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A new approach to solve the geometry-problem of solid propellant star grains is presented. “ The basis of the
approach is to take the web-thickness (a ballistic as well as a geomstrical proparty) as ths characteristic length. The
nondimensional characteristic parameters representing diamster, length, slenderness-ratio, and igaitor accommoda-
tion of the grain are all identified. Many particular cases of star configuratioas (from the configurations of
single propellant to those of four different propellants) can be analysed through the identified characteristic para-
meters. A better way of representing the single-propellant-star-performance in a design graph is explained. Two
types of dual propellant grains are analysed in detail. The first type is characterised by its two distinct stages of
burning (initially by . singlé propellant burning and then by dual propellant burning); the second type has the dual
propellant burning throughout. Suitability of the identified characteristic parameters to' an optimisation study
is demonstrated through examples. ’ .

When simplicity, reliability, development time and cost are the most important factors, the star con-
figuration is one of the commonly opted geometries. Typical applications of star grains include tactical
and sounding rockets, and satellite launch vehicles'™4 Even in large high performance segmented grains,
sometimes star configuration is used for some of the segmentss.. Although from mechanical behaviour
point of view the wagon-wheel grains are sometimes superior to star grains, they usually do not give a
web as thick as star grains, The finocyl-configuration, which is a widely used one for high performance
grains, is only a variation of the classical star. -

" The overall design of any cylindrical grain involves two major steps : (1) development. of a system
of equations to represent the burning and port areas of the different portions of grain (head end, cylindri-
cal portion, and nozzle end), and (2) optimising the grain geometry for the imposed constraints. The
step (2) is cartied out mostly through -high speed computing machines®?. However, to know clearly
the effects from the different portions of grain it is usual to study the performance of the portions sepa-
rately through the equations developed in step (1). In this kind of study, the study of cylindrical portion
is of special importance because the cylindrical portion forms the major part of grain in many cases, and
so the results obtained qualitatively represent the performance of entire grain.

!

Stone?, Vandenkerckhove®, and Barrere ef @l10 analysed the single propellant star grain cross
sections. The main objection in the use of single propellant star grain is the propellant sliver. A cross
section of multiple propellants of different burning rates can be used to avoid sliver. Towards this con~
cept a dual propellant (or bipropellant) star grain cross section was first analysed by Rogers ! and subse-
quently by Barrere and Larue'®13.  All these studies, on one aspect or the other, analyse only particular
cases of configurations. Further the non-dimensional characteristic parameters that meaningfully repre-
sent the important properties of grain have not been fully identified. Also the important dual propellant
configurations have not been completely analysed. Therefore the present study, by considering a general
star grain cross section of four different propellants and obtaining a system of characteristic parameters,
aims to remove these gaps. :

NOTATIONS

A. = non-dimensional parameter of . *  Ap; = initjal port area
initial port area, 4 p;/w? . o D = grain diameter
4db = burning surface area S f = fillet ratio, r/l
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ratio of nozzle throat area to ) = maximum percentage deviation
port area ‘ from the specified I'—trace
ratio of burning rate of a prop- ¢ = angular fraction
e].1a1111t t}(:r that of p.rope]lant ¢ m =  loading fraction
,stra:1g tt 'ough grain length _— = sliver fraction
linear dimension o = 8/0y
ratio of density of a propellant -8 = star opening angle
to that of propellant C .
buni Oy = star opening angle of neutral
mass burning rate-. : burning single propellant grain
numb;?r of star points ‘ A = non-dimensional parameter of
non-dimensional root radius, - LD ratio, Eq.(9) :
Rm|w v = ratio of single-propellant-web
root radius to wy
fillet radius; linear regression - P = propellant density-
rate - ’ ' = non-dimensional parameter of
non-dimensional burning peri- diameter, Eq. (7)
- meter, s¥/w Subscripts : o . ;
“burning perimeter 4,B,Cand D = for propellants 4, B, C and D .
equivalent burning perimeter . respectively
- burning web thickness b — burn.o}n condition . .
non-dimensional ¢ / ¥ = conditions at whichy, just
nenst nal parameter, w/ ' becomes zero .\ ’
web ratio, w/w, N = neutral burning condition
reference web ratio 0 = at y¥=
1 = at y*=1; for propellant 4
\ - 2and 3 = for the propellants B and D
surface ratio, s, #*/s,Z*R : respectively B
' ANALYSIS '

Fig. 1—Sector of internal burning starwith multiple pro-

pellants,
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General Grain Cross Section

The sector of star grain with multiple propellant
compositions considered for the analysis is shown
in Fig. 1. The propellants 4, B, C and D can have
different burning rates (r4, s, ¢ and rp respec-
tively) and densities (o4, pp, pc and pp respecti-
vely). A constraint on the burning rates of B and
C is that the burning rate of B is faster than that
of C. The propellant 4 has web thickness of vw,
where wy is the web at which the straight star point
just vanishes; also »<C1. The web thickness at which

‘the propellant sliver becomes zero is denoted as wy.

For the general cross section shown in Fig. 1,
at the burnout of B and C w = wy. '

The following assumptions are made for the gen-

- eral star grain cross section : (1)- any point on the

burning surface moves perpendicular to the tangent
plane at that point; (2) the burning rate though
each propellant is same at any point on the burn-
ing perimeter at a given instant-of time; (3) erosive
burning effects are negligible; and (4) the-propellantg

are not insulated from each other.
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From the considered general configuration shown in Fig. 1, many particular configurations can be
obtained. For example the single propellant star configuration is obtained when k; == ks == m; = mp=1;
in this case yy tends to infinity indicating 7, is never equal to zero for the single propellant grain. Simi-
larly the dual propellant configuration considered by Rogers!! is obtained when v = 0, mz = m; =
ks=1land e= 1,

The generalised characteristic equations of equivalent burning perimeter and port area for all the four
phases of burning are given in literature!®,

N

Non-dimensional Characteristic Parameters
In the case of multiple propellant composition the mass flow rate of combustlon products per unit
length of grain, say when B and C are burning, is:

. E
muo = ro Po (ks my Sp + s6) = 1o Po S e

where
ks = rgjre

me = pylbg | | | M
and, sp and s¢ are the physical burning perimeters of propeltants B and C respectively; here the propel-
lant C has been taken as the reference. Similarly when the propellant 4 or D is burning,

my=rg Po(kymysg) =rq Po S

S4
where . .
kl = I‘A/rc ‘ ) (2)

or .

. , E

mp =rc Po (kg mg sp) = re Po SD
where \ . .

kg = rp|re ' 3)

mg = p_/p,
E E E . . . .
Here § . SA and SD are termed as equivalent bufning perimeters. In the case of single propellant
BC>

grains, during the presence of star the star opening angle, # required for neutral burning depends only
on the number of star-points, n. Denoting this as 0y we define

6 = /6y \ ‘ @

the length / being the major dimension of mandrel r/l (denoted as f) is taken as one ot’ the geometrical
properties of grain.

For the selected propellant and nozzle-configuration, the required thrust-time trace can be transfor-
med to burning area-burnt distance (4,—w) trace. This means that the final web thickness of the grain
to be designed is approximately known!4. Therefore, rather than D as in Ref. 8 or / as in Ref. 9 & 10, w
becomes a better suited characteristic length for non-dimensionalisation!s. This idea of using w as the
* characteristic length is employed in the present work, The required 4,—w trace can be effectively defined
by specifying 4, at some suitable burnt distances. Towards this: objective the non-dimensional burnt dis-
tance is defined as

y* = wiw, )
Also we define the surface 1atio as :
B B B _ |
I=s / s - ‘ 6
vyl y*p- '

. B ‘ : ) E . . .
where Sy.,, is the equivalent burning perimeter at y* and S.V*R is the equivalent burning perimeter at
the reference y*p. '
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Denoting w/l as y, and s%/w as § for the web w, the diameter of grain cross section. (D) and the length
of straight-through grain (L) can be written as, ' . E .
D=2w[1+f+ 1Ny =2w0 ‘ . @)
L = Ay/(Sw) : } : ()
Therefore @ (o1 y if £ is specified) and § represent the diameter of cross section and the length of straight.
through grain respectively. For the straight-through grain L/D ratio can be written as

L/D = A 4,/(2w?)

where )
- A=DISA A+ )] S o (9/

It follows that I" can be taken to represent the L/D ratio of grain. Similarly 4,; /w? (denoted as 4) and
Ry /w (denoted as R) represent the throat to port area ratio (/) and the initial core available for igniter
respectively. The other two important design parameters are : (1) loading fraction #; which is defined
as the ratio of initial propellant volume to motor volume, and (2) sliver fraction 5, which is defined
as the ratio of propellant volume at burnout to total initial propellant volume.: ' :

The four phases of burning that can be identified for the cross section are : (DO p* < v’
(Qv<y* <1 (31 < y*<yp*, and (4) e < % ; '

\ RESULTS AND DISCUSSIONS
Single Propellant Grains

The resulting equations of the characteristic parameters are functions of y, ¢, n,0 and f. Although
an analytical solution is not obtainable for any specified value of a characteristic parameter, the equations
readily lead themselves to common iterative procedures. For the present study, with ¢ and n; as x and y
coordinates, design graphs were drawn for all combinations of : n==5and 7;® =0.9,1.0and 1.1; f = 0.08
and 0.1216,  As a representative set, the design graphs for n=7, f=0.12, and ®=0.9 are shown in Figs. 2
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Fig. 2—Design graph for single propellant star grain with Fig. 3-—Design graph for single propellant star grain with
parametric values of y*, Sand I'; n=7, f=0.12 - parametric values of y, 7 s A and R; n=7, f=

and @ =0.9. ) 0.12 and @=0.9,
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ar;& 3.. For the sﬁrface ratio, I" the initial grain surface at y*==0 is taken as the reference. The upper and
lower boundaries of the graphs are by I'==1.5 and 5,=20 per cent respectively. ‘

With any parametric quantity as a constraint, the values of the other characteristic parameters can be
directly read from the graph. For the known,web thickness, y represents the grain diameter, Eq. (7); for
the given burning area and web thickness, 'S represents grain length, Eq. (8). So the often imposed condi-
tion of constant grain diameter or constant grain length can be conveniently handled by choosing the ap-
propriate parametric curve. ‘

For the given 4,—w trace with some acceptable deviations, the graphs readily demonstrate the fol-
lowing points in the design of straight through grains : (i) high loading fraction, 5/ implies high L/D ratio;,
(ii) 5/ can be raised by increasing ¢ and by decreasing n, @, and f (stress concentration is also raised in this
process'?); (i) sliver fraction can be reduced by increasing » and by reducing ¢, @ and f.

Dual Propellant Grains

Many multipropellant configurations can be
analysed through the considered grain-cross-section.
However, only the two dual-propzllant types shown
in Fig. 4 are analysed here. .In the first type
v=1, ki=k,, mi=mo=1, and D=2 wy (14~ f4yy)
/ys; in the second the only difference is v=0. For
the purpose of comparison the frequently desired
neutral burning condition is chosen. In the case
of type I, when e<C1- the surface trace is not
continuous at y*=1. Therefore to solve for the
conditions of neutrality I of 0<{y*<{1 has sPgat

y*=0 as the reference and I" of 1< y}e'ﬂ<1 has s p¢

at y*==1 as the reference. Due to the possibility
of discontinuity in the I'—trace at y*=1 we define
T, as the ratio of equivalent burning perimeters of
successive phases at y*=1. Then for the grain of

type 1 s

Fig. 4—Dual propellant grains.

Ty = (sEgo/sFp) y*=1

In the case of type 2 for the entire range of 0<{y*<ys*,I" is continuous and has the initial burning perimster
(s¥pc), as the reference. The condition of neutrality (I'=1) is specified only at y*= and y*=y,*.In
any given phase of multipropellant burning the I'— trace is not unimodal between the end points, How-
ever mainly.to simplify the problem we have imposed the condition of neutrality only at two points., i..,
aty*=1 and y*=y;*. The equations of surface ratios are functions of n, ¢, f, @ and k. For the parametric
values of n, ¢ and f the equations can be simultaneously solved for burning rate ratio and €. We denote
the burning rate ratio of neutral buriing’as ko,y. '

Type 1

From the specified neutral burning conditions and n, for the dual propellant grain of type 1 it can
be easily shown through the resulting equations that k,, 5 and I'; are independent of f. However for the
number of star points n<5, the compatibility range of ¢ (R, >0) depends upon f. This is marked by the
. termination of the curves n=4 at the asterisks in Figs. 5 and 6; the corresponding value of f=0.1. The
variation of ks,y with e for different number of star points is shown in Fig. 5; evidently Oy is unity for
all n. When e is less than unity a sudden drop in the equivalent burning perimeter occurs at y*=1 and
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~ Fig. 6—Variation of sutface ratio at transit (I', ) for

near neutral burning dual propellant grains; v=1
and f=0.1. N

the related quantity, I'; is shown plotted in Fig. 6. Typical surface ratio traces for n=>5 and 7 are shown in
Fig. 7. Considering only the second phase of burning, it is seen that the deviation from neutrality
ncreases with the increase in e and the decreasein n, v
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Fig. 7—Comparison of surface ratio variation of near
neutral burning dual propellant grains; v =1

and f=0.1.
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Fig. 8—Conditions of neutral burning for the four pointed
dual propellant grain; »=0 and n=4,

istics of the neutral burning grains of type 2 were calculated from n=4 to 7. Fig. 8

shows the typical conditions of neutral burning grain of n—=4; the ve/r,tica{l dotted line in the figure repre-
sents the ‘slotted star’ (6==2=/n). At higher values of # it is noted : (1) for the given change in f, the va-
riation required on kg, is less while that on @y is more, and (2) particularly at high £, ks,y remains es-

" sentially constant for a wide variation in .

Fig. 9 presents the surface ratio traces for n=5. Though the

traces have only ’;mall deviations from neutrality, they depict the multimodal nature of surface area variation
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Fig. 9—Comparison of surface ratio variation of near
negtral burning dual propellant grains; v = 0
and n=>5,

Comparison

Table 1 gives the typical performance values of the two grain types. The important comparative points
are, in type 1 : (i) k,,y is less; (ii) the loading fraction and -therefore the L/D ratio are higher; (iii) the de-
viation from neutral burning condition, 8 is more; (iv) the variation of ys* with e at low values of f'is less—
this means that the ratio of webs in the second and first phases of burning remains essentially constant. In

TABLE 1
PERFORMANCE VALUES FOR THE COMPARISON OF NEUTRAL DUAL PROPELLANT GRAINS

Type n e f Y kN m # A . A4 R n 8
¢
5 07 03 1.000 1.342 0.652 2.83 0.0198 8.78 1.102 0.929 H0.
! 5 07 01 1.000 1.342 0812 2.211 0.0325 2.887 0.433 0.929 T2,
5 1.0 0.1 1.000 1.369 0.96 1.799 0.0492 0.345 0.021  1.000 T2 ;0
7 1.0 0.1 1.000 1.286 - 0.865 2j660 0.0375 1.798 0.449 -1.000 10 oo
s 07 03 11m 1.0 0.539 3.697 0.0116 19.820 2.021 1.000 i?_54
5 o.i W;ﬂlvlszo ‘1.374. ;).672 2.982 0.0179 9117 1168 1.000 _tg:ig
2 \ ‘
5 1.0 0.4 1.419 1,390 0.878 2.288 0.0304 2.003 ' 0.406 1.000 10
7. 10 01 L3810 1,307 0.75  2.669 0.0223. 5573 0.998 1.000 TG0

type 2 for the given n and surface trace, @ is not fixed. Therefore the suitable value of @ satisfying both
ballistic and mechanical properties can be found easily. In the present work no study is made to compare
the mechanical behaviour of the two configurations. However, for the given chamber pressure it is likely
that the debonding tendency at the interface between the two propellants is less for the type 1. In both
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the types, (i) as noted in single propellant grain »; can be raised by increasing ¢ and by decreasing , and f,

(i) with the increase in n, k2,5 reduces, and (jii) for the given n a wide variation in e results only in a
small change in ks,y. - # \

The configuration of slotted star (9==2x/n) is of interest in many applications. For the dual propel-
lant slotted stars of e=1 and »=0, through the surface-area traces obtained, Barrere and Larue'? concluded
that neutral burning cannot be obtained for n>-5. The basic reason for this behaviour readily follows
from the present study : for any dual-propellant phase to be neutral the corresponding single propellant
phase should be progressive. Evidently the slotted stars of n>>5 do not satisfy this condition of neutrality
since their values of @ are all less than unity. For n>5 the single propellant slotted stars have regressive
burning in the first phase and the usual progressive burning in the second phase. Therefore the frequently
desired booster-sustainer combination can be easily obtained in slotted stars through either of the dual
propellant types that we have discussed. The typical I'—trace of the basic single propellant slotted star
and the modified traces of booster-sustainer combination by the dual propellant compositions are shown

“in Fig. 10. :

10+ .
SINGLE PROPELLANT
vO-B' —/""
o
T v =1
@ 0.6 o
ul ovs9
Q DUAL PROPELLANT =
& 041 |
7
02 -

LI T T 171"
0 04 08 12 16 2.0 24 26
' WEB RATIO ({y¥)

Fig, 10—Booster-sustainer combination in dual propellant
grains; n=38, 0=r/4, e=1, f=0.1 and k,=1.3.

Grain Optimisation .

To optimise the configuration, the characteristic equations of the different portions of grain are suit-
ably coupled under the imposed constraints. However, to demonstrate that the identified characteristic
parameters are readily amenable to optimisation study, we have chosen here two examples of straight-
through-grain design. The details of the problems and the results are given in Tables 2 and 3; the

TABLE 2 !
DETAILS OF THE OPTIMISATION STUDY OF SINGLE PROPELLANT GRAINS

Problem

Py N

Aim : Minimise sliver fraction, 7s »

Constraints : Sihgle propellant star, n=4, 5, 6, 7 or8;f>0.1;m >0.75
Grain length : S >13.35; Grain diameter : ¢ < 2.719; Throat-to-port area ratio, J: 4>3; Igniter
‘accommodation: R> 0.3; [*—trace : ['=0.95, ["+ ==1.05

Solution

A

e T f (2] N - m Yy Yo* S ? A A R
0.572 A 0.1 0.909 0.0661 0.750 0.649 1.700 17.10 - 2.694 0.02170 5.70 0.351
0.677 0.1 .0.914 0.0708 0.750. 0.643 1.742 17.22 2.710 0.02143 5.77 0.559
0;777 0.1 0918 0.0748 0.751 0.640 1.775 17.28 2.719 0.02128 5.77 0.702
0.876 0.1 0.922:0.0785 .0.755 0.640 1.800 17.29 2.719 0.02127 5.70  0.802
0.970 0.1 0.925 0.0817 0.758 0.640 1.822 17.30 2.179 0.02126 " 5.63 0.881

RN N T N
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TABLE 3

DETAILS OF THE OPTIMISATION STUDY OF DUAL PROPELLANT GRAINS

Problem
) . . . . ‘
— T Al
Aim : : Maximise the loading fractlon, m
: Dual propeliant star, Type 1 or Type 2; n=4, 5,6 or 7; f>0 1; 7% __0
Constraints k,<1.6; Grain length : §>13.35; Grain diameter: ¥ < 2.719; Throat-to-port area ratio, J : A>3;

Igniter accommodation: R>0.3; I'—trace: 0.98<I'1<1.02,” 0, 98I’y <1.02, I'—trace to be
continuous (therefore for type 1 conﬁguratlon e=1), 1, 4< Y <3 0.

Solution
— A \
Type n ¢ = f x ke mo oy ¥y ST @ A 4 R &
6 1.000 0.242 1.038 1.350 0.810 1.000 2.724 14.09 2.242 0.0316 3.000 0.5704-0
1b : h
7 1.000 0.162 1.033 1,314 0.810 0.936 2.469 14.10 2,242 0.0316 3.000 0.631+0
—1.8
4 0,998 0.209 1.823 1,566 0.843 0.825 1,400 15.50 2.465 0.0262 3.000 0.499+1.7
5 1.000 0.108 1.577 1.448 0.841 0.763 1.400 15.41 2.451 0.0265 3.000 0.579+40.6
\ —_

6 1.000 0.100 1.292 1.312 0.832 0.79 1.778 14.98 2.383 0.0280 3.000 0.604 +0
1 —0.

7 1.000 0.100 1.232 1.257 0.791 0.753 1.889 15.46 2.461 0.0263 3.991 0.789+0
- ; , —0.2

a Acceptable variation of I" taken as0.98 to 1.02 for the entire range of y*.
b n—4 infeasible due to the constraints on 4, R and S’; n=>3 infeasible due to the constraint on 4.

sequencial unconstrained minimisation technique (SUMT) was used for the resulting nonlinear equations
of the objective function and the constraints?®.

CONCLUSIONS

:As compared to the earlier work the basic new element of this study is the consideration of web thick-
ness as the characteristic length to identify the characteristic parameters, representing the usually specified
constraints in grain-design. As the identified parameters are quite general in nature they can be used also
for other grain types.

'

The types of design graphs obtained for the single propellant star offer much wider information than
the available ones. Grain designs are never finalised through graphs. Yet these graphs enable choosing
a good starting point for the optimisation study.

The type 1 dual propellant grain usually gives a higher loading fraction but its surface trace deviation
is more. Also it has a step in its surface trace when e<<1. However, this property can be advantageously
used to obtain dual thrust traces. When the surface trace and » are fixed for a dual propellant grain, a
wide variation in geometrical properties results only in a small change in k,. Therefore the possible de-

viation on k, due to practical limitations should be carefully considered for the actual performance deduction
of grain.

The characteristic parameters and their equations are readily amenable to grain optimisation studies.

29
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