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Abstract

The influence of particle rotation on the stability of the grain wake is investigated experimentally for
particle Reynolds numbers less than 300. Particle rotation may be present in most industrial and
geophysical two-phase flows and imparts significant differences to the structure of the wake when
compared to cases where no rotation is present. An oil-filled flume has been used to investigate the
dimensions of the wake region and frequency of wake eddy shedding for isolated, spherical and spheroidal
particles at rotation rates up to 10 revolutions/second. A parameter, f3, is defined which expresses the ratio
of the peripheral surface velocity of the particle to the relative velocity between the two phases. For both
shaped particles, the wake is destroyed and absent at f>0.5, whilst the size of the wake region is
significantly smaller for 0 < f < 0.5 when compared to the wake dimensions at zero rotation. At
0 < f < 0.5 for the spherical grain, the frequency of eddy shedding is modulated and equal to the rotation
rate, w, whilst for spheroidal grains this frequency is 2w as alternate wakes are shed into the flow as the
particle adopts two oblate and prolate orientations in each revolution. At greater rotation rates, an
increasingly dominant shear layer is formed on the underside of the grain and generated by fluid being
dragged over the rotating particle and sheared against the freestream flow beneath the particle. Where the
wake region is destroyed through particle rotation (f > 0.5), turbulence enhancement in the freestream may
still be present due to the generation of this lower shear layer. This work suggests that a principal
mechanism of turbulence enhancement by large grains in two-phase flows involves the influence of particle
rotation. If particle rotation is present, turbulence enhancement may occur at much lower particle
Reynolds numbers than previously assumed, and at higher rotation rates turbulence enhancement of the
freestream flow may occur in the absence of the wake region. Previous numerical modelling of two-phase
flows which invokes wake instability to explain turbulence enhancement in the absence of rotation, may
therefore require modification. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Work over the past 15 years has begun to examine and quantify the effects of sediment on
the turbulence characteristics of the fluid phase (Rayan 1980; Tsuji and Morikawa 1982; Tsuji
et al. 1982, 1984; Hardalupas et al. 1989, 1992; Gore and Crowe 1989a,b, 1991; Hetsroni 1989,
1993; Rashidi et al. 1990; Rogers and Eaton 1990, 1991; Elghobashi and Truesdell 1993;
Kulick et al. 1993, 1994; Elghobashi 1994; Yarin and Hetsroni 1994a,b; Kaftori et al. 1995a,b;
Crowe et al. 1996; Kenning and Crowe 1997). The influence of sediment on both the mean and
turbulent characteristics of the flow, and in particular the attenuation or enhancement of
turbulence by the presence of the solid phase, has many important repercussions in both the
conveyance of solids in pipes (Bolio and Sinclair 1995), the understanding of earth-surface
geophysical flows (Best et al. 1997) and the more complete modelling of two-phase flows
(Elghobashi and Truesdell 1993; Elghobashi 1994; Bolio and Sinclair 1995; Kenning and
Crowe 1997). Understanding the processes and mechanisms of coupling between the two
phases (Crowe 1993) lies at the heart of all of these topics. Several factors have been proposed
to explain the modulation of turbulence by the sediment phase including both (i) the size of the
particles in relation to the scale of turbulence (Gore and Crowe 1989a,b, 1991; Hetsroni 1989,
1993), and (ii) the particle response time as compared to the turbulence timescale, as expressed
through the Stokes number (Elghobashi and Truesdell 1993; Elghobashi 1994; Crowe et al.
1996). In addition, both experimental and theoretical work have demonstrated the significant
influence of the sediment mass loading and the grain size distribution on the modulation of
turbulence (Yarin and Hetsroni 1994a,b; Kenning and Crowe 1997). Experimental and
numerical studies have shown that turbulence enhancement caused by the presence of large
sediment grains increases both towards the wall, where particle concentration is greater, and
at higher mean sediment loadings (Gore and Crowe 1989a,b, 1991; Yarin and Hetsroni
1994a,b). Several studies have proposed that enhancement of turbulence by sediment larger
than the microscale of turbulence is linked to instability of the wake regions associated with
the particles, thereby transferring energy from grain movement to the fluid turbulence (Gore
and Crowe 1989a,b; Crowe 1993; Hetsroni 1989, 1993; Crowe et al. 1996). This physical
mechanism for turbulence enhancement has subsequently been incorporated in several
numerical models of turbulence modulation in two-phase flows which have used estimates of
both wake length and volume in predictions of turbulence enhancement (Yuan and
Michaelides 1992, Bolio and Sinclair 1995). However, in order for this mechanism to be
effective, the particle Reynolds number, Re,, defined using the velocity difference between
particle and fluid (Fig. 1), U,y, the grain diameter, D, and the kinematic viscosity of the
fluid, v,

UiaD
Rep _ rel

Vv

(1)

must be in the range which is associated with eddy shedding, Re,>400 (Achenbach 1974).
Whilst wake instability is associated with such high particle Reynolds numbers, these values
may be far higher than Re, values recorded and used in previous studies (Tsuji et al. 1984;
Bolio and Sinclair 1995; Best et al. 1997). Hence, although wake instability and eddy
shedding may provide a mechanism for fluid turbulence enhancement for Re,>400, it is
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Fig. 1. Definition sketch of rotation of a spherical particle in a shear flow and co-ordinates used in this study. Inset
illustrates shape of the spheroidal grain studied here (£ = ratio of the short to the long axes of the grain).

likely that this mechanism may not be operative in a wide range of two-phase flows with
Re, below this value. Bolio and Sinclair (1995) suggest that the “wake effect”, where
turbulence is diffused from a quasi-steady wake, rather than wake shedding, is generating
turbulence enhancement, presumably through a grain and its associated wake trailing
through the fluid with a relative velocity.

However, in most two-phase flows several factors may serve to make the mechanism of wake
instability more complex than that envisaged for simple isolated particles moving with a
relative velocity in a shear flow. Firstly, the effect of mutual particle interference in cases where
the grain concentration is high, for instance near the wall, may produce complex interactions
and modify the stability and shape of the wake region (Tsuji et al. 1982; Zhu et al. 1994; Liang
et al. 1996). Kenning and Crowe (1997) have recently stressed the importance of particle
interactions and suggested that interparticle spacing may be a key attribute in turbulence
modulation. It is likely that both particle—particle and particle-wall interactions may allow
enhanced wake instability and this may be reflected by turbulence enhancement that has been
documented both in regions of higher grain concentrations near the wall and at higher
sediment loadings (Tsuji and Morikawa 1982; Tsuji et al. 1984).
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Additionally, all past studies of the wake instability mechanism in two-phase flow have
neglected consideration of particle rotation, even though rotation may be expected in all flows
where a velocity gradient exists between the top and bottom of the grain and/or where grain
interactions and collisions are present. Past studies (Table 1) have documented a range of
particle rotation rates, w, in geophysical flows, from 10-40 revolutions second ™' (rps) in water
flows (Hui and Hu 1991; Lee and Hsu 1994, 1996 ) to estimates of between 100—1000 rps in air
flows (Chepil 1945; White and Schultz 1977; White 1982; Rice et al. 1996) and possibly up to
several thousand rps in high-speed compressible flows (White 1986). Particle rotation may be
generated by: (i) the shear gradient in the velocity field across the diameter of a grain (Poe and
Acrivos 1975), (ii) impacts between grains, whether in suspension or saltation, which may cause
rapid rotation commonly in the sense of the shear flow and exceptionally in the opposite
direction, and, (iii) impacts between the grains and the solid wall. The latter two cases may
generate rotation rates greater than those that can be generated through the shear gradient
alone (White and Schulz 1977; Nifio and Garcia 1994). Rice et al. (1996) show that particle
rotation rates for a coarse sand grain impacting with the bed in an air flow may increase from
330-670 rps before impact to between 430-850 rps after collision.

The influence of particle rotation has been extensively researched in relation to the
additional lift force that rotation may impart to saltating grains (White and Schulz 1977;

Table 1
Particle rotation rates documented in previous studies

Rotation rate,
Grain size, w

Author(s) Fluid Grain type Hm ps Comments
Francis 1973 Water Pea-gravel ~4800 ~4-5 Estimated from
photographs in Francis
(plate 20)
White and Schulz, Air Glass spheres 350-710 100-300 w measured at a range of
1977 flow velocities
White, 1982 Air Ground walnut shell 600 (1) w = 387 (i) normal atmospheric
pressure
600 (i1) w ~ 400 (ii) ~50% atmospheric
pressure
1200 (ili) w = 346  (iii) ~0.68% atmospheric
pressure
Tsuji et al. 1985 Air Plastic Sphere 5000 34-70 Sphere collision with
inclined plate
Lee and Hsu, 1994 Water Sand 1360 ~40 Used w = 40-140 in
calculations of saltation
height
Lee and Hsu, 1996 Water Plastic sphere 5950 11-32 w measured at a range of
shear velocities
Glass sphere 4000 17-28
Sand 4760 18-27
Sand 6540 21-30
Rice et al. 1996 Air Sand 425-600 330-670 Before impact with bed

430-850 After impact with bed
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White 1982, 1986; Nalpanis et al. 1993). Grain rotation may lift the grains far higher into the
flow than if rotation is absent, this phenomena being known as the Magnus effect (Rubinow
and Keller 1961; Saffman 1965; Barkla and Auchterlonie 1971). However, despite the fact that
grain rotation may be the norm rather than the exception in most two-phase flows, the
influence of grain rotation at low and moderate particle Reynolds numbers has not been
considered in relation to turbulence enhancement. Additionally, many studies of turbulence
modulation have also used or assumed a spherical grain shape, which is often not the case (see
for example Willetts et al. 1982; Willetts 1983, Willetts and Rice 1986) and may impart further
complexities into wake instability. For instance, some past experimental work documenting
turbulence modulation by the solid phase has used irregular shaped grains (Levy and
Lockwood 1981; Tsuji et al. 1984; Shuen et al. 1985) where the influence of grain asphericity
may become important.

This paper presents empirical results from an experimental study designed to examine the
effect of particle rotation on both spherical and spheroidal particles at Re, <300. These results
demonstrate that particle rotation significantly influences wake instability, and at higher
rotation rates the wake is absent. These results suggest that many current numerical models of
turbulence modulation and enhancement in two-phase flows may invoke an incorrect physical
mechanism for turbulence enhancement, and that terms for the influence of particle rotation
and grain asphericity must be incorporated in future simulations.

2. Experimental equipment and methodology
2.1. Experimental set-up

Experiments were conducted in a plexiglas oil-filled recirculating flume (see schematic
experimental configuration, Fig. 2) which was 4.50 m long, 0.155m wide and 0.195 m deep.
The pump to the flume was controlled by a voltage controller which allowed precise setting of
the oil discharge whilst the flume slope could be adjusted by a screw jack at the top end of the
channel. The oil entered the channel and flowed through a baffle plate to minimise any
disturbance generated at the flume entrance. A 10 mm diameter test particle was mounted on a
I mm diameter support wire 2.70 m from the flume entrance and 0.07 m from the base of the
flume; this position was chosen where the flow was fully equilibriated and entrance effects were
minimal. The ratios of the particle diameter to the flume width and the support wire diameter
to the particle diameter were 0.065 and 0.1, respectively, similar to the ranges used in past
work (Tsuji et al. 1982). Visual observations and comparison of the wake length (measured as
the centreline distance from the downstream edge of the sphere to the furthest downstream
point of flow reversal within the wake region) with past work (see below) indicated minimal
influence of the support wire on the wake dimensions. The wire mount was fixed in one side
wall by a micro-bearing and was tensioned on the outside of the opposite flume wall by a
mechanical jig. This support wire was connected to a drive shaft and cog which were driven by
either of two stepper motors: these permitted a range of rotation rates, w, from 0.1-100 rps, to
be achieved, with the rate being displayed on a digital readout. The accuracy of repeatability in
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Fig. 2. Schematic planform diagram of experimental equipment.

w was approximately +0.1 rps and results from study of rotation rates between 0.5-10 rps are
reported herein.

In order to study the influence of particle rotation on wake stability at low and moderate
particle Reynolds numbers (Re, <300) at the velocities possible within the flume, oil was used
as the working fluid. The oil used was a clear synthetic base oil, a polyalphaolefin, which was
chosen both for its suitable viscosity range (~8 cSt at 20°C) at the room temperatures used in
this study, and the fact that its colour and clarity allowed use of laser Doppler anemometry
(LDA) and clear video imaging. The temperature dependence of the oil viscosity was
determined both from the manufacturers specifications, and from tests using a standard
suspended-level type viscometer, with the mean value of kinematic viscosity at each
temperature being determined from three measurements. These data were used to construct a
viscosity-temperature calibration curve and, with the oil temperature continuously recorded by
a thermistor and data logger (Fig. 2) with an accuracy of +0.05°C, all viscosity values were
determined for the exact temperature of each experiment. The range in oil temperature in these
experiments was 20.40-26.45°C.

In this paper results are presented on the influence of particle rotation for two particles of
different shape (see Fig. 1 inset) manufactured from Nylon. The first particle had a diameter,
D = 10 mm, and was spherical in shape with an accuracy in sphericity of +0.0127 mm. The
second particle studied was manufactured by cutting 3 mm from each of two opposite sides of
a 10 mm diameter sphere, thus producing a spheroid with a short axis of 4 mm and a short to
long axis ratio of 0.4 (Fig. 1). Each of these nylon particles had a smooth black surface and
was mounted on a 1 mm diameter support wire that was drilled through the long axis of the
grain. The axis of rotation was at 90° to the mean flow direction, and the sense of rotation the
same as in the shear flow, as common in many natural flows (Rice et al. 1996).
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2.2. Flow visualisation

In order to allow both determination of wake length and flow patterns around the rotating
particles and act as a seed agent for the LDA (see below), Timiron (titanium-coated mica
particles) was used as the visualisation agent. The particles were 5-20 um in diameter and were
highly reflective providing excellent flow tracers. A two-dimensional streamwise plane was
illuminated using a 100 mW argon-ion laser and fibre-optic light sheet with 40° beam angle
lens. This provided an intense light sheet approximately 1 mm thick, and allowed visualisation
of flow along the centreline of the sphere. A digital video camera, mounted at the side of the
flume, was used to record images which were subsequently downloaded onto S-VHS tape. The
digital video camera allowed not only collection of visual data at ordinary video frame rates
(25 Hz) but also permitted real time streakline imaging through use of the digital camera
exposure time controls. Dependent on the flow velocity, exposure times of between 0.33 and
0.083 s generated excellent real time streakline images of flow in the wake of the particles,
which could later be replayed to determine the nature and dimensions of the wake zone.
Repeated measurement of wake length dimensions from the video images showed errors of
approximately +0.05 D. Additionally, long-exposure (0.5-1.0 s) photographs were taken using
a 35 mm camera.

2.3. Flow measurement

Velocity and turbulence measurements were taken using a two-component fibre-optic laser
Doppler anemometer (LDA) used in back-scatter mode with 161 mm focal length lens and 100
mW argon-ion laser. The LDA was operated with: (1) a 40 MHz frequency shift to enable
detection of positive and negative flow directions, and, (2) a DANTEC Particle Dynamics
Analyser processor that operates on a correlation-type process. Use of the seed agent yielded
data rates between 30 and 1000 Hz, in excess of those desirable to ensure full characterisation
of the turbulence spectra (Nezu and Nakagawa 1993). The LDA optics were mounted on a
high-precision carriage that could be positioned to within +0.025 mm. For the LDA
configuration used in this study the resolution of the downstream and vertical components of
flow were 0.0027 and 0.0012 ms™', respectively.

The time series of both the horizontal (downstream), U, and vertical, V, components were
used to derive the mean and root-mean-square of each component:

_ 1 &

U=- ; 2
P (a)

pols, (2b)
n

1 n B 0.5
rms u’ = |:£ Z (u; — U)z] (3a)
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1 n _ 0.5
rms v = |:ﬁ Z (vi — V)z] (3a)
i1

where n is the total number of velocity measurements, u; and v; are the instantaneous
downstream and vertical velocities, u' = u,—U and v =v; — V.
Additionally, the interpolated grids of the mean downstream and vertical components of
velocity were used to compute the spanwise vorticity, Q., defined by:
G181
Q =—-—— 4
i el 4)

2.4. Experimental conditions and procedure

Two series of experiments were conducted, one for the spherical and one for the spheroidal
particles (Table 2). The dimensions of the wake region associated with both the spherical and
spheroidal particles were determined for a range of particle Reynolds numbers from 29-290
(Table 2), this entailing experiments at a range of mean oil velocities, U, , (measured 21
particle diameters upstream of the particle) between 0.022 and 0.203 ms~'. For the fixed grains
used in this study, the mean flow velocity can be taken as equivalent to the relative velocity
between the fluid and sediment phases in mobile bed conditions. The depth of oil in each
experiment was kept constant at 0.135 m whilst the flume slope was adjusted so that the bed
and oil surface slopes were constant throughout the flume. Several different sets of experiments
were conducted for each of the series investigating spherical and spheroidal grains:

2.4.1. Spherical grain.

(Series 1a): A series of runs were conducted to visualise the character of the wake at six
freestream velocities (0.022, 0.031, 0.041, 0.054, 0.105, 0.149, 0.203ms*1) and five particle
rotation rates (Table 2) using the digital video camera and laser light sheet. These runs
visualised an area downstream of the sphere approximately 10D long and 2 min records for
each flow condition were used to determine mean wake length. In all experiments, both
without and with particle rotation, the wake length was determined from the position of flow
reversal furthest downstream in the leeside of the particle.

(Series 1b): In order to construct a detailed quantitative picture of flow in the immediate
downstream wake, a grid of 176 LDA points was collected for a freestream velocity, Uy of
0.105 ms™! (Re, ~140) at w = 0, 1 and 5 over an area of y/D = 1.2 to =3 and x/D = 1 to 4
(Fig. 1). No velocities could be collected closer to the sphere than x/D = 1 due to interference
of the laser beams with both the sphere and the wall-mounted micro bearings. Each point was
sampled for 2 min.

(Series Ic): At a distance downstream of x/D = 2, a series of LDA velocity traverses were
taken to examine the changing flow structure in the near-wake area at each freestream velocity
and particle rotation rate. Each velocity traverse collected 16 points spaced 2 mm apart from
v/D =1 to —2 (see definition diagram, Fig. 1) and each point was sampled for 2 min.
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(Series 1d): In order to examine the detailed time series at a range of rotation rates, at-a-
point LDA time series were collected for 10 min in the region of maximum turbulence intensity
for a freestream velocity of 0.105 ms~! and at each of the rotation rates of 0, 0.5, 1, 2, 5 and
10 rps.

2.4.2. Spheroidal grain.

(Series 2a): The wake character was again examined at six freestream velocities and six
particle rotation rates (Table 2). Additionally, the wake character was examined at each
freestream flow velocity for w = 0 but in an oblate (long axis normal to downstream flow
direction) or prolate (long axis parallel to downstream flow direction) orientation. These runs
visualised an area downstream of the spheroid approximately 12D long.

(Series 2b): At x/D = 2, a series of velocity traverses were taken at six rotation rates at a
mean freestream velocity of 0.105 ms™'. Each traverse sampled 16 points, which were spaced
2 mm apart between y/D = 1 and -2, for 2 min. Traverses were also taken for both the oblate
and prolate orientations at zero rotation.

(Series 2¢): At-a-point time series were collected for 10 min at x/D = 2 and y/D = 0 for a
freestream velocity of 0.105 ms~' and at each of the rotation rates of 0 (oblate and prolate
orientations), 0.5, 1, 2, 5 and 10 rps.

3. The influence of particle rotation on the wake of spherical grains
3.1. Wake length

Measurements of wake length for w =0 at a range of particle Reynolds numbers
(Fig. 3a) shows good agreement with past experimental and numerical estimates (Taneda
1956; Rimon and Cheng 1969; Kalra and Uhlherr 1973; Clift et al. 1978). Slight
discrepancies between studies (up to 0.17//D, where [ is wake length and D is particle
diameter, Figs. 1 and 3a) may be attributed to both experimental error in obtaining the
mean wake length and the differing experimental conditions between studies. As rotation
rate increases at each particle Reynolds number, so the length of the wake region
decreases (Figs. 3a and 4). For the particle Reynolds numbers studied here (Re, <300),
no wake was present at rotation rates greater than 5 rps. If wake length during rotation,
l., is expressed relative to the wake length at the same particle Reynolds number at zero
rotation, /[y, and plotted vs. the ratio, f, of the peripheral velocity of the sphere, U,, to
the mean flow (relative) velocity, Us (f = U,/Us Fig. 3b), it can be seen that the wake
ceases to exist at a peripheral velocity approximately half that of the flow (relative)
velocity (= 0.5; see Fig. 4 also). The relationship between /,/l, and f (Fig. 3) is given by
a fitted fourth-order polynomial curve to the data of the form:

Wake generation and eddy shedding may thus be expected to be absent at higher rotation
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rates. Additionally, at lower rotation rates (0 < § < 0.5) the length, and hence volume, of
the wake zone will be greatly different to that estimated at zero rotation and as
incorporated in some numerical models of turbulence enhancement (Yuan and Michaelides
1992; Bolio and Sinclair 1995).
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3.2. Mean flow field

The nature of the mean flow field was assessed both qualitatively from the video
and photographic images (Fig. 4) and quantitatively from three detailed LDA grids for
U;=0.105 ms™' (Re,~140, Table 2) at rotation rates of 0, 1 and 5 rps (Fig. 5) and LDA
traverses located at x/D = 2 for w = 0, 0.5, 1, 2, 5 and 10 (Fig. 6).

Plots derived from the three LDA grids of the mean downstream and vertical velocities, their
associated turbulence intensities and vorticity are shown in Fig. 5. All quantities have been
made dimensionless through division by the mean horizontal flow velocity, Uy taken at
x/D = —21 and y/D = 0. At zero rotation, the plots illustrate the characteristic flow field
downstream of a bluff body: deceleration downstream from the recirculating wake region (note
that at this velocity (Re,~140) the wake length is 0.98 //D and the laser measurement grid does
not extend into this region), flow convergence downstream of the sphere and regions of higher
turbulence intensity (especially for the downstream component, Fig. 5a,b) associated with the
shear layer on each side of the particle.

Rotation of the particle has a dramatic effect on the flow field; at this mean flow velocity the
wake length at w = 1 is 0.66D whilst at w = 2 and 5 the wake is absent (Figs. 3, 4 and 5).
Flow is dragged around the sphere and the mean flow vectors are directed downwards

Fig. 4. Visualisation of flow behind a sphere at Re, ~140 at four rotation rates. (a) w = 0; g = 0; (b) w = 0.5;
p=015@C)w=1,=030;d)w=275;=1.50.
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Fig. 5. Maps of mean flow, turbulence intensities and vorticity derived from the LDA grids downstream of the
sphere at U;=0.105 ms™' and w = 0, 1 and 5. All quantities have been divided by the mean downstream flow
velocity, Uy (a) Downstream velocity, U/ Uy, and UV vectors; (b) Turbulence intensity of downstream component,
rms u//Uy; (¢) Vertical velocity, V/Uy; (d) Turbulence intensity of vertical component, rms v//Uy; (¢) Spanwise
vorticity, Q./Uy.
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downstream of the sphere, especially for w = 5 (Fig. 5a). The location of the region of
minimum downstream velocity can also be seen to be shifted from y/D =0 at w =0 (a
symmetrical wake region) to —0.45 and —0.9 y/D for w = 1 and 5, respectively. The turbulence
intensity of the downstream velocity component is decreased on the upper side of the particle
as rotation rate increases (Fig. 5b) . However, this decrease is accompanied by an increase in
the downstream turbulence intensity on the lower side of the grain that is caused by: (i) the
lower shear layer of the wake which is still present at w =1 and has become more unstable
through rotation, and, (ii) a shear layer formed on the underside of the grain, and located
below the lower wake shear layer, where fluid being dragged around the sphere meets flow
underneath the particle. This shear layer is generated in the absence of the wake at w =5 and
suggests that freestream turbulence enhancement may be generated by rotation affer the wake
region has ceased to exist. The generation of this shear layer due to rotation is most
pronounced in the turbulence intensity plots of the vertical component of flow (Fig. 5 d) which,
because flow at w =5 is markedly downwards around the sphere (Fig. 5¢) where fluid is being
entrained by rotation at locations up to x/D = 4, generates intense shear where this fluid meets
flow on the lower side of the particle. These trends are also evident in the vorticity plots
(Fig. 5e) which illustrate the progressive concentration of maximum vorticity on the underside
of the particle as rotation rate increases. The zone of maximum vorticity is displaced further
below the grain, where the sign of vorticity is also negative due to the direction of the shear
gradient on the underside of the grain.

These trends in flow structure around the sphere with increasing rotation rate are revealed
by the LDA traverses at x/D = 2 for U;=0.05, 0.10 and 0.15 ms~! (Re, ~74, 143 and 206
respectively) at all rotation rates (Fig. 6). The key points evident from these traverses are:

1. The low velocity region downstream from the sphere is progressively displaced to the
underside of the particle as rotation rate increases at all three velocities. For the highest
rotation rate measured (w =10) at U, = 0.05 ms~', the downstream velocity at y/D = — 2.0
is still 0.48U; but the vertical flow velocity remains markedly negative, illustrating the
dominance of the rotation-generated flow at these low particle Reynolds numbers (Re,
~T74).

2. At all flow velocities the maximum downstream turbulence intensity becomes located further
below the sphere at higher rotation rates. However, it is evident that the highest rotation
rates (w =10) are not associated with the highest turbulence intensities but these occur at w
=1-5.

3. The peak in turbulence intensity of the vertical component of flow becomes both displaced
to the lower side of the grain and attains greater values at higher rotation rates for all mean
flow velocities. Additionally, the turbulence intensity of the vertical component increases at
higher particle Reynolds numbers (relative velocities) for a given rotation rate.

These results on flow past a rotating sphere match well with past experimental and numerical
modelling of flow past cylinders undergoing rotation (Taneda 1978; Townsend 1980; Diaz et al.
1983; Ingham 1983; Badr et al. 1989; Ingham and Tang 1990) which have shown that the flow
field behind a circular cylinder is significantly altered by rotation. Some numerical results have
indicated that the closed streamlines behind the cylinder are annihilated when the parameter «
(¢ =(D/2)w | Uy, where D = diameter of sphere or cylinder and w = angular velocity) exceeds
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Fig. 7. Frequency spectra (spectral density, S(f))) derived from 600 s time series at U, =0.105, w = 0, 0.5, 1, 2, 5
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and 10 respectively.

0.5 (Ingham 1983; Ingham and Tang 1990) and that as o increases a larger volume of fluid
rotates with the cylinder. These results find parallels in the present study, where the
entrainment of flow around the sphere increases at higher values of § and the wake region
ceases to exist at a ~ 1. The experimental work of Diaz et al. (1983) also demonstrated that the
cylinder wake ceased to exist at f >1 for Re, =9000. Although there are clear differences in
the flow field behind cylinders and spheres which cause differences in the § values at which the
wake disappears, the trends in wake evolution, eddy generation and wake annihilation are
largely identical between cylinders and spheres as rotation rate increases.

3.3. At-a-point time series and spectra

Frequency spectra obtained from the downstream component of velocity measured in the
region of maximum turbulence intensity for U,=0.105 ms~!atw =0, 0.5, 1,2, 5 and 10 are
illustrated in Fig. 7. The spectra were derived from 600 s records with a sampling rate of
between 40 and 100 Hz and processed using the resampling and interpolation methods detailed
in DANTEC (1994). A resampling rate of 1/¢z;,, where ¢, is the mean sampling interval, was
applied to all signals and the spectra were filtered using a Tukey window. The spectra at zero
rotation shows no distinct peak but a range of values with most energy being contained in
frequencies less than 1 Hz. However, rotation of the sphere produces a clear peak in frequency
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discs are plotted for comparison.

for w = 0.5, 1 and 2 at the frequency of the rotation rate, although the peak is less distinct at
w = 2. This clear peak is associated with wake instability modulated by the frequency of
rotation. However, at w = 5 and 10, corresponding to f of 1.5 and 3, respectively, which have
been shown previously to be conditions where no wake exists behind the sphere (Figs. 3-5), the
clear spectral peak has disappeared and turbulence is dominated by lower frequency
components. The absence of spectral peaks at w =5 and 10 illustrates that the clear
dominance of the spectra at lower rotation rates is due to wake instability modulated by
rotation.

The numerical work of Badr et al. (1989) concerning flow past rotating cylinders has
shown that at higher particle Reynolds numbers (Re,>60), flow behind a rotating cylinder
does not tend to a steady state with time from the start of rotation, but rather develops a
periodic pattern of vortex shedding. Additionally, the experimental work of Diaz et al.
(1983) has shown the strong modulation of eddy shedding through cylinder rotation; at low
rotation rates (f < 1) the cylinder wake flow is dominated by a process of modified eddy
shedding whereas at higher rotation rates (f>1) the flow does not possess any Karman
vortex street activity. These trends are also borne out in the present study, where strong
modulation of eddy shedding downstream of the sphere is present at rotation rates of
p < 0.5, whereas at f>0.5 such modulation and separation zone wake instability are
absent.
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4. The influence of particle rotation on the wake of spheroidal grains
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Many, if not most, grains in a wide range of industrial and geophysical boundary layers are
non-spherical and may be associated with markedly non-uniform flow patterns during grain
rotation. Past studies of turbulence modulation have employed both spherical grains (Tsuji and
Morikawa 1982; Tsuji et al. 1984) but also more irregular grains, such as natural sand (Levy
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and Lockwood 1981) and cylindrical grains (Tsuji et al. 1984). In order to investigate the
patterns of flow associated with a non-spherical grain, a brief series of experiments were
conducted with a spheroidal grain (E = 0.4, Fig. 1) to examine the influence of particle
rotation on wake stability and turbulence production.

4.1. Wake length

Wake length behind the spheroid was measured at all flow velocities with the spheroid in
both an oblate and prolate orientation and the axis of rotation normal to flow. As expected,
wake length increases with particle Reynolds number, with wake length in the oblate position
being approximately 2—4 times longer than in the prolate orientation at the same flow velocity
(the long and short (0.4D) axes of the spheroid are used for the oblate and prolate orientations
respectively to calculate lo/D and Re, on Fig. 8). These measurements correspond well (Fig. 8)
with past numerical and experimental determinations of wake dimensions associated with
spheroids in different orientations (Masliyah and Epstein 1970; Masliyah 1972; Clift et al.
1978) and flow around flat discs (Kalra and Uhlherr 1973).

Observations from the digital video recording illustrated a regular process of wake shedding
during particle rotation such that it was very difficult to estimate average wake length during
rotation. As the particle rotated, a larger wake was created when the particle long axis was in
an oblate orientation normal to the flow but this wake was shed into the flow as the particle
moved into a prolate position parallel to the flow. Rotation therefore caused regular shedding
of the large wake region generated when the spheroid was in an oblate orientation.

4.2. Mean flow field

Velocity transects at x/D = 2 for Uy=0.105 ms ' and w =0, 0.5, 1, 2, 5 and 10 are shown
in Fig. 9. The symmetrical structure of the wake in both oblate and prolate positions is again
clearly evident with both the velocity reduction at x/D = 2 and the turbulence intensity in the
shear layer on either side of the particle being greater for the oblate than the prolate position.
As the spheroid is rotated, similar trends in the velocity profiles are evident as described above
for the spherical particle. The low velocity wake region becomes displaced to progressively
more negative y/D values and the turbulence intensity of both the downstream and vertical
velocity components strongly increases on the underside of the particle at higher rotation rates.
The turbulence intensity of the downstream velocity component on the upper side of the
particle decreases with rotation rate and at w = 2 (f ~ 0.60) these values are essentially close to
the freestream values. The vertical velocities show marked downward flow over the particle at
higher rotation rates and high turbulence intensity along the shear layer formed on the
underside of the particle.

4.3. At-a-point time series and spectra
Time series collected at x/D = 2 and y/D = 0 for U,~0.105 ms~! for all rotation rates

reveal the remarkable modulation of vortex shedding into the free flow by particle rotation.
Representative segments of the time series (Fig. 10) illustrate that particle rotation modulates
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Fig. 10. Examples of time series of downstream (upper line) and vertical (lower line) components of velocity
downstream of spheroid at x/D = 2 and y/D = 0 for w= 0, 0.5, 1, 2, 5 and 10.
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Fig. 11. Frequency spectra (spectral density, S(f')) derived from 600 s time series at U, =0.105, w = 0, 0.5, 1, 2, 5
and 10, x/D = 2 and y/D = 0 for the spheroidal particle.

the velocity structure at w = 0.5, 1 and 2. However, at w = 5 and 10 (f ~ 1.5 and 3), this
modulation is absent and the time series is not dominated by a regular periodicity. Spectra of
these time series (Fig. 11) beautifully capture the modulation at lower values of w. Turbulence
is dominated by frequencies generally less than 1 Hz for w = 0 in both the oblate and prolate
positions. However, at w = 0.5, 1 and 2 the signal is completely dominated by frequencies at
twice the rate of rotation, this being caused by shedding of the wake region generated when the
spheroid is in an oblate position but shed into the flow when the spheroid approaches the
prolate orientation. At w =5 (f ~1.5) this modulation has disappeared and the signal
becomes dominated by both a broad spread of lower frequencies, as well as an increasing
proportion of frequencies greater than 2 Hz (see also spectra for w = 10). It therefore appears
that the trends identified around the sphere with increasing rotation rate are even more



J.L. Best | International Journal of Multiphase Flow 24 (1998) 693-720 715

apparent for a spheroid but are modified in frequency due to the shape of the particle. At low
particle rotation rates, at approximately f < 0.5, the turbulence field downstream of the
particle is dominated by wake vortices shed at twice the rotation rate. However, at higher
rotation rates (> ~ 0.5), where the wake region is destroyed or does not have time to form,
this modulation disappears and, although the turbulence intensities on the lower side of the
particle increase, this turbulence is not dominated by wake shedding from the particle but by
shear layer instability on the lower side of the particle.

5. Discussion: particle rotation and mechanisms of turbulence enhancement in two-phase flows

These simple experiments on rotating isolated spherical and spheroidal grains at Re, <300
demonstrate how turbulence is greatly modulated by particle rotation. This process occurs
through two mechanisms. For both particle shapes, at low rotation rates, where f < 0.5, the
wake region both decreases in size with increasing rotation rate and becomes unstable,
shedding vortices at a frequency proportional to the rotation rate. For spherical grains this
rate is w, whilst for the spheroidal grain this shedding frequency is 2w. As f§ exceeds 0.5, the
wake region disappears and flow around the particle is dominated by generation of a strong
shear layer on the underside of the grain. This shear layer is caused as flow is dragged over the
top of the grain and sheared against the downstream flow on the underside of the grain; as
rotation rate increases, the velocity and volume of flow entrained around the particle increases,
and flow may move strongly upstream close to the underside of the grain, thereby generating
an intense layer of shear in that region. Similar patterns of flow and modification to the
turbulence structure have also been demonstrated experimentally for spinning circular cylinders
by Diaz et al. (1983) who reasoned that the Karman vortex activity associated with the wake
was present up to peripheral cylinder velocities equivalent to the freestream velocity, but above
this value the activity decreases and ceases to exist for rotation rates twice that of the
freestream velocity.

It is clear that particle rotation, especially for aspherical grains, will thus have a great impact
on the modulation of turbulence. When particle rotation is present, turbulence enhancement in
the fluid phase may occur at particle Reynolds numbers far lower than 400 normally associated
with wake instability (Achenbach 1974). Additionally, the mechanism of turbulence
enhancement when > 0.5 does not lie in wake instability but in generation of a shear layer on
the underside of the grain. This highlights the fact that some current assumptions concerning
the mechanisms of turbulence modulation in two-phase flow models (Yuan and Michaleides
1992; Bolio and Sinclair 1995) require revision.

In order to assess whether the rates of particle rotation required to destroy the wake region
are likely to be present in a range of two-phase flows, Table 3 presents a summary of relative
velocities and particle Reynolds numbers measured in past two-phase flow work using coarse
sediment. These values allow an estimation of the particle rotation rates that would be required
in order to destroy any wake present behind the grain (namely, where U,/U,¢ >0.5). Firstly, it
is evident that the particle Reynolds numbers calculated from estimates of the relative velocity
between the two phases are generally far less than the value of 400 normally associated with
wake instability (Achenbach 1974). Bolio and Sinclair (1995) also noted this fact and ascribed
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any turbulence modulation to the ‘wake effect’ rather than wake eddy shedding. Secondly,
however, it can be seen that the rotation rates required to destroy the presence of the wake
region are well within the ranges of values that have been measured in past studies, for both
air and water flows (Table 1). This again confirms the contention that particle rotation may be
a critical factor in controlling the production of turbulence around sediment grains in two-
phase flows and calls for more detailed studies of the rates and nature of particle rotation.

Besides the significant implications of particle rotation for the mechanisms of turbulence
modulation in two-phase flows, it is also apparent that the flow around rotating grains, and
associated high turbulence intensities and Reynolds stresses, may provide an important
contribution to the entrainment and suspension/re-suspension of very fine grained sediment.
Rice et al. (1996) discuss the possible role of the wake region associated with grains in
entraining finer particles during grain saltation. Although this effect will not be operative when
U,/U>0.5, the high Reynolds stresses generated around rotating grains, especially where
those grains are present in high enough concentrations to undergo mutual particle interference,
may serve to provide the turbulence anisotropy and velocity gradients required for suspension.
It is also worthy of note that the simple experiments described in the present paper concern
rotation solely in the sense of the flow shear gradient. However, grain collisions both in
suspension and with the bed may (i) produce particle spin in the reverse sense to the mean
shear, and, (ii) give rise to grains which move faster than the fluid, thereby generating wake
regions on the upstream side of the grain, which may then be destabilised by rotation. Since
appreciable spin rates are most likely due to grain collisions rather than the mean velocity
gradient across a particle, and the likelihood that particle collisions may occur far more
frequently than has been assumed until very recently (Serensen and McEwan 1996), it appears
that the role of particle rotation and its influence on both the flow field and entrainment of
other grains warrants far greater study.

6. Summary

This study has examined the influence of particle rotation, for both spherical and spheroidal
grains, at a range of particle Reynolds numbers less than 300. Particle rotation in the direction
of the mean shear has been investigated experimentally at rotation rates from 0.5-10 rps.
These rates lie well within estimates of grain rotation measured in past studies where rotation
has been largely generated by particle collisions as well as by the mean fluid shear. Several
principal conclusions can be drawn:

1. Grain rotation significantly influences the pattern of flow around the particle at particle
Reynolds numbers less than 300 and may be a dominant mechanism of turbulence
modulation associated with large grains.

2. When the ratio of the peripheral velocity of the grain to the mean relative velocity (U,/Uye)
exceeds 0.5, the wake region associated with the grain is destroyed. Additionally, the length,
and hence volume of the wake region are significantly modified when 0 < U,/U,<0.5 as
compared to measurements obtained at zero rotation. This suggests previous models of two-
phase flow turbulence modulation which ignore the influence of rotation may be both
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invoking the incorrect mechanisms of turbulence modulation and using overestimates of
wake size.

3. Where 0 < U,/U,<0.5, the frequency of vortex generation behind the particle is
modulated by rotation. For spherical particles the frequency of vortex shedding is equal to
w, whereas for spheroidal particles this frequency is equal to 2w as the particle occupies two
oblate orientations in each rotation. When U,/U,,>0.5 and the wake region is absent,
turbulence generation is dominated by a shear layer generated on the underside of the grain,
where fluid entrained by rotation and dragged around the sphere shears against the
freestream flow beneath the grain. In this case, turbulence enhancement in the fluid phase
may be envisaged without the presence of a wake region, contrary to that proposed in many
past studies.

4. Comparisons with past work and estimates of relative velocities show that the range of
particle rotation rates required to either significantly modify or destroy the wake region are
well within measured rotation rates in both air and water flows.

5. Significant particle rotation, especially near the wall where grain-wall collisions are
important and higher sediment concentrations are present, is likely to be the norm rather
than the exception in most two-phase flows. The influence of rotation must therefore be
included in both mechanistic interpretations of turbulence modulation and more complete
numerical models of sediment-fluid coupling.
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