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Velocity autocorrelation function of a dispersion of heavy particles in a turbulent
flow: on the effect of interparticle collisions
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The effect of particle-to-particle interactions on the dispersion and on the velocity auto-correlation function of heavy particles in a turbulent
flow, is presented. The inter-particle collision process is based on a direct numerical simulation approach, which requires that all the particles
be simultaneously tracked through the flow field. In the first part of the paper, the turbulent characteristics of the velocity of non-colliding
heavy particles which disperse in a vertical, nearly isotropic, grid generated decaying turbulence air flow, are presented. In the second part
of this investigation, the solid particles are allowed to collide. The numerical predictions confirm the fact that the inter-particle collisions
promote a decrease of the lateral particle dispersion, the particle velocity autocorrelation function and the mean lateral velocity of the
particles.
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Se presentan los efectos de las interacciones entieylas sobre la dispefsi y sobre la fun@n de auto-correladn de velocidades de
parfculas pesadas en un flujo turbulento. Los procesos de @oliitre paitulas est basado en una simulaai nunerica directa, que
requiere que todas las patlas sean simuiheamente seguidas a teavdel campo de flujo. En la primera parte delcaitb se presentan las
caracteisticas turbulentas de las velocidades deipalds pesadas y sin colisi que se dispersan en un flujo de aire turbulento decayente
vertical, casi iStropo y generado por una malla. En la segunda parte de esta invéstigades permite a las pautlas $lidas colisionar.

Las predicciones nuérmicas confirman el hecho de que las colisiones entrécpis promueve una disminaci de la dispersin lateral de

las partculas, de la funéin de autocorreladin de velocidad y de la velocidad media lateral de lad@aes.

Descriptores: Disperson de paiiculas; funcdbn de autocorreladn de velocidades; flujos turbulentos

PACS: 47.27.Gs; 47.55.Kf; 45.50.Tn

1. Introduction lisions, have a large effect on the dispersion of particles even
at small solids volume fraction. They also found that as the

The prediction of the dispersion and concentration of heavolid loading increases, the particle velocity profiles become
particles in a turbulent flow, is a very important task in someincreasingly isotropic.
industrial processes and natural phenomena. Examples are The solids volume fraction, defined as = nV,/Vr,
the atmospheric spread of radioactive or chemical pollutantayheren is the total number of particles in the volunié,
and the atmospheric transport of rain, sand, dust and ash. and Vp is the volume of an individual particle, is a useful

When a particle with a diameter much smaller than thequantity to determine the importance of the inter-particle col-
Kolmogorov scale is transported in a turbulent flow, the in-lisions on the properties of the dispersed particles. For ex-
teraction between it and its surrounding fluid, may be in “oneample, Tanaka and Tsuji [1] used in their predictions values
way”. However as the particle mass loading ratio begins t®f « in the interval 1.0 x 10* < o < 1.0 x 10°2. In our
increase, the suspended heavy particles may also modify tigémulations we used = 0.0089.
turbulent energy of the carrier fluid (“two-way coupling”). Lavieville et al. [6] have reported that if standard La-
When the particle number density increases further moregrangian approaches are used to predict the dispersion of
the particles begin to dynamically interact between them. Imon-settling, colliding, elastic particles in a turbulent flow,
this situation, the inter-particle interaction may partially gov- it results (as the collision frequency increses) in:
erns the dispersion and turbulent properties of the particulate
phase. This is the so called “four-way coupling”, which has ) e
been the subject of much effort in the recent years [1-7]. - sion coefficient, ) o

Tanaka and Tsuji [1] used a direct approach (very sim- () @decrease of the particle kinetic energy and
ilar to the one presented in this paper) to determine the ef-(iii) a decrease of the fluid-particle velocity covariance.
fect of inter-particle collisions on the velocity and concen-They have mentioned that these effects appear, due to the de-
tration of particles, in a fully developed vertical gas-patrticlestruction of the fluid-particle velocity correlation that takes
pipe flow. Tanaka and Tsuiji [1] found that inter-particle col- place during the collision process.

(i) an appreciable decrease of the effective particle disper-
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More recently Sommerfeld [7] introduced a Lagrangiancles. Hence, in order to know the trajectory of each individual
one way model, that takes into account the correlation of thgarticle, we solve the following set of Lagrangian equations:
velocities of colliding particles in a homogeneous isotropic
turbulence. Sommerfeld assumed that the velocities of col- duip _ Ui = Uip _ Si2g (1 — p) ’ (1)

liding particles are correlated, since they are within the same a7 Pp

turbulent eddy during the collision process. . . .

In this paper the effect of particle-to-particle |nteract|onsWhereui‘ are the mstantanqus velocities O.f the fluid ang
. . . i . are the instantaneous velocities of the particle4 £,3). The
on the dispersion and the velocity autocorrelation function . L . i /
. . . .Instantaneous velocity of the fluid is definedias= U; +u..
of spherical heavy particles that are transported in a vertiz : e Sl L
: : . The dynamic characteristic time of the particle is defined as

cal decaying turbulence is presented. The calculation of the N

= m,/(3rufd,), whereu andp are the dynamic vis-

interparticle collision process is based on a “one way”, stan’? . . : : .
dard, direct numerical simulation approach, which requiresggige?;?()gegf‘;y of thz;l;(lid r?giﬁgvzggzi:hen?;g\;'gn d
that all the particles be simultaneously tracked through the ' P> M b Y

flow field [1]. In the momentum equations of the particles,d'ameter of the particle respectively. The non-linear drag co-

- ‘e i _ .687 _
the body force and the drag force are included. The interpartigz'g'?; Iio?évsezubr%ﬁe: isl +eo;15|:\;l£U ,/whg:]% tUhe pgr
cle collision detection model is based on a hierarchical Tree; y Re=pdpUrer/p, rel

algorithm [8], which efficiently performs the search of the the relative velocity between the particle and its surrounding

. . el e . eddy [10].
nearest neighbors of each patrticle (the “pilot” particle). Once The fluid velocity fluctuationSL(Z.) seen by the parti-

the neighbors of the “pilot” particle are identified, a number es along their traiectorv. are aenerated as Gaussian ran-
of transcendental equations are solved to predict the possib? 9 Ia) A gene .
om numbers with standard deviation given by the local

collision time between the pair of particles. The fully elas- """ 7 .
tic post-collision position and the velocity components of theVarancesu; [11]. A standard Mor_wte-Ca_rIo process, with-
out memory between two succesive fluid velocity fluctua-

colliding particles, are obtained by solving the impact equa-. b ticle. has b d. The int ting ti
tions under the assumptions of an instantaneous binary co lons seen Dy a particle, has been used. The interacting ime
lision and a very small contact surface [9]. The successiv particle-eddy), also known as eddy-life time, and the length

velocity fluctuations of the fluid elements seen by a heavyscale. of the eddy surrounding each partiplg, are deter.mined as
particle are generated (by using a Monte Carlo procedure) 6{ nt:jogzof the IchaI tlirbu2lengcp /a;r;ctenrs]tlcs of ths floe,
Gaussian random numbers with standard deviation given by’ ? b' Iﬁ/i En t'I = (2x/ )d it ’(’j.w .er(?/” an te are

the local turbulent characteristics of the flow field [10, 11]. € turbulent kinetic energy and Its dissipation rate respec-

) ) . . tively [10].
The model is used to predict the dispersion of heavy par-
S pred! Ispersi VP For small time intervals (less than the eddy-life time and

ticles, which are released, as an instantaneous “puff” into S ) . .
vertical, grid generated decaying turbulence air flow. In th ess than the collision time with another particle), the solution
’ . of the Egs. (1) is as follows:

first part of the paper, the trajectory of each patrticle is calcu
lated by assuming that the particles in the cluster do not col-
lide. The non-interacting particle results (obtained in a ver- % ~ “# ~ (ui = tipo) exp (=1/7p)
tical rectangular parallelepiped domain with lateral periodic P

boundaries) compare successfully with the experimental data —0i2g <1 N pp> L —exp(=t/m)lm ()
published in the literature [12]. In the second part of the paper

the particles in the instantaneous “puff” are allowed to col-Whereu;,, are the initial velocities of the particles (at= 0).

lide. In order to promote a great number of inter-particle col-

lisions and to quantify the real influence of this phenomenorB_ Collision Detection Algorithm

on the particle dispersion and on the particle velocity autocor-

relation function, the computational domain was also definedrhe collision detection algorithm is based on the solution of a
as a vertical rectangular parallelepiped with lateral periodigranscendental equation which is a function of the relative po-
boundaries. The numerical predictions confirm the fact thasition between two particles (a “pilot” particle and its neigh-
the inter-particle collisions promote a decrease of the followhor). If one zero (collision time) of the transcendental equa-
ing: tion is found, it means that the pair of particles will collide af-
ter this time. A hierarchical Tree algorithm (Tree-structured
data) is used to efficiently search the particles that are located

(i) the lateral particle dispersion,

(i) the particle velocity autocorrelation function and in the near neighborhood of the “pilot” particle [8]. In the
(iii) the mean lateral velocity of the particles. detection collision algorithm it is assumed that after a small
time increment, the “pilot” particle is at the new position
2. Lagrangian Approach c = X, + u, t, wherex, is the particle initial position vector

andu, is the particle velocity vector. It is also assumed that
In the numerical predictions, it is assumed that the drag andfter the same small time incrementhe neighbor particle is
the gravity are the only forces acting on the spherical partiat the new positioe = X, + 1, t, where the overbar refers to
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the neighbor particle. In the numerical procedure a collisiorthe trajectory equations, the collision condition equation and
occurs where + d = ¢, where the magnitude of the vecidr the velocity Egs. (2), the following transcendental equation

is the sum of the radii of the particlesl |=r, +7,. Using is formulated:
|

[t (U — (@ = Upo) exp (—1/Tp) — u+ (u — upo) exp (=t/7p)) + (To — CL’O)‘|

+

t<v— (8 — Bpo) exp (/%) — g (1 - p") [1 - exp(—t/rp>] 7
2
TP) + (yo - yo)]

(W — (W — Wpo) exp (—t/Tp) — w + (W — wpo) exp (—t/7)) + (Zo — zo)] =(rp+7)% (3

—v+ (v —vpo)exp (—t/7) + g (1 — PZ) [1 —exp (—t/7p)

+

Here,z,, y,, andz, are the components &f,; upo, Vpo, and
wp, are the components af,; andu, v, andw are the compo-
nents ofu the velocity of the neighbor fluid. Similar notation
is used for the neighbor particle. The solution of the Eq. (3)
provides the collision time between the “pilot” particle and
the neighbor particle.

I
wherem1, mo, r1, 72, I andl, are the masses, radii and mo-

ments of inertia of the particles 1 and 2. The veatgrcor-
responds to the vectal of the previous section, hence when
the particles are in contact, this vector joins the centre of the
particle 1 with the centre of the particle 2. The vedipris
the collision impulsive force. This force has two components
4. Collision Model

(i) the normal component (parallel to the veates) and
Once the minimum collision time has been found (between (jiy the tangential component (perpendicular to the vector
all the collision times detected), the new position of all the r12).
particles in the flow field is calculated by using, as time in-
crement, the minimum collision time. After this time, two Forideal rough spheres, the tangential component is given by
particles are in contact, so the collision model is applied. In

impLl
the collision model it is assumed the following: Spt = 4 M (5)
7 1/m1 + 1/m2

(i) the impact has a short duration time, In the Eq. (5) it has been assumed that the magnitude of the

(i) sudden changes occur in the velocities of the particlesS"p velocity vector after the collisioivﬁg”pr is equal to the

(i) two ideal elastic, rough spherical particles collide (bi- negative of the magnitude of the slip velocity vector before
nary collision assumption) with velocities; and v, the collision (rough spheres)e.,
(the subindex 1 is for the “pilot” particle and the ‘ ) ,
subindex 2 is for the neighbor particle) and [Vimp Ll = _yimed) (6)
(iv) the kinetic energy and the linear and angular momen-
tum are conserved. 5. Results

After the collision, the velocities of the particles aré and ) . . . .
v},. The state of the particles after the collision is obtained byThe Lagrangian approach is used to predict the dispersion

solving the following equations of impulsive motion [1, 9] of hea\(y parti_cles (without and with collisions) in a ver.tical,
nearly isotropic, grid generated, homogeneous, decaying tur-

miv, =mivi + op, bulent air flow [12]. In the experiment of Snyder and Lum-
, ley (1971), particles of different size and material (ranged

maVy =maVy — 0P, from light to heavy patrticles, see Table I) were injected at the

P Y So/1 positiony /M =20, wherey is the distance from the grid and

Wy =@1 + ————r12 X 0p/11, M=2.54 cm is the grid spacing. The experimental air flow

1+ 72 |
turbulence data are the following:
@y =@a + ri2 X 0p/Ia, (4)
1+ T2

(1) the mean vertical upward (streamwise direction) air ve-
locity V' = 6.55 m/s,
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(2) the mean lateral and transverse velocitiesis well predicted after 400 ms. It means that at short distances

U=W=0m/s, from the grid, the energy of the heavier particles in the exper-
(3) the energy decay in the streamwise directioniment was hlgher than in the simulations. It may be argued
(V)Q /02, that in the experi.m'e.nt, the particles at the point of injection
(4) the energy decay in the lateral and transverse directioﬁrObabl_y had an |_n|t|al lateral movement. It is obse_rved that
(V) Ju? = (V) 0, or the_llghter particles (hol_low glass_), the computatmns pro-
R vide higher lateral fluctuating velocity A reason of this be-
(5) the turbulent kinetic energy and haviour probably is due to the Monte Carlo model used to
(6) the turbulent dissipation rate generate the fluid velocity fluctuations of the fluid elements

In order to predict the dispersion, the lateral velocity de->¢€" by the particles.

. . . Figure 2 shows the numerical simulations of the lateral
cay and the autocorrelation function of the particles, 12,80Q article dispersion and the fluctuating lateral particle veloc-
heavy particles were instantaneously released (with an i Persie - 9 P
. . . . ity for non-colliding and colliding particles. It is clearly ob-
tial separation between them of one particle diameter) at thgerved that, due to the effect of the collisions, the dispersion
positiony/M=20 (y=0.508 m). The particles are simulta- ' ' P

neously tracked along the vertical streamwise direction fronf fall the particles is reduced. It is also observed that (when
y/M=20 toy/M=171. In the numerical predictions, the air he collisions are included) the lateral fluctuating velocity is
density and the kinematic viscosity ase1.205 Kg/nt and

— 6 2 ; . P
v=14.93x10 .m s r?SpeCtlvely' The_dens,lty and the diam TaBLE |. Diameter and density of the particles used in the experi-
eters of the solid particles are shown in Table I. ment of Snyder and Lumley (1971)

Figure 1 shows the lateral particle dispersion and the fluc-

tuating lateral particle velocity decay for non-colliding parti- Hollow glass Corn pollen Glass Copper
cles. It may be observed that the lateral dispersion is in agree-Diameter (:m) 46.5 87.0 87.0 46.5
ment with the experimental data. It is shown that the lateral pensity (Kg/nt) 260 1000 2500 8900

fluctuating velocity of the heavier particles (cooper and glass)
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FIGURE 1. (a) Lateral particle dispersiok 2. (b) Fluctuating lat- FIGURE 2. (a) Lateral particle dispersioX 2. (b) Fluctuating
eral@ particle velocity. Both figures without collisions. Com- Iateraluj% particle velocity. Both figures without and with colli-
parison between experimental data (symbols), and numerical presions. Numerical predictions without collisions (lines), with colli-
dictions (lines). Copper: dotted line and (x), Glass: dashed linesions (symbols). Copper: dotted line and (x), Glass: dashed line
and (o), Corn pollen: dashed-dotted line and (+), Hollow glass: and (0), Corn pollen: dashed-dotted line and (+), Hollow glass:
solid line and (*). solid line and (*).
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FIGURE 3. Particle velocity autocorrelation coefficieRt; (see Eq.(7)) at three positions along the longitudinal directigid{=41, 73
and 171). Corn pollen particles without collisions (dashed-dotted line) and with collisions (+). Total number of binary collisions 49,769.
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FIGURE 4. Particle velocity autocorrelation coefficieRt; (see Eq.(7)) at three positions along the longitudinal directigd{=41, 73
and 171). Copper particles, comparison between numerical predictions (without collisions dotted line, with collisions (x)) and the analytical
solution without collisions (solid line) [13]. Total number of binary collisions 42,307.

remarkably reduced for the heavier particles (inertia effects)teristic time of the particles is increased a higher correlation
It is interesting to observe that for the hollow glass particlesjs obtained. It is interesting to observe that the effect of the
the lateral velocities with and without collisions are almostcollisions is to reduce the autocorrelation function. Figure 4
the same, it means that after the collisions, the hollow glasalso shows the analytical results which were obtained by in-
particles immediately respond to the velocity fluctuations oftegrating the equations describing the local particle velocity
the surrounding fluid, so the reduction of the lateral dispercorrelations (without collisions). These equations were de-
sion is mainly due to the restriction of the lateral movementveloped by Nir and Pismen [13] under the assumption that
imposed by the presence of the neighbours (collisions). the characteristic turbulent fluid velocity is much lower than
The lateral particle velocity autocorrelation coeffi- the deterministic particle velocity relative to the fluid owing
cient Ry, for non-colliding and colliding particles has been to the gravity force. The analytical results for copper particles
calculated at three positions along the longitudinal direc-without collisions, were obtained by using a modified particle
tion y/M=41, 73 and 171. The autocorrelation coefficienttime constanty=22.22 s''. In order to calculate the three-

defined as dimensional spectruri(x) that appears in the local particle
_—— velocity correlations equations [13], the following empirical
Ry = M ©) constantsg, = 270, a; = 1700 andas = 10 were used. Itis
ug (0) observed in Fig. 4 that the analytical results also confirm the

is shown in Figs. 3 and 4 for com pollen particles and Coppefact that the correlation functions are not self similar.

particles respectively. Both figures show that the correlatior‘B. Conclusions

functions are not self similar along the vertical streamwise

direction. It is observed that as the turbulence kinetic enA direct numerical simulation model for the prediction of
ergy decays (larger distance from the grid) the computationparticle dispersion has been used to study the effect of inter-
predict an increase in the characteristic correlation time. Aparticle collisions on the dispersion, fluctuating velocity and
comparison of both figures shows that as the dynamic characorrelation velocity of particles that are transported in a verti-
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cal decaying turbulent flow. The results confirm the fact thattonclude that the numerical model developed during this in-
when a standard Lagrangian approach is used to predict thestigation, may be used to verify the analytical models (of
dispersion of colliding, elastic, rough particles it results in annon-colliding and colliding particles) aimed to obtain the La-

appreciable decrease of the effective particle dispersion cagrangian particle velocity correlation tensor, the fluid velocity

efficient, a decrease of the particle velocity fluctuations andtorrelation tensor at the points lying on a particle trajectory
a decrease in the characteristic correlation time. We shouldnd the relative fluid-particle velocity correlation tensor.
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