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SUMMARY

A numerical algorithm is used to study the ‘fan-spreading’ mechanism of axial particle turbulence acquisi-
tion and the effects on it of the inlet particle diameter distribution, downstream of a particle-laden, turbulent,
round jet. The algorithm is based on the particle-source-in-cell numerical technique for two-phase flows.
Eulerian equations are used for the description of the gas-phase dynamics, whilst the solid particles are
treated within the Lagrangian framework. The turbulent particle dispersion is simulated with the aid of the
stochastic separated flow model. It was found that the ‘fan-spreading’ turbulence is very much affected by the
mean and standard deviation of the particle size distribution; in particular, it was found that the ‘fan-
spreading’ mechanism becomes weaker when the standard deviation of the particle diameter distribution is
higher and the mean particle diameter smaller. An analytical expression describing the axial particle
turbulence due to ‘fan-spreading’ is proposed and tested, along with a similarity profile valid for the particles
of bigger size.
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INTRODUCTION

Two-phase, turbulent, jet flows have been the subject of numerous investigations, both experi-
mental and computational.' 3 The numerical modelling of such flows is usually based on two
different approaches, depending upon the way in which the particulate phase is treated. The
Eulerian approach considers the particulate phase to be a continuum which obeys conservation
equations similar to those of the gas phase,® whereas the Lagrangian approach treats the solid
phase in a discrete manner, following the trajectories of a representative number of particles.’
From published work, it is concluded that flows of low particle mass loading are satisfactorily
well represented with the aid of mixed Eulerian/Lagrangian models.

In a recent experimental investigation of a solid-air, turbulent, round jet, laden with large
particles,® a large anisotropy in particle turbulence (axial to radial particle turbulence ratio 3:1)
has been observed, albeit the gas-phase turbulence in the same downstream positions did not
exhibit such a pronounced anisotropy. In the light of this observation, Hardalupas et al.®
speculated that there is an additional mechanism of particle turbulence acquisition, in addition to
that due to the interaction between the gas and particulate phases, which they named ‘fan-
spreading’. This mechanism was considered to be responsible for the ‘fictitious’ generation of high
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axial particle turbulence in the downstecam positions of the jet. The ‘fan-spreading’ mechanism
needs the simultaneous existence of two elements in order to be active: (a) inlet particle radial
turbulence, and (b) inlet non-uniform particle velocity profile. If any one of the above two
components is missing, then the ‘fan-spreading’ mechanism of turbulence generation is inactive. It
was shown by Mastorakos et al.® and Sargianos et al.'° that the mixed Eulerian/Lagrangian
two-phase flow computer algorithms, which make use of the stochastic separated flow model!- 12
for the simulation of the particulate-phase dispersion, can adequately reproduce the effects of the
‘fan-spreading’ mechanism in particle-laden, turbulent jets. Furthermore, it was shown by
Sargianos ef al.'® that there is an upper limit of the inlet radial particle turbulence level, beyond
which any increase of its value ceases contributing to the downstream axial particle turbulence
intensity via the ‘fan-spreading’ mechanism. Mastorakos et al.® and Sargianos et al.!® studicd
numerically the effects of the ‘fan-spreading’ mechanism in the case that particles of only one
diameter were present; however, in most practical two-phase flow situations there is a distribution
of particle diameters, which is usually Gaussian. Therefore, the goal of the present investigation is
to identify the influence of the particle diameter distribution on the ‘fan-spreading’ mechanism,
downstream of a particle-laden, turbulent, round jet similar to that of Hardalupas et al.® For this
purpose, an Eulerian/Lagrangian algorithm for two-phase, axisymmetric flows, embodying the
stochastic separated flow model for-the simulation of particle dispersion, is used. Evaluation of
the performance and reliability of the present algorithm can be found in other works,1¢-13715
The numerical experiments to be described and discussed in the present paper refer to particles
with Gaussian diameter distribution of mean diameter 30, 100, 200 um, and standard deviation of
0-1, 0-2, 0-3. Also, comparisons are provided for particles of zero standard deviation.

THEORETICAL ANALYSIS

The mean flow equations

The general form of the time-averaged axisymmetric conservation equations, describing the
turbulent motion of the gas phase, is
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where for ®=1 the above relation is the continuity equation, for ®=u, v, w it gives the three
momentum equations and for @ =k, ¢ it results in the transport equations of the turbulent kinetic
energy (k) and its dissipation rate (¢). Expressions for the turbulent diffusivity I', and the source
terms S, are given in Table L. The source terms S, , represent the contribution of the solid-phase
momentum changes on the gas-phase momentum, and are of the form (x-direction, for example):
Sp, 0 mp [(up, in— Up, uul) + L](l - //pp)(tin - tout)]- (2)

The subscripts ‘in’ and ‘out’ refer to the time instants that a particle enters or leaves a control
volume, respectively. Based on the ‘k—¢’ turbulence model, an effective viscosity is computed in
terms of the following relation:

Mefr = fir, + Cupkz/s. 3)
Particle trajectories
The Lagrangian equations of motion of the particulate phase are

duy/dt = A{ug—u,)+g, 4
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Table 1. Turbulent diffusivities and source terms of equation (1), and constants of the ‘k—¢ turbulence
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dS,/dt=U,. (7)
where
A % }fl%f_, CoRe,. ()
The particle Reynolds number is
Rey=p|U,—Up| Dy )

In the above relations, the subscripts p and g denote instantancous particle- and gas-phase
quantities, respectively. The drag coeflicient Cy, is computed according to Wallis:*®

Cp=(1+015 Re)®*"}/(Re,/24) for Re,< 1000, (10)

Cp=044 for Re,>1000. (th)

The stochastic model of particle dispersion assumes that the flow field is comprised of eddies,
whose characteristic length (L.) and lifetime (7°,) are

Le=CY*k>? /s, (12)
To=L/ (ki) (13)

Every particle interacts with an eddy until the eddy lifetime is terminated or until the particle
gets out of the eddy, whichever happens faster. The instantaneous air velocities, appearing in
equations (4} (6), are calculated randomly, assuming that the velocity fluctuations follow Gaus-
sian distribution with standard deviation'? ¢={2k/3)""%.



290 N. P. SARGIANOS, J. S. ANAGNOSTOPOULOS AND G. BERGELES

COMPUTATIONAL DETAILS

The gas-phase equations are discretized with the aid of the ‘control volume’” method. Discretiz-
ation is achieved using finite differences and the ‘hybrid” differencing scheme, which combines
upwind and central differences, depending upon the focal mesh Peclet number; then the finite
difference equations of the gas phase are solved iteratively using the SIMPLE algorithm.!” 8
After convergence of the gas-phase equations without the presence of the particulate phase, the
particles are injected into the converged flow field and, during the integration of their motion, the
source terms, which represent the contribution of the discrete phase to the gas-phase equations,
are calculated and stored. Then, the gas-phasc equations are solved again, including now the
previously found particle source terms. This procedure is repeated until final convergence.
Convergence is accomplished when the particle source terms and the gas-phase quantities remain
almost unchanged between two consecutive iterations. More details and a discussion about the
above numerical technique, known as the Particle-Source-In-Cell (PSI-Cell) method, are reported
by Crowe et al.'?

All computations reported in this work have been performed on a 386-Weitek computer,
working under DOS operating system. A 30 x 30 non-uniform grid has been utilized to cover the
near field of the half jet solved. This size of grid produced predictions which are in close agreement
with the measurements of Hardalupas ez al,® as this is discussed elsewhere.'® '® The speed of
exccution was 30 iterations per minute for the computation of the gas-phase equations, and
approximately 95 particle trajectories per minute. A total of 20 000 particles, injected from 28
different injection positions, were calculated for each one of the cases discussed in this work.

THE NUMERICAL EXPERIMENTS

The two-dimensional Eulerian/Lagrangian computer code utilized in this study has been used in
the past to predict various two-phase flows in simple and complex geometries with encouraging
results. Tts performance and reliability have been assessed and discussed elsewhere.!?-'3 713
Numerical computations are reported in this work for a particle-laden, turbulent, round jet with
diameter 15 mm and mean inlet velocity 13 m/s, similar to that used in the measurements of
Hardalupas et al.® A sketch of the jet with the co-ordinate system appears in Figure 1. Particles of
mean diameter 30,100 and 200 pm were considered, with density 2000 kg/m. The particles were
assumed to follow Gaussian diameter distribution with standard deviations 0-0 (viz. particles of
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Figure 1. Sketch of the two-phase jet, along with the co-ordinate system used
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a single diameter), 0-1, 0-2 and 0-3. The inlet mean particle velocity profile at the pipe exit has been
assumed parabolic (the same with the gas phase), and the concentration of particles per unit area
at the jet exit constant. Entrainment boundary conditions have been used for the jet edge, whilst
at the axis of symmetry the gradient of all quantities has been taken as zero, except for V-velocity,
for which V'=0. The inlet particle axial turbulence was assumed to be zero (u,,=00) and the
radial particle fluctuating velocity 5, =005U,, where U, is the mean axial velocity at the jet
centreline. A number of 20, 000 particles was used in the calculations in order to produce
statistically correct ensemble averages over all particles arriving even at the most remote
downstream positions.

RESULTS AND DISCUSSION

Figure 2(a) 2(c) presents the radial profiles of axial particle turbulence at three axial stations 10,
20 and 30 diameters downstream of the jet exit when there are: (a) particles of only one diameter
(D, =100 ym) with uniform or parabolic inlet particle velocity profile and (b) particles with
Gaussian diameter distribution whose mean diameter is 100 ym and their inlet velocity profile is
uniform or parabolic. It is observed that even though the particles are injected from the jet exit
with zero inlet axial turbulence, they acquire axial turbulence farther downstream, Clearly, when
their inlet velocity profile is uniform, the downstream axial particle turbulence is acquired via the
interaction with the gas phase. The particles with Gaussian diameter distribution and uniform
inlet velocity profile attain turbulence intensities higher than the particles of a single diameter, at
the same downstream positions, because the degree of fluid—particle interaction for this case is
different; this is due to the fact that the small particles of the distribution interact with the fluid
more intensively, compared to bigger particles whose inertia is higher; this fact adds additional
turbulence to the particles. It is also observed that particles with a uniform inlet velocity profile
have a lower turbulence level than particles with a parabolic inlet velocity profile; in this case
additional turbulence is acquired by the particles via the ‘fan-spreading’ mechanism, which is
explained in the following paragraph.

The ‘fan-spreading’ mechanism

When the inlet particle velocity profile is parabolic instead of uniform, it is seen that there is an
additional increase in the axial particle turbulence intensity downstream of the jet exit, which
suggests that there exists another mechanism of particle turbulence generation, termed by
Hardalupas er al.? as fan-spreading’. This mechanism can be explained with the aid.of the sketch
of Figure 3. If radial particle fluctuations exist at two different points of the jet exit, then the
particles coming from these points will spread out over some ‘fan-like’ region. The particles
arriving at a downstream position (I) will carry with them information for their inlet axial
velocities from their respective points of injection. In the case of a non-uniform inlet mean axial
velocity profile the inlet velocity difference will also be present in the ensemble gathered at the
downstream position (1) in the form of axial particle velocity fluctuations, and it will show up as
axial particle turbulence. If the inlet particle velocity profile was uniform, then there would not
exist any mean axial velocity differences at point (I) to give rise to axial particle turbulence.
Therefore, referring to Figure 2(a)-2(c), the difference between the two curves, which correspond
to the same category of particles, but to parabolic and uniform inlet particle velocity profiles,
represents the axial particle turbulence due to ‘fan-spreading’. This difference becomes smaller as
the particles move downstream (Figure 2(b}-2(c)), because of longer interaction times with the
fluid, which results in ‘memory loss’ of particle inlet conditions, and consequent damping of the
‘fan-spreading’ mechanism.
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Figure 2. Axial particle turbulence intensity versus radial distance at threc downstream stations: (a) at x=10D; (b) at
x=20D; and (¢) at x=30D. for particles of mean diameter D, =100 um. (1) ¢=0-0, uniform inlet velocity profile;
(2) ¢ =00, parabolic inlet velocity profile: (3) o =0-2, uniform inlet velocity profile: (4) o =02, parabolic inlet velocity
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Figure 3. Schematic representation of the fun-spreading’ mechanism

Trends of ‘fan-spreading’

A global view of the ‘fan-spreading’ axial particle turbulence is shown in the contours of Figure
4a) (particles with D, =100 ym and ¢=0:0) and of Figure 4(b) (particles with mean diameter
100 gm and 7 =0-2). The “fun-spreading” axizal particle turbulence drawn in these figures has been
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Figure 4. Contours of axial particle turbulence due to ‘fan-spreading’ for particles of D, =100 ym; (a} 6=00; (b} 6=0-2

calculated as the difference in axial particle turbulence between particles of the same size
distribution, but with parabolic and uniform inlet velocity profiles. From these contours it is
deduced that, for each axial position, the maximum turbulence value due to fan-spreading’ in the
radial direction appears to be near the jet centre line. Also, the ‘fan-spreading’ becomes weaker
with increasing axial distance because far downstream the interaction with the gas phase is
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stronger, causing the particles to lose their memory regarding their inlet velocities. It is also seen
from the same figures that there is a similarity in the pattern of the contours, axially from
a distance bigger than 5 jet diamcters away from the jet exit till almost 35 diameters far
downstream.

Influence of particle size

In Figure 5(a) and 5(b) analogous results to those described previously, but for the case that the
mean particle diameter is now 30 um, are shown. The same trends are seen again but it is
observed that the smaller particles of 30 um (with Gaussian diameter distribution) tend to exhibit
a very low ‘fan-spreading’ turbulence, even closc to their injection position (5 jet diameters
downstream, Figure 5(a)), which becomes even smaller farther downstream near the jet axis, and
disappears near the jet edge. This can be explained by the fact that the 30 um particles, having low
inertia, are carried away by the fluid and they obtain in very short distances the local gas velocity
and turbulence, making the fan-spreading’ mechanism unimportant. This finding has been also
observed experimentally by Hardalupas et al.® Figure 6 shows the results of computations for
particles with mean diameter 200 um. It is seen that the ‘fan-spreading’ mechanism is dominant in
this case. Comparing Figure 6 with Figures 5(b) and 2(b), one can conclude that the 200 yum
particles exhibit the highest ‘fan-spreading’ turbulence at the same axial positions. This is due to
the fact that the 200 ym particles, moving in straight lines due to their high inertia, do not lose
their inlet velocity history, and are not affected by their interaction with the gas phase signific-
antly. Hence, the turbulence they obtain through the interaction with the fluid is very low,
permitting in this way the ‘fan-spreading’ to be the main mechanism which controls their
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Figure 5. Axial particle turbulence intensity versus radial distance at two downstream stations: (a) at x=35D and (b) at
x=10D, for particles with mean diameter D, =30 um. (Legend as in Figure 2)
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Figure 6. Axial particle turbulence intensity as a function of radial distance at a downstream position x=20D, for
particles of mean diameter D, =200 um. {Legend as in Figure 2)

4

Figure 7. Contours of axial particle turbulence due to fan-spreading’ for particles of mean diameter D, =200 ym and
=02

turbulence acquisition. In Figure 7 there are contours of the ‘fan-spreading’ axial particle
turbulence for 200 um particles with standard deviation 0-2. It is observed that for this casc too
the ‘fan-spreading’ weakens with axial distance, and along each radial direction it has a maximum
value near the jet axis and a minimum value near the jet edge. Figure 8(a) and 8(b) depicts the
‘fan-spreading’ axial particle turbulence of the three categories of particles examined. when there
are particles of a single diameter (Figure 8(a)), and when there is a Gaussian distribution of
particle diameters with standard deviation 6 =02, at an axial distance 20 jet diameters down-
stream. For both cases, the general conclusion is that the larger the particle size the more
influential the ‘fan-spreading’ mechanism of turbulence generation is.
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Figure 8. Axial particle turbulence duc to ‘fan-spreading’, as a function of radial distance at a downstream position
x=20D, for particles of mean diameter D, =30 um (curve 1), D, =100 um (curve 2) and D, =200 um {curve 3), when
(a) =00 and (b) 6=0-2

Influence of standard deviation

Considering particles of normal inlet diameter distribution, and with standard deviations 0-0
(particles of single diameter), 0-1, 0-2 and (-3, it is concluded from Figure 9(a) and 9(b) that the
higher the standard deviation of the particle size distribution used, the lower the ‘fan-spreading’
turbulence. This can be explained by the fact that the higher the standard deviation, the wider the
range of particle diameters participating in the two-phase flow. This means that there is a larger
number of smaller particles which interact more intensively with the tluid and, hence, they very
quickly attain velocities close to those of the gas phase. Thus, when the trajectories of these
smaller particles cross cach other, the difference in their mean axial velocities (which shows up as
‘fan-spreading’ turbulence) is lower than if the crossing particles were all of the same diameter
{6 =0-0). When the standard deviation of the particle size distribution is small, then the range of
particle diameters is narrow (very close to the mean value) and, consequently, the interaction with
the gas phase is almost of the same degree {or all particles. This intcraction is weaker for a=0-0
compared to the cases with larger standard deviations. For this reason, these particles preserve
even in remote downstream positions the ‘memory’ of their inlet velocities, which at points of
crossing trajectories shows up as high axial particle turbulence due to the ‘fan-spreading’
mechanism.

Mathematical description of ‘fan-spreading’

An effort has been undertaken to describe mathematically the axial particle turbulence due to
the ‘fan-spreading’ mechanism. It has been noted ecarlier that the ‘fan-spreading’ turbulence



DOWNSTREAM PARTICLE TURBULENCE 297

i

0.09

0.06 ]

20.03
~ ]

c ]
20.00
.a ]
20,12 1

4

Al s

0.09

0.06

0.03

sda i s i s abn Loasi

0.0 e T Ty
YT E 68 T2 18 2.0
r/Djet
Figure 9. Comparative plots of the ‘fan-spreading’ axial particle turbulence, at an axial position x = 10D downstream, for
various standard deviations of the particle size distribution, when the mean particle diameter is: {a) D, =100 yum and
(by D, =200 um. {(1) 6200 (2) 6=01:(3) e=02; (4 a=03)

decreases with decreasing mean particle diameter and increasing standard deviation. Therefore,
a relation describing the Tan-spreading’ turbulence should be inversely proportional to these
quantities and should give a constant value for particles of infinite inertia (D, — c), and an infinite
value for very small particles (D,—0). Introducing a dimensionless Stokes number (St.), which
characterizes the particle injection conditions at the jet ¢xit, as

St,= {)i . (14)

Ugty

where D, is the diameter of the jet. U, the mean axial velocity at the jet exit, and 7, a particle time
constant representing the particle inertia, which for heavy particles (that is, particles with
a density much higher than that of the gas phase) is defined as® 2°

= Dypy
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then a relation of the form proposed in the following complies with the carlier stated properties of

the ‘fan-spreading’ turbulence and, therefore, might be suitable for the mathematical description
of the axial particle turbulence due to the ‘fan-spreading” mechanism (ug,, )
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The coeflicients of the above relation (4. B, C. n, m) have been calibrated for values of the ‘fan-

spreading’ on the centreline of the jet and {or particles of 200 and 30 um with standard deviations
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0-0 and 0-3. The values of these constants for the ‘fan-spreading’ turbulence on the jet axis were
found to be A= —8/25, B=1/10, C=4/5, n=3/5 and m= —1/2. Using these values for the
constants, and the above proposed relation, the predicted ‘fan-spreading’ turbulence via the
above equation has been compared with that obtained by the two-phase computer code for the
100 um particles. To test the reliability of the above equation, additional runs of the two-phase
algorithm for particles with mean diameter 300, 150 and 65 um and standard deviation o =015,
and also for particles of infinite inertia, were performed. Then the ‘fan-spreading’ along the jet
axis was comparcd to that found using equation (16) and the previously computed coefficients
(Figure 11). As one can see, the agreement is very good in both Figures 10 and 11.

The validity of the above cquation is, for axial distances, from 5 to 40 jet diameters down-
stream, and it holds true for the inlet particle uj,, and vy, used, for the same Re (Re=13,000) and
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Figure 18. Comparison of the ‘fan-spreading’ axial particle turbulence on the jet axis, computed via equation (16) (solid

lines), to that predicted by the two-phase flow algorithm. 7171 D,=200 um, ¢ =0-0; & &2 D,=100 um, ¢ =00; ©C:
D,=30pm, ¢=00; WM: D, =200 um, 6=03; AA: D,=100 um, 0 =03; @ @: D, =30 pum, 6=03

T

-2.5 5 )

|
o
&

IN IR
3 o
F T T WIS N N N N TS S RS AU SO0 S U RN S I S 1

log(u
o
o

|
N
wn

GO

(@

10 20 30 40
AXIAL” DISTANCE (x/D)
Figure 11. Additional comparisons of the fan-spreading’ axial particle turbulence on the jet axis, calculated via

equation (16) (solid lines), to that predicted by the two-phase flow algorithm. I ®: particles of infinite inertia; 11711 =
D,=300 um, 0 =0-15; AA A D,=150 ym, 6=0-15; OO C: Dy=65 ym, 6 =015
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Figure 12. Self-similar profiles of the ‘fan-spreading’ axial particle turbulence, at several downstream stations, for

particles of D, =100 ym and D, =200 um, calculated by the two-phase algorithm. x x x: D =100 um, x=8D; + + +:

Dp=100 um, x=10D; A A N: Dy=200 ym, x=20D; 1100 73: D, =200 um, x=40D; - similarity profile calculated
through equation (17)

for an inlet particle velocity profile similar to that of the fluid. It is the authors’ feeling though that
relations of a similar form might still hold for solid—air flows of different characteristics than those
described previously.

Non-dimensionalizing the axial particle fan-spreading’ turbulence at each axial station by the
corresponding value obtained via equation (16), and the radial by the axial distance, the plot of
Figure 12 is produced for particles of uniform diameters D, =100 ym and D, =200 um. It is clear
from this figure that this transformation reduces the ‘fan-spreading’ turbulence profiles to a single
profile, despite the scattering of values; this is an indication that there exists profile self-similarity
for the large particles with o =00. The self-similarity of profiles extends farther downstream
{x=40D) for the particles with D, =200 um, whilst it is substantially delimited upstream (x = 10D)
for the smaller particles (with D, =100 ym). This observation is reasonable, since it has been
noted earlier that the fan-spreading’ mechanism is active even far downstream for the bigger
particles, whilst for smaller particles it is limited to regions close to the injection point. The
similarity of profiles gave rise to an effort for their analytical description; it was found that the
self-similar profile can be matched by a curve defined by the following relation (Figure 12):

Utan/Ut16y~ sech? 1 +sech? £+ Q, an

where A=f(r/x—a/10), E=8|r/x—a|’, 0=3/40, x=1/8, §=26, y=6/5 and §=20.

The fit of the curve produced via relation (17) to the predicted data of Figure 12 is satisfactory,
despite the high degree of scattering of these data. Hyperbolic functions, as those of equation (17),
often describe the similarity region of free jets;?* from this point of view, the form of relation (17)
seems to be realistic.

CONCLUSIONS

A computer algorithm for two-phase, axisymmetric flows, embodying the ‘Stochastic Separated
Flow’ (SSF) model for simulating particle dispersion, has been used in this work in order to
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identify numerically the influence of the inlet particle diameter distribution and standard
deviation on the downstream axial particle turbulence of a particle-laden, turbulent, round jet.
Numerical computations have been made for 30, 100 and 200 gm particles with standard
deviations 0-0, -1, 0-2, and 0-3. It was found that the particles acquire axial turbulence via the
interaction with the fluid, and via the ‘fan-sprcading’ mechanism. The ‘fan-spreading’ turbulence
is insignificant for small particles, whercas it is of considerable magnitude for bigger particles,
decreasing with an increase of the standard deviation of particle size distribution. Furthermore, it
was observed that, at the same downstream position, the ‘fan-spreading’ mechanism is stronger
necar the jet axis than near the jet edge. Also, this phenomenon becomes weaker with increasing
distance from the jet exit. An analytical expression which estimates the ‘fan-spreading’ turbulence
on the jet axis as a function of particle mean diameter, standard deviation and axial distance has
been proposed and tested for several cases with good results. Finally, it was shown that the
fan-spreading’ axial turbulence profiles of the large particles (for monodispersed particles) are
self-similar. These sclf-similar profiles were found to obey an analytical expression involving
hyperbolic trigonometric functions, which commonly describe self-preserved velocity profiles of
free shear flows.
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