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In this paper the theory for a non-isothermal model has been developed
following the same assumptions as in the case of the isothermal model (Part 1),
which may be treated as an extension of that of Ray (1962),

INTRODUCTION

The author (1966) has recently discussed the case of isothermal burning
in a RCL high-low pressure gun. In the present paper the theory for non-
isothermal burning of multitubular powders in a RCL high-low pressure
gun has been developed and we have

(a) obtained an upper and a lower limit for the ratio of chamber
volumes;

(b) estimated 2z*, the fraction of the charge that must burn before
the pressure ratio becomes critical.

It is interesting to note here also that the values of K, for ¢,J/T, = 1,
in a H/L gun are the same as those given by Ray (1962); but the values of K,
in our case are nearer to those of K, than to those obtained by Ray.

With the same notations as in the isothermal model (Jain 1966) the
basic equations for a RCL high-low pressure gun are as follows:

The equation of state for the first chamber is

Pl[Vl—g(I—z)—Oqu]=0N1RT1. W
The equation of state for the second chamber is
Pz[Vz"'CNz?)] = ON:.RTQ. . .o . (2)
The equation of continuity for the first chamber (w > w*) is
L N 2
dz AN, yS,P .p'svaJ P\ 7
O, =024 1 Ve 12 1— (35t ..
%= %", * () N (7) @
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while that for the second chamber (w > w*) is

1 T 71
dN, 'SP, ¥ P\ 7
L ¥ A/1(2). @
dt A/RT, (Pl) Py @
The equation for rate of burning is
d
Dd{=_ppl. R )
The formfunction is
z = (1—f)a—bf—cf*). .- .- .- (8)
The equations of energy (Kapur 1957) for the first and the second chambers are
d dz d
(Tt (NITI) == To Et— —‘)/Tl a (Z—Nl) .. . .o (7)
and
d dN
7 (NoTo) = o dtz .. .. .. .. .. (8
Introducing
T + _ Ty
TI—-T‘;<1, TZ—TO‘<1 .. - .. .. 9)
z-S’Nl = fl (10)
and ~¥Ny=£, .. .. .. .. . ..o
eqns. (7) and (8) can be written as
d . . e o d ,
E}[(z_fl)TJ = (8= T3 +7'T1)d‘§l -1, .. .. (74)
and
d , g
dTg(sz2)=yT1. .. .. .. .. .. .. (8A)
Putting
_Vi—(Cp)
x$ = —W .. .o .. .o (12)
Ve
= 13
B ) (13)
and
8 =18 O ¢ )
in (1) and (2) and using (10) and (11) we get
Py(C[8)(«+¢,) = ON,RT T, .. .. .. (15)
and
Py(C[8)(B+¢€,) = CN,RT T, .. . .. (16)

_ P TyetE)

‘—,‘-—‘—‘—“ . an
P e 6—7)
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From (3) and (5) we get

dz_dN,  $S,D 'Sy D ;'/(1_ .7%1)
df — df ~ pC/RT, BC+/RT, @

=% 1 "2 Nl—w 7
d @ ’
;T
where
¢ o ‘/‘SID
1 BC./RT,
and
¢ = ‘/’ S2D
BC.JRT,"
From (6) we get
% —(a—bf—cf),
where
a = a+b
b = 2(b—c)
¢ = 3ec.
Also from (10) we obtain
5 W1 le dz ﬂ_l_f_l
a T4 4

Combining (18) and (25) we get

d de 6\ 4, 4y 3 =
5=sly=a) g1, 5 =)

which on using (21) gives

= =Dty = g (1-0 )]

JT
Again
1 y-1
i, i, a_v4(1-07)
A A
dz _de df (o -bf—cf?) /T,
= dfat, 71

dz & daf __ (@=bj—cf’) T,

Tdfdg, 5 ¢2w; A/(l__wv%l) "

5 Thrber (1= 7 )| 78— 7~

(18)

(19)

(20)

(¢2)]

(22)
(23)
(24)

(25)

(26)

(27)

(28)

(29)
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and

- st -7}

B wlg e di-a )] - T 1@ —br—or)

Differentiating (17) logarithmically with respect to £ and using (7A) and
(8A), we get

(30)

do @ [_¢p- )ng —& 1T — oy T ' =y T8 + 4T
7, = = Eggerey| S~ T ke T )
d, , ¢ , ) ,
—wTz 2 dg {yTladT’:+wﬁ(s'—yTls'+yTl)g§i —wﬁyTl}]. .. (31

>Oand r < 0. When

We have assumed that 1 > w > o*. Alsoé, < 0, 5= df iE
1

T,

w = w*, the ratio T ? takes the value -—_—l_—l 0-889 (fory = 1- 25), while wy = 0- -694
1

for w == w*. Hence

T,~wyT; >0 for o= w*. ce e (32)

By taking ¥ = 1-25 and w* = 0-555 (Corner 1950), we find that 8’ —yT;5 +7T,
is positive for = w* and for the possible values of 8 which vary between
1-4 and 1-6 for the known propellants (H.M.S.0. 1951),

,df , ’ . 4 dz ’ df
[_gl(«y_w)Tl Ef—i —fz {Tz—wyTl-{-w(S’_'yTlS’-l-)’Tl) Zl?l} —-lesz_f] >0

for w=w*. .. (33)

Again differentiating (17) logarithmically with respect to &, and using (7A)
and (8A), we get

do w , , o dE
go _____® ). —)T .+ (T—wT %
dt, sz2(¢+§1){ [ﬁl(y Tité, (T—wy l)dfz

’ 7’ d '
+ (8 _yTIS’ +-yT1) d-?z) —szl]
2
’ df 7’ 7, &
+[wT——1-— &' —yT.8 +vT,) 55
ywf ldfz wB( rEy 1)d§2

-yT;a]}.... e (34)



450 T, C. JAIN

da¢ , ,
Since 1> w > o¥, ng; < 0, fi?: < 0 and as explained above T, > wyT, and
8 —yT' 8 +yT; >0 for w = w¥,

[fl(y—w)T +¢, {(T wyTl) i, 5+ w(8'—yT, 8'+'yT1)d£ }—sz;] >0
for o =w*. .. (35)

The inequalities (33) and (35) are the same as can be easily verified.

RELATION BETWEEN THE CONSTANTS OF THE GUN AND THE CHARGE

We assume that the steady state of flow is reached when w attains the
critical value and also when its value falls further below the critical value, i.e.
when o < w*.

Forw=w*,d§1>0and%<0

Hence from (31), for w = o*, we get

£ ( )", o, &\ Ty—oyT, + (¥ —y T8 +9T) 9%,
— - (1) —_— —— 1) —
(et e st o
, o d , d€ ,
< wﬁ(S'—yTIS'-}-yTl)Ez-}-yTla‘—z—Eg —wfyT, .. (36)
1 1
which in view of (33), for w = w*, gives
, N dz , d¢ ,
wB(8' —yT' ¥ ++T)) g+ d?ﬁ —wfyT,>0. .. .. (37)
1 1

Since d¢, < 0 and de > 0 for w = w*, we get from (34)
2
, d€ , W d ,
[waTl = —wB(8 —yT,5 +yT)) i -—yTla]
2 dfz

’ ’ r df , ’ ’
> {fl('y---w)T1+f2 [(Tz—wYTl) d—-—-—; +w(8'—-‘yT18' +yTl) gg] -—szl } (38)
2 2
Since the R.H.8. is positive by (35),

d¢, .
yopT! -wB(S'-—yT ¥ 4yT) v —yTa >0, forw=w*  (39)

Ve

which after some simplification becomes the same as (37).
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Using (28) and (30) in (37), we get

«B > YJTT* ¢zw*$A/ (l —w*YT_l)
(' —bif*—cf**)—y./ 5’;_"[961 +¢2w*;A/ (l—w*yy;l)]

w

1 y-1
if (@’ —b'f* -c’f’*z)—y./T;*[¢1+¢2w*7J (1 —w* Y )] be positive.
Now
o =bfr—cf* < a for b’ > 0,
and .
o —bf*—cf*? <a'—b forb < 0.
Since ¢ is always positive,
@ —bfr—cf*? < d,
where

d=a ford’ >0
=g b forb <0}y’

Hence from the above inequality (40), we get

W s o (1—'7)

wrf i 7=1
R s PR (R |
if
& =T g, 44,0 (1-7)] 0.
Introducing
Vo/V,=K
we get
B = E(l+a).

Taking w* = 0-555 and using (45) in (43), we get

ayfi’? ¢2w*§'~/ (l—w*L;l)

K =
PO PR PRy

_ 18018ay,/ T} ¢ ) (1+ ) [(@ =7 T'$,) 48054~/ T4, ]
(A+a[(@ ~7]T]'$) 48054—7./T}'4,]

=K,

451

(40)

(41)

(42)

(43)

(44)

(45)

(46)

giving the lower limit for the ratio of chamber volumes which must be satisfied

in a RCL high-low pressure gun.
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Particular Cases:

Case I. RCL high-low pressure gun using charges having quadratic
formfunction : If we put @ = 1, b = —0 and ¢ = 0 we get

z = (1=f)(1+6f)
and
d =1—=0 ford >0,ie. for 6 <0,

=146 ford <0,ie. ford >0,
and (46) gives the lower limit for K.
Case I11. High-low pressure gun : If we put 8; = 0, i.e. ¥; = 0, the RCL
high-low pressure gun becomes a high-low pressure gun and we obtain
18018y, 7"
(1+a)[4:8054d' —y,/T74,]

(47)

Case III. High-low pressure gun using charges having quadratic form-
SJunction: If we put ¢; =0, @’ =1—6, b’ = —20 and ¢’ = 0, the inequality
(46) corresponds to that obtained by Ray (1962).

ESTIMATION OF 2*
From (17) we get

T,
-T—; fza -+ wZB +w262
£ = ; . S e .. (48)

T
wﬂ—(—?—w)e
T | 2

Since £, > 0 and form=w*,-i,3>w,
1

s

wzf

-, < 7
—atwz

1

for o=w* .. .. .. (49)

Now (36) can be written as

’

d_f_z_ T2 & ) dz df2

é:_ ’ dz de2
< wB(T; 3 +,,) THraE o . (50)
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Using (48) in (50), for v = w*, we get

T,
—= € a4 wzB 4wzt ,
T, ? 21d¢, T, & dz

—_(Y— o2 _ gl 2_ ol 2. —y8 9
wB— (—~ —wlé,

T
dé, 8 . \dz d¢,
—wzjé—l < wﬁ(F,l —yd +}')a—§—l+‘}’¢d?“l —wfy .. . .. (8D

which after some simplification reduces to

T, wf £ B (T;— T;— 3
-¢, —l—w‘y +Tl—ww7’ E—,l wy Fl 2

5’ dz 5 T,
22 _ .5 & ol s 2 el
P (T’ v ”)dfl "'(T; Y ”)(T "’)gzdfl]

1

B VR . T LA
e ] Y i T

5 T'
1

1

In (52), L.H.S. > 0, R.H.S. must be > 0.
Hence, for v = ¥,

T, dz
gl A
1 1

T, d,
—wzﬁ'v+wiﬂy+ (7-— F?)fz} (z+a) d_? >0

AIRY LI I VY _5 (- %)
[—wB(F—VS +y)(,_,—,; —w)fg : w(z+a>(y T,) z)

1 1

or

+w?f (—— —yd +7) P73 ]> w ﬁ"y-—wﬁy(ﬁa)ﬁ y e .. (83)

1
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which on using (49) and simplifying becomes, for w = w¥*,

¥ o \Ty dz T, d¢,
{wﬁ(q‘? —y8 'H’) E;l (z+°‘)(ﬁl+1—,i (zw'l')’“)(z‘l'“)tjf—l ,

1

> wfly 1—1?a+wz. .. . . .. .. .. .. (54)
T

1

Now from (28), (30) and (54), for w = «*, we have

(@' —bf—cf?) [T,
bbb J1—a7 )= — /T, =)@ —bf— f”)}

’

wﬁ(% —y3'+_7) %(ZHI) { (

1

T, & %,,/l 3
~ o otya)eta), i b }
: (6{gt g 1= 7) — [T~ 1)@ b=
T,
>w,3y(§1—;a+wz). .. - .. . .. . .. .. (bb)
Introducing
—8¢w*7Jl—w*7 .. . . .. (56)
and
B="5¢1 .. o e e (8D

in (55), we obtain after some simplification

T, \* e
78| ) g e { () woone pare )
1

‘| K
x(a'-b'f*—c'f*z)] > w*By [(:) a+w*z*](A+B)
1

T’ *
+(——~2) (w*2*+ya) (z*+a) 4,
Tl

where f = f* for w = w*.
Since a’—b'f*—c'f*2 < d’, we get

[w*BJT [( T 73'+7)( ) (#*+a)+y ( ) a+w"‘z"'}./-’-;'?(3'—1)“d'

\* \*
>w*;3yl( ) et w Z*](A+B)+( 2) (w*2*4-ya)(z* +a) 4. .. (68)
T, T,
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7\ *
Putting (Tz) 2 in (58) and rearranging, we get
- ) =— , We
T, y+1

24 A/E_,]T;w*z*z-’- [w*zﬁ'}’(‘y-‘-l){(A+B)A/—j§;—T;*(8'—1)d’} +2Ajffa(y+w*)

-2w*,e(s'—ya"_r’1*+yT;*)d']z* < 2u* B {S'd'—y J—IZ;(A+B)} —24ya2 [T

(59)
(59) can be written as
2*4-M2* < N, .. .. .. .. (60)
where
24 [T w* M = w**By(y+1)] (4+B) ﬁ;—*_T;*(a'_l)d'} +24 [Ty +w¥)
—20*B(¥ =y T +yT Y .. .. . .. .. (D)
and
24 [T7 w*N = 2urBa{s'd —y [T, (4 +B)}—24ya2 [T} >0. .. .. (62)
Hence from (60) we find that
<[ /ME+4N-M] .. .. .. .. (63)

giving an upper limit for the fraction of the charge to be burnt before the
steady state of flow is reached.

CONDITION FOR 2z*¥ TO BE LESS THAN 2
From (59) we find that if

2u¥Bu{5d —y /T_;‘(A-;-B)} —24ya2 [T
< 24 [T] o2+ [w*®By {4+ B) T} T} (5~ 1)a'}
+24 [T aly+ o) =208 —y8 T 49T 5 . . (64
then L .
24 [T w¥ee+ [ 2Byly+ 1) {(4+B) [T~ T (5 —1)d'}
+24 JT—fa(y-;-w*)—2w*,3(3'-ys'1';*+y'_l';*)d']z*
<24 ﬁfw*z§+[w*zpy(y+1){(A +B) /T_;*—-T;‘(s'—l)d'}

+24 JE’?a(y-}-w*)-—ﬁ%w*ﬁ(S’—--yb"T;*+‘yT;‘)d’]zs.
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The coefficients of z*2 and zf are positive and the coefficients of z* and 2z
will be positive if '

[w*2py(y+l){(A +B), [T —T ¢ —1 '} +24, [T aly+w*)

—2w*ﬁ(5'—y8’T;*+yT;*)d'] >0 R ()

and then we have
2* < 2.
Hence from (64) we get

w*B[2a 8 —y [T (A+B)} 4228 —y8' T 45T )

Fatyly ) =0T~ [T A+ B}

<24 [Tlte*z)atz) .. .. .. .. .. .. (86)
or . '
K< 2AA/£(Y“+0’*%)(“+ZS) _ = K.
w*(1 +a)[2a{3'd'_y JT(4+B)} +z,[2(8'—'y8'Tl +yT)d
+oryy+1){E DT — [T (4+B)}]] . (67)
Hence from (46) and (67) we get

K, < K < K,.
Thus for the steady state of flow to be reached before the shot starts, the upper
and lower limits for the ratio of chamber volumes have been obtained.

EvarvaTioN oF K axp K,
Taking 8’ = 1 we find here that ¢, JT;* and ¢, J T;’ appear as parameters.
Tables I, 11, 111 and IV give the values of K; and K, for high-low pressure

TasLE 1

s'=1,a=1,b=0,c=o,¢,‘/T;=o,¢2jT;=1

Kg

o 'Kl
zs = 0:08 2 == (-1 zs == 015 zg == 02

01 0:0578 0-0703 0-831 0-0962 0-1091
0-2 0-1056 01173 0-1288 0-1408 0-1527
0-3 0-1462 0-1569 0-1878 0-1788 0-1898
04 0-1809 0-1906 0-2014 02110 0-2212
05 02112 0-2204 0-2304 0-2393 0-2487
06 0-2376 0-2461 0-2551 0-2651 0-2708
07 0-2608 0-2689 0-2774 0-2857 0-2036
10 0-3165 0-3236 0-3287 0-3377 0-3448
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TABLE II

8 =1,a=1,b=0,c=o,¢,JT1 =0,y /T =15

Ky
o Kl
20 =005 23=01 23=015 2,=0-2
0-1 0-1047 0-1185 0-1349 0-1525 0-1705
0-2 0-1920 0-2304 0-2172 0-2321 0-2475
0-3 0-2658 02761 0-2880 0-3008 0-3143
0-4 0-3291 0-3384 0-3489 0-3603 0-8725
0-5 0-3840 0-3924 0-4020 0-4123 0-4232
0-6 0-4320 0-4399 0-4491 0-4580 0-4678
0-7 0-4744 0-4816 0-4897 0-4984 0-5074
1-0 0-5760 0-5821 0-5887 0-5957 0-6029
Tasre II1

8 =1, a = 08216, b = 0-0824, ¢, JT;* =0, /T, =1

Kg
[+ 4 Kl

zs == 0-05 zs = 0-1 zs = 015 29 == 02
0-1 0-0661 0-0807 0-0956 0-1003 0-1254
02 0-1212 0-1349 0-1482 0-1618 0-1755
0-3 0-1679 0-1803 0-1928 0-2054 0-2179
0-4 02079 0-2190 0-2314 0-2424 02543
0-5 0-2425 0-2533 0-2641 0-2750 0-2858
0-6 0-2623 0-2828 0-3000 0-3032 0-3112
0-7 0-2995 0-3090 0-3187 0-3283 0-3374
1-0 0-3619 0-3718 0-3777 0-3881 0-3962

TaeLe IV
8= 1, 0= 08216, b = 0:0824, ¢ /T, =0, 45 /T, =15
K,

o K,

23 =006 2,=01 28 =015 23=102
0-1 0-1243 0-1387 0-1569 0-1768 0-1972
0-2 0-2279 0-2392 0-2543 0-2707 0-2880
0-3 0-3154 0-3257 0-3383 0-3521 0-3670
04 0-3906 0-3996 0-4106 0-4228 0-4369
05 0-4557 0-4639 0-4737 0-4846 0-4962
0-6 0-5127 0-5203 0-5290 0-5389 0-5494
87 0-5629 0-5699 0-5780 0-5870 0-5965
1-0 0-8836 0-6893 0-0958 0-7030 0-7105
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guns (where ¢, = 0), using tubular and multitubular powders, with ¢, El—' =1
and ¢,,/T;" = 1'5. It is interesting to note from Table I that the values of X,
obtained in our case are muoch nearer to K, than those obtained by Ray (1962).
In Tables V and VI, the values of K; and K, have been calculated for a RCL

high-low pressure gun, with ¢1,/ T—;' = 0'15 and ¢2J 5’? = 1, using tubular and
multitubular propellants.

TasLE V

8’=l,a=1,b=0,c=0,¢1,/T;*=

gz
015, ¢2JT1 =1

K,

o K,

23=005 23=01 29=015 24=02
0-1 0-0771 0-0852 0-0965 0-1088 0-1212
0-2 0-1413 0-1481 0:1567 0-1666 0.1772
0-3 0-1957 0-2012 0.2087 02171 0-2261
0-4 0-2423 0-2473 0-2536 0-2610 0-2688
05 0-2826 0-2873 0-2930 0-2993 0-3082
0-6 0-3180 0-3222 0-3273 0-3330 0-3368
0-7 0-3491 0-3531 0-3578 0-3629 0-3681
10 0-4239 0-4271 0-4309 0-4350 0-4393

Tasre VI

8 =1,0= 08216, b= 00824 6,/ T," = 016, d3.,/T] =1

Ky

a K-'

Zs = 0-05 2y == 0-1 Zg == 0-15 29 == 0-2
01  0-0933 0-1012 01136 0-1276  0-1417
02 01711 0-1771 0-1860 0-1968 0-2987
03 02368  0-2415 0-2489 0-2578 0-2676
04 0-2032 0-2973 03033 0-3109 0-3191
05 03421 0-3458 0-3510 0-3573 0-3645
06 03848  0-3887 0-3927 0-3982  0-4017
07 04226  0-4255 0-4207 04346  0-4396
-0 0-5131 0-5154 0-5185 0-5223 0-5264

ACKNOWLEDGEMENTS

The author expresses his grateful thanks to Dr. G. C. Patni for his in-

spiring guidance in the present work. His thanks are also due to Dr. M. C.
Gupta for valuable suggestions.



INITIAL STAGE OF BURNING OF MULTITUBULAR POWDERS—II 459

REFERENCES

Corner, J. (1950). Theory of Internal Ballistics of Guns. John Wiley & Sons, New York.
H.M.S.0. Publication (1951). Internal Ballistics (London).

Jain, T, C. (1968). Proc. natn. Inst, Sci, India, A 32, 429-439.

Kapur, J. N. (1957). Appl. scient. Res., A 6, 445-466,

Ray, Asim (1962). Proc. natn, Inst, Sci. India, A 28, 806-914.



