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The author has found the formfunction and discussed some properties of a
multitubular charge having N holes, where (i) when N = 3n, n holes are in
the inner ring and the remaining 2n holes are in the outer ring; (ii) when
N = 3n41, one hole is in tho centre, n holes are in the inner ring and the
remaining 2n holes are in the outer ring. The general theory developed hero
holds good for all values of » > 6, N > 18. The theory for particular values
of n < 6, N < 18, where it requires different treatment, has been discussed in
detail in a separate paper.

INTRODUCTION

Multitubular powders have found their use in the U.S.A., the U.S.S.R.,
England and other countries on the Continent. In the search for progressive
charges, the Germans made experiments also with powders having 19 holes,
55 holes and 361 holes.

Work has recently been done on modified and unmodified multitubular
powders having N = 2n or 2n -1 holes, where 2n holes are always in the ring,
by the author (1962, 1964). The theory for a multitubular powder having 19
holes has been developed by Kothari (19644, b) which is a particular case of
the general theory developed here.

In the present paper we have extended our work further; we have found
the formfunction for both the phases of combustion of a multitubular powder
having N holes where N = 3n or 3n--1 and discussed the properties of the
same :

(i) When N = 3n, n holes are taken in the inner ring and the remain-
ing 2n holes in the outer ring (Fig. 1).

(i) When N = 3n 41, one hole is taken in the centre, n holes are taken
in the inner ring and the remaining 2n holes in the outer ring
(Fig. 1). :

The centres of the circles of the inner ring in both the cases have been
taken at the circumcentres of the triangles formed by joining the centre of
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the cross-section of the powder to the centres of any two adjacent alternate
holes of the outer ring, i.e. at the circumcentres of the triangles 04,4,,
0444,,. ... as shown in Fig. 1.

It is also very interesting to note that for the first phase of combustion
the same theory holds good whether N = 3n or 3n -1, while for the second
phase of combustion the situation is not the same and accordingly separate
theories have been developed for N = 3n-+1. Further it has been found

Fie. 1. Unmodified multitubular charge having N = 3n+1 holes
with one hole in the centre, n holes in the inner ring and
2r holes in the outer ring*, at the beginning of the com-
bustion, If N = 3n, there is no hole in the centre.

that the general theory developed here is valid only for values of n > 6, N > 18
while the theory for the particular values of n < 6, N < 18 requires a different
treatment and is therefore being discussed in a separate paper.

Nolations :

D = the exterior diameter of the powder.

d = the diameter of the holes of the powder.

L = the length of the powder.

e = the web size of the powder defined as the distance between any two
adjacent holes in the outer ring or inner ring or between any hole
in the outer ring and the curved surface of the grain.

* Only a part of the cross-section has been shown here.
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e, = the distance between any hole of the inner ring and the corre-
sponding hole of the outer ring. (When N = 3n-1, ¢; is also the
distance between the central hole and any hole of the inner ring.)

m = the ratio of the exterior diameter of the powder to the diameter of

any hole = —3— .

p = the ratio of the length of the powder to the exterior diameter of the

L
powder = D
Sy = the initial surface of the powder.

8 = the surface of the powder at any instant ¢.

z = the fraction of the powder burnt at any instant ¢.

f = the fraction of the initial thickness (web size) remaining at any
instant ¢, for the first phase of combustion; while for the second
phase of combustion, defined as the ratio of the distance receded
(from the beginning of the second phase of combustion up to the
instant considered) to the initial thickness e.

3 = the density of the propellant.

V4 = the initial volume of the powder.
V = the volume of the powder at any instant ¢.
N = number of holes.

~ fe

O

F1a. 2. Unmodified multitubular charge having N = 3n+1 holes with one
hale in the centre, » holes in the inner ring and 2n holes in the outer
ring, during the first phase of combustion. If N = 3»n, there is no
hole in the centre,

°
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Formfunction for the first phase of combustion of the multitubular charge
with N holes.

From Fig. 1, we have

D = 2e4-d4-4(eg4-d) cos%:md- .. .. ¢ )]
and
A4y = etd = 2eq+d) sin% = 20(eg+d), L ®
where
.7
o = sin - .. .. .. .. .. o (3)
_ [(m+1)o—2ud
=" @)
and
_(m41—4p)d -
€ = T4 (5)
with
== g+4-co8 Q}Z = sin — +cos 2 X (6)

where 27 is the number of holes in the outer ring and » is the number of holes
in the inner ring, whether N = 3n or 3n4-1. Clearly for the web size ¢ to be
positive, we should have

m>2——":°.
Now
2 2
Vo= [(g) —N(g-) ]L:%mpdS(mﬁ-N) R 4]
_ D (1—f)e ] d (1—f)e 2]
_[ D_a- }_Nﬂ{é+ el | -
=v_;_[m2 N 2Hm +1)°_2§im+N ~f)
_{m4 o =22 N=1)1—f2][ _ {(m+1)o—2p} }
8)
Vé—V,yb
z=—V—08£‘L=1-%=(1—f)(a—bf—cf2) S ()
with
(m4+1)o—2u

= Bui(mi— Nymp p{dp+ (N—=1)o}mEp +2p2p(N +1)+(N —1)o}mp

+{@p—0)2—No®}m+1)2] .. (9A)
=%%ﬁ%ﬁ—}z[2u(N—1)mp—2<m+1>{2ﬂ+<N—1>°}1 o 9B)
_ {m+1)o—2u}3(N 1) S ¢ 0)

8ud(m2—N )mp
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From (2) and (6), we have
!3 _ 2um
e (m¥ljo—2p P

(10)

In order that the complete combustion of the grain should not coincide or

occur before the rupture of the grains, we should have

£> 1’ i.e. P>M=Prﬂin-
e 2p’m
(9A) can be written as
a = ao(m, )+al("fl’7 & ’
where
1)o—2 .
ao(m, n) = %%[{4n+(N—l)o}m+2n(N+1)+<2~ ~1)o]
and
ayim, m) = {(m+1)0—2#}{(2#—0)2—N02}(m+1)2'

Bud(m2—N)m
for P = Puin,

1)o—2
e = %:N—;‘ [{4p+ (O —1)o}m+2u(N +1)+ (N—1)o]

{(2u—0)2—No?)(m+1)?
L3 (m*—N)

+

= 1, a value independent of m and =.
For given values of m and »n, a is minimum when p = -+, i.e.
i = Go(M, 1),

for a given set of values of m, n.
When

= 2u—c

P = Mmin, a’O(ma 7?) =0

and when

M= 400 = Mmax, Go{M, n) = 452 ;

(11)

(12)

(13)

(14)

in this case ay(m, n) is a function of n only and for n = 6, N = 18, qy(m, n) =

0-8355 and for n = 0 == Ny, ag(m, n) = 0.
Now

with

" = a+b (m+1)
T a—b—c 4#2(2m2p+2mNp+m2—

] [4p{2u+ (N —1)o}mp

+{4p2—8uc—3(N —1)o2im+ 1242 —3(N —1)62+4 4po(N —3)]

(15)

.. (15A)



720 T. C. JAIN

2b—c) _ 2[(m+1)o—2u]

p= a—b—c  4p2(2m2p+2mNp+m?—

7y (2N = 1)mp — {4+ 3(V = L)o}m
+2u(N—3)—3(N—1)s] .. (15B)

3¢ 3(N=Dj(m+1)o—2u]2 156
V= a—b—c 322m2p+2mNp+mi—N)" - (150)
From (15), we get
d(s
r?f(S-o) =—B=29 .. .. .. .. (6
and
dz (8 -
df2( ) —2y. .. .. .. .o a1n
Since v is always positive, it follows from (17) that a3 (_g_) is always negative

and — a (5) is a decreasing function of f.

In order that the ra,tiosg should be maximum at some point between the

0
beginning of the combustion and the rupture of the grains, we should have

. [d—(jc(%)}le [%(SEO)L:O<O’ " . .o (18)
ie.

[2m+2N —(N —1)mp][{4p+3(N —1)o}m—2u(N ~3) +3(N —1)a—2u(N — 1)mp] < 0.

(19)
From (19), we get
P1<<P < Pg OT Pp <P <P
where
2m+42N
- 9,
and

__ [4p+3(N—=1)ajm—2u(N -—3)+3(N—1)
- 2u(N —~1)m

p; and P, are the two possible limits between which ¢ should lie for the

(21)

existence of the maximum value of 5 . From (20) and (21), it can easily be
No

verified that p, < p,.

For a maximum value of 8
Sy’

d {8

Ef(s—,(-))=—‘3-—2yf=0 . .. . .. (22)

or

[4p+3(N —1)olm —2u(N —3)+3(N —1)o ~2u(N —1)mp

3 =I)[(m+D)o—2p]

f= (23)
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We also get
[i (ﬁ)] _ (N=1)[(m+1)o—2ujm(p; —r) 9
df \So/ f5=1 #(2m2o+2mNp +m2—~N) (24)
and
[i (ﬁ)] _ W =1){(m+1)o —2ulm(py—p) o
df \So/ =0 — p(2m2o4-2mNp+m2—N) (25)

Hence, in general for any given value of n

(i) if LWLZI;L);T—EE <P <Py, d%“(%) is always positive right from the

beginning, so that the powder is degressive throughout;
(i) if py < p < Py, g] (Séo) is negative in the beginning and then positive,
so that the powder is at first progressive and then degressive:
(i) if p > po, % <§) is always negative, so that the powder is progres-

So
sive throughout.

The results obtained above are given in Table I.

TaBLE I
Case (i) Case (it) Case (iii)
When
Pmin SP <P P1L<pP<Pg P> p2
\
.
s Decreasing function of z. Increasing function of = Increasing function of 2,
S The powder is degres- in the beginning, then The powder is progres-
give. decreasing function of sive throughout,

z. 'The powder is first
progressive and then
degressive.

Formfunction for the second phase of combustion of the multitubular charge
with N holes,

Case I : When N = 3n with » holes in the inner ring and 2» holes in the
outer ring.
From Fig. (3), we have

m+1)od .
A Ay = AyAy = AgA, = BBy = e+d = (—2;’)* (26)
m+1)d -
BiA, = Bydy = B,0 = By = Bydy = Bydy = o+ = (—@—’- @
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and
T _ (m41)(p—o)d '

OAl = 0[12 = OAB = OA‘ = 2(60+d) COo8 —

2n 2u (28)

Now two adjacent circles of the outer ring will touch one another before,
simultaneously or after they are touched by the corresponding circle of
the inner ring
if 4)4,S A1By, ie. if n 2 6.
Since 4,4, = B\B,, any two adjacent circles in the inner ring also touch
cach other at the instant when the circles in the outer ring touch one another.
Here in this paper we are discussing only the case when n > 6. At the

0
-
7
/
[ B,
\
X
£ ?
\
-~ T~ ) K3
X
7
¥
M\ 1
4, ~%
2 I
Cl
/! A
S~ o - \
~ \ \
~ P
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-~ N
— S
\D—:CL-._L— E__\_:—E

F16, 3. Multitubular charge with n holes in the inner ring and 2n holes in the outer ring*
during the second phase of combustion (for n > 6).

* Only a part of the cross-section has been shown here,
3B
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beginning of the second phase of combustion, when » > 6, the charge grain

. . . 1 Lo
consists of (i) one central prism, ﬁth part of the base of which is represented

1
by OUD,V; (ii) one annular ring, ﬁth part of the base of which is represented

by KJC,HC,GAD,LK; (iii) 2n outer curvilinear triangular prisms of bases
identical to the curvilinear triangle CoDE. Their commnion length at this
instant is given by

L—e = [mp— (ﬁz—i—l‘f—‘%}f}d. (29)
The radius of the arc like CJ, C1HC,, C,GC3, ('4S, KLD,, D;AB
e+d (m+1)od
moo =R L (30)

2 4u

The radius of the arc DE

_ D=2 (m41)2u—0)d

=== 1 . .. ..o@y
As burning proceeds, let the radius of the arc like IJ', IH'F, FG'C, ON',
MA'B', ML'K' be r at any instant after the rupture. '
-, the radius of the arc QR
D—e (r— e+d) _ (m+1)d

- S = (3

Let /4,00 =¢, /FAdyCy= /PAyCy= /IAC, = /TB,D; = /MB,D; = w

and / PAQ =X.
From triangle FA,C,, we have

edd  (m41)od

COSw=’§1—‘—=—TM—- .. . .. (33)
(m+1)od
44 cos w (34)

From triangle 4,00, we get

0A§+0Q2—A2Q2 _ (2u2—2u0+02) cos w—ou

€S = o0d, 00 = (n—0)(Zp tos w—0) (35)
and
2
(n—1= _ _ 04,5+ 4,02 —0Q2 _ (o0—2p) cos wtp
€08 [ 2 +‘"+"] =804l = o, 40 T (o)
(36)

It is clear that when any two adjacent inner circles (or outer circles) touch
one another, i.e. when the first phase of combustion is just over and the
second phase of combustion begins, » = 0 = w;, say. This instant may
be called the °first rupture’, while the instant when the circles in the inner
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ring touch the corresponding circles in the outer ring may be called the
‘second rupture’.
At this instant of second rupture,

r= €0+d (m+l)d

3 == 8—‘[1, = Tp. S&Y. . .. . (37)

.. from (33),
cos w = 20 = €0S wy, S&Y, .. . .. .. (38)
so that wy = value of » at second rupture = cos~' (20). .. .. .. (39)

It is evident that when n = 6, then e = ¢, and w; = w, = 0, so that both
the ruptures take place simultaneously.

For the vanishing of the outer curvilinear triangular prism, at ¢ = 21 let
12

w = wg, then

_ ko —o(p—0)?
wg = cos~1 [ . (40)
2+ (p—a)?—2p(u—o)?
The central prism vanishes when
m w
W= 5= = (say),
so that - . .. .. (41)
. T
CoOs wy=s8in—-=o¢ }
n
Table II gives the values of w,, w; and w, for different values of n.
TasrLe 11
o 2
. T .o 4
n N = 3n (= sin ﬁ) (: sin ﬁ—kcos Eﬁ) wg w3 wy
6 18 0-5000 1-4659 0° 53° 230" 60°
8 24 0-3827 1-3635 40° 3’ 30” 39° 5’ 30" 67° 307
9 27 0-3420 1-3268 46° 50" 30 38° 527 307 70°
10 30 0-3090 1-2967 51° 49/ 36"  38° 42/ 72°
18 54 0-1736 1-1698 69° 41/ 38° 5 80°
30 90 0-1045 1-1031 77° 56 38° 13 84°
100 300 0:0314 1-:0313 86° 247 41° 24’ 30~ 88° 12°
120 360 00262 1-0261 86° 59’ 20” 48° 11 30” 88° 30’
o0 o0 0 1 90° 66° 257 90°

It is interesting to note from Table II that if n = 6, the complete com-
bustion of the outer curvilinear triangular prisms takes place after the instant
of first or second rupture, while if » > 6, the complete combustion of these
curvilinear triangular prisms always takes place before the second rupture.
Further, when n > 6, the complete combustion of the central prisms always
occurs after the second rupture except for m = co, when it occurs simul-
taneously at the second rupture.
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1
When ;ath part of the base of the central prism, i.e. QUD,V becomes

OU'TV’, the parts like KJCO,HL and LHC,GAD, of the base of the annular
ring become K'J'IH'L' and L'H'FG’A’M and the base of the outer curvi-
linear triangular prism, i.e. C,DE becomes PQR, then the common length

is given as
. e+d) (m+1)o ;
VI—L—'E—Z(T— T)-—[mp-’—l'—m]d. . .. (4.)4)

For the length to remain positive up to the instant of second rupture, we
should have

m+1 3y 1 )
P > Py, where pg = ( i —1) m (43)
Now area of the base of the central prism
=n. Area OU'TV' = 2n[ AOB1Dy— ATB;D,—sector B,1'U’]
n(m41)2d2
=—Teef@ L@

where

7 § (n—2)ar -
Flw) = o? [cot - —tan w_l o —w% sec? w]. . .. (43)
Area of the base of the annular ring KJIHFGAMLIK
= 2nfrectangle B,D,0,4,—2 sector ByML'—2AMB\D,+4 A B, 4,0,
— A 14,0, —sector 4,J1—sector ByK'I')

n(m-4-1)2d2
=——(——i%-fﬂ)—G(w) 7.
where
G(w)=02[2 cosecg—:ﬁtanw-{-cot%-—B(g—w) sec? w]. . .. (47)

Area of the base of the prism PR
= 2[sector OQN + A 42QL— AOLP —sector 4,PQ]

4 °d
=£m—1-%:‘)T2H(w) S 1)

where

T a \2 2o(p—o) sin ¢ sin X
r= o))
= 008 sin [ {n— 1)+¢+w] cos w

. |#(n—1)
20{p—o0) 8in [ + ] [cot - -+tan w] sin [— - ]
- 2 LT AT

sin[ m(n— l)+qb+ ] 00st v
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Denoting the volume of the central prism by V(U'TV’...), volume of the
annular ring by V(J'IH'FG'CS8’...) and volume of the prism like PQR by
V(PQR ...) at any instant during the second phase of combustion, we have

VU'TV' .. )54 V(I IH'FGCS .. )8+2nV(PQR)S

=1- Vod

(50)

which on simplification gives
nim+1)* [mp-l-l-—- (m“)"]l(w) ce B

42(m2—3n)mmp 2 €08 w

where

I(w) = F(w)+6(w)+2H(w). P )
Initially

w=w =0, =0, X=(ni—nl)w.
o) = % dut—dpo—(@Bn—1)e2] .. .. .. .. .. .. .. (53)
and
m<+1)o—2
) =.8.}(:§(.7;2_?___).L"_ (2w {4p+ (3n—1)o} m2p +2u {2u(3n+ 1)+ (3n—1)o} mp

+{(2p—0)2—38n0%} (m+1)2] .. (54)

= @, which is the value of z at the end of the first phase of combustion.

Defining f now as the ratio of the distance receded (from the beginning of

the second phase of combustion up to the instant considered) to the initial
thickness e, we get

‘)(e+d —7‘)
N2 _ (m+1)e 1 .
f= e T (mt1e—2u (1— cos w) ' (55)
Now
dz __ df\ _ nl(m+lo—2u)(m41) [, (m+l)o-} cosw
ar = ( w dw) = 8u3(mE—3nymmpo [)"P(m +h)- cos w } sin w I{w)
-—(m+l)oI(w)]. .. (56)
2 ( /( ) ) _ alm+1)[(m+1)oJ (@) — 2u(mp+ 1)K (w)] 57)
Sy dff \df};=1 4u2n0(2m2p 4 6mnp+m2—3n) o o
where
J(w) = I'(w) cot w+I(w) ce oL (574
and
cos?
K(w) = I'(w )Smw . . (57B)
Initially at the instant of first rupture,
_ _ _(e+1)m
w = 07 ¢ - Oa X = 27& H

J(@) = (44280 —3(3n—1)o%], K(w) = — 2%[2/J.+(3n—1)0]0 . (58)
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and

8 _ (m41)
S 4u2(2m2p +6mnp+m2—

) [4u{2u+(3n—1)otmp+ (42— 8uo—3(3n—1)o2}m

+12u2—3(3n~1)02412u0(n—1)]

=a (59)

For n = 6, at the simultaneous occurrence of the first rupture and the second
-1

rupture, when w = w; = wy, = 0, then ¢ = 0, X = (_"“21‘7)_7_7 For n > 6, as ex-

plained earlier, the outer curvilinear triangular prisms burn out before the
second rupture, ie. when o = w;, where wg < w, and at this instant

By

As

Fia. 4. Multitubular charge with » holes in the inner ring and 2n holes in the outer ring at
any instent after the second rupture (for z > 6).
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¢ = )—7; , X=0. At the instant of second rupture, the values of the para-

meters and functions can be obtained by putting = ws = cos~! (20).
Thus for # > 6, at the instant of second rupture, the charge grain consists
of n prisms of bases identical to BAC, »n prisms of bases identical to CDEH

1 Sy
and a central prism, ;&th part of the base of which is OP @ R , as shown by dot-
ted lines in Fig. 4.
The radius of the arc like 4B, BCD, DEF, FG, GEH, HCA, P,Q;, ¢.R,,

_eg+d __ (m+1)d
-2 = 8

(60)

As powder burns further, the prism BAC shrinks into B'A'C’, CDEH
into I'D'K'H’ and OP;Q'IR'1 into OP'Q'R’. The radius of the arc like 4'B’,
BC,I'D, DK, BE'F', F'¢', G’E’, K’'H', H'I', C’A’, P'Q’, Q'R is ». Let
LAAA = S ABA = S CA ] = L OB = 4.

From either of the triangles 44,4’, CA4,I’, we have

eo+d
.44, C4, 2 1
cos ¢ = A4 = a,r= 7 = 5, 008 @. . .. (81)

At any instant after the second rupture, the length v; of the grain is given
as

%=LT%—4~fgd)=Lm+L—m+Uﬂd.. . (62)

where w > cos™1 (20).
As mentioned before, the central prism vanishes when

w=g—%=wy O (i )
The prisms like H'I'D'K’ burn out when
w+¢=%i&w=g—w oL (8Y)
;. from (61) and (64),
w = tan~1 (—21;) = wy (say). .. .. .. (63)

For the vanishing of the prisms like B’A'C’, ¢ = ;—: and accordingly

co8 w = 20 co8 tﬁ=sing7—:-r
(66)
T 27
w=T 2" = g (say)
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We find that the prisms like B’A’C’ burn out always before the central prism
burns out because wg < wy for all values of » > 6.
The prisms like H'I’D’K’ vanish before, simultaneously or after the vanishing
of the central prism

if wg § wy, e, if n % 3.

But we have taken n > 6, therefore wy < w, for all values of n >> 6 and hence
the complete combustion of the prisms like H'I’D’K’ takes place always before
the complete combustion of the central prism.

The prisms like B’A’C’ vanish before, simultaneously or after the prisms like
H'I'D'K’ vanish

4

3 . . ~TT w
if wg § wj, ie. if cos — § o8 —
which gives that wg << wg always.
Thus for 7> 6, wy < wg < wy < wg << wy < wy ) 67)
. )
and for =6, w0 = wy =0 < wy < wg < wg < @y § (o

From this we conclude that the complete combustion of the prisms like 5'A'C’
takes place first and then that of the prisms like H'I'D'K’ and finally that
of the central prismi. Accordingly the complete combustion of the grain
takes place at

w =

- .. .. . .. (68)

ol

In order that the length vy should remain positive up to the instant of complete
combustion, we should have

m+1 1 o
P > Py, where Py = (———2# —1) Pl . .. (8Y)
Area of the base of the central prism P'Q'R’
=mn. Area OP'Q'R’ = 2n[AOB,D,— A B,Q'D,—sector B,Q'P’]
1)2q42 -
= Mfg%{ F(w), same as before .. A ()
where @ > cos™1 (20).
Area of the base of the prism H'I'D'K’
= 2[rectangle B, DCyA; —2AD'A,Cy—2A1'A,C—2 sector A,D'I]
m+4-1)2d2 : . -
=(”‘3§;)2— (@) e e o
with
.o (17 -
L(w) = [4 sin - —40? tan w—tan 1/,—-402@ -—w—l/l) sec? w]. .. o (T2

Area of the base of the prism B’A’'C’
= 2[AB;A,01—~ AB'A,0—2AA'A;A —sector A A’B—sector B1A'T’)
_ (m+1)e

o M(w) .. o e e (13
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with
. 2n . ‘ T
M(w) = {sin - ~ 202 tan w—tan iy —2o?2 5 —w—24] sec? w]. .. . (74)

Denoting the volume of the prism P'Q'R’ ... by V(P'Q'R’'...), of the
prism H'I'D'K’ by V(H'I'D’'K') and of the prism B'A'C’ by V(B'A'C’), we get
_VPQR ..)nV(HI'DE ) 4nV(BAC)

2=1 7, (75)
. m(m1) [ _ (m+1)o]
8u2(m2—3n)mmp mp+1 2p cos w Plw) (76)
with
Plw)=2F(w)+ L)+ M(w) .. .. .. .. .. .. (17
= 2F(w)+26(w)—2 tan 4802 sec? w. .. .. .. (18)
At first, when the prisms like B’A'C’ burn out,
w=3~ g,—? M(w) =0 and P(w) = 2F(w)+ L(w).
Secondly, when the prisms like H'I'D’K’ burn out,
w = tan~1(:2—1;), L(w) = 0 and P(w) = 2F(w).
Finally, at the instant of the complete combustion of the grain,
w=’2—7—%,F(w)=0andP(w)=O.
Now
de _ (dz [df _n(m+l){(m+l)o—2p,}[§ . _(m+l)a}coé2w ,
df — (dTu/%) T 16u3(mZ—3n)mmp (mp+ 12— e | Sinw £ (@)
—(m+l)aP(w)] .. {79
S _ [d_z (gg) ] _ rmtDi(mt Do@w) =Zpmp+ YR()] oy
8o laff \df/,..1 8u2(2m2p 4 6mnp+m2—3n)n o )
with
(@) = P'{w) cot w4 P(w) .. . .. .. ‘e .. (81)
and
,, .cosZaw .
Rw)=Plw)——" .. .. . . . (82)

At the instant of second rupture,

g =0, w = cos! (20), Qw) = 2J(ws) = 2I'(wp) cot wy+2L(wp) .. (83)
and
cos2 we

B(w) = 2K(wg) = 2I'(wg) oy (84)
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While at the instant of complete combustion,

w=T =T =T Q) =0, R)=0and & =0,
" So

2

el y

We have seen that the formfunction after the first rupture and up to the
instant of second rupture is given by (51) while that after the second rupture
is given by (76). Under certain conditions the two formfunctions can be
combined into one as follows:

n(m-+1)2 (m+1)o _
2= 1— ————————8#2(7”2_3”)”7"’1 [mp-{—l ~ 9 cos @ w](2F(w)+4H(w)+L(cu)+M(w)) (85)
with
L(w)+M(w) = 2G(w)—2 tan Y4802 sec? w .. .o (86)
= 2G(w)—n(¢), n() =0 fory =0, .. .o (87)
where

(a) before second rupture
(1) when w; << w << wg < wy, Y = U, H(w) # 0, so that
L(w)+M(w) = 2G(w) ;
(ii) when w3 < w <wy, ¥y =0, Hlw) =0;
and
(b) after second rupture when w << wa, ¥ 3% 0, H(w) =

Case 1I: When N = 3n-+1 with one hole in the centre, n holes in the
inner ring and 2» holes in the outer ring.

As is clear from Fig. 5, at the instant of first rupture when any two adjacent
circles in the inner (or outer) ring touch each other, the charge grain consists

1
of (i) one annular ring at the centre, ;Lth part of the base of which is XUD,

1
VYX, (ii) one annular ring in the middle, ;Lth part of the base of which is

KJC HC,GAD LK consisting of KJC,HLK and LHC,GAD;L and (iii) 2n
outer curvilinear triangular prisms of bases identical to C,DE.

Evidently the eqns. (26) to (31)'hold good here also. Now as burning
proceeds, at any instant after the first rupture, equs. (32) to (40), (42), (43),
(48) and (49) hold good.

Also the area of the base of the annular ring U'TV’ . .. at the centre
= 20[AOBD;~ ATB;D;—sector ByTU’—sector 0X'7"]
_ n(m+1)22 -
_.-———-1—6;‘2——8((0) . .. . .. . . .. (Sb)
with

S(w) = az[cot ;»: —tan w— (’—27 —-w) sec? w] = Flw)— gaz sec? w. .. (89)
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Similarly the area of the part like K'J'IH'L'I' K’ of the base of the annular ring

__ n{m+1)2d2
- 1642

S(w)
Area of the part like L'H'FG' A’ M of the base of the annular ring

= 2p[rectangle B, D,C4,—2 sector ByML —2AMB,D,]

_ n(m+1)2d%

1672 T(w)
- T
e ~
/ ‘\
/ \
/ \
l A !
I
\ /
\ n Y,
X" /
X \
v x' ’
X :FT v
v’ N
- # -
// u /", Y
\
/ 1/
/ B, w / B
‘ W D, *
\ il
o
5 \
G s > N
( - L ~ M — A—’
o1 L A
o ;
u\\ L’ A,
v\ 2 &
/4 \> i
/
G \
w
/ l\ 42 (2] CZ Az,
\ X L /\
N P\
\~~ \
N _ - Q N R\ -
D ———— e e - =

(90)

(91)
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\
~
/)>\—:/
/ -
S

e

Fic. 5. Multitubular charge with one hole in the centre, » holes in the inner ring and 2r holes
in the outer ring, during the second phase of combustion (for n > 6).
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with
T(w) = 202 [cosec T (7—7 —w) sec? w—tan w] .
7 2
Clearly
Sw)+T(w) = G(w).
0
'V.
P P u' R
// -R’
X,
" ol
©
B,
w D, 2
[
¥ H
4 ’ /'\\ Y
I A ///” X 3 ’
\\ = __'T_C E: \1' K > i’é\ : {4
K -8 AN - YA\
& \D // -
'4/ @ /D
¥
G
~ v
~ A, C, A
~
R AN -
\ ~ — I
\\ N
~ . _ ~ _— —
- -

Gs

(92)

(93)

F1ec. 6. Multitubular charge with one hole in the centre, n holes in the inner ring and 2n holes
in the outer ring at any instant after the second rupture (for n > 6).
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Also
pe 1 Vio'Tv' .. Y+ V(J'IH'G'CS ... )+2nV(PQR)
Vo
1 n(m-1)2 (m<+1)o
4p2rmp(m2—3n—1) [m,o+l— 2u cos w i) - (99
with
Il(w)=I(w)—£azseczw .. . . . .. .. (95)

where I(w) has been defined in (52).
Since this expression for z is the same as (51) with I(w) being replaced by
. d S
I,(w), the expression for 5520 and g are given by (56) and (57) with I(») and
] Se
I'(w) replaced by I,(w) and I;(w) respectively. At the instant of second
rupture, when any circle in the inner ring touches the two corresponding
adjacent circles in the outer ring and the central circle touches all the circles

~in the inner ring,
cos w = 20, 1.6. w = ¢0s "1 (20) = wy, say, .. .. (96)

A
the values zg, f5, (‘—g*?-) of z, f, and Sﬁ at the second rupture can be obtained by
o/ 2 0

putting o = w, = cos~' (20) and replacing I(ws) by I(w,).

At the instant of second rupture the charge grain consists of » prisms of
bases identical to P,Q,R;, n prisms of bases identical to 4BC and n prisms
of bases identical to CDEH (the areas of the bases of the prisms P,Q,R; and
ABC are the same).

As burning proceeds further, the base of the prism PQR shrinks into
P'Q'R', ABC into A'B'C" and CDEH into I'D’K'H’. Evidently the eqns.
(60) and (62) hold good here also.

It is obvious that (i) the complete combustion of the prisms P'Q'R’
and A'B'C’ take place simultaneously when « = w, (already defined in
(66)) and always before the complete combustion of the prism I'D'K'H’;
(ii) the complete combustion of the grain takes place when I'D'K'H’ is
completely consumed, i.e. when w = w;, as obtained in (65).

In order that the length of the grain may remain positive up to the
instant of complete combustion of the grain, we should have from (62) and
(65)

p>[w—1]l e e
4p
Now
_ | _ V(PR +nV(I'DK'H)+nV(4'BC)
Vo
n(m+1)2 (m+1)o
=1- BuZamp(m2—3n—1) [mp+l-— 2p cos w]A(w) o (98)



FORMFUNCTION OF A MODIFIED MULTITUBULAR CHARGE HAVING A HOLES 735

with
Alw) = L(w)+2M(w) .. - .. .. . - .. (99)
and
S _ n(m+1)[(m+1)oB(w)—2u(mp+1)C(w)] (100)
8 8uln[2m2p+2(3n+1)mp+m2—3n—1}
with
B(w) = A(w)+ A’ (w)cot w .. .. .. .. . .. (101)
and
C(w) = 4'(w) cot wcosecw. .. .. .. .. . .. (102)
At the instant of second rupture, w = cos™1(20), i =0,
B(w) = 4 sin = +2 sm2~ —404/1—402—3[7—2cos (20)] .. (103)
and
— -1
Clw) = — 2[m—2 cos™1( 20)) (104)

V' 1—402
At the instant when the complete combustions of the prisms P'Q'R’ and
A'B'(" take place,

[N

W= wg =

w T
—nV=n

(ST |

then
M(w) = 0 and 4(w) = L(w).

At the instant of complete combustion of the prism I'’D'K’H’ and accordingly
of the complete combustion of the charge grain,

w = wy; = tan~ 1(;0) 1/;=§ —tan~ 1(210).,

A(w) = L(w) = 0, Blw) =0. C(w) =0 and %SL 0.
So

then
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