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The form function for a modified nineteen-tubular powder, i.e. a charge which
in the corresponding unmodified form will have only 19 holes, has been derived
and its general properties discussed, The values of various constants occurring
in the treatment have also been tabulated for some sets of values of m and p.
Also for a comparative study of the progressivity of this form of the powder
with modified heptatubular and tri-tubular powders, graphs for the relation -

( Z, E) have been drawn for some sets of values of m and p.
0

INTRODUCTION

Tavernier (1956) has derived the form function and studied the properties
of heptatubular powders; Kapur and Jain (1961) have discussed the form
function for the modified heptatubular and tri-tubular powders while the
author has recently discussed the form function and properties of nineteen-
tubular powders (Kothari 1964). In this paper the form function for a
modified nineteen-tubular powder (i.e. a charge in which the slivers remaining
at the end of the first phase of combustion of a nineteen-tubular grain are cut
out in the very beginning of combustion and the surface inhibited from
burning) has been derived and its properties discussed. A comparison for the
progressivity of the modified forms of heptatubular, tri-tubular and nineteen-
tubular powders has been made and it is found that

(i) the modified nineteen-tubular powder is more progressive than the

modified heptatubular powder for m = 10, p = 2; m=co, p= g and

9 .. .
m = 00, p= 0 ; but for m = 7,p=Z; it is less progressive ;

(ii) the modified nineteen-tubular powder is more progressive than the

modified tri-tubular powder for all the above sets of values of m and p.

Though the number of holes in our modified inhibited nineteen-tubular

powder increases to 49 in comparison with 19 of the unmodified form, and there

may be some difficulty in the manufacture of this modified shape but the

advantages of using this powder over the corresponding unmodified form or
modified heptatubular and tri-tubular powders are quite attractive.

VOL. 30, A, No. 3.



338 L. S. KOTHARI

Notatrons

D = the exterior diameter of the charge grain.

d = the diameter of the holes of the grain.

L = the length of the grain.

e = the distance between the hole at the centre and any hole in the inner ring
of holes, or the distance between any hole in the outer ring of 12 holes .
and the curved surface of the grain.

m = the ratio of the exterior diameter of the grain to the diameter of any

D
hole = 3
p = the ratio of the length of the grain to the exterior diameter of the
rain = L |
g - D"

Sy= the initial surface of the grain,
8§ = the surface of the grain at any instant ¢.
Z = the fraction of the charge burnt at any instant ¢.
f = the fraction of the initial thickness (web size e) remaining at any
instant {.
3 = the propellant density.
Vo = the initial volume of the grain.
V = the volume of the grain at any instant ¢.

Form function for the modified nineteen-tubular powder

The cross-sections of an unmodified and modified nineteen-tubular grains
will appear as shown in Figs. 1 to 4,

S
7

Wl

Fie. 1. Unmodified nineteen-tubular Fie. 2. Unmodified nineteen-tubular
charge, charge showing the position of slivers
at the end of first stage of burning. -
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}e o]

5

Fia. 8, Modified ninsteen-tubular charge.

S

j

Fi16. 4. Modified nineteen-tubular charge

when & fraction f of ¢ remains.

With the above notations we have

(1)
(2)

D =md

L = pD = mpd
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and from Fig. 3, we have

g = 2(d +¢) cos 15°+g+e = Z%d .. . (3
6 = ("Z“‘{g_‘/ii”d R 0
(V64+2+4/2)

The exterior diameter of the grain when the hole at the centre touches the
holes in the inner ring of six holes or the holes of the inner ring touch the holes
of the outer ring of 12 holes (as shown in Fig. 2) is

=D—e
_WE+vE+Ymind 5)
(V6+2+v/2)
The area of the base of the 30 slivers that remain at the end of the first
phase of combustion of the corresponding unmodified form of the grain, i.e. the

area of the base of the 30 slivers cut out in the very beginning of the modified
nineteen-tubular grain is

_[{D—e\? d+e)2]
=] (%) (%
_ (2V384+4/64+4/2—5)(m+1)2d%
2(v/6+2+1/2)°
The initial volume ¥V, of the modified nineteen-tubular grain is given as
2 g = 5y 2
Vo= n(l—)) _@VSHVOrV25)my Ly (‘il) x L
2 2(1/6+2+1/2) 2
_ (m=1/6—1/2=1)mmpd3{ (114 1/6+41/2)m+(101/6+101/2+20) }
2(1/64+2++/2)°
The volume V of the modified nineteen-tubular grain at any instant ¢ is
given as

B e R e el
X [pmd—e(1—f)]
md3 [ { (mi—19)— 2(24/3+ \/_(—3+\/§—;5)(m+1)2} 3 { 2(m—\/6—\_/§—1)(m_-|-19)(1—f) }
4 (V6+244/2) (VB+2+4/2)
_{18<m—\/§—x/§—1_)2<1—f)’ H m— (m—‘/‘_’_“/é‘lﬂl‘f)] . ®
(V6+2+1/2)° } ’ (V6+2+v/2)
The fraction Z of the charge burnt at any instant £ is given as

Vo=V %
=] —-— .. .. . .. 9
25 S @)

(6)

)

7=
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Using (7) and (8) in (9) and simplifying, we have

Z=(1-f)1=Bf—Cf2) .. .. .. .. (10
where

5 (m=V6=v2-1){0(v/642+1/2)mp—(20+1/6+V/2)m+ 1)}

8 = = — — ~ 11
(V6+2+4/2){ (11 +4/6+1/2)m+(101/6+101/2429) }mp 4y
and
O = 9(m-—'\/5-\/§—1)2 (12)
(V64+2+42){ (11+4/64+4/2)m+ (100/64+101/2+29) }mp
Thus (10) gives the form function for the modified nineteen-tubular charge.
Now
dz oo .
7= —(14+B)+2B-C)f+3Cf2 .. .. .. (13)
and
dz
(df) = (=1+4+B+40) (14)
(%)
s _ \df
52
(®@),.,
=o—Bf=Yf2 .. .. .. .. .. (13)
where
,__(1+B)
* =0-B=0)

_ (204+4/84+4/2)m+1){ (V64+24+1/2)mp—(m—1/6—-4/2—1)}
T [(VB+24+V 22 m+19)ymp+ (m— /6 —1/2—1) [ (11 +4/6+/2)m+(100/6+104/2+29) } ]
(16)

. 2AB=C)
P =a-3-0)
2Am—1/6~12—=1){9(1/6+2+1/2)mp—(294+4/64+1/2)m—~(11—8+/6—84/2) }

= (V6424 2) (m+ 10)mp+ (m=/6—4/2—1){ (11+/64+4/2)m+ (104/64+101/2+29) ] ]
.o (17

and
, 3C
Y= O=B-0)
_ 27(m—1/6—4/2—1)%
T [(V6+2+4/2)2(m+19)mp+(m—/6~4/3—1) | (11 +4/6+4/2)m+(104/6+104/2+29) }]

(18)

The values of B, C, &', 8’ and ¥’ for some sets of values of m and p are
given in Tables 1 to 4 while Table 5 gives the values of Z and :;SL for various
0

values of f. The results of Table 5 are illustrated in Figs. 5 and 6.
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TaBrE 1
m=25
1 9
] 3 1 i 5 20 [’}
B —0-00074 0-00395 0-00656 0-00770 0-00841 0-00864
« 0-00008 0-00004 0:00002 0-00001 0-:00000 0-00000
a’ 0-99861 1-00797 1-01322 1-01553 1-01695 1-01743
B -~ 0-00163 0-00785 0-01317 0-01551 0-01695 0-01743
Y’ 0-00024 0-00012 0-00005 0-00002 0-00000 0:00000
TaBLE 2
m =T
1 9 -
p 3 1 i 5 20 o0
B —0-00377 0-05411 0-08626 0-10041 0-10909 0-11198
(& 0-01166 0-00583 0-00259 0-00117 0-00029 0-00000
o’ 1-00416 1-12132 1-19218 122482 1-24530 1-25220
g —0-03109 0-10272 0-18365 0:22092 0-24432 0-25220
¥’ 0-03525 0-01860 0-00853 0-00389 0-:00098 0-00000
TABLE 3
m = 10
1 9
p —é 1 Z b 20 e8]
B 0-00111 0-10742 0-16648 0-19240 0-20842 0-21374
¢ 0-03744 0-01872 0-00832 0-00374 0:00094 0-00000
a’ 1-04124 1-26727 1-41357 1-48335 1-52841 1-54368
B —0-07558 0-20300 0-38332 0-46938 0-52484 0-64368
' 0-11682 0-06427 0-03025 0-01397 0-00357 0-00000
TABLE 4
m = 0
1 9
P 3 1 i 5 20 ©
B 0-05789 0-33169 0-48380 0-55070 0-59180 060550
c 0-20652 0-10326 0-04589 0-02065 0-00516 0-00000
a’ 1-43816 2-35676 3-15494 3:61765 3-94951 4-06971
B’ —0-40410 0-80863 1-86222 2-47311 2-91108 3-06971
d 0-84226 0-54823 0-29272 0-14454 0-03843 0-00000
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TABLE §
4 Fi 1 09 0-8 07 0-6 05 04 03 02 01 0
"= Z 0 0-1001  0-2001 0-3001 0-4002 0-5002 0-6002 0-7001 0-8001 0-9001 1
p= % S‘Sl 10 0-9999  0-9998 0-9996 0-9995 0-9994 0-9992 0-9991 0-9989 0-9988 0-9986
1] .
f 1 09 0-8 0-7 0-6 0-5 0-4 0-3 02 01 0
m=20 Z 0 00996 01994 0-2992 0-3990 0-4990 0-5990 0-6992 0-7994 0-8996 1
p= ég— 1:0 10008 1.0016 1.0024 1-0032 1.0040 1-0048 1.0056 1.0064 10072 1-0080
o
- Fi 1 0-9 0-8 0-7 06 03 0-4 03 0-2 01 0
m=o zZ 0 00994 0-19890 0-2986 0-3984 (-4984 (-5984 0-6986 0-7990 0-8994 1
o= % bﬁ 1:0 10013 1-0026 1-0040 1.0053 1-0066 1-0079 1-0093 1-0106 1.0119 1-0132
1)
Fi 1 09 0-8 07 0-6 05 0-4 03 02 01 0
m=1 z 0 00920 01859 0-2815 0-3789 0-4781 0-5790 0-6817 0-7861 0-8922 1
p= % -b‘f— 1:0  1-0200 1-0398 1-0594 1-0789 1-0982 1-1173 1-1363 1-1551 1-1737 1-1922
0
f 1 0-9 08 0-7 06 05 04 03 0-2 01 0
m=10 z 0 0-0843 0-1723 0-2638 0-3588 0-4573 05592 0-6645 0-7731 0-8849 1
p = 2 5‘5 10 1-0441 1-0876 1-1304 1-1727 1-2143 1-2554 12959 1-3357 1-3749 1-4135
E [}
_ f 1 0-9 08 07 06 05 04 03 02 01 0
m=® Z 0 0-0527 01167 0-1916 0-2773 0-3733 0-4795 0-5955 0-7211 0-8560 1
b =§ ::l 10 12418 14778 17079 19322 2-1506 2-3632 2-5699 2-7708 2-9658 3-1549
0
f 1 09 08 07 06 0-5 04 0-3 02 01 0
m = Z 0 00455 0-1031 0-1728 0-2547 0-3486 0-4547 0-5728 0-7031 0-8455 1
p= 3*51 100 13070 16139 1.9209 22279 2-5349 2.8418 3-1488 3-4558 37627 4-0697
[

In order to have a comparative study of some of the modified multi-
tubular propellants, viz. tri-tubular, heptatubular and nineteen-tubular pro-

pellants, graph for the relation (Z, SS—) for some sets of values of m and p have
0

been drawn in Figs. 7 to 10. The values of Z and S§ for modified tri-tubular
0 ;
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and modified heptatubular forms have been taken from Kapur and Jain
(1961). These graphs clearly show that
(i) the modified nineteen-tubular powder is more progressive than the

m = o0,

modified heptatubular powder in the cases m = 10, p = g;

9 . . .
=2; m=,p=0,; butform=7,p=1; it is less progressive ;

(ii) the modified nineteen-tubular powder is more progressive than the
modified tri-tubular powder in all the above cases.

150
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Fi1G. 8
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Progressive and degressive nature of the burning surface

Differentiating (15), we have

d (8 y .

Ef(go)=_ﬁ_2yf R ¢ )
and

az {8 ,

Ef—Z(-S—O)=_2y ‘e .. . . . (20)

2
From (18) we find that ¥’ is always positive and therefore adﬁ (—5—) is always
0

negative. Hence %(ES_) is a decreasing function of f. When f = 1, i.e. at the
0
beginning of combustion of the grain, we have

(&), - -

2(v/6+2+4/2)(m—1/6—+/2—1)(m+19—9my)

T I(V6+244/ 22 (m L 19)mp+ (m—1/6—1/2—1){(11+1/6+1/2)m+ (101/8+10y/2+ 29) ,
.. (21)
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()],

2(m—1/6—+/2— 1)[(29+\/6+\/2)m+ (11—84/6—84/2) —9(1/6+2+v/2)mp]
T (V6424422 (m+ 19)mp+(m—/6—1/2—1) { (11 +V/6+1/2)m+(10,/6+10v/2+29) } ]
.. (22)

and

For SS‘ to have a maximum value at any point between the beginning and
0

end of combustion, the values of

f =0, that is we should have

. [%(TSS?.)LI[%(*%)LO<° e (@)
1.e.

(m4+19—9mp){ (29+1/64/2)m+(11—81/6—84/2) —9(1/6+2+4+4/2)mp} < 0.

( ) should have opposite signs at f = 1 and
af \ 8,

(24)
The first member of this inequality becomes zero for
19
=00 25)
and the second member for
(20+1/8+4/2)m+(11-81/6—8/3) .
Py = co .. (268)
9(v/64+2+1/2)m
We have .
3(m~\/3—V§—1)
Po=—fPy = — . .. .. 27
S e/ o

but from (4), m > (4/641/2+1) as eis positive, therefore in every case p, > p;.
Again from (2) and (4), we have

L= VB4V g

(m—4/6—=14/2-1)

and since L should be greater than or equal to e,
pum—ve-v2-1)

(V6+2+1/2)m
(25) and (26) show that p, is & decreasing funetion of m which varies from
{w} to 3 ! Ghile pe 18 an increasing function of m which varies

9(V6+4/2+1)

m { 48+22\/—+22‘\/2+4'\/§)} to {(29+\/6+\/2)} when m varies from
9(10+34/6431/2444/3) 9(1/6+2+1/2)
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(v/64+42+41) to + 0. When we give to p a value lying between p, and p,,

the inequality (24) will be satisfied and the maximum of Sﬁ will occur when
0

a(s ' o
or
___1_3;
f= 2y’
(29+\/6+\/2)m+(11 8\/6 8V2)—9(v/6+2+V2)mp (31)
27(m—1/6—4/2-1)
which can be written as
p—p
f=1—3pmij.. .. .. .. .. .. (32)
where
(m“/g“‘/é—l)., . . . Lo (8%)

Pmin = = —
(V6+2+v/2)m

With the help of (25) and (26), (21) and (22) can be written as

a8
HEI
18(A/6+241/2)m(m—/6—4/2—1)(Py—P)
T [(V6+244/2) (m+ 19)mp+ (m—/6— \/2 1){(114-4/644/2)m+(100/6+101/2+29) } ]

(34)
a8
(=),
18(A/64-24+1/2)m(m—1/6—4/2—1)(P,—P)
[(\/6+2+\/2)2(m+19)mp+(m V6—1/2=1){(1144/6+1/2)m+(104/6+101/2+29) }]
.. (35)

and

Hence

(1) For pumi, < P < Py, E f(S ) is always positive and the powder is degressive
throughout.
(ii) For Py <P <Py, ;f( S ) is negatlve in the beginning and then positive so
that the powder is first progressive and then degressive.
(iii) For p > py, F f( S) is always negative so that the powder is progressive

throughout.
5B
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The results obtained above are given in the following table :—

Case (i) Case (ii) Case (iii)
PP NP PL<<pP<pg P> p2
Decreasing Increasing Increasing

function of Z
N
So
The powder is
degressive

function of Z function of Z
in the beginning,
then decreasing
function of Z
The powder is

first progressive

The powder is
progressive

and then degressive

These results obtained above are identical to those obtained by Tavernier
(1956) for the unmodified heptatubular charge and by the author for the un-
modified nineteen-tubular charge.

The equivalent form factor 8 for the modified nineteen-tubular charge

Following Kapur and Jain (1961), the equivalent form factor 8 for the
modified nineteen-tubular charge is given by '

0=—(B+g).. e e (36)‘

or
0= _ (m—1/6=4/2—-1){18(\/6+24+4/2)mp — (31 4+24/6 421/ 2)m—(49+114/6+114/2) }
2(V 6424+ V2D { (11446 +1/2)m+ (104/6 4+104/2+29) }mp

‘ (37)
which will be negative if
s (314-24/6+4-24/2)m +(49+111/6+114/2) 38)
18(0/64244/2)m R
Table 6 gives the values of § for the modified nineteen-tubular charge.
TABLE 6
R 9
> p 3 1 i 5 20 @

5 0-0007  —0-0040  —0-0066  —0:0077  —0-0084  —0-0086

7 —~0.0021 —00570 —0-0876  —0-1010  —0-1092  —0-1120

10 —0-0198  —0-1168  —0-1706 . —0-1943  —0-2136  —0-2137

2 —01611  —0-3833  —0-5067 —0-5610 —0-5944  —0-6055
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Modified nineteen-tubular charge with a given value of the equivalent form factor 6
From (37), we have the ratio of the length to the exterior diameter of the
grain as
(m—'\/ﬁ V2=1){(3142v/6+21/2)m+(49+114/6+114/2) }
2(\/6+2+\/2)m[{(11+\/6+\/2)m+(10\/6+10\/2+29)}0+9(m—\/6 Ve2-1)]’

(39)

The values of p for some values of m and 6 are given in Table 7.

TaBLE 7
Values of p
mo5 7 10 20 0
¢ .
—0-5 .. .. .. .. 2-106
-~0-4 .. . .. . 1-081
—0-3 .. .. .. 2-089  0-727
—0-2 .. .. 7-056  0-884  0-548
-01 .. 4-584¢ 0852 0-560 0439

0 0-540 0-491 0-454¢  0-410 0-367
01 0-043 0-269 0-309 0-323 0-315
02 0-022 0-176 0234  0-267 0-276
0-3 0-015  0-133 0-189 0-227 0-245
04 0-011 0-107 0-158 0-198 0-220
0-5 0-009 0-090 0-136 0-175 0-201

Table 7 would enable us to detérmine the value of p for which a charge

with a given value of 7 will behave as a charge with a given value of the form
factor 6.

When p is infinite, (39) gives on simplification :

_ 19(/6+v/2+1)— (10/6+101/24-20)8}
{(114+4/64+1/2)8+9}

Table 8 gives the values of m for p = co, when 8 takes up the values from
0-5 to —0-5.

(40)

TaBLE 8
9 0-5 04 0-3 0-2 01 0
m —_ — — —_ — 4-8637
9 —01 . =02 —0-3 —0-4 —0-5

m 6-6728 9-3742 13-8441  22-5987  48:204H
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