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ABSTRACT

In this study, the influence of Al particle size, as an additive for solid propellant, on the mechanical
erosion of the carbon-composite nozzle was evaluated. A new model which can predict the size and
distribution of the agglomerated reaction product(Al(l)/Al,Os()) was established, and the size of
agglomerate were calculated according to the various initial size of Al in the solid propellant. With
predicted results of the model, subsequently, the characteristics of mechanical erosion on the
carbon-composite nozzle was estimated using a commercial CFD software, STAR CCM+. The result
shows that the smaller the initial Al particles are, in the solid propellant, the lower is the mechanical
erosion rate of the composite nozzle wall, especially for the nano-size Al particle.
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Composite solid fuels are widely used in
propulsion systems for rockets, missiles and
launch vehicle. They have several advantages,
like simple structure, high energy density,
compactness and low cost. Specific
impulse(Isp) can be used as a parameter to
compare the performance of  different
propellants. Fuels with higher Isp will reduce
the weight of the vehicle, increase the
efficiency and reduce the overall cost of the
mission. For these reasons, metal powder
additives of aluminum and boron are used as
fuel components depending on mission
objectives. Ammonium perchlorate(AP) is one
of the most widely used oxidizer because of
its high performance, compatibility with other
propellants and availability. Binder is a
rubbery polymer matrix to hold all the fuel
components in a compact form. It also acts as
a fuel, which gets oxidized and produces
combustion gases. HTPB is most commonly

used because of its excellent physical
properties.

During combustion of solid propellant, a
mobile liquid layer is formed at the burning
fuel surface, where aluminum particle melts
and agglomerates to form bigger particle[1]. A
part of aluminum  agglomerates  gets
completely oxidized either at the fluidized bed
or shortly after entering the gas phase. The
remaining aluminum agglomerates get covered
by an oxide layer. Formation of an oxide layer
hinders its combustion. As the temperature of
the particles increases, aluminum melts,
expands and breaks the outer oxide shell.
Subsequently, the liquid aluminum exposed to
the gas oxidizers ignites with a characteristic
flame. Some residual agglomerates exit the
motor without any combustion. This unburnt
aluminum does not contribute in enhancing

the specific impulse and results only in two

phase losses. The size of the agglomerates is
determined by the quantity, diameter and
ignition time of the aluminum particles[1].
Other influencing factors are thickness of the
fluidized  bed  and
conditions.

The Al(l) agglomerates and Al(l)/ALOs(1)

droplets reduce the combustion instabilities in

operating  chamber

the gas phase. However, they also result in
mechanical erosion on the graphite or C-C
wall[1].

Graphite and the C-C composite nozzle wall

composite  nozzle Moreover, the

undergo erosion due to
impingement of Al(l)/ AL Os(l)-droplets at the

convergent part of the nozzle[2]. For these

significant

reasons, the agglomeration phenomena need

indepth understanding. However, lack of
experimental data and inherent unsteadiness of
combustion = phenomenon  poses  serious
challenges in this field of research. Carrying
out experimental research work is not only
extremely complex but also very expensive. In
spite of these difficulties, a significant effort
has been made as follows: high speed
photography to study agglomeration in
metalized solid propellants by Crump et al.[3]
and Gany et al.[4], a comprehensive review on
metallized propellant combustion by Price[5],
relationship between agglomeration
phenomenon and slag formation by Boraas[6]
and Salita[7], a detailed review by
Beckstead[8], “Pocket model” by Cohen[9,10]
and a stochastic method to determine the
cluster volume by Gallier[11]. In particular, the
agglomeration models can be divided into two
broad categories. One is to predict the size of
the aggregates by the geometric shape of the
binder and aluminum particles of the solid
propellant (pocket model)[9,10]. Another is a
theory that the characteristic of aggregation is

determined by the combustion and mechanism
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of Al accumulation in the thin mobile layer of
the propellant surface[1].

The present work attempts to develop a
which

aforementioned two

new model combines the

theoretical models,
including not only prediction of the mean
Al(l)/ AL,Os(l) droplet size but also prediction
of distribution based on recent nano-size
combustion model. With the result of the
newly developed agglomeration model, the
STAR CCM+ model based on the work by
Thakre et al.[12] was used to predict the
mechanical ablation. Erosion rate for different
values of Al(l)/ ALOs(l)-droplet diameter is also

calculated.

2. Agglomeration Model Formulation

21 Agglomeration Model
Solid  propellant  like
AP/HTPB  with small

aluminum(~15%),  pass

AP/HTPB  and
percentage  of
through ~ complex

chemical and physical phenomena during
combustion. A hot liquid bed is formed at the
burning fuel surface. The aluminum particle
agglomeration phenomenon takes place in this
fluidized bed. The diameter of the aluminum
agglomerates is determined by the number of
Al-particles that can agglomerate in the
fluidized bed before ignition. If the thickness
of the fluidized bed ‘I” is larger than the
initial diameter ‘d’ of Al-particles, the diameter
‘D, of the aggregate will be given by the

ag

following formulal[1]:

3 6ZD92 3] 3 1
= \/[wd N, +d @

ag

Where, ‘D

e

" is the characteristic length of the

fluidized bed, ‘4 is the geometric volume

ratio of the aluminum particles and ‘N, is

the number of particles forming the
agglomerate. The thickness of the fluid bed ‘I’
determined

can  be experimentally  or

theoretically. Here, a theoretical model for
composite propellants was used[13], and the
equation was re-calculated from the graph in
Ref.[13].

1 = 6.80907 +74.48278 exp(— W) @

17.18901

Here, the thickness ‘I’ is in um and “p’ is in
atm. The value of ‘D’ is given by the

e

following formula:

LDyp-1) 0

D \/Aet+A \/ e,max

7
L max

'D,; is the diameter of AP particles. ‘D
is the arithmetic mean of simple cubic, face
cubic(FCC) and body
cubic(BCC) arrangements, and is given by
Yavor’s method[1]:

centered centered

2
1+ \/5+W @

Dyp

€,max = 3

‘N, the aggregation number, which is the

ag

: ‘ 4 ’ 4
ratio of ‘¢, and t, .

ty ti,r 3¢
Ny =3 T 050 ©)

Here, “t.’

., is the ignition time of aluminum

particles and ‘¢, is the time to accumulate

the aluminum particle on the fluid bed, T s
the burning rate of the propellant and ‘¢’ is
the volume occupied by aluminum in the

propellant. For particle size greater than 10
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pm, the alumina covering the aluminum melts
approximately at 2300 A[14]. For nano sized
particles, the melting temperature is below
2300 K. Here, the ignition temperature is
calculated by the following formula[15]:

_ pAl(cAT+L) ©)
"9 hA,,

Here, "p,, is the density of aluminum, "¢’ is
the heat capacity of aluminum, ‘A7 is the
difference between the ignition temperature
and the initial temperature of aluminum
particles, ‘L’ is the latent heat of aluminum,
‘W’ is the heat flux transferred to the
propellant surface from the diffusion flame,
‘4,," is the area exposed to the propellant gas
of the aluminum particles floating in the fluid
bed. In this study, the value of heat flux ‘n’
function from the
AP/HTPB/ Al

propellant. The value of ‘A’ is approximated

is the curve (fitting

combustion model of the
by the following function[13]:
h=31.38 p*502 ?)

‘A4,," is calculated by the force balance
between the aluminum particles which are
floating on the fluid bed by buoyancy, with
the assumption that the fluid bed is in a

liquid state[15]:

3 pyrd?
= I ®)

o 4o,

Where ‘) is the viscosity of the fluid bed
and ‘o, is the surface tension.

If the size of the aluminum particles is
bigger than the thickness of the fluidized bed,
d > 1, the diameter of the aggregate is
represented by the following formula[l]:

hAl)—d?'}N +d&  9)

6107 3d
Dy = X/[n—ﬁ 271241”41( 5 ag
Here ‘h,=d-1l’, is the height of the
aluminum exposed the fluid bed top,
ny,=(D,/d)* is the number of aluminum
particles in the fluid bed. The number of

aggregation is calculated as follows:

t. t. Iﬁ¢
N /'g /'g
ag 10
T e d(l — ﬂqzﬁf(ll ) (10)

The exposed area of the aluminum particle

used in the calculation for ‘¢, " can be
calculated by the following formula.
A, =2n(d/2)rt (11)

Here, it is assumed that the aluminum
particles are exposed due to retraction of the
fluid bed after the propellant combustion.
From the above Eq. 11, the ignition time can

be calculated by the following formula.

tig
f hA,dt
0

=pyValcAT+L) = 9441271'(5) (eAT+1L)

f,(, . 3
f 2rh(d/2)rtdt =pA,%7r L;) (ecAT+1L) (13)
0

. = i/)Asz
N3

The propellant burning rate is given by[13]:

(cAT+ L) (14)

r=0.000891 p"*'"™ [em/sec] (15)

In Eq. 9, the diameter of the agglomerates

‘D 7 is the arithmetic mean of the volume or

ag
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mass. The  size distribution  of  the
Al(l)/ AL,Os(l) droplets of the AP/HTPB/Al
composites, after combustion, is assumed to be
log-normal. In this work, the
function(PDF)  is

log-normal curve fitting[16]:

probability

density obtained by

— 15 (lnl)i>2j
f(D)= W exp[— oo (16)

Here, ‘D’, is the representative diameter,

i
’

‘D’ is the scale parameter, ‘o’ is the shape

m
parameter and is assumed to be 1 in this case
D

D

m

and D=

The scale parameter ‘D~ is iteratively adjusted

to the value with which “D;;” of PDF satisfies

P
D, where

a

(17)

2.2 Validation of the Agglomeration Model

To verify the accuracy of the model, the
predicted results were compared with the
experimental data by Sambamurthy et al.[17]
for the micro-sized and by Babuk[18] for
nano-sized initial Al-particles. Sambamurthy’s
data are for PBAN whereas the present model
is for HTPB, however because HTPB and
PBAN have very similar characteristics, PBAN
experimental results can be used for the
model verification. Refer the Table 1 the error
for 30 wm initial Al-particle was relatively low
2.6%. While, for nano-sized Al-particle/HTPB
propellants, there is a lack of experimental
data. Therefore, for model verification for the
case of mnano-sized Al-additive propellants,
Babuk’s work, which refers to HMX and inert

Table 1. Experimental verification result.

D, lum]
: Fuel Perchlorate ag
Init. | mber Expt./Theo.
Al-Dia.| diti
[pm] Condition Mass fraction Size
(%) [um] Error (%)
1.38 AP/PBAN/AI AP 193/198
30 ]l:ﬂ’a
’ 71/11/18 390 2.6
AP/HMX/inert
6 P binder/Al AP/HMX 20/16.8
0.179 ’
1400 K
50/20/14/16 160-315 16

binder, had to be used. The characteristic "I’
and 'k’ values are also unavailable in Babuk’s
work and therefore these values are obtained
from Sambamurthy’s work. Due to these
reasons, there is an error of 16% between the
experimental and theoretical values and is

within the acceptable limits.

3. Mechanical Erosion Formulation

3.1 Discrete Phase Governing Equations

The trajectory of Al(l)/Al,Os(l) droplets are
tracked through Lagrangian model. In this
approach, after every certain number of
continuous phase(Euler phase) iterations, the
trajectories of parcels(group of particles, here a
group of droplets)are calculated according to
the set of droplet-gas interaction equations. In
the real case, the number of droplets will be
too large to practically track each of them
individually in a simulation. To solve this
problem, instead of droplets, parcels are
tracked that will represent the behavior of all
the droplets. These parcels can be thought of
as a bundle of droplets. This whole approach
falls under the Lagrangian multiphase model,
also sometimes Phase
Model(DPM). This model is valid only if the

total volume of the droplets is less than 10%

known as Discrete
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of the gas phase volume and the
droplet-droplet interaction is negligible.
The drag force on one single droplet is

defined as:

1
F, = B CpA,|v,|v, (18)

Where, G, ‘A, and ‘v, are
Schiller-Naumann[19] drag coefficient, projected
area of the droplet and droplet slip velocity

respectively. Pressure gradient force is given

by:
F;; - I/pvpsf,aﬁc (19)

‘Vp’ is the volume of the droplet. The heat
transfer equation for a single droplet is given

as:

aT,
mP P dt Qf + and (20)

Ranz-Marshall[20] correlation was used to
determine the heat transfer coefficient. All the
momentum and energy sources for the
droplets act as a sink for the continuous
phase, thereby enabling coupling between the
two phases. Aluminum particle combustion

was not simulated.

3.2 Mechanical Erosion Model

There is no openly available experimental
data on mechanical erosion by Al(l)/ALOs()
droplets in  the solid rocket motor
environment. The erosion rate is defined as
the mass of wall material eroded per unit area
per unit time. It is calculated on wall faces by
accumulating the damage that each particle
impact does on the face[21]. Mathematically,

this is defined by the following equation:

E/(K:(J/S/WQ) = 24 ()Ml (21)

Where, 'E/’ is erosion rate, ’A/’ the face

‘ 7
area, m

T

is the mass flow rate of particles in

parcel  impacting on the face, ‘e,” is the

»

erosion ratio[21].

Y

e’ is defined as the amount of wall material

r

Theoretically, erosion ratio

removed per mass of the particle impinging
on the wall surface. The summation is over all
parcels which strike the face in a Lagrangian
iteration. The erosion rate therefore depends
on the flow (whether and how particles
impact on the wall) and the chosen method
for the erosion ratio[21].

Empirical model given by Oka et al.[22] and
Oka and Yoshida[23], calibrated[24] for the
rocket nozzle environment, is incorporated in
the present simulation to predict the
mechanical erosion. The model is shown below
Eq. 22 and the model constants are presented

in Table 2[24].

U
€ = g(a)eref(Tf

D

‘l)ref

)i (=) 22)

Where,
g(a) =(sina)" 1+ H (1—sina)]™ (23)

In the Eq. 22 and Eq. 23, ‘U is the velocity
magnitude of the droplets impinging on the

wall, ‘o is angle of attack with respect to

the wall face normal, ‘U, , D,/ and ‘e,  are

r(j 4 ref

the reference particle velocity, particle diameter
and erosion ratio, respectively. Their values
Gilchrist

experimental work[25] on erosion by a stream

are  based on Neilson  and

of solid particles. ‘A is the Vickers hardness

for graphite in GPa. Exponent n, and n, in

Oka et al[22] model depends on material
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Table 2. Oka’s model parameters.

Table 3. Gaseous propellant(Eulerian) mass inflow

conditions.
Parameters Value
U, 110.6 m/s Species Mass fraction
D., 297 o H,0 0.109111
o s
2 .
H ]
v 0.228 Gru H» 0.022267
& 0.793 ALO; 0.232293
n, 0.762 HCI 0.230154
k, 2.0 N2 0.099204
ky 0.0 Inlet flow conditions
Py 6.8 MPu
, _ o . T, 3327 K
properties and particle shape. For ‘k,” and ‘k;’,
their theoretical values are taken from Ref.[22]. e 4. D d phasslL ) et
) o able 4. Dispersed phase(lLagrangian) mass inle
In SRM, Al()/ALOs() is present as liquid conditions.
droplets. Therefore, the use of solid particle
data in the mechanical erosion correlations will Species Mlllitll(l)c&nllzpooif)n t
lead to errors. As the solid particle will cause Mass flux 0.122
more erosion than the liquid droplets, the (kg/m*/5) 0.830
predicted erosion by this co-relation will Injectlon(t]e(z)mpemture 2350
represent the worst case scenario[24]. 103.9
Droplet diameter for 3(7)3
3.3 Assumptions and Boundary Conditions dlffer?ntd) cases 70.1
pm
The Al(l)/ALOs(l) droplets are modeled as ‘1‘23
spherical droplets, whereas in reality, Al(I) and Injection velocity 01
AlLO;3(1) are immiscible liquids, and AlLOs(l) is (m/s) (vertically downwards)

present as a cap on the Al(l) droplet.
AP/HTPB/Al is taken as the reference fuel,
of 71/14/15. For
rate of 9.0678
mm/s and density of 1.794 g/cm?[26], the mass
be 16273  kg/m*/s.
Chamber pressure and temperature are 6.8MPa
and 3327 K respectively. In Thakre et al.[24]

simulation, 10% of Al was assumed to remain

with mass fraction an

assumed propellant burning
will

generation  rate

unburnt at the propellant surface and forms
ALO;3; smoke after combustion. The rest of Al
gets oxidized to form Al(l)/ ALOs(l)-droplets.
Al

undergoes complete combustion within very

Here it is assumed that the unburnt 10%

short distance from burning surface and the

species mass fractions given in Ref.[24] are

accordingly modified as in Table 3 to get the
new species mass fraction after the 10% Al
gets completely oxidized. The nozzle wall is
assumed to be at a constant temperature of
2500 K. In reality, the wall temperature at the
solid-gas interface may vary from 2200 A to
2800 K along the wall. The input condition for
the Lagrangian phase are also presented in
Table 4.

4. Results and Discussion

41 Agglomeration Model

From presented agglomeration mode, the
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120 T T T T T
\-_O—AI(I)/AIZO3(I) droplet diameter]

80 /( )/:,
o

40

Al(1)/AI203(]) droplet diameter (micro meter)

0 |
0 5 10 15 20 25 30

Initial Al-particle diameter (micro meter)

Fig. 1 Arthmetic Mean  Al(l)/Al,Os(l)-droplet diameter

variation with Initial Al-particle diameter.

@

Al(l)/ ALOs(l)-droplet diameter plot(Fig. 1) we
Al(l)/ ALOs(1)-droplet  size

increases with the increase in initial diameter

can see that the

of Al(l)-particles present in the solid fuel

Smaller Al-particles produce smaller
Al-agglomerates. Reduction in the
Al-agglomerate size, ensures their complete

combustion and enhances Isp. Mechanical

erosion rate also falls down as the

Al(l)/ AL,Os(l)-droplet  size  decreases. These
favorable characteristics of nano-sized
Al-particles make them more favorable

ingredients of solid fuels.

4.2 CFD Modelling

A well refined grid is made, with yo < 1.
To account for the turbulent dispersion, 6
parcels were injected at each injection location.
Overall the total number of parcel streams
1200(=200x<6).  Fig. 2

mechanical erosion comparison with Thakre et

were shows  the
al.[24] results. The present work results seem

to over predict the ablation. The Ilarge
difference in the result is attributed to the
non-availability of exact geometry in the open
literature and the difference in droplet size

distribution. In the present work the geometry

100 micro-meter droplet, Mechanical erosion profile

0.12 04

—e— STAR CCM+

@ 010 ‘ —— Thakre, 2013

‘é -

£ 03>

2 0.08 T — Nozzl £
| ==Nozzle } @

N H E

E

S 0o R 028

é < \\ ] I\ [ ;

3 oo N 3

° N 2

= 1 ()

s | [ =

£ — o1y

3o & \._ - 2

o
=S
8

0.
1.60 165 1.70 175 1.80 185 1.90 1.95 2.00
Length along nozzle axis (m)

o
&K

Fig. 2 100 micro meter mechanical erosion comparison
with Thakre et al.[1].

was generated by digitizing the image file of
Fig. 3 from Ref.[12]. Also, Thakre et al. used
log-normal droplet size distribution with mean
droplet size of 100 wm and loglO standard
deviation of 0.2, whereas the present
comparison case uses uniform droplet diameter
of 100 wum. Nonetheless, the present mechanical
model location  of

erosion predicts  the

maximum erosion rate very accurately.

4.3 Effect of particle size on the gas flow field

From Fig. 3 it can be seen that the smaller
15.7 pm droplets followed the gas path more
closely as compared to the larger 103.9 pum
Both

enter the gas phase at a velocity of 0.1 m/s,

droplets. larger and smaller droplets
larger droplets have higher momentum and
their trajectory is less influenced by the gas
of the

droplets. In the highlighted parts as shown in

flow as compared to that smaller
Fig. 3, the heavier droplets travelled a longer
vertical distance(left box) whereas the lighter
droplets gained the axial momentum in a
shorter distance. Before the throat region, both
heavier and lighter droplets had a velocity
component in the radially inward direction, in

the diverging section the gas flow expands
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29t

42522 Initial Al-particle : 200E-09 m > L5
28502

3 0.66e-03

e AI()/AL203()-droplets : 15.7E-06 m o

000400

Fig. 3 droplet residence time contours.

TnTtial Alparticle - 30E-06 m 28
AI(N/AI2O3()-droplets : 103 9E-06 m 26

2.4
22
2

1.8

1.6
1.4
1.2

0.8
0.6

Inal AT particle - 200E-00 04
K172 85 droplets - 15.7E-06 m on

Fig. 4 Mach number contours(M).

and provides the radially outward momentum
to the droplets. These two opposing effects

almost nullify for the case of 103.9 um
droplets and they exit the throat and nozzle
with negligible radial velocity. On the other
hand, the lighter 15.7

radially outward momentum in the divergent

pm  droplets gain

section of the mnozzle. It takes longer to
accelerate the bigger(heavier) droplets and thus
the bigger droplets took longer to escape from
the nozzle, as compared to lighter (smaller)
droplets.

In Fig. 4 the Mach contours for the case of
103.9 pwm droplet

comparison to that of the 157 pm droplet

are more perturbed in

case, this is because larger droplets travelled
almost axially in the divergent part whereas
the lighter droplets followed the gas flow and
spread more

uniformly in the divergent

section and the effect of particles on the gas

Temperature, K

Titial Al parficle - 30E-06 m 3200
AIN/AI2O3(1)-droplets : 103.9E-06 m
3000

2800
2600
2400

2200
2000
1800
1600
1400
1200
1000
Thitial Al-particle : 200E-09 m 800
AIYAIZO3()-droplets - 16.7E-06 m

600
400
200

Fig. 5 Temperature contours(K).

Pressure, MPa

Tnitial Al-pariicle : 30E-06 m 6.5
AI(1/AI203(1)-droplets : 103.9E-06 m

Tnitial Algamcle 200E-09 05
[AI(N/AI2O3(1)-droplets : 15. 7E 06 m B

Fig. 6 Pressure contours(MPa).

glow field is diffused out in a larger region.
With similar arguments the disturbances in the
temperature field Fig. 5 can also be explained.
The pressure wave propagates at acoustic
speed and thus there is negligible effect on
the pressure field, as can be seen in Fig. 6. It
can be said, that as the droplet size decreases,
discrete

the characteristic phase

and the

properties

becomes less prominent droplets

behave more like a continuous phase.

4.4 Particle size effect on the mechanical erosion rate
Mechanical erosion for different droplet sizes
is shown in Fig. 7, as expected the erosion
rate is significant in the convergent section
only, in the divergent section, no erosion is
recorded because droplets traveled almost
axially and did not interact at all with the
nozzle wall. The maximum erosion rate takes

place slightly ahead of the throat and then
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Fig. 7 Mechanical erosion rate variation with mean
Al(l)/AILOs(l)-droplet diameter(the graphs of this
Fig. are off-set horizontally and are shown in
Fig. 8 for clarity).
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Fig. 8 Comparison of mechanical erosion rate
fordifferent mean Al()/ALOs(l)-droplet
diameter(graphs are off-set horizontally).

suddenly falls down to zero. Mechanical
erosion variation graphs can be seen more

clearly in Fig. 8 Comparison of mechanical

erosion rate for different mean
Al(l)/ ALOs(1)-droplet diameter(graphs are
off-set  horizontally) Fig. 8,  the axial

coordinates for the nozzles are off-set. It can
be seen that the erosion rate remains almost
Al(l)/ ALOs(l)-droplet
diameter drops to 459 pwm. This can be

unchanged until the

explained using the erosion ratio model of Eq.
22, it is a function of angle of attack ‘o’ and
impact speed “U. Eq. 22 suggests that erosion
ratio will be higher for higher angle of attack
and higher velocity and vice versa. As the
Al(l)/ ALLOs()-droplet diameter decrease, they

follow the gas flow more closely, consequently

their trajectory becomes more tangential to the
wall (decrease in ‘o) and their velocity
increases. Below a certain diameter, almost all
the droplets travels nearly tangential to the
wall in the convergent section and the effect
of increase in velocity of droplets becomes
redundant. Consequently, the erosion rate falls
almost to zero for very small diameters like
15.7 pm.
Experimental data[27] for

carbon-carbon based rocket motors suggests

various

mechanical erosion rates in the range of 0.0 ~
0.169 kg/m’s. The erosion rate predicted in the

present study falls in this range.

5. Conclusion

Theoretical model for the calculation of
Al-agglomerates was established. The results of
the model were found to match very closely
with the experimental data. Based on the
Al-agglomerate size, the mean Al(l)/ALOs(l)
diameter was also calculated. The calculated
erosion rate and erosion profile were observed
to be similar to the existing ones[24,27]. Thus
it can be concluded that the presented model
for agglomerate size calculation and solution
setup for mechanical erosion rate are
reasonably satisfactory to study the trend of
mechanical  erosion  variation with the
agglomerate size. And from the results we can
conclude that using smaller size of additive Al
particle such as nano-size, the Al(l)/ALOs(])
droplet size decreases and the discrete phase
starts following the gas flow more and more
closely. As the droplet size is reduced, the
mechanical erosion rate also decreased, because
the interaction between dispersed phase and
wall reduced with the reduction in droplet

size. From the above arguments, it can be
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concluded that it is advantageous to use Astronautics and  Aeronautics," AIAA
nano-sized Al additives to decrase the Journal, Vol. 90, pp. 479-513, 1984.

mechanical erosion rate.
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