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Abstract: The problem of particulate flow in rotatingchannels serves as a usefui t.n"t*urt-for the morecomplex problem of. solid_fluid ,r,i*trr.r-ln rotatingpassag€s._ In a previous paper, the authors reportednumerical simulation ol 
- 
the O.u.foping, two_dimensional (valid for la.ge aspeci-ruiiJ'.nunn.tr;,

s;teady (in the mean) and incompressiUte- canler_phase
lo*. This study quantifies th. ;"i;;; *;nituo", ofthe most significant forces acting on u punii. carriedby a turbulent flow field^i" 

" 
."ir,i"g Jfr""".l. Drag,pressure, Coriolis, centrifugal and vii-tual mass forcesare considered. particles ire treated as uniform rigidspheres of specified diameter n A.t..rnlning ,f,. for".,acting on them. During collision with tie channelwalls, they are treated as point masses. The variationsof the forces- on the particie along i" p*lrl" trajectory

are discussed.

Key words: Entrained particles, nttating channel
flow, forces acting on particles

INTRODUCTION

Flow of dirute sorid-fluid mixtures through rotating-passages is important in slurry andpneuntatic transportalion of solids. Two iiiportanr effects of the presence of sorids in suchapplicarions are; (a) the additionat h.rd i;;; in th. passug.r, ,lJiti erosion of wertedsurfaces. Both of rhese factors rrau* a strong u.urii;;;; .iiio'n,., of rhe overa,operation' It is, therefore, important to unJ"rriuna the-uehavior oi"nouin"o particles andthe forces acring on them.in.""ri"g-p;rlg., rl,. straight rotui;ng channer provides a

ffil:J:[HIJI,j:i fi :f 
,;'iff ':ffi i:ly;'., 

r 
'".,noa, ?, ;;ii ;h,. unders,andi ng,he

A number of studies Ie9., r 
.6J.dgar 

with single-phase flow in rotating channels. In a recentpaper [6], rhe aurhors ."port"d ttte perror.in.i 
"1un 

.aav ;tr.#; moder in predictingsingle-phase flow through t*o-aimeirio".i Jr,"rr,.r, rotaring in orthogonar mode (rhe axisof rotation is normal to the plane 
"iirr.".rr""".u. A numier 

"i rilar", have also beenconducted [e.g., 7-r0l on two-phase now throush stationary .rr*".rr'Lo pipes. However,studies involving rwo-phase. flow through ,""i;* channers ;i;;r;;..on. Sorid_riquidflow rhrough rorarins imperers hur b.;; ;l;rrrr; r r r . r2r ;s;";i""ir.ia fiow assumptionfor the carrier ptratti r'hes" t'"JLt J" 
""i..p"n a quantitativJ assessmenr of the forces
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acting on the particles. Moreover, viscous effects can significantly affect the base flow of
the canier, particularly near the walls.

There are few studies quantifying the relative magnitudes of the forces acting on particles
entrained in flow through rotating channels. Such quantification can give valuabli insight
into the head loss and erosion phenomena. The aim of this study hasleen to quantiry ihe
forces on a typical particle in dilute solid-fluid flows through rotating channels.

Since the carrier-phase flow was dealt with in detail in a previous paper [6], tire present
study focuses mainly on the particles. Beginningwith the equationJoimotion for a solid
particle, a numerical method for tracking an individual particle is described. During
collision with the walls, the particles are treated as point masses. Model coefficients o1
restitution are used in the normal and tangential directions to determine the particle velocity
after impact. Impact is assumed to be instantaneous. The roughness of thi channel.walis
generally have a statistical nature both in terms of the height of the surface irregularities as
well as in terms of their direction with respect to the impacting particle. Some authors have
attempted to include this randomness into their models for stationary passages with the
concept of a virnral wall [3]. As a first approximation, this study urro1n", smooth walls,
so that the direction of the normal to the wall is deterministic, not statistical. One-way
coupling is assumed, 1.e., fluid flow affects the particulate flow, but not vice versa.
Rotation is assumed to be in a horizontal plane, so that th'e effect of gravity may be
neglected.

EQUATION OF MOTION AND NUMERJCAL METHOD

In terms of the absolute coordinate system (XYZin Figure l.) the equation of motion of a
fypical particle is

Y7-t,l(t-r,)++
Dmg

where p, is the particle density; V is the particle volume; l is the time; lo and, I are,

respectively, the particle and fluid mean velocities with respect to ground; p is the fluid
pressure; C, is the drag coefficient; I is the project area, rd2of4, of the particle of

diameter d o; P is the fluid densiry; i a"a i are the unit vectors in the xyz system.

(coordinate system attached to rotating reference); and C, (= 0.5 for spheres) is the virtual

mass coefficient. The last term is negligible when p (( ps (as in gas-solid systems).

o"vdt,'r dt
---4 Inenia

.,^(ai di"\pvL:,| 
dt -d- l, 0)

Virtul Mass
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Figure 1. particle entraineO in rotating channelflow.
The relations between relative and absolute particle velocities and accelerations are

F,=0.+dx F, and +=(%)no ;=li )o+2(txoo+ox(CIxr), 
(2a,b)

*hete O = QI is the constant angular velocity of the channel, Similar expressions holdorthe fluid velocity and acceleration. The subscript R denotes the rotating frame. The relative

acceleration (#)^, the material derivative of velocity in the rotating frame, is given in

terms ofthe local derivative and convective acceleration as

(#)^=#*{(r v)r}* 
ec)

Since the carrier mean flow is steady in the rotating frame of refere; a00.",;;-=0. For
convenience, the subscript ft is dropped, as there is no ambiguity in its meaning in whatfollows.

The equations are computer-coded most effectively in their, non-dimensional form.
Velocity is normalized with respect to the inret unifonn no* u"to"if, uo, o..rrure with
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respect b pu:; time with respect to Lf uo; the angular verocity with respect to (Jo,r r-., .,

and all lengths with respect to the channel length, I.
Thus' using Equations (2a-c), Equation (l) may be written in non-dimensional scalar lirnrrras

+ = ## . ffi ,Jlo - o,l(u - u,)+ za(rr,- rfu ' jl

+o,"*rft(r#.r#)

+ = - ##. ufulc -c,l(v -r,,) - za(r, - &r) 
(4)+o,t,+ft,(r#.r#)

where s is the relative density of the solid, and (Jrand vo (J and. I/) are the scarlar
components of the relative velocity of the particle (fluid).

The drag coefficient, c o , is calculated from the empirical correlation Ir 2],

,^ =[O.oo 
whenReo > 1000

u 
l(z+1n",)(t + o. r4Re,ot ) when Reo < 1000,

where the particle Reynolds number, Re 
o , is defined as

Re, =lo 
-o ,ld,

' 'l)

Forcertaincombinationsofoperatingparameters, (Rer, Ror, plp, etc.),theparticles
may slide along the channel wall. In such a case, the particle experiences a kinetic
frictional resistance l4Fn,where { is the y-component (normal to the wall) of all the
forces acting on the particle due to drag, pressure, coriolis, centrifugal and virhral massforces' If the effective normal force is oli".t.o away from the wall, the particle is about toseparate from the substrate, and then the friction force is zero.
A fourth order Runge-Kutta method [14] is employed to integrate the initial value problemrepresented by Equations (3) and (a). The iniiial position uio u.toriry of the particle are
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'Specifiedaichannelentry.Theinitialparticlevelocityistakenasequaltothatofthe

f earrier f'luid at inlet.

Equations (3-4) may be written as a systern of four firsr order differential equari6ns as

d*, 
-,,-jl=u,"

,b,, ,,

ti a)

-f,| =' ,'
dLJ. 

(7b)

T= |'(t,xr,yp.U p,vp), 0c)
and

dv"F : oll,xp,yp,Up,Vp),
d;- 6 \ (7d)

wherefirnctions,/.andgcorrespondtotherighthandsidesofEquations(3-4),respectiveIy.

For notational convenience, Equations (7a-d) may be written in vector form as

Ly = q(r,V), (8a) 
i

,. where

- 
W -("r,yr,{/r,Vr)' , (gb) 

iand 
l

!=(U e,Vr,.f ,g)' - (8c)

The prescribed initial condition i" ,y (0) = Wo . The fourrh order Runge_Kutta method inthisstudyusesthefollowingmarchingprocedure:-.:--."_:..

vy(t+6r)=w1y1*l{0,+2kr+2kr+ko)+o(6t)s, 
(e)

where ,

t!, = !(''rY U)), (roa) 
i

(
Io,=s(,*+,ry (t)+ry,), ,ob)

/
o, =z(,*+,ry (4*+), (,oc)

and I

l!q=e(r+&,w{t}+t1r6t), | (r'd) ,.,,.., :

where 6l is the local time step. "tr'- ' i
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e(.x,, y,)
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special treahnent is necessary for.handling particle collisions with the channei rriParticles are rreated as spheres of definite jiu*.ril while solving Equations (3) arrrl iwhen detennining the.position of the particle at impact with thJ*uttr, tt. parriclr;:r ,

rij:9 as mareriar poilrl. In rhe present study, particte-watr-rultir,ou, are trear(:.rnstantaneous' A coefficient of restitt*ion is iniroduced i" ;;d-;h; tangential arr,l rnorrnal directions ro compute the post-impact velocity 
"i rr-,.'p.rii.le, The chan,rr:iassurned to be unnffected in the .otating refeience aame 6y the l"riirr"r.

In Figure 2,let U,,,, Vn and Urr, Vo, be the initial and final velocities of the p*rir,,,.r

during a time step dt. Let A(",,y,) and B (rr,yr) ue tne corresponding i.i,
positions of the particle. In the absence of the wall, the particle would trace ont the p,;r' rrepresented by the solid curve AB. The presence of the wall ir"piirt'ir,ut the particir u,rcollide before reaching point B.

The point of impact C(t,,f, ) rnay be detennined by iteratiorr. However, if rhe tir'r r,rr, r

is small enough, a simple interpolation gives an-accurate enough prediction of the pornr r.andtheparticlevelocityatthepointofiirpact. Linearinterpolationis'se<Jbetween,r.er,,,
B to locate the poirrt c of impact. The actual time d/, fiom A to c is also cornpurr,,, 1 ,,

inrerpolation.

L
B(x., v.)(f uez

I
vpz

Figure 2. lnterpolation to determine point of impact.
Two more practical points are worth mentioning._ First, it is possible that the post-impactnonnal velocity component may be quite small. In such 

" ";;;.-; a cut-off value, theJP-component of the velocity at the wall may be set to zero, so that the particle just slidesalong the channel wall. secon<t, tte c.ntei of the spherical particle can never touch thewall' In computing panicle trajectory, the punirt" is assu'red ,o- u* u *ur.rial point. Thus,the wall is hypothetically shifted to ttt" pu,ti.t" center, without introducing significant enor.This procedure is acceptable' if the particle size is-*u.i, ,,r-rurr", ttun tr,. characteristicdimensions of the channel.
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DISCUSSION OF RESULTS

The testing and validation of code by mesh refinement and comparison with published
results for a stationary chonnel are discussed elsewhere [6, l5]: In this section, the
variations ofthe drag, pressure. Coriolis and centrifugal forces acting on the particle (as it
moves along its trajectory in air and water) are presented.
In the figures of this section, all quantities are non-dimensionalized, unless otherwise
stated, .For clarity, only the particle released at ! = 0 (rnid-height of the channel) is
considered. All calculations are for the operating parameters shown in Table L In non-
dimensional tenns, the inlet velocity of both the fluid and the particle is unity,

In Table 1, the quanti ties d.o and v* are the non-dimensional settling velocity of the

particle in a rotating environment. These definitions are analogous to similar quantities
defined for settling under the action of gravity I I 6]. For the rotating environment, ihese are
defined as

lt'
(l l)

and

vi, =l'73 ( l2)

It is clear from the same physical diameter of d , = I mm , the

corresponding non-dimensional diameter in water is much smaller than that in air.
Similarly the non-dimensional settling velocity is much larger for air than for warer as the
carrier. These quantities, as will be seen, characterize particle behavior to a large extent.

Journal of Mechanical Engineering Research and Developments, vol.22-23,.,20Q1
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Table l. Details of operating parameters

Case R", Ro.,n pe

(ts/'f )

p

(t e/*')
dp

(mm)

ex e
t' Fn d*p v

l 1500 0.21 2700 1.23 I I 0.1 99.1 5 t7.23

2. l 1500 0.21 2700 r000 I I
{

0.1 9.1 05 5.22

3: I 1500 0.21 l 000 1.23 I I 0.1 71.18 14.6A
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In the figures, the ordinate axis on the left-hand side of each figure shows they-coordinate
of the particle trajectory. The two ordinate axes on the right-hand side of each figure show,
respectively, the x-component and /-component of force (or velocity). Before getting an
insight into the forces on the particle, it is useful to get an idea ofthe velocity variation. 

-'

Variation of Veloclty of Particle

The variation of particle velocity along the length of the channel is shown in Figures 3a and
3b for air and water, respectively, as the carrier phases. The calculations correspond to
Cases I and 2 of Table l.

- 

Pafiicle trajectory
----- --- x - component of particle velocity

-..-. . y - component of particle velocity

Carrier-phase r Air, po = 27gg Lg7rt J

t\

i,.\:
4

\)
2

I

0

0.04

os*

.0.04

"0.{J8

. (lr)

Figure 3. Variaiion of particle velocity for Cases 'l aritd Zof Table 1 with carrier-
phase as (a) air, and (b)water.

Carrier-phase : Water,

,l

ill
i I'. -.
I

I

(a)

Pp = 2700 kglml

0.750.5

x

0.6

b'
0.4

Rc,, = 11500, Ro" =0.21, do = I mm, e*= l, er= 1, H,'i,=0.05, pu=0,1
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The .r-component of panicle velocity, (/, , incr"ases (Figure 3a) as the pafticle rroves

along the channel length. The .r,-component of particle velocity, Z, , shows discontinuity at

the positions of impact because V,, chan1es sign at points of irnpact. The increase in U,, is

due to the centriftlgal force, which varies as C)2.r. ey intuition, we would expect the drag
force to decrease V,, asthe particle moves towards the e.{it. Flowever, fbr air(Figure 3a). a

slight increase in V,, is seen as.r increases. This corresponds to the increase in (/r, and

hence in the coriolis lbrce, which varies as z{ru p. In the absence of drag force, the

increase in Z, would be greater than that indicated by Figure 3a.

For water as the carrier, the variation of particle velocity, shown in Figure 3b, is seen to be
cornpletely different from that for air (Figure 3a). The drag effect in Case of water is much
morc significant than in case of air. In Figure 3b, {/, increases initially sp to x l, 0.125 .

At this stage, drag catches up and slows down the parlicle till it irnpacts with the channel
pressure-side wall. Atier a few f-eeble bounces, the particle begins to slide along under the
combined influence of drag and Coriolis forces. The discontinuor.rs oscillations in Z,
indicate the feeble bounces befbre stiding begins. After sliding begins, the centrifugal force
gradually overpowers friction and drag, so that the particle begins to slowly speed rip again.
As the particle lnoves towards the pressr.rre side, it accelerates ( Z, increases) qnder the

influence of Coriolis force. At impact, Z, reverses sign and then decelerates (since

Coriolis force is now opposite to V,,).

When the particle is neutrally buoyant ( p, = p = 1000 kg/mt ). Figure 4 indicates that
the particle essentially rnoves parallel to the channel walls, following the carrier flow. In
this case, Vo is nearly zero everywhere, and {/r, in..eures and reaches a plateau as the

centerline velocity ofthe carrier fluid increases and reaches its fully <Jeveloped value.

Variation of Pressure Force

In Figures 5a and 5b, the variations of the_r- andl- components of pressure force are shown
for air and water, respectively. Note from Equations (3-4) that the pressure force contains
-Vp (the negative of pressure gradient). From Figures 6a, for a specified 1,, rhe pressure

is seen to increase with x. The pressure gradient P.onrinr.s to increase with .v and so
dx

a

does the rnagnitude of pressure force on the particle. Theoretically, the pressure gra<lient in

Journal of Mechanical Engineering Research and Development,s, vtl.22-23, 2001
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0.0 t

\0

.0.0t

-1).02

Re,, = I I 500, Ro,, = 0.2 l. dn = I mm. e. = l. H/L = 0.05, pu = g. 
1

_ ii'::f Jl,lllilTlp.n,.r. 
".i",i,u- . --. y _ cotnll(rn{.nt nl particlc vclocity

Carrier-phase: Water, po = 1000 kg/mr
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0

.0. I

0..r5 ,J 0.71 I

Figure 4. Variation of particre verocity for neutraily buoyant particre

(po = 1000kg/m3; with water as carrier_phase.

't'direction should vary as fl"2x (Figure 6a). This is reflected as a linear increase in thr:
magnitude of the pressurei force, pf,, inFigures 5a and 5b.

The pressure force, pf ,,, in the y-direction varies in a somewhat complex manner. Right at
and in the vicinity of the pressure-side wall, the pressure gradient e 2au ) is nearry zer,lbecause of no-slip' AwaY from.the wall, pressure varies linearly with y as shown in Figure:

6b' i'e', the pressure gradient, p i, u negative constant away from the wail. Thus, for ardy
particle released at )) = 0, as the particle moves towards the channel base (pressure side),
initially, the pressure force pf,,, is roughly constant. As the particle approaches the wall,
the magnitude of pressure gradient suddenly drops, and so does the pressure force. Afte,.the particle irnpacts and moves away from ttre uase, the pressure ro.c" iguin rises suddenly.
In case of air (Figure 5a)' the particle reaches a substantial peak into the mainstream of the:
f70w, i.e., it reaches the constant pressure force zone after irnpact. Thus, pf, remainsr
nearly constant for some part of the trajectory, and again the process is repeated along theparticle trajectory.

Journal of Mechanical Engineering Research and Deveropments, vor.22-23, 200r
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Carner-phase; Water

Re,, = I 1500, Ro;r =0.21, dn= I mm, pn =2700 kg/m',e. = l, e, = l, fUL =0,05, p, =g.1

_--_ fanicle trrqcoory''''-.-. x. contponcnt ol'prcssurc lbrqc' - * y-conlponcnl{}{ fir!'ssuroli)rc!'

Canier-phase: Arr

l,i-'
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Didjj

i s15

l0!t5

I'"-...i..
ir:".'------
t, '- ..

ii_--

Figure 5. Variation of pressure force acting on the particle with carrier-phase as

(a) air, and (b) water.

In the case of water (Figure 5b), the particle does not move sufficiently far from the wall
after the bounce. Thus' pf, does not quite increase as much as in the case of air. once the

particle starts sliding, pf, also attains a constant value.

Variation of Drag Force

variations for drag forces, "Df" and Df ,, are shown in Figures 7a anrlTb, respectively, for
air and water. As noted with reference to Figure 3a, Uo tends to increase with r. Thus, the
slip velocity (u 

o - u ; increases and so does the particle Reynolds number. The drag

force, which is proportional to 1u -ur) (Equation 3), increases in rnagnitude (note the

negative sign). Discontinuous sign reversals are seen in Df, conesponding to the impact

locations, where Vp changes sign. Furthermore, as the particle traverses along its

trajectory, z, decreases in magnitude, which resurts in a decrease 

^ lr, - vl, anahence a

decrease in Re o with increasing r. Thus in an overail r."r. lo/, 1 
increases with x. For

the case of warer, Figure 7b, the particre begins to slide for x>ll 0.3 and the drag force

l,l I tt zero. Note that the magnitude of drag force in air is rnuch smaller rhan that in
water.

Journal of A'lechanical Engineering Research and Deveropments, vol.22-23, 2001
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Re* = I l-s00, Ro,, = 0.069. H/L = 0.05

x
(a)

Pagalthivarthi and Cupta

I

o.8

o.6
\

o.4

o.2

o

' (b)

Fisure 6' Variation or pressure t:tjj::?;:irchannellensth' and (b) across the

Varia6on of Coriolis Force

The variation of coriotis force acting sn the particles in airflow is shown in Figirre ga.Including.tbe efrect of virtuar ,urr, tr,? ;;";;;;t#rh1j.";olnent orcorioris rbrce

: 
t"(':-&')""0 

'o 
/-component '' -'o[';:#,'i""';;

discontinuitie s in cof, at the poinrs of impact match with those in 2". The _y,ca,rloon.n,of coriolis force increases in magnitude arong the channer l"ngt'h b"rurr. ,n. 
"r",+zn(u , -&r), 

'**"*. 
along the channer rength.
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For water flow (Figure 8b). the virtual mass effect is much more significant than for air.

Thus, Cof , for water is smaller than that for air. Once again, for water, once the pafiicle

begins to slide, both Vo and Zvanish and so does Cof,.

Variation of Centrifugal Force

The variation of y-component of the centrifugal force acting on the particle, both in air
(Figure 9a), as well as in water (Figure 9b) is identical to the particle trajectory except that

it is scaled by a factor of d22. (Note: geft=tl'y.) The x-component of centrifugal

force is proportional to f,l2x , so that Cef, is seen to be independent of the carrier (it is

identical for both air and water).

Re" = I 1500, Ro, = 0.21, dp = I mnl p, = 2700 kg/m3, e* = l, e, = l, 1q = 0. l, FyL : 0.05

0.5

x

(a)

0.0:

001

0

.0.01

-0.02

=--t-"'''ii"i,t

t"l--_ 
-

-r-- 
I

-t0

a'
.20

4

oh'
N

.4

\
'}
\
'i

!.\

o 0.25 0'5 {J /t I

x
(b)

Figure 7. Variation of drag force acting on the particle with carrier-phase as

(a) air, and (b) water.
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80t

.0.0,

0.02

0ct

\0
:$ 0l

4t2
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'u

Re,,-11500,Ro,,=0.21.r1,,=lmm,pr=2i00kg/nr,,e.=l,er=t,H/L=0.05,!r=0.1

I'aniclc rojcctoy
i - cohponcil ol (hriolis forcc
y - comfxnlcnt ofCiniolis l(,rc(

o.g2 i -

(b)

Figure 8. Variation of coriol,s force acting on the particle with carrier-phase as;
(a) air, and (b) water.

Punicle rrajccrory
x - comlxrnenl ofccntrifugol lbrce
y - cotrlponcnt ofcenrril'ugal force

j

I

O,J

x

(a)

{4

0.5

,r

i?

l

.l
,)
i

'l

t\-

:.ir -_

, 0.75

Figure 9' Variation of centrifugal force acting on the particle with carrier-phase as
(a) air, and (b) water.
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A projected area of the particle (nai t +

In summary, it is seen_ that the Coriolis, drag and centrifugal forces on the particle arepredominant in air' In particular, the Coriolis force grJu,ly-a.ilrmines the particletrajectory' In.water, pressure forces are also comparable to the other forces. From thetrajectories, it is that with water as the canier, the particles tend to ,iia. utong the channel,with hardly a few feeble bounces. In addition, iince the coriolis force oi trr" purti.l.
increases with .r, the sliding_wear rate along the pressure ,iae of the channel may beexpected to increase with x' This is actually our"ruia in the coriolis wear tester 1tzi. insharp contrast, with airas_the carrier, hardly any sliding is seen. fnur, ti,. wear rnechanismin the case of air is likely to be_governei by partici-e impact. In practice, the standard

,t:l':lt wear t'ester.may be modified for pneurnatic tests *itrr parti"rJr in order to measure
lmpact wear coeff lcrents,

CONCLUDING REMARKS

The paperpresents a quantitative description of the forces acting on a par-ticle as it traversesits trajectory in a viscous mean flow held in a rotating chaniel. dome refinements arepossible' It is possible to consider a virtual wall model io u..ouni r*-ilt. statistical natureof the wall roughness' Another possible irnprovernent is to consider the particle as finiterigid (or elastic) body, rather than as a point rnass in handring i*p;;; with the walr. This,however, would considerably increar. th, 
"orpurational 

,rdrt. tn"re irnprovements arenow underway, and would be discussed in a future paper.

NOMENCLATURE

Note: The same symbols stand for either non-dimensional or dirnensional quantities. Thedimensions shown in parentheses apply to the latter case.

English

Pagalthivarthi and Gupta

c"f
cof

Centrifugal force acting on the particle

) (.')
(N)

CD

C,

Df
d

P

d;

Coriolis force acting on the particl. (N)
Drag coefficient (-)
Coefficient of virtual ulutr (-)
Drag force acring on the particle (N)
Particle diameter (m)

Non-dimensionalparticle diamerer (see Eq. l l) (_)
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Fn /-component of all the forces acting on the particl. (N)

C Acceleration due to graviry (*/r')
H Height of the channel (m)

i , i , k Unit vectors in X-, Y-and Z- directions respectively

. i , i , i Unit vectors in x-, y- and z- directions'respectively

llr,llr,llr,llo Vectors computed during Runge-Kutta steps

L Length of the channel (m)
O Of the order of
p Pressure (N/rn')

pf Pressure force acting on the particl" (lt)
q. Vector defined in Equation (8c)

Re Length based Reynolds number (-)
Re, Height based Reynolds number (-)
R", Particle Reynolds number (-)
Ro Rotation number (-)
Ro, Height based rotation number (-)
Ro, Rotation number based on distance x from origin (-)
7 Position vector (m)

S Rario o,f solid density to fluid density (Eqs. 3 anO +) (-)
I rime (-)
U .r-component of d (*/r)
0 Fluid mean velocity vector with respect to rotating reference (a/t)
(J p x-component of 0, (*/t)
U p x-component of particle velocity (-/t)

. 0 o Particle mean velocity vector with rlrp"., to rotating reference (*/t)
Uo Inlet velocity (./r)
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y-component of d (*/r)
v Fluid mean velocity vector with respect to inertial reference (a/r)
/ o Particle mean velocity vector with respect to inertial reference (a/t)
I/p y-component of d, (*/r)
Vo /-componenr of particle velocity (*/.)
vi, Non-dimensional terminal velocity of the particle (-)
ry Vector of particle position and velocity defined in Equation (gb)
XYZ Coordinate system attached to inertial reference frame
xyz Coordinate system attached to rotating reference frame

Greek

6t Time step in Runge-Kutta integration (s)

llt Coefficient of kinetic friction (-)
p Laminarviscosity (kgim.s)

Fruid densiry (tg/rn')

Pp or P, . Particle (solid) density (tg/*')
u Laminar kinematic viscosity (kg/m.s)
C) Angular speea (rad/s)

O Angular velociry vector (rad/s)

V particle uoturn" (m, )
V Gradient operator

Subscripts
i, j, k Dummy indices
P Quantities pertaining to a particle
R Relative
x component in direction of x-axis
y component in direction ofy-axis
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