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Abstraet--Experimemal and numerical studies were carried out on the motion of particles in a gas stream. 
In the experimental part, an axial-viewing technique was used to study the motion of glass spheres of 110, 
250 and 550/~m dia suspended in an air stream in a ! m long, 32 mm dia vertical tube. The technique is 
different from those used in most other studies in that it gives Lagranglan measurements, in the form of 
velocity time-histories, from which the autocorrelation function can be calculated. In the present 
experiments the particle motion was found to be strongly dependent on the particle injection method. A 
numerical model for simulating particle motion is also described in this paper. Using this model, it was 
found that an axial distance of at least 300 pipe diameters is required for the particles to achieve 
equilibrium or long-time behaviour. It is also shown that the radial variation of the gas velocity and 
turbulence intensity has little effect on the particle dispersion and deposition for the reltively large particles 
used in this study. On the other hand, the lift force induced by the gas velocity profile gives a large 
reduction in deposition rate. 
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1. INTRODUCTION 

Flow of solid particles or liquid drops suspended in a turbulent flow in a pipe occurs in many 
practical situations, such as annular-mist flow in boiler tubes and pneumatic conveying of solids. 
For annular flow, axial-viewing techniques have been used for many years at Harwell for 
visualization of droplet motion. In the more recent experiments using this technique (Whalley et  
al. 1979) axial parallel beam laser illumination was employed to allow a large depth of focus. This 
form of the technique has been used extensively in vertical and horizontal gas-liquid flows to study 
the process of droplet entrainment from the liquid film in annular flow (Whalley et  al. 1979), and 
the subsequent droplet motion (James et  al. 1980; Azzopardi 1987). 

Some years ago, some preliminary (and unpublished) work was done using the laser axial-viewing 
technique to visualize the motion of solid particles. These experiments revealed the interesting and 
perhaps unexpected result that, in the direction normal to the tube axis, the particles tended to 
travel in straight lines in spite of the effect of the turbulent fluctuations in the gas phase. In the 
work described in this paper this effect was examined in more detail. Experiments have been carried 
out with glass spheres of 110, 250 and 550/~m dia, in a 32 mm dia, 1 m long test section. High-speed 
tin6 photography was used to record the particle motion. The experiments showed that it is possible 
to track such particles over many frames of the cin6 films and to calculate particle velocities from 
them. This technique thus offers advantages over previously published methods such as LDA (e.g. 
Lee & Durst 1982; Wells & Stock 1983) in that time-histories of the particle motion can be obtained. 
Multiple flash photography (e.g. Lee et al. 1989) could also give time-histories but these are rather 
crude since the number of flashes is severely limited. 

In addition, a numerical simulation of the particle motion has been carried out using a simple 
description of the gas flow field. The results of the experiments and the simulations indicate that 
for these relatively large particles the effect of the particle injection method is very persistent 
and "long-time" behaviour cannot be achieved in such a short tube. In view of these findings it 
was decided to extend the simulations to much longer tubes to determine when equilibrium or 
long-time behaviour is achieved. These calculations showed that the particles' r.m.s, fluctuating 
velocity reached a steady-state value more slowly than the mean axial velocity, the 250~tm 
particles requiring over 10 m of tube and a time significantly longer than the particle relaxation 
time. 
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2. E X P E R I M E N T A L  S T U D Y  

2.1. Experimental arrangement 

The motion of 110, 250 and 550 #m glass particles (density 2600 kg/m 3) was studied using the 
test section shown in figure 1. The test section is of extruded acrylic tubing, 32 mm dia and 1 m 
length. The air enters through ports in the side-wall at the bottom of the test section and the 
particles are introduced through a 1.5 mm bore pipe positioned along the axis of the test section. 
The air flow used for the particle feed was not separately metered but was kept at the minimum 
necessary to maintain reliable particle flow. A total air flow of 24 kg/m2 s was used in all the 
experiments described here. 

The axial illumination was provided by a 5 mW He-Ne laser (wavelength 633 nm) with the beam 
expanded to 32 mm dia and accurately aligned with the tube axis. Another lens was used to reduce 
the image to a convenient size, in this case 16 mm cin6 frames. The motion of the particles was 
recorded on high-speed cin6 film (4000 frame/s) which was later analysed to give particle positions 
on successive cin6 frames using a semi-automatic image analyser. For the 250 and 500/zm particles 
the entire tube cross-section was filmed but for the 110 #m particles a higher magnification was 
needed and therefore only one quadrant of the tube cross-section was viewed. 

2.2. Particle trajectories 

Figure 2 shows a typical frame from a cin6 film. Particles in the focal plane of the lens (which 
is positioned near the top of the test section) give a sharp image, while those further down the tube 
appear as a series of diffraction rings. For particles near the bottom of the test section the image 
may become so diffuse as to be indistinguishable from the background light, particularly for small 
particles. An estimate of the axial position of the particle may be obtained from the following 
expression (Jenkins & White 1981): 

d, = 1 .22~,  [1] 

where dp is the particle diameter, 2 is the wavelength of the light, d~ is the diameter of the first bright 
ring and z is the distance of the particle from the focal plane of the lens used to form the image. 
In these experiments the particle axial velocity is unknown and although it may be possible to 
estimate it using [1] this will not be accurate. In future experiments it may be possible to measure 
axial velocities using side-lighting at several axial positions. 

To allow some development length for the gas and particle flow, particle positions were recorded 
only for particles near the top of the test section. The number of frames analysed per particle ranged 
from around 30 for the smallest particles, to over 200 for the largest. Some typical trajectories are 
shown in figure 3, together with velocities calculated from the framing rate. The trajectories are 
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Figure 1. Axial-view experiment. 
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Figure 2. Sequence of frames from the cin6 film showing 550#m particles (time increment= 10 
frames = 0.0025 s). 
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Figure 3. Measured particle trajectories. Figure 4. Simulated trajectories, ur(0)= 3 m/s, wo(0)= 
20 m/s). 

relatively straight despite the gas-phase turbulence, confirming the earlier tentative experiments. 
The particles were observed to frequently bounce off the walls, with mean coefficients of restitution 
ranging from 0.52 to 0.95. 

3. NUMERICAL STUDY 

3.1. Background 
Although the techniques of numerical (Lagrangian) simulation are very flexible and relatively 

easy to apply, they have not been extensively used because they require a large amount of com- 
puting time. Nevertheless, simulation models can be very useful as research tools, for example, to 
check the validity of assumptions used in deriving simple analytical descriptions of particle motion. 
Particle motion in a turbulent flow field, such as the "core" of a pipe flow, is often treated as a 
diffusion process, with a long-time particle diffusion coefficient ep given by an expression of the form 

2 ~ = upT~, [2] 

where u2 is the particle r.m.s, velocity and zp is the integral timescale of the particle motion, defined by 

rp = Rp(O) dO, [31 
0 

where R~(O)= up(t + O)up(t)/u~ is the Lagrangian correlation coefficient of the particle velocity. 
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By making simplifying assumptions is is possible to calculate ep. Reeks (1977), for example, 
assumed isotropic, homogeneous turbulence and a linear drag law. Ganic & Mastanaiah (1981), 
on the other hand, assumed that particle residence times were much less than ~o, the integral 
timescale of the turbulence, in which case 

8p U 2 
- -  = - - ~ ,  [ 4 ]  
8G U G 

where 8o is the gas diffusivity and u~ is the gas r.m.s, fluctuating velocity. Thus, 8p can be calculated 
from the particles' equation of motion. In several published particle dispersion models, the results 
are used to predict particle deposition rates, in which case allowance must be made for the effective 
resistance of the laminar or quasilaminar wall-layer, since only a proportion of the particles 
entering this layer will have sufficient momentum to reach the wall. However, if the particles are 
sufficiently large that their stopping distance is greater than the thickness of this layer, then this 
resistance may be neglected. 

In the work described in this paper the Lagrangian simulation model has been used to study 
particle dispersion and deposition in a turbulent pipe flow. In particular, the effect of the velocity 
profile and turbulence intensity profile and the induced lift forces are investigated in order to 
determine whether they are important in the particle dispersion and deposition processes. It is 
shown that for the relatively large particles used in this study the particle velocities vary only 
slightly with radial position and that this variation has little effect on deposition rates. On the other 
hand, the lift force induced by the gas velocity profile was found to give a significant reduction 
in the deposition rate and this should be taken into account in future work. 

3.2. Basis o f  the model 

It is assumed that the particle suspension is sufficiently dilute that one-way coupling is valid, i.e. 
the presence of the particles does not significantly modify the gas flow field. The gas-phase flow 
field is then calculated using the k-8 model of turbulence embodied in the computer program 
TUFC (Wilkes 1981) which gives the mean axial velocity we, turbulent kinetic energy k and 
dissipation rate e as a function of radial position r. The calculation of particle motion is then carried 
out using equations similar to those given by Boysan et al. (1982) for cyclones. Starting from a 
specified initial velocity and position, the particle motion is calculated by treating it as a series of 
interactions with discrete eddies of characteristic size, lifetime and r.m.s, velocity given by 

1o = 0.3 k(r)3/2 [5] 
8(0 ' 

k(r) 
~, = 0.12 - -  [6] 

8(0 
and 

u ,  = [7] 

The turbulence is assumed to be isotropic. In some cases where profile effects are not important 
good results can also be obtained by assuming that %, le, ~, and u, are independent of position 
and are given by (Hutchinson et al. 1971) 

l~ = O. 1 l d , ,  [81 

u , =  u* = wo /( [9] 
X/z 

and 

L 
3, = 1.6 -~, [10] 

u, 

where dt is the tube diameter, u* is the friction velocity and f is a single-phase friction factor. In 
[I0] the factor 1.6 is the ratio of the Lagrangian and Eulerian timescales of the turbulence; there 
is considerable uncertainty over the actual value, reported values showing a wide range. However, 
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in the study described here the particles are sufficiently large that their motion is essentially Eulerian 
and, with the possible exception of  developing particle motion, the timescale of  the particle-eddy 
interaction is always determined by the particle-eddy "crossing" time in the vertical direction. This 
is consistent with the findings of previous works (e.g. Reeks 1977; Lee et al. 1989) that the 
"crossing-trajectory" effect, due to gravity, is dominant if the particle settling velocity is greater 
than % 

For each interaction, the fluctuating velocity components u', v' and w' are taken from a normal 
distribution with mean zero and r.m.s, uo. Assuming the density ratio is sufficiently high that virtual 
mass and Basset-history forces are negligible, the equation of  motion for a spherical particle is 

d U p  1 gd2 
mp ~ = co  ~po - 3 -  (uo  - u,,)l u o  - w~ I, [l 1] 

where mp is the particle mass and Up and Uo are the particle and gas vector velocities. This was 
integrated to give, in a Cartesian coordinate system 

up = u'c + (uoo - u'G ) e x p ( -  FT  ), 

vp = v~ + (voo - v ~ ) e x p ( - F T ) ,  

g (  Wp = WG + WG -- ~V + Woo -- WG -- WG + exp( - -FT) ;  [12] 

where Tis the interaction time, g is the acceleration due to gravity, u~, v~ and w~ are the fluctuating 
components of  the instantaneous gas velocity and Up, vp and wp are the components of the particle 
velocity, with the subscript 0 indicating the values at the start of  the interaction. The parameter 
F, which is assumed constant during each interaction, is given by 

3 C__~D P__~G {Uoo -- UGo [ [13] 
F = 4 d p  pp 

with the drag coefficient given by (James et aL 1980): 

24 
CD = Rep + 0.44. 

Integrating again gives the particle position (%, yp, zp), 

xp = xoo + U'GT + (Up -- u~)[l -- e x p ( - F T ) ]  
F 

(Vp - v~)[1 - e x p ( - f T ) ]  
yp = yoo + v~T + F 

( W p - - W G - - W ' G - k - g ) [ I -  exp(--FT)]  

Z P = Z o o + ( w a + w ' ~ - F ) T +  F [14] 

Particle position as a function of  time can thus be calculated. In most of  the results presented here, 
a coefficient of  restitution of  unity has been used for the particle-wall interactions, but it is a 
straightforward matter to replace this by a different value. 

3.3. Calculated trajectories 

The model described in section 3.2 has been used to calculate the behaviour of  the particles in 
the experiments described in section 2, assuming a gas density of  1.2 kg/m 3 and a gas velocity of  
20 m/s. Figures 4 and 5 show the predicted trajectories when the particles have initial radial 
velocities of  3 and 0 m/s, respectively. For the calculation shown in figure 5, the initial axial velocity 
was either 0 or 20 m/s (which may be thought of  as limiting conditions). In each case the simulation 
was continued for 2500 interactions, corresponding to times of approx. 1.5, 3 and 10 s for the 550, 
250 and 110/~m particles, respectively. 

It can be seen in figure 4 that if the particles are introduced with a rather high radial velocity 
they travel in almost straight lines and lose momentum only very slowly. It will be shown in 
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Figure 5. Simulated trajectories. Up(0)--0. 
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Figure 6. Development length for 250 p m  particles: 
(a) mean axial velocity; (b) r.m.s, fluctuating velocity. 

section 3.4 that the equilibrium velocity is much lower than the observed velocities in figure 3, and 
it is concluded that in the experiment the particles have an initial radial velocity, despite the attempt 
to introduce them axially. However, it can be seen from figure 5 that the larger particles travel in 
relatively straight lines even when they have zero initial momentum, suggesting that the integral 
length scale of the particle motion is comparable to, or greater than the tube diameter, or 
equivalently, the integral timescale of the particle motion is greater than the time taken to travel 1 
tube diameter. 

3.4. Fully-developed particle behaviour 

Since the experiments and the simulation described in section 3.2 indicate that fully-developed, 
or "long-time" behaviour cannot be achieved in a 1 m long test section, the simulation model has 
been used to calculate the actual length of test section necessary to achieve steady-state conditions. 
Figure 6 shows the development length necessary for the mean and r.m.s, velocities (averaged over 
200 particles) to reach steady values for the 250 # m glass particles, with various initial conditions. 
It can be seen that at least 10m, and in some cases 15m, are needed to achieve steady-state 
conditions. In addition, the r.m.s, velocity may take considerably longer than the mean velocity. 
For the 110/~ m particles it was found that equilibrium conditions were achieved after about 5 m. 

Figures 7 and 8 shows the time-history and autocorrelation function of the particle motion after 
fully-developed conditions have been achieved. This shows that the integral timescale of the particle 
motion is of the order of tenths of a second and is greater for the larger particles than for the smaller 
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Figure 7. Time-history and autocorrelation for 250 #m particles. 

ones, as expected. It can also be seen that the autocorrelation function can be reasonably well 
represented by an exponential, as derived by Govan (1989): 

where 

Rp(t) = e -p', [15] 

3 CDpo = p-(Wo- w,) 

is the inverse of the particle relaxation time. For fully-developed particle motion the axial velocity 
wp is approximately constant. The exponential form for the autocorrelation is consistent with the 
observation that the motion of large particles is a Markov process, i.e. the particle motion depends 
only on its present state and not on past information about the gas-phase velocity. 

Thus, the integral timescale 

1 

which gives Tp = 0.26 s for the 250 #m particles. 
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Figure 8. Time-history and autocorrelation for 110 #m particles. 
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3.5. Profile effects 
In this section the simulation model has also been used to investigate the effect of the gas velocity 

and turbulence intensity profiles on the particle motion. This is important because it will give an 
indication of how well the particle dispersion can be modelled using an assumption of uniform 
turbulence. Figure 9 shows the mean axial and r.m.s, fluctuation velocities as a function of radial 
position for each particle size. Nineteen radial increments were used to obtain these plots; this 
required very large numbers of particles to give reasonable sample sizes in each increment. 
However, even with 19 increments it is likely that the behaviour close to the wall is not accurately 
modelled. 

Figure 9 shows that the particle mean and fluctuating velocities are reasonably uniform, 
especially for the large particles, providing lift forces are neglected and a coefficient of restitution 
of unity is used. Figure 9 also shows the effect of including the lift force, calculated from the 
equation due to Saffman (1965): 

dup, ~ p ~ o ~  du 
mp--~- = 6.46 drr (wG - wp), [16] 

where mp is the particle mass and Up, is the radial component of the particle velocity. This equation 
was originally derived for small particle Reynolds numbers, but Hall (1988) has shown that 
measured lift forces on a stationary particle are predicted within a factor 2 for Reynolds numbers 
up to several hundred. It is recognized that this equation may not be appropriate for the particles 
in this study but in the absence of anything better it has been used. The inclusion of this force has 
a small effect on the axial particle velocity but increases the r.m.s, transverse velocity, particularly 
near the wall. The strong inwards acceleration due to the lift force contributes significantly to the 
r.m.s, velocity in this region. 

Figure 9 also shows the effect of a coefficient of restitution (C.R.) much less than unity; there 
is a marked reduction in both axial and transverse velocities, especially close to the wall. 

3.6. Deposition rates 

Although we have been considering the motion of solid particles which rebound off the wall, 
the methodology used here can also be used to calculate the deposition rates of solid particles or 
liquid drops which adhere to the walls, a situation of obvious practical interest. For consistency 
with the work described in the preceding sections, the calculations have been carried out with the 
same particle and fluid properties as before. 

Figure 10 shows the calculated deposition rate for 250/zm glass particles. The particles start on 
the tube axis at z = 0 but have a distribution of velocities equivalent to a fully-developed flow. It 
is clear that there is very little difference between the deposition rates calculated using the k - t  
description of the flow field and those calculated using the simple description given in [8]--[10] and 
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both give straight lines on a logarithmic/linear plot, after a short development length. This implies 
a constant deposition coefficient 

wGdt 
ko = - -  In F~/F2, [17] 

4(z2 - z,) 

where F] and F2 are the fraction of particles remaining after distances zl and z2. The fact that kD 
is constant is surprising since the radial distribution of particles is changing with increasing axial 
distance. 

Figure 11 shows the calculated deposition rates when z = 0 corresponds to a fully-developed 
particle flow. Again, it can be seen that the deposition coefficients are constant and are similar for 
the two cases with different flow descriptions of the turbulence, but in the k-e case there is an 
"entrance effect" in which about 50% of the particles deposit very rapidly. Figure 11 also shows 
the effect of including lift forces; this results in much lower deposition rates and a significant 
departure from the linear deposition relation given by [17]. 

4. CONCLUSIONS 

(i) An experimental technique has been developed for studying the motion of particles in a 
Lagrangian frame of reference using an axial-viewing technique. Time-histories of the motion 
of 110, 250 and 550/~m glass particles in a 1 m long test-section were recorded. The observed 
trajectories are mainly unidirectional and it is concluded that the particle motion is strongly 
dependent on inlet conditions. 

(it) A numerical simulation is described, which treats the particle motion as a series of interactions 
with discrete eddies. This model was used to study the behaviour of the particles used in the 
experiments. It was found that for the 250 #m particles at least l0 m of pipe are required to 
reach a steady-state condition. However, it was also found that in fully-developed flow the 
length scale of the particle motion is comparable to the tube diameter and therefore the particle 
motion is largely unidirectional. 

(iii) The simulation model has also been used to investigate the importance of profile effects in the 
gas flow field in determining particle dispersion and deposition rates. It was found that the 
relatively large particles used in this study had much flatter mean and r.m.s, velocity profiles 
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than the gas-phase profiles, and as a result deposition rates can be calculated using a simple 
description which ignores profile effects. On the other hand, it was found that lift forces due 
to the gas velocity profile produce a very large reduction in deposition rates. 

(iv) In future work the axial-viewing technique will be used in a 20 m long test section to study 
fully-developed particle motion. 
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