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ABSTRACT

In continuation of the earlier work already published 23
the variation of burning surface area for multx—tubular
charges is discussed in this paper.

Introduction

The variation of the function of progressivity SSﬁ (the ratio of the burning
surface area at any time to the initial burning surface area) is an important
characteristic for any particular charge shape. An expression for g—; can be
easily obtained if the form-function i.e. the relation between 2z and f is known.

Conversely from a knowledge of S as a function of f, we can deduce the

8
form-function. In any particular cas%, the decision as to which of the two func-

tions g or z has to be calculated first depends upon the relative ease with

which either can be computed.

For a hepta-tubular charge, Tavernier! had deduced the expression for
g- from that of 2: For the second stage of burning it leads to very complicated

differentiation sincez is not known explicitly as a function of f. In fact he has

expressed Sﬁ— in terms of K(w)and I(w) both of which contain H'(w). We have
obtained in this paper an explicit expression for K(w) without involving any
differentiation and given the Tables for the same. Incidentally we have been
able to find an explicit expression for H'(w) also.

We have also examined ty,e variation of S - both with m and p

for tri-tubular, quadra-tubular and hepta-tubular charges It appears that for
agiven shape tlus value in general increases both with m and p and the behaviour
for a fixed value of m is similar for all values of p. The study which has been
done for the above three charges should help us in finding out suitable values

of m and p for choosing a shape of a particular type with gwen values of

(&) -
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Notations

HE TSI 31 AR DA A
The following notations Have been used !
C = Mass of the grain.

8 = Propellant density. )

"a S ’[* r

d = The diameter of each hcle of t}lc g,ra;n,

D= The distance. betweerx any twcfholes or between any hole and the curved
surface of the grain.” -

_ L= The length of the grain. .
m = Ratio of the exterior diareter of the grain to the diameter of the holes.

»:, ‘ o 9 e : . .‘ vt SRR sy ‘1 Win e
L m->'(1 —]-«;'/—é)forthe trr-i;ul)ulan charge.. =5 o .. foa oot oo

’ > (1 ++/ 2) for the quadra—tubular charge SRR

> 3 ‘, for the hepta-tubular charge ) J

p = ~ Ratio of the length of the' grain 1 to the eXterlcr dlameter of the gram. 3

e > [(%—%} for the tri-tubular charge E
” 21 . ‘
> [”}_{_\(_\7_)“_] for the quadra—tubular charge }
B RPN
N A_? [T] ) for the hepta tubular charge l

z = Fra.ctmn of the charge burnt at bhe anstaxgt ‘t‘.,,,,t

# s=Fraction of the mltlal t’hlqknesﬁ {webssize] rémaining at, the mﬁtan,b' @,

Y oeovler ponk s acerd nddPerea g b miale G oadian tik*ti‘ ag e
the form-functlon In fact we have deduced the form-functlon for. a:ch

S . { 3

charge from the expression for g function of : anen g S

Q
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(@) Tri-tubular charge. RIS e
' The appearance of the end section ef a gr&m ls\éhOWﬁ m the followlng

ﬁgs 1,2and 3. DN 3 k
Y
Fie 1 Fia 2 ,
Unburnt position ‘ Position when a frac-
. it el s, tion f of D remains.
< : R N .
; 7 “
o
i
TR A . \
! [P, & .

Posltlpn of thezfogmg vers ab, the end of
4 ‘" the first stage of burr)mg

LS. rv,J

W The 1h1t1;£1 éurfacé ‘red is g‘ﬂren By e .
S { ( )-{-3211 ~—>}pmd+2{,,(md>3*‘fg,;'@§fﬂ}

()

. =} rrcl2 (2m2p -+ 6mp -+ m2 —3) - ..
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Also the surface area at any mstant is glven by . : A
S— 217{(@)_%&} +3.2n L f’} [pmd D —f)j
(md D(l——f) D(1—f)|
{5~ } {? + 20D o
which on simplification gives |
| S %'rrdz {(2m2p+6mp+m2 3)+4(mp— —-3)(d 6(D> }
L D D \
+ {(m+3—mp)+3(—d«)} ‘E)f—fs (7> £ ] (219!)_
. Since the diameter of the cylinder equals md i.e. i

f-—%-(D—}—d)»{—zD-{—d:md e e (38)
we have |
D -y —vam+m D)

Substituting for % from (3b) in (2b) we get after some simplification

8 = }md? [ﬂm 4+ 1){4(5 — /3)ymp — 18(2 — 4/3)m + 3(3v/3 —2) }

- i{(;m —1) —+/3(m + 1)} { 4mp—-(13 —,—3\/3);1» —3(3 ’—,'\/3)}f

——%{(Sm—l)'——\/3(m+1) }zfz] N )
Dividing (4) by (1) o
S5 _ 1 [%(m + {45 — /3ymp —213m + 3)
S~ OmPp - 6mp - mE—3 LY P O
+ v/3(13m + 9) }f 3;{(377&-—-—1)»—\/3(711,-{— 1)}
{mp — (13m+ 9) + 34/3(m + 1)}f i
—t {(?m — 1 —y/3m+ 1) }32] )
which is of the form ~ : ' ‘

g_ga—iﬁf_—&fz_ L e R (5b)

[+
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where
m+ 1)[4(5 — »\/3)mp — 2(13m "+ 8) + /3(13m + 9)]
4(2m? + 6mp -+ m* —3) i :
g [(3m — 1) — A/3(m <+ 1)][Amp — (13m -+ 9) + 34/3( m+1)] ©)
4(2m? + 6mp + m? — 3) I
i Bm—1)—43m P o J |
- 8(2m2p + 6mp + m? — 3)
(b) Quadra-tubular Charge.

. The appearance of the end section of a grain is shown in the followmg
figs. 4, 5 and 6.

Fia 4 ‘ Fic 5
Unburnt position Position when a fraction
J of D remains

Fie 6
: Posmlon of the fiveslivers at the end
" of the first stage of bummg
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In this case :
. ane
S, —«{271( >+4 277( >1 pmd+2{ ( )— 77<
= -%ml2(2m2p -+ 8mp —l— m?—4) - _._».; .
Also ‘

1 o ’
S—[%K ml) . D@1 f)l_FSﬁ)Srh D(l—-‘f) l]
im0
— 3 Jd D(l_f”,] Lo (8a)

which on. s1mp]1ﬁcat10n gwes

S~— ymd? [{(2m2 + Smp 4 m? — 4) + 2(3mp — 2m—8) < )

E) e (DIEY
(Y] e e

Since the dla,meter of the cyhnder equals md i.e.

(D+d \/2+d+2D_—md e i (9a)
e have — e N e
_ll__ ma/2 — (m + 1) o » o
== 7 S (o)

Substituting;foi —,%b"fv'rom‘ (9b) in (8b) we obtain after a little ksimpliﬁcatiOn,

8 = }md? [é(m +1) { 2(8 — 3\'75"77%‘5:3\ 33m+17 +2v2(11m + 8)}
-— {m\/2 —4 (m + 1) }{3«/2mp + 9(7?&—}— 1) —+/2(11m + S)lf
__E’_{,é;\/;z o %1},;‘2 B F .. (10)
bl
Dividing (10) by (7), &(e ggt A i
. Vel ,M,/" N N

%

2m?p 4 8mp - m [%(m + l)[g(s"“ 3\/2)7"{’ — (33m +17)

\\ u+ 2\72 11m,+ 8)1, {mv2~(m +1)}

S -
g

i e S F

{wzmp +9(m + 1) — y/2(11m + 8)}f
o _ {m/ﬁ—-v(m L 1) }f ] .. (lla)
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‘Whlch is of the form

S’ 2 ": = R
3 g;— = d, ﬁf yf S FEFTv :'5 . .»j _.:‘ S e u : i : “
where '

(m + 1)[2(8 — 34/2)mp — (33m + 17) + 2\/2(11m + 8)]
T 2(2mEp 1+ Smp + m? — &) o
“[ma/2 — (in + D3v/2mp 4 9(oh + 1) — V1 + §)3 12)

== - (2m?®p + 8mp- + m2 —4) T
B 9[‘m\/2—-(m+1)]2” 4 R J
2(2m? + 8mp + m?* —4) R

{c) Hepta-tubular charge:
The appearance of the end sectmn of a gra.ln 1s s.hown in-the followmg-

_ ﬁgs7 8a.nd9 i T e e
Fie 7 o ' Fiec 8-
s . Unburot position . - - i1 15 ,‘,,,BQ's‘}tiop when-a fraos;
: tion f of D remains.
. 7
1 1.‘1“/—‘, ol
2y . i
EORE St . EI
B P2
DU R A P
{271y
Fic 9 N el
¢ty L Position of the twelve slivers at tﬁh,e en(l o 2
- of the first stage of burmng )
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In this case

=[{=(5)r (s )}PM“{ (””’)— ()

== %ﬂdg(ngp + 14mp + m? — 7) .. .. (13)

2” (md> D(lu—f) }+14 {d D(l-—«f)} [Pmd,
o) B e
—l—)(l;f—)—} .. .. .. .. .. (140}

which on simplification gives

S = }md? {(2m2p + 14mp + m? —T) + 4(3mp —m ——1T) ( >

-—18( )}+4{m+7—-—3mp+9< >f( )f
——18< >f2 . | . (1@

But since the diameter of the cylinder equals md i.e.
4D + 34 = md . .. (e

;m

We have .

D m—3 o ‘
D _ . . .. (15
7 i e (150

Substituting for -%- from (15b), in (14b), we obtain after simplification,

8 = md? [%(m + 1)(40mp — 9m + 31) — }(m — 3)(12mp — 13m — 1) f

___g_ (m—?))?fz] e o ) (¥ 3 sa’ (16)
Dividing (16) by ( 13), we get ‘ | ’ |
S 1

8.~ @mEe+ Thmp + mE—7) w [%(m + 1)(40mp — 9m + 31)

_.; Hm —3)(12mp — 13m — 1) f

| —-—g—(m-—s)zfﬂ]_.. .. (UTay
which is of the form -
S eyt L amy

. So
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where

(m+1) (40 mp—9m - 31)

&= Tg@m?p+ l4m pt+ mE — 1)
(m — 3) (12mp — 13m — 1) N .
B = 42m? p + 14mp + m® —T) “ - o (18)

9 - (m—3% /7 7
Y= (2mzp-+14mp+m2—-7) J..

We shall now obtain the (z, f) ‘relation for the three charges. Since S is

' d;
clearly proportional to &; and since initially S=So when f=1 we have,

dz
S -4 ‘ N
3;)_ = ————d—z'-t———— '. o .. G (19&) »
7] = ,
-Also '
S . - o )
o ma—Bf—vft . (s
‘Hence A i ( o
d_z‘ ' 2 e
_.d.f. =K(a_ﬁf——yf ) ‘e . oo (20)
where - - : - 1 - .
dz ' . ‘
K = [Tf—]f e - .. (21

Integrating (20) and using the condltlon that intially z=o0 when f-_l we
obtain

Y PR R

=—K( ——f)[(a—%ﬁ IV — B3N~ 1] g9,
'Whlch is'the (2, f) relation of the form ‘
- 2= (1—f)(@—bf—ecf®d .. . ..(22b)
where .
a =—K(@—3B8—1%v) o
6 =—K(&v) J (
We shall now obtain the value of K ( [ d f] f= ) from the

equatmn of burning viz. -

) - |
o @) =—8, 5 (@f) 8 e .- (248)
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dz . ¥ DSOS DSO e SN
[,—ﬂl'f]f;—_—l =T T2 T '———ﬁng ETRREE (24b)

where ¥V, is original volume of the grain and can be calculated for each charge.

In fact , - . Lo
md \?2 d\?¥
e [ () — w(4)]
, o= 1 mpmd? (m? — n) R e . (25)
where n=3, 4 and 7 for the tri-tubular, quadra-tubular and hepta-tubular
charges respectively. B : A

Substituting the values of D, S,, and ¥, for the three charges, we obtain the
corresponding values of K for the three charges. Thus

, 0 g N ’
K = (2m i;};fv(n;;ﬁ) 3) [(3m———1 }—/3(m+ f)] for the tri—tlxbglar charge.
" (2m2p+-8mp++-mP—4)
=T A/2mp (mP—4)
2 2. ’ . ’ :
=— (2m ijr_a;i:})@@;’i:; 7 [m———3] for the hepta-tubular charge.
Now substituting the values of o, 8, ¥ and K for the three charges we obtain,
after same siniplification, the corresponding expressions for @, b, ¢ and conse-
quently the (z+f) relation )
2= Q0—f)la—bf—cf?) e o .. {(26)
for the three charges. Thus "
for the tri-tubular charge;

whence

[m\/ 2;—(m+ 1)1 for the quadra-tubular charge.

g o ;
A
o » f m+41\2
| R A
" r(83m—1)— /3 1)]2 ) [ \
B (o]
[(3m —1) — /3 (m+ P v
¢ = 32mp (m*—3) 7
for the quadra-tubular charge; 7 o
S [;n\\//;m-;(%i 1))] | [ (10— 34/2) mp -+ (16—31/2) mp
Ly 1) (m 1 |
- } (28)

2mp (m? — 4)
R Y e ) R )
o= =y ]
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" and for the hepta-tubular charge:.

(. — 3) | +1 .
a=—8—;np—(”—b2——-7]—)*[7mp+19mp+< )] ».

- (m— 3)2 7
3 (m—3)P I
R2mp M2 —17) R

The function of progressivity for the-second stage ...
(a) Triﬁubu_laf_ éhafge? _

215

(29)
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Length of the circumference of the A PQR is

| SRR - i

L= 27r x4 V3 5.2 (1 4++/3) — -\/3 secew } (120°—24)

: -_-2a[73 (14 4/3) (60° =) + (¢ +.xﬂ,:'—,j-60°\),s¢cwr] (30)
and thab of XYZ is o
L =8, (60°—2w)
—6a(30° —w)seow .. ... i (31)

Now the surface of the combustion at the instant ‘¢’ is given byﬂ -

S—(thrice the length of the circumference of the APQR -+ that of the
AXYZ) X height of the grain +- twice (thrice the area of the /\ PQR
+ that of the AXYZ) o

But the AXYZ disappears when w=30°

cfor 0° € o < 30° |
S = 6a L ——2-3 -1 + \/3‘ 600‘_'—?‘ + \¢-—|—x——w;.-—30° secw b

+2a? H (w) .. .. .. . (32a)

and for 30° < w < 47° 3% ‘ \

S=6alL {\—%(‘1\—!— \/3> (;600__:?\)_1_(&9 -+ x—60° )sec w }

422 H(w) .. . .. (32b)
Now St o . ) _ :
a=(3—\/3)(_m§1>d . L (39)
‘and : .
L=d [1+pm—(3"4‘f/3>:;:ul] e ()

Substituting for ¢ and L from (33) and (34) in (32) we obtain,
, L . 1N e
s=4(s-vs)(mr1)e[o {21+ 5)(0r—2) +

o , 3—4/3
(<p+x——w—39°)secwl}{l+mp‘— 4;\/ m+1)?-l—‘

cosw
3

'?/3 (m+1) H(w)} 0 < w<30° .. ..(36a)
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4

and
e Lo 3) ()
(<P+x—60°> wow } { +m,,__ v ‘/3_ ;’;:;1 }+
VB —— (m +1)H(w)] 2 3 30°\fw<47°351 (35b)

Also the surface of the powder 1mtla.lly exposed to the combustlonls gi’ven
by
S, —11~7rd2(2mzp-j-6mp+m2—3) N - (36)
D1v1d1ng (35) by (36), we obta.m
For 0° < 30° '

Si =16w(§:n—2; fgmp(ﬁ;zl)— 3) [é 2 (1+53X6°°* q’)*

‘<<p+x—-w—30°>secw}{4+4mp— 3—\/3)<m+1,>§+

| Cosw
(3—-\/3) (m—l—l)H(w)] e (3@)

and for 30° < < o < 47° 85, |

5 _B—v8m+] .

S, ~ 16w (2m2p+6mp+m2—3) ( +\/3>(60 —(‘D)-l_ ’
: (¢+'X—60°) secéu}i4+’4mp—f-(3:—\/3) Z:;;l}_{_‘ |
f(3_y3)(m+1)3(w)] ce (‘:‘%7b)'

When o = 0% (37a) gives |

5= St | ¢ (2 b 3+ me—vi
| o+ 1)1+<w3—9)(m 4+ 1)]

which can be put in the formi : .
e M e T

i

/3 (18m + 9)] | : |
This is the vahle of o at the end of the ﬁrst period of burnmg.
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The valggs ol <—as given from (37) are tabulited below for diﬁ'/érent values of  ranging from0° to 47° 3

5

values of m and p, - ;
“TABLE 1 .
" o - B

5°

15°

20°

| 26°

30° | 32° 80"

35°

37° 30’

42° 30" .

47° 35

0-607

'0-474

0-398

0-318 |

0~236¥ 0-199

0°161

0-124

+055

0-780

0-623

0-533

0-438

0-338 | 0-294

0247

0-200

0-102

0-925

0-733

0632

0-526

0414 | 0-364 [

0-310

. 0-255

- 0-136. |

0;961

0-762

0657

0-547 |-

0-4307 0-379

0-323

~0-268

6142 |

0-984 |

0-780

0673

0:561 |.

0441 0388 |

0-382

“p.208

- 0-146

R i ; - o _ X I R - = K : B R
1070 | 0-960 | 0-848 | 0732 | 0-610 | 0-480 0-428 | 0-861 [ 0-208 | 0-231 | 0:160 |-00844 - O

1481 |

1-179

1-022,

0+859 *

0-683 | 0-606

0522

0:434

0-238

5', for so;né!set of .

o VeV

oA
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The relationship between g & f,and 3 & z is illustrated in the
following figs (11)’ and (12) respectively. | Ee

F1e 11 }
Relation between:-g- & f for the tri-tubular charge

for some set of values of m & P
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Fie 12

~ Relation between = & Me tri-tubular charge
for sgme seﬂ\t o g p



TS e e —— v

Fia 13

ngth of the circumference of the APQR is
= 2rx + a (2 +.4/2 —sec.w) (90° -— 2:p)

= 2a[(2 + 4/2) (45° — o) + (p + x— 4.-5°) sec w]. .

1 that of XYO is
= r(90° — 2w)‘
=20 (45° — w) sec &

#

3

.. (39)
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In this case = o Togkote ety by FEAE

‘S=Four times. (the length of the circumference of the APQR + that of
XY0) X height of the grain |-, elght times (the area of the APQR 4+

that of XYO)
= 8a L [(2+ 1/2) (45° — o). + (q> + X — ) sec w] + 8a® H(w)
S <o L (40)
I‘fov'& Joa ' :
a**%( \/2, <m+1~>d .. .- (41)
and ’
1 - by I Lo
”d[1+pm (1 V2 Z_:&a} T

Substitutmg for ¢'and L from 641) Snd (42) in (40), we obtam .
8= 4(1 — —-) <m + 1) 49[1(2 - vé) (45°—g) + (:p 1y — o) sec w.‘r

{ +pm ( »\/2) Iﬁco—:wl l—i—%(l—‘“ (m+1)H(w)
ee e (43)

S = %w‘dé (2m’2p’ R 8Mp +‘m2 i 4)
Dividing (43) by (44), the furiction. of thé progress1v1ty of the powderis given by

s _® (- vz) (m+1) f{@:; VA — @) + (9 + x — @) socw J»
S,  m(2m? + 8mp—l—m2 — 4) ‘
1 5 Jom ot 1) H w)]

7+ 1 o
{1*””*“@ w)cosw } l( vz ‘
L PS4 .
For w=0°, (45) gives T ‘

8 (l_ﬁ (m+1) [ { 1— (m-l—l)}
8, ©@mi T Smp mE—9) O+vD) {1+ ( ‘/2>

L ' (45)

viovaae]
which can be put in ’che form _
N '_ i‘S . m+1 - T et v"v [ -‘
8, T 9(2mPp + 8mp + m? — 4) [2 (8 —3v/2) pm —(33m 17) e
C 424/ (Mm + 8)]
*.'This is the value of & at the end of the ﬁf§t p‘etf&éldf’btifning.
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The relatl ip between S/S & f and ,g/,s &ris
‘19 ﬁgures (14;)’;31?(1 (15) respectwely e T

Relatlon between S— & f for the quadra-tubular cha.rge

for some set of values of m &p
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FIG 15 R LT

Relation between -g— & z for the quaﬁra—tubulat charge

for some set of values of 7 & Mt g

5 e
2% L 3 =
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(¢) Hepta-tubular charge®:

Length of the circumference of the APQR »}isﬂ
L gy (e ) (60° - 29) ,
= 2 [4(30°—9) + (9 + ¥ — 30°) secw] .. .. (46)

and that of the AXYZ is

= 3r (60° — 2w)

=60 (30° —w) 56C W oo ws e .. (47)
Now '

8 = six times (the length of the circumference of the A PQR - that of the
- AXYZ) X height of the grain-+twelve times (the area of the A PQR+
that of the AXYZ).
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~But the AXYZ diseppbars when =30% - R, =
. For 0° < o <30° : S P e < , .

S 12aL {4(3€;° - <p) + (6()° -+ <P + x — 3w) sec ® }_}_ 1‘2 a"H(m) (48§)
ancf for 30° <o {420 25' : "f B 3 )

: “ 8 = 12“L i‘i 30° —.¢) -l- (<P + x ——-30°) sec - } + 12a3H(a>) } (4%)
How L,y 8w ‘j: : '-;’ . ,? .‘" M LA ‘
Q,z <m 8 ﬁ d L ‘-- : ":'T 5 R .; ) ‘. .;, - ‘. (49} ‘

‘ .é " f-'. : ..‘ .o (5@5
%ubdtrﬁutmg fot a énd L roth (49}, and (59) id (48), Wwé obi;am ’
S ='l—1§(m+ l)d2 fi"‘{4(30°i—<p)—|‘= (60‘9—lL P —I—x—Bw)secw}

C. I o ) .
(l-f-mp 1 4(:); )—l—ém-i-l H(w)]oza,<30 e (51a)

and )
6§m +1) 2 [ {4§30° e <pH+ fo 4 x— 30*") sec @

(1 +mp 4@}5 w)+ (m I)H (w)]v_3(“)°‘< w < 42° 25’
Alsg- & © T ‘ ‘ o l '
' <8, __wdz (2m2p+14mp+m2——7) . (’52),
\])lvidmg 51)by(52) EER-IEE i
. L - h > ! .
st (W,,‘l%;’ﬁwunf {4<3°°—¢>+<60°+¢+x~%> |

gec W f <4+47np—~ﬂ 2 )‘i"lm + 1) Ef(tb)] 0°<‘°< 30°
: ! _ A ~;_.. o (5351)

and T T g ,
.S__* (m+1) ’; ot .

S, 8 (2m2p T 14,,3,, + i {4(30 a’?H-(‘q:n*-l—x—~3w0 )sec w}

) (4 +dme = T )+(m + 1) H éaﬁ} 30° <og 42°25'
SO , | (531))

“When w = 0° (.53&) giVes. i . i miase 1" i _,; i

, § LR ik Loy T

! S 8 (2m5p + 14 mip + mz ) (40mp ——‘9m +31 ) (

Thlé i§ the value of a 4t the end of the fifst pehﬁd of bitning.
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- . The relationship be.tween—g— & f, and —g— &2 is illustrated in the follow-
- ) o Qo - ’

ing figures (17) and (18) respectii;ely.

Relation between :SE & f for .file_ hepta-tubular charge.

for some set -of ‘values m &p
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LIRSV 0 S P I
2°0

45

— S/So

-0

02 0.4 06 o8 1o
—_— Z
Fic 18
Relation between g & z for the hepta-tubular charge
for some -set of values of m & p

The expression for 8. as obtained by Tavernier! is

SO
S —3m+1) ' » m+ 1\, ,cos?w
TS—O = 8x(2mPp -+ 14mp -+m? — 7) [( dmp + 4 — cos w )H («) sinw

(m + 1) H(w)] .. (5ta)

3(m -+ 1) .
=" 82(@m?p -+ 1dmp + m® —T) [4(("" + 1) K(w) — (m + 1) I(w)]
| (54b)
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i

PETLTR ) mwanq;xmw&mwmwwﬂ HREIOR AVTE T AHTI - B

Where LS »(, 4

I(w) = H'(w) cotw—}:H(w). . o \(55a)

and & PR VI (40 Vo : -

cos . i
8in w fe

K@) = H() g (55b)

‘ L S . - ’"
Comparing the above expréssiolt for —~ Wwith ours‘we see that

s
ar ¥

e

We have calculated and collected the values of K{w) %i'the foflowing
table, the values wntten within the bra.ckets correspond to those obtained by
‘ Ta.vermex I

6 i . . S PR ST T
R 5 ~.“-:,._~V_A4.g 0T A

" T'ABL’EZ 4 N

00 B T e T

- 04799,

nidf 6648 -

58738
8 5492) 1 (<5 4140) -

79280
(=2 476228)

—£9-1884
{=88590)

g2

{t=10-1120) |- {—4-2195) -

EON

30° 5 a0 | o I

40°

‘ ‘ a2 25°

—2°5744
(—2-8194)

—2°1122
(—2°3728)

—1-6260 | —1-1142
(—1-8794) ] (—1-3181)

—0-5672

(=0-6975).,

O F

Variation of (]S, )mas for the dritubular charge?

. o ." 2 T . . S
_..It has been shown? that for a tritubular charge, —

(13m 1 9)— 84/8(m + 1) — dmp

.3E(3m.._

is maximum for

G7)

1) — /3w 1]

9 s £
4 ER

T S N

e ‘58’)
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also

VARIATION OF BURNING SURFACE AREA;FOB MULTITUBULAR CHARGES

S
5 o = o <
. ﬁ2
=e+ PSP <py
=a P

We shall now cons;der the follovnng four cages :

Case I,

Firstly we take m==4. Substituting for a, B and y

Wwe obtajn

(%

with

=

8o (4p + 7) + 137 , .
>maz = 3(56p + 13) < p;§< P2 -
7 61 — 154/3

- 4 ,a«nd’ g == ____1_6— i

We tabulate below the values of ( ) for some values of p, @k
maz

I , TABLE 5
1-75 2-189
e | (=p)] ~2 ‘ (=pa)" | - 2°25 3 |4 l 5 | 20 | o
{s78.) l ' l : |
maz| 1 1:005 | 1-015 | 1019 | 1053 | 1:080 | 1-097 | 1-149 | 1-167
COuase I1.-Secondly we take m==7. In this daée
S Tp(7p -+ 10) + 169
(”s’“>m = ety SPSh
with ,
10 95 — 64/3
L= 7 and p, = —
We tabulate below the values of ( 5 for some values of p.
TABLE 6 .
[ 1429 1-8 | - 2-087 2-25 3 .4 5 20 L
(=¢1) (=pd) | . .
TS/SO> ’ | s
mar 1-016 | 1-042 | 1-059 | 1-1156| 1159 | 1-187 1-276I 1-307

Case II1. Thirdly we take m-—lO In this case

(s

20p(10p + 13) -+ 629
>m = T 3(260p + 97)

PSP Py
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with. . e FETRET )
13 139 — 334/3
=15 and pp=—pe——
We tabulate below the values of <-S—> for some vﬁlues of p: «
o o Jmax v
o . TABLE 7 '
| 13 " 9-046 . _
P (=s>1).’ r (;Pg~’ 225' ' 4 '5 ' 20 . w
(8/8,) l l , ]
max 1 1-058 1084 | 1151 | 1-204 | 1.237 | 1-344 1-383

Case IV. TFourthly we take m==co. In this case

8 N\ T 2 F 1)+ 5 -
<S )maw - 3(2P+ 1) - ,»fp,l <P< P2 S

o

with
pr=1 and p, = }(13 — 34/3) \
‘We tabulate below the values of ( 3 \ for some values of p.

Ry [ max \ s
TABLE 8
| ¢ 1 15 | 1-951 | 2-25 3 4 5 20 | ©
(=) (=) |
l(S/So) “ ’ '
| max 1 1-042 | 1-323. 1- 180 1:277 1'356 1 407 1'573 1‘.634‘
The results of the above four cases are 1llustrated helow in Flg 19
I~5F
%
=
Van)
"o :
(7)) 1-Ot
~
.
~
T ol
0T 1o, 20 . %0 40 5.0
*"?
Fie 19

Variation of ( 8 ) with -p- for ths Ari-tubular

charges for some values of m
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Variation of (:g ) for the quadra-tﬁbular charge -

It has a.]s% been shown? that for a qu:a.dra—tiibbulé.r charge, g is maximum
for S )
) f= (llm + 8)v/2—9(m + 1) 3 me (59)‘ |
o 9[m\/2—(m+ 1)] A ” *
with - R :
R < 2-m 4 -]. ceret e = e e e+ mearnom e
=73 "m e . .. (60)
(11im + )\/2"‘ 9(m + 1) i
P = - 34/2m
Also o
N
. B
=et g - PSP SPr
=a p=> Pav

We shall now consider the following four cases:
C’a,se I. Firstly we take m=4. Then substltutmg for a, B and 'y we obtain

123+ H 01 ,
( >m = o+ ™ <e<n
with
524/2 — 45
”1"“§ ""nd ”2 TBYT

We tabulate below the values of < ) for some va.lues of p.
max

TABLE 9
0 1-333 | 1-682 2 2:25 3 4 5 [ 20 m
(=e1) (=p2) o E
4
88y 1 1°016 | 1-039 | 1:053 | 1-082 | 1-104 | 1-117 ‘ f;1-160 1-174
max H

Qddse II. Secondly Wetakém:’kFOr;bhs oase S
8\ T 3p2lp + 22)+ 127 _
(—_)max_ 9 (154p -}~ 4b) P1§P\P2

with
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We tabulate below the Va.lues of ( ) for some valués of p.

235

mer .
TABLE 10 P
L
oo [.1:048 | 1-623| 2 2-25| 3 5 | 20 w
(=) | (=py) s .
(S/So«)i 1| 1e0s5 | 1106 | 1132 | 1185 | 1-227 | 1-25¢ | 1-337 1~:§f§6!
MOL | e Co . -
Case I11. Thirdly we take m=10. For this case "
S __ 1Bp(15p - 14) - 412
(Tsj>m T TT18(3Bp + 12) PLS PSPy
with
14 118y/2 — 99
=5 and Py =555 —
We tabulate below the va.lues of ( ) for some values of p.
S e mazx
.TABLE 11
e | 0933 16| 2 225 3 | 4 5 20 ©
(=e2) | (=py).
| -
1 1-082 | 1-149 | 1-181 | 1247 | 1-3| 1:333 | 1.438 | 1-476
Case IV. Fourthly we take m=co. In this case
_ 3B +2)+13
With ’
2 11y/2—9 9
p=gandp=—gp—
v We tabulate below the values of (— ) for some Values of p.
max -
TABLE 12
o | oeer | 1| 1sas| 2 | 22| s | o« 5] 2]
(=p1) (=pa) -
(5/5.) 1 1-037 | 1-189 | 1-314 1-366 [1-475 |1-565 |1-622 [1-810 [1-870
max .
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The results of the above four tases gifg illustrated below in Fig. 20. .

2:0r

e - Varmtlen of { > with p for quadra-tubular -
max

T 20

charge for some values of m

Va.naﬁon ;f (—SS~> for the hepta-tub_ular __charge
o / max

Tavernier* has shown that 5B maximum fgr

with

AR N e+ TN T A

18m. 41— 12mp

f=""gm—3)

1 =: m__;nz 1
Py = éﬁilj

—

p<py
nEPS A

.. (61)

3 (62)
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We shall now consider the following four cages: e

Case I.  Firstly we take in = 4. Then substltubmg for a,Band y, we obbam

24P (12p + 11} 4- 323 e
(S >maz ‘ 9 (88p+ ?) . <y < PA

with e T
i 11 e 53 {/ =, \‘:
Pl == T'2- a,nd p2 = 1—8- Vot

We tabulate below the values of Cg ) - for some values of p.
. mar o

Y

TABLE 13
(=¢4) (=pq) T
(8/8) 0 | - 1-011 |* 1-064 i 1-072 | 1-087 | 1-009 | 1-107{ 1-129 | ¥-338|

Case I1. Secondly we take, m =7, In this case

8 21p (3¢ + 2) + 55 |
( >mx 9 (14p + 3) P1 §,P§ P

with
23
and p, = 51

ro

Py = g

l &

We tabula.te below the values of ( 3 ) for some values of p.
. maz > :

"mTABLEj4r%Z e

i

-667 1 05| 15 | 22| 3 | 4 5 | 2 | o

(=ep1) |( fs) )

: \ ‘ : i
518y 1 ll 024 (1-070 \ 1-155 | 1-238 [1-283 [1-317 | 1-339 |1-405 |1-429

Case ITI. Thirdly we take m==10, In this case

( 60p (30p + 17)+1415 <
8,/ mas— 9 G0 T PSS PSPy

with
’ i 131
il adpﬂ 120

 for some vahues of p.
maxy

We tabulate below the values of ( >
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TABLE 15

P 0-567 {. .0+7 [0-9, 1:092 | 225.| 8 . |4 | & |20 | i "
(=p1) 1(=ps) ] - :

/8D paa| 1 '1-011 11-0_56 |1-119 11'234 ‘1-348 ‘1-416 1-458 l14439‘}1-5s4 ,1-615

Case IV. Fourthly we take m=oco. In this case ]
- 6p (3p4-1) 11
<S>max T 9(2p+ 92+ 1) PP P

1 L
py= andp2 =15

We tabulate below the values of ( S_"> . for some values of p.
Mo 7 max

with

0-333 |0-9 | 1-083
(=e1) |- (=pa) |

|(S/S)"m] 1 11-22&\ 1-355‘ 1-.775‘ 1-841 %1-982 .\2-097~2!171 12-412 25

0 2 s25| 3| 4| 5| 20| @

“The results of the above four cases a.re 111ustrated in the followmg figure 21.

2°0r
» 15t
< ol
3
~
o)
v
- 1O
N”
XMY 0;5. e
o) —o 2.0 3.0 4-0 5:0
_._...Q
Fie 21

Variation ( SS—) with p for hepta-tubular charge for some values of.m
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: ‘We shall now examine the behavour of ( 3 > when p 1s 1nﬁmte, for
. max
; the thre&charges It is found that

S 53 fmA1y
% . -(fpt j:he trlabubula‘l’ oha.l;ge) =aq = 2\/ z i 3'>
) M~7't;~:»v~~\ . * o
which is always < —2\/3 |
8-
—)mm (for the quadfa-tubular charge)
 8—3y2 fm+1
== 2 m+ 4,
which is always < — 3\/2
< /8 S ' ‘
§ ) (for the hepta-}mbﬂa.r charge)
g ) (m_ﬂ
—rT 2 Am+ 7)

5
which is always <C 3

]n the followlng table are. exh1b1ted the va.lues of ( g > v for the three

charges for some values of .

TABLE 17

(S/8, ) mass _— h

l/m,s 4 5| 6| 7} 8| 9 10| 2 [

-

Tri-tubular .. 1089 |1-167 [1-225 |1-271- [1-307 |1-337-|1:362 [1:383 |1-492 [1:634:

Quadra-tubular { 1073 [1-174 (1-252 |1-315 |1-366 (1-409 {1-445 |1-476 |1-644 [1-879

Hepta-tubular 1 1-136 {125 |1-346 (1-429 |1:5 |1-563 (1-618 |1-944 12-5
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The above results are illustrated below in fig. 22.

_ curhat
je TUBRAS

- sy )’UBULVAR CMARGE
I TUSULAR CHARGE _
<
2 -
—~
g
5 1o
S
‘o5
%3 4 5 3 7 e s io
—Mm
Fic 22
Variation of (8/S,)ma with m for the three charges
in the case when p is infinite
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