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Numerical simulation of particle-laden turbulent channel flow
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This paper presents results for the behavior of particle-laden gases in a small Reynolds number
vertical channel down flow. Results will be presented for the effects of particle feedback on the
gas-phase turbulence and for the concentration profile of the particles. The effects of density ratio,
mass loading, and particle inertia will be discussed. The results were obtained from a numerical
simulation that included the effects of particle feedback on the gas phase and particle—particle
collisions. The resolution of the simulation was comparable to the smallest scales in the particle-free
flow, but the grid spacings were larger than the particle size. Particle mass loadings up to 2 and both
elastic and inelastic collisions were considered. Particle feedback causes the turbulent intensities to
become more anisotropic as the particle loading is increased. For small mass loadings, the particles
cause an increase in the gas flow rate. It will be shown that the particles tend to increase the
characteristic length scales of the fluctuations in the streamwise component of velocity and that this
reduces the transfer of turbulent energy between the streamwise component of velocity and the
components transverse to the flow. Particle—particle collisions greatly reduce the tendency of
particles to accumulate at the wall for the range of mass loadings considered. This was true even
when the collisions were inelastic. ®001 American Institute of Physics.
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I. INTRODUCTION over a finite volume. These methods were used by Maxey
et al® to perform simulations of particles and bubbles in ho-
When small suspended particles are present at sufficiemhogeneous turbulence.
concentrations in a turbulent flow, they can modify the struc-  The results presented in this paper were obtained using
ture of the turbulence. In the case of turbulent gas flow, onghe PSIC method to simulate particle feedback in a turbulent
can identify three regimes of particle mass loadimg, in  channel flow. The orientation of the channel was vertical and
which mg<1, mg=0(1), or mg>1. In this paper, the par- the flow of air was downward to facilitate comparison with
ticle mass loading is defined to be the ratio of the mass of th&ulick et al® The particles were either glass or copper with
particles to the mass of the gas in the computational domairsizes ranging from 12 to 3g@m. The particle mass loading
Whenmg<1, one can expect the effect of the particles on thewas varied over the range 0—2. The effects of particle—wall
gas phase to be small. Whem,=0(1), the particles will and particle—particle collisions were considered. In most
affect the gas flow. However, the particle volume fraction,cases, the collisions were assumed to be elastic. The tech-
d,, is very small compared to unity. Therefore, one can, toniques used to include particle—particle collisions are similar
a first approximation, ignore the volume occupied by theto the techniques described by Cheinal %! for droplet—
particles in simulating the gas flow. Provided the particle sizedroplet collisions.
is sufficiently small, one can expect that the particles will Kulick et al® reported the results of experiments on
tend to suppress gas-phase turbulence according to the critgarticle-laden flows in a vertical channel flow. Unlike the
ria suggested by Hetsrdrand Gore and Crowe. simulations in this work, for which the pressure gradient was
Squires and Eatdnand Elghobashi and Truesdelie-  fixed, the bulk flow rate was fixed in their experiments. The
ported the results of particle feedback on homogeneous ga®rresponding Reynolds number was approximately 50 000,
turbulence. In both cases, the particles were sufficientlyhile the Reynolds number in the work to be presented was
small that, following Crowest al.° they could be modeled as roughly 7000. Here, the Reynolds number, Rebased on
point forces acting on the flui@¢he Particle-Source in Cell the hydraulic diameter of the channgélice the channel
“PSIC” method). Pan and Banerj8eused a higher order width) and the bulk velocity. The friction velocity was 49
method to investigate particle feedback on liquids in a turbu€m/s in both the experiments and the simulations. Kulick
lent open channel flow. Maxey and Patééveloped methods et al. performed experiments on both glass and copper par-
for simulating suspensions of small particles in liquids inticles in downward air flows. The particles used in their ex-
which the forces coupling the two phases were distributegberiments were larger than the particles used in the simula-
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tions. Therefore, only qualitative comparisons can be mad@&he gas velocity field satisfies no-slip boundary conditions

between the computed results and the experimental resultson the channel walls and periodic boundary conditions in the
Yamamotoet al? reported LES results for a channel downstream(x) and spanwiséz) directions.

flow at approximately the same Reynolds number as in Ku-

lick et al. experiments. They considered 50 micron glass parB. Particles

gples, 70. rlmcrp n hcqpp_er pl)artlcles+hand |28 m'Tr?jn dlyclopq The particle equation of motion was described in detail
ium particles in their simulations. They also include easucby Chen and McLaughlid The effects of drag, lift, and

particle—particle collisions in their simulations. They consid- ravity are included in the equation. The drag law incorpo-
etreg p?mcle (rjngss”:oa:jlngs equalf o OtOT O.t2, alndt0.4.T'I;]he tes a nonlinear correction to account for finite particle Rey-
study focused in the tendency of particles o cluster. They,, 4q nympers. The drag force included wall corrections that

found that particles with the least inertia showed the greatesf important when a particle is a few diameters particle
tendency to form clusters. They found that particle—particle

- _ fdiameters from the closest wall. The lift force also incorpo-
CO”'.S'O”S and two-way gouplmg reduced the_tendenpy Ohated wall corrections. Particle—particle collisions are not di-
particles to concentrate in low speed streaks in the viscou ctly described in the particle equation of motion; they will
sublayer. In the channel centgr, the. size and shape of partic discussed in the following section. '
clusters pred_|cted by thg simulations were in reasonable The particle relaxation times, is a useful way of char-
agreement with the expgrlme_nts. cterizing particle inertia. In the Stokes flow limit, the drag

The present s_,tudy differs in several respects from that o orce on a particle may be expressed as
Yamamotoet al. First, the Reynolds number is much smaller
and no subgrid scale modeling was used in the simulations. A 1
second difference is that the particles have less inertia, as Fa=— ;(V_ u, &)
measured by the Stokes relaxation time, than the particles
considered by Yamamotet al. The present paper presents Where
concentration profiles for the particles after steady-state con- 2p,/pg+1 a2
ditions are reached, while Yamamagbal. show the instan- =29 —_
taneous locations of the particles in various planes. Finally, ° v
much of the present paper focuses on the effects of the pam Egs.(3) and(4), v is the particle velocitya is the particle
ticles on the gas-phase turbulence. radius,p is the gas density,, is the particle density, and

Sommerfeld® described a stochastic method for comput-is the kinematic viscosity. In the Stokes flow regime, if a
ing particle trajectories which incorporated particle—particleparticle is projected into a quiescent fluid with a horizontal
collisions. His results indicated that particle—particle colli- velocity v, it will travel a horizontal distance equal tg,7.
sions play an important role in redispersing particles that |n all but two of the simulations to be described,
tend to accumulate near the lower wall of a horizontal chanparticle—particle and particle—wall collisions were assumed
nel flow. to be elastic. To assess the importance of inelastic collisions
on the results, two simulations were performed in which the
normal component of the post-collision velocity was multi-
plied by a coefficient of restitutiore. The same value of
A. Gas phase was used for particle—particle and particle—wall collisions.

4

Il. METHODOLOGY

The gas phase is assumed to satisfy a modified Navier—
Stokes equation in which the feedback force on the gas is

included as an effective body force IIl. NUMERICAL METHODS
a—u+u'Vu= ~Vplpg— d_Ps(JrUVzLH_fr_ (1) The gas—phqse equations were solved using pseudospec-
Jt dx tral methods. With the exception of the feedback force, the

In Eq. (1), the symbolsu, t, p, P, pg, v, andf" denote the techniques are essentially the same as those described by

iAL5 16 H
gas velocity, time, fluctuating pressure, external pressure, g;i\éCLaugh"”l and Lyonset al.” The velocity and pressure

density, viscosity, and the feedback force per unit mass, rdi€!ds were expanded in Fourier series in thand z direc-
spectively. tions and Chebyshev series in thelirection. The equations

To compute the feedback force per unit mass, the comVere discretized _in time using a fractional step method in
putational domain is divided into imaginary rectangular re-Which (1) the nonlinear, external pressure gradient, and feed-
gions. Each of these imaginary regions contains one gri@aCk terms were evalu_ate(iz) the fluctuating pressure term
point. The reaction forces exerted by the particles in eacl{as evaluated(3) the viscous term was evaluated.
region are summed and the sum is divided by the mass of gas 1 N€ trajectory of each particle was computed simulta-

contained in the volume. The reaction force of a particle wad1€0USly in time with the gas-phase equations. This was done
the negative of the sum of the drag and lift forces acting orPY solving the equations for the particle velocity and position

the particle. vectors for each particle
The gas phase is assumed to be incompressible dv
V.-u=0. (2) ma:Fd‘i‘ Fl+ Fg, (5)
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dr TABLE Il. Run matrix.

—=V. 6
dt ©® Run ID  Solid e d(um) d* 7 mg N

none
glass 22 0.714 59 0.20 100000
glass 39 129 192 0.20 17000

In Egs. (5) and (6), m denotes the particle mass,is the 1
2
3
4 glass 39 1.29 192 0.40 34000
5
6

particle velocity,Fq is the drag forceF; is the lift force,F, is

the gravitational force, and is the position vector. The
above equations were discretized in time and solved to com-
pute tentative values for the particle velocity and position

[

copper 1 21 0.686 192 0.20 32000
glass no collision 39 129 192 0.20 17000

vectors on each time step. Using the tentative values and the 7 glass 0.9 39 129 192 040 34000
assumption that each particle moved along a straight line for 8  9lass 0.9 39 129 192 2.0 170000
glass 1.0 39 129 192 20 170000

one time step, the possibility of particle—particle or particle—
wall collisions was considered. The procedure for this was
essentially the same as that described by Gétesl1° The

only modification was that the channel was divided into a

. — —3 — —5 AL
three-dimensional lattice of cells and the head of chain-veIOC'ty’l* 3.06<10" “cm andt, =6.25¢10""s. The in

linked lists algorithm described by Hockney and Eastwdod put parameters for the fluid and flow conditions are summa-
rized in Table I.

was used to search for possible collisions between each par- .
. : . . : Results are reported for glass and copper particles. The
ticle and the particles in the same cell or the neighborin o

: : - : s ensities of glass and copper were taken to be 2.5 and 8.8
cells. When a particle—particle collision was identified, the
. : " - ; g/cnt. The values op,/py for glass and copper were 2083
final coordinates and velocities of the colliding particles . o

and 7333, respectively. The run matrix in Table Il summa-

were modified to account for the collision. In all but two . . .
. . . . rizes the simulation parameters. In Table I, the param¥ter
simulations, the collisions were taken to be elastic. The vol-

. - 3 is the number of particles traced in the simulations.
ume fractions were sufficiently smalD(10 *)) that, over a . . .
. . - . Each simulation was performed for 10000 time steps.
time step, multiple collisions were extremely rare. In a typi- : . . .
- . The dimensionless time step was 0.25. Thus, the period of a
cal run, the collision calculations used about 5% of the total_. . .
CPU time simulation was 2500. The interval from 1500 to 2500 was

used to compute statistics since it was desired to obtain
steady-state results.

IV. PARAMETER CHOICES
V. RESULTS

It is useful to introduce nondimensional variables based
on “wall units.” Such dimensionless variables will be de-
noted by a+ superscript. The units of length and time are

U/uf* andu/u,, \{vh.erev anq u, denote th'e Kinematic vis =192). Since the external pressure gradient is fixed, it may
cosity and the friction velocity of the particle-free gas flow. " . ) 4
; . " be seen that the addition of particles produces an increase in
The external pressure gradient was the same for all the simy- .
. : . he mean gas velocity.
lations. For the particle-free gas, the pressure gradient bal-
ances the wall shear stress and the friction velocity used to

nondimensionalize the variables in all simulations was the

In Fig. 1, the mean gas velocityl ", is plotted against
the distance from the closest channel walf,, for mg=0,
0.2, and 0.4. The plots are for 3@m glass particles «*

friction velocity for the particle-free case. When particles are — \.1.?0 —T ...1.?1 T ",)2
present, the wall shear stress must balance the weight of th g 18
particles as well as the external pressure gradient. Thus, th , e
friction velocity based on the wall shear stress in these case 16F m_=0, Run 1 o
is larger than fo.r the pa'rtlcle-free case. This point will be uE - — - - m=02Run3 ,/;/ J1a
discussed quantitatively in Sec. VI. - m=0.4, Run 4 Y ]
In these units, the channel half-widthHs = 125 and the 12 o ~ m,=0.2, Particle, Run3 /7 q12
downstream and spanwise periods &é=1260 andZ™" T ms04, Pa"'cle’R“"/"// 3
=630. The numbers of grid points in they, andz direc- > "OF /f/ / 310
tions were 32, 65, and 64, respectively. For all simulations, gk 7 _fg
the fluid was air at ambient conditions and the friction ve- /,,/-‘/ ]
locity of the particle-free case was 49 cm/s. For this friction 6F /// ¢
4F -4
TABLE I. Input parameters for the fluitambient aif and the flow condi- 2 E- _E 2
tions. L e W | il TR
10° A 10’ 10°
P (atm T(K) v (cm?s) pg (glen®) u, (cm/9 h(cm) X (cm) Z (cm) y

1 298 0.15 1.x10°° 49 0.383 386 1.93 FIG. 1. Effect of solids mass loading on the mean gas velocity and the mean
particle velocity for small mass loadings, glass,=192.
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FIG. 3. Effect of solids mass loading on the fluid turbulent intensiies
FIG. 2. Effect of solids mass loading on the mean gas velocityrfor 2, wall units) for small mass loadings, glass’ =192.
glass,r*=192.

The mean particle velocity is also plotted in Fig. 1. It iOns in the streamwise component of the velocity.

may be seen that the particles lag the fluid in the core of the Figure 6 shows the fluid turbulence intensities as a func-

by .
channel, but they lead the fluid in the near wall region. This!'o" of y* for copper and glass particles. For both cases,

phenomenon has been reported by Kuliekal® The sip 7 =192. Thus, the difference between the two simulations

velocity can be quite large in the viscous wall region andShows the effect of the density ratja, /pg, or, equivalently,

. ) " i
leads to relatively large Reynolds numbers. For both théh€ particle diameterd™. The copper particles have a
smaller effect on the normal and spanwise components of

glass patrticles in Fig. 1 and the copper particles to be dis? ; ! X
cussed later, the average particle Reynolds number in theelocity than the glass particles. Both types of particles have

viscous sublayer was about 5. For the smaller glass particle relatively small effect on the intensity of the streamwise

the corresponding Reynolds number was about 2. component of velocity. o
Figure 2 shows the mean velocity profile for the same The presence of particles has a significant effect on the
glass particles as in Fig. 1, butmt=2. It may be seen that streamwise correlation of the streamwise component of ve-

unlike the behavior observed for smaller mass loadings, thg)0|ty.+Th|s may be seen in Fig. 7 which shows the quantity
particles reduce the mean gas velocity. Ryu(x™) which is defined by

Figure 3 shows the fluid turbulence intensities vengls
for the same cases shown in Fig. 1. It is seen that the effect

on the fluctuation intensities is anisotropic; the disparity be- 250 50 100 o5
tween the normal and spanwise fluctuations and the stream- "} .~ ' T ]
wise fluctuations is increased. The maxima of the three in- i —=—— mg=0,Run1,u ]
tensities move further from the wall and become broader as [ e 2::3: 23:::; 1.
the particle mass loading increases. This behavior is also : m.z=2,Run9, u .
consistent with the experimental observations of Kulick § I T ::223: g:;’v ]
etal® e [ : Js
Figure 4 shows the fluid turbulence intensities vengus £ “t 1"
for the same glass particles as in Fig. 3, but with=2. In A 1
contrast to the smaller mass loadings shown in Fig. 3, the% iL 14
particles strongly suppress the gas-phase turbulence fluctua3 S ]
tions in all three components of velocity. Also, unlike the g vvvvv
behavior for small mass loadings, the maxima have moved 05
closer to the wall. ’
Figure 5 shows the fluid turbulence intensities as a func-
tion of y™ for glass particles with two different values of . | —
The results for the particle-free case are shown for compari- % 50 100 0
son. It may be seen that the particles with more inertia have y

a smaller eﬁeCt on the turbulent ﬂPCtuationS- The smallefg, 4. Effect of solids mass loading on the fluid turbulent intensities
particles significantly enhance the intensity of the fluctua-wall units for my=2, glass,r=192.
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FIG. 5. Effect of particle inertia on the fluid turbulent intensitigs wall FIG. 7. Streamwise correlation coefficien®,(x*), for y*=41, 7*
unitg), mg=0.2, 7" =192, =192, glass.
Ruu(x")=(u™(x'",y",z",t") that the correlation has a minimum for a spanwise spacing

. that is close to 50 wall units. This is consistent with a streak
XUty ZT D) (U2, @) spacing equal to 100 wall units in the viscous sublayer.
whereu is the fluctuating part of the component of the gas Figures 9 and 10 indicate that the particles have a
velocity, as a function of the streamwise separatiafisand  smoothing effect on fluctuations in the streamwise direction.
the angle brackets denote averaging over timexdridand  Figures 9 and 10 show instantaneous views of the contours
z". The curves are plotted for” =41. Results are shown for of the fluctuating part of thec component of velocity in a
ms=0, 0.2, and 0.4. The differences between the computeglane for whichy *=41. Figure 9 shows the contours for a
correlations formg=0 and 0.2 are comparable to the statis-particle-free flow, while Fig. 10 shows the contours fog
tical uncertainty in the correlations. However, fo,=0.4, =0.4. Form,=0.4, the contours are consistent with the sup-
the correlation is consistently larger than fog=0. pression of small scales in thedirection.

By contrast, the particles have relatively little effect on Finally, Table Il gives the computed values of the cen-
the spanwise correlation of the streamwise component of veerline velocity, the bulk velocity, and the Reynolds number.
locity as may be seen in Fig. 8, which shows the correlatiorThese values were obtained from the dimensionless velocity
function aty™=3.75. For all mass loadings, it may be seenprofile.
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FIG. 6. Effect of density ratigor diametey on the fluid turbulent intensities FIG. 8. Spanwise correlation coefficienR, (z*), for y*=3.75, 7*
(in wall units), m=0.2, 7" =192, =192, glass.
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TABLE Ill. Computed results for the gas flow.

Run ID U, (m/9 U, (m/s Re, T Torth
1 7.99 6.71 6869 1.007 1.0
2 8.53 7.20 7328 1.012 1.031
3 8.43 7.06 7213 1.029 1.031
4 9.16 7.60 7732 1.073 1.062
5 8.38 7.06 7187 1.043 1.031
N 6 8.33 7.01 7137 1.035 1.031
7 8.97 7.55 7681 1.044 1.031
8 7.49 6.61 6760 1.33 1.31
9 7.40 6.61 6754 1.31 1.31

ticles are present, the wall shear stress must balance both the

1 . . .
50 external pressure gradient and the weight of the particles. In
terms of dimensional variables, this balance takes the follow-
FIG. 9. Instantaneous contourstof in a plane for whichy* =41, particle-  ing form:
free.
dP 7, ®
- =" m ,
dx h sPgd

Particles in the size range considered have a tendency Whereg is the acceleration of gravity ang, is the wall shear

accumulate near the channel walls even though they werg, o< "t one makes the variables dimensionless in terms of
homogeneously distributed at the beginning of each run. Thig " ¢ition velocity of the particle-free flowy, , one can
is apparent in Fig. 11 which shows the normalized particleexpress the balance as follows: *

concentration as a function gf". The plots in Fig. 11 were
obtained from the final coordinates of the particles in Runs 3 du* Mg

and 4. The concentration was normalized by the initial con-  dy™| ~ =1 ©
centration of particles, which was uniform. In each case, the ) ]

particle concentration near the wall is significantly largerWhere the Froude number, Fr, is defined by

than the particle concentration in the core. The concentration u?

near the wall is smaller fomg=0.4 than formg=0.2. Fr= 2hg’ (10

where the subscriptW” indicates that the quantity is evalu-
_ ated at a wall. The nondimensional velocity gradient at the
A. Particle feedback effects on the gas phase wall is equal to the nondimensional wall shear stress,

ity and the corresponding bulk flow rate. Table Il gives theStress at the wall balances both the external pressure gradient
bulk velocity and Reynolds number. The external pressure
gradient had the same value in all runs. However, when par-

VI. DISCUSSION

100
40_ 1 L T 1 sl() U T 1 i l ¥ T N 4
35 Jas
-0.80 3 73
-1.64 ]
249
H m=0.2, Run3 =
s 25h — — - - m=0.4,Run4 1%°
-5.03 = i .
Q 2 H -2
+ 0 - -4
N H R
1.5 415
! ]
1B 1
[ ]
05} Jos
i ]
n I L L L 1 . L L I 1 I [
0
500 1000 % 50 100
+ +
y
FIG. 10. Instantaneous contours of in a plane for whichy*=41, 7* FIG. 11. Normalized particle concentratiom,=0.2 and ms=0.4, 7"
=192, m;=0.4, glass. =192, glass.
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FIG. 12. Dimensionless collision rates.
FIG. 13. Two-dimensional energy spectrumyat=32.

and the weight of the particles. For the simulations in thisparticle—particle collisions to randomize the particle veloci-
paper, 1/F+=0.31. Thus, for example, ihs=2, the magni- ties and to increase the slip velocity between the particles
tude of the slope of the mean velocity profile at the wallsand surrounding gas. Thus, it is plausible that particle—
should be 1.31. The values of this quantity for each run argarticle collisions would tend to increase the interaction be-
given in Table IIl. The deviations from the theoretical values,tween the particles and the gas.
TvJ\r/,th are likely due to statistical variations in the spatially Some support for the idea that particle—particle colli-
averaged wall shear stress as a function of time. sions may play a role in suppressing gas phase turbulence
The effect on the velocity fluctuation intensities in Fig. 3 fluctuations may be found by considering the energy spec-
is qualitatively similar to the effect of polymeric drag reduc- trum of the gas-phase turbulence and the gas-phase Reynolds
ing additives(see, for example, Berm&hand Sureshkumar stress. Figure 13 shows the two-dimensional energy spec-
et all®. However, the underlying mechanism may havetrum aty® =32 for the particle-free case and three runs in
some differences. For example, polymeric drag reduction isvhich glass particles were present. In all cases, it may be
associated with an increase in the spanwise streak spacingeen that the particles tend to suppress the small wave-
Based on the spanwise correlation of the streamwise compdengths. It may also be seen that increasing the mass loading
nent of the wall shear stress, Fortuna and Harfafogund  from 0.2 to 0.4 increases the suppression of small wave-
that the spanwise streak spacing was 190 when the drag rkengths. There is also a tendency for energy to accumulate in
duction was 27%. For the present study, wimy+0.4, the large wavelengths as the mass loading is increased. In Run 6,
increase in volumetric gas flow rate was 13% and this waparticle collisions were “turned off.” Otherwise, Run 6 is
partly due to the drag of the particles as they sedimentidentical to Run 3. It may be seen that, when particle—
Based on an analogy with polymeric drag reduction, ongarticle collisions do not occur, the suppression of small
might expect the streak spacing to be roughly 145 for thevavelengths is reduced. One may also observe that there is
above run. Figure 8 indicates the spanwise correlation fundess distortion of the energy spectrum for large wavelengths.
tion of the streamwise component of velocity is relatively Figure 14 shows the gas-phase Reynolds stress for sev-
little affected by the presence of particles. eral different cases. It may be seen that the addition of par-
Figure 5 shows that, for a given density ratio, the par-ticles reduces the gas-phase Reynolds stress. Also, when the
ticles with the smaller value of* have a stronger effect on results for Runs 3 and 6 are compared, it may be seen that,
the gas-phase turbulent intensities. A possible explanation fowhen particle—particle collisions are eliminated, the particles
this phenomenon is that the particles with =59 respond have less effect on the Reynolds stress.
more to the coherent eddies and, hence, have a stronger feed- To gain insight into the effects of particle feedback on
back effect on the gas-phase turbulence. Particle—particline gas-phase turbulent fluctuations, it is helpful to compute
collisions may also play a role in producing the phenom-the terms in the energy balances for the fluctuations in the
enon. Figure 12 shows the local collision rates as a functiothree components of the velocty. In a fully developed turbu-
of y+. It may be seen that the collision rate for the glasslent channel flow, the velocity and pressure can be decom-
particles with7* =59 is an order of magnitude larger than posed into mean and fluctuating partsl € u,v,w) and P
the collision rate for the glass particles witii =192 at the +p’. The time-averaged value of each term in the energy
same mass loading. Based on the collision rate and the pdpalance equation is a function only pfAfter averaging the
ticle concentration, the time between collisions for a glaskinetic-energy balance equation overz, andt, one obtains
particle with 7" =59 isO(100) wall units. One might expect the mean and component kinetic-energy balance equations in
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FIG. 14. Gas-phase Reynolds stress.

dimensionless forngthe overbar here indicates time axzd
plane averaging

FIG. 15. Energy balance for thecomponent of velocity, particle-free.

kinetic energy. The fifth termiDS) in Eq. (11) is the viscous
dissipation of the mean kinetic energy. The sixth tefB)

in Eq. (12) in the term induced by the particle feedback ef-
fects. This term represents the energy transferred from the

ozﬁ_u_ i(ﬁu)_u d_P+ d_22<luz> continuous phase to the particulate phase. Similarly in Egs.
dy dy dx dy“\2 (12)—(14), the second tern{TT), third term (VP), fourth
du\z term (DF), fifth term (DS), and sixth term(FB) are the tur-
— (— +Uf}, (11 bulence transport term, velocity-pressure gradient term, vis-
dy cous diffusion term, viscous dissipation term, and feedback
_dU 9 (1 ap P 1 induced term, respectively.
0=- v a—<§u2 )—u p Py (Euz) Figures 15 and 16 show the terms in the gas-phase en-
y x y ergy balance for the-component of velocity. Figure 15
au\/ou\ — shows the results for the particle-free casg€0) and Fig.
—(—) —) +uf}, (12) 16 shows the results fam,=0.4. It may be seen that all
t?Xj aXi
terms of the energy balance are reduced by the presence of
9 [ 1— {;_pf 92 [1— particles. However, as may be seen Fig. 3, the intensity of the
= &_(_va) v 2(—02) x-component of velocity is affected relatively little by the
y\2 ay ady“\2 . 7
presence of the particles fan,=0.4. Thus, the reduction in
(av) &U)+7 (13)
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__i(EWv)_Wf?_p’ f?_(lw) : ]
= 5 ! ]
9y \2 9z dy"\2 0.05:- -0.05
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The first term(indicated by LO in Eq. (11) is a loss Loss
term. It is the negative of the first terfiPR), which is a o ///' 10025
production term, in Eq(12). The LO term represents the - /,/-/' ]
energy transferred from the mean energy to turbulence com [/ ]
ponent energy. The second teffiT) in Eq. (11) gives the 005 7008
transport rate of the mean flow energy by turbulence. The 4 .
third term (VP) in Eq. (11) is the work done by the mean 0075 . . . ., , L . .d-0075
0 50 100

pressure gradient interacting with the mean flow; it is usually
called the velocity-pressure gradient term. The fourth term
(DF) in Eq. (11) gives the viscous diffusion rate of the mean
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y

FIG. 16. Energy balance for thecomponent of velocitying=0.4.
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TABLE V. Integral of terms in energy balances, particle-free case. 0 50 100
[~ T T T T T T T T T L
PR TT VP DF DS Sum i m,=0, Run 1, <udp/ox> |
0.02 | — — — - mg=0,Run1, <vopldy> | 0.02
mean flow -105 0 275  -0151  -171  -0.325 e I R —rms m,=0, Run 1, <wip/az> 1
X 105 0 -2.83  —00207 -7.70 -0.0249 g i ~ e m=0.4, Run 4, <udpfox
_ 5 _ = 0.01 _/ N T m_=0.4, Run 4, <vap{ay>_ 0.01
y 0 0.991 —1.37x10 0925 00658 & 001f T e - m'=0.4, Run 4, <wdp/oz=]
z 0 1.83 -6.29x10° -1.94 -0.116 2 4 RN ]
e i T :\\'\\-\\ - ]
o [ - T 3
o 0 =0
2 i ]
the production of turbulent energy is compensated by theg - 1
reductions in the dissipation and the velocity-pressure gradi-g -0.01} --0.01
ent term. This is consistent with the results in Tables IV andg i ]
. . (=] | i
V. These tables present the integrals of the terms in the eng i ]
ergy balances for the above cases. If one considers the inte” -0-02|- —1-0-02
grals for thex-component of velocity, it may be seen that - .
there are reductions of 54% and 55% for the production anc  —— 5'0 —_— 1(‘)0 —

dissipation terms while the velocity-pressure gradient term is y
reduced by 69%. The reduction of the latter term tends to
“bottle up” energy in thex—component of velocity with the FIG. 17. Velocity-pressure gradieniterrﬁs wall units) in the component
. . ... energy balances fang=0 and 0.4,7" =192, glass.
result that the other two components of velocity are signifi-
cantly suppressed by the presence of the particles. Figure 17
shows the velocity-pressure gradient terms fiy=0 and  reach the closest wall and are “trapped” in the viscous wall
ms=0.4. It may be seen that the velocity-pressure gradientegion for large periods of time. Figure 11 shows that the
terms are strongly suppressed by the presence of particlesecumulation of particles near the walls is diminished when
All terms are reduced by approximately the same factothe mass loading increases. This decrease is caused by par-
when particles are present. This is consistent with the fadicle collisions. As mentioned earlier, to demonstrate the im-
that the intensities of the normal and spanwise componenisortance of particle—particle collisions, in Run 6, particle
of velocity are reduced by approximately the same factokollisions were turned off. In Fig. 18, the concentration pro-
since the transfer of energy from the streamwise componeriiles of the two runs are compared. It may be seen that, when
of velocity to the other components is reduced. particle—particle collisions are eliminated, the particles ex-
Another striking feature of the results in Figs. 15 and 16hibit a much greater tendency to accumulate near the walls.
is that the feedback term is relatively small in comparisonThis may be because collisions tend to decorrelate particles
with the largest terms. Thus, the particles have an indireolith the coherent eddies that are responsible for the accumu-
effect on the flow of energy from the mean flow to the tur-ation. Figure 12 shows the dimensionless local collision rate
bulent fluctuations. as a function of/ . If one computes the number of collisions
As the particle loading increases, the particles carry amper unit time in the viscous sublayer, one finds that, in a time
increasing fraction of the energy and momentum of the twaf O(100) wall units, the number of collisions is on the order
phase flow and the energy balance for the gas phase becomes
less significant to the overall budget

3o°: —— 5,0 ———+—7—r3 30
B. Particle concentration distribution 8E 28
In the low concentration limit, several numerical 26} 26
studied>?>??indicated that particles with a broad range of 24 24
values ofr" tend to accumulate near the walls of a vertical 22 22
channel. Particle inertia is responsible for this phenomenon 20 no collisions, Run 6 20
Particles tend to travel closer to the walls than the fluid ele- 18 — — — — collisions, Run3 18
ments that bring them into or near the viscous sublayer.y 16

Some particles strike the wall and, in the present study, reG 14
bound. However, other particles lack sufficient momentumto 12

316

10F

sE

TABLE V. Integral of terms in energy balances,=0.4. 6 a

PR TT VP DF DS FB Sum AE

2k

mean g

flow —-4.82 0 29.7 —0.138 —-16.6 —5.46 2.70 00
X 482 0 -0.890 0.0105 —-3.44 -0511 -0.0251
y e 0 0.389 —3.34x10°® —0.262 —0.0544 —0.0723

z - 0 0.597 —1.18x10° % -0.542 —0.0898 —0.0363 FIG. 18. Normalized particle concentratioms=0.2, 7" =192, glass, no

collisions.
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FIG. 19. Normalized particle concentratioms=0.4, 7* =192, glass, in-  FIG. 20. Normalized particle concentratiom=2.0, 7* =192, glass, in-
elastic collisions, and elastic collisions. elastic collisions, and elastic collisions.

of the number of particles in the sublayer. Without collisions,tropic for mg=2). This is consistent with the increased im-
particles can have much larger residence times in the sulportance of particle—particle collisions.
layer because of the small turbulence level in the sublayer.
In this study, the mechanism that leads to accumulation§;; coNCLUSIONS
of particles near the channel walls is different from the “tur-
bophoresis” phenomenon identified by Caporal@tial?® This paper has presented results for the behavior of
and, independently, by ReekTurbophoresis results from particle-laden flows in vertical channel flows. For small mass
small random steps taken by a particle in response to thiadings, the particles produce an increase in the mean gas
surrounding fluid turbulence. If there is a gradient in thevelocity, while, for the largest mass loading, the reverse was
intensity of the turbulence, the particles will tend to migratetrue. For small mass loadings, there is a decrease in the fluc-
to regions of lower turbulence intensity since they have duation intensities of the normal and spanwise components of
longer residence time in those regions. The particle in thi¥€locity. The particles have a large effect on the velocity-
study have large values ef" which causes them to move Pressure gradient terms in the turbulence energy balances
along roughly straight lines over relatively large distances. that inhibits the transfer of energy from the streamswise
Inelastic particle—particle collisions can also cause par€omponent of velocity to the other two components of ve-
ticles to accumulate near the waltee, for example, Hrenya locity. This results in greater anisotropy in the turbulence.
and Sinclaif®). However, for the concentration range consid-

ered in the present study, virtually the same results were 50 100

obtained when the coefficient of restitution was chosen to be 40_ — T T T T T T4
0.9 instead of 1 as may be seen in Figs. 19 and 20. - ,

As may be seen in Fig. 20, the particle concentration 35 - ::gz g::::: 2;’:2 W 35
exhibits a maximum in the middle of the channel fog . F \ = - m,=0.2, glass, Run 3, W,
=2. The cause of this maximum is not clear. Although Fig. g 3 T r':szg g::::'::: g"‘;}» 8
21 shows that the intensity of the normal component of the'g e mi.=2, glass, Run 9, w,

INd
n

particle velocity has a minimum at the channel middle, the @ 2°
minimum does not seem deep enough to explain the accu-%
mulation of particles. It seems more likely that the accumu- &
lation is related to the suppression of the gas-phase turbulers

N

| NI N WS FREES NS N

LN LA S LN U R A B B N

fluctuations seen in Fig. 4. The high-collision frequency may%1' 18
also play a role. Fomg= 2, the mean time between collisions § .
=4

is roughly 25 wall units. Thus, the distance between colli- -
sions is small compared to the channel width.

Another interesting feature of Fig. 21 is that the two
transverse components of particle velocity are largemigr T R S 0
=2 than form,=0.2 even though th&-component of par- 0 S 100
ticle velocity is smaller. Thus, there is a tendency towards
isotropy (although the particle velocities are still very aniso- FIG. 21. Particle turbulent intensitiés wall units), mg=0.2 andm,=2.
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