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This paper considers the extensive data and correlations on the erosive burning of solid propellants. A 
relatively simple nondimensional relationship between the ratio of the actual to nonerosive burn rate (rl) and 
a quantity g, which is the product of g0--the ratio of free stream mass flux to the mass flux from the surface 
for nonerosive condition--and Re~', where Re 0 is the Reynolds number based on the nonerosive mass flux 
of the propellant and port diameter, is shown to correlate most data within the accuracies of the experiments 
with m = -0.125. This shows the above relationship to account for the effects of pressure, aluminum, even 
up to a proportion of 17%, burn rate catalysts, and motor size. It is concluded that the suggested correlation 
between rl and g may be adopted universally for most practical propellants. © 1997 by The Combustion 
Institute 
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burning rate constant 
ammonium perchlorate 
transfer number in Eq. 7 
skin friction coefficient 
skin friction coefficient at zero blow- 
ing 
composite-modified double base 
specific heat of gases at constant 
pressure (J /kg K) 
specific heat of solid propellant (J /kg 
K) 
initial port diameter 
diethylphthalate 
mass flux through the port (kg/m: s) 
ratio of port mass flux to nonerosive 
propellant mass burn rate (G/ppr o) 
g0(Re0/1000)- 0.125 
threshold value of g 
cyclotetramethylene tetranitramine 
heaviside step function 
constant in Eq. 10 
exponent in Eq. 9 
exponent in Eq. 7 
nitrocellulose 
nitroglycerine 
pressure 
propellant burn rate 
Reynolds number based on propel- 
lant burn rate (pprodo/tZ) 
burn rate at zero cross-flow velocity 
cyclotrimethylene trinitramine 
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flame temperature 
surface temperature 
initial temperature of the propellant 
constant defined by Eq. 2 
constant in Eq. 5 
constant in Eq. 1 
density of the propellant 
ratio of erosive to nonerosive burn 
rate 
( T f -  T~)/(T~ - Tin) 

1. INTRODUCTION 

Extensive experimental and modeling studies 
on both double-base and composite propel- 
lants have been reported and a summary of 
these studies was presented by Razdan and 
Kuo [1]. This comprehensive review presents a 
view of the influences of propellant composi- 
tion, pressure, and initial temperature on the 
erosive burning characteristics. The discussion 
provides physical explanations of several of the 
effects and presents more than 25 correlations 
from different authors. Most of the correla- 
tions are based on fluid dynamic effects and 
are presented in dimensional form with param- 
eters like total burn rate, the erosive compo- 
nent of the burn rate, pressure, mass flux, and 
the geometric dimensions appearing explicitly. 
Even those correlations which can be con- 
densed into nondimensional form have not 
been so treated and several of the later corre- 
lations cannot be condensed into nondimen- 
sional form without involving dimensional un- 
known constants. In 1985, King [2] presented a 
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correlation of his own data, based on the veloc- 
ities of the transverse flow and flame tempera- 
ture of the propellant. One of the early studies 
in the modeling of erosive burning is that of 
Lenoir and Robillard [3]. Although this work, 
which laid the foundation for describing the 
erosive burning effects, has been adequately 
recognised, with few exceptions [4-7] later 
workers who have attempted to correlate their 
data have not benefited from this simple and 
elegant correlation. The original format of the 
correlation of Lenoir  and Robillard [3] in di- 
mensional form is 

a G  °'8 [ - 
r =  ap" + ~ e x p t - ~ ) ,  (1) 

where L is the characteristic length argued to 
be the axial distance in the original work [3], 
but modified to be the port diameter by some 
later workers [5, 6] G is the mass flux, and /3 is 
a dimensionless constant. The constant a de- 
pends on the density of the propellant pp, the 
flame and surface temperature Tf and Ts, the 
gas phase viscosity/, ,  and the specific heats in 
the condensed and gas phases cp and cs. Its 
functional form is 

O.0288CptX 0"2 Pr -2/3 (Tf - T~) 
= (2) 

ppCs (T~ - T i n ) '  

where Ti, is the initial temperature of the 
propellant. Equation 1 can be recast by recog- 
nising the nonerosive burn rate, r o as r 0 = ap ~ 
and defining "r/ as r / r  o and go = G/ppro ,  to 
give 

Cp 
T/ = 1 + 0 .0288- -Reo  -°2 Pr 2/3~fgo°8 

Cs 

× exp go 

where Re 0 is a Reynolds number defined by 
Re 0 = pproL/ l~  o and rf = (Tf - T , ) / ( T ,  - 
Ti,). The ratio of the gas phase to condensed 
phase specific heats is about 1, and rf can be 
estimated from the data on flame and surface 
temperatures for low- to high-energy propel- 
lants to be between 1.3 and 4.0. One can 
postulate the functional relationship in erosive 
burning as 

7/ = r/(go, Re o, rf,  rr )  , (4) 

where r, is the roughness normalised by the 
local boundary layer thickness, which is ex- 
pected to influence the burn rate [7-10]. In 
Eq. (4), the primary influence on r /comes  from 
go- Equation 3 can be finally written as 

71 = 1 + a'  g o ° S e x p ( - / 3 r t / g o ) ,  (5) 

where a '  is composed of the various quantities 
in Eq. 3. In order to account for roughness, it 
is more appropriate to start with a relationship 
like 

= f ( c r , g o ) ,  (6) 

where cf is the skin friction coefficient which 
is a function of blowing (actual burning rate) 
and roughness. It can be written as 

c f = c l 0 B  n (7) 

where B = p p r / G c f  is the transfer number 
and n has a typical value of 0.77 [11]. Modifi- 
cations to this expression because of differ- 
ences in densities between the surface and the 
free stream due to the molecular mass of gases 
and temperature were provided by Paul et al. 
[12]. These expressions are complex and can- 
not be used here directly. The principal point 
of the work of Paul et al. [12] is that the 
exponent is close to 0.5. In this work we only 
use the functional relationship. One then ob- 
tains 

rl/(1 
Cr = ~fo " ) (go / r l )  "/~1-~). (8) 

Furthermore,  Cfo is a function of axial 
Reynolds number G d o / t ,  and roughness r r. 
This dependence was described for flow over a 
flat plate by Sclichting [13]. If one were to 
describe the dependence of cfo on Re 0 in a 
form ci0 ~ Ret0, then l has a value of 0.2 in 
the smooth flat plate case. With roughness, l 
varies between - 0.2 to + 0.2 depending on the 
value of axial Reynolds number and roughness. 
We can combine the above arguments and 
from Eqs. 6 and 8, we can write 

rl = f ( g o  Re0 m). (9) 
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In the present case, there is also the effect of 
blowing. The combined effects can be set out 
in terms of a constant exponent on Re 0 for 
simplicity. Following the classical understand- 
ing of the presence of threshold mass flux [1], 
we can write the erosive burning relationship 
as 

r /=  1 + Kl(g °'s - gohS),,~g _ gth) (10) 

with 

g = K2g o Re~', (11) 

where ~ is the Heaviside unit step function. 
The values of K 1 and gth are determined from 
actual data. Any convenient value can be cho- 
sen for K 2, as it only affects the scaling. (Equa- 
tion 11 substituted into Eq. 10 gives a single 
constant KIK2 °'8. For any arbitrary value of 
Kz, K 1 can be obtained by keeping KIK2 °8 
constant. A second constant is used only as a 
scaling factor for g, so that the range of magni- 
tudes of g and go are the same.) The Reynolds 
number Reo is based on the nonerosive mass 
burn rate and the port diameter. It must be 
remembered that the primary effect is ex- 
pressed through the term gO.8, which accounts 
for the mass flow effect and the Reynolds 
number correction is to account for the size 
effect. 

2. HYPOTHESIS 

It is hypothesized that the all effects of erosive 
burning are contained in a unique relationship 
between ~7 and g. The effects of other parame- 
ters are considered subsidary. This hypothesis 
was tested in a limited sense (without the Re 0 
effect) in an earlier work [7] and found reason- 
able for data from many sources. Subsequent 
to this work, some valuable data by Ishihara 
and Kubota [14] came to light and it was there- 
fore thought worthwhile to revisit the issues 
raised by the hypothesis. In order to help as- 
sess these data, most available experimental 
data are identified in Table 1. This table con- 
tains the source of the data, the propellants for 
which the data are obtained, the density, the 
flame temperature of these propellants, and 

the characteristic dimension (L) of the system 
used in the tests. Except for the case of Mark- 
lund and Lake [15], the hydraulic diameter of 
the port is taken for L. In the case of Mark- 
lund and Lake the effective dimension is taken 
to be the size of the tablets used in the experi- 
ments. After some numerical experiments, the 
value of m was chosen as -0.125 to reduce 
the error in the curve fit. This implies an 
expression for g of g = g o ( R e o / l O 0 0 )  -°'12s. 
This also gives the size dependence of d -°'l 
indicated by Nagaoka et al. [6]. The value of 
K 2 in Eq. 11 is arbitrarily chosen as 1000 °"125 
to reduce the variation in the magnitude of g, 
since in most applications the value of Re 0 is 
in the range of thousands. 

A few comments about the hypothesis are in 
order. A study of most earlier work including 
the review article by Razdan and Kuo [1] leads 
to an understanding that erosive burning is a 
complex function dependent on a large num- 
ber of parameters which include port mass 
flux, pressure, composition with metal content 
explicitly considered, nature of binder, oxidiser 
particle size in the case of composite propel- 
lants, and geometry of the port of the motor. 
The importance of fluid mechanics for erosive 
burning is brought out, but no explicit attempt 
has been made to separate this effect and seek 
the subsidiary influences. The primary attempt 
here is to capture the major influence through 
the choice of the parameters which encompass 
several aerothermal effects and to examine 
whether the data show distinct trends beyond 
these effects. By choosing r 0 in the denomina- 
tor of the expression for go, the influence of 
oxidiser particle size, pressure, and composi- 
tion are taken into account. Furthermore, the 
port geometry effects are essentially gas dy- 
namic-changing the local static pressure and 
thus influencing r0--apart from influencing the 
local lateral mass flux, which again is ac- 
counted for in the numerator of the expression 
for go. It may be argued that if the propellant 
composition is highly fuel rich, as may happen 
in low-energy propellants, it will show distinct 
chemical kinetic influence beyond the fluid 
mechanical effects caused by go. These can be 
understood only after plotting the experimen- 
tal data in the above-mentioned coordinates. 



EROSIVE B U R N I N G  OF SOLID PROPELLANTS 227 

TABLE 1 

Propellants for which Erosive Burning Data are Available 

% Tad do 
Code Propellant Composition ( k g / m  3) (K) (mm) 

Ishihara and Kubota [14] 
High energy 55.6NC + 40.4NG + 4.0DEP 
Reference 50.4NC + 36.6NG + 13.0DEP 
Low energy 47.5NC + 34.5NG + 18.0DEP 

Marklund and Lake [15] 
Prop A 65AP 
Prop C 75AP 

Lawrence et al. [5] 
Prop 1 68AP 
Prop 2 84AP 
Prop 3 68AP 
Prop 4 68AP 
Prop 5 72AP 
Prop 6 73AP 

Nagaoka et al. [6] 

King [25] 
4525 
51)51 
4685 
4869 
5542 
5565 
5555 
6626 

Razdan and Kuo [9] 
4525 
51151 

(24-30 p~m) + 35polyester 
(24-30 p~m) + 25polysulfide 

Godon et al. [17] 

Strand et al. [24] 

+ 16A1 + 16UTREZ 
+ 16UTREZ 
+ 16AI + 16(PBAN + F e 2 0  3) 
+ 16AI + 16PBAN 
+ 14AI + 16(CTPB + F e c 2 0  3) 
+ 10AI + 17CTPB 

65AP + 16AI + 19PB 

73AP (20 txm) + 27HTPB 
73AP (200/xm) + 27HTPB 
73AP (5 p,m) + 27HTPB 
72AP (20 # m )  + 25HTPB + 2F%O 3 
77AP (20 p~m) + 27HTPB 
68.4 (200/xm) + 13.6 (90 p~m) AP + 18HTPB 
41 (1 p~m) + 41 (7 p,m) AP + 18 HTPB 
70 (90/xm) + 4 (2110 txm) AP + 21 HTPB + 5Al 

73AP (20 p,m) + 27HTPB 
73AP (2110 txm) + 27HTPB 
76AP (76 >m)  + 24(PBAA + EPON) 

80AP + 20CTPB 

70AP + 14PBAN + 16AI 
Traineau and Keuntzmann [18] 

70AP + 14PBAN + 16Al 
Osborn et al. [19] 

65AP + 18CTPB + 17AI 

1600 2716 
1600 2114 
1600 1778 

1620 1690 
1700 2550 

1700 
1700 
1700 
1700 
1720 
1680 

1551/ 

I 

I 

1500 1667 
1500 1667 
1500 1667 
1500 16611 
1550 2065 
1650 2575 
1650 2575 
1600 2575 

1500 1667 
1500 1667 
1500 1920 

211.11 

5.1) 

12.5 

20-90 

19 

15 

1590 2313 3 -5  

1770 3200 52,1112 

1770 3200 20 

1790 3100 

3. DISCUSSION OF THE EROSIVE 
BURNING DATA 

3.1. Data of lshihara and Kubota 

As can be noted from Table 1, the experimen- 
tal data of Ishihara and Kubota [14] are for 
three double-base propellants, one of which is 
termed reference and two others that have 
higher and lower energy than the reference 
propellant. The degree of fuel richness also 
varies among the three propellants. The varia- 
tion in energy is obtained by changing the 
relative proportion of N C / N G / D E P .  The 

nonerosive burn rate varies by a factor of more 
than 2. The experiments were limited to one 
pressure (2 MPa). Figure 1 shows the original 
data on rl vs cross-flow velocity as given by 
Ishihara and Kubota [14] and ,7 vs g as con- 
ceived here. The scatter in the original data 
increases to about 10% at high velocities. The 
data condense into a single plot in the r I vs g 
format. The total number of data points pre- 
sented here is 66. The threshold velocities for 
the three cases are 60, 80, and 200 m / s  for 
low-energy, reference, and high-energy propel- 
lants, respectively. The threshold g, denoted 
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Fig. 1. Data of Ishihara and Kubota [14] (a) in terms of 
vs u (m/s) and (b) in terms of ~7 vs g (present work). 

by gth, is in the range 40-50 from Fig. 1 when 
all the data are taken together. Thus the 
double-base propellants, with a reasonably 
large range of nonerosive burning rates and 
energy, seem to follow the a? vs g relationship 
quite well. The data for the three cases merge 
within the scatter, implying there is no effect 
other than fluid mechanical in these results. 

3.2. Data of  Marklund and Lake 

The data of Marklund and Lake [15] have been 
used by researchers [16, 7] to compare the 
model predictions. The results are on buttons 
of propellants and are reportedly quite accu- 
rate ( ~  3-5%).  The original data and the data 
on the r/ vs g plot are presented in Fig. 2. It 
can be seen clearly that the data condense 
quite well on the nondimensional coordinates. 
A further point about this plot is that the 
results at various pressures still fall on the 
same curve. Thus the effect of pressure, apart 
from what comes through the nonerosive burn 

rate (which is taken into account in the nor- 
malisation), is essentially fluid mechanical, 
namely, an increase in mass flux through an 
increase in density. The total number of data 
points here is 29. The critical flux gth in this 
case is about 35. Furthermore,  even though the 
results are on two binders, namely, polyester 
and polysulfide, there are no effects special to 
the binder. 

The marginal crossover of the results for 
cross-flow velocity of 54 m / s  for propellant C 
with nonerosive burn rates has been thought to 
be due to possible negative erosion. A careful 
examination of the data shows that the differ- 
ences are about 3%. This is within the stated 
accuracies of experiments. The experimental 
data can be looked upon as revealing a thresh- 
old flux corresponding to cross-flow velocity of 
54 m/s .  

3.3. Data of Lawrence et al. 

The data of Lawrence et al. [5] are on high- 
energy propellants. They have high solid load- 
ing and most of them are aluminised to the 
same extent as in practical systems. The au- 
thors used the correlation owing to l_~noir and 
Robillard [3], which was discussed earlier, by 
taking the parameter  a as a constant for all 
the propellants based on the argument that the 
combustion properties were similar. However, 
the density of the propellant and flame and 
surface temperatures will be different for alu- 
minised and nonaluminised propellants. The 
value of the constant a '  will depend on the 
density of the propellant, the nonerosive burn 
rate, and the characteristic dimension D or L. 
Based on the suggestions of these authors as 
well as Nagaoka et al. [6], the use of the port 
diameter, d o for L has been made here. Even 
though Lenoir and Robillard suggested a value 
for /3  of 53, Lawrence et al. [5] used a value of 
a '  given by thermochemical parameters and 
different values of /3 for different propellants 
to fit the pressure-t ime data. These are shown 
in Table 2. A solution of the implicit transcen- 
dental equation (Eq. 5) for the chosen parame- 
ters in Table 2 gives 77 vs g. This relationship 
is presented in Fig. 3. As can be seen, with the 
exception of one propellant, most data fall into 
a narrow band, even though the density, ener- 
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Fig. 2. Data of Marklund and Lake [15] (a, b) in 
terms of burn rate (r)  vs p and velocity and (c) 
in terms of ~ vs g. 

getics, and composition are widely different. 
The data of the propellant 5 are below those of 
others (the reasons for this cannot be unrav- 
elled with the available information in the pa- 
per by Lawrence et al.), but within the larger 
band of uncertainties of erosive burning data. 

From their experiments, Nagaoka et al. [6] 
obtained the parameters in Lenoir and Robil- 
lard's relationship and when they were nondi- 
mensionalised they gave a'  = 0.027 and /3 = 
80. These fall within the data band of Lawrence 

TABLE 2 

Parameters for the Experimental Data of Lawrence 
et al. [5] 

Propellant Composition a '  fl 

68AP + 16A1 + 16UTREZ 0.026 60 
84AP + 16UTREZ 0.026 65 
68AP + 16AI + 16(PBAN + Fe20  3) 0.026 70 
68AP + 16AI + 16PBAN 0.026 60 
72AP + 14AI + 16(CTPB + Fe20 3) 0.028 125 
73AP + 10AI + 17CTPB 0.028 85 

et al. presented in Table 2. Nagaoka et al. 
indicated that this correlation is not very satis- 
factory when scaled up for large motors, and 
they provided another correlation with critical 
mass flux as the parameter. The critical mass 
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Fig. 3. Data of Lawrence et al. [5] in terms of rl vs g. 
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flux given for two specific experiments gives 
gth = 35 and 37. 

3.4. Results of Godon et ai., Traineau and 
Kuentzman, and Osborn et al. 

Godon et al. [17] reported experimental results 
on composite propellants (80% A P / 2 0 %  
CTPB) with a basic burn rate varying from 9.9 
to 26.3 mm/s .  The burn rate variation was 
achieved with the addition of a catalyst to the 
basic propellant formulation. Traineau and 
Kuentzman [18] presented the data of ~7 as 
function of mean cross-flow velocity with initial 
velocity and nonerosive burn rate as parame- 
ters, while Osborn et al. [19] plotted burn rate 
against pressure at various cross-flow veloci- 
ties. All these data are plotted in the present 
coordinate system in Fig. 4. They fall into a 
small band, as can be seen from the figure. 

Figure 5 contains all the data discussed 
above, of which three are for double-base and 
the others are for state-of-the-art high-energy 
propellants. Most of the data are within + 10%. 
They cover a wide range of practical applica- 
tions in terms of cross-flow velocities and pres- 
sures. These authors made another important 
observation: that pressure has no significant 
effect on the erosive burning parameters. This 
is quite consistent with the results of Marklund 
and Lake, which are presented in Fig. 2. 

2.0 

1.5 

1.0 

0.5 

* ~  Ref. 17 
~ Ref. 18 
..... Ref. 19 

0 50 100 150 200 '2'50 
g 

Fig. 4. Data of Gordon et al. [17], Traineau and Kuentz- 
mann [18], and Osborn et al. [19] in terms of rl vs g. 
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Fig. 5. Comparison of data from Ishihara and Kubota [14], 
Marklund and Lake [15], Lawrence et al. [5], Godon et al. 
[17], Traineau and Kuentzmann [18], and Osborn et al. [19] 
on r/ vs g plot. The legend indicates reference number 
and propellant identification. 

3.5. Results of Strand and Cohen 

Strand, Cohen, and others [20-24] experi- 
mented on two different motor sizes to exam- 
ine the size effect on the erosive augmentation 
of burn rate. They used two different motor 
sizes, of diameters 305 and 127 mm, with grain 
port diameters of 102, 153, and 52 mm, respec- 
tively. A careful analysis of the data shows that 
for a large size motor with 102 mm i.d. grain 
there are anomalies in the data which have 
been attributed to the data processing methods 
and electrical noise in the web measurement 
system [21]. In the experiments with 153 mm 
i.d. grain the extent of erosive burning is very 
small. The authors have tried to explore the 
possibility of correlating the data using several 
independent parameters- -Reynolds  numbers 
based on axial mass flux, as well as surface 
transpiration Reynolds number (Re 0 in this 
paper), G °-8, and variants of these combined 
with threshold values (which need to be as- 
sessed independently). Based on the study, it is 
concluded that there is a size effect, beyond 
the classical boundary layer analysis. Many of 
these correlations suggest a diameter effect in 
dimensional terms. However, one of these cor- 
relations, namely, ~ vs G / G t h  , shows no size 
effect. All these correlations are different from 
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the present ones. Nevertheless, the issue of 
size dependence being different was tested 
within the framework of the current study by 
choosing the exponent on the Re0, m of Eq. 
11, to be -0.4. This study showed the correla- 
tion with an exponent of 0.125 to be distinctly 
superior to one of 0.4 as shown in Fig. 6. 
Furthermore, Nagaoka et al. [6] conducted ex- 
periments on different size motors and con- 
cluded that erosive burning has a size effect 
given approximately by d -°1 and they con- 
firmed the results in motors of diameter up to 
1400 mm. 

3.6 Results of King and Razdan and Kuo 

King [25] presented experimental results on 
the erosive burning data for several composite 
propellants designed primarily to extract the 
effects of propellant composition variables, like 
AP particle size, burn rate modifiers, and alu- 
minum fraction. Subsequently, the same data 
were presented in another paper in 1981 [26] 
along with error estimates for mass flux and 
nonerosive burn rate to enable estimates to be 
made of augmentation in burn rate. Of the 
eight propellants studied by King [25], Razdan 
and Kuo [10] studied two experimentally. The 
nonerosive burn rate data of these two propel- 
lants (designated 4525 and 5051) from the two 
sources [26, 10] are different by about 5% at 
operating pressures (3.0-7.2 MPa). The corn- 

parison between the two sources made by Raz- 
dan and Kuo [10] of the erosive component of 
the burn rate with pressure at various veloci- 
ties shows significant differences for the same 
propellant. This is argued to be possibly due to 
the data reduction procedure adopted by King. 
The accuracy is stated to be improved through 
repeated reading of films to measure the web 
thickness with an accurate motion analyzer. 
However, these differences are not mitigated 
by the additional difference of 5% in the 
nonerosive burn rate between the two studies. 
In summary, the results of these authors have 
significant differences, typically amounting to 
+ 10-15%, with an error that is higher at 
larger velocities and mass flux. Two typical 
plots in terms of ~7 vs g for propellants 4245 
and 5051 are shown in Fig. 7. While for propel- 
lant 4525, though the scatter in the data is 
high, the data trends seem preserved, in the 
case of propellant 5051, even the trends seem 
to be at variance. The data of King seem closer 
to most other data discussed earlier, whereas 
those of Razdan and Kuo show a much stronger 
dependence of r /on  g. King's data for all the 
propellants from his work are presented in 
Fig. 8. It can be seen that scatter in the data 
increases with g increasing up to _+ 15% at 
large g. Perhaps better accuracies cannot be 
expected in these difficult experiments. The 
total number of data points is 140 for pressures 
from 1 to 10 MPa. Despite the two propellants 

4- 

3 

cJ--go/(Reo/1000) ° ' ' ~ '  

. I 

1 O0 

'~' + ,0, I 06 

L 

g 

I 

a a o a o  14 High energy 
A * A ~  14 ReTerenQe 
<)<)0<H) 14 Low energy 
~;~;~r  15 prop A 
+++++ 15 Prop C 
4111.q~ll 5 
~ 5  52 mm Id 
*.¢.*¢-~ 5 102 tern Id 

)6 . . . . . . .  4 6 6  . . . . . . .  6( 
g 

4! 

31 

g--go/(Reo/| 000)~ 4 

~0 

Z 

:I 
| 

:I00 

~0 
A ~ 0  

,0. A 

oooao 14 High ener~f 
A A ~ A  14 R~erwnce 

1 '  <)0~4)0 14 Low ene r~  
s t * . l - l r t  1 .~  P rop  A 

+++++ 15 Prop C 

5 62 mm Id 
$¢-*-~¢ 5 102 mm Id 

. . . . . . . . . . . . . .  , . , , , , ,  . . . . . . . .  , , ,  , ,  . . . . .  , ,  . , , , , , , .  i , , . ,  

) I~0 2bO ,..'3bO 4~)0 5bO E 
g 

Fig. 6. Effect  of  Reyno lds  n u m b e r  index  in co r re la t ing  eros ive  bu rn ing  data .  

~0 



232 H. S. MUKUNDA AND P. J. PAUL 

3 

g-- 

2 

1 

4 

g.- 

2- 

® 

o 

i i i i i i i i i ) ) i i ) i i i ) u i ~ ) i i u i u i 

200 400 600 

m m 

m • 

1 u i u u u i i i I u i i i i u u i r I i i n I I I I u u 

0 200 400 600 

g 

Fig. 7. Comparison of data from King [25, 26] and 
Razdan and Kuo [10] for propellants 4525 (a) and 5051 
(b). The legend indicates reference number and propel- 
lant identification. 

4685 and 5542 showing some departures, it 
appears that most of the data show a single 
trend of 77 vs g within the scatter of the data 
of individual propellants (for instance, propel- 
lant 4869 shows close to 15% scatter around its 
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Fig. 8. Plot of King's data for different propellants. 

mean), irrespective of the particle size of AP 
or the extent of loading, presence or absence 
of catalysts, and pressure. 

3.7. Motor Geometry and Size Effects 

The motor geometry exerts a strong influence 
on the role of erosive burning in actual motors. 
A careful study of Williams et al. [27] and 
Razdan and Kuo [1] shows that cause and 
effect of the motor geometry are not clearly 
established. It is yet to be recognised that the 
negative erosion effects in the star grain con- 
figurations could be due to nonuniform flow 
field, with the relevant mass flux affecting the 
burn rate in the star point region different 
from the mean. The discussion on the nonuni- 
form port geometry [1, p. 586] presents gas 
dynamic changes which can legitimately affect 
the local burn rates along with the axial diver- 
gence affecting the deceleration and thicken- 
ing of the boundary layer in such a manner 
that the two effects are not isolated. The ques- 
tion arises whether there are effects caused by 
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boundary layer related features, beyond the 
known grain geometric related effects. Such 
effects, if dramatic, should have appeared in 
the results of Lawrence et al. [5] since they 
used motor data to extract the erosion con- 
stants. Hence, it appears to us that erosion 
effects beyond those of the above expression 
for erosive burning enhancement are within 
the noise of the experimental data. To this 
end, the data of Razdan and Kuo [28] were 
analysed. They showed most of the motor size 
effect to be essentially gas dynamic related, 
and the true size effect to be about 8%. This is 
accounted by the Re 0 term in the above rela- 
tionship. The curve-fitted plot of enhanced 
erosion with port diameter at fixed velocities 
leads to ( r / -  1 )~  do TM, which confirms the 
Reynolds number dependence in the present 
relationship. Nagaoka et al. [6] expressed con- 
cern regarding the overprediction of erosive 
burning effects by the Lenoir and Robillard 
relationship in large size motors when the pa- 
rameters in the relationship were derived from 
small sized motors. They suggested a relation- 
ship based on mass fluxes with a correction 
factor of do°L This is consistent with the 
present expression in which the exponent of 
-0.125 on Re0 was obtained by minimising 
the error in the curve fit of small motor data. 

3.8 All the Data 

Figure 9 is a plot composed of all data dis- 
cussed above. It also contains a few data points 
from the work of Green [29], whose data have 
also been analysed by Miller [4]. The total 
number of data points covered is 390 (discrete). 
The data of the work of Lawrence et al. [5] and 
Nagaoka et al. [6] are to be counted in addi- 
tion. They have provided the parameters in a 
law, and since it is difficult to assess the actual 
number of data points contributed by these 
data, they are taken to be 60 data points with 
10 for each data set. The mean and + 15% line 
are drawn through the data points. The total 
number of data points covered within this band 
is 373 and outside 77. These are interpreted to 
mean that a single curve fit gives the erosive 
burning correlation for all the propellants, par- 
ticularly the high-energy state-of-the-art com- 
posite (C), double-base (DB) propellants. It is 
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Fig. 9. Plot of 77 vs g for data of all authors for both 
double-base and composite propellants. 

conjectured that composite-modified double- 
base propellants (CMDB) will also follow simi- 
lar trends since HMX-, or RDX-based CMDB 
propellants have been shown to be similar to 
DB propellants [30] and fluid mechanical ef- 
fects will not distinguish between these propel- 
lants. Somewhat similar arguments can be 
made for AP-based CMDB propellants since 
the modification due to AP will be to enhance 
the diffusional contribution to the burning 
structure of the basic propellant. The fact that 
the data from a wide range of compositions 
and flow conditions follow a trend on this plot 
implies that there is a universality in the ero- 
sive burning behaviour. This arises from the 
dominant control of fluid dynamics. The mean 
line through all the data leads to the equation 
-q = 1 + 0.018(g °'8 - g°hS)X(g - gth), where 

g t h  = 35. 

3.9 Validation by Prediction of 
Pressure-Time Trace 

The prediction of pressure-time curve using 
the proposed correlation has been attempted 
for the motors of Nagaoka et al. [6]. Nagaoka 
et al. gave the head end pressure versus time 
data for motors of diameters ranging from 30 
to 135 mm and grain initial port diameters 
from 20 to 90 mm, respectively. The grain 
lengths and throat diameters have been chosen 



234 H . S .  MUKUNDA AND P. J. PAUL 

such that the initial K i (ratio of burning area 
to port area) and K n (ratio of burning area to 
nozzle throat area) remain the same in differ- 
ent size motors, so that the nonerosive pres- 
sure-t ime traces on a scaled time coordinate 
are identical in different size motors. Experi- 
mental results for 20 and 90 mm port diame- 
ters are shown in Fig. 10. An important feature 
of the data is that the differences in pressure 
versus time plot are only due to the size effect 
on erosive burning because the initial K i and 
K,  are held constant, and the size effect is 
distinctively exposed. Predictions of the pres- 
sure versus time data have been made by 
numerically solving one-dimensional time de- 
pendent conservation equations of mass, mo- 
mentum, and energy in the grain port [31]. The 
comparison for 20 and 90 mm port grains is 
also shown in Fig. 10. 

In order to obtain a good match with the 
observed pressure-time trace, it was necessary 
to increase the constant of Eq. 10 from 0.018 
to 0.023. Although the curve with an increased 
constant would still be within the scatter of the 
data, it lies toward the upper bound. Numeri- 
cal experiments with different exponents on 
Re 0 have shown -0.125 to be the best value. 
Finally, to ascertain if 0.023 is a reasonable 
choice of the constant K~, a plot of the data 
from the experiments discussed earlier, which 
have the least internal scatter, has been plot- 
ted along with the curve of Eq. 10 with K 1 = 
0.023 in Fig. 11, along with the + 10% band. 

For these data the expression is a good fit. 
Considering these facts the universal expres- 
sion for erosive burning is recommended as 

, / =  1 + 0.023(g °8 - gO.8)~g~,(g _ g t h ) ,  (12) 

where g = g0(Re0/1000) -°125 and gth = 35.0. 

4. CONCLUDING REMARKS 

This paper has considered all the erosive burn- 
ing data of a range of propellants from 
double-base to composite, varying energy lev- 
els, and different base burn rates. A simple 
hypothesis is that these data show a universal- 
ity in the relationship between the erosive 
burning rate ratio and a nondimensional raass 
flux and the Reynolds number, based on the 
nonerosive burn rate and port diameter, with 
the underlying assumption that the phe- 
nomenon is fluid dynamically controlled. An 
examination of the data shows that such a 
hypothesis is indeed valid to within the experi- 
mental accuracies in the measurement. The 
chemical kinetic factors, if any, have such a 
minor role that they do not make any distinct 
contribution to the effects of erosive burning 
beyond experimental noise. The data are 
curve-fitted into an expression (Eq. 12) which 
can be used for most practical propellants to 
within + 10% accuracy. 

One issue left unaddressed is that of nega- 
tive erosion, which has been discussed in the 
literature. The most prominent data quoted 
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Fig. 11. Comparison of selected data with the recom- 
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are those of Zucrow et al. [32], which show 
substantial negative erosion. The full details of 
the experiment are unavailable to determine 
the causes for such effect. Two of the co- 
authors of this paper, while presenting the 
above work in a later paper, presented results 
from seemingly the same set of experiments 
which show results that exclude the set involv- 
ing negative erosion [19]. Most of the other 
results which display negative erosion have de- 
viations of 7/ from unity so small that it is not 
obvious that they are significant (as in the case 
of Marklund and Lake [15] discussed earlier). 
While it may be possible that some propellants 
on binders like polyurethane display negative 
erosion, it must be pointed out that these 
propellants are of not-too-high a solid loading 
and therefore show larger binder thickness. 
This encourages melt layer to play a part in the 
burning mechanism. However, state-of-the-art 
propellants with high solid loading (87%) use 
binders such as PBAN, CTPB, and HTPB that 
do not show the phenomenon of negative ero- 
sion. 
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