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An extension of an axial viewing optical technique (first used by Lee, Adrian & 
Hanratty) is described which allows the determination of the turbulence charac- 
teristics of solid particles being transported by water in a pipe. Measurements are 
presented of the mean radial velocity, the mean rate of change radial velocity, the 
mean-square of the radial and circumferential fluctuations, the Eulerian turbulent 
diffusion coefficient, and the Lagrangian turbulent diffusion coefficient. A particular 
focus is to explore the influence of slip velocity for particles which have small time 
constants. It is found that with increasing slip velocity the magnitude of the 
turbulent velocity fluctuations remains unchanged but that the turbulent diffusivity 
decreases. The measurements of the average rate of change of particle velocity are 
consistent with the notion that particles move from regions of high fluid turbulence 
to regions of low fluid turbulence. Measurements of the root-mean-square of the 
fluctuations of the rate of change of particle velocity allow an estimation of the 
average magnitude of the particle slip in a highly turbulent flow, which needs to be 
known to analyse the motion of particles not experiencing a Stokes drag. 

1. Introduction 
Small particles in a turbulent flow will assume a haphazard motion in response to 

the drag associated with the fluctuating fluid velocity. If the particle has a different 
density to the fluid, it will not follow the fluid motion. The analysis of turbulent 
fluid-particle systems is impeded because of the lack of data on the relation between 
the turbulence characteristics of particles and those of the fluid. 

This paper describes an extension of the optical technique that was recently used 
by Lee, Hanratty & Adrian (1989) to study the motion of droplets in a gas that is 
flowing turbulently through a pipe. The technique has two novel aspects : (i) The use 
of axial viewing photography filters out the much larger axial flow component so 
that accurate measurements of turbulent motion in planes perpendicular to the flow 
are possible. (ii) Direct (rather than the usual indirect) measurements are made of 
local mass fluxes needed to define Eulerian eddy diffusion coefficients. 

Results are presented in this paper on the motion of solid spheres in water flowing 
down a vertical 5.08 cm pipe. Glass or steel spheres, with diameters of 100 pm, were 
injected from a 0.5 mm tube in the centre of the pipe at nearly the same velocity as 
the water. 

In one set of experiments the cross-section of the pipe was illuminated along a 
3-5mm length by flash units that were located on both sides of the pipe. The 
positions of the particles were photographed by a camera located at the bottom of 
the pipe, which views axially upward. If enough photographs are taken, a statistically 
significant number of particle images can be analysed to obtain a concentration 
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profile, C(r).  By repeating this experiment a t  different distances from the inkctor, z ,  
the dispersion of the particles, z, versus time, t ,  can be determined. Here, XZ, is the 
mean-squared x-displacement of the particles from the centre of the distribution and 
t = z / E ,  where V ,  is the mean particle velocity in the flow direction. The Lagrangian 
turbulent diffusivity is determined from the relation eLp = +(dx2/dt) for large t. 

In  a second set of experiments, the velocity components of the particles in a plane 
perpendicular to the mean flow are determined by using five coloured flashes located 
immediately downstream of one another. The time intervals between the flashes were 
adjusted so as to obtain a t  least three images of a particle as i t  moved down the 
pipe. Particle velocities were calculated from the measured distances between the 
images and the known time intervals. The velocities at a given r are designated by 

is the average for a large number of particles and v, is the 
deviation from the average. Similarly, the rate of change of velocity is designated as 
-4, = &+a,, where A ,  = dVi/dt. Because of symmetry 

(1) 

= K f w , ,  where 

x 0. The radial flux is 

~ ( r )  = V,  ( r )  C( r ) .  

The Eulerian turbulent diffusivity can thus be obtained from measurements of 
and the concentration profile since 

The use of a colour-coded flash arrangement to determine the direction of particle 
motion proved to  be a significant improvement over the method, used by Lee et al., 
of defocusing one of the images. In particular, it  could determine small displacements 
for which the images of the particles overlapped. 

In the experiments of Lee et al., the droplets had large time Constants. They lagged 
the air flow so that the turbulence characteristics of the particles were quite different 
from those of the fluid. The experiments rcported in this paper for 100 pm glass 
spheres in water were performed under conditions for which the particles followed 
the fluid; i.e. they had a small timc constant. This provided an opportunity to 
examine the accuracy of the method by comparing measured particle turbulence 
with known fluid turbulence. The experiments with stainless steel spheres were done 
to examine the behaviour of particles with small time constants and large free-fall 
velocities. These results are of interest in that they provide a check on theoretical 
predictions (Reeks 1977; Pismen & Nir 1978; Nir & Pismen 1979) that the particles 
should have the same fluctuating velocity as the fluid, but a much smaller turbulent 
diffusivity . 

Although the main focus of the experiments was the determination of particle 
turbulence in the central regions of the pipe where the fluid turbulence is 
approximately homogeneous, some interesting results on the effect of the non- 
homogeneity of the turbulence were obtained. The time-average of d&/dt is zero. 
However, the time-average of dVJdt was found to be non-zero, and to be related to 
the spatial change in z. This is consistent with the notion of turbophoresis whereby 
particles tend to move from regions of high fluid turbulence to regions of low fluid 
turbulence. 

Most theoretical analyses of particle motion in a turbulent field assume that fluid 
drag is described by Stokes law. A major limitation in extending such analyses to 
situations where this law is not valid is the determination of the average slip velocity 
in a highly turbulent flow. This paper shows how this quantity can be estimated from 
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measurements of the root-mean-square of the fluctuations in the rate of change of 
particle velocity. 

2. Theory 
2.1. Lagrangian analysis 

The Lagrangian analysis of the dispersion of particles from a point source in a 
homogeneous field is described by Taylor's (1921) relation 

where Xp is the x-displacement of a particle from the source position at time, t, and 
is an average for a large number of particles. The correlation, w(0) w(s), is an 

average of the product of the particle velocity at times zero and s. If the turbulence 
characteristics of the particles have reached a stationary state then the mean-square - 
value of the turbulent velocity fluctuations of the particles at  time zero, v2(0), m y  
be considered to be a statistical property of the particle turbulence, defined as w2. 
Therefore it is convenient to write (3) as 

The correlation coefficient in (4) varies from 1 at s = 0 to 0 at s = oc). A Lagrangian 
timescale can be defined as 

T d s ,  
TLP = 

0 
( 5 )  

so that the turbulent diffusion coefficient and the Lagrangian lengthscale are 
- 

8Lp = v2 TLp, (6) 
L = (;;")iTLp. (7)  

Considerable recent work has been done on the limitations of the application of the 
dispersion concept to particles and the respective advantages and disadvantages of 
the Eulerian and Lagrangian approaches. See, for example, a recent summary by 
Gouesbet, Desjonqueres & Berlemont (1988). 

2.2. Particle equation of motion 

Relationships of ;;" and eLp to fluid turbulence properties can be developed by solving 
the equation of motion of the particle. Different formulations of this equation have 
been used. The relation derived by Maxey & Riley (1983) now seems to be generally 
accepted for particle motion at  low Reynolds and acceleration numbers. A simplified 
version of this equation, valid for large ratios of particle to fluid density, is as follows : 

with 

dv 
- dt = /9(u-u), 

IU- vl, $=- 3cD PF 
U P  PP 

(9) 

where CD is the drag-coefficient, d, is the particle diameter, I U- vl is the magnitude 
of the difference between the particle and fluid velocities, u is the fluctuating particle 
velocity and u is the fluctuating fluid velocity. The quantity 1//9 is a time constant 
which characterizes the ability of the particle to follow the fluid turbulence. The 
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product of 1//? and the particle velocity is a measure of the stopping distance if the 
particle were moving in a stagnant fluid. For a spherical particle small enough that 
Stokes law is applicable . _  

W F  B = G ’  
where ,uua is the fluid viscosity. 

Even though the density ratio pP/pF is not exceptionally large in the experiments 
described in this paper, a simplified equation of the same form as (8) can be used with 

in the place of /3. For low particle Reynolds numbers, 

* 36pF 
= (2PP + PF) 

This result can be obtained by using the Fourier analysis of the full equation of 
particle motion to estimate the order of magnitude of the different terms (Hinze 
1975; Young 1989). 

Equation (8) can be solved to relate statistical properties of o to statistical 
properties of u. The recent analyses of Reeks, Pismen & Nir, and Nir & Pismen for 
Stokesian particles in a homogeneous, isotropic field are the most complete 
treatment of this problem. However, the results of these studies have not yet been 
fully tested. 

The analysis of particles that do not obey Stokes law is more complicated because 
the term C,IU- q, in (9) or (11) is a function of the relative velocity. For a fully 
developed field the relative velocity is 

(13) 
where U,, 0, are the average particle and fluid velocities, wi, ui are the components 
of the fluctuating velocities, and i,, iu, & are unit vectors. From (13) and (1 1) it is seen 
that if Stokes law is not valid that /3 is, in general, a function of the fluctuating 
velocity, so that equation (8) is no longer linear in the fluctuating velocity. One 
approach is to calculate some average effective relative velocity : 

v, = iz(Vz- 0,) + i,(wx-u,) + i&W*-U,) + iz(wz-uz), 

If it can be assumed that turbulence terms in (14) can be neglected relative to 
( U, - 0,) then 

where, for the experiments discussed in this paper, ( 7, - 0,) is the terminal velocity 
of the particles, V,. Equation (15) is a good approximation at  low fluid flow rates. 
However, since V, is constant and (wi-uJ2 increases with the flow rate, it could be 
a poor approximation at  high flows. 

2.3. Forces due to Jlow non-homogeneity 
No rigorous treatment of particle motion in a non-homogenous turbulent flow is 
available. However, a number of possible effects have been identified : The close 
proximity of a wall can increase drag (Risk & Elghobashi 1985). Lift forces can exist 
because of particle rotation and mean shear. Drift velocities arise because of the 
response of the particles to turbulent velocity fluctuations whose statistical 
properties are varying in space. 
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Saffman (1965, 1968) showed that, in a shear flow, the lift due to particle rotation 
can be neglected. He developed the following relation for the lift force on a particle 
in a steady laminar flow due to uniform simple shear: 

Here it should be noted that vF is the kinematic viscosity of the fluid. If the particle 
leads the fluid then FL is negative, i.e. toward the wall. If the particle lags the fluid 
FL is positive. The results of Saffman are restricted to low particle Reynolds 
numbers, relatively large shear, and small particle sizes, i.e. 

Equation (16) has sometimes been used to interpret measurements of time-averaged 
particle distributions in turbulent flow by substituting dU,/dy and ( 0, - E) into (16). 

The response of a particle to the fluid velocity fluctuations whose statistical 
properties are varying in space can give rise to a time-average drift velocity in the 
direction of decreasing turbulent intensity. The following equation can be derived for 
a Cartesian coordinate system (Reeks 1983 ; Caporaloni et al. 1975) : 

v,, = 2ra. 
Both Reeks and Caporaloni gave this effect the name turbophoresis and Reeks called 
V,, the turbophoretic velocity. 

2.4. Scaling 
From a consideration of the discussion in $2 (a-c)  three dimensionless groups can be 
defined which are useful in interpreting the results. 

Group IB’T,, represents the ratio of the timescale of the particle motion to the 
timescale of the fluid. A large value - -  of PTL, means that the particles will follow the 
fluid motion. It is expected that v2/u2  will be unity for large JBTLF and will decrease 
with decreasing pTLF. 

Group V,/v* represents the ratio of free fall velocity 10- fl to the friction velocity 
(or to the magnitude of the turbulent fluid velocity fluctuations). For large values of 
V,/v* the particle, in falling through the fluid, will encounter a fluid turbulence 
which is rapidly changing direction. As a consequence the Lagrangian timescale 
characterizing the particle motion, TLp, will be smaller than for the case when V, x 0. 
From (6) it is seen that this leads to a decrease in the particle diffusivity, eLp. This 
is known as Yudine’s crossing trajectories effect (Yudine 1959 ; Csanady 1963). 

Group 7+ = ( 1 / 8 ) / ( v , / ~ * ~ )  is the ratio of the particle time constant to the time 
constant characterizing the viscous wall region. When T+ > 20-30, the stopping 
distance of the particles is greater than the thickness of the viscous wall region and 
non-homogeneities close to the wall are not important (McCoy & Hanratty 1977). 

3. Description of the experiments 
3.1. The flow system 

A complete description of the flow system in which the experiments were performed 
is given in the thesis by Young (1989). 

22-2 
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FIGURE 1 .  Side and end view of drag-reducing wing. 

Deionized and deaerated water, whose temperature was controlled, was circulated 
down a 5.08 cm i.d., 6.4 m long vertical Plexiglas pipe. Measurements were always 
carried out at  least 90 pipe diameters from the inlet to assure fully developed 
turbulent flow. Particles of diameter 100 pm were injected as a slurry directly into 
the pipe and then separated from the water after the exit of the section. The particles 
were always injected to give an average particle volume concentration of 1 p.p.m. in 
the pipe cross-section. 

The particle injection system consisted of a liquid-solid fluidized bed, a bellows 
metering pump, a surge cup, a particle injector, and a particle injector tip. The 
particles were always fluidized to give a volume concentration of approximately 
8200p.p.m. in the bed. The slurry was withdrawn from the bed with a bellows 
metering pump (built by Gorman Rupp Industries). The surge cup, with a 
pressurized air space, was positioned between the bellows pump and the injector to 
help even out the flow rate of the slurry. The injector consisted of a 0.317 em 0.d. 
stainless steel tube. This tubing made a right-angle turn and exited through the side- 
wall of the pipe. The bend in the injector was radiused to avoid particle plugging. 
Since turbulence formed behind the horizontal leg of the tubing could cause 
asymmetries in the flow, the wing shown in figure 1 was used. The injector tip, brazed 
onto the end of the injector tube, was fabricated from a 3.3 em length of 0.317 cm 0.d. 
stainless steel rod. The i.d. of the finished tip changes, after 2.3 em, from 0.132 em to 
0.051 cm. The outside of the tip was tapered so that the wall thickness a t  the outlet 
averages 0.0025 em. The vertical distance from the horizontal arm to the bottom of 
the tip was 8.1 em. With an 8200 p.p.m. slurry concentration and a slurry velocity 
through the lower part of the tip equal to the centreline velocity, the average particle 
volume concentration in the pipe cross-section was 1 p.p.m. 

The glass particles used in the experiments were Class IV, Number 1217 
Unispheres manufactured by Ferro Corporation’s Cataphote Division. They have a 
1.51 refractive index and a 2.42 specific gravity. The 316 stainless steel spheres, which 
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FIQURE 2. Axial viewing photographic technique. 

have an 8.0 specific gravity, were obtained from Duke Scientific Corporation. Both 
the glass and stainless steel particles were thoroughly sieved such that only those in 
the 90-106 pm diameter range were used. In addition, the glass particles were rolled 
down an inclined plane to separate the more spherical particles from the less 
spherical ones (Young 1989). The stainless steel particles were quite spherical and 
needed no further separation. 

The particleliquid mixture exited through the optical port section sketched in 
figure 2. For most of the runs, the fluid velocity was large enough that the particles 
were swept out of this section and into a collection tank for later use. For runs with 
stainless steel particles a t  low flow velocities, some particles collected in the optical 
port section. This caused no problem since the number collected during the period of 
photographing was quite small. These could be swept out quite easily by momentarily 
increasing the flow rate. 

3.2. Photographic techniques 
The particles in the test section were photographed with a 35 mm camera (equipped 
with an 80-200 mm f4.5 macro focusing zoom lens, a motor drive, and ISO/ASA 400 
speed film) placed at the bottom of the test section, as shown in figure 2. The camera 
was positioned to look vertically upward and was focused on a plane a certain 
distance away. At that plane, particles in the pipe cross-section were illuminated 
with xenon tube electronic units that were focused onto the pipe wall with spherical 
focusing lenses. The flash units and focusing lenses rested on two horizontal 
platforms that could be traversed vertically. 

The camera and flash units were automatically triggered with a control box. One 
relay cord, connecting the box to the camera, opened the shutter and provided power 



672 J .  B.  Young and T .  J .  Hanratty 

to the camera window after the shutter closed. A second relay cord was connected to 
a light synchronization unit. This unit was equipped with five delay timers that could 
be set and used according to the type of data desired. 

The quality of the particle images depended on both camera focus and aperture 
setting. The focus was empirically set before placing the camera on a small platform 
(that was located under the viewing port at the bottom of the pipe) since the pipe 
wall could not be properly focused upon. The aperture was set to obtain both the 
sharpest and brightest particle images possible and a good image of the pipe wall. An 
aperture which was too wide produced large particle images that had a diffuse star- 
shaped boundary and superb images of the pipe wall. An aperture which was too 
narrow produced dim images of the particles and the pipe wall. For glass particles at  
the optimum camera settings, the individual particle images varied widely in both 
size and intensity. For stainless steel particles, the images were much more uniform. 
From these observations, it was concluded that non-homogeneities on the surface or 
inside the glass spheres caused differences in individual particle intensity, not non- 
homogeneities in light sheet intensity. 

When the positions of individual particles were desired to obtain concentration 
profiles, the delay timer apparatus was set to trigger two flash units simultaneously. 
The placement of the two flash units on opposite sides of the pipe assured that each 
particle image obtained on the negative was always in approximately the correct 
position relative to the pipe wall. This was especially important for the stainless steel 
particles since only half of the particle is illuminated by each flash unit. The pipe was 
always covered with opaque material except for the slit that was illuminated. The slit 
height used for these measurements was either 3, 5, or 10mm depending on the 
distance from the injector tip (the greater the distance, the greater the slit height). 

Multiple position measurements of individual particles were made with the scheme 
shown in figure 3. Five flash units were sequentially triggered, with the delay timer 
apparatus, to illuminate five planes covering a total distance of 5 cm. The direction 
of particle motion was determined by placing colour filters in front of each flash unit. 
The colours red, orange, yellow-green, light blue, and violet were chosen because they 
were sufficiently different from each other on film and because the intensities of the 
different images produced by the same particle were approximately the same. For 
colour image photography, a flash pulse duration of 330 ps was used in order to 
obtain images of sufficient intensity. For the studies reported in this paper, the 
particles travelled a very small distance during this time ; consequently, image 
streaks were not formed. Only a 180 ps pulse duration was needed for the black and 
white (concentration profile) photography. The filters attached to the flash units 
were constructed by sandwiching dyed glycerine between two thin Plexiglas sheets. 
Colour reversal (slide) film was used for the multiple image photography. 

All negatives and slides were manually analysed with a Mitutoyo PJ 311 profile 
projector. The position of each particle image in relation to the pipe wall image was 
located and recorded on a computer for later analysis. The image of the pipe wall on 
film was always between 0.6 and 1.3cm in diameter. The profile projector was 
capable of measurement to within 0.0001 cm and the width of the cross-hairs on the 
analyser compared to the particle image diameter meant that each image could be 
easily centred upon. Thus, the measurement of each particle image position was 
repeatable to within about 0.0002 cm on each axis. The particle concentration used 
in the studies was low enough to be able to assume that each image was formed by 
a single particle. In most cases, groups of images formed from a single particle when 
using multiple flashes, were easily located. For situations in which both the r- and 8- 
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FIGURE 3. Multiple image axial viewing photographic technique. 

velocities were very small, overlapping images were occasionally produced ( < 2 Yo). 
On colour film, they usually appeared as a larger image with the different colours 
around its boundary. On black and white film, overlapped images could not be 
distinguished. The use of five flashes in the multiple image technique meant that at 
least three images of each particle were usually obtained except for those, located 
very close to the pipe wall, that had small axial velocities. 

3.3. Treatment of the photographic data 

In analysing the multiple image data, corrections had to be made for perspective 
effects, for the non-alignment of the centrelines of the pipe and the camera, and for 
the reflection of light by stainless steel particles. 

The perspective correction is illustrated in figure 3 and described in the thesis by 
Young (1989). It arises because the particle is at different axial locations when the 
sequential illuminations are oarried out. Particles can thus indicate apparent 
outward radial movement even when they are moving only in the axial direction. To 
correct for perspective, an axial particle position and velocity are needed for each 
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image. When five images of a particle were produced, the particle was assumed to  be 
located exactly a t  the centre of the 5 cm high measurement volume when the third 
image was produced. For three and four particle images, similar assumptions were 
made. The axial particle velocity needed to  calculate the axial positions of the other 
images in the group was calculated based on an assumed turbulent velocity profile 
for pipe flow and the calculated free-fall particle velocity in a stagnant medium. 
Figure 3 shows how both assumptions are used. 

Even though great care was taken, the alignment of the centrelines of the pipe and 
camera was never exact. Because of perspective effects, the image of the pipe wall 
had a finite thickness. For perfect alignment, this thickness is uniform around the 
pipe circumference. For slight misalignment, the thickness is skewed. For the 
multiple image technique, the pipe-wall image used for particle image reference was 
always the one at  the top of the measurement volume. The alignment correction is 
thus zero for particles located at  the top of the measurement volume and increases 
proportionately with axial distance away from the top. At the bottom of the volume, 
the correction is half of the difference between the widest and narrowest parts of the 
image of the pipe wall. The correction is applied only in the direction of the diameters 
connecting the widest and narrowest parts of the wall image thickness. 

For the multiple image measurements, each particle image was produced from 
only one flash unit. Since the stainless steel particles gave off light mainly by surface 
reflection, the light rays from the illuminated particles that are reflected to the 
camera lens do not originate a t  the centre of the particle. The net effect of this is that 
the images show an added zigzag motion because consecutive flashes originated on 
opposite sides of the pipe. The correction for this was to move each image position 
by a fixed amount. 

Once the appropriate corrections were applied, a particle trajectory could be 
calculated for each group of particle positions produced by a single particle. For 
convenience, the particle positions were converted from Cartesian to cylindrical 
polar coordinates. This gave rt and 8, where i is the ith particle position. 
Interpolating polynomial schemes were then used to convert the ri and Oi positions 
into r(t) and O(t). For three particle images, two quadratics in time were used to define 
the path. For four images, two cubics in time were used. For five images, two cubic 
splines were used. 

For averaging purposes, the cross-section of the pipe was divided into forty-nine 
concentric rings with a centre circle. Velocities, V ,  = dr/dt and V, = r(d8/dt), and 
rates of change of velocity, A ,  = dV,/dt and A ,  = dJ$/dt, were calculated a t  several 
fixed and evenly spaced time intervals along each particle path. This facilitated the 
treatment of trajectories that  crossed between concentric rings while being 
photographed and weighted the particle trajectories according to the total time that 
they were monitored. For three, four, and five measured particle positions, 
calculations were, respectively, made a t  10, 15, and 20 positions when the delay 
timers were set at one delay setting. For different delay timer settings, the weightings 
change in proportion to  the ratio of the new delay time to the old one. 

4. Results 
4.1. Lagrangian diflusion coeficients 

Particle number concentration profiles were calculated from single flash experiments 
by counting the number of particles in concentric radial rings and dividing by the 
area of the ring. Figures 4(a) and 4 ( b )  present typical concentration profiles obtained 
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FIGURE 4. (a) Particle number concentration profile for glass spheres at z = 10 cm, run 5. 
( b )  Particle number concentration profile for glass spheres at z = 17.5 cm, run 5. 

by analysing several photographs. These figures are for glass spheres that were 
injected into water that was flowing down the pipe at a Reynolds number of 140000. 
The measurements in figure 4(a) were made at  a distance of z = 10 cm from 
the injector at  a friction velocity of w* = 12.07 cm/s and a centreline velocity of 
Uc = 316 cm/s. They were obtained from 1016 particle images. The measurements 
in figure 4(b) were made a t  a distance of 17.5 cm for w* = 12.33 cm/s and 
U, = 323 cm/s. They were obtained from 1382 particle images. The concentrations 
at  small r were subject to large statistical errors because of the small areas they 
sampled. Each of the profiles was fitted with a Gaussian distribution function to 
calculate values of z = 0.068 om2 and 0.152 sm2. 

Figure 5 shows measurements of z versus time for concentration profiles that 
were obtained at  distances of 10, 15, 20, 25 and 52.5 cm from the injector tip. The 
time, t ,  was calculated from 

t = Z / ( U C  + h), (19) 
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FIGURE 5. Dispersion as a function of time, run 8. 

Run u, (cm/s) v* (cm/s) (cm) JL, (cm3/s) ELP (cm2/s) 
5 320 12.2 l(r25 0.79 1.99 
6 21 1 8.36 10-25 0.49 1.81 
7 21 1 8.36 1&25 0.61 1.83 
8 151 6.16 l(r52.5 0.33 0.99 

N (points) “LP/”*R 

1016-1621 0.064 
1388-1013 0.085 
993-1 3 16 0.086 
1082-794 0.063 

0.074 = av. 

TABLE 1. Results for eLP of glass spheres 

where U, is the centreline fluid velocity and V, is the terminal velocity. A turbulent 
Lagrangian diffusion coefficient, defined by (3), can be calculated from the slope of 
a straight line through these data. Values of eLp obtained in this way are summarized 
in table 1. It should be noted that the two runs for U, = 211 cm/s with different 
injection velocities gave the same eLP. 

3.2. Turbulent velocities 
For measurements of multiple positions of particles, the 5 cm high illuminated region 
was positioned between 389 and 394 cm downstream of the injection tip. The 
conditions for the runs are listed in table 2. It should be noted that the particles were 
not generally injected at the centreline velocity in these experiments. Parameters 
characterizing these runs are given in table 3. Here V, is the terminal free-fall 
velocity and Re, is a particle Reynolds number based on this velocity. Parameter p 
is the reciprocal of the inertial time constant of the particle, defined by (11). The 
Lagrangian timescale of the fluid, TLF, was calculated from ,a correlation of 
measurements presented by Vames & Hanratty (1988). Term BTLF was a large 
number for all of the runs, which indicates that particle inertia effects do not cause 
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Run Material T ("C) Re 

1 glass 24.2 0.33 70 800 6.30 
2 glass 24.6 0.33 16400 1.72 
3 8.8. 25.5 0.33 72 900 6.28 
4 5.5. 22.7 0.33 15700 1.73 

TABLE 2. Conditions for the velocity measurements 

Run Material D(9-l) V, (cm/s) Re, BT,, V: 7+ 

1 glass 608 0.79 0.86 33.8 0.12 7.1 
2 glass 604 0.79 0.88 123.0 0.46 0.54 
3 8.5. 253 3.19 3.60 14.1 0.51 17.6 
4 5.5. 265 3.05 3.23 53.8 1.77 1.2 

TABLE 3. Parameterization of the data 

a lag from the turbulent fluid motions. The ratio of the free-fall velocity to the 
friction velocity, designated by V;, was high enough that the crossing of trajectories 
could have an effect in runs 2, 3, and 4. Parameter 

is listed in the last column in table 3. Runs 1,2, and 4 have values of r+ characteristic 
of aerosol particles in air ; that is, the stopping distances are small compared to the 
thickness of the viscous wall layer. 

Measurements of the root-mean-square of the radial components of particle 
velocity fluctuations, (g ) i /v* ,  for glass spheres at  Re = 70800 and for stainless steel 
spheres a t  Re = 72900 are compared with Laufer's (1954) measurements with a hot- 
wire anemometer in figure 6. It is to be noted that the same results are obtained with 
stainless steel and with glass spheres. The good agreement with the measurements of 
Laufer indicates that the particles were rapidly responding to the turbulent velocity 
fluctuations and that the optical methods described in this paper give reliable results. 
The measurements of (@/v*, shown in figure 6, again show good agreement between 
the results with glass and stainless steel particles. The slight disagreement with the 
measurements of Laufer could reflect small errors in the hot-wire measurements. 

Measurements of (z)i/v*, (@/v* at a low Reynolds number (runs 2 and 4) are 
shown in figure 7. Again the experiments with glass spheres and stainless steel 
spheres give the same result. This is of interest since the stainless steel particles had 
a large free-fall velocity, and indicates that particles will follow the fluid velocity 
fluctuations for large /3TLF, even if 'the crossing of fluid trajectories ' (large V;) is 
important. Because the experiment in figure 7 are at  low Reynolds numbers, the 
viscous wall region occupies a large portion of the pipe radius (0.1 R ) .  One can expect 
agreement between experiments at different Reynolds numbers in a plot that uses 
the pipe radius, R,  to normalize wall distances only for y+ > 40. The good agreement 
of the measurements of and 3 for y+ > 40 at the two different Reynolds adds 
further confidence in the accuracy of the optical method and in the interpretation 
that the magnitudes of the particle and fluid velocity fluctuations are the same. 
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FIGURE 6. Radial and azimuthal turbulent intensities of the particles for Re = 70 800 and 72 900. 
A, glass; BT,, = 33.8; Vg = 0.12, T+ = 7.1. A, stainless steel; BT,, = 14.1, V; = 0.51, T+ = 17.6. 
-, Laufer (1954), Re = 41000. 
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FIGURE 7 .  Radial and azimuthal turbulent intensities of the particles for Re = 16400 and 15700. 
V, glass; BT,, = 123, V; = 0.46, T+ = 0.54. V, stainless steel; /hPL = 53.8, V; = 1.77, T+ = 1.2. -, 
Laufer (1954), Re = 41 000. 

3.3. Eulerian difjusion coeficients 
Eulerian diffusion coefficients were evaluated in two experiments. One of these was 
done with glass spheres. It was carried out between 49 and 54 cm downstream from 
the injector and was performed under the same conditions as the run at U, = 
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FIGURE 8. Average particle velocity in the radial direction, run 9. 

151 cm/s listed in table 1. Measurements of 6 obtained from multiple image 
experiments gave a value of zero. Measurements of V,, shown in figure 8, are fitted 
reasonably well by the linear relation 

VE = k r ,  
where k = 1.875 s-l. - _  

Since N(r )  = V, C, equation (2) gives 

Measurements presented earlier show that c can be fitted with a Gaussian 
distribution for which 

(23) 

(24) 

lq -=-- 
r 12 

From (22) and (23) 

Therefore, within the accuracy of the experiments, the Eulerian diffusion coefficients, 
at a given z, can be represented by a constant value independent of r outside the 
viscous wall region. 

= 
0.65 cm2 at z = 52.5 cm. The mean-squared displacement could also be calculated 
from a concentration profile obtained by considering the particle images formed by 
only the third light sheet in the multiple image experiments. The concentration 
profile obtained in this way gives a value of = 0.64 cm2 a t  z = 51.5 cm, in good 
agreement with the result from the single image experiments. 

= 0.64 cm2. 
In comparison, table 1 gives a value of eLP = 0.99 cm2/s for experiments under the 
same conditions. A 20% difference exists between the measured values of eEp and 
eLp. This is probably due to errors associated with establishing the limiting slope of 
the Xi versus time curve from the small amount of data shown in figure 5. 

It appears that the direct measurement of VR is a better way to establish long-time 
diffusion coefficients than are measurements of dispersion from a point source. A 
value of eEp/v*R = 0.077 is obtained from the multiple flash experiment. It is 
noted from Table 1 that this is in good agreement with the average value of 

eEp = kX2.  

The results from the single image experiments, shown in figure 5, give 

For this experiment a value of ep = 1.2 cm2/s was calculated using 
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FIQURE 9. Number concentrations of particles for run 4. 
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FIUURE 10. Average particle velocities in the radial direction, run 4. 

cLp/v*R = 0.074 obtained from the four runs that used dispersion measurements. It 
is also in agreement with the value of cEp/v*R = 0.074 given for diffusion of fluid 
particles (Vames & Hanratty 1988). 

The second experiment in which Eulerian diffusion coefficients were measured used 
stainless steel spheres. The experimental conditions were the same as for run 4 listed 
in table 2. The concentration profile is given in figure 9. For this experiment particles 
were trapped in the slow moving fluid close to the wall so there is a net transfer of 
particles to the wall. Regardless, the concentration profile could still be fitted with 
a Gaussian curve. Measurements of VR/v* are shown in figure 10. These are roughly 
fitted with a linear relation. From (22) and the results in figures 9 and 10, a value of 
eEP = 0.185 cm2/s is obtained. 

For the conditions of the run this gives cEp/v*R = 0.042. It is to be noted that this 
is much lower than the value of eLF/v*R = 0.074 given by Vames & Hanratty. In fact 
cEp/ELF is found to be 0.57. These results show, for large DT,,, that the 'crossing of 
trajectories ', associated with large V;, can cause a decrease in the turbulent diffusion 
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FIQURE 11. Rate of change of p, for all of the runs listed in table 2. 
The solid curve is calculated with (29). 
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FIQURE 12. The rate of change of 7, near the wall. The solid curve is calculated with (29). 

coefficient without affecting the magnitude of the turbulent velocity fluctuations of 
the particles. 

3.4. Rate of change of particle velocity 
The measurements of the rate of change of the velocity in the radial direction, APR, 
for all of the runs listed in table 2 are plotted in figure 11. Here the acceleration is 
made dimensionless with v* and R and the distance from the wall, y ,  is made 
dimensionless with R .  Measurements for stainless steel and glass spheres agree when 
compared at the same flow rate. The interesting feature of these results is that the 
sign of AR changes. For the low flow rate this occurs at y / R  z 0.2 and for the high 
flow rate, at  y / R  = 0.05. This can be understood better when the measurements are 
plotted against y made dimensionless with wall parameters, as shown in figure 12. 
Here it is seen that the change in sign occurs in the range y +  = 80-120. This 
corresponds to the location of a maximum in the root-mean-square of the radial 



682 J .  B. Young and T.  J .  Hanratty 
60 I I I I I I 

I 
I. 

i = o  I 
Run3 A 

I , y - = 4 0  I 
I 1  I I I I I 

0 0.2 0.4 0.6 0.8 1 .o 
Dimensionless distance from the wall, Y / R  

FIGURE 13. Root-mean-square of the fluctuations in the rate of change of r: for runs 1 and 3. 

FIGURE 14. Root-mean-square of the fluctuations in the rate of change of for runs 2 and 4. 

velocity fluctuations. The averages of A ,  showed no trend and were approximately 
zero. 

or 
of u&For y+ > 80-120, movements in the + r  direction (or + V,) are from regions of 
low u& to high and are likely to  be associated with an increase in the positive value 
of VR (a positive rate of change). Also, movements in the --r direction (or - V,) are 
from regions of high .I to low so they are likely to be associated with a decrease 
in the negative value of VR (a positive rate of change). Similar type arguments can 
be used to rationalize the measured negative accelerations for y+ < 80-120. 

Fluctuations in the time rate of change in velocity, a,, were calculated by 
subtracting 2 from A,. Measurements of the root-mean-square radial, m, and 

radius and plotted against the distance from the wall made dimensionless with the 
pipe radius in figures 13 and 14. Results for the high Reynolds number runs listed in 
table 2 (runs 1 and 3) are presented in figure 13. It is noted that there is good 

The - behaviour in figure 11, appears to be related to the spatial variation of 

azimuthal, 4-; (apo)-, fluctuations are normalized with the friction velocity and pipe 
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W e e m z t  between the results with stainless steel and glass spheres, and that 
aiR = aio. Results for runs 2 and 4 are presented in figure 14. The root-mean-square 
values of the fluctuations in the 8- and r-directions are again found to be 
approximately equal. The most interesting feature in figure 14 is that fluctuations of 
A, are larger for the stainless steel spheres. Because of the effect of crossing of 
trajectories, these particles experience much stronger increases and decreases in 
- velocity than the glass spheres, at  the low flow, even though the profiles of A, and 
vk are the same. The multiple image photographs clearly showed this difference in 
that a substantial portion of the trajectories of the stainless steel spheres show 
sudden changes in direction. These sudden changes indicate that high instantaneous 
accelerations and decelerations occur when the particle falls from one region of highly 
correlated flow to another. 

Some understanding of the measurements in figures 11-14 can be obtained by 
recognizing that the rate of change of particle velocity is given by 

Now, if changes of the particle concentration are ignored conservation of mass 
dictates that 

From (25) and (26) 
- la(rV,) l a (v  V )  a - 

R -  r ar r a8 A +-- ' +&VRVZ). 

Because of symmetry and because the particle field is fully developed 

- l d ( r E )  id(%) +--. A ,  = -- 
r dr r dr 

Now, if the system is approximately in equilibrium so that pR 4 &, (28) is simplified 
to 

- l a  - 
A ,  = --(rwL). 

r ar (29) 

- -  The solid curves shown in figures 11 and 12 were calculated from (29) by assuming 
vk = uk and by using Laufer's measurements of at Re = 41 000 for y+ > 40 and a 
supercomputer simulation of turbulent channel flow (Lyons 1989) for y+ < 40. 
Reasonably good agreement with the measurements is indicated. 

The r-component of the equation of particle motion can be written as 

Since OR = 0, the time-average of (30) gives the following if (29) is substituted for 
A,: 

This is the turbophoretic velocity expressed in cylindrical polar coordinates so the 
measurements of AR are related to this concept. [The authors are indebted to one of 
the reviewers for his pointing out this simple interpretation of turbophoresis.] 
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Again, the following relation is obtained for a, = Ai-Ai  from the equation of 

(32) 

This equation shows that, even though 2 = 2, the particles do not follow the fluid 
velocity fluctuations exactly since a: is finite. The measurements of the particle 
acceleration can be considered as giving (uz - v ~ ) ~ .  For the case of 2 x represented 
by runs 1 4 ,  (32) can be written as follows: 

- . .  motion 
a: = p2 (ui - v ~ ) ~ .  

From Vames & Hanratty (1988) the dimensionless TLF is roughly constant. The 
results in figures 13 and 14 could reflect the magnitude of the correlation between the 
particle and fluid motion, u(. From (33), the increase in the dimensionless root- 
mean-square of api with increasing r is consistent with the increase of (q/v*”.  The 
degree to which the correlation coefficient differs from unity appears to depend on 
BTLF and V,/v*. For runs 1, 2, 3, for which the effect of the crossinxof trajectories 
does not appear to  be important, (33) suggests that [ l - (u , /u i ) ]  is inversely 
proportional to ( B T ~ ~ ) ~ .  

5. Discussion 
5.1. Accuracy of the measurement technique 

The chief limitation in the results obtained was that the manual method for 
analysing photographs reduced the accuracy of statistical results because, for 
practical reasons, the number of particle trajectories analysed was n& as large as 
desired. The use of image processing techniques would greatly facilitate the 
measurements. 

An important factor in the accuracy of the results is the selection of a time interval 
between flashes. It was desirable for the average number of particles in a group to be 
3 . 5 4 .  Figure 15 shows the effect of the time interval for run 1 in table 2. It is noted 
that a flash interval of At = 0.00667s was superior to a At = 0.00900 s. In  fact the use 
of At = 0.00667 s ensured that a proper number of images was obtained from the pipe 
centre to y+ - 120 for this set of conditions. The use of a larger At captured more 
desirable samples close to the wall but was not satisfactory in the central regions of 
the pipe. 

Figure 16 gives the number of trajectories (with 3 or more images) that were 
analysed for all of the runs listed in table 2. This clearly shows the inadequacy of the 
multiple image technique close to the wall and a t  the pipe centre. The small number 
of samples close to the wall resulted because the chosen At of the flashes was too small 
to capture enough of the slow moving particles. The Ar of the three rings close to the 
pipe centre is relatively large, but the probability of finding a particle there is smaller 
than in other paits of the pipe because the cross-sections of the rings are smaller. 

5.2. Turbulent velocity fluctuations and turbulent diffusivities 
The results obtained show for large PTLF that  the root-mean-square of the turbulent 
velocity fluctuations of the particles is approximately equal to  the root-mean-square 
of the turbulent velocity fluctuations of the fluid, even for the case of large slip 
velocities. For large ITLF the turbulent diffusivities of the solid particles were found 
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FIGURE 15. Effect of the interval between flashes on the average number of images in a 
multiple image group for run. 1. D, At,,,, = 0.00667 s ;  4, At,,, = 0.00900 8. 
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FIGURE 16. Number of multiple image groups analysed as a function of radical position. 

to be approximately equal to the turbulent diffusivities of the fluid particles if the 
slip velocity is not too large. For large slip velocities the diffusivities of the solid 
particles are less than that of the diffusivities of the fluid particles because of the 
effect of the crossing of trajectories. This is in agreement with theoretical results 
obtained by Reeks (1977), Pismen & Nir (1978) and Nir & Pismen (1979) for an 
isotropic field using a spectral representation of the fluid turbulence which would be 
strictly valid for low Reynolds numbers. 

For example, if the fluid turbulent diffusion coefficient is taken as eLF = 0.074 w*R 
the analysis of Reeks predicts that the ratio of particle/fluid mean-squared velocity 
fluctuations is 0.993 to 1.OOO for the range of conditions listed in tables 1 and 2. A 
comparison of the predicted and measured turbulent diffusion coefficients are 
summarized in table 4. 
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Run Material v* (cm/s) '; 'LP/'LF 'EPI'LF 

- 

- 0.095 1.14 &", = 1.0 
0.095 1.16 
0.13 0.85 
0.13 

- 

- 
1.04 
0.57 

- 

5 glass 12.2 
6 glass 8.4 
7 glass 8.4 
8 glass 6.2 

figure 9 glass 6.2 
- figure 10 9.9. 1.73 1.77 

TABLE 4. Comparison of measurements with the analysis of Reeks 

Reeks 

0.99 
0.99 
0.99 
0.99 
0.99 
0.62 

'LPI'LF 

5.3. Turbophoresis 
The VR associated with diffusion arises because of concentration gradients so the 
measured values of dVJdt presented in figures 11 and 12 cannot be the result of the 
turbulent diffusion process. This is supported by the observation that the same 
results are obtained for runs where the solids were uniformly distributed (runs 1, 2, 
3) and for runs where concentration gradients existed (run 4). 

The agreement of the measurements with (29) lends some indirect support to the 
analysis that leads to the prediction of turbophoresis effects. A more direct test 
would be through measurements of VR. However, such a comparison would require 
a consideration of how turbulence non-homogeneities can also cause a time-averaged 
force on the particle through a time-averaged pressure gradient in the fluid, given as 

The average velocity caused by turbulence non-homogeneities then is 

where a = 3pF/(2pp+pF). It is noted that for (pP/pF) = 1 that rR = 0 and that as 
pP/pF increases, the term resulting from fluid pressure gradients becomes less 
important. 

A comparison of measured VR with (35) is not easily accomplished because the drift 
velocity caused by turbulence non-homogeneities is often small and because other 
factors, such as turbulent diffusion, and lift forces can contribute to VR. A more 
reliable test would be to measure VR and concentration profiles under fully developed 
conditions. The net VR should equal zero since the flux caused by concentration 
gradients would then exactly balance the flux associated with non-homogeneities in 
the turbulence. The concentration profile would be calculated from (22) using the 
negative of the value of VR given by (35). 

5.4. Lift forces 
Estimates of the possible influences of lift forces is difficult because (16) is strictly 
valid for laminar flows. One approach has been to use the time-average fluid velocity. 
If this is done an average of drift velocities due to lift, VL, can be calculated from (16) 
by using the Stokes drag law: 

For the data shown in figure 8 the calculated velocities due to lift, VL, are only about 

FL = 37t/~(dp) V L .  (36) 
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1 6.30 485 
2 6.28 485 
3 1.72 32 
4 1.73 45 

0.80 
1.92 
0.053 
0.170 

TABLE 5. Root mean square accelerations averaged over the pipe cross-section 

3% of the measured time-averaged radial velocities. In other cases, however, this 
type of calculation yields unrealistically high values of VL. For example, for the 
experiment used to measure a diffusion coefficient for the stainless steel particles, 
positive lift velocities are calculated which are 3040% greater than the measured 
average velocities given in figure 11. If such a correction were applied a negative 
diffusion coefficient would be calculated. In other cases in which a uniform 
concentration of particles existed over the pipe cross-section, a zero value of the 
average radial velocity was measured in contradiction to the prediction of (16) and 
(36) using the time-averaged velocity gradient. 

The conclusion reached is that for y+ > 70 lift forces can be neglected in a 
turbulent flow and that UL cannot be estimated using (16), (36) with the time- 
averaged velocity gradient. A likely explanation is that (16) is not applicable since 
parameter 8,  defined by (17), is a small number, except for a region close to the wall. 
This conclusion is supported by a recent analysis (McLaughlin 1991) which shows 
that the lift force drops to a value that is 5% of the value of FL given by (16) when 
E is 0.3. 

5.5 Calculation of a slip velocity 
As is indicated in the discussions related to (13), (14), (15) the average relative 
velocity is needed when the particle drag is not described by Stokes law. Measures 
of the particle acceleration provide a means to estimate the IVRl and to check the 
accuracy of relation (15) which assumes 

From (32) it is seen that the measurements in figures 13 and 14 can be used to 
calculate ( u R z R 1 2  and (u@-v , )~ .  Table 5 presents measurements of the values of 
[(aR)"]; and averaged over the pipe cross-section. When these are divided by 
the estimated listed in table 3 the average magnitude of the velocity difference is 
found (see table 5 ) .  

If it is assumed that the magnitude of the difference in the turbulent velocities of 
the particle and fluid in the axial direction is the same as in the T-  and &directions 
the magnitude of the average effective velocity can be calculated from (14). This 
can be used in (9) or (11) to estimate new values of /? and B. These, in turn, can be 
used in (32) to estimate a new value of the turbulence contribution to the average 
relative velocity. The results of such an iterative calculation using data from runs 1, 
2, 3, 4 are summarized in table 6. 

These calculations show that the value of the relative velocity vector doubles for 
the runs at high velocities but stays approximately unchanged for the runs at low 
velocities. These results indicate that particles, which are considered Stokesian from 
the average terminal velocity, may exhibit non-Stokesian properties in high- 
Reynolds-number turbulent flows. It is also to be noted that the values of )6'TLF and 
7+ listed in table 3 for the high velocity runs (1 and 3) are not correct since they are 
based on a value of p estimated from the particle terminal velocity. 

( V ~ - U ~ ) ~  = 0. 



688 J .  B. Young and T. J .  Hanratty 

IGI (cm/s) Re, a (s-’) 
Run Old New Old New Old New 

1 0.79 1.79 0.86 1.95 608 692 
2 0.79 0.79 0.88 0.88 604 604 
3 3.19 5.49 3.60 6.20 253 282 
4 3.23 3.22 3.23 3.43 268 268 

TABLE 6. Corrected values of the mean relative velocity 
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