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of fhe problen dealing with the aotioa of the projectile up to the

instant 4t which the base cf the shell traverses, the muzzle face ot }

thc barral.‘“.,h

_wm - .However, the action of the gases continves or persists even after

'the projectile's departure from the bore. Both the projectile .and the
bsrrel eaxperience for a certain period of time the sc-called "after-
‘effect” of the powder gases in ‘the form of continued gas pressure cxerted
on .both the projectile and the barrel. W#hile it is possible to
apﬁroxinaieiy détermine the. theoretical relation between the pressures
acting on the base of the bore and the base of the projectile while

the latter is ;ravélling,tthugh the bore, this relationship will be

.! entirely different after the proje;tile bas left the bore. That portion
of 'the gas which, upoﬁ leaving the bore, coﬁtinues to exert a pressure
éikthe,projectile for a certain period of time, will be subjected to
conditions differing sharply from the conditions to which the gases
'#till remaining in the barrel are subjected. .

The gases remaining 1n.tﬁe barrel continue in ?heir motion nlyng
the axis of the bore from the base of the barrel to its muzzle face,
and upon leaving the bore commence to 5?553?39 somewhat from their
basic direction of motion. The resulting reaction imparts additiornal
acceleration to the recoiling barrel) and the maximum speed of recoil
obtains after Fhe projectile’'s departure from the barrel. Almost
the entire -asai;} gases generated by the charge participates in

the reaction on the barrel, After the projectilS’s.departure, only

-

NAD §506#
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; the central -portion of the gases: which had retained its axial motion -

nIong the bore .continues to react on the base of the ba?:el; the

- ) grewter éortiqn of the gas either temporarily overtakes the projectile
3j is dissipated laterally in the form of a gas cloud. Inasmuch as
(thefdenSity of the gas discharge rapidly drops as the gases' expand,

H ,' the gases lose speed very rapidly and fall behind the projectile.
Nevertheless, ;he,projéCtile'sispeed will continue to increase some-

1 what even while the gases are lagging behind it. During this period

©
j ¢
<

e

E 1 . the fuze mecp&nisms are triggered and go into action. A study of
the projectile's motion after its departure from the bore constitutes %ﬁ
: -one of the problems of internal ballistics. i

.j 3 . The period of gas after-action, or the third periocd, 'which is

o

.z' j a direct continuation of the shot phenomenon accompanied by gas

e
——

'dischargé from the gun barrel, constitutes a problem involving the

derivation of special fundamental relations for its solution. This,

.
a

in turn, requires a knowledge of<tﬁe fundamentzl laws of gas discharge. -

! General relations of gas dynamics are also required for the

‘:.,‘.;\. LI T P A g At

-:ij»
.

solution of special problems arising from the complex structure of

A eatin

AIE
1

artillery weapons and with the appearance pt new systems, in which

-
S

the gases are discharged from ports of various types.

ATy

5 rtherat

Such systems may include:
1) Automatic weapons:in which the gases arc discharged from

the bore before the projectile's departureé, or guns with muzzle

attachments.

3l
Es
!
3
' 3
B
£
1
-4
{3
2
]

2) _¥eapons with separate powder chambers‘vith gas discharge

[T L. TR TN S RIS S ol

thréugh a single or.multiple nozzles (weapons operating on the
principle of gas dynamics or hydrodynamics).
Y-TS-7327-RE 374
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. 3) Recoilless gun§L~'in which the gases are discharged through

'%an opening in the breeachblock.
‘l? Yuzzle brakeﬁj in which the gases are diécharged through
pagsageways laterally, and by exerting pressure on the walls of these
- passageways brake the recoil and reduce the recoiling speed.

5) Mine throwerg} in which a portion of the gases overtakes

' tﬁe:aide vwhile it is moving through the bore; special mine throwers
. with a7réqote1y controiled valve, in which a portion of the gases is
discharged through the valve and does anot participate in the action
exerted on the mine; furthermore, mine throwers are provided with
xeans for discharging the gas from the inner chamber, containing the
tail car;ridge and the main charge, into a chamber coutaining additional
.charge. .
6) Special manometric bombs with nozzles used for studying the
powder bdrning,phenomenon by means of gas discharge through a nozzle.
7) FRocket chambers. \
In all the systems mentioned above, the g;s is discharged th{ough
poxts of varying shapes and sizes under high pressure. Ian order éo

|
establish the proper relations, taking .into-account .all--of..these

i

phenomena and their peculiarities, use must he made of the generalv

X \ !
formulas relating to gas discharge. Therefore, all the derived relgtions

constitute first sapproximations only and require further refinement
on the basis of test data obtained during firing of weapons.

CHAPTER 1 - GENERAL INFORMATION ON GAS DYNAMICS

"l. RATE OF GAS DISCHARGE

Uéing the designations:

U, V, W - gas velocities projected on the coordinate axes;

e O
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5”5; X, Y, 2 - projections oY external volume forces on the same axes;

f' - density of & unit mass of gas;

-

T e e o TN

p - pressure,

fﬁf\ then the fundamentazl Euler's equation of hydrodynamics with respect

:7ff : to the x-axis will read as follows: )
;? ] , ; -

ik . d_‘l_.ﬁ*_l.’+u_§l"+v_.9+w——-x—-}-,--ff (77)
g =] dt It ax 3y 3z p' o ox

AR

and will be analogous in character with respect to the other axes,

. .
POV S WAl

We shall consider the gas discharge as a single-dimensional

e e PRI 1
I N
iy

v e

motion in the direction of the x-axis, due to pressure difference,

in the absence of external forces (X ~ 0):

R au_ . 9u + U _iy - . .% _22, (78)
4B dt dt ax f Ix
g1
1j} . The values of p and U for a stabilized motion do not depend
‘ ' on t and are functions of x only. In this case —3% = 0:
_‘ v 1 dp
] dx f dx
‘I or .
3 d - e
) p U
' > udu ~d 5
- 3 ? . .
2 Replacing the mass density P' by gravimetric density f and
ﬁ} ] bearing in mind that ;>- 1/w, where w is the specific voluue of
< ] % gas, we get:
3 FP-TS-T327-RE 376
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- Rt o A TR it et e = o e 4 e o - - - - ;‘ - mw
: ?
-wdp = d S, C (79) ‘
2g e .
© L | T

I we designate the pressure, specific volume and velscity in
" the vessel from which the gases are discharged by P1, %5 Uy,

..respectively, then, upon imtegrating expression (79), we will get

s

P pP1 _//2 ™~ _
v -u?
- J' wdp = j. wdp = =. (80)
h

2g
p

In order to integrate the left side of equation {80), the
dependence of w on p for the process taking place in the gas must
be known. ¥e shall consider the polytropic process, of which tke

adiabatic process constitutss a particular case:

pwk = plwg = const,

vhence

Substituting this expression in equation (80) and integrating,

we get:
l/k p 32 _ u2
w.p dp o 1
b j pl/k 2zg ' . .
pl *
. P-T5-7327-RE e Y L 7
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Ve k-1/L  k-1/k K p\ k-1/k . e
LSNP 5| TP Sl avas A W Rl (§§{> )
[ s
2 2
_ v Uy
2g '’
whence . .
2 k-1/k
u-\[o, + 2B pw |1- /P . (81)
k-11 \P1

This 15 Saint-Venant's formuls.

If we assume that Ul = 0 when the discharge is from a very
large vessel, we shall get an expression for the wvalocity of the
gas discharged into space witﬁ a pressure p from the vessel under

. -
pressure pj.

"~

1
U=\ v, {1 - [~ . 82
k- 11 (91 ) (82)

13

The maximum velocity will obtain wher the discharge is into

vacuum, when p = 0; we will have:
- /28K ‘
Uax \/; -1 "1 :

however, we know from physics that \/gkplvl = \/gkRTl =~ C1 is the

speed of sound in gas, corresponding to the given condition P and

w, or Tl of the gases present in the veesel frou\!hich the gases
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are discharged. Hence,

-

St > bt m mAX ¥k -1 Y

. / , ’ GRAPHIC NOT REPRODUCIBLE

¥ig. 112 - Dependence of Velocity of Gas Discharge on p/pl.

Subﬁtituting this expression in equation {82), we get:

. x-1/k x-1/k
U= U.*x // - B - Cl ....,.?..».._ 1l - L R

The depandence of the velocity of discharge on pressure p or

s

the ratio p/p1 is depiétéd in fig. 112. yhen p=0, U=1U,.x. 4&s
the back pressure p increases, U decreases and has a point of inf{lexion
(Ueyr . xcr.); and when p/bl -1 1£ becomes zero, 1.e., the discharge
ceases.

¥e ghall discuss the values xcr‘ and vcr. later in the text,

2. THE GRAVIMETRIC CONSUMPTION OF GASES Gsec PER SECOKD

If the streszm of gases discharged under a high pressure has a

velocity U, densiti p= 1/v and a cross-sectional area s, the gas

consumption per second will be: ‘

¥-T7S-7327-RE : 379
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2gk ' p\ k-1/k
Ggec = 8Up = &7 \\ " f 1plw1 {l - <§;_>

-

. (83)

Since for a polytropic process

1 1 p]./k
e (o)

then, substituting this expression in the formula for determining the

expenditure per second, we get:

. . L3 (e 1/k 2gk . |, (= x-1/k
sec L2 Py kK - 111 p

(Tseiner’'s formula).

Designating the p/p1 ratio by x and the constant& L by 25,

k - 1w
we find:

2/x k+1/k
Gsec - 2,8 x - X - alsf(x).

Yhen the motion is steady, the consumption per second is constant;

therefore, .
_ , 2/x  k+1/k  Ggue
8f(x) « 8 x -X - = const
. al
¢

F-TS-7327-RE - 380 .




const

B carvse eve—s

f(x)'

i.¢., the cross section of the stream varies inversely with the

change £(x) depending on p/pl.

Investigations show that f(x) has a maximum when the value
pcr - ‘ 2 k/k“ 1 *
) - Xep, ™ + therefore, the cross-sectional area s
¥ Pl . kK +1
will be minimur at this wvalue. The pressure ratio p

er./ Py at which
the cross section of the stream is minimum and the flow through a unit
cross-sectional area is maximum is called the critical pressure ratio,

and the'cross section 18 called the critical cross section,

Lt £ “\,‘”" STTRRCMETN

The value x.,. depends on the polytropic index, though to a small

degree only. The following table gives the values of Xop, With

relation to X (Table 27).

i Phg S 2 e T
.

Table 27
k .41 1.30 1.25 1.20 1.10
] k/k-1
i x -»/ 2 0.527 0.546 0.555 0.565 0.585
e \k+1 oo
]

k/k-1
Subatituting the value x - g 2 in formula (82) for
ollowing expression for the

the discharge velocity, we get the

“critical” gas velocity:

2gk 2
cr. X + 1p1'1

This value approaches the speed of sound in a gas located in a
vessel, from shich the discharge takes place, and whose equation of

P-TS5~7327-RE 381
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state is determined by the values pl and wl. .

Since from the adiabatic equatien plwl “ Por.¥er. K ; 1, the -

.expression for critical velocity will take on the form:

U
cr.

= VBEP . Yer, ® Sop.v

i.e., the critical velocity at the minimal cross section at the point
of critical pressure equals the velocity of sound, corresponding to
the state of gas at this critical pressure. This velocity is shown
in fig. 112 in the form of segment Ucr. at x. . - ‘
Having determined the critical pressure and velocity of the
gases, we shall now find the consumption through the smallest cross

section (which we shall designate by sq). To do this, we substitute

in the right side of formula (84) the value

py | er ”\k +1

Per. /' 2 ) k/k"l‘ -

S e . R

1,k p k-1/k |
Ggoc = Bn(Xcr.) Ertas [1 i j"
y k-1 %

.

depending on the exponent K, varies within small limits in accordance

2gk 2 1/k-1
Here the coefficient KO - is a constant which,

with Table 28 (g = 98.1 dm/sec?). ] : .
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Table 28

k. ) 1.25 . 1.20 1.18 1.10

2gk 2 1/k-1
- K 6.518 6.424 6.325 6.224
K+ 1 \k+1 0 : ,

For the vessel inrn which the powder is burned, the expression for

Gsec can be presented differently, by multipliying and dividing the

expression under the root by Py Replacing, approximately, PV "

RTI by f, we get

X -
. - 0 - .
Gyec :7§snp1 Asmpl, (85)
X, '
where A = —— 18 a constant depending on the nature of the gases and
7

their temperature, inasmuch a2s k is a function of the
Femperature;
5 is the minimal cross section of the gas stream; which
may be assumed to be an orifice with rounded edges or
the minimum cross sectios in the Laval nozzle;
P is the pressure at which the gases are discharged from
the vessel,
Coefficient A, characterizing the consumption of gas at 8 = 1
and p; = 1 is measured in (sec~1) and varies with ¢ and k. e
The coefficient A wag first 1ntroduced by V.M. Trofimov who .
agsuped A = 0,007 for pyroxylin powders and A =~ 0.006 for nitroglycerine
powder.
Actually, when gas is discharged from & vessel, ¢ven in the case
vbere.powder is burned in the vessel, the temperature T inside the

P~TS-7327-RE : 383
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vessel will be lower than Tl’ and the value~plw1 = RT, where T { T}.

‘Hence, it would be more correct to state:

4 K

K
, A
G - —d_ 5 p, = -9 s_p 0 $ py = ~——=85 P
sec e —— 1 ’
vy m 1 vRT © }/ Vvt v " !
’I
where T ~ T/T; (sece belew).
Table 29
\ ) k P4
f "—'v“« 101 1;2 103
1,000,000 0.00622 0.dus42 0.00661
500, 000 0.00656 0.00677 > 0.00697
850, 000 0.00675 0.00695 0.00717
800,000 0.00695 0.00718 0.00739

3. FULL GAS CONSUMPTION
The. full gas consumption Y over 2 period t can be obtained from

the expression

gsec

¥e proved esrlier that

Gsec - Asmpl,

vhere p, - pressure in the vessel from which gas is discharged;.
8, - crosa-sectional arez of opening or orifice tbrougy which
the gas flows, .

If we apply this formula to avbOmb with a dakzle, in which

F-TS-7327-RE 384
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pressure p is developed when the powder is burned, then’

-

Gsec - Asmp,

-

_where p = (1),

ot
Y = As g pdt = &s I,
n n
0

but 1 "’a"“‘"
1 . 1

During the entire period that the powder is burned f pdt e IK’ and

0
hence the full consumption during the entire period of powder burning
will be
‘1
YK - AB.IK - AS‘ {l—i_.

¥hen the.cross section 5 of the nozzle, the nature of the powder
gases and their temperature /A = f£(k, £)_/, the thickness of the
powder xnd its rate of burning are known, this formula enables us to
compute in advanée the consumption of powder by weight duriung the

period the powder is burned in the chamber or in a bomb with a nozzle,

This formula has been satisfactorily confirmed in bomb tests, in

vhich the start of burning of cylindrical grains with very narrow
perforations - 1 to 3 mm in diameter, at pressures P, = 2000-2500

kg/cn2 has been investigated.
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4, 'THE DEPENDENCE OF GAS PRESSURE ON TBE CROSS SECTICON
OF THE STREAM(®*)

If the gases are discharged tﬁrough a tapered diverging nczzle,
the pressure in the direction of flow will decrease, whereas the
veloclty of discharge will increase. The pressure‘magnitudes at
various sections can be found from the equation of continuity, because
Gey, = Gy, where G, is thelflow-through section 5,. The equation of

continuity will be written in the form:

8
nvcr- - XX

w
cr. X

but

Swer. o [P, (2 \ME\ [2ex P
Vcr‘ mo\vl m ik +1 k+l'1,

and according to formula (84)

pR

\ 5, ng p1 2,k k-1/k
! \ x l - x .

‘\ Equating the right sides of these equations and assuming that
\ . / p
k = const from one section to another, and reducing by 2gk ;l-, we
1

get:\

\
(#) |The derivation and numerical data are taken from the book by Prof.
I.P. Grave "YNUTRENNYAYA BALLISTIKA" (Internal Ballistics).
Pyrod namics, 3rd gdition, p. 217.
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Vx| [y xk-l/k ] ( 5 )l/k-l 3
8.X S Sameeeee e T ’
x X - 1 Ri\k+1 k +1

Jk -1
(2 \V&_ Visi /
s, X + 1 1/&\/f' k-1, k. (86)
x 1l - x
This equality gives the dependence of the relative pressure x in

the region back of the minimum cross section on the relative cross
section of the nozzle sx/s‘. Upon assigning values of x for various
values of k, a tzble can be compiled for the values of sx/sm, according
to which an inverse problex can be solved: i.e., the value of the
ratio x = p/pl {Table 30) can be found from the ratio of the cross

section of the flow at a given point to its minimal cross section.

Table 30 - Values of sx/sl for Various x and k -
k X 1/2 1/3 1/4 /5 | 1/6 1/10 11/15 | 1/20
1.1 1{1.018 | 1.180 | 1.373 | 1.569 | 1.762 | 2.500 [ 3.364 | 4.180
1.2 1| 1.010| 2.143 | 1.309 | 1.477 | 2.640 | 2.260 | 2.967 | 3.625
1,251 1| 1,007 ] 1,128 | 1.282 | 1.438 | 1.590 | 2.162 | 2.802 | 3.405
1.3 1! 1.005] 1,115 | 1.258 | 1.404 | 1.345 | 2.075 | 2.670 | 3.214
1.4 1 |1.002] 1.093 | 1.218 | 1.346 | 1.470 | 1.931 | 2.440| 2.900

Example. Determine how much the cross section of the stream must
be increased in order to obtain a 19-fold pressure decrease (at k = 1,.25),
At k =~ 1.25 and x = 1/10, we get 8,/8, = 2.162,
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S. EXPRESSION FOR DETERMINING THE REACTION PRESSURE DEVELOPED
DURING GAS DISCHARGE THROUGH AN OPENING IN THE WALL OF ;
THE VESSEL (1RACTIVE FORCE) ‘
Let us assume (fig. 113) that a gas-ia 2 closed vessel is under
pressure p. To each element of the surface s there is applied a force
sp or s{(p - pa), wvhere P, is atmospheric pressure. The velocity of.
the gas inside the vessel is U1 = 0, VWhen the apening of area s is
opened, the gases will be discharged through it, and the vessel will

be subjected to a reacting force composed df the following components:

Pig. 113 - Diagram of Gas Discharge and the Reaction Pressure

1) The force R' = s(p - pa)=: sp, acting in all directions before
the orifice is.Opened, and reacting in a direction opposite to the
flow of the gases when & portion of the wall of area s disappears.

2) The force R", originating in consequence of the gas discharge
through orifice s under the action of internal forces and determined
on the basis of the mechanics theory concerned with momentum aand
force impulse.

The elementary mass dm discharged through area s during time dt

acquires a velocity U snd an increment of momentuma dmU; it creates a

face impulse R"dt in the reverse direction:
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; ﬁ-‘“ﬁmw;éowc;ﬂwzf{fwfﬂmvw* Bt e R S T T e T T R e T
£ Ggec
- Rdt = dml = — sUQtY = dtu, B
(S, g 4
wheace - -~ - ST
/ |
- G .
{ 8" - S*e"’U.
‘ g

The full reaction pressure or the {ractive foqce originating upon

the discharge of gas threugh apening s will be expressed by the formula:

/

G, -
R=R'+R"a Szc U+ sp.

4

It is assumed tﬁereby that the gas velocity inside the. vessel
is Ul = 0 and that hence no change in gas momentum takes place in
a vessel of a sufficiently large capacity.
If we apply this formula to the discharge opening of a diverging

tapered nozzle of cross section 8,5 vhereby p = p, and U = U', then
a

R - Ggec ..

R o --—é—'q"i- Sapa.
Replacing Gsec' Ug» 8y and P, by values relating to the minimum
crossg section s and intei'nal pressure p,, we get, on the basis of
N 1 i

formulas (82) and (86)(*):

(*) I.P. Grave, "PIRODINAKIKA" (Pyrodynamics), Part III.

-5
.
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+ pasa -

— . [
) iﬂ ViE 2 k+1/k-1 Py 2gk e : ‘a [ Pa) k-1/k X
g K+ 1 ¥ \fk-l 11 \ Py

+E;a... .SLS -G k 2 k/k k-1/k+
plplsn m W k + 1 pl

. 20 1/k-1

aPy k + 1

4
3
1 1/k k-1/k
! X 1 - x
3 : . y
[
< _ i k-1/k |
. / xa
k + 1 k-3/k _
- kx /1 - x, 1+ 5221 P,y (87)
n k-1 2k k-1/k
1l - xa

Only the k, xa, p1 and 5. values enter this expression. It may
be thus concluded that the value of R is proportional to pressure py

inside the vessel and the area of smallest cross section sm;-it depends

P TR S )

on the exponent X and is determined by the degree of divergence of
R the nozzle which, in turn, depends on the ratio sa/sm. Formula (87)

1 can be presented in an abbreviated form:
R -C ampl,
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— k~1/k
7 2 \®/k-1 k-1/k : x
{ -x \ k+1 1 - x 1+ 5212
K + 1 \/k-l a 2k k-1/k
. l - x
a
(88)

’

- The coefficient § for = given nozzle depends on k only; it depends
on the mature of the powder only to the extent that it determines the
vaiue of k; it does not depend on the charging density, nor on the value
of p.

Langevin calls this coe}ficient the propulsive action coeificient.
In the absence of & nozzle, and if only an opening were present in the

wall, then, at

\ '_ ) 2 k/k-1
\ o S T
\

we would obtain

}\

\ 2
é X 2 k/k-1 1 + Kk -1k+1 -

Y K + 1 2X Kk - 1

\ : k +1

o \ k/k-1 '
w(k + 1) w (k + 1l)xy. (89)
k+1 :

If the hozzle were infinitely large and permitted infinite
divergence, And if the outside pressure were disregarded (in other
words, 1if the! discharge were into vacuum), then:
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—
x + 1/ 2 \Kk-1 kK + 1

Copax = K -k b
k - 1\k +1 k-1m

The following table gives the dependence of coefficient 4§ ov

P

the ratio between the discharge opening diameter d, and the diameter

of minimum cross section {Table 31).

Table 31

; d ‘

] 2 1 2 3 4 5 6
: %n |

; |

- .

] | T 1.24 | 1.62 1.72 1.80 1.86 } 1.89
; ' ,

: 5

1 ' — 1 4 9 16 25 36
i °n

:‘J

3 It can be seen from the table that as the outfit diameter of the

nozzle increascs, the reaction pressure increases rapidly at first

and then slower and slower, approaching asymptotically the value gmax'

nad. 394

In rocket shells it is customary to take ai— >» 3 in order not be make
the shell unnecessarily heavy. The coeffi?ient C changes very little
‘% with the change of k. '
6. FUNDAMENTAL FORMULAS
Thus, as a result of applying the laws of gas dynamics, the
Io{lowing relations have been established. '

Gas discharge velocity:

e

k-1/k
U = _EKLV 1_<p> / ,

o —
kK -111 Py

D adeli s bR

where P and Wy are the pressure and unit volume of gases in the
vessel from which the discharge takes place.
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Gas consumption through cross section 5, per seeond:

Ggac ™ ABmPy. .

where A - o coefficient depending on the nature of the powder (f and
kKel +0)

A = 0. 007 for pyroxylin powders;

A = 0.0085 for nitroglycerine powders.

v The gas consumption in time t is
t t

Y e g Giacdt = Asy, f pydt.
0 0

1 'If the gases are formed in the vessel in consequence of powder

burning, then

t
H [ .,.?_.' [ -—-e—-‘
. pdt ™ HE 4 Asa ™ ;

‘ the full ‘gas consumption during the powder burning period is

€1
: YK - Asm GI—.

The reaction lorce of the discharged gases is

GBQC

g

R =

U 4 8py -§smp1,

where C is given in the above table and is practically independent of
the coefficient kX = 1 + @, Thus the basic values Gaec' Y and R are
very simple functions of ballistic elements and of the gas pressure
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Gas consumption through cross section S per second: ' p

Csec = ASpPy, - ;

I

wvhere A - a coefficient depending on the nature pt the/?owder {£ and
k~ 1+ 9); g

A= C,007 for pyroxylinlpowders;

A == 00,0065 for nitroglycerine powders.

The gas consumption in time t is >

t t /,
Y - g Ggocldt = Asp 5p1dt.
0 o

/7

If the gases are formed in the vessel in consequence of powder

burning, then

t
e e
pdt L Y =~ As ——— 3

the full gas consumption during the powder burning period 1is

!
Yk - Asm ;;*.

The reaction force of the discharged gases is

- G
R_.sec

g

U + spl -§smp1,

where C is given in the above table and is practically independent of

the coefficient Xk = 1 + 0. Thus the basic values G Y and R are

sec’
very simple functions of ballistic elements and of the gas pressure

R,
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characteristics p In the vessel and of the pressure impulse at & given

instant: .

pdtuxa.{;—u.

e N
e

ty .
1
'x 5‘“" oy :
0

In some cases the movement of gas inside the vessél from which
i it is discharged cannot be disregarded, as, for example, in the case
of gases discharged from the bore of a gun, wherein the gas velocity
varies linearly from zerc at the base ©f the chamber to QA at the
face of the muzzle. In such a case an additional term will be added

4 to the two components of the reaction pressure (Iorcé) depicting the

?" change of gas momentum in the bore of the barrel:
3 G .
sec dl 4
R = U + 8p, + =—.
Pr¥ae

¥hen the gas velocity changes linearly:

a1 U w Yag ' r
——— SR u -— &R e — ;,
dt 2 g€ 2 X -
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CHAPTER 2 - THE APPLICATION OF BASIC FORMULAS CF GAS DISCHARGE

1. GAS DISCHARGE FROM A VESSEL OF SPECIFIC VOLUME

Say, a volume wo contains w kg of gas. The initial state of the
. ¥
gas is characterized by the values P+ Tl' vy o= 1%—. it i8 necessary

to determine the law governing the pressure and temperature drop as
a function of time. As in the case of the general theory of discharge,
we shall consider the process an adiabatic one. Then

()"

2

Py
but
Y ¥o
' - ——-, ' - -
1l W t
W . S G, dt
0
Therefore,
t t
1/k W - i Gsecdt jlcsecdt
(.R.) - S G —— (90)
Pl w W
wvhereby ‘
\ /o
Gsec L BKO T.

Inagmuch as

2o, 21 (p\VE_ P g p K/
v o Clpowo\Py ) vi \P !

F-TS-7327-RE “— . 395

PRy SR SR b il i Bkt 00 S0 bt TR ok ba il S

.y A



.05 0 T

5 HEEAC S LSy

L2 TRV, -

e e
LR W 3 N

B e T g BE T U
o o s SO0 A T e e

GBOC

Differentiating expression (990), we get:

1 pl-k/kd Ggec sKo [Py / g\ k+1/2k
pl/k W w1 Py
1

Separating the variables and iategrating:

kskK

1-k/% /p k+1/2k 4 p
p ] @ .. _0 ilmdt - - bdt,
P 151 w 1 ‘

"

where

x
kskK Py 1-3k/2x 1-3k/2k
;X dx = -~ bdt; x dx = ~bt

b = =y "
1

or

ksK P

2k 1 1
k-1 k-1/2k w ¥
% :

This enables us to find the duration of discharge when the pressure

drops from the initial value P to the given value p.
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t - L 1 -1, .
B k-1/2k
x-
where ™~ .

k-1 Ko Py agx (2 \1/E-1
B! = s and K _ = .
2 m w Wy 0 k +1\k + 1

This relationship i1s walid until the ratio between the outside and
inside pressures becomes equal to the critical value. When the

discharge is into the atmosphere

= 1.8 kg/cmz.

The full time of discharge is

t L {2 1
- 1. (91)
T g | x-1/2x
X
cr.,

These formulas show that the length of discharge up to a given
pressure is inversely proportional to the cross section of the nozzle
8p. Seolving the formula with respect to p = pyx, we get the relative

pressure change as a function of time:
: 5.
oL p
: p- 1 . (92)
2k/ k-1
(1 +8B't)
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1{ the values of t are given, p can be calculated and a p,t Eurvg X
can be constructed. The larger the cross section of the opening and
the grester the value of Pys the more rapid will be the relative pressure

drop within the vessel. Inasxuch as - ‘

i
2/k-1 . /,
vew(l+B't) ‘ (93)
sand
T - ,
T - —-———---———-1 . (94)
(1 + B'T)2

A comparison of formulas (94) and (92) shows that the gas temperature
drop inside the vessel occurs much slower than the pressure drop.

2. GAS DISCHARGE FROY THE BORE OF A GUN AFTER THE
PROJECTILE LEAVES THE GUN

Applying the relations obtained above to ggé‘ga;es discharged
from the barrel bore after the projectile leaves the latter, we will
have the following: prior to the start of discharge the barrel will
contain w kg of gas, 80 that the specific gas volume within the

entire—volume of the, bore Wo + slA will be

'A R - .w A 0(‘)

(*) Subscripts 4 and KH stand for "muzzle" and "bore,'" respectively.
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The pressuée 2t the atart of discharge equals the muzzle pressure

Pps the zas temperature is 2&’ the cross-sectional area of the flow

equals the cross-sectional area of the bore s,

Designating by B' the constant parameter

g - k-1 \/Eﬁ. s k-1 5 ! Pab
2o Vs T "7 %0 T

AA+ 1

for pressure, gas temperature and the time ol gas discharge, we will

obtain the following expressions:

Pp
p= ’
2k/k-1

(1 + B't)

Ta
T = :

- 2
(1 + B'%)

p k-1/2k
t._f-[(.ﬁ.) 1.
B p

A1l of these relations are valid while x > x_,. = 0.565-0.545,

r.

P

i.e., up to a pressure cf p,. = x 2 =1.8 kg/cm2. The total duration
cr, -

¢cf the after-action (or after-effect) of gases on the gun mount

is determined by the following formula:

-1/2k
£, w i (gﬂ_ k-1/ -11.
h 1.8 -

Example. Given a 76-mm gun, s = 0.4693 dm?, A, = 9.0, w= 1.080 kg,
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R TEIGTAIIW R, 0 Ly a e s

6= 0.70, p, = 600 xg/cm2, kK« 1.2, K, = 6.424,

0

B' =

608000 . 0,70
0.4693 \/ « 0.2792 * 64,8 = 18,10;

6.424
1.08u 10

lO
| S0
]

Pa_ . 800
1.8 1.8

p
- 333.3; log( l—"lé)- 2.523; & ;kl - .1}5;

Pa, pA)Vm 0.623
DY w 0.2103: [ - 1.623: - 22089
1°g(1.8) 103; (1.8 1623 T = 1810

= (3,03443 sec.

The discharge time until the pressure is 20 atm

t ! = 0.01807 sec.
20" ,8.10

1 600)1/12 L] . 0327
20 18.10

t

§
i

\

i.e., the time is almost one-half the full period of discharge down
\
\

to p, = 1.8, \
If Ty = 0.70 - T) ~ 0,70 . 2800 = 1960°K, then

\
v

\
1960 . ___ls6c + 1960

T v
f (1 + 18.1tn)2 (1 + 0.623)2 | 2.635

= 7449K = 471°C.

3. THE AFTER-ACTION OF GASES OXN THE GUN MOUNT
\
The relations introduced ia Sect#on 2 enable us to investigate
the after-action of gases on the recoiling parts after the projectile

\
leaves tho gun, ang, in particular, to determine the highest velocity
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of recoil, necessary for the design of the gun mount.

GRAPEIC NOT BE?WUC@L

L

Fig. 114 - Velocity of Recoil During the Period of After-Action.

The.reaction force R, arising as a result of gas discharging
irom the bore of the gun, imparts an added impulse to the recoiling
parts and increases the velocity of recoil.

The action of the gases ceases at the end of their discharge,
at which time the recoiling parts attain their maximum velocity vnax‘
" The cdrves in fig. 114 depict the gas pressure Pyy ©0 the base
ol the bore and the velocity of the recoiling parts V. Y% corresponds

to the instant the projectile leaves the bore, V corresponds to

nax
the periocd of after-action, tm‘is the time of recoil prior to the
projectile’s departure from the bore, ty 1s the period of gas after-
action.

If the recoil is free, the relation between the velocity of recoil

V and the velocity of the projectile (absolute) v, 15 expressed by the

formula:
1
. qQq+ — W qQ+ — W
v 2
- v, =z v
1. !
+ 2w Q
Q + 5 0
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because lkh)ie small compared with QG‘

2
Prior to the instant the projectile leaves the bore

1 1
G + — W E
: E
¥y @ e
'n‘ QO Aoa, 3
, where v, . is the absolute velocTty of the projectile at the instant

A i)

it leaves the gun. The recoil velocity increment &V = vmax - YA
is obtained a8 & result of the action produced by the reaction force

impulse develored during gas discharge:

tn
*E- Vmax - -"E- VA id Rdt. (95)
0

¥hen the recoil is subjected to a braking effect

ty

tn
%, ¢ f

. g ?nax - -—g-- VA -~ Rdt - Fdt, 1
- ) 0 0

where F i8 the resultant of the forces braking the recoil.

The problem dealing with the force R under counditions of powder
g% gas discharge from the barrel bore has been considered in

conslderable detail in a series of special texts.

aAuaasase

%e shall assume some of the simplest allowances, to wit: 1)

e

the cross section s of the barrel bore is the critical one; 2) thé

velocity of the gas at the ipstant the projectile is ejected from

Ehhat 2ok & witcs s

the gun equals the velocity of the projectile Ya a; 3) we take into

Koo S

account the change ol momentum wkg of the gases when the mean rate
v -

. of motion drops ivonm QA - J%— at the start of discharge to zero
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(U = 0) at the end of the period of after-action.

In such & case it vay be assumed that ' )

pd N
t t Um t v
f n B .
Rdt =( _s pdt + = dy ~{ s pdt .~ & A2,
0 D Vo a o
2

Co = U+ xey s Co = 1.22 - 1.24.

p is the mean gas pressure in the bore of the barrel.

The dependence of p on t is expressed by the formula:

P, X -1 s [/ Pl

p =~ , where B' = K, — \/L~————.

2k/k~1 2 0w Ag+ 1
(1 + B't)
Then
t tq
dt w !& a )
Rdt -g Sp hadl -~ .

j o7 A S 2k,k-1 8 2
0 ¢ {1 +B't)

Integrating, we get:

t sp t B'dt v
n
Rdt = SR ALE g
j I 2x/k-1 & 2
(1 + B't)
0 . Q..
F-TS-7327-RE " 403
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N oy
P

o [
- QOSRA k-1 1 ) Va,.a

[N}
Bt k + 1 k+l/k-1| & 2 ’
(1 + B't,?

Substituting the value of B', reducing, and bearing in mind that
‘the expression in square brackets can be assumed to be equal to unity

(0.995), we get

1 -
: t
i
I3
_ §02upA Bat 1 o Ya.a
Rdt \ .
R} K (k + 1) P B2

Introducing here the values

k/k-1 A/ k+1/k-1)
Kau(k-&-l) <—-—?—-—) andxom< 2 > vV ek,

k +1 k + 1

and multiplying the numerator and denominator of the first term by

v gk and bearing in mind that

¥ku
vy "VPA"A snd ngpAwA = Cp»

where cq 1S thie speed of sound 1n a gas under conditions correspou.ding

to the start of discharge, we get:

2z k/k-1
t 20(k + 1) Ca
k+1 v
Rdt = W A
b s N1/2)&+1/k-1) g 2
kg ¥ +1 (k + 1)
.~ y
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. 2
X

( 2 1,2
\f + 1

Ingerting the obtained expression in formula (95), we get:

R v . Qg v s 2 2 “ . w A.a
g max A Elk 11 g~ g 2°
Inasmuch as
q + 0.5w
V, = v R
o 3 AL-
v _Q"'O.Sc:) +“2_ 2 1/2 ﬁ_c’&v-‘\.a
max QO 4.8 kilx +1 QO Q) QO 2
Presenting vmax in the form
q + Bw q w
v @ eV, M | L B — v,
max Qo o q ”
we get:
R
4q w 2 2 1/2 Ca, !
\'4 e [l 4 - 3 —e v,
, \1/2¢c, i ﬂ
where the coefficient 8 = — - 18 called the coefficient
k lk +1 VA

of gas after-action on the gun mount and depends in the main on the

value QA/ﬁA’ Since c, varies within narrow limits, the predominating

L ——
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vffect on B is produced by the initial (muzzle} velocity of the
projectils,

At ¥ = 1.2 we get:

B = 1.59 ¢,/ v,

wvhere
,/p (A + 1)
Cp ™ \/gkgayg = 10.85 «ﬁ——ii—~—-;
A A
xt k = 1,25
c p. (A, + 1)
B = 1.51 2 ¢, = 11,06 \/ 2
Vo, A

Thzse formulas tie in the coefficient B with the charging conditions

and with the design data. 1In addition to this theoretical formula,

A there are also empirical formulas for the B coefficient, for example:

1400
By = ——— + 0.15 or By = 1300/v,.

gmu/sec

All of these formulas point at the predominating effect of the
projectile velocity at the instant of its cjection Irom the gun.
Example. A 76-mm cannon, p, = 600 kg/cm® = 60,000 kg/dm?;
Ay + 1 =10.0; A= 0.70; v, = 6800 dm/ sec.

!
60000 - 10 1 526
@ . . . el - v RO e w2, .
p = 1.5 - 10.85 \/ 0.70 5506 ~ 17-2° &850 35
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Ulsing the empirical formulas, we get:

fzr

1400 1300 : ) :

- 1800 | 415 -« 2.21: - 1390 4 012, 3

By = G0 * P2 " =55 9 ’

It can be seen that the/numbers obtnined\gy means of the empirical
{ormulas are smaller than fgose obtained by the theoretical one.

At a high speed v, = 1000 »/sec, A+ 1 = 5.0, b=~ 0.72, Py ™
~ 120,000 kg/dn® we get:

120000 . 5
1 .17.26 233 . 1.575;

B - 17.26
V 0.72 10000 10000
« 1400 4 035 = 1,40 + 0.15 = 1.55; B, = 1320 = 1,30,
1 1000 1000 :

The value of 51 closely approaches that of B. If in the first

case QO » 80q, then at w/q = 0.16

Y . ) _1.376 - Jcoa:
max = g (1 *2:35 ¢ 0.16) + 680 - Z:5® 680 = 11.7 m/sec;

in the second case Q; = 150q; w/q = 0.50 and

1000
~ 55 (1 +1.575 - 0.50) = 11.92 m/sec.

max 15

4. THE AFTER-ACTION OF GASES ON A PROJECTILE
The action of gases on the projectile after it leaves the
barrel is as follows, The velocity of the gases discharged in the

wvake of the projectile exceeds that of the projectile, and the gases

© F=T8-7327-RE 407
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—surround snd overtake the 1atter,’so that the projectile actually
noves tor‘a certain period of time within a mobile‘gedlgﬁl At thé
gane "time the gases continue to #xert a pressﬁre on the base of the
projectile, thus increasing lts velocity even after the projectile
has left the bore. . .

. Thus the maximum velocity is not the muzzle velocity, but the

velocity at some point a short distance ahead of the gun muzzle face.
Nev;rtheless %11 the known methods of computation in internal
ballistics permit to conclude the computations at the muzzle face.
The muzzle veiocity Yo obtsained on the basis of test data is computed
by reducing the velocity v, recorded by the chronograph to that of

the muzzle face, under the assumptiocon that the velocity beyond the

muzzle face is continuoqsly decreased by the sction of air resistance.

. ' GRAPHIC NOT REPRODUCIBLE
TRETIPTEY ) f&%‘?

Fig. 115 - Projectile Velocity in the After-Action Period
I) frame~target; II) frame-target.
Figurse 115 chsracterizes the relation between the velocities
of the projectile at different points of its trajectory.
Th® projectile leaves the muzzle face with an absolute velocity

Va2
FP-T8-7327-RE 408
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following which it decreases because of air resistance. Using a
chronograph and iwo frame-targets, A (the average velocity betwean

1iame-targets I and II) is determined. Then, using formula

vo - Vo +«Avc, .
where
g 1qZ%
, Ay = =3¢
/: . € 42aD(v)

~

we can compute the so-called "initial" velocity of the projectile,
whereby the affect of the after-action of the gas powders is not
tzken into consideration, and the correction AV, is computed using
the normal resistance law. In consequence we get the following
relatioas: .

v0 > vmax > VA'a; VA - VAOa + ‘:a‘ > VA.a; vAf:: VO.

Therefore, it may be sssumed in practice that the relative
muzzle velocity Va qalculated in solving the problem of internal
ballistics, is approximately equal to the "initial" velocity Yo of
the projectile determined by test by means of a chronograph.

The law goverring the change of velocity and pressure in a
stream of discharged gases, 28 well as the law governing the change
of the stream’s shape when the projectile is situated in the stream,

lend themselves to experimental analysis only with great difficulty.

- % V;
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Gas dynamics offers only an approximate relationship for
determining the gas velocity in the absence of solids distorting
the stream, which relationship doss not take inte account the
external presszure.
In view of the absence of reliable theoretical relations‘for
determining the velocity incremght of the projectile, we are presenting
" here certain test data on gas after-action. Spark photography and
ultra high-speed photography make it possible to study the phenomena
occurriang durirg the motion of the projectile after it has left the
.barrel and during the discharge of the gases from the bore.
We shall not attempt to enumerate here all the tests of this
type and limit ouwxr discussion to the firing of small arms and howitzers.
Y¥hen a shot is fired, the air present ip the bore is ejected causing
& spherical impact wave at the face of the muzzle. Next there appears
& small quantity of gas escaping through the clearances between the
wvalls of the bore and the surface of tye bullet or projectile,
. followving which there appears the bullet or projectile itself,

Next in order is the discharge of powder gases causing a shock
wave upon encountering the outside air, which is responsible for the
report of the gun.

The powder gases surround the bullet or projectile and tend to
nove forward with a veloclity considerably exceeding the velocity
of the bullet. | }

Air resistance and friction cause the powder gases to rapidly

¢ lose their velocity. A certain distance away from the muzzle face
(about 35 ¢m) the bullet begins to overtake the gases, and thJ\
ballistic or bow wave usually accompanying the flight of the pgejectile

~———
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originates at this instant. The photographs in figs. 116, 117, 118
and 119(*) taken by D.F. Chernyshev show that in addition to the
ballistic wave around the bullet, a2 large number of similar waves
accompanies the unburned flying particles of powder ejected {rom the
bore.,

¥hen the projectile velocity exceeds the speed of sound, the
ballistic wave gradually emerges from the spherical socund wave in
the form of a cone (see figs. 116, 117, 118 and 119). This is
accompanied by clearly defined masses of condensed gas accompanied
by eddies and by the appearance of stationary waves when the powder
gases are discharged. The latter phenomenon is explained by the
foliowing: As the pressure drops gradually, the gases in receding
from the muzzle face cause local increases of pressure (pressure
Jumps), the pressure becoming maximum at the poiats where the gases
become corndensed. As the gases are discharged, the position of the
first maximum changes - it is gradually displaced toward the muzzle
face. The occurrence of such masses of condensed gas 'is mainly
explained by the gradually increasing effect of air resistance.

As the pressure cbanges; the gas velocity increases at first,
nainly &t the center of the stream, where the gas is not affected
by outside friction; however, at the points of condensation and
increaged pressure, the gas velocity again undergoes a considerable

decrease,

(*) These photos ure missing from the original text. Editor.
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According to observations made by Kampe-de Ferier in firing
& 37-mm cannon having & muzzle velocity of about 720 n/sec,
approximately 0.0015 sec before the shell leaves the bofa, poérly
iuminous gases begin to appear from the bore and disperse with a
velocity of about 300 m/sec. Rirectly after the skell\iigves the
muzzle face, a lateral gas disch&rga'ggcurs through an anﬁular
clearance between the walls of the bore ans the base of the projectile
with a velocity of about 2000 m/sec. Taen, as scon as the base of
the projectile recedes from the muzzle face, the expanded gases
proceed forward with 3 velocity of the order of 1400 n/sec, and
inasmuch as this velocity greatly exceeds the velocity of the projectile
(720 m/sec), the euntire gas mass ~=tches up witﬁ and overtakes the
projectile, and completely surrounds it.

The velocity of the forward layers of the gas mass begins to

decrease thereby in the following order:

-

t, BeCicereooso 0,001 0.002 0.003 0.004 0.005 0.007 0,009
v, m/8ecC... ..., 780 750 580 - 470 370 320 310
The velocity of the projectile continues to approach the value
of 720 m/gec, and at t = 0.007 sec it emerges from the gas mass and
i relieved of its influence, its distance from the muzzle face.being
5 m at that instant,

The gis cloud explodes zhout 0.019-0.028 sec later, at which
time the velocity of the forward layers of the gas incresses frou 120
"to 180 m/sec.

Tests were conducted by Okosi in Japan in 1913 to determine the
change in the velocity of & rifie bullet. A specisl cbronograph was
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used in these tests perm}tting the use of several targets sxmulta?éously.

It wag found ‘that in 10 cases out of 14 (71%) the velocity was /
maximum;, in the remaining cases (29%) 2 minimum was obServeJ followed
by & maximum, where the maximum velociiy exceeled the muzzle velocity
in all cases. Okosi concluded that for the Japanese rifle of 1898
issue the maximum velocity is obtained at s distance of about 1.5 m
from the muzzle Igce, and that the increment constitutes only about
0.8% on the average, At a distance of 5 a, the velocity again drops
to that of the muzzle velocity.

Tests were conducted by N.H, Platonov for the purpose of
determining the period of gas after-action on the base of the projectiles
in howitzers with relation to the distance traversed. Curves were
obtained showing the change in projectile velocity and the pressure
acting on the projectile’'s base (fig. 120a and b) during the period
of after-action. fhe curves were ﬁbtained by means of slow-motion
photography.

Figure 121 represents a curve of the pressure exerted on the
base of the projectile for a reduced change, obtained from the
apalysis of the v, X curve,

A comparison of the v, X curves cobtained with a full and reduced
charge (fig. 120a) disclosed that the length of the period of after-
acticn is approximately doubled in changing from 2 reduced to.a full
charge. Curve poy, X (fig. 121) shows that the pressure exerted by
the powder gas on the base of the projectile during the periocd 61

after-action rapidly decresses as the distance traversed by the

projectile increases,
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It ahould be noted here that in line with the positive results
cited here, tests conducted by other investigators employing different
- methoda have prod&ced opposite results, It may be concluded therefore
that the gdbjact problem is s8till in the stage of experimental study
and that nost of the sttention should be directed towards the develop-
rent of new methods for the study of bullet motion during the period of
after-action and for thg establishment or determination of errors

peculiar to the differant methods used.
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Fig. 120 - Change of Fro- Fig. 121 - Pressure Drop During
e Jectile Velocity ) the Period of After-Action

“‘Daring the Period
vof Alter-Action a) kg/cmz; b) reduced charge.

%) v, m/sec; b) full chnrge,
c} reduced charge.

CHAPTER 3 - BUENING OF PO¥DER IN AN INCOVMPLETELY CLOSED SPACE

1. PRESSURE EXERTED BY GASES WHEN DISCHARGED THROUGH A NOZZLE
DURING BURNING OF THE POWDER

The process considered here applies in practize to the following:

‘1) v¥hen powder is burned ina speclial manometric bomb with nozzle,
for the purpose of investigating the burning under conditions
gsixulating powder burning i;'h gun - where the pressure rises and drops;
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2) 1n a separate combustion chambef of a gas-actuated gun;

3) In the chamber of & rocket shell.

In =11 of the above cases the gas inflow due te the burning of
powder is simultaneously accompanied by the discharge of a portion
of the gas through a nrozzle. Therefore, the pressurz during the
burning process may drop as well as increase. Under these conditioas
the process will vary; depending on the pressure msintained in the
chamber: the lower the gas pressure in the chamber, the easjier it
is to keep it constant. ¥e shall first consider the case of high
pressures, for which the burning rate law u = u;p is valid.

Let us compile a formula for determining pressure in constant
volunme WO at a given instant under the condition that a portion of
the gas is discharged through an opening (nozzlel,

%e shall designate the quantity of gas discharged at a given
instant (in kg) by Y and the ratio 1%— vv .

¥e had derived sbove the formula for gas discharge in time t:

t

Yo j Ggec dt,
0

vhere G .. = Asp,; the pressure in the space from which the gas is
discharged equals P and the cross section of the nozzle is 5; A
is the discharge coefficient.

The pressure Py is not constant when burring occurs in a bomb
with a nozzle; it changes continuously and hence the discharge process
will not be a stable one. In order to evaluate the process, let us

assume as & first upproximation that the relation derived for a

stabjlized diecharge process also applies to our case, wharein p
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varles constantly with respect to time. Then, denoting by p the
surrent gas presgsure in a chamber with a nozzle and by s, the cross

section of the nozzle; we get:

G - Asmp;

sec
t
Y = As, f pdt = As I
. 0

and at the end of powder burning

We a2rrive at the conclusion that the gas discharge during burning
of the powder is proportional to the pressure increase impulse

at the given instant, and at the end of burning - te the full impulse

Iinasmuch as the impulse I  depends only on thickness 2e; and

¥

the rate of burning u the gas discharge does not depend on the

li
shape of the powder and its burning progressivity. It may be assumed
for sufficiently small cross sections s, and T = igl-=u 1.(*) 1In such
1

4 case the expression depicting the pressure at a given inmstant will

be:

(*) The relations taking into account the lowering ¢f gas temperature
in the presence of large cpeanings are analyzed in specizl texts.
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£y~ Y) fuly =% )

Wy = alwy- V) - S0 -¢) Ko = 5 - y)-auly -)

18(y -7 )

A
1= 2+ ~vy)-an{y -%) / ~—

At the end of burning, we will have:

Yy Ix -

"fx"'li ’?K"’;“"Asm—;";

_de(l =7y) 1A -y on

& T3 -aw(l -%.) 1 - aall -7
0 K X

Using the designation &(1 -N ) = Ay, the formula will be

transformed into the usual Noble foramulz:
p = ————, (98) °

where Ay is that charging density at which the maximum , > essure
Pm = Py would obtain in a closed space.

Tho simple rule for calculating the powder charge or thé density
of the charge producing the required pressure Py at the end »f
burning follows from the above. Using Noble's formula, the values
are found of‘AK'or Wy 2t which the pressure I would obtain in

& closed space:
» L §
oPK
pk or UK 3
f + apg T+ apy

AK-
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Then, using formula

€
Yy = Aspl = As, o

the weight is determined of the jases discharged through a nozzle of
cross section Sy during the period that the powder is burned with
impulse Ix. The sum ottax + YK will give the full charge which,

when burned in a bomb with nozzle Sy will produce pressure pg.

o

1

The value of IK o f pdt can be found beforehand from a test
in x closed bomb, inasmugh ag the magnitude of the pressure impulse
for powders of simple shapes does not depend on A and should not
depend on whether the pressure increases according to the law
appliéabie to & closed bomb, or decreases more slowly, or even
drops in consequence of the discharge of a portion of the gas through
the nozzle. Indeed, if we designate the pressure in a2 closed bomb
by P, and that in a bomb with a nozzle by p, and the times T and %,
reaspectively, then upon burning powder of the same thickness in a
closed space, de = ulpdT. ¥hen powder of the same thickness is
burned ia a chamber with an opening, de = ulpdt. Because. ags_a result
of partial gas discharge p { P, the time interval necessary for the

burning of the same thickness de st the smaller pressure p will be

correspondingly longer, and the total time will therefore be

-—

PdT = pdt,
F-T8-7327-RE 418
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and hence -

1 1
S PdT =~ 5‘ pdt = L.
o 0

Therefore, in order to determine the gas flow through the nozzle

durjiong the time the powder 18 bu&ned, use can be made of the impulse

Sk

1
IK - j PdT calculated from a test in a closed space (a manometric
0 /
~ Y

Once the values of IK and Yy -are known and the value of I =~ pdt

; bomb).

e

0
is obtained Irom the pressure curve, the value of % can be fcund for

any given lnstant and the corresponding value of \y then determined.

S b e e S LA i

k.
-

S
Ix

I
- Wee m— x
Y ? Y 1 or .? zx

- .

Solving formula (96) with respect to y, we get:

1 1 1 1 .
P(T““&f‘)*’"““‘” T 2+ ap
] - - + .
Y t+pfa- fia-L 1
: P 8 P 5 \e-73 )P

The first term of this equation represents the usual expression
for the portion y of the charge at which, in a closed space at the

same cikwrging density- A as in a chamber with a nozzle, the obtained

Al it
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pressure is p; the second term takes into accc;nt the influence of
the discharged gases.

The magnitude‘qx is precisely the one characterizing the relative
intensity of gas flow, or the relative gas discharge during burning
of the powder; it is8 the greater, the greater 5. and IK and the smaller
the charge w, but always'qx <1,

2. PRESSURE (URVE OBTAINED IN A NOZZLED CHAMBER
¥HEN THY DISCHARGE OPENING IS SXALL

We shall consider, as in the case of general pyrostatics, the
case of 1 powder with a constant burning area (X = 1, A= 0, S= 1),
The instantaneous pressure is expressad by the formula:
tuly -7) fu(y -7 )
p= - .
¥+ awy
’lo - 98-(1 -~ )-aw(y - 7) ¥

The denominator in the right side shows that if a portion of the
gag (W) is‘discharged, the free space during burning will be gre#ter
and hence undergo a2 smaller change than WY - the free space obtained
during purning in a closed space. Hence, as in the case of general
pyrostatics, the mean value of the free space can be used to determine

the general character of the phenomenon. Assuming thaty = =

2
T Mg Asply
and‘Qav. - Y o 2o’ ve get the following expression for the average

value of the free space in the chamber:
Q-
Fav. = Way, + Oy, = W - @'W+ W
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The pressure formulia will take on the form:

£
P =g

a———

&V,

(v - 7).

Differentiating with respect to t and bearing in mind that for

a powder with a constant burning area or for a strip Ko,y = 1 &nd

dy M. p 91 ASP
we will get:
dp fw 1 A fo [ L
- = wem— p - -
dt L I w R
av., K W&V.Ix
fw
e (1 = ).
wav.IK
Denoting the constant
{fw
.—..__—...(1 _"! ) - _.1_..,
Yav. Ik LS T

separating the variables and integrating the obtained equations we get:
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or

Fig. 122 - Pressure Increase Curves when Burning Powder
in & Bomb with a Nozzle, :

We have obtained the same formula as when burning powder in a
constant closed space, although the constant Ty corresponds to the
burning of charge w(1 -'QK) < w yrather thsn charge w, and hence
the process of pressure increase is slower, i.e., the same as it
would have been in a closed space ?t AK -id(lwg %K)
than the actual A= F"—’-. T

0
The full time ©f burning under these conditions is determined

which is smaller

by the formula:

Py
t, = 2,303 ¥, log ~——.
K 1 P

It should be noted that also the pressure Py of the igniter
under conditions of partial gas discharge will not be equal to the
rated pressure under cornditions of a closed space; a correction must

/
be made for the gaz discharge.
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The curves in fig. 122 show the pressure increase: 1 - when ¢he
powder 31s burned in a closed space; "2 - when the same charge 18 burned i
with a portion of the gas discharged through a nozzle.

Both curves are theoretical ones under the assumption that :
burning proceeds according to the geometric law. It has been shown
however that the true characteristic of pressure increase differs

from the theoretical by the fact that the pressure curve is bent at

S ae

the end and that it approaches the herizontal tangentially rather

. LD Gred * N AR AL

than at an angle.

PR TATY

Therefore, when powder is burned in a chamber with a nozzle,

vl e,

curve 2 will likewise be distorted.

The problem dealing with the effect of the charging conditions

Fand AP el s A

and of the burning of powder on the law governing the pressure increase

Fys

e

wvhen a portion of the gas is discharged through a nozzle, can be
solved graphically in its first approximation.
Indeed, the input of gases per second as a result of powder

burning &t high pressures is expressed by the well-known formula:

dv 5 s
w -w u,p kg/sec =wip;
dt A 5T P

Ohg e D el LSt NS A ST A et PR T, e S AT . L

and the gas discharge (output) per second is expressed by the following

formula: i
dY d7 ]
GBOC -~ a—t—" =) :i_{- - ABRP. j
3
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1f the input exceeds the output, tge«pressure ia the chanmber
will risé; if the procedure is reVerged, the pressure will drop.

If thé input equals the output; the pressure must be maximum
or remain constant. Hence ;ﬁé pressure change depends on the rnt;os
dw/dt and d31/dt. & simple.relatiOnship is obtained between the
charging conditions and the powder burning characteristics, permitting
a direct answer to the problems dealiny wifth the nat&re of the

pressure curve aad with the condition of obtaining the maximum pressure

before the end of burnidg.

Everything depends on the ratios:

‘ S
ur- [ 8] _1... ._S.... u and As
A 57 1 »?

where Asa, characterizing fhe flow conditioné, is a constant, and wl
ig usually & variable and becomes constant only for powders.with

a coastant burning area. Therefore, these values can be made equal
and the pressure Ppax G20 be obtained only &t a certain instant.
Thereafter éhe pr:;sure will begin to drop o£ éise because S/S1

usually varies in one direction only.

We thus get a simple graphic solution for the problem. If it

is required to find out whether the end of burning will obtain after
the maximum Prax i8 reached and the value of w, to which the maximum

pressure will correspond, the answers will be obtained by constructing

a curve for the given powder depicting the progressivity of burning
Wi’ ag a function of ¥, 2nd & straight line aa' must be then drawn
parallel to the abscissa at o distance As, frow 4t (fig. 123). 1If
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the entire line aa' lies below line 1-1; the gas input during the

entire burnlnpg process exceeds the gas discharge through the nozzle,

the pressure curve rises continuously, and the maximum pressure

coincides with the end of burning. The aangle of inclination of the
" curve g%- \ will be maximum at the end of burning {curve 1-1 in

/x

fig. 124). 1f line aa' starts below the Wi curve (see fig. 123)

ek et 1 il

and then intersecty it at point b and continues shove it, it means
that the pressure w!ll first increase, pass the maximum at point b(Ym)
wvhere the gas input equals the gas discharge, and will then drop,
because the gas dascharge Asm per second will exceed the gas input
(R A

A pressure curve 2-2 (fig. 124) is thus obtained with & smooth
inflection at point Pr and 2 descending porticn showing & pressure
drop between p, and py.
2 In fig. 123 curve ﬂr (3-3) lies below the line aa'. This indicates
1 that the discharge will always exceed the input, that the pressure will
i ' continuously decrease (curve 3-3 in fig. 124), and that the powder
may burn slowly and may even tend to die out.
ﬁ The [ curves in fig. 123 represeant strip powders of varying
thicknesses: 1-1 for thim strip, 2-2 for strips of average thickness,
and 3-3 for thick powder. Hence, with the same powder shape, by
varying the thickness of the strip and leaving the charge and cross-

sectional area of the nozzle unchanged, we can obtain al) three forms

Contrariwise, for the same powder of given dimensions, by varying

j o? the pressure (increase) curve.
¢
3
A
%

,}%:f the nozzle opening 8 or the weight of the charge w, the positicn
L of line ax' or wl can be changed and with it the characteristic of
& f{g
’g% P-TS-7327-RE 425
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3

" the curve depicting the prossure increase in a chamber with ® norzla.

Therefore, a chamber with a nozzle, 1f provided with means for
recording the rise and drop of pressure, makes it possible to test
powders at considerably greater charging densities and under conditions
gppreaching those of powder burned in a weapon; i.e., not only under
cenditions of pressure rise, but also under conditions of pressure drop.
AXl of the above conclus:ons snd the possibility of obtaining
maximum pressure before the end of burning are based on the analysis
of theoretigal curves of progressivity [T calculited reccording to the
geometric law, Actually, of course, the test curves [,y differ in
character, i.e., they differ in regard to regressivé powders by their
beginning and end portions, wheréas ip regafd to progressive powders
thay differ along their entire zero-to-unity imterval. Typical
diasgrans for strip (or tubular) powder {(fig. 125) and for powders
with many perforations (fig. 126) are presented below.

i
t

Qg« Fig. 123\— Gag Input and Fig. 124 - Curves Depicting
e .- Dischange Characteristic Pressure Variation in a Bomb with
e { Cu?ves. a fozzle.

g%i’ ) A cOnp\rison of the uﬂbn and as’ diagrams characterizing the
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size of the nozzle indicates the impertast differsnce between
experimental and theoretical curves r,wrwhich musi be reflected op
the nature of the pressure curves p, t obtained in the presence ol
2 nozzle on the chamber.

Inasmuch &8 the test curves (;ny ghow » charp drop 2t the exd
of burning and tend toward zero, they must be intersected by the
line 2a’; the maximum must olcur before the end of burning, whereas
thes end of burning will occur on the descendipg branch of the
pressure curve.

The ascending portinns ot the r,w curves at the start of burning
point &t a gradual ignition at ignitor pi:~~ures of 20-40 kg/cmg,
and if the f;eo curve lies a considerable distance below the
correspondiag straight lipne aa', ignition cannot take place and the
powder will be extinguished because of lowered pressure. Svch
examples were obtained in testing cyiindrical grains for ignition.
¥hen a pyroxyline igniter was used capable of developing a pressure
of about 50 kg/cmz, it was often found that after it was burred its
gases would exit through the nozzle without igniting the powder
charge. A subsequent examination of the powder grains would show
that the latter were partly bucrned and became extinguished wher the

pressure dronped. Actual calculations for one such case show that

B
—_— = 0,007 - =~ 0,098 .
A " 7 5005 cm” kg sec,

sad for this - powder the theoretical [y = 20 - 0.0075 = 6.150
cn?/kg - Bec.
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Fig. 125 - Relation Between Gas Input and Discharge per Second
when Burning Strip Powder in Accordance with the Physical
Combustion Law.

GRAPHIC NOT REPRODUCIBLE

Fig. 126 -~ Relation Between Gas Input and Discharge per Second
e when Burning Powder with Many Perforations im Accordance
13 with the Physical Combustion Law.

N e S e
S e e

~,5§ If the ignition were instantaneous, the powder would not have

b . X s
1% . been extinguished tecause Fin > A 1%—(‘). But inasmuch as ignition

L

-=~-- - ig not instantaneous, and the initial {" can actually equal 0.040-0.050

and then increase to 0.200; the value of " at the 'start of ignition is
5
actually smaller than A %§~, the discharge through the nozzle exceeds

the gas input, and the powder does not ignite.

* (*) Subscript T.U. stands for "theoretical, initixl.” Editor.
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3. DERIVATION OF HAXIMUM PRESSURE FORMULA

-a

. .
JERRETEN ETNCT sy TS

Aécordidg to the. physical law of burning, all powders without
exception, when burned.in a chamber with a nozzlée, ‘due to the sharp

surface area decrease at the end of burning, must develop maximum

pressura befofé the end of burning, and hence a maximum g%" - Q

’

TS T N
Eh T SR A s e e At e RARER 1§ SN
P— - a—

must cccur on fhe pressure curve without fail. We shall dervive the
condition for obtaining maximum pressure and a formula for Py from
the fundamental equation of pressure in a semi-closed space,

1
¥e had presented above the general pressure formfila:

a0y - ) a
p- - e

4

1 - %-(1 ~yl-aB{y-7)

In .order to determine the conditions for obtaining'pm, ve
differentiate p with respect to t, bearing in mind that
s ) .
g.‘j'_ - rp and ﬂ. --AA-E.‘...p. ...
dt dt b ‘
We get: o - ’ d A d ‘
d an —aal XY _dn L8 dy
’A<5"t£“ - a'g"\) SR W TRRE-TY BN I T
p = b‘ - P b - -
- . .
* /
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. Equating the derivat@ve to-zero, we obtain the condition necessary
] for cbtaining pg:

Elimirating 5 and dividing by f, we reduce similar terms:

£l o ] . "N\ ]

- 3N - \ P 8 p P ' ’
X r I T ) e it YRR )
v !. 1 +‘ 3 ra A‘ " l +¢ 2 R

}}? S whence:
. Wl = As,n’, m
where , . ' ! -

| § . ' Py
¥ X . 1 +0—

,’ ..‘ ’ - ~ - f > 1 '
‘i RN A 1 pn

I+ a - e
i ) &)1

At £ - 200,000, ¢ =« 1; the value .of n' depends on pressure P and can

?*ﬁ . (j‘ be computed in advance: = . -

s —— - - ¢ e aeeye W e

‘ oo = 1-014; nmjg5p = 1.066; ngp o = 1.126.
1 P-15-7327-RE 43¢
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In the first approximation for rockets, where P & 250 atnm,

n' = 1; for chambers with nozzles n' = 1.,10.

c e, MW&,«»({%’“\ N

Taug, in order to ohtain Py: 1t is necessary that the inflow
of gas per second at p = 1, i.e,,wl, satisfy the condivion (N),
i.e., that it exceed zpmewhat the d;scharge of gas per secoad

reduced to p =~ 1.

o
&

v owar

Having obtained from bomb tests or by means of theoretical ¢

calculations curves of w and I as a function of I, and also the

straight lines i;g n' for various charges wi, the problem of . ;'

determining p, can be sqlved as follows, . T ‘ ,
Passiug the straight line A :g— n' for a given weight of charge

{ b
through curve [, I in fig. 127, we find the point of intersection a,,

and dropping & vertical from this point we determine Ini on the
8
=
abscissa and ﬁhe value y . on curve y. With A:E— and Ini
corpute the relative gas discharge at the instant Pp is obtained:

!

known, we
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~fig. 127 ~ Graph for Determining P, Durinsg Gas Discharge.

Substituting the obtzined values of w, andq _ in the pressure .
formula, we find:
f\A(‘.!’n?;'zn)
p_ - : ’
C1-e2{l -y )-asly, -7 .)
T Y Yo ~

where

As 1

?~»- Y:iwae=

-It is known that the gas inflow Y= Far is expressed by the

Q\_/-\H .

area bounded by the { curve and the abscissa I, and the gas discharge

As
'7 _,l I by the areax of a triangle of altitude A-—— and base I.

Thg dif!erence;between these areas, cross-hatched in fig. 127, gives

the gas residue in the chamber. The greater the charge W, the lower

: 8
will be the straight line Q;E-, the greater will be the cross- bntched

area w_ -7V, the.later will the maximum pressure occur, and the

grester wiil be the maximum pressure.
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It is of interest to note that the con&ition for obtazning
maximum pressure obviously does not depend on the volume'of the
chamber and’the charging density, but, rather, on the ratio between
the oppositely reaxcting intensities of gas inflow an and gas

lscharge Asp, similarly to the condition in a gun wherein the
maxi;:;\dbtainable pressure depends on the ratio betwezen the intensity
of gas inflow wi’ and the rate 0of increase of the volume of the bore -
sv.

The obtained derivations are valid for high pressures (above
1000 kg/cmz) or for rapidiy burned fine powders, when the burning
rate law u = uyp holds true.

\ At low pressures (up to 250 kg/sz) and for very thick powders
the burning rate law u = u;p no longer applies, as was shown in the
chapter dealing with the burning rate law, and the relationships
become somewhat different.

At small pressures and relatively slow burning of the powder,
the mass of the latter succesds in becoming heated to 2 considerable
degree; the more so, the sloser the process of buraning. Therefore

the rate of burning u, reduced to p = 1 ‘increases at low pressures,

1
and begins to decrease as the pressure increases.

Inasmuch as the true change of uy with heating and the degree
to which the powiler mass becomes heated at different rates of burning

have not yet been determined experimentally, formally this phenomenon

4

of burning reduced to p = 1, wkich is more intense at small pressures

1and less intense at high pressures, can be expressed by the burning

T —

rate law:
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where u) 3 u,, whereby : . /
3
”/ ul
-
’ 1 pl-y
. \ ‘ ‘ dy / o
. : Ip such a case the rate of gas 1nflow:n3;- will be expressed by
) . ) i
the formula: . . ' /
d s
o oY S

1 v
Wz, 2.y = & Su’pY
dt A 5 1° 1P

and the intersity of disch;rge will bE expresseé by the previous

- relation

dY
& Gsec ™ at As_p.

” e o
¥ et e t—
e c .

As was shown by Prof. Ya. X. Shapiro, this diversity of the
exponents in the laws governing the input and discharge of the gases
leads to a fery interesting property of self-regulation and leveling- .
off of the P, value; manifested during the burning of thick powders
in bombs with nczzlés at Jow pressures (10 to 200 kg/cmz).

Indeed, if we were to depict tas input and diachirge of gases
,(*? in fig. 128, the first process would be éepresented bY & parabolic

curve and the second process by a strrigkt line passing through the

it B o e i S S

] .
' origin of the coordinates, whose tangent egvals A:%— and can be chosen
\ -
_F-T6-7327-RE ’ " 434

e e w
[ . A

S

F s et ]




e at will, ' ' j

Say, at point a the input aad discharge of the gases become
squalized and the pressure remains constant. Should the pressure be
increased (to th2 right of point a), the intensity of gas discharge

will become greater compared with the gas input and the pressure will

e T L E - VS UV

! | . drop, 1.e.,/the process wiil reverse itseilf towards point a;
! maintaining p_ = const.
i

In exactly the same way, when the pressure drops (to the left
of point &), the gas inflow process will be more intense, and this
will cabse the ﬁressure to increise 2nd to tead towards pm = const.

Therefore, at low pre;sures, when the burning rate law is o
u = uip“, the process of maintaining the gas bressurg at a specitic
level will be of the self-regulating kind; it will be more stable
ﬂ’i { compared with the process of pressure change when pbwder is burned
‘ . at high pressures of the order of 1000-2000 kg/cm?.

This tendency towards leveliug off of the pressure can be noteé
by comparing diagrams T, I and A:E—, 1 under different burning rate
Jaws. It has been established by actual tests that at high pressures,
at A > 0.10-0.12, the {integral curves I as a function of y do not

depend on A and coincide at different charging densities. At small

e ke *

charging densities and low pfessures the integral curves assume lower

positions, which are the lower, the smailer the charging density.

W oaaeals L <o A e

Correspondingly, the [, ¥ and I,\gcurves also coincide at high
charging densities; at low charging densities the r; Y curves are

disposed the higher, the smaller the value of &; curves [T, I, at

the start, are likewise disposed higher and are then intersected by

A ey
g o ey -

R Ll g
PRI T S Ea
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I, I curves at higher values of B, because the total area

{dI = 1 « const. 0

GRAPHIC NOT REPRODUCIBLE

Fig. 128 - Diagram Depicting the Rate of Input and Discharge of Gases.
For high densities we will have the former graph (see fig. 127),

where [, I and y, I are the same for different A(from 0.12 to 0.25).

We shall construct an additional graph (fig. 129) for low charging

densities taking into account the change of I and I obtained with

the change of the charging density. Let Al < A2-<.43; let us see

what happens when tﬁe gas inflow with velocity [  occurs simultaneously

. As
with a gas discharge at the rate of 139 per second.

| .
\ . C NOT REPRODU 57 v
i R - "3‘

LY

Fig. 129 - Rate of G s lnflow ard Discharge at Small Values of A
The smaller the value of A, the smaller will be the pressure
developed by burning powder in a constant closed space, and the
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higher will be the cisposition of the I, I curve on the gra;h.
&
¥hen the input Fm balan 3 the discharge A1§—n' at point as,

As ) :
the straight line —;En’ will lie above r% snd the pressure will

begin to drop; however, at a lower pressure, use must be made of
curve rz lying above Fa, and point a, can be intercepted at the
same pressure. The same will occur in region &,=ay, whereby
*3'<“Y2 <‘¥1-- the burned portion of the charge grows, whereas the
pressure remains constant, because the gas inflow equals the gas
discharge. This will not occur at all at high pressures, at which
curve r) I i8 the same even after it intercepts point a1,Apoint ag
or peint 8,- The F, I curve will be disposed below line -;?n',
and the pressure will continue to drop only.

K.E., TSIOLKOVSKY'S FORMULA

A rocket is propelled by the reaction force produced by the
gases discharged from it. The Great Fatherland War has given us
many examplcs of rocket application both in our country and in the
countries of our allies and enemies. These may be exemplified by '
our famous "Katushas'" or by the German multi-barreled rocket (mine)
throwers.

Ye shall present here the derivation of the famous Tsiolkbvsky
formula for determining the velocity of a rocket on the basis of
the relations presented above.

We shall designate by Q the total weight ¢f the rocket, the
charge included, byw-~ the weight of the powder charge, and by

q - the weight of the rocket less the charge, so that Q = q + w.
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The total weight of the rocket will vary in flight fm')m Q to
"'q. Say, the weight of the gases discharged at a given time is

ikg‘ The eguation of quantiiy of motion (momentum) will be:

Q-Y
S - &
but

dv = Rdt =( snpdt -Csmdl,

-

dY = Gdt = Asndl;

eliminating s“dI, wve get:

\
(.L:...'_{dv - S—dY;
g A

avoXe ay __ tgdle-¥
) A Q-Y A Q-
LT Ce ¢ 2.303(g Q
I A 1n - log .
Ll . A Q- Y A Q- Y

The .greatest velocity will obtain after all the gas is discharged

from the combustion chamber, i.e., Ymax -w:—

2.303Cg Q

Tuax = 5 Yog Iz~ 32300 log 6-9-5 am/sec.
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This is Tsiolkovsky's formula derived without taking air resistance %

irto consideration. . s

g

The values of C,depending on the degree of expansion of the
nozzle were presented rbove. The table given below gives these
values with respect to the ratio between the discharge diameter d,

/
of the nozzle and its smallest cross section d, (Table 32).

Table 32 ;

d, .
T 1 2 2.5 3 4 .
m I
// r

( 1.24 1,61 1.675 1.73 1.80 w

Therefore, =2t cla/cl.l = 2 Fhe gain in the reacti?n force produced
compared with a straight nozzle is 30%. VWhen da/d; is increased to
3 and 4, the added increase in the reaction force amouynts to only
7 and 4%, respectively. -

Inasmuch as the enlargement of the discharge cross section of
the nozzle is associated with increase of length and weight, which
add to the weight of the rocket without offering any appreciable

advantage, the value of da/dn in actual practice is taken within

the limits of 2-2.5.

CHAPTER 4 - A BRIEF DISCUSSION OF THE THEORY OF THE
MUZZLE BRAKE

1. GENERAL CONSIDERATIOKS

°

A muzzle brake is a device attached to the muzzle of the barrel,
Its purpose is to deflect a portion of the discharged gases in the
direction of the barrel recoil and thus reduce the velocity of recoil

and the load imposed on the gun mount, g
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A portion of the gas entering the muzzle brake moves in the
difectioa (behind) the projectile thrcough the center opening of the
‘brake, and the otper portion of gas is discharged through sid;
quehings*of the brake in the direction of recoil,

The deflection of the gases to the sides reduces the quantity
qfvgaa passing through the center opening of the brake behind the

projectile, and this serves to reduce the maximuw velocity of recoil.

k
-
i
- i .
1,
A;".!
RE1:
i
i)

The reaction produced by & portion of the gases discharged through
the,sidb bpenings creates a force counteracting the power of recoil
and’ also retards the latter.

Thus the main purpose of a muzzle brake is to feduce the energy
6t\tﬁo recoiling parts. |
Introducing the designations:
- maxinum velocity of free recoil without muzzle’brake;

- velocity of free reccil at the end of gas after-actioa in the

' presence of a muzzle brake,

\

then the efficiency of the muzzle brake may be called the "relative

reduction of the kinetic energy of the recoiling masses,"” i.e.,

;2
2 - Vmax ~ V%
- ) * vz )
) max

The corresponding relative reduction of the maximum velocity of

recoil can be denoted thus:
_~vnax - vT-

14 -
Vexx -

. c e e em - - - - - . -

vhereby ,
/' '.'(""1‘(2—1').
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If the difference between the weights of the recciling parts
in the presence of the muzzle brake (QT) and in the absence of the

latter (QO) is taken into account:

Q
Voo Ly
max QO T
7 - :
v2
max

— .
,

The simplest types of muzzle brakes are the "active brakes,"
wvhose action is based on the impact of gases escaping in the wake
ef the projectile against a surface fastened in front of the barrel

(£ig. 139).
GRAPHIC NOT REPRODUCIBLE

Fig. 130 - Diagraﬁ of an \ Fig. 131 - Diagram of a Reaction
Active Brake. L Brake.

Ao
In reaction brakes the gases are discharged througa curved §
passageways. The change of mohentub along the bore axis will be

equal to the reaction impulse of thé stream against the deflecting

brake surface (fig. 131).

2. GAS REACTION PRESSURE ON THE WALLS‘OF A CURVED BORE
OF A NUZZLE BRAKE(*)

[ Let us not consider the flow of gas through a curved bore (fig. 132)

(¢) D.A. Ventsel, “VYNUTRENNIAYA BALLI%T!KA" (Internal Ballistics)
Part 11, 1939,

S
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" whose entrance cross section is F) and exit-cross section is ¥ f

e
7

~»<,,:,¢,,:, .
o ¢

L et

~ ¢
PR -
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32'
‘Thqup;ssageways‘are‘1ncr£ned at an angle 2, with respect to the

B T

‘. ‘bore axis at the entrance opening and at am angle a, at the exit

opening: —

¥e shall apply the squation of the change of momentum to the

volume of gas bounded by the curved walls of the bore xnd the two .

. séctions F, and F, norml to it.

1 .
The mass of gas entering the bore through section FL during
-G
the time interval dt is -ZE dt, whose component of the momentum

along the axis of the gun barrel equals

G

L Ulcos a. dt.

g 1

Sy

The same gas nass*-Eadt will exit through section F and will have

2’
a component of the momentum along the same axis equal to

G
- r— Uz cos a_dt.

) ‘ g 2
The increment of the projection of the momentum of the given
volume on the x-axis equals the elementary impulse qf time dt glong
the x-axis of the totsl pressure exerted by the bore on the gas and
the pressures in the sections normal to it. -
. Inasmuch as the componeat of the pressure exerted by the bore
on the gas along the x-axis equals the cOnppﬁent of the gas reaction

RT on the bore with its sign reversed, we can write

e




. o L L e ke : o L e e e e ; - e
Gop _ -
. ---w—-(U2 ces a, ~ U, cos & Jdt =« - R dt + Flpl cos a,dt - ?2p2 cosazdt,

g -1 177 Tx

~, .

whence, bearing in mind thac ay p %; and cos ag £ 9,

G : '
T
L] -—\-—-‘
. RTx . :92'005 uzl + Ul cos\ql) + szzgcos 02[ + Flpl CoO8 Q.

(99)

7t idca H AT SRS S H 7 Rl
et o & b

GRAPHIC NOT REPRODUCIBLE

AT e

Fig. 132 - DiagrAm of Forces Acting in the Bore of the
- Muzzle Brake,

It follows that the component of the gas reaction on the bore "
along the x-axis is positive; it counteracts the recodil.
1t fﬁgi;géke"h;slseveral bores or.passages inclined at the same

angles ul and a the expression for the reaction of the whole brake

2’ .
will remain exactly the same, where the designations RTx’ G

F FZ.

T, 1’
relate to the sum of the areas of all the passages in the brake.

P,

ey o

3. TOTAL REACTION R_ ON THE GUN BY GASES DISCHARGED THROUGH
THE MUZZLE BRAKE '

A gun equipped with a muzzle brake is subjected to the following
; { forces scting along its-axis during gas discharge.

1) The component along the x-axis of the reaction of gases

discharged through the forward end of the brake (muzzle opening of the
F-TS-7327-RE 443 -
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,'the nuzzle face.

et W S35 - ey
R o
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—in
e
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-

2 ;k/k;l

2)

Ep = gsp.

The component along the x-axis of ihe reaction of gases -

-

/

flowing into the muzzle brake through section Fy

Go

_fo - - vy Ul cos @

Gop

1" Fipl cos a, -~—(-1;-Ul + Flp;) cos ul.

K]

3) The component along the x;axis of the gas reaction on the

passageways of the muzzle brake (formula 89)

G

Ty ‘ '
ng ~E-(Uzlcos azl + J1 cos al

) + F2p2 cos az

We shall assume that the gas begins to flow simultaneously through

all the openings

will be.
Ix

. The first tei- is greater than
iﬁ front of the first term indicates
the gun acts in a direction Opéosite
to the direction of theyprojectile’s
approaches X, the greater the values

S~

r-71S-7327-E

G
R & - (sp_+ -§— U, +

after the base of the projectile has passed through

e wm———

The component of the total reactioﬁvalong the x-axis

szz !cos azi.

the second, and the minus sign'
that the total gas reaction on
te that of the x-axis (oppcsite

motion). The closer angle ay

of GT and F2 antl the greater the

444




reaction force of the brake,

L4
S i AT X

Obviously, the entry angle al to the passageways in the brake
does not enter into the expression for the totxl reaction Ry
In computing the amount GT and the velocity U2 of the discharge

from the piassageways, we shall use the assumption that the pressure

Py at the entrance to the brake passageways 1is critical with relation

to the mean pressure in the bore of the gun at a given instant:

2 \k/k-1
Py " Fer P T B

the incowming gas velocity U; may be disregarded.

By expanding in succession the values in RE' Prof. D.A. Ventsel

reduced this expression to the following general form:

. . RX - BECSp,

1 .
wvhere
1 ' 2 \1/k-1 p.\ k-1/k
ag = 1 - Y f?i___. 1 - 2 +
kK +1 vke - 1\k + 1 P1
F p ¥ e
+ ..g....g ...2... coSs az R
Flpl 8
4
s . /
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Jdm the last expression:

‘~ﬁ{? X - a coefficient depending on the curvature of the passageways

(X = 0.75-1.0 at a, £ 30%9); .

S R PR
v e At f "

5§A Y- & coefficient depending on the entrance angles e, and q,

- 4§ X ) a, +X - G

3 in terms of expréssion 3 = 2 ; its value is given in a table,
A :

- Table 33
3 :
. F P
¥§a ’ -2 2
fé‘ By pl_
B 1.01 0.5
e 1.19 0.3
. 1046 002
b '2.25 0.1
. 3.61 0.05
o 11.8 C.01
ff' The ratio of the pressures at the entrance and exit of the brake
f: ‘{;M bore pz/p1 depends on the ratio Fo/F, and is determined from Table 33.
:§ 7 a, +x-a
3 - 5 2 15°] 20 25°| 30°| 40°| s50°| 60°| 700
* v 0,725 10.770 } 0.815| 0.845 | 0.830 | 0.920 | 0.940 | 0.950
.

4. THE FULL IMPULSE OF THE TOTAL GAS REACTION

5 ey e

Similarly tc a gun without 2 muzzle brake, we will have the

foliowing during the period of after-action between the gases and.*ﬁe

brake:
[} {. t n
- % (v ) = Redt - 2 A ) PR "a.a 2
g T A t g 2 L% 2
0
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wvhence

Vet S

AL

where

The pressure drop p as & function of time will be the same as in

the usual case {in the absence of a muzzle brake), with the exception
that the coefficient B' is replaced by the greater coefficient va
because the gases are discharged not only through the front cpening

of the brake, but also through the side passages: .

Pa

) B »

- 2K/ k-1
(1 + Bpt)

where ST T
o s |y Fl 9 (1/9(k+1/k-1)
- ' + —— »
) X 8 Ek+1 N

4

The period of after-action in the presence of a muzzle braske

is )
e .l o \1/2/ p, \ k-1/2x .
134 Bz E+ 1 Pa *

F-TS-T327-RE - ‘ 447 -

e e e . ——




NN i
g N R e R SR 2y e, Y
AN - % e TR ]

J A U N PR B
on LD N .

- © w— —- - P ——re -~

Assuming R:' - asgsp, substituting this expression for the

impulse 1. and integrating, we get: v .
tn A hd
dt
I.=a gsp =
EOTTTA 2k/k-1
0 (1 +B.t)
'I
: ]
’ - 3
- au(k - 1) | —2 i N 1
k+1 Bz ) k+l/ k-1
{1+ th)
where

X/ k-1
E-(k-+1)(2 )l >
k +1

[ ¥ o \0/2Xk+1/k-1)
B,»B'|1 +>c—l-( ) ;
k +1

k +1

x-x( 2 )(L/Z)(k+1/k_-1 \/gkpAwA

to +1a )

The function in brackets is clecse to unity.
qQ+ 0.5a

% vz in the expression

v
Upon substituting I - i-;- .'32.‘:.5 and V, =

' for V., we get the final expression:
J(a T .
’ 1/2
q 1l w 2 2 w
- Vo =~ {1l + = —| v, +Q_. — —C, =
) - T Qo( ZQ)A £k(k+1) Q »
\
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- - oo M - ..3.. 1 + B ._l.'::_. v
Qo 9 Q0 \\ r g 'n*
vhere .
J/ o o 2 /o \V/2 e,
r Lk \k + 1 V,:\ )
t : ) At k - 1.2 .
] .
1 /4'
: c P (1 +A))
. By = 1.589a_ - and c, - 10,85/ BB

ot

'i } Here p is in kg/cmz, the velocity is in m/sec, A i5 in kg/de.
E | Using the above formula, we can calculate the velocity VT at
E o the end of the period of gas after-action on the barrel and determine

the efficiency of the brake:

‘-;,'f . 2
: O . . l1 + B =
, 3 vz = v%‘ / . q

max

. efficiency M » ——eee « 1 -| .
- 2
: The efficiency ¢f modern muzzle brakes may be of the order of
N - ' 40-50% and even 70 and 80% in exceptional cases.
? ; Example. Calculate the efficiency of a muzzle brake. Say, the
?% characteristics of the given gun are as follows:
. : , L4 2
] 8- 0.72; = = 0.453; Ny~ 4.63; vy = 1000 m/sec; p. = 983 kg/cm
1 q A
; .;‘_ ;
p
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‘(suuScript/x-represents muizle-Translator).

In the absence o6f a muzzle brake (at k = 1.2)

R ‘ A+ 1
. & 1.589 A& 1.59 5.63
= ] .50 e = D k - 1 R . ¢ Z20Y -
g 7 v EKp, 1500 17.7 883 72

950
- 1059 —— 1. 10'
% 1000 5

1+8 %% « 1+ 1.510 . 0.453 =~ 1.684.

In the presence of a muzzle brake

Ca
- 1.59a£ i:_ - arﬁ;

r Bz

o
o

ray
[
o
et
[ &)

Say, the characteristics of the brak are as follows:

e e SR e s

0 ¥, F a, +% - d
. « 20°. - o, 2 _ . 2 N | 2 _ 4c0
po e 30 ey ma20% - LS - Lo 3 459,
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According to Table 33, Po/ Py = 0.5; W=~ 0.905; we shall assume k
’ !
that X = 1;{cos 120°|= 0,50, ‘
k-1 2k 2 \1/x-1 -
For k =« 1,2 - : = 2.25;
X 6" ikl - 1\k +1 '
. ) P, \k-1/k 1/6
‘ —— - = 0.8 - (.891.
Py
an =1 - 21-§ /70,905 < 1 - 2.25 /1 - 0,831 + 1.01 * 0.50 7/ 1.5 - 0.5 =
=1 - 5L /70,672 + 0.5057 0.75 =~ 1 - 0.40 =~ 0.60
‘ ﬁz - 0.60 « 1.510 = 0.906
3
(%]
1 + BZ — w1 4+ 0,906 ° 0.453 =~ 1.410
q .
i;
2
1 +8 =
ta 1.410 \2
Yol o — -1 - = -1 - 0,702 = 0.298,
1.684
1 +8 = |
Thus the given brake will absorb about 30% of the energy of free
recoil,
r,
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