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‘ ABSTRACT
The dependence of conventional parameters of internal
ballisties of Solid Propellant Rockets using external
burning ecruciform charge, on the geometry of charge and

rocket motor is discussed and results applied in a special
case, :

Introduction

The primary function of a rocket motor is to deliver a certain impulse
JFd, to control mass flux and pressure and that the shape of the force-time
curve is of secondary importance. However, the design of propellant grains
in solid propellant rockets places rather definite limitations on the thrust pro-
gramming, In order to obtain the desired programming of gas evolution charges
are designed with many different shapes. Considering internal burning cylindri-
cal charge Price! has deduced expressions showing the dependence of four
important ballistic parameters of solid propellant rockets viz. the ratio of
burning surface area to nozzle throat area, burning surface area to internal
channel area, nozzle throat area to internal channel area and charge mass, on
charge and motor geometry and has tried to approximate all the charges by
certain programmes of burning surface variations during operation. But in actual
practice the scope of that paper is rather limited, and in many cases, e.g.,
cruciform charge which has external burning surface, the results arrived at by
him are not at all applicable, Moreover, for many applications, particularly
forward firing aircraft rockets it is necessary to utilize a greater weight of .
propellant in a specified motor than is possible with a tubular grain. Hence, the
design of propellant charge comes into play. Though there are no definite rules
for the choice of a particular grain for a given application, the comparative

 study of tubular and external burning grain indicated that a cross section which
can be used with considerable success is the cruciform shape. A cruciform grain
definitely permits the use of a greater weight of a propellant in a motor of given
inside diameter than a tubular grain and hence the more effective is ballistics.

In the present paper the dependence of conventional parameters on the
charge geometry of internal ballistics of solid propellant rockets using cruciform
charge is studied. The method is the same as that followed by Pricel,

Notations

a = fractional change in surface area g = perimeter of the cross
section of -the burning
charge

A¢j= cross-sectional area of the pro- r = burning rate

pellant charge
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m = cross-sectional area of the in- 7y = defined in ﬁg. (1)
terior of the motor tube. 8. = burning surface area
' of charge.
‘A, = port area, An—A, T =time from start of
burning
4; = throat area of the sonic nozzle .V = volume of propellant
(3 = discharge coefficient = =~ = " chagre ‘
d = web size S - % = distance burnt into .
S ) charge
D= mslde diameter of mo'oor tube o8 = constants in the burn
@ = internal area ratio S, /Ap . . ingrate rule r= o4
: | r
J = channel area ratlo A, /Ap Pp = density of propellant
K = nozzle area ratio, S, [A; . - charge ‘
= length of the propellant charge Subseripts
M propellant mass ‘ ¢ = initial conditions
p= chamber pressure R . f=final con[iitipns ,

Charge Geometry and Ballistic Parameters
The assumptions made are: ’

(1) The propellant charge is cruciform in the general sense and remains
go during burning. All the four peripherial ends are mhlblted with non-
inflammable material to prevent end burning.

(2) The area of the burning surface is a linear function of the dlstance
burned into the web from the initial surface. .

v Assumptions (1) and (2) help us to define the geometry of the charge at any
instant during burning and the followxng geometrical properties can be mfen-ed
from Fig. (1). ~

Figs 1 Charge geonmatry at eny cim during burning-
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For geometrical interpretations of the reeults, dxmensmn-less variables are
most suitable and the analysis can be generahsed to a greater extent. Following

Price! we then express the charge geometry in terms of the following dimension-
less variables:

b = -rcD —burning perimeter of cross-section shape
I = —% —Ilength of charge

R=A e [Am—loading density

w == -—dﬁ —web thickness

The variations during burnmg in these variables are of considerable
interest from design as well as stability point of view, and in particular the
~ following relations, which are used often, can be deduced.

w; = Rz(l-l—-a) /’: O L i (af‘(|‘)1)z m-—l aT)l . . (6)

bi .= 1+a

)
- 7 )*[\/{R ‘”‘“’2} {2"’ fa ’[1+(?(:1>)2 —‘la+1]“’}2

—~Zb,f(a)[1+(a+1) s @ :' ]

fa) a+1
_ f(a) fa+ 1 o - fla)
?"’bf{\/l a1 R(a+1)( T @ O a+1)]
f@) 2by (e+ 12 -1 f(a)
Tt T B erp\TtT @ Se 1a+]
+ a1 ‘R; (a+ 1)

@ GTIF 5 1 7@
2y [1+ 8755 s

x So-[of@ (1, @i _lf(a))]}(q,

1B @\t @ S e
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{+The choice of the variables, w, B; end b though arbitrary is ]ﬂStlﬁed by
thelt utility in terms of rocket problems in general.

-.The form of equations (8) and (9) can be considerably sxmphﬁed if -the vari-
able w is transformed by the following relation:

w. oW 'w— WR; (14 a) - R
Toow @a+1*, 1 flo) 7 ‘
26,«[1—}— @S arT] - .. (10)
where the variable W( = ,—-— = ———-—-) is the fractmnal web-thlckness at

any time during burning, a.nd then using the modified fractional web-thickness
~ defined by the relation

@ e
Wy = P ‘W..-.- . .. S (,11,)';,_
Hence equations (8) and (9) can be written as L
b=0b [/1—W —W;]1 ... , .. .. . .. (12)
: (o + 12 '
R, Wy —5——
- f(@ 7 S W1
R_l—l—(“'l‘l)’s. -1 fla) VI=Wi—W - ] (3)
f@ " akr |

Ratio oi‘ burning surface Area to Nozzle Throat Area.

‘Gases are evolved by the burmng of the charge which is assumed t6"bs
burning by parallel layers and are being discharged through the nozzle throat. -
Hence the ratio K of the burning surface of the charge and nozzle throat area

is of utmost importance especially in rocket motors where the gas velocity
is not very high.

Under the assumptions laid down

S S [ A gL (A o [d "
E=2 =4, 2. = =p» [ Z, ~*%/ %, - (9
4
From the relations (14) and (15) we have
W 4, SWI=WE—Th) .. : .. (14°)
: and at the end of burning (and also for a = 0)
. 4y Ay

Ratio of Burning Surface Area to Internal Channel Area

. The ratio @=8, /4, is another parameter which plays an important role
ihi'the performance of solid propellant Rockets.
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Under the assumptions of present paper we have

RzW a+1)2/f(a)
Sin—1 W
(a+1 . _ l-—W ——W e
s TR 25 Y

and for special cases of ﬁmsh and start of burning

. (—Gl(— )f—-—;*ib; .. : . " " (15'1)

G =—
=

SN —SF@Y @\ -
(——) 4y (\/1 i) m Wt
RietrD
{ (a+1)2 '_ f(a) f(a) f(a)
L@ -
+ S’&n 1 +1 B i (152)
R ) N S

a+1

Ratlo of Nozzle Throat Area to Internal Channel Area |

"The thnd ballistic parameter J—the ratio of nozzle throat a,rea.—A, to
Tnternal Chaunel Area—4, of the flow channel in the rocket motor is of more
importance thaun the parameter K when the ratio J approaches unity. In one
dimensional isentropic flow the equilibrium_conditions in the rocket motor are
: sufficiently sensitive to 4p when J islarge. But asitis oustomary to describe
conditions in terms of K and G, even when J is large, J is determined in terms

.of K and @ ard hence in terms of i—- and Wy, o and _R.'. .

o Ay A gAp _‘_4L '
e Y e /,(I,-R)‘
. A _ |
.. 'Z""" -
“ _ B Wl(a-l-l)a/f (a) Sm —1W.
P CPy0 | \/1——W1 e
f@ a+1
el

.. .. (16)
4y 4% (1-—W1 -—W1) v

and for initial and ﬁnal eonditions.
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4’1‘.,]) B -1 . .

4, i Ri(atl) [ fla)\2 . fla)

! /@ \/1—(‘—* a1
a+

ENTES T atri) a1 X
1+ 7@ Sin
sm—lai%)'
-I-, —————"f"_(;')' .o 16'1
‘ at1,
Am — . . .
(—A—; J)f—-l .e .o .e .o e . ", 16-2

Charge Mass v
The importance of Charge Mass M, can be seen from the fact that in all
_cases to determine acceleration we require nozzle geometry, pressure in and

outside the venturi and the rocket mass—including unburnt propellant at any
time during burning. '

Hence if Pp is density of solid propellant, M is mass and v the volume, then

. y
M=Pp V=Pp A¢L= P,A"; AmL

3
—p R p—p, 2R . . D
_pprnDil B Wit g ST,
M= 1 14 (a+ 1)23; 1 (@) [x/ vlf‘W12“W,1+ ‘—"WI“' ] (18)
fl@). ™™ a+l ~

But in order to interpret the results in terms of 1bad§pg conditions ws express
M in terms of R the loading density, '

M R 3
—MT‘T-:"—RT . oo .. .. e (18 1)

i.e., the variations of charge mass to initial charge mass are equivalent to the
variations of loading density to initial loading density
Application of Resultsin Elementary Theory of Solid Propellant Rocket Motor

In a simple case, neglecting the variations in conditions in the different
parts of rocket motor, the equilibrium between mass burning rate of the

charge and mass discharge rate through the rockat nozzle is given by the rela-
tion .

PySr=Codip o o e ()

Assuming that the burning rate of the propellant is given by the relation
+=a-+Pp, the above equation with the help of equation (14-1) gives
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. A, P )
Py 41by Zz_( V1=W3E— Wl) ' o
p=_ _
LolL o)
Co— 8P 4y ( Ji=W— ) | -

If dz is the distance burnt into the web, the time during burning is given by

dz
the relation di= -

and *.° de = —d (Dw) = —d (Dw; vW)
DR; (a+1)3/f(a)

—-— aw
(a+1?* . —1 f(a) 2
S 2%y [1+ fa S a+1].
then , : v
o DER; (a+1)f(a) o aw, o

dt = — (@t 1) L J(@ ] ot 8,

2w [1+ s
and using equation (20) we have S ,
____DR; (a+1)Yf(a) o -
1 : :
wy [1+ G sy ]
Op— P, 4lb; A—t(vifwlz - Wl)dW1
' - 20p o T

dt = —

This relation is to be integrated hetween the limits

t=o0, W, = fa(izl—)ltOt:T’W.: Wy

_Then' we have

DR; (a + 1):/f (“1) f [C oo gp
@y 7@ b W'—2lby < PPy
2y [H’ F@ " atl ] 0 5

‘ =1 .
(\/ =7y — W;+ S"’;VIWI)]—F ﬁ‘f)l [op — 20b; AT": tPp
(V) - o W
| sy @ | -
{(.?1 + -ﬁi“"l )] } r . (23)

T =

a1
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The dependence of p on T, through the parameter W, ean easily be
compiled from the above results and in a- particular case the results are
represented in Fig. (2). : '

o = 12 | " pp= -0571 lbsfou. in.
by = 1275 : « = -13in/sec
Cp= -007fsec B = -0002284

D =3-09in 4; = 1-65Lsq. in.

Il =14
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Fig.2 Variations with time of

purning

Paessure p 1bs/sq. in '
(-]

In & simpler case when the peripherial ends are straight lines and not
cireular arc, the procedure is a simple one and results are just the same as those -
deduced by Price! for tubular charges.

Acknowledgements »

The author is gra.teful‘to Dr. R. 8. Varma, Director, Defence 'Sciémo/
- Laboratory, New Delbi for his keen interest and to Dr. V. R. Thiruvenkatachar
for helpful discussion in the analysis of this paper, ' ‘
References -
1. Price, E.W., Jet Propulsion, 24, 16, 1954. . :
2. Wimpress, R.N., Internal Ballistios of Solid Fuel Rockets.
(Mcgraw-Hill Book Company), New York 1950,



