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Abstract. The scattering of particles, reflected from a rigid surfasequmerically studied.
The effects of surface roughness and particle non-sphegace analysed separately and in
combination. A high-speed subsonic gas—particle flow in e-diimensional channel with
a wedge step is simulated. The particle-phase flow patterdscancentration profiles are
obtained for rough wedge surface and for particles, disteidh in size. These results are
compared with those for smooth wedge surface and monosaréidips.
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1. INTRODUCTION

Modelling two-phase gas—particle flows near solid surfaces must cossiche
stochastic factors which can be essential in one flow or another. Amosg the
factors are the following:

e roughness of the surface, which randomizes the local particle—wallioolasigle
and, as a result, the post-collisional particle translational and rotatioloaitees
and the reflection angle;

¢ non-spherical particle shape, which is also a reason for non-regilection of
particles;

e size distribution of the particles;

e collisions between particles, which make their motion chaotic;

e turbulence of the carrier gas flow, which randomizes the forces on ttielps.

This paper describes in detail the first two factors separately and in cambin
tion, and then discusses the interaction between the particles scatterintjdlepar
wall collisions and the dispersion of particles in a flow due to their size distrifoutio
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High-speed flow in a horizontal channel with a wedge step is investigated
numerically. For this flow an estimate is obtained for the upper limit of the
particle concentration, at which the assumption of a dilute one-way coupledsf

valid. Coarse-grained particles, considered in the present study,imavehannel
following “ballistic” trajectories, so that the turbulent fluctuations of the iearr

gas flow parameters play no role. In calculations, the wedge surfaghmess,

the particle size and the mainstream velocity have been taken close to those in
experimentsT].

2. PARTICLES SCATTERING IN PARTICLE-WALL COLLISIONS

There are two physical reasons for irregular reflection of particlediding
with a solid surface: the surface roughness and the non-spheraga siiparticles
(see, e.g. Chapter 5 id]). We consider these factors at first separately and then in
combination.

2.1. Effect of the surface roughness

The roughness is usually a result of the manufacturing process. leowev
high-speed flows, in which the velocity of particle—wall collisions exceedssl
tens of meters per second (e.g. about 50 m/s for hard particles and a chattille
wall), an essential roughness appears in the process of erosionuofaaesby
multiple particle impacts. The photo in Fig. 1 demonstrates the erosive effect of
a high-speed gas flow, containing corundum particles, on a wedge atifedu
metal after several minutes. A schematic view of a wedge in the test section of
a closed-jet two-phase wind tunnel is shown in Fig. 2. The wedge angtpia e
to 30, the mainstream particle velocify,, = 200 m/s and the particle radius
rp = 16 pm. The clearly visible roughness relief has the form of waves with long

Fig. 1. Wedge of a ductile metal after being subjected to a highdpees flow containing
corundum particles.
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Fig. 2. Schematic view of a wedge in the test section of a wind tunnel.

crests oriented across the flow. Such roughness can be descrifrectiagately

by a two-dimensional profile in a plane, normal to the leading edge of a wedge
The local collision angle of a particle with a rough surface is obviously sand
Therefore the post-collisional particle velocity and the particle reflectigheaare

also random, the reflected particles are scattered even if they are sphdréheir
impact velocity and the angle of incidence are fixed. The reflection ofrmathe
particles from a rough wall has been studied in®]. In the two-dimensional
collision model, proposed irf], the local collision angle was represented as a sum
of aregular angle of incideneg and a random local angteof surface inclination.
The value ofy was assumed to satisfy the Gaussian distribution with a mean
value of0° and a standard deviatien, that should be chosen from the agreement
between the numerical and experimental results. Negative values ofltiséono
anglea; +~ were considered as physically impossible. This model was extended to
the case of a three-dimensional surface roughneds iS{ibsequent measurements
of actual two-dimensional roughness profiles showed that the distribofion
differed from the Gaussian law at < 15°, and the difference was the greater, the
smaller wasy; [°]. A collisional model with a distribution of the collisional angle,
depending on the angle of incideneg, was proposed irf[. This dependence was
determined from precise measurements of roughness profiles.

Our approach uses a direct numerical simulation of particle—wall collisibns.
is based on the detailed geometry of a surface profile, and no assumpédonade
for the distribution of a local angle of surface inclination.

Consider a roughness that results from the erosive action of partidles.
actual surface profile shown in Fig. 1 was measured with a "Rank Taylbséh"
profilometer across several longitudinal sections of the wedge. THegaoation
of the measured profile is presented in Fig. 3a (in this figure thezaisiglirected
along the wedge surface apdnormal to it; note that the scales along the axes
are different). We treat a roughness profile as a quasi-perioditidong ) with
randomly varying phase and amplitude and use the following algorithm (peapo
earlier in [']) for numerical generation of a stochastic functigix). In the plane
x,y the sequence aN points is set, with coordinates;, = 0, z; = ;-1 + £
(i=2,...,N),andy; =n (i =1,..., N), where¢ andn are Gaussian distributed
random variables with means and standard deviations givédcas: h/2, o <
h/6, M, = 0, 0, < ymax/3. Parameters andym,., correspond to the mean step
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Fig. 3. Configuration of the actual (a) and generated (b) roughnes§le (left) and
corresponding particle scattering indicatrixes (righf); = 200 m/s,r, = 16 um, a; = 15°,
as is the angle of particle reflection from a smooth surface.

and maximal height of profile peaks. The values:péndy;, which fall out of the
intervals fr;—1 + h/2 — 30¢, zi—1 + h/2 + 30¢] and [-30,,, +30,)], respectively,
are ignored, and the sample is repeated. Then we construct a cubictbptingh
this set of points, which is defined as the roughness profile. A sample pfdfike,
generated with the statistical valug& = 80 um, o = 10 um ando,, = 20 pm,
is shown in Fig. 3b.

The main objective of roughness profile simulation in modelling of a two-
phase flow over a rough surface is to describe the scattering prop#timsactual
surface. One of the most important parameters here is the particle reflangén
as (the angle between the velocity vector of the reflected particle and the mean
line y = 0). The probability density function (PDF) of this angle at the fixed
particle impact velocity/},; and the angle of incidence; describe the scattering
of reflected particles. The PDF, plotted in polar coordinatesig the polar angle,
PDF is the polar radius), represents a particle scattering indicatrix, wiiels g
an illustrative description of the probability of the particle reflection in diffiere
directions.

We use the following technique for the calculation of the PDF. The position
of an incident particle is sampled randomly from the uniform distribution and
the local collision angle is determined. Then we calculate the post-collisional
particle velocity and the local angle of its rebound relative to the local profile
inclination, using the semi-empirical model developed®(fhis model is valid
at a high particle impact velocity). For some parameters, a test particle after its
first rebound can collide with the wall again within one hole of the roughness
profile. Considering the particle kinematics and the detailed geometry of &eprofi
we calculate the possible second, third etc. collisions before a particletsdiidy
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from a surface and flies away. Note that ignoring such double or multifilsions
may cause a large error in calculation of the reflected amglevhich can take even
a negative value that is physically impossible). Repeating this proceduaédme
number of test particles and sequential statistical processing of the igisakshe
PDF of . In our calculations, the number of test particles was abott

The scattering indicatrixes, calculated for spherical particles, and tighness
profiles, shown at the left of Fig. 3, are displayed on the right of Fig.TBe
particle impact velocityl,; and the particle radius, were taken equal to 200
m/s and 16um, respectively. By and large the indicatrixes obtained for the
actual and numerically generated profiles are close to each other ace then
scattering properties of these profiles are in close agreement. Numezakis p
on the indicatrix, corresponding to the actual profile, are explained bgrtre
length of the wedge side in experiments, which is not sufficient to be statistically
representative. In calculations, it was equal to 2.5 cm (Fig. 1), whehealength
of the generated profile was equal to 20 cm. As is seen from Fig. 3, the dotnin
direction of particle reflection from a rough surface differs greatlynftbat from a
smooth surface (the dashed lines).

2.2. Particle shape effects

Most actual two-phase gas—particle flows contain non-spherical lgarti8uch
particles are scattered when reflecting from a rigid surface even if tliacsu
is smooth. A general approach to solving the problem of the reflection of an
arbitrary shaped particle from a smooth surface is outlined]indhapter 5. The
problem is three-dimensional and it is very difficult to solve for an arhjtrem-
spherical particle having three components of translational and anggltzity.
There are very few adequate models of the impact of arbitrary shapitigson a
surface {]. A collision model becomes more complicated as the impact velocities
increase. However, we do not have to solve the general problemeén tarabtain
useful estimates for scattering. Therefore we use a two-dimensional staidifi
to investigate the effect of the particle shape on the scattering from bothtlsmoo
and rough surfaces. We assume that the plane of particle motion coinditiésw
plane of symmetry. In addition, we simplify the impact model: we assume that the
particles do not slide on the surface during collision (i.e., the restitution cisefti
of the tangential component of the particle contact point velocity is zenal) ttze
restitution coefficient of the normal component of the particle contact pelatity
anc has a constant value. In calculations it was taken equal to 0.8 that is altypica
value for angles of incidence in the vicinity of, = 15° in a wide range of the
impact velocity.

Using this simplified collision model, we considered four different shapes
of particles: sphere, ellipsoid of revolution with a small eccentricity, culsk an
parallelepiped. Figures 4 and 5 show the scattering indicatrixes of particles
reflected from the smooth and rough surfaces, respectively.
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Fig. 4. Scattering indicatrixes for particles of different shaglected from a smooth surface;
o = 15°,a = 32 um.
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Fig. 5. Scattering indicatrixes for particles of different shaplected from a rough surface;
o = 15°,a =32 um.

The obtained results demonstrate clearly that the shape of particles has a
significant effect on how they scatter when reflected from a smootheirfThis
effect disappears when the surface is rough, so we can ignorelgatigpe and,
for simplicity, assume them to be spherical when modelling scattering fronihroug
surfaces. Note that we considered small particles as compared with theoca
roughness, and the ratio of major to minor particle dimensions was of theafrder
unity. The above conclusion is very important for modelling two-phase flows

131



3. EFFECT OF PARTICLE SCATTERING
ON THE PARTICLE-PHASE FLOW

Besides scattering of reflected particles, another cause of particle mixing in
a particle-laden flow is the particle size distribution. Particles of differedii ra
have different inertia and move in a gas flow with a different velocity lagerg&¥
they impact with the smooth surface of an obstacle at the same point, their angles
of incidence and impact velocities are different, and hence, their ptstiaoal
parameters are also different. This results in a redistribution of the pariicles
a flow that can be also interpreted as particle dispersion. We considefféht e
of particle size distribution in combination with particle scattering due to surface
roughness on the particle-phase flow structure by an example of a [églls
subsonic gas—patrticle flow in a two-dimensional channel with a rough eveteg.
Taking into account that scattering of particles, reflected from a rouglace,
depends on the particle shape very weakly, we consider only spheaitelles.

Let us assume that the particle size distribution in the main stream is described
by the log-normal law (this law is often used to represent the size of solidlea).
In this case the particle mass frequency distribution function has the form

1 Inr, —1In T‘M>2
o = — — ———*= . 1
9oc (1) V2nrpIno P [ < V2rlno @

Figure 6 shows the plots of this function used in calculations. The most
probable particle radius,,, is the same for both distributions. The flow of mono-
sized particles with radius, = r,,,, was computed for comparison. The parameter
o in Eq. (1) characterizes the deviation of particle sizes. The vatuesl.2 and
o = 1.728 correspond to the standard deviation 0.182 and 0.546 of the logarithm
of the particle radius. The parametey in Eqg. (1) is related with,,,, and o
7, = Tpm/ exp(21n® o).

(r '
gac( p) Pom = 16 pm

0 /20 40 60 rp,pm

Fig. 6. Particle mass distribution function in the main stream.

132



3.1. Numerical model of the particle-phase flow

The scheme of the flow is shown in Fig. 7. We assume a low concentration
of particles so that we can neglect the effect of collisions between partcld
the reverse effect of the particles on the carrier gas flow. By applyinguto
problem the procedure, described ifi][for a uniform flow over a body, we can
estimate the upper limit of the particle concentration in the main stream when
these assumptions are valid. In terms of the particle volume fraatign these
estimates for coarse-grained monosized particles can be expressddwas. fthe
inter-particle collisions are negligible when,, < 7, cos 5/(30A) and the two-
way coupling effects are negligible when., < r,/(4A) (8 andA are shown in
Fig. 7). For the used valueg = 16 um, 8 = 15> andA = 0.2 m, the first estimation
givesape < 3 x 1075, and the second ong,., < 2 x 1075, Thus the model of
dilute one-way coupled flow is valid in our problemif, < 3 x 107°.

At first, we solved numerically the Euler equations to determine the carrier gas
flow field (a TVD-scheme of the second order was used), and thenlai@duhe
particle trajectories.

The system of equations, describing the motion of an individual particle
includes the momentum and angular momentum equations and the kinematic
relation for the particle radius-vector

av;

dw dr
mpFZfD‘i‘fMa Jp—2

P _1 =
dt b dt

Herem,, Jp, V,, andw, are the mass, the moment of inertia, the translational
velocity and the angular velocity of a particle, respectively. The aemuyndrag
force fp, the Magnus forcefyr, and the damping torqug, acting on a particle
from the carrier gas, are defined as

=V, )

1
fo= §CD7W’;2,P\V - WV -V,),

4

fu = ngﬂ'rgp[(w —wp) x (V=V}, (3)

1
I, = ECngP’w — wp|(w — wp).

’ ‘ Voo = 200m/s :‘

‘ Cloud of particles y i j j
1 1 1 -

0 4 cm

Fig. 7. Scheme of flow in a channel.
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The drag coefficient’p was calculated from the Henderson approximate
correlations {!]. For the case of a subsonic flow regime over a partitlg « 1)
and negligibly small difference between temperatures of the particle andrttierc
gas (,/T = 1, such conditions were realized in the considered two-phase flow),
the formula forCp, takes the form

-1
2.12 Re, [2
Cp =24 [Rep + Mp\/g {4.33 + Toes X XD (—0.247% - > H
' p

N M, 4.5+ 0.38 (0.03Rey, + 0.48+/Rep,)
ex —
P\ "2 /Re, 1+ 0.03Re, + 0.48\/Re,
2 8
+0.1M7 4 0.2M;

M
+O.6Mp\/g [1 — exp <—R—€p>} ,
P

(4)

Rep, =

wherev is the kinematic viscosity and the sound velocity. The Magnus force
coefficientC,, depends on the parametgy = r,|w — w,|/|V — V,,| and it was
calculated using the relation suggested'#j for the case oRy,, > 0.45 and was
taken equal to 3/4 otherwise:

3
S 0.45 + (27 — 0.45) exp (—0.07570 Red )], 27, > 0.45,
C, = w
%, 27, < 0.45.
(5)

The damping torque coefficien®; was determined using the approximate
formula from ['3]:

Oll 012 1 rg|w — wp|
G = = Ciiy/Repo+ Cin) . Repy = 2021,
! v Repw + Rep,  Repy, ( i Cpw T+ lQ) “p v

(6)

where the values af’;; andC), for different ranges ofRe,,, are as follows:

Rep, 0—6 6-20 20—50 50—4x10*
Cn 0 5.32 6.44 6.45
Cp 167 372 32.2 32.1
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Particles in the undisturbed main stream were assumed to be distributed
uniformly, their translational velocity was taken equal to the gas veldgityand
the angular velocity was zero.

A modified Crowe method (original version is described ij)|was used to
compute the distribution of the particle concentration in the flow. We now briefly
explain the method. Let us consider in an undisturbed flow a particle cloud with
a height ofA and a length of_., containing/V,, particles. Divide the calculation
domain into cells by introducing a regular grid. The valuelgf together with
the main stream velocity,, determines the scale of time averagifig= L,/ Vo.

Let 74;; be the residence time of thgh particle in the celk, j (r;; = 0, if the
trajectory of this particle does not go through this cell). The time-averagsditie
densityn,,;; in the celli, j of volume(;; can be calculated as follows:

1 &

In a similar way the particle volume fraction in this cell is determined as

Np

1 3
Qpij = QijT kZ:l TkijTpks (8)
wherery,, is the radius of théth particle (., = r, for monosized particles).
Although the particle volume fraction in the initial cloud is taken constant and
equal toay,o, the locations of particles in this cloud are taken at random. However,
random sampling of the particle locations result in some fluctuations of thelpartic
volume fraction in the initial cloud. To decrease the effect of these fluchmta
the resulting field oty,, we use the following correction scheme. The initial cloud
is divided into a set of small clouds. Consider #t@ particle in the initial cloud
and denote;, the small cloud inside which thieth particle is located. Let,,, be
the average volume fraction of particles in the claydLet

Apoo
Naler) = =3 9
Qpey,

Now the corrected expression fag, in the cellz, j takes, instead of (8), the
form (subscriptg andj are omitted)

N,
1 P
ap = ar kzzl [Tkrgk‘na(ak)]. (20)

Here the factorg, (1) play the role of weight coefficients. They take into account
the difference between,., anda,., for small clouds from which the particles
travel through the grid cell.
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For the polydisperse particles, the resulting valuexgin the cells, j can be
found as the sum of the particle concentrations calculated for particleSerbdt
size fractions

N,
Qp = Z Qpr, (12)
r=1

where N, is the total number of particle size fractions used in calculations
(subscriptr denotes the size fraction), and the volume fractign of particles

of the rth size fraction must be calculated from Eq. (10). In our calculations we
used values oiV, from 50 to 90.

3.2. Discussion of computational results

The computation domain had dimensiond &fx 0.2 m, and the inlet boundary
was 0.5 m away from a wedge edge. The carrier gas was air with the fofjowin
parameters at the inlet cross-sectidf, = 200 m/s,T,, = 268 K, P, = 10° Pa.

The wedge material was a weak steel, and the particle material was corundum
(density 3950 kg/it). The roughness profile of the wedge surface was generated
numerically as described in Subsection 2.1. For comparison, we alsarpedo
calculations for a wedge with a smooth surface. The top wall of the chavasel
smooth. Monosized and polydisperse particles with a log-normal size dtstribu
were considered.

Uniform gas—particle flow over all inlet cross-section was assumed when
simulating the distribution of the particle volume fraction in the channel. However,
for the visualization of the particle-phase flow we followed the motion of pasticle
from the thin (a half of the step height) layer adjacent to the bottom wall of the
channel. The flow patterns and the outlet distributions of the relative particle
volume fraction are shown in Fig. 8. It is seen that the particle dispersien du
to particle size distribution is as important as that due to the scattering of particles
reflected from the rough wedge. The role of size distribution increa#sthe
standard deviation of the particle size, and it becomes prevalent wheawuiatioin
is large enough. Note that for= 1.728, the distributions ofy, /o, at the outlet
cross-section practically coincide for smooth and rough wedge ssrfaberefore
in this case the role of roughness is negligible compared with that of the particle
size distribution.
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Log-normal distribution: rp,, =16 ym, o = 1.2
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Fig. 8. Instantaneous patterns of particles in the channel flow averedge step (left) and
profiles of the particle volume fraction at the outlet crgsstion of the channel (right) for
monosized and log-normal distributed patrticles.

4. CONCLUSIONS

Our analysis leads to two important conclusions.

First, the effect of the non-sphericity of particles (we considered eltigsof
revolution with small eccentricity, cubic and prismatic particles with the ratio of
sides equal to 0.8) is negligible compared with that of the erosive rouglufi¢ise
surface on the scattering of reflected particles.
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Second, the role of particle size distribution (we took the log-normal law)
in dispersion of particles downstream the channel flow can becomemieaiat
over the effect of the roughness with increasing standard deviatioarto€le size
distribution.

One more essential effect relating to the wedge roughness should e Tibee
additional drag force of the wedge in a gas—patrticle flow due to the partickcisp
was calculated for the cases of smooth and rough wedge sides. In thedagdhe
force was found to be twice as large. This can be explained by the iecoédse
effective mean angle of particle impacts with the increase of the roughness.
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Osakeste hajumine seinap0rgetel ja selle moju
tahkefaasi voolule

Yury Tsirkunov ja Sergei Panfilov

Matemaatilise modelleerimise meetodil on uuritud osakeste hajumist pdrkumi-
sel jaigalt pinnalt. Pinna kareduse ja osakeste mittesfaarilisuse mdju onsinadiii
nii eraldi kui ka Gheskoos. On modelleeritud allahelikiiruselist gaasictake
voolust kahem&dtmelises kiilukujulise astmega kanalis. Tahkefaasi voolavali
kontsentratsiooniprofiilid on saadud karedapinnalise kiilu jaoks, vottessagv
osakeste jaotust suuruse jargi. Tulemusi on vorreldud voolamisegapiiladhse
kiiluga kanalis monofraktsiooniliste osakeste korral.
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