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ABSTRACT

Predicting the erosion that results from a gas—Solid particle flow
in coal energy conversion systemé is crucial for the successful opera-
tion of coal gasification, magnetohydrodynamic power, and coal-
fired turbine facilities. In this study the coupled gas-particle
‘momentum equations are analytically solved to determine the particle
trajectories near a plane stagnation point;r The momentum equilibration
parameter, which is a physical parameter measuring a particle's momen-
tum, is found to be the unique criterion for predicting particle
trajectories. It is shown that values of this parameter less than
one-fourth identify particles that never impact with a wall. The
closed-form solution obtained is used to predict the quantity of
material removed from a wall as well as the location of erosion along
the wall. The maximum erosion is calculated to occur for the momentum
equilibration parameter taking a value of 2.3. The erosion rate is found
to be proportional to the particle veiocity raised to the exponent of-

3.8 .
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1. INTRODUCTION

For many years gas-solid particle flows have interested scientists
and engineers. Gas-particle flow phenomena are important in sedimen-
tation pipe flows, fluidized beds, and transport processes. More
recently the fields of propulsion, combustion, and energy conversion
have stimulated new interest in this area of tWo—phase flow.

In particular, magnetohydrodynamic coal energy conversion,
geothermal converéion, and coal gasification are three areas where a
thorough understanding of gas-solid flows and the subsequent erosion
is crucial.

This study treats the problem of determining the particle tra-
jectories and resulting erosion near a stagnation point. This is a
critical area arising in a corner flow, flow into a flat plate, and
flows over closed bodies such as cylindgrs and blades. The study
endeavors to identify the primary factors that determine erosion
behavior.

As a specific example the gas—particle flow typical of a coal

gasification system is analyzed.



2. EQUATIONS OF MOTION
The equations of motion of a particle in a steady stream with
velocity components u,v have been derivedl and are presented here in

the following form: V *

Du u—up ) .
Tl €»
Dv V-V
2 Dt = T s - ’ . (2)
pC
where T =-g =
9

It is assumed that the dispersed particle phase is sufficiently
dilute so that the mixture behaves as if it were made up of the con-
tinuous phase alone. Therefore, the particles do not significantly
affect the continuous phase. Furthermore, the particle Reynolds number
is assumed to be of order unity. Thus the volume force acting on the
particle has the form of the Stoke's drag law. A detéiled order of
magnitude analysis that considers the preceding and following assump-
tions is available.2

Other assumptions are:

1) The particles are spherical and all of constant size.

2) Pressure, lift, gravitational, and viscous forces are ' -
negligible.

3) Brownian motion is negligible.

4) The continuous phase is incompressible.

: _Dx Dy Ceution 1
Since uP Dt and vp Dt ° substitution into Egs. (1) and
(2) yields §E§.+ dx . -
A T ’
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T ~—%—+-—X -v=20. (4)
dt dt

Now consider the inviscid flow near the stagnation point. The

complex potential is given outside the thin boundary layer as:
W= - %-% z

where X is some distance ahead of the stagnation point where free
stream conditions exist (u = -~ U) . The velocity components corres-

ponding to this flow are

U .
us=-3¥X, (5)

v = g-y'. (6)

Make a change of variables; let

ryU Am
— 1 — _
z = tfT, X =X =% °

where Xh is the momentum equilibration length parameter (frequently
referred to as the inertia parameter). Physically, Am is a number
that indicates the distance required for a particle to travel in order
to reduce its initial slip velocity by e—1 . Likewise, T is
referred to as the momentum equilibration time.

Equations (3) and (4) with (5) and (6) become

2
dx  dx , -
Sttt N x=0, (7
dz
dzy dy '
—_ .\ —
7+ dz Am y=20. (8)



A. Solution procedure
Equation (8) has solution
oz

y = A 1% 4 o &2 , ¢))

Tom e (N ) e, = - - () (10)

1 2

Equation (7) has solutions of different form depending on the value

of X .
m
Case X' < %
m
Here
x=A, 3% 4 A &"4% (11)
3 4
L ' L

r3=-1/2+1/2(1_4>\vm)2,r4=-1/2-1/2(1—4>\'m)2. (12)

To solve for A2 and A3 , assume an initial condition that at the

plane x = X the particles have the gas stream velocity
. (13)

Now if t =0 (z=0) when x =X, then from (11) X = A3 + A4
and Eq. (13) gives: (r3+km) A3 + (r4+Km) A4 = 0.

Thus
r,+\ r. 4N

|4 m oF3% 4 3 ' m oL4Z (14)
The particles that are at some initial position X traveling with
the gas will hit the plate, provided that x = 0 for some finite z

Otherwise the particles will only approach the plate asymptotically.
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Thus
r,+N , T +X
0= |4 m oF3%s 4 3 m RN
r,"Tgy r,or,
\
z = 1 1n r3+>\m
. g
s £y=T, r4+>\m
L . .
Now ryr, =(l—4&327>0 since 0 < Am <% . Similarly,
r, + Xm <0 -4 < r3+)\'m <0
and
1 - ! - L
r, + Am <0 1< r4+)\m < 7

S+ Lo< 'o< XY <0 .
+ 4 r4+)\m r3+)\m 0

Thus, 2z_ < 0 and at no time will the particles strike the plate.

s
Case XN > %
m
Here
144l '- 5 1 +1 1 4

x = AL o[t (4X ~1) 7]z | x o[-t (4N -1) Iz
= A e_%z cos (X —1)1/2 z + A e*%z sin(\ _1)% ” (15)

5 m4 6 m4 .

Assume an initial condition at £t =0 ( z =0 )

x =X
_dx . 1ldx
and up = it U T dz
Then Eq. (15) gives A5 = X
1
'YX = LB BNC N
and XmX A6 (Xm ) 2A5
SRR
= X
A6

=
N =) ?



Thus
) R ;
s LI 8 2 . v o1 2
x- ¢ cos (km i) “z +(;r—:—;;g sin (Am ) “z . (16)
When x =0
1 % - X 1
0 = }\l _ L “3 + m . LI “2
cos ( o %) z z;r—:—;;g sin (Am ) zg (17)
S Ok
Stan (N - W)z = ———— (18)
m s o - 1)

m .
As z decreases from T to o Ah increases from % to %.

As A; increases from % to « , z decreases from T to O .
Thus if A; > % the particles will always strike the plane,

provided they are at some x = X moving with the gas.

Case X; =Y

Here

L L
x=A_ e + A,z e . ' (19)

Assume an initial condition at t = 0 .

(z=0) x =X and

u:g-}E:—U:l—d—}-{-
P dt T dz
Then Eq. (19) gives A7 = X
and
- MNX=-5X e_%z - LA =z e—l/2Z + A e—%z
m 2 '8 8 :



So that
A8— X - )\'mx— LX
Then
-1 -1
-% =e ® 4z e 2z
=e 2 (1 + Y42) (20)
The solution to Eq. (9) gives the y path.
Assume the initial condition y = Y when =X at 2z = 0. Then,
from Eq. (9)
= A Ay - (21)
For the second condition we consider two cases:
Case A) v. =0
P
Then
0 = Alr1 + A2r2
and
0= le - A2rl + Azr2 .
Thus
A2 =Y v /(rl 2)
-r
A1 =¥ T —r2
172
Thus
Yo (-1 T,z _
= 1% + r, e 27y / r,-T, (22)
D
[ s (140 /} [—1/2+1/2(1+4A'>2]
1
L L1 1y2
{ %+%(1+4X ?} [ 2 2(l+4)\m) ]Z] / (1+4) )% . (23)
m

See Fig. 1.
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FIG. 1. Particle trajectories. The momentum equilibration parameter
indicates the magnitude of a particle's momentum. When A% > 10 the

trajectories are almost entirely determined by initial conditions.
For N < 0.25, the particles are completely entrained in the gas flow
n

and never impact with the wall.
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Case B) The particles follow the stream line.

—Ul=gz=
X dt

A =
2o

Initially vp =v =

Then

\ =
AmY Alr1 + A2r2 .

Combining this with Eq. (21) we obtain

- A 3t ’
0 (r1 Xm) Al + (r2 Am) A2
Then
— __' __' - _l
0= (rl Am) Al + (r2 Km) Y (r2 Xm) Al s
so that

-— = L.
Al (rl rz) (Am r2) Y .

Heﬁce
' ——
=‘Y(X r2)

1 (rl—rz)

>
I

+<

i
!

The y trajectories are therefore given by

N -r r.z [(r, -\ T, Z
o | B2 o1y w2 (24)
1752 175




3. RESULTS AND DISCUSSIONS
A. Method of determining impact density, speed, and angle
As the momentum equilibration time T increases (i.e., as Xm

increases), 2z - 0 . 1In the limit T + o , if Yo dis the y value

]

for the particle striking the plane x = 0 , we find that in case A)
Yo/Y > 1 , and in case B) Yo/Y » 1 .

From Eqs. (23) and (24) we see that Yo/Y is a function of A;
only. Thus the number density of particles along the wall (x = 0)
is constant for a given Ah . Since all particles for which
y/Y <1 will strike the plane at a‘distance less than Y0 s we
arrive at the result

Number of particles crossing unit area when moving with
Yo _ fluid per unit time

Y Number of particles striking unit area at x = 0 per
unit time

Number of particles in free stream

Thus if N = ; s

pe unlt volume

U = Free stream gas velocity

] = Number of particles striking wall

o unit area unit time ’
Then

J =X N =g . (25)
0 YO p® Y0 0%

The variation of JO/J00 with Xm/X is shown in Fig. 2. TFor
particles for which initially y/Y =8 (0<B<1) and A%_> 4  the

trajectories in case A are given by -

L=\
-1 L 2 4
x| = Jeos (X172 4| —"  Jsin (X W)} = T | (26) :
B=B (X =%)7~ =1 (
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FIG. 2. Relative number density flux as a function of the momentum
euqilibration parameter. Particles with high momentum will impact
with a number density approaching that found in the free stream

region (JO/J00 > 1). XBL7712-6545
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R
L] =3 [%+% (1+4xm)2]e[ (e ) T

. . 1
L . D ot rty72 3
+ l: _1/2+1/2(1+4)\;n) 2] e[ 3 2(l+4)\m) ]Z / (l+4}\'m)
,}_7_ .
By | B=1 ° (27)
Furthermore the speed on impact q (letting 7Y = X/Y ) is given by

(see Fig. 3)

1

q_ 1 |]1ax 2 g [1ay 21"
7w [ia'z‘l + 53 [m' . ] : (28)
. z = Z Z—ZS

m s Y

where z is given in Eq. (18).

1 dx -5z m L 1L
=== @ ———— sin(XN' =%)%z = N cos ()N -L)?
X T (m %) m (m D) %z ),

dy _ 172
Z rlmrz

The angle of impact is (see Fig. 4)

1 dx
"X dz|
z =

4 = tan * s (29)

{erzz _ erlz}

A4
8

where o 1is measured from the wall to the particle trajectory.

By assigning successive values to B over the interval
‘0 <y/Y<1 and solQing for a fixed Xm , the particle trajectories
Egqs. (26) and (27), the impact speed Eq. (28), and the impact angle
Eq. (29) are obtained for a distribution of similar particles. Sincg
the particles are all of the same size and density, for a given dis-
tribution no particle-particle collision will occur before impact with
the wall. However, this model does not take into account particles

that rebound from the wall.
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FIG. 3. Relative particle impact speed as a function of the momentum
equilibration parameter. The increase in particle impact speed for

0.25 < Xm < 0.40 1is due to the gas accelerating the particle away

from the stagnation point. XBL7712-6546
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FIG. 4. Particle impingement angle as a function of momentum equili-
bration parameter. The initial position of a particle is given by

v = X/Y .
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Rebounding particles may collide with approaching particles,

leading to multiple impacts at the wall. The rebound angles and

- coefficient of restitution depend on particle size, impact angle and

. 3 e e .
velocity. Thus a complete description of the resulting erosion would
appear to require a statistical model of particle~particle interaction

and particle-wall rebound, which is outside the scope of this work.

B. Erosion distribution on the wall
The relative erosion can now be calculated using the following

expression developed by Finnie.4

M 2 F(a)
E=—3%— |
42

max max

E = relative magnitude of erosion rate,
M = mass flux of eroding particles,

q = particle speed at impact,

F(a) scaling function (nondimensional) based on predicted and
observed values of erosion of a ductile material by particles
impinging at varying angles (see Fig. 6).

The model on which this expression is based assumes that the
particles act as cutting tools, with the cutting depth a function of
the hardness of the surface material. No account is taken in the
model of particle size effects for particles less than about 100um.
For particles larger than 100um erosion is independent of size.
However, for small particles erosion becomes less efficient with
decreasing particle size.

In this study the size effect is also neglected since the particle

is characterized by the momentum equilibration parameter, which is
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multiple valued (i.e., a large particle with low velocity can have
the same value of Xh as a small particle with a high velocity).
The dimensional cases investigated in this study are based on erosion
results from particles larger than 100ym.

Rewriting, the relative erosion rate is:

J %WOB ps q) q2 F(o)
E = 0
4 3 2
(Jo 31TO ps qmax) q max
max
Jo q3 F(a)
S (30)
o 9 max
max

The relative erosion is plotted in Fig. 5 as a function of the
momentum equilibration parameter. The shape of the curve is clearly
dictated by the impact speed variations since the erosion varies with

the cube of the speed.

C. Effect of particle velocity

The intriguing shape of the erosion curve shown in Fig. 6 can
be explained by examining the velocity components of the particles.
As is expected, particles'with large A; are relatively unaffected
by the continuous phase, and travel in straight lines with trajec-—
tories determined by the initial conditions. As X; decreases to a
value of 2, the particles experience a very slight deceleration
through the continuous phase in the x direction, along with an accel-
eration in the y direction due to the continuocus phase accelerating
away from the stagnation point. The overall increase in speed and

erosion then is due to the magnitude of the vector sum of these
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FIG. 5. General form of mass removal vs iImpingement angle for
ductile erosion. Data points are for erosion of 1100-0 aluminum.

FErosion curve was used to calculate relative erosion rate.
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FIG. 6. Effect of momentum equilibration parameter on erosion. Since

E ~ q3 the curve exhibits characteristics predominated by the impact

speed curve. XBL, 77|2_6549
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two relatively large components.

Now for A; decreasing from 2 to 0.4, the particles experience a
large deceleration in the x direction due to the increasing effect
of the gas viscosity, leading to a small u velocity component and
very low erosion levels.

This trend is suddenly reversed as Kh decreases further toward
0.25. Here the particles are entrained in the continuous phase over
a long time interval, and consequently are accelerated with the
continuous phase in the y direction. The impacts occur far from
the stagnation point with the large v velocity component dominating
the impact speed, and giving rise to the increased relative erosion
rate. As noted previouély, if Ah < 4% the particles will not impact.

The minimum and maximum erosion points and respective values of
the momentum equilibration parameter (namely 0.4 and 2.3) determine
the physical particle characteristics that are desirable (or detri-
mental) in an operating two-phase system, depending on whether erosion

is to be minimized (wear reduction) or maximized (abrasion).

D. Erosion pattern on wall
As an example, calculations are included for the particle sizes
and velocities typical of a coal gasifier environment. In Eqs. (26)
through (29), we take +y = 10 and § = 0.In, n =0, 1 ... 10 . 1In
this way the effect of a spatial distribution of like particles is
examined to observe how erosion varies along the wall for a given
initial velocity (see Figs. 7 and 8).

The previously described phenomenon of particle entrainment in
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the continuous phase and subsequent acceleration is clearly identifi-
able in the erosion pattern for 400um particles. The maximum erosion
for a particle with an initial speed of 127 cm/sec is somewhat higher
than that for particles with 170 cm/sec and even 213 cm/sec, because
the slower particles are entrained and accelerated away from the
stagnation point. The corresponding erosion points are at a substan-
tial distance from the stagnation point. Evidently, the maximum
erosion for high-speed particles exceeds that for the slower
particles by a factor of 100, and the distribution is nearly linear
around the stagnation point.

The effect of the initial particle velocity on the erosion rate
is illustrated in Fig. 9. Intuitively, this is expected to be propor-
tional to the square of the velocity. However, the results show that
the velocity exponent is normally greater than two. Sheldon and
Kanhere6 predicted velocity exponents as high as three. Grant and
Tabakoff3 found exponent values experimentally of the order of 4 in
their work with turbomachinery.

The mean exponent value found in Fig. 9 is 3.83, with the value
attaining a maximum of 7.70 in the regime corresponding to Xm equal
to 0.5 .

Viscous effects near the wall should not influence these high
exponent values of the velocity since they correspond to particles
with large impact angles. : Since the boundary layer is thin [i.e.,
x/X = 0(10_3)], only particles with very small impact angles will

be slowed by the gas as it comes to rest at the wall.
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FIG. 9. Effect of free stream speed on erosion rate.
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4. CONCLUSIONS

An analytical model is developed to predict erosion occurring
near a stagnation point flow. The model takes account of the aerody-
namic drag 6n the particles, the impact angle speed, and dénsity, and
determines the material removal along the wall. The solution is of a
closed form type and is based onvanalysis of a single particle. The
solution is readily applicable to a distribution of any number of
like particles. However, when the number of parficles becomes very
large the continuous phase is altered and the assumption of continuous
phase invariance under particle flows becomes invalid.

The momentum equilibration parameter is found to be the unique
criterion for predicting particle trajectories. A cutoff value of
A; < 0.25 ddentifies those particles that never impact. The inves-
tigation shows that maximum erosion occurs for the value Xm = 2.3.
The erosion is foﬁnd to be proportional to the velocity raised to the
mean exponent of 3.83.

To extend the present work boundary layer effects should be
incorporated in the analysis of the stagnation point flow. Also the
model would have wider application if particle-particle interactions

and rebound phenomena were taken into account.
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