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FORM FUNCTION AND VARIATION OF BURNING SURFACE
AREA FOR THE HEXA-TUBULAR CHARGE |

J. N. Karur anp V. K. SrIvasTAVA
Indian Institute of Technology, Kanpur

The problem of combustion of & hexa-tubular charge, which is a cylindrical charge with
six holes of equal diameters—one at the centre and the otherfive symmetrically situated about
it, has been considered inthis paper. The burning of the charge proceéds inthree distinct
phases for each of which the form function and variation of burning fuiface area has been
investigated. Equivalent form-factor has also been found. Numerical results for somse B

important cases are tabulated. SRR

The present paper is in continuation of the previous paper on penta-tubular eharge.
As in the earlier case there are three stages of burning. At the end of the first stage five
quadrilateral prisms remain and after the end of the second phase (z.e. after rupture) there
are ten curvilinear triangles. e

The notations used in this paper are the same as in the previous” communication®,

s -

- FIRST PHASE OFV COMBiJS-TIVON
Fig. 1 gives unburnt position in the first phase of combustion. =~ .
‘Initial volume of the grain-is given by T e '
Vo = 2 mpl? (me—6), o

The volume of grain when a fraction fof Dof the gra,__,n remains is given by

. Fia. 1—Unburnt position,
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{ﬂ “‘_‘(1-7-]")} — B d ..|-.__(1 f)}
where the lengthLm glven by S .

L= m,,d_(l;f)p“ - (3)
Now md and 4D - 3d are the twe Values of the exterior dlameter of the grain, Hence
: —d—' = 4 . T . o c (4)

On using equations (1) to (4) we get

_/..z =1 -—--—-—V— = (l-v—f) (a-—bf-——cfz),

7 ®)

where _ , - S PR
\ ___m—38 [3(m+ 1)2 dmp (13 e
O = G| B U dma m‘+33)],

(m — 8) [ : _ ;
= FmpE—ey | M9+ 1) ] ’
_ B(m—3)P

T 64mp (mE—6) " SR T ; ,
At f=0, 2 becomes a which gives the fractlon of the grain whlch is burnt at the end

of the first phase of combustion, and they have been tabulated for some sets of values of
m and p, given in Table 1. :

From (3) and (4) we ﬁnd that the bummg will be gver before rupture (m a mathematmal
sense), if

and the second phase of burning will begin, if =
m—3
dm~ ° -

~ For finding the function of progressmty we have- ' , SR

P>

S, ___d[ 2mp + 12Mp + mt — 6] e

TaBLE 1 =

VALUES OF 2 FOR DIFFERENT SETS OF VALUES OF 7 AND p AT f=0

m 4 - s o 7 10 ®.
e 12 9/4 4 94 9/4 ‘o

~ ¥

2 ¢ 0-58984 ' 0-5adoy 0-73867 . 0.77742 0-83333 0-81250
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Also the surface S at any instant is given by . 7
‘ md D ( d D .
S=[2n{__2._—_2_(1-—f)}+6><2n{_2_+_-2—(1 f)}]x

[mpd~D<1—f>] +2 [w {—’1‘25 ~2a-p }2

d . D 2 :
| —6 {7 + T'(’l"ff)} ] " (60)
Using equation (4), (64) and (68) we get L
| - _g;=°‘—5f——yf2 L 0

where - .
72mp (m + 1) 4 42m + BT — 15m®
16 2m?p - 12mp -+ m® — 6)
(m — 3) (20mp — 23m —3)
82m2p + 12mp + m?® — 6) N . ®)

15(m — 3)?
16 (2m?p + 12mp - m® — 6)

'y:::.

At the end of the first stage —g—, = ) which gives the ratio of the surface area at

rupture to the initial surface area and they have been given for some set of values of m and
pin Table 2. = =~
TABLE 2

VALUES OF 8/8, AT THE END OF THE FIRST STAGE FOR DIFFERENT SETS OF VALUES OF m AND p

m 4 4 K 10 ®
P : 12 ae - o4 o Lo/ ®
88, 0-88125 1-06086 1-20000 128970 1-67005 225000

SECOND PHASE OF COMBUSTION )

In Fig. 2, 0, A and B are the centres of the central and two other holes. 0O4Bis an
isosceles triangle (/_ AOB=4x/[10) of side 2¢=D--d. At the beginning of this phase there
are five curvilinear prisms with cross-sections like H' E' F’ @’ bounded by three circular axes
of radii o and the arc F’ G of radius 3a. ‘ S

We assume burning by parallel layers. As burning proceeds the prism with base H' B’
- F’ @ shrinks into prism with base HEFG made of circular arcs where the radii of the ares
HE,EF and GH are ‘s’ while that of the arc GFis 4o — 1, Let x, and ¢ be the angles as
ghown in Fig. 2, ‘ :



oo
; Fiq. 2——SeQQDd pha.a,e of combustlon ;
From A OEE' and AOAF,; “we'get oies
: 5 —2 sec w : T
r = @ sec w, cosqS T seom TR e (V),

End of this phase occurs when the propellant has a rupture at the pomt C. At thls time

=l a . e
. : e "
S oo eIy~ SLU6 F= A7TE30 . (10)

Equatmg the values of FM from AAFM and AOFM we get \ b
~sm(w+x) (4cosw-——1)sm¢ _ LT A ~(11)
With the help of equa.tlons (9) and (11), yand ¢ can be obta,med in terms of w.
Asrand w morease, the length of the- pnsm is given by ’

T w = CO08

= (mpd — Dy~ 2afsec » 1) S . ©(12)
Naw area E’FGH
~—2[Sector OJF—]—AOFA-—Seetor E’ AF Coe ; =
, S — Sector KOE' — NOE'A}, - (18
o=a? H”@’){" ”'fi’6\<~w<31°43!' : S TR S

where

; ,:H_‘«(i») = [ 16 (%j%’qb )+8 sin ¢'——"‘~2ta,n w T RS B |
N, =¥ { 4(— — ¢ ) — sin 95} secw - (‘iS -l- x——w) si‘;eg ] (15)
Henoe the volumze of the pnsm is gwen by | ‘ : o
V__ 5q2 H(w) L el - | o b (16)
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From equation (12)

1=4] mp + 4=t Dsww| (in
4 b (m+1P[dmp 44— (m+ 1) secu] :
=1 64 T Amp(m* —6) H (w) (18)

Function of Progressivity , v ‘
Length of the circumference of E'FGH .
=2 (% — w)+2(4a——r) (%—¢ ) + 27y
=2 | ¢+x—o word(-—¢)]

Hence the surface exposed to cumbustion during this phase is given as
§ = five times the length of the circumference E'FGH X length of the grain
at the instant-+twicex five times the area B'FGH. PR

”

=100 [6+x—w)+4(F —4 )] x L+ 100 80),

_156 a2 (m + 1) [4mp + & — (m + 1) seo ] X

[(¢ +x—w) seow + 4(% —¢ ) + 555 (m + 1)2 H(w) ], »
R P o<w<alA  (20)
Using equation (6) and (20) we get '
s+ 1) [ 2{6+x—0 w0+ (£ —4)}

{4’Inp L 4— (m+1) sec w}:)l- (m + 1) H (w)]

S
= ‘ 2 Tt — ~ . :
S, 167 (2m?p + 12tnp + m? — 6) 0<a<31°43 @1)
Also the fraction fof D is given by , ' : .
%2 — 2r m 41 S "
= = ]. — .
7 D ( m— 3) (1 —sec w) o @

THIRD PHASE OF COMBUSTION

- Puring this i)hase of combustion -the powder grain consists of ten éurvilihear triangular
prisms. Five of these have bases of the area LMN and the other five bases of the area PQR.

All of them have the length : .
) ’ L=mpd—D—2(R—a) (28)
Let £, 1, {, « and B-be the angles as shown in Fig. 3. - From A ACP we have
R=2a T sec§=2aksec§.”‘ L (24)
where & == cos 37/10 and » will range from 31° 43’ to 36° i.e. £ varies from 20° 18’
to 36° LT e e



‘ .Area of the sliver LMN .

- D Bog -:&;;?zai{

B-dks secl "
C 4 — 2 sec ;
Complete combustlon *fmll ocour at £ =362, and{ = 37° 28’

Jesec 4

c cosf—-

Fro

| Clmee ( +¢+§7

Ry

-

k= 3«/10
O.n equatmg the values of R frcﬁh {24) d

- ~gn o e

cos{-._ p) cos —E—cosa

% e
P Equatlons (28) and (29) will give th&mluesaf

s ", =0 («x), ey

where

Ko =A% seot [sm ( i)
"*'Area of the sliver PQR " " - =2

ST e s mz[Seetor@@J'+ AOAQA—PSeath PAQ —‘-—‘A APQJ IRy
e A-_wﬁK(C), g o<;<37°°ﬁ' L EB
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K(c)_4[ '»(——---5)4-2;1;15——{/ (
‘ © sine (10 +C)}7as§cx

_V ’=1, 5a2[K(a)+K(£)

0 T m P ds ( m”—-ﬁ)

where I
£+n—~g)vm@;J
1. L ' :

/‘-{'\m

whére i N
= ’Z— Mmp 4 —2(m 1) & sec 1:] e w,(32)‘_

5(m+1)[K(°¢)+K(§)][4mp+4—-2(m+ l)ksecZ]

2 =1 g (m2—6) o

(33)

, Fumtwn of Progressmty S
o Penme’oers of the curvilinear triangles LM N and PQR are respectlvely N

I, = 4a[ _(_-__g) (n+ f——-—) ksecl ]
Now the surface of combustmna.t_msba,nt ¢ is'given by . - O
- B=0(h+ WL+ 106E+EYLL @

and

2]
2.0

1.8

64

e

Lhadl A
1.0 1=

T 0.8

.q -,(E.s,so“ )f..._...

0.6-
" 0.4

0.2

0 i

“

Fia. 4—Relation between S/S, and Z for different setof vaiues of m and g -
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TaBLE 3
EQUIVALENT FORM FACTOR BEFORE THE RUPTURE OF THE GRAIN ~

~ - P

N 2 T Y7 ST EP S
? m. . ’ o - 'V‘ - . ) “ h »~ -

4 012050  ~ 0-00765  —0-05305  —0-07944 - —0-18056  —0-24448

7 0-07592 —0:02295-- . —0-05092 -  —0-16602 - —0-19315  —0-31712

10 0-15239 —0-04432 © —0-15987  —0-21263  —0-24427 .  —0-35098

ph 011696 =0-11785 - —0:20439  —0-36379  —0-40033 = —0-42021
‘ ‘ © TaBLE 4

RELATION BETWEEN ENGLISH AND FRENCE COEFFICIENTS

0 3 1 95 -~ ... 5.7 .72 -  ®
m ) . o . . . B ‘ B

4 —0-30878 —0-02478 0:23509 - 0-3748 - 0-48410 1-4486

7 . —0-4526 . . 0.09342  0-31714 . 0-05440 . - 0-18618 2-72958
10 .~ —0-45806 -« - ~0-19436  0-90605~ 1-3708 - 1-71051 _ . 333299
‘o —0-375 0-60554 - 2:37183" 3-59504 4-50697 ©  5:40000

Hence equations (6a) and (34) give .
| m 1>[4 {2(——-5) + hsec { (B'+1—' e 1’)}] X
8 5 [4mp+4-—2(m+1)kseo§}+{K(u)+K(L‘)](m+i)

8, =16 ™ @np - Tmp + * — (35)
Also the fractlon f of D is given by : ) ‘
20— 2B m + 1 . - \

f___D =~m+ (1—7csacc) ‘ (36)

The equations (5), (10) and (33) give the values of z in terms of . ‘Equations (7); 21)
and (35) give the value of (S/So) in terms of f’. These have been ‘calculated, and their
relations are shown in Fig. 4

EQUIVALENT FORM FAC;I‘OR. 0
For finding the value of § we have the following system of equations? for the penod

before the rupture of the grain.
a—b—c=(l+5) (1—f)

and
Ce=(1—=f) (14 6) (37
Hence the value of §is given by ‘
—{(a—b—c)“’+2 + 0)}i(a—b—~c {(a — b — 0)2+4 (b+o)}
?= 2 549) (38)

considering that radical sign only which makes 6 << 1. The values of @ for the different
set of values of m and p are given in Table 3.
The relation between English and French ‘coefficients of progressivity is,
—40  4(+to
B=qga = (0—b—c)?
Its values, for the above values of m and p, are given in Table 4.
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