles in the present work were one micron in size and the thickness of the

boundary layer in the di�users was approximately 1/10 of the 13 mm inlet diameter, or about
1 mm. Hence the particles were two or three orders of magnitude below the size known to
in¯uence the ¯ow. Furthermore, the particles in the present work were not ®xed to the surface
but rolled along it, and their e�ect would be even smaller on that account.
Another mechanism that may be related to the present ®ndings is particle migration. Particle

movement across streamlines and away from a wall may be caused by particle interactions or
by inertial e�ects. Interaction-caused migration has been an active research topic recently and a
good reference is the seminal paper by Leighton and Acrivos (1987). This type of migration
occurs with concentrated suspensions; in the referenced paper and in other such work, solid
volume fractions are in the range of 0.1 to 0.5. The fractions in the present work, however,
range from 0.0005 to 0.005, and so migration due to particle interactions is negligible in our
work. For suspensions as dilute as ours, inertial-driven migration may be relevant.
Considerable research on this topic was carried before 1980 and Leal's (1980) review is a good
summary of both the mechanics and the work up to that point. Studies of inertial-driven

Fig. 11. Relationship between e and R for carbon black suspensions in the asymmetric di�user, at a Reynolds
number of 1000 and 2000.
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migration have focussed on particle motion in well-de®ned ¯ow ®elds with zero or positive
pressure gradients. No studies have been carried out in adverse gradients, as occur in our
di�users. Furthermore, prior studies have focussed on the e�ect of the ¯ow ®eld on a particle,
and not on the e�ect of particles on the ¯ow ®eld. Hence, there is little information to suggest
how drifting of widely-spaced minute particles might a�ect an inertial phenomenon like
separation. The best one that can do is to ®nd the order of magnitude of the migration
velocity, relative to the local ¯ow velocity. That ratio is of the order of the local Reynolds
number (Leal, 1980), which depends on the particle size and local shear rate. The shear rate in
a separation zone is di�cult to estimate, but it is likely no more than 103 sÿ1. Hence, for
micron-size particles in water, the maximum Reynolds number and therefore the maximum
relative velocity is of order 10ÿ3. Since there are very few particles in our suspensions, the
migration e�ect is minuscule.
In trying to relate past studies to the present work, it must be remembered that little is

known about ¯ow separation on the scale of interest. The present particles are 1/1000 of the
thickness of the boundary layer, and there appear to be no studies of separating ¯ow on that
scale, with or without particles. Once details of the ¯ow ®eld are known at that micro-scale,
the present results may become less mysterious.

Acknowledgements

We would like to thank Mr. K. Yaita and Mr. K. Nakamura for assisting this experiment.

References

Barnes, H.A., Hutton, J.F., Walters, K., 1989. An Introduction to Rheology. Elsevier, Amsterdam, The
Netherlands.

Dryden, H.L., 1953. Review of published data on the e�ect of roughness on transition from laminar to turbulent

¯ow. J. Aero. Sci 20, 477±482.
Fage, A., Warsap, J.H., 1930. The e�ects of turbulence and surface roughness on the drag of circular cylinders,

ARC R & M 1283.

Leighton, D., Acrivos, A., 1987. The shear-induced migration of particles in concentrated suspensions. J. Fluid
Mech 181, 415±439.

Leal, L.G., 1980. Particle motions in a viscous ¯uid. Ann. Rev. Fluid Mech 12, 435±476.

Schlichting, H., 1968. Boundary Layer Theory. McGraw-Hill, New York.
Watanabe, K., Ohira, H. and Kato, H., 1991. Drag reduction phenomena in liquid±solid ¯ows. ASME Fluids

Engineering Division Summer Meeting, Preprint FED-110, pp. 119±124.

Watanabe, K., Ohira, H., Oki, T. and Kato, H., 1992. Motions of a free-falling sphere in the acceleration range in
water/®ne solid particle suspension. ASME '92 Winter Annul Meeting, Preprint FED-143, pp. 137±141.

Watanabe, K. and Kui, H. (1995) Drag of a sphere in high-Reynolds-number range in water/®ne solid particle
suspension. ASME Fluids Engineering Division Summer Meeting, Preprint FED-221, pp. 127±132.

Watanabe, K., Zhang, Y., Fujita, T., 1996. Drag reduction in ¯ow past a circular cylinder in water/®ne solid
particle suspension (in Japanese). Trans. of JSME 62, 3818±3823.

K. Watanabe et al. / International Journal of Multiphase Flow 26 (2000) 729±739 739


