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INTRODUCTION

Flow of dilute solid-fluid mixtures through rotating passages is important in slurry and
- pneumatic transportation of solids. Two important effects of the presence of solids in such
applications are: (a) the additional head loss in the passages, and (b) erosion of wetted
surfaces. Both of these factors have a strong bearing on the economics of the overall
operation. It is, therefore, important to understand the behavior of entrained particles and
the forces acting on them in rotating passages. The straight rotating channel provides a
useful benchmark for developing robust numerical methods as well as for understanding the
physics of particulate flow in such situations. '

A number of studies [e.g., 1-6] deal with single-phase flow in rotating channels. In a recent
paper [6], the authors reported the performance of an eddy viscosity model in predicting
single-phase flow through two-dimensional channels rotating in orthogonal mode (the axis
of rotation is normal to the plane of the channel). A number of studies have also been
conducted [e.g., 7-10} on two-phase flow through stationary channels and pipes. However,
studies involving two-phase flow through rotating channels are less common. Solid-liquid
flow through rotating impellers has been addressed [11, 12] using inviscid flow assumption
for the carrier phase. These studies do not report a quantitative assessment of the forces
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acting on the particles. Moreover, viscous effects can significantly affect the base flow of
the carrier, 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 valuable insight
into the head loss and erosion phenomena. The aim of this study has been to quantify the
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], the present
study focuses mainly on the particles. Beginning with the equations of motion 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 of
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 the channel walls
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 virtual wall [13}. As a first approximation, this study assumes smooth walls,
so that the direction of the normal to the wall is deterministic, not statistical. One-way
coupling is assumed, i.e., fluid flow affects the particulate flow, but not vice versa.
Rotation is assumed to be in a horizontal plane, so that the effect of gravity may be
neglected.

EQUATION OF MOTION AND NUMERICAL METHOD

In terms of the absolute coordinate system (XYZ in Figure 1.) the equation of motion of a
typical particle is

av 3 TS IR av dv
V—L2= -VWp + 2P _pl(7-7 )+ pvc|2_Z2 |
Ps¥ = Wi 2|vf”( P)p"dt @ v
Inertia Drag

Virtual Mass

where Ps is the particle density; Y is the particle volume; ¢ is the time; Vp and 17' are,
respectively, the particle and fluid mean velocities with respect to ground; p is the fluid
pressure; C,, is the drag coefficient; A is the project area, lrdf, /4, of the particle of
diameter d »3 P is the fluid density; [ and j are the unit vectors in the xyz system.
(coordinate system attached to rotating reference); and Cv (= 0.5 for spheres) is the virtual

mass coefficient. The last term is negligible when p << Py (as in gas-solid systems).
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Figure 1. Particle entrained in rotating channel flow.

The relations between relative and absolute particle velocities and accelerations are

2l g L av. (dU o ke
Voal b0V ang — Lol ? | Samurs +Q><(Q><r), (2, b)
< 5 dt dt % 2

where Q = Qk is the constant angular velocity of the channel. Similar expressions holdor
the fluid velocity and acceleration. The subscript R denotes the rotating frame. The relative

U
acceleration | —— | | the material derivative of velocity in the rotating frame, is given in
R
terms of the local derivative and convective acceleration as
do e
— =——+{(U'V)U} . (2c)
dt |, ot R

Since the carrier mean flow is steady in the rotating frame of reference, a— = 0. ‘For
t

convenience, the subscript R is dropped, as there is no ambiguity in its meaning in what
follows,

The equations are computer-coded most effectively in their, non-dimensional form.
Velocity is normalized with respect to the inlet uniform flow velocity, U, ; pressure with

Journal of Mechanical Engineering Research and Developments, Vol.22-23, 2001



Turbulent Flow Through Rotating Channel 4 Pagalthivarthi and Gupta

respect to PUZ; time with respect to L/U,, ; the angular velocity with respect to U, /L ;
and all lengths with respect to the channel length, L.

Thus, using Equations (2a-c), Equation (1) may be written in non-dimensional scalar form
as i

du ' = \
e ulegl o ]U-U((U-U )+2Q| 7, - €, V'v
dt  S+C,ox 4d (S+C,) 2 : o e
Pt Ua—U+Va—U
S+C L o dy
(3)
and
dv e O C
—E=——— - G Fly-y)20lu S
d  S+C, oy 4a’p(S+Cv), ”‘( ”) [” S+C,
)
C o o
+Qy+—2 |y 4y 2|
Qv

where § is the relative density of the solid, and U p' and V » (U and V) are the scalar
components of the relative velocity of the particle (fluid).

- The drag coefficient, C , is calculated from the empirical correlation Fi2]

0.44 ‘ when Rep > 1000
C,= (5)
" |(24/Re, )(1+0.14Re2")  when Re, <1000,
where the particle Reynolds number, Rep , is defined as
v
For certain combinations of operating parameters, ( Re,, , R p / P, etc.), the particles

(6)

may slide along the channel wall. In such a case, the particle experiences a kinetic
frictional resistance /.thn, where Fn is the y-component (normal to the wall) of all the

forces acting on the particle due to drag, pressure, Coriolis, centrifugal and virtual mass
forces. If the effective normal force is directed away from the wall, the particle is about to
separate from the substrate, and then the friction force is Zero.

A fourth order Runge-Kutta method [14] is employed to integrate the initial value problem
represented by Equations (3) and (4). The initial position and velocity of the particle are
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“specified at channel entry. The initial particle velocity is taken as equal to that of the
carrier fluid at inlet.
Equations (3-4) may be written as a system of four first order differential equations as

—L=U,, : (7a)

:_/‘(t,xpoy/hUPaVP)a (7C)

and
v,

E——— t,‘, ,U,V), 7d
= g(t,xp, yp.Up,Vp) (7d)

where functions fand g correspond to the right hand sides of Equations (3-4), respectively.

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

W=q(,W), (8a)
where :

W:(XP’}'P’UP’VP)T’ (8b)
and

Qz(UP,VPaf,g)T- : (8c)

The prescribed initial condition is VY(O) =W, . The fourth order Runge-Kutta method in

this study uses the following marching procedure:

Vl/(t+6z)=lf[/(t)+—5é(k,+2k2+2k3+k4)+0(6t)5, 9)

where

ki =q (LW (1)), (10a)
St kot ;

- = t_‘,___,,W t +_~l_ 3 lob

k=gl e S )+ 52 | (ob

k3=q(t+g,W(t)+£2—51), (10c)

T 2

and g o

ky =q(1+80L1 (1)+k61), : (10d)

where &7 is the local time step.
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Special treatment is necessary for handling particle collisions with the channel wu
Particles are treated as spheres of definite diameter while solving Equations (3) and (-
When determining the position of the particle at impact with the walls, the particles .
treated as material points. In the present study, particle-wall collisions are treated .
instantaneous. A coefficient of restitution is introduced in both the tangential and 1
normal directions to compute the post-impact velocity of the particle. The channel
assumed to be unaffected in the rotating reference frame by the collisions.

In Figure 2, let U, , ¥, and U,,, ¥,, be the initial and final velocities of the partic|:
during a time step Of. Let A(x,,y,) and B(xz, yz) be the corresponding tw.

positions of the particle. In the absence of the wall, the particle would trace out the path
represented by the solid curve AB. The presence of the wall implies that the particle wi!|
collide before reaching point B.

The point of impact C(, A ) may be determined by iteration. However, if the time step
is small enough, a simple interpolation gives an accurate enough prediction of the point (
and the particle velocity at the point of impact. Linear interpolation is used between A and
B to locate the point C of impact. The actual time 5[, from A to C is also computed by,
interpolation.

= Boundary Wall
/////////C/(; ;7"{/ CPLL LS T
B(x,,y, Up,

Figure 2. Interpolation to determine point of impact.

Two more practical points are worth mentioning. First, it is possible that the post-impact
normal velocity component may be quite small. In such a case, below a cut-off value, the
y-component of the velocity at the wall may be set to zero, so that the particle just slides
along the channel wall. Second, the center of the spherical particle can never touch the
wall. In computing particle trajectory, the particle is assumed to be a material point. Thus,
the wall is hypothetically shifted to the particle center, without introducing significant error.
This procedure is acceptable, if the particle size is much smaller than the characteristic
dimensions 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 channel are discussed elsewhere [6, 15]. In this section, the
variations of the 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 y =0 (mid-height of the channel) is

considered. All calculations are for the operating parameters shown in Table 1. In non-
dimensional terms, the inlet velocity of both the fluid and the particle is unity.

* »
In Table 1, the quantities d p and Vv, 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 [16]. For the rotating environment, these are
defined as

p(p,-p)QU,)

‘d;zdp 5 : | (11)
and ¥

i p p’ z

v, =1.73 |gd | =% — : (12)
; ”( p )[u(ps—p)(%wo)}

It is clear from Table 1 that for the same physical diameter of dp =1 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 water as the
carrier. These quantities, as will be seen, characterize particle behavior to a large extent.

Table 1. Details of operating parameters
Case | Re, | Ro, P, p debed e MW v
' (kg/m3) (kg/m3) (mm)

It TES008 - 002 == 2700 1.23 1 1 I Dok 00 15 1723

2 11500 | 0.21 2700 1000 1 Pl RO 9005 1520

3 11500 | 0.21 1000 173 1 I 01 | 7118 [14.60
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In the figures, the ordinate axis on the left-hand side of each figure shows the y-coordinate
of the particle trajectory. The two ordinate axes on the right-hand side of each figure show,
respectively, the x-component and y-component of force (or velocity). Before getting an
insight into the forces on the particle, it is useful to get an idea of the velocity variation.

Variation of Velocity 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 | and 2 of Table 1.

LRc“= 11500, Ro,, =021, d,= | mm, e, =1, ¢ =1, H/L =0.05, i, =0.1

Particle trajectory
-------- x - component of particle velocity
——— y - component of particle velocity

Carrier-phase : Air, p, = 2700 kg/m’® 25 1
0.02 | .

A 0 5

y

|
0.01 F Sl
!

001 f,

2 L
NS
—
| Gty

-0.02

(@)

Figure 3. Variation of particle velocity for Cases 1 and 2 of Table 1 with carrier-
phase as (a) air, and (b) water.
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The x-component of particle velocity, Up, increases (Figure 3a) as the particle moves
along the channel length. The y-component of particle velocity, Vp, shows discontinuity at
the positions of impact because Vp changes sign at points of impact. The incrgase inU, is

. 5 3 2 - 3T
due to the centrifugal force, which varies as £2°x. By intuition, we would expect the drag

force to decrease Vp as the particle moves towards the exit. However, for air (Figure 3a), a
slight increase in V/, is seen as x increases. This corresponds to the increase in U, and

hence in the Coriolis force, which varies as ZQUP. In the absence of drag force, the

increase in V,} 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
completely different from that for air (Figure 3a). The drag effect in case of water is much

more significant than in case of air. In Figure 3b, U, increases initially up to x | 0.125 .
At this stage, drag catches up and slows down the particle till it impacts with the channel
pressure-side wall. After a few feeble bounces, the particle begins to slide along under the

combined influence of drag and Coriolis forces. The discontinuous oscillations in Vp

indicate the feeble bounces before sliding begins. After sliding begins, the centrifugal force
gradually overpowers friction and drag, so that the particle begins to slowly speed up again.

As the particle moves towards the pressure side, it accelerates (Vp increases) under the

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

Coriolis force is now opposite to V).

When the particle is neutrally buoyant (p, = p =1000 kg/m’ ), Figure 4 indicates that
the particle essentially moves parallel to the channel walls, following the carrier flow. In
this case, Vp is. nearly zero everywhere, and Up increases and reaches a plateau as the

centerline velocity of the carrier fluid increases and reaches its fully developed value.

Variation of Pressure Force

In Figures 5a and 5b, the variations of the x- and - 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 $pecified y, the pressure
is seen to increase with x. The pressure gradient 22 continues to increase with x and s
X * z
.
does the magnitude of pressure force on the particle. Theoretically, the pressure gradient in
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| Re, = 11500, Ro, =0.21,d, = | mm, e, = |, ¢ = I, H/L = 0.05, =01]

Particle trajectory
-------- X - component of particle velocity
i e o ¥y = component of particle velocity

; - 3
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0.01 F ; /__.; 11§

a0 ﬁ 5 ST ety ] bi h\‘n
p 4-01

-0.01 f e

‘ ' 1 1.05 1
02 f o7 j
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0 0.25 0.5 0.75 I

Figure 4. Variation of particle velocity for neutrally buoyant particle
(P, = 1000kg/m®) with water as carrier-phase.

x-direction should vary as Q'x (Figure 6a). This is reflected as a linear increase in the
magnitude of the pressuré force, pfx , in Figures 5a and 5b.

The pressure force, pfw in the y-direction varies in a somewhat complex manner. Right at

and in the vicinity of the pressure-side wall, the pressure gradient (U 2QU ) is nearly zero
because of no-slip. Away from the wall, pressure varies linearly with y as shown in Figure

6b, i.e., the pressure gradient, a—p Is a negative constant away from the wall. Thus, for a
y - i

particle released at y =0, as the particle moves towards the channel base (pressure side),

initially, the pressure force pfy, is roughly constant. As the particle approaches the wall,

the magnitude of pressure gradient suddenly drops, and so does the pressure force. After
the particle impacts and moves away from the base, the pressure force again rises suddenly.

In case of air (Figure 5a), the particle reaches a substantial peak into the mainstream of the
flow, i.e., it reaches the constant pressure force zone after impact. Thus, pr rerQains:

nearly constant for some part of the trajectory, and again the process is repeated along the
particle trajectory.
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Rey = 11500, Roy = 0.21,d, =1 mm, p, = 2700 kg/m', ¢, =1, ¢, = I, H/L = 0.05, 1, =0.1

Particle trajectory
--------- X - component of pressurc foree
===y - component of pressure (orce
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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 Sb), 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, pfy also attains a constant value.

Variation of Drag Force

Variations for drag forces, Df and ny are shown in Figures 7a and 7b, respectively, for
air and water. As noted with reference to F igure 3a, U, tends to increase with x, Thus, the
slip velocity (U > —~U ) increases and so does the particle Reynolds number. The drag

force, which is proportional to (U = U ») (Equation 3), increases in magnitude (note the
negative sign). Discontinuous sign reversals are seen in Df , corresponding to the impact

locations, where V » ¢hanges sign. Furthermore, as the particle traverses along its
trajectory, ¥V - decreases in magnitude, which results in a decrease in 'Vp 4 l , and hence a

decrease in Rep with increasing x. Thus in an overall sense lDf" increases with x. For

the case of water, Figure 7b, the particle begins to slide for x >[] 0.3 and the drag force
'Df‘l is zero. Note that the magnitude of drag force in air is much smaller than that in

water.
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Re, = 11500, Ro,, = 0.069, H/L =0.05
0

0.4

Pressure side

08 F

Suction side

1.2 Fan ——
0 0.2 04 ¥ 086 0.8 1

08 Py
06 M
04 \
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(b)

Figure 6. Variation of pressure (a) along the channel length, and (b) across the
channel height.

Variation of Coriolis Force

The variation of Coriolis force acting on the particles in airflow is shown in Figure 8a.
Including the effect of virtual mass, the non-dimensionalized X-component of Coriolis force

= e
is, 2QIV,~——V land its y-component is —2QIU,~—2_U |  The
D 4+C, S+

discontinuities in Cof. at the points of impact match with those in V,. The y-component

of Coriolis force increases in ‘magnitude along the channel length because the term,

+2Ql U, - G,
£ %,

U |, increases along the channel length.
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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 particle

begins to slide, both ¥, and ¥’ vanish 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 Q2. (Note: Cefy = sz.) The x-component of centrifugal

force is proportional to sz, so that Cefx is seen to be independent of the carrier (it is
identical for both air and water). .

Re, =11500, Ro,,=0.21,d =1 mm, p =2700kym3,e =le =11 =0.1, HL =0.05
H H P P X y: u‘\

—— Particle trajectory
------- x - component of drag force
-—--— y - component of drag force

0.02 Carrier-phase: Air 1 5
bore
g\—.
EN i
E.04.
E08
14
\—‘\
= S
|
002 F ! ; -
0 025 05 075 1
it

(b)

Figure 7. Variation of drag force acting on the particle with carrieerhase as

(a) air, and (b) water.

Journal of Mechanical Engineering Research and Developments, Vol.22-23, 2001



Turbulent Flow Through Rotating Channel 14 Pagalthivarthi and Gupt:

.Re = 11500, Ro, =0.21,d = | mm, p = 2700 kg/m', ¢, = le, =1, HL=0.05u =0.1
" i { n 3 y k

Particle trajectory
X - component of Coriolis force
¥ - component of Coriolis foree

Carrier-phase: Air

ey,

act

""?[ Carrier-phase: Water }

Aok
S

ﬂoz{“'.
0

025 0.5 078 1

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

Re, = 11500, Ro,, =0.21, d,=1mm, p =2700 kg/m’, e = I, e, =1, HL.=0.05p,=0.1

Particle trajectory
X - component of centrifugal force
v - component of centrifugal force

o Carrier-phase: Air 2

KAV

0.01
-0.02

Figure 9. Variation of centrifugal force acting on the particle with carrier-phase as

(a) air, and (b) water.
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In summary, it is seen that the Coriolis, drag and centrifugal forces on the particle are
predominant in air. In particular, the Coriolis force greatly determines the particle
trajectory. In water, pressure forces are also comparable to the other forces. From the
trajectories, it is that with water as the carrier, the particles tend to slide along the channel,
with hardly a few feeble bounces. In addition, since the Coriolis force on the particle
increases with x, the sliding wear rate along the pressure side of the channel may be
expected to increase with x. This is actually observed in the Coriolis wear tester [17]. In
sharp contrast, with air as the carrier, hardly any sliding is seen. Thus, the wear mechanism
in the case of air is likely to be governed by particle impact. In practice, the standard
Coriolis wear tester may be modified for pneumatic tests with particles in order to measure
impact wear coefficients.

CONCLUDING REMARKS

The paper presents a quantitative description of the forces acting on a particle as it traverses
its trajectory in a viscous mean flow field in a rotating channel. Some refinements are
possible. It is possible to consider a virtual wall model to account for the statistical nature
of the wall roughness. Another possible improvement is to consider the particle as finite
rigid (or elastic) body, rather than as a point mass in handling impact with the wall. This,
however, would considerably increase the computational effort. These improvements are
now underway, and would be discussed in a future paper.

NOMENCLATURE

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

English
: ; 2 2
A Projected area of the particle (ﬂ'dp /4) (m )
Cef Centrifugal force acting on the particle (N)
Cof Coriolis force acting on the particle (N)
G Drag coefficient (—)
< Coefficient of virtual mass (—)
Df Drag force acting on the particle (N)
d, Particle diameter (m)
d; ‘Non-dimensional particle diameter (see Eq. 11) (—)

Journal of Mechanical Engineering Research and Developments, Vol. 22-23, 2001



Turbulent Flow Thrcugh Rotating Channel 16 Pagalthivarthi and Gupta

¥ y-component of all the forces acting on the particle (N)
g Acceleration due to gravity (m/ s )

5 Height of the channel (m)

I . j 5 K Unit vectors in X-, Y- and Z- directions respectively

i < i 12 Unit vectors in x-, y- and z- directions respectively

k,k,,k;,k,  Vectors computed during Runge-Kutta steps
L Length of the channel (m)

(&) Of the order of

p Pressure (N/ m’ )

pf Pressure force acting on the particle (N)

q Vector defined in Equation (8c)

Re ~ Length based Reynolds number (—)

Re,, Height based Reynolds number (—)

Rep Particle Reynolds number (—-)

Ro Rotation number (—)

Ro,, Height based rotation number (—)

Ro, Rotation number based on distance x from origin (—)
r Position vector (m)

S Ratio of solid density to fluid density (Egs. 3 and 4) (—)

/4 Time (m)

54 x-component of U (m/s)

U Fluid mean velocity vector with respect to rotating reference (m/ S)
U, x-component of U 5 (m/ S)

U - x-component of particle velocity (m/ S)

U = Particle mean velocity vector with réspect to rotating reference (m/ S)
U Inlet velocity (my/s)
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Vv y-component of U (m/ S)

vV Fluid mean velocity vector with respect to inertial reference (m/ S)
4 - Particle mean velocity vector with respect to inertial reference (m/ S)
v, y-component of U, (m/ S)

4 y-component of particle velocity (m/ S)

v; Non-dimensional terminal velocity of the particle (—)

w Vector of particle position and velocity defined in Equation (8b)
XYZ Coordinate system attached to inertial reference frame

xyz Coordinate system attached to rotating reference frame

Greek

ot Time step in Runge-Kutta integration (S)

H, Coefficient of kinetic friction (—)

U Laminar viscosity (kg/m- s)

p Fluid density (kg/mB)

Pp, O P, . Particle (solid) density (kg/mB)

v Laminar kinematic viscosity (kg /m-s)

Q Angular speed (rad/s)

Q Angular velocity vector (rad/ S)

v Particle volume (m3 )

A% Gradient operator

Subscripts

1),k Dummy indices

P Quantities pertaining to a particle

R Relative ‘

X component in direction of x-axis

y component in direction of y-axis
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