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I'ONIIT-BALLISTI1IC AKX
S X THE BASIS CF TH
LAW OF COKBUSTI1!1ON

ALYSIS OF
E CAL

CHAPTER 1 ~ METHOD FOR TEE BALLISTIC ANALYSIS OF PO¥DERS

1. AR ATTEMPT TO CORRELATE THE THEORETICAL LAW. ¥ITH BOMB TESTS.

Formula dp/dt « Tp derived in the preceding chapter for tuﬁular
powders shows that dp/dt increases in. proportion ;ith p, and inasmuch
as p itself continues to increase until the end of burning, the slope
angle of the dp/dt curve must theoretically continue to increase also.

Nevertheless, in all the.p, t curves obtained in burning powders
in a manometric bomb, the maximum slope angle is obtained not at the
maximum pressure at the end pf the curve but, rather, at some p; ¢ py-
The point of inflexion i corresponds to pressure p;, following which
the p, t curve becomes concave instead of convex, and often approaches
the end of burning when dp/dt = 0 (for strip and tubular powders).

The validity of the geometric law of burning was questioned for
the first time by Charbonier, who attempted to investigate rezal
powders and all their defects peculiar to ma;ufacturing processes.

Using for his observations an imperfect cylindrical crusher
and snalyzing the shape of the pressure curves obtained in a manometric
bomb, Charbonier introduced a special "shape function' to.account
for the actual burning of the powder, which w;s supposed to represent
an anilz}ical expression linking the relative surface area S/Sl with
the burned portion of the charge VY.

The exponent of this function was determined not by'the shape of
the grain but, rather, on the basis ol the bomb test.
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ratio s/si

A. Derivation of a General Formpnla {or the Shape Function

Let us find the relution between the value of the surface area
at a given instant and the burned portion of the chargeV¥

for powders of the simplest shapes: f{or a sphere burning in parszllel

layers tgﬁifds the center, for a solid cylinder, and for an infinitely

aide strip.
a) Sph.re. The initial volume of the sphere 181\1 - 4[3ﬁ33
4
- 34«33 - r3),

°

The volume of the burned portion,Acr,-.Al "[*ocr

(tig. 43),

The burned portion of the grain

A
Ve A/A1 -1 - oct -1 - (5)3, (45) (») ~
\ Al R

The initial surface area §, = 4nR2. The area at the given

inccant 8 § = 4ﬂr2:

Therelore,
N 2

S1 R

Eliminating E from (45) and (46), we get:
R
2
S
~— = (1 -9) . (47)

(*) Subscript cr = abbreviation of the word burned, subscript ocp =
abbreviation of the word remainder -~ translator. -

174
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Pig: 43 ~ Burning Diagram for a Sphere (a /

‘Right Circular Cylinder).

j

'b) Solid cylinder. Let the height of the cylinder h bef great in
comparison with its diameter and let us assume that the effect produceﬁ
‘by the decrease in length on the volume change may be disregarded.

4
Then, referring to fig. 43:

Ay ™ ﬂth; Acp - 1(R% - ¥2) h;

S = 217rh; S1 « 27(Rh;

V-l-(fz' -E-u_x;
&R ’ Sy R’

P

Cancelling r/R from the expression for y and S/Sl, we get

1/2
. s/s1 - (1 -y .

c) Infinitely wide strip (theAeerct.produced by the changes

along the edges may be disregarded). The surface S remgiﬁs constant,

f.c., S/5; = 1, and we can write:

s/s1 - (1 -4)% .1,

R
.
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Thus in the case of typical regressive powder shapes the value 5g

of the area ratio S/S1 is expressed as a function of the same Kind
- g
S/Sx - (1-¢) ,

where the exponent 8 = 2/3 for a sphere, 8 = 1/2 for a cylinder,

B = 0 for an infinite strip (powder with a constant burning area).
Actually of course the burning of powder deviates from this

ideal law, and Charbouier had determined the £ exponent from an

actual bomb test, by setting on the p, t curve the haximum pressure

p, and pressure p; at the point of inflexion:

B m e——, ' (48)

The more urniform will be the burning of the powder, the higher
will be the point of inflexion, tﬁe smaller the numerator, and the
closer will the denominator and B exponent approach zero, and the
more will the burning approach the condition of burning with a

constant surface:

For a sphere p; = 3/5 Py

For a slab py = 2/3 Ppi for B =0 p, = p..

For French cannon strip-type powders "B" it was determined by
actual tests that p = 0.2 and for rifle plate-type powder BF ~ B = 0.5.

This shows that in actual practice plate powders burn similarly to a
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théofetiéai s0lid ceylinder of the more regfessive type. The curve

g% (1-¥)8 ‘when B = 0,2 and 0.5 is shown in fig. 45 (curves 1 and 2).

T Thes , v curves for the same powder shapes burned according to
the geometric law are shown in fig. 45 in the form of a dotted line
(1’ - strip, 2' - plate). Curves 1 and 2 are arranged below curves 1

and 2', respectively.
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Pig. 44 - p, t Curve With a ¥ig. 45 -~ Shape Function o = f(y).
Point of Inflexion. . .

ST

According to Charbonjer: 1) surface y in all powders tends

tuvard zero at the end of burning (because when Y = 1, © « 0), whereby

o -

this sharp surface reduction starts the sooner, the more regressive
is the powder; 2) tqe actual buraning of the powder is more regressive
than it should be-ac%ording to the geometric law; 3) the possible
reason thereof is thL heterogeneity of the mass and the nonsimultanecus
ignition of all the elements cf the charge.

At the same time)hils irnvestigations made it possible to establish

¢
a connection between the theoretical formula and the experimental data,

using for this-purposeithe p, t curve for pressure increase, obtained

by burning powder in a manometric bomb.
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Thus Charbonier had introduced an evaluation of the progressivity
of burning on the basis of bomb tests rather than on the basis of
the powder shape,; and had concluded correctly that the progressivity

of the shape dces not fully determine the progressivity of burning - a,

process depending not only on the geometry of the grain, but also

on the physical and chenmical nroperties and conditions of loading

and ignition.
At the same time the "saape function” which is a step forward

as regards the evaluation of the nature of burning, still does not

B S R 4

sufficiently reflect the latter, inasmuch as of the entire pressure
test curve p, t only two points were utilized for the determination
of 8: point Pp at the end of burning and point Py which is also
close to the end of burning. The basic part of the curve was not
utilized; this is partly explained by the fact that the curve was
recorded by means of cylindrical crushers, and hence its form at
the start of burning was unknown.

Nevertheless, maximum pressure is u§ua11y obtained in a gun after
about half of the charge is burned, and hence the nature of burning
from the start to the instant when the first half of the charge is
burned must influence both the position of the maximux pressure in
& gun as well as its magnitude. Actually, of course,‘the position
of the inflexion point on the pressure curve in a bomb may not be
closely associated with the first half of the burniné process.

?herefore} the defect of the Charbonier method lies in the .

fact that the pressure curve remains unused on the whole.
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In 1923-1924 M.E. Serebriakov obtained by means of a conical
crughér full curves of the pressure increase of powder gases obtained
by burning péwder'in a manometric bomd, and developed a new method
fdg the analysis of powder burning utilizing the entire pressure curve
for the purpose.
~

This analysis 1s conducted on the basis of the test characteristic
of the burning progressivity of powder j-4m7. This characteristic
is obtaired by sectional analysis of the entire pressure curve from
the start to the end of burning; it shows the change in the intensity
of gas formation during the entire burning process.

Using this method, a series 0of new hitherto unknowa peculiarities

were éiselosed of the actual process of powder burning aad its

deviation from the geometric law; also proven by means of direct
tests were some of the formulatious originally assumed by Charbonier.
The principles of this method {follow,
2. TEST CHARACTERISTIC *I''" OFP THE PROGRESSIVE BURNING OF POWDER

The Use of Function I for the Analysis of
- the Burning of Powder,

In choosing a test characteristic for the progressive burning
of powder, the exbression used must be such as would be determinable
‘on the basis of geometric data for the ideal case, assuming that
the powder mass is fully homogeneoﬂs.

At the same time the numerical value of this characteristic must_
be found exclusively from such bomb test data whose values at any
given instant are considered reliable within pre-established limits,

-
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¥hen powder is burned in a bomb, we get u pressure curve as a v

functien of time, and it may be assurmed that the pressure at every
given instant/is known to be corrﬁc; within the limits/of accuracy
of the recording device itself. ' //

If it is assumed that the powder energy f und its density d are
constant throughout the entire mass and that no cooling occurs through
the walls of the bomb, i.e., if we make the usual assumption i
peculiar to ballistics, then, on the basis of the general pyrostatics
formula, the pressure p at a given loading density is fully deteréined
by the amount of the burned portion of charge W regardless of the

powder shape and its rate of burning.

Indeed, the dependence of p on ¥ is expressed by the formula

into which time does not enter, and the pressure is determined by

the burned portion of charge ¥ when the other factors remain constant.
ff, however, in addition to pressure 1ts increase with relation

to time must be known also, the magnitude of dp/dt will be determined

by the velocity of gas formation dy/dt and by its variation with

tine. e

The values of this magnitude are determined directly from test,
because in measuring the curve the values of p are known at definite

time intervals t, as are the values of y corresponding to these
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S T T N
values of p. If the intervals taken are sufficiently small, the
values of the increment Ay can be found as the difference between
“two neighboriﬁg intervals, following which Aq%at can be found as well
(limit - dy/dt).

The value of dY¥/dt which, ian the case of the geowmetric law of

)
burning, is expressed by the formula av —i— S uyp, depends on.

pressure. In order to compare vnrious‘burning periods with respect
to the rate of gas formaticn (increasing and decreasing rates) at
| congstant pressure, as is usually done in the case of ‘the geometric

law, the obtained values dy/dt must be reduced to constant pressure,

: i.e., a comprrison must be made of the values dy/dt : p = L %%ﬁ
p
If the value of 1 gf increases as burning progresses, the

p dt
{ powder will burn progressively, if it decreases - the burning is

. regressive,

Henceforth we shall designate this magnitude by [ (gamma):

It represents the specific rate of gas formation reduced to
p = 1, vhich we shall hereafter call the intensity of gas formation.
Its variation during the burning process is characterized by the
powder from the point of view of progressive burning, rather than

by the shape of the grain alone. The dimensionality of I", which is

equal to. 1

’ kg_

dm2

, 18 the inverse of the dimensionality of

« 52C

pressure impulse.
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In the ideal case at constant pressure the value of © varies in
proportion to the powder surface, ag it does in the case of the
geometric law of burning, und this value is therefore a characteristic
of progressivity.

Actually, if ignition were to occur imstantaneously along the
entire area of the charge and the pressure during the eqtire brocess
were to remain constant and equal to Pg» then a chemiczlly homogeneous
powder composition would burn according to the geometric law in
parallel layers. In such a case the intensity of gas formation would

vary in proportion to the change in area.

Indeed,
S S
dy i 8 1 S
a_{-.__.g_.u L] ;\._.é_..ulpo.
171 171

The magnitude of I will be representéd in the following form:

¥hen the composition of the powder ig homogeneous, uj is
constant and Sl/hl is a constant; hence the variation of I will be
proportional to the S/Sl ratio, 1.e., the characteristic of the
progressivity of burning will coipcide with the powder grain
characteristic. \
Thus, as the test characterié;ic of the progressivity of burning,
we can take the value ['=~ % %{ - tge intensity of gas formation.
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The value of [ is found by the sectional analysis of the pressure
test Eurve in a constant volume,

. The function " enables us to evaluate the progressivity of the
actual burning.of powders of any shape and size, of both a homogeneous
and heterogeneous mass.

The rate of gas formation in burning pdwaer in a bomb can be
evaluated by its actual law of burning even if the shape and
dimensions of the powder are not known. The nature of the burned
powder is determined by the values

Y and ! Sﬁﬁ

p dt

The law of burning expressed by the function [ e 1 %% and
P

_obtained by analyzing the pressure test curve p, t, wherein are

reflected the peculiaritiesof the properties of actual powder and
the deviations of its burning from that of an ideal powder, is called
the experimental or physical law of burning.

Along with the 'y, w and [', t curves, the curve showing tue

: t
pressure impulse variation g pdt as a function of Y also serves as

a characteristic of actual powder burning.
These integral curves and their values will be discussed in

13

detail later in the text.

The procedure for analyzing the p, t curve for determining gpdt,
Yand ™, yis illustrated in Table 13.

¥hen computing A, the mean value must be taken betwecen the initial

ag ™ & and A, at the end of burning:
Y, K
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AK"'?‘——Q\--:—-——, .
¥ + s
5 £
where € - compression produced by the crusher;

8 ~ cross section of the piston.

The covolume effaect of the igniter ag can be disregarded:

an t 4.
A-O A_uo .

cp -
£
w0+s§

The 7, ¥y and [T, t diagrams c¢ffer a visual interpretation of the
change in the intensity of gas formation and enable one to analyze the
processes occurring\during ignition of the charge and during actual
burning of the powder with all its peculiarities.

The diagrams in fig. 46, 47, 48 and 49 contain experimental p,

t curves as a function of time for tubular powders (fig. 46), strip
powders (fig. 47), po&ders with 7 perforations (2ig. 48) and
Kisnemsky's powder with 36 perforations (fig., 49),.and also curves
showing the variaticn of ™ as a function of t, where the corresponding
['and p points lie on the same vertical.

For a constant value of u,, the change of [ - El uy 5. nust

Ay TS
proceed in proportion tc the change of the geometric surface ratio

S/Sl, i.e., in the case of strip and tubular powders S mnust be

51
maximum at the start and undergo a very smsll decrease during burning;

at the end, in the case of the geometyric law of burning, SK/Sl’“ 0.90.
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Nevertheless,; the[', t curves in fig. 46 and 47 are very peculiar
in character: they start at some small value (pressure) and then
proceed to ascend; ther reaching the maximun at t = 0.0045 (which
¢orrespond§ to a pressure of 150-17C kg/cmz) the curve begins to
descend, and after t = 0.Cl1S f;r strip powder and 0.0135 for tubular

powder the [ curve drops abruptly to zero. On the p, t curves this

condition correspends to the inflexion point Py-
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Table 13

1 2 3 4 5 6 ’ 7
4

t’ p(’) Ap ncp pcpﬁt = a I = chp °At ~ Spdt B - p.-—-.«...—p_&_
, P, = Pp

0 |rg ép* pép AT" 0 0

t'!p' Ap” pgp ar" 1’ - aAx' 8’

t." pn Ap"‘, P:p' AI"' I" - Io +AI" an

t". " Apu' . R I""" 1" + AI'" Bnl

[ ] » K * [}

ty | Pu Iy = Z (A1) 1

0
Remarks.,

(*) when analyzing the p}essure increase curve for the purpose of calc
the portion representing the burning of the igniter is discarded and the :

(*++) When plotting the curve on the diagram, the values of Spdt from «
of ¥, because both {pdt and @ relate to the same pressure. 'As regards ti
change in the rate of gas formation on the curve section representing the

hence its velues are plotted as a function of the mean Y characterizing ti

(*#**) ¥hen computing § by means of the tables, the entrant number is th
in_steps of 0.0} from 0.86 to 0.97. . :
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Table 13 ~
. 6 7 8 9 10 1l
. ‘ P - pB Ay(**)
“Zhep bt = fpat | 5 =228y [ay | pa Y
i pm - pB al pcpAL YCP
0 0 0 ay' a¥ '
AL’ Yep
] ' - Al S' \'P’ A\f" rn - é-q-’,—, \}';p 'g
41
\
, A\Z/'"
. N (1} " (NN ] "
-1 +Al 1 A\{' - ——— vos
1 8 q’ r AI'" \? cp
.t - I" + AI'" ) Bno Y" . ) . .
i K ° 'y » O . .
(= 2 (aY) I 1
; 0

increase curve for the purpose of calculating the powder characteristics,
~of the igniter is discarded and the analysis is started at pressure pg.

0 * *

ne diagram, the values of Spdt from column "6" are plotted as a function
2 to the same pressure. As regards the value of [, it characterizes the

bn the curve section representing the variatior ot ¥ between \; andyy .53

:  action of the mean ¥ characterizing the given section of the Ay variations.
1 ~ad

B e t— varying
the iables, thes entrant number 1s tho paramctor 2 vy
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{'; t curves with many perforitions deviate from the theoretical

-

-

to an even greater degree (fig. 48 and 49).‘

In fig. 48 the maximum/f obtains at t = 0.0095 (p = 240), the
rise of the " curve being rather gradual and smooth up to the'poing//
‘ of ‘maximum. Upon passing the maximum, the curve drops slowly through-
out, the entire burning process up to t = 0.019; this is fecllowed by
& sharper drop, which correspornds to the decomposition of the grain

and the afterburning of the regressive products of decomposition.

ey 4
e N2 4
oot
Fig. 46 - [, t Characteristic for Pig. 47 -, t Characteristic
Tubular Powder. ) fo; Strip Powder

D rp kg/cmz; 2) tubular; 35.t (sec). 1) p kg/bmz; 2) strip; 5) t(sec).
On fig. 49, I rises slowly at first, and at t = 0,0675 (p = 120)
it proceeds to ascend very sharply; the ordinate increases almost two-
fold and has a maximum at t = 0,009 (p = 18C); after reaching the
maximum the curve undergoes a contintvous drop becoming more pronounced
at t = 0,015, which corresponds to the instant the grain undergoes

decompositicn. . -
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Fig. 48 - ", t Characteristic Fig. 49 - I, t Characteristic for
for a Grain with 7 Perforations Kisnemsky's Grain with 36 Perfo-
rations.

1) p kg/cm?; 2) grain with 7
perforations; 3) t {sec). 1) p'kg/cmz; 2) Kisnomsky's grain
with 36 perforations; 3) t (sec).

Thus during the process of burning from p :5206 kgfcmz to the
end, perforated graius burn with a seemingly decreasing surface area,
whereas theoreticailly the area should continue to increase until
decomposition occurs.

7, Yy curves. In order to obtain a more detailed comparison of the
test data with theoretical data, the [ curves are plotted as a
function.of the burned portion of the charge 'y, because if plotted
as a function of time, when the pressure continuously increases and
the process of burning is accelerated, the I" curve beéOmes distorted
ig the direction of the abscissa (x - axis): the initial sections
(of the curve) at low pressures are stretched, and those at higher
pressures - at the end of burning - compressed.

The obtained curves of ' plotted as a function of ¥ are presented

in the diagram of fig. 50-53, which diagrams also show theoretical

S
curves of FT . uy S when S/Sl varies accecrding to the geometric
’ Ay Sl
law of burning.
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The average value of uy for pyroxylin powders is taken to be
0.075 mm/sec.

An analysis of experimental I', Yy curves for powders of simple
shapes (fig. 50 and 51) will show that such curves consist of four

distinct sections.

et
-

Fig. 80 - ", ¥ Characteristic Curve for
Tubular Powder.

o

T g’ N g 70T oAb
7 e e a2V

Section 1 of the curve starts not at the maximum, as it should

Zadiimy

be in the case of instantaneous ignition;, but, rather, increases from

a small value to the maximum; the I maximqm is obtained at y = 0.05 -

- 0.08 and considerably exceeds the theoretical maxinmum.
-

\

PSR

Bt

Fig. 51 - P, ¥y Characteristic Curve for -
’ Strip Powder.

B
. =
PPN Nrr&g.

Section 11 - P drops from maximum to a padint from which the curve

W ot

w?

follows a theoretical path - g section depictﬁhg accelerated burning;
|

i

S B e
RO g

TR
A R

this section is8 confined between the limits of Y= 6.05 - 0.08 and

V“Ocsoq —
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Section EII depicts normal burning which coincides with {he

geometric law; ¥ varies from 0.30 to 0.85 - 0.90.
: Section IV fromy =~ 0.83-0.90 to the end of burniﬁg. Here the

experimental curve deviates fron the theoretical downward and drops

to zZero at ¥ =~ 1.

The ", ¢ curves for powders with narrow perforations (figs. 52
and 53) have even ¢ larger number of deviations from the theoratical.
Furthernore, the reduction of the ordinates of [ corresponding to powder

F deconmposition commences at ws w 0,70-0.75 and has no sharp angle

on
point. Decomposition proceeds gradually because in practice the web
thicknesses in a grain are pot uniform, and a partial decomposition
commences after the smallest thickness is burned. Increasingly thicker

elemants are gradually burned away and progressive burning occurs

simultaneously with regressive burning of the products of decomposition.

Fig. 82 - I, v Characteristic Curve for a Grain
! with 7 Perforations.
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Fig. 83 -, Characteristic Curve for a Kisnemsky
Grain with 36 Perforations.

As a result, the transition from burning with an increasing surface
to the afterburning of the products of decomposition ls gradual
rather than abrupt in character,

CHAPTER 2 ~ BALLISTIC ANALYSIS OF THE ACTUAL BURNING OF POWDER

1. TESTS FOR INVESTIGATING THE IGNITION OF POWDER

A. Effect of the Size and Nature of the Igniter
a) Theoretical Data.
¥e had derived above (fig. 50) a formula for determining the

full time of burning when the powder is ignited instantaneously:

t., = 2.303 Tlog pm/pB

K

and shown that for a given loading density the time of burning decreuses
with the increase of the igniter pressure.

Calculations show that for A=0.20 at p) - pg = 2000 kg/cm? and
at pg = 20; 40; 60 and 120 kg/cmz, tg varies within the following

limits {(Table 14).
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Table 14 ..
" pp 20 40 60 120 1 e

ty, sec 0.0140 6.0119 6.0107 0.0087

1.6 1.37 i.23 1.00

In this case tﬁe [ t and ", Y curves (for strip powders) must
start at the maximum .nd then descend slightly as the surface area
of powder ¢ decreases.

Hence, in the case of instantareous ignition ata=0.20, if
tx 12¢ is taken as the unit time at p = 120 kg/cmz, the time of burning
ty 209 Will be increased by 61% if the igniter pressure is decreased
to 20 kg/cm2.

Actual tests show however that the difference in the periods
of burninrg at such igniter pressures is considerablé greater,

b) Test Data.

Strip powder "C[}" about 1 mis thick (1 x 18 x 40) was burned in
a manometric boib at 4 = 0.20 using batches of igniter material
developing a pressure of pg = 20, 40, 60 and 120 kg/cm?,

The igniter used was dry powdered pyroxylin. Pressure was
recorded by means of conical crushers. The test data are presented

below in Table 15.
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Table 15

tg, sec |0.0280 | 0.0160 | 0.0133 | 0.0090

tx

3.10 1.60 1.48 1.00 .
ty 120
ty reop | 0+0140 | 0.0119 0.0107 | ©.0087

' ) Note: ty ceop ™ Y% theoretical

A'Jimparison of this data with the figures in the preceding table
shows that.the difference in the burning periocds is considerably greater
than the theoretical difference. Particularly great is the di-

vergence between the test time ty and the theoretical one when the

t
K. o
igniter used was weak: ppg = 20 kg/cm2 Leon ;) ; {(*) this di-

K Teop
vergence becomes smaller as pg increases and practically disappears

at py = 120 kg/cm2 (ratio tK. on o 1) .

tK Teop
Analogous relationships were obtsined with other samples (igniter
aterials). -~ -
Inasmuch a2s the p, t curves showed no sharp changes along their
ascent, P, t and T, ¥ curves obtained from th; analysis of corresponding

p, t curves from the start to the end of burning were utilized for

the analysis of the processes of ignition.

(‘)'Subscript "on" stands for the word "test," subscript "veop" stands
for the word theoretical - translator.

-
»*»
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In order to determine experimentally, by the aid of function (T,
the process of ignition - wherher instantaneous or gradual, it was

necessgsary to determine the presence of the following conditions:

Fig. 54 - Theoretical M, t Curves at Different Values
of p_..
B

Fig. 55 ~ Fxperimental Pyt and Plt Curves at Different
Igniter Pressures.

a) Fmm/sec; b) P kg/ewm?; ¢) t (secy.
l. If the ignition is instantaneous, the curve of T variation
for strip and tubular powders burning with a decreasing surface must

. i
gstart at the maximunm. : |

2. If the ignition is instantaneous, the shape of the I purve
\

must not depend on the size of the igniter, because after the dntire
surface is ignited its change must follow one and the same law.\
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The theoreticall't,curves must have the form shown in fig. 54.

The above diagras (fig. 55) illustrates the experimental p, t
curves obtained from the instant the powder became ignited; the T, t°
curveg corresponding to them are plotted to the same scale of time t
under the correspohding p, t curves. Wilh the smaliest ignitercus,
developing a pressure of about 20 kg/cmz, the ', t curve starts a very
short distance above the~origin and has a very long and gradually
» ascending section gradually changing to a steep slope, following

_ which I maximum is reached (at p = about 225 kg/cm?); this is followed

by a rather sharp descent and, finally, by a very sharp drop at the

end of the process. The growth of the ordinates of the curve at the

start of burning corresponds to an increase of the burning area of

the powder when its ignition proceeds gradually (curve 1).

When the igniter ls increased by weight (2mb - curve 2) the
starting ordinate of [ increases; i.e., a larger area becumes enveloped
at the same time, the length of the slowly ascending section of the
curve becomes smaller. Otherwise the [, t curves practically renain
unchanged; they seem to tend to shift to the left towards the origin
of the coordinates, whereby the maximum value of [ is the same as
in the first case, at pressure p = 225-250 kg/cmz. ¥Yhen the igniter
is maximum 64p (pB - 127 kg/cmz-- curve 3), the curve " starts
almost at the maximum point.

These results indicate that ignition at pressures of 20 to 60
kg/cm2 does not proceed instantsneously, and is the slower, the

. lower the igniter pressure - and only at pg = 125 kg/cm2 is the
ignition almost instantaneous.

F-~TS-7327-RE 195

Eed

ey Y Lo ath e A e I

;
¥y ~ Y b T Py . Sof gats g " . o
e s s e e Bl bl e W¢M i Gowdaids e b omste bk 'Y

-




Inasmuch as in guns the pressure developed by the igniter is
between 10 and 40 kg,/em?, the 1gnition will not be instantaneous,

This is coafirmed by the hangfire phenomenon.,
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Fig. 56 - Experimental "', ¥ Curves at Different
Igniter Pressures.

If we ploi on 5 diagram the same curves of [” as a function of ¥
to facilitate their comparison with curves of the variation of S/S
as a function of ¥, we shall obtzin-a diagram ss illustrated in
fig. 56.
vhen plotted as a function of ¥, the general appearance of the
T, ¢ curves changes, they resemble more curves S/Sl,&y, but with certain
deviations. As the value of wg increases, the maximum of " shifts
from y =~ 0.10 towards the origin of the coordinates, and the descent
of the curve becomes increasingly sharper whereby its end shifts from
Wi ~« 0.85 to ¥~ 1. .
This indicates that during the interval it takes for the entire
gsurface of a strip powder charge to become ignited, about 5-10% of

the entire charge will be burned.
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The larger the igniter, the more rapidly will the fléﬁo envelope
the surface of the powder and the later will the start of decomposition
and afterburning of the strip occur. .

In the tests mentioned, the point of inflexion, whose position
on the pressure curve servés to determine the expenent 8 as a o

"function of the shape," varied as follows when the igniter changed

from wy to 605: §; ~ 0.85; 0.875; 0.90; 0.92.

. Therefore, the smaller the igniter, the longer will it take for

i s A i

the entire surface of the powder to become ignited, and the more

heterogenewvus will be the strip in thickness; this results in a

curve in which the point of inflexion occurs at an earlier stage.
if the exponent B as a "function of shape" is calculated by

the formula

e s e mritd

Rk i © i St A 2 il g e A RS

then, as pg varies from 20 to 120 kg/cmz; we will obtain, respectively:

B = 0.18; 0.14; 0.11; 0.09.

The above deductions fully confirm in actual tests that the
noninstantaneous ignition must affect the subsequent burning of the
powder in a specific manner, increasing ﬁhe value of é and making
the burning process more regressive (transition from curve 4 to

curve 1 in fig. 56). A comparison of the (', ¢ curves in fig. 56 with

—
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the "shapg.function" graph for strip powders at 8 = 0.2 ({fig. 45),
shows an almost full coincidence of both the middie and terminal
sections of these curves. However, the initial portions of the

/

// curves representing the first third of the process considerably
differ from the theoretical forn. They include: 1) ascehding sections
not preseat in the 4 - (1 -‘V)g curve; 2) "ballooning" or a rather
sharp increage of the ordinate compared with the Charbonier curve
within the limits of ¥~ 0.10 and y=0.30.

"Ballboning," i.e., the sharp increase of the ordinate, represents
an abnormal ipcrease\in the rate of gas formation at the start of
burning, which ascent gradually levels off and coincides with the
theoretical curve in the second third of the process; this phenomenon
was not known to exist earlier.

Thus, it is proven by the aid of f, t and {7, y curves; that the
ascending first section of the curve from [ to [7 ., at the start of
burning represents a process of gradual ignition and the increase of
the burning area of the powder due to noninstantaneous ignition.
Ignition may bé éonsidered practically instantaneous only at
pg = 120-150 kg/cm?.

If batches of pyroxyiine and granulated black powder (of the
rifle type) are prepared in such a manner as to produce the same
pressure pg, the ignition process will be more vigorous in the case
of black powder, so that the latter will not succeed in getting fully
burned by the time the basic charge of pyroxyline powder begins to

burn (sic).
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This“is in full a¢cord with the nature of the igniters. Whereas

: the products of decomposition of pyroxylin constitute a high temperature ”
gas mixture, intthe,case of black powder these products also contain
incandescent hard particles. The impacts of many such incandescent
hgfd particles help to ignite the surface of the powder nmore rapidly
than do the impacts of gas molecules.,
A 2. THE NATURE OF "BALLOONING."

"Ballooning" is a term designating « condition where the test

éurve of progressivity " exceeds the rheoretical curve (Section I1).

This phenomenon is observed in powders with a volatile solvent, and
g1 is peculiar to a greater extent to thick powders than to thin ones,

and to nitroglycerine powders than to pyroxylin ones. Powders with

a solid solution produce practically no ballooning, - their burning

B e LGNS

approacheg the geometric law more closely,
f The cause of ballooning can be discovered by choosing powders
of the same shape and size but of different properties. ‘
In such a case the exposed grain area and the change in t%e

surface area will be the same in both powders, and the difference

in the values of Pon andl;eop (1.e., Mtest 3nd  Mtheor. - respectively)

ﬁ‘ can be obtained only because of the difference in the burning rate
|

uj, because \

TR (S
T

-
2
—

Y e

The shape of ihe ', ¥ curves obtained by durning two samples \
\

e
b

Hrea® wr N St vt i 2 b Bt o

of tubular powder of the same size is shown in fig. 57; curve 1

R
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corresponds to a powder with a volatile solvent, and curve 2 to a

"ﬂlc

powder with a solid solvent {trotyl + pyroxylin),

The first one produces considerable ballooning, and in the
second there is practically no ballooning at all. The difference
between the ordinates of these two curves is explained by the difference
in their rate of burning because of the heterogeneous mass of the

first sample produced by wetting the powder in water for the purpose

of removing the excess of volatiles. When wetted, the powder becomes
more porous on the outside and this tends to increase the rate of
burning of the outer layers; as the burning layer is shifted inwardly,
the rate of burning slows down. The inner portion of the powder layer
is usually not affected by the wetting operation and therefore burns
at a normal rate.

A somewhat higher rate of burning u; of the outer layers of
powder with a solid solvent, homogeneous throughout its mass, can be
partly explained by the more penetrating and intensive heating of the
boundary laycrs of the powder at low pressures, while burning process
proceeds with a relatively small absolute speed, and by reduced
sersting - as the burning process proceeds with a higher absolute
rate of speed when the pressure increases to above 500 kg/sz. The

layers of powder directly in contact with the burning surface will,

in this case, become less heated and to a smaller depth, as a result

of which the value of u and with it the value of ", will become

1’
decreased.

This explanation suggested by the author in 1937 /°5_7 is now
substantiated in the thecory of powder burning developed by Prof. Ya. B.
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Zeldovich, although the cause of ballooning has not been fully

establighed as yet.
In sny case, ballooning is the accelerated burning of the outer
powder layers, occurring at relatively low pressures and, mainly,
in the case of powders with volatile solvents. '
The thicker the powder and the smaller itﬁjmean burning ratéjx
the higher will be its relative degree of ballooning.
» Ballooning becones nil when the pressure 1s 4increased because
of accelerated burning. )
An analysis of the experimental P, ¢ curves made it possible to

establish the following empirical relationship between the burniug

rate u; and the depth of the layer:

2 VE

ul L ule ’

where ui = the burning rate of the outer layer (ui for almost all

pyroxylin powders is of the same order - 0.0000120 to
0.0000125 dm/sec : kg/dm2);

z = relative thickness of the burned lnyér, equal to ¥ for
tubular powder and approaches y for strip powder;

a = coefficient characterizing the drop ir the burning rate
and determined from the I, Y curve.
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Fig. 57 - Intensity of Gas Formation in Powders of
Different Properties.

This formula is valid for values of z from 0 to z, = 0.3, and

the magnitude of a can be found by the foliowing formula:

A
u
in El .
1 2.303 u
a = = l%’—}"':
. — Uy
3 Vzg Vz,
4
, * where uy is the constant burning rate of internal layers after z = Zo-
E The curves in fig. 58 show the variation of rate u, from one layer

to another in the case of "CN" powder 1 mm thick and "514" powder
6 mm thick; for the first powder u; = 0.04120, u; = 0.0575 and

a = 0.858; for the second powder u; = 0.0,125, u, = 0.0-60 and

1
3 - 1'34' o .

The "[j4" powder has a considerably higher content of volatiles,

and hence its average burning rate uy - 0.0560; the content of

volatiles in "CN'" powder is smaller and u; =~ 0.0575. However, inas-
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much as thick powders are subjected to longer periocds of wetting, the
burning rate of their outor layers is even higher than in the "CRA"

~  powder (0. 04125 and 0.0 1~0)
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Fig. 58 - Change of uj During Burning.

The zbove formula shows that the burning rate of powdess with
a volatile solvent is not constant, as was assumed previously, but
variable, being higher in the outer layers than in the inner ones.
As a resuft, the effective burning of powder is more regressive than
that assumed on the basis of a changing burning area § only, while
considering the rate u, constant.

If the deviation of burning from the geOmetr}c law is due to
the difference in the thickness of the elements of the charge and to
the heterogeneity of the powder mass, would it be possible to obtain
a {, ¢ curve without ballooning? 1Is it possible to realize the
geometric law of burning in actual prﬁctice? Yell, the above is

possfble by -observing certain conditions.

.
3
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Fig. 89 - P, y quve without Ballooning.
1) Test curve; 2) geonmetric law.

A solid cylindrical powder rod without a solvent (the mass is
homogenecus) 7.5 mm in diameter by 42 mm long with rounded (spherical)
ends, was fastened along the axis of a 21.5 cm® bemb by means of
a frame made o! thin copper wire. This arrangement facilitated ignition,
and all the burning surfaces were subjected to identical conditions
as regards the freedom of gas separation.

The welight of the igniter was such as would develop a pressure
pg = 160 kg/cm2, and insure instantaneous ignition.

Figure 59 contains an experimental T, ¢ curve and its corresponding
curve of the geowmetric law of burning at u; - 0.069 nm/sec.

According to this diagram, no ballooning 1s observed on the
test curve; the latter almost fully coincides with the theoretical
curve upou reaching a maximum.

This shows that a powder which is entirely homogereous in all
its layers and is subjected to identical conditlons as r¢gards the
freedom of gas separation frbm its surface elements, burns according
to the geometric law,

A powder with a volatile solvent, whose burning rate varies from
layer to layer deviates from the gecmetric law,
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Furthermore, it is impossikle to distribute a charge in such «
manner where all the surfaces would be placed under identical conditions
28 regards freedom of gas separation, and to obtain a condition where
the deviation from the geometric law would always be the greater,
the greater is the difference in the conditions of burning at different

_portions of the charge.
3. 'THE POINT’OF INFLEXION OR THE PRESSURE CURVE.

. ¥When deriving the theoretical relationship between pressure
increase and time, it was shown that in the case of tubular and strip
powders in which the burning area varies little, the rate of pressure
increase must grow continuously and have a maximum vzlue at the end

of burning. Indeed, in the expression

Q—__&_ﬂxip (49)
dt l - aa e S1
?; \ the value of S/S; = const, and p grows continuously.
35 \ At the same time, the many tests conducted by various investigators

! show that when tubular and strip powders are burmed in a bomb, an
. inflexion point invariably occurs on the p, t curves, following wh.ch
dp/df decreases and approaches zero, and the curve takes on a "beak-

like" shape.

Charbonier had determined the exponent B from test from the position
of the inflexion point in his suggested expression for the “shape

1fuactiong."
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Some of the authors were of the opinion that the hook in the
curve is the result of the crusher's "setting” after the eund of burning
by }he inertia of the small piston, and does not depend on the law
of powder burning.

The analysis of formula (49) indicates that in order to obti}n
the deflection point (dp/dt = const), it is necessary to maintni; the
condition S . p = const, and inasmuch as the gas pressure in the bonk
undergoes a coantinuous increase, the burning powder surface must Jecrease
at the point of inflexion (S = const/p).

1f, however, the reduction of the surface area proceeds faster
than the pressure increase, then Sp aud dp/dt will decrease in value,
and tne convex side of the p, t curve will be directed upwards.

Such curves are observed before the end of burning in the case
of powders with 7 perforations, whose surface asea rapidly decreases
after decomposition.

It can be shown by test that the posicion of the point of 1nf1exion,
when burning strip powders, depends on the degree of howogeneity of the
thickness of the plates making up the charge. By carefully selecting
the proper strip thickness and arranging them in such a manner that
the igniter gases would immediately envelope their entire surface,
and using a strong igniter in order to obtain a simultaneous and
instantaneous ignition,a p, t curve can be obtained with practically

no inflexion at all, or, at any rate, a curve without a "beak.”
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Contrariwise, if the charge is intentionally made up of powder
strips of a given grade but of varying ‘thickness, the point of inflexion
can be made Lo appear considerably earlier than usual /75 7

Koreover, by making up a charge of strips of different grades of
powder, we had succeeded in converting the p, t curve iéto a
rectilinear curve along wmost of its length, l.e., create what would
appear a whole series of inflexion points.,

- The table below contains some of the data obtained by M.E.
Serebriakeov in his tests, in which he attempted to determine the
reasons for the appearance of an inflexion point /[ a~ 0.20; powder-
Japanese strip, "CN"; igniter - dry pyroxylin/.

B In test No. 1 the charge was made up of strips, censiderably

varying in thickness; a weak igniter was used.

In test Ro. 2 the charge was made up of strips of uniform thickness,

-

using the same igniter.

In test No. 3 the charge was the same as in test No. 2; a strong
igniter was used.

The following was determined in all of these tests, py and yj

&t the point of inflexion, powder barning time tx and exponent 8.

¢ F-T5-7327~RE 207

P ol T T T R e

MURIY P = Ay ETIEET IR T TR - o . sty o
T .

Iai “m I‘n! ui it ib' aiﬁ" '“‘: FICE o 0p NP R 70Ty Vol S, i T »
s — i ihdaidbe

e T " - ———n———

e e e s - s A v m

[} GRG0




-

Table 16

¥o = 78.5 cmd

o w+w08 q
2ey, mm Py kg/en® |fm ——~-—1p P <_§> ¥, K 8
Ao kg70m2 kg/cn? \dt/max sec
1/cm?/sec
0.92-1.07 20 0.201 2115 1717 428 0.8 0.0355] 0.230
1.00-1.01 20 0.201 2150 %950 480 0.921 0.0348] 0.103
0.98-1.00 125 0.211 2310 ‘2190 540 0.9510.0084] 0.055

Curves p, t -, t and [, ¥ are shgwn in fig. 60-61.

The obtained results offer a very clear graphic description of
these testis., )

In test No. 1 the pressure curve past the point of inflexion has
a fairly long "beak," and the transition from the point of inflexicn to
the end of the curve is smooth ( 4t =~ 0.0030 sec). XNo smooth transition
after pj occurs in test No. 2; there is a sharp break in the cufve and
the "beak" is considerably shorter ( At = 0.0013 sec).

In test No. 3 ignition occurs instantaneously, the uniformity of
the thicknesses is retained, the point of iéfiexion shifts to the
very end of burning, (dp/dt)max increases in value, and the "beak" is
totally ubsent on the p, t curve; the curve tefuinates‘at an angle

approaching the maximum ( At < 0.0005 sec). No "aftercompression" of

the crusher was noted in this test.
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Fig. 60 - p, t and [, t Curves at Different Values
’ of pB and 2el.

a) p, kg/cm2; b) t (sec); 1) «.. 1.07 mm
"on” strip; 3) ... 1.00 mm “CA" strip.,
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and 201.

‘#ig. 62 - ', ¥y Curves at End of Burning of Strips
of Different Thicknesses.
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Thus, the appearance of an inflexion point is linked with the

R

sharp surf{ace arex decrease during burning of powder. .

Its position, in the case of strip and tubular powders, depends
on the uniformity of the thickness of the strips or tubes at the
end of burning.

By choosing the proper conditions of ignition pg and thickness of
the strips, the positi;n of the inflexion point on the pressure curve
can be varied widely.

This point always occurs in the case of powders of nonuniform

thickness or perforated powders, in which the burning surface area

after decompositicn undergoes a sharp decrease and tends towards zero.

4. REASONS LEADING TO A LOYERED INTENSITY OF GAS
FORMATICON IN THE LAST STAGE OF BURNING

In the case of regressive powders, the experimental T, Y curves
in their mid-section between ¥ = ¢.3 and = 0.8-0.9 almost coincide
with the theoretical curves; beyond y= 0.8-0.9 the ordinate of the
curve begins to drop rapidiy ond tends towards zero at the end of
burninpg whe. ¥y = 1.

The reason for this drop lies in the nonuniformity of.thé plates
making up the charge. The thinner the plate, the sooner will it burn,
At the end of burning the surface area of such a plate undergoes a

 specific amount of reduction and this causes a decrease of the

‘ 51 s
. tunction [= — 5 W The greater the nonuniformity of the charge
A 1
1

in thickness, the earlier will the condition of lowered intensity of
T*TS—7327-RE 210
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gas formation cccur. Furthermore, even an individual strip is usually

"

nonuniform in thickness along its entire width, so that after it is
pressed during drying the contraction of the strip is not uniform
and the latter acquires a slightly lenticular cross section: it is

thicker in the middle than at the ends.

N

4
A similar and even greater variation can occur in the web tlfickness
of tubular powder as a result of a nonconcentric perforation. The
resulting noninstantaneous ignition causes further impairment of tbe

initial plate dimensions and this advances the time a2t which the

lowered intensity of gas formation at the end of burning occurs. This

was shown in [°, ¥ curves obtained in tests using igniters of different .
pressures, and also in fig. 61.

The results of calculating the change in the value of fi uy, for
a charge consisting of plates of strip powder "CII'" varying ii
thickness from 0.92 to 1.17 mm and tested in A manometric bomb, are
presented below. -

In order to simplify such calculations, the plates were split
up into 6 groups according to thickness; the relative number of plates
of the two middle groups taken was greater than of the remaining
groups, namely, 0.20 instead of 0.15%.

Theoretically, for a powder of uniform thickness, the ratio

{exposure) S/jl must vary during burning from 2.07 to 1.76 mmz/mm3,

and function - from 0.160 to 0.136.

. 1 At up = 0.0775 22 ; XE_ |
k€ cec sec cm?
sz
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The following table gives the variation of S/A1 and Tas a

function of ¥ auring the burnivy of the individual plate groups / 4_7.

Table 17

W

Group XNo,

—

2 3 4 5 6 Remarks

Plate thick-
ness 201 in

Relative mum
ber of such
plates in a

mm 0.92

charge 0.15
Y3 0.894
S

A 1.526
Ay

r o= — u, P.118

2e « 1.05 mm
0.97 |1.02 {1.07 | 1.2 |1.17 1 cp

0.15 {0.20 0.20 0.15 0.15
0.931(0.961} 0.98210.994 | 1.000

1.250 {0.837 1 0.530 | 0.263 0 - 0.160

ro cp

0,097 |6.069 ) 0.041 | 0.020 0 M ep ™ 0.136

On the diagram in fig. 62, curve 1 corresponds to the theoretical

variation of I for powders of average thickness; the descending portion

2 of the 1
Teo

p curve is obtaired on the basis of the above table;

this diagram also includes curve 3 of the test curve " obtained on

the basis of a bomb test. A comparison of the theoretical and testnP

curves shows that their behavior both at the mid-section and at the

end of burning is similar. The fact that curve 3 begins to drop

ahead of curve 2 is explained by the use of a weak igniter in the

test, and by the fact that the noninstantaneous ignition leads to an

increased thickness variation.
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Conclusions
The above 1nvéstigntious clarify the reasons for the deviution
of powder grains of~p1ain shape from the geometric law of burning
{Sections 1, II, and IV in fig. 50).’/1
The rapidly increasing section of the ", ¥ curve at the start
of buraning cornstitutes a process of gradual ignition; a practically
isstantaneous ignition and the start of the curve djrectly fron the

maximum point is secured by the use of a high pressure igniter

pg = 120-150 kg/cm2.

~

"Ballooning" is the accelerated burning of powders at low pressures

and in the presence of layers of nonuniform thickness, occurring as a
result of technological processes {(wetting) and excessive heating of
the powder at low rates of burning.

v The point of inflexion on the p, t curve and the corresponding
rapid decrease of the intensity of gas formation shortly before the
end of burning are due to the nonsimultanecus burning of the elements
of the charge of varying thicknesses. The smaller the igniter, the
greater will be the variat;;n iﬁAthe thickness of the éo%der, the
earlier will the inflexion point occur, and the more rapid will be
the drop in the intensity of gas formation. By choosing charge
elements of the proper thickness and a very weak igniter, a condition
.can be obtained whereby the burning of the powder at the end would
proceed without a sharp drop in the intensity of gas formation, and a
p, t curve can be obtained without a point of inflexion..
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9. BALLISTIC ARALAYSIS

A. The Applacation of T, ¢ Curves 1o the Analysas

of Burr ny. of Flesiatyirzed Ponders

- e ———

—— e st

The powder wmust be flegmatized in order to make it a progressive
powder, i.¢., a substance ‘ending to slow down the burning of the
outer layers must be added to the powder wass. The distribution of
the flegnatizer in the powder must be irregular - its concentration
must be maximun in the outer layers and gradually diminish towards
the center of the grain. Therefore, the burning rate uy at p =~ 1 kg/cmz,
which depends on the nature of the powder, must vary frowm a minimus
in the outer layers to a maximum inside the grain. Progressive burning
is thus obtained by changing the composition of the powder mass
rather than from the shape of the powder,

Under actual factory conditionsflegratization may be inadequate
or excessive, whereby the flegmatizer penetrates the full powder
thickness and makes it slow burning rather than progressive in
character.

it is of importance therefore to determine the depth of the
flegmatizer's penetration, its distribution in the powder, and its
effect on the burning rate uj.

Usually the penetration of the flegmatizer is determined by
coloring the flegmatizer solution with fuchsin (magenta red), and

after flegmatization and drying the grain is cut and examined under

a microscope.
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This method is not very accurate however; because the penetrating
properties of fuchsin apd tne flegratizer may be different. 7The
microscope cnables ~ne to deterwine the depth of penetration of fuchsing
it doeg noi, however, permit one to deterninue the depree of
distribution of the substance in the powder,

However, bomb tests and their analysis by means of the U function
make 1t quite easy to obtain an accurate eVaiuatlon of the
distribution of the flegmatizer throughout the mass of the powder.

indeed, if we were to test in a bomb at a given lcading density
ordinary powder and then a flegmatized powder, and plot curves of
the chauge of I as a function of ¥, the difference between these
curves would be an appreciable one; this can be seen in fig. 63,
which shows the test results obtained with powders with 7 perforations
before and after flegmatizaticn.

Whereas the nonflegwmatized powder {curve 1) has "ballooning"
prasent on the I, Y curve and then drops to ¥ = .50, flegmatized
powder (curve 2) produces no ballooning, the ordinates of the curve
move upward, and bufning is progressive from the start up to ¥Y=0.50;
thereafter the r, Y curves almost coincide. Therefore, the effect
of flaegmatization is felt until half of the grain is burned, followiny
which it is terminated. The above makes it possible to calculate
tbe depth to which thé flegrmatizer has penetrated.

Inasmuch as in b;th cases the powder graias wer¢ of the same
gshape and dvaensions, Rt may be assumed that the change of §/4 with

\

respect to w is the same in both cases. Hence the ratio of the
\

ordinates f;/rl gives the ratio between the elementary burning rates

|
at a_piven instant, !
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upon determining the value of this ratio for successive values of y,

& curve can be constructed showing the relative variation of the
elementary burning rate, which depends on the distribution of the

flegmatizer in the powder mass.

An example of a curve of this type is shown in fig. 64.

. PR N
~ i‘ Lo
]

.{

i\g : — ........_.,:!
z «? . . '\-‘ ‘.. ’
’ [ A -

Fig. 63 -~ ", ¥ Curves for a Fig. 64 -~ Change of Burning Rate
Powder Before and After uy in a Plegmatized Powder.
Flegmatization.

The distribution of the flegmatizer in the powder is not uniform
and becones smaller as the depth of penetration is increased: this
is indicated by the minimum value of the burning rate at the start
and by the fact that the rate increases according to thg law up to
Y= 0.50. Thereafter, the relative burning rate becomes equal to
unity, i.e., the burning rates of the powders become the same. This
indicates that the flegmatizer did net penetrate beyond ¥~ 0.50 and

its corresponding thickness.
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Thus flegmatization serves to reduce the intensity of gas formation
du?ing the first half of the process. This permits increasing the
charge in tiring Qithout exceeding the maximum pressure and to obtain
a higher sb%1l discharge velocity. But inasmuch as flegmatization
usually 1033:5 the powder-energy f, in addition to the burning rate uy,
a portion of ihe increased charge is utilized for the purpose of
maintaining the shell velocity which would have been obtained with
nonflegmatized powder.

Inasmuch as the burping rate of powders containing uniformly
distributed quantities of the flegmatizer can be determined from bomb
teste, the variation of the flegmatizer concentration between the
powder layers can be determined by the change in the burning rate of
powvders with different percentage contents of the flegmatizer material.

If the duration of the flegmatization process is overly long, a
powvder can be obtained in which the distribution of the flegmatizer
is practically uniform throughout its entire thickness, and hence
the burnfng of the powder will be slow but not progressive.

B. The Peculiar Burning Characteristics of Nitro-
glycerine Powders

Anhlysis by means of the [" function had shown that English

" tubular cordite, notwithstanding its regressive shape, gives a some-

what increased value of I, after y=~0.3, i.e., its burning is

progressive.

A
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It has bneq.bstahiisbed by means of special tests, that & [T,
Y curve constructed for freghlg nanufactured cordite does not differ
in anyway ;rOm ar ordiuvary M, ¥ éurvv for tubular p?roxylin powder
(curve 1-1-1 4in fig. L2), after the excess of the,é&lvent {acetone)
is removed.

But if the "life" of such a powder is shortened by placing it in
8 thermostat at t = 50°9C, its energy will be lowered after a whille
and the ', ¥ curve, followilug ballooning and a descent, will begin
to ascend again fromy~0.3 to Y= 0.9 (curve 2-2). Thereafter, its

drop to zero will proceed more sharply, similarly to pyroxylin powders

during the end buruing of the thicker elencats.

Pig. 65 - P,q’ Curves for Nitroglycerine Powder.

The fact that the energy f has decreased indicates that a portion
of‘the nitroglycerin had evaporated through the outer surface of the
powder. The nitroglycerine remaining in the layers close to tae
surface had shifted onto the surface causing ballooning during

__burning. This in turn had caused a redistribution of the nitroglycerin
in the neighéoring layers. Inasmuch as the rate of burning depends
on the nitroglycerin content in the given layer, the rate should

increase in the presence of such a nonuniform distribution as the
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= — — uy,lincreases becsuse of the increase of uj, and the burning

of the powder becomes propressive. Therefere the buraning churacteristlic
of cordite can change depending upon its "age"™ and the conditions for
its storing, and this change can be easily disclosed by using the

test function " as the analyzer. ‘

CHAPTER 3 - BURNING PROMERTIES OF PCWDERS WITH
NARROW PERFQRATIONS

It was shown above that test curves [,y of the progressivity of
burning of powders with many narrow perforations deviate irom the
geometric law considerably more than do the curves of powders with

grains of simple shapes (strip, short tube). These deviations are

the greater, the longer the perforations, and, hence, the longer the

powder grain itself.

The least understood phenomenon frorm the standpoint of the
geometric law of burning are the regressive portions of the T,V
curves in the case of perforated powders, whose surface area,
theoretically, must undergo a continuous increase until the grain is
decomposed.

If we consider such a change of the value of I" {rom the stand-
point of surface va;iation in a grain during burning, we get the
impression that the grain becomes decomposed into separate parts
in the form of rods after it is ignited, whose sur{ace changes

regressively. Such a decomposition of a grain during the initial

stage of burning can occur for the reason that the gases forwed inside

¥-TS-7327~RE 218

. g - . R SR AN <O xS = e WS W Ry pin b g
i

s
- BNESNTTIRET Py il s nctonm il aahe i "
G PP e e -




narrow and long prerforations do not succeed in fully escaping from
the perforations, thus creating 3 niygher pressure which serves to
accelerate burning. Thiw pressure becomes so high that the walls
of the powder collapse and the grain disintegrates, following . which
the burning of the powder becones regressive,

Such an explauation for the regressive form of the P curve for
powder with 36 perforations seemed natural at first glance.

Actually, however, an examination of the unburned powder rods

a

cbtained after firing has shown that no disintegration of the powder

occurrced at first. This was evidenced by the presence of many grains

%ith strongly burned but otherwise intact perforations corresponding

to Yy~ (.60, or by grains bearing signs of partial decomposition only

{see right-hand photograph in fig. 31).

This condition indicates that the burning of powder with narrow

perforations is moire comnplex and depends on factors absent in the
burning of powders of simple shapes and usually not taken into
consideration.

1t is thereforé of importance to analyze the peculiarities
involved in the burning of powders with narrow perforations and to
develop a theoretical approach to the problem dealing with the
deviation of such powders from the geometric law, as was disclosed

|
in actual bomb tests.\
1
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1. THE EFFECT OF PROXIMATE CONTACT™ BETWELN BURNING
SUKFACLS

If two powder strips are buraned separately in the open air, enéh
strip will burn quiectly. If, however, one sirip is placed over the
other while burning with the burning ends touvching, burning at the
points of contact will proceed more vigorously and gases will be
forcefully ejected from the gap formed between the burning surfaces.
This indicates that the gas pressure becomes increased.

An assumnption has been made to the effect that if the surfaces
of two grains were made to burn separately in one bomb and in close
contact in another, the pressure between the contacting surfaces
would be higker and the burning of the grains will proceed more
vigorously.

A. Tests with:-a Rod and a Tube.

This assumption was confirmed in an actual test.

lIdentical powder grains were burned sinultaneously in small bombs
(21.5 cmS) wherein the grains were arrang:d differently.

The charge consisted of a tube and rod of nitroglycerin bowder.
The rod diumeter was such that it could be inserted into the tube
with a certain small clearance between them.

In one test the rod was placed in the bomb alongsidé the‘tube,
and the other rod was inserted into the tube.

Due to its higher burning rate, nitroglycerin powder was found
to give a sharper distinction betwean these parallel tests.

The results were as follows (fig. 66 - p, t and ", t curves): in
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the first case the p, t curve was smoolh, and in the second (rod inside
tube) a sharp pressure increase was obtaimed at p = 100 kg/cmz}
following which the p, £t curve became smooth again while remaining
above the first omne.

In the first case, curve I, ¥ {fig. 67) shows a small amount of
ballooning\;l WY« 0,03 and then slowly descends to ¥ 0.70, following
which it drops rapidly because the web thickness of the tube ig
practically fully bLurned, and the final burning of the tube and the
burning of the rod follow.

At the instant Y~ 0.90 the tube is fully burned (thickness of
tube was 1.75 mn and diameter of rod 5 mm) and the rod undergoes the
last\stages of burning.

In the case of the rod inserted into the tube, the T,y curve
balloons sharply at Y= 0.03, its apex corresponding to Y= 0.04. The
maximum ordinate at this point is almost twice as great as that of
the corresponding ordinate of T of the first test; this is followed
by an 2lrost vertical drop down to the first curve (Y = 0.06),
following whici the curves are almost coincident.

Ig order to clarify these results, the test was repeated in open
air. Jpon igniting the rod simultaneously at both ends, it was
ejected from the tube, apparently because of the pressure differeance

between the ends in the clearance present between the rod and tube.
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{
Fig. 66 - The Effect of Con- Fig. 67 - The Effect of Contacting
tacting Burning Surfaces on Burning Surfaces on [, ¥ .
P, t'
1 - rod and tube side by -
side; 2 - rod inserted into
tube.

¥hen tested in a bomb, the rate of gas foréation rapidly increases
because of the hiéh burning rate of nitroglycerin powders, the close
proximity of the burning surfaces and the small clearance, and
ballooning occurs on the I' curve. But due to the pressure difference
which may occur at the opposite ends'oi the clearance, a string of
relative%y soft cordite would have been forced out of the tube.
Thereafter, a close contact between the burning surfaces would have
been obviated, and further burning would bhave continued under
qsggifions almost analogous to the first test. This is indicated by
the almost parallei path of the P,y curves.

fhe fact that the burning in this case proceeds more vigorously
than in the first test is indicated by the condition that the burning

of the tube and rod in the second testi was concluded ahead of the

first one, as can be seer from the ', t curves in the diagran.
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Actually, the drop of " corresponding to the end of the tube's
burning occurs in the first cuse at t » 0,0095-0.0100 sec, -and in
the second case - at t = 0.090 sec. 7The full burning time in the
first case is ¥ = $.0140, and 0.0130 sec in the secoad,

These tests are very valuable with regard to the theory of non-
uniform powder burning, inasmuch as they show that the sharp increase

in the rate of gas formation is not due to the increased surface

area (which was the same in both tests), but, rather, to the increased

rate of burniag caused by the close contact of the burning surfaces
and by higher pressure. '

As soon as this contact is eliminated, the process proceeds
normally. According to the geometric law of burning, all the powder
surfaces must burn with the same rate, and a chang2 in the mutual
arrangement of the portions of the charge should not affect the law
of gas formation.

B, Powders with Narrow Perforations

An identical phenomenon of accelerated gas formation should be
observed in the case of powders with narrow and long perforations,

wvherein the burning surfaces are in close contact. The narrower the

perforation, the closer is the contact between the perforation surfaces,

and the more vigorous is the burning process. As the perfurations
are eroded, their surfaces spread apart and the intensity of burning
decreases, and as a2 result the ordinates of the ', Y curve beconme

gradually reduced.
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The fact that the burning rate before decomposition, deterunined

by the formalsx

€3

1

S pdt
0

uy -

iz considerably grezter than the rate after decomposition, &t which
time the rate is normal, iandicates that the burning rate is actually
greater in perforated grsins than in strip powders, Thus, the

burning rate of Kisnewmsky's powder with narrow perforstions before

decomposition, corresponding to the point of inflexion on the pressure
curve, ig u; = 0,100 mm/sec, compared with strip powder of the same
composition whose normel rate is 0.075 nm/sec.

2, THE EFFECT OF THE LENGTH OF PERFORATION ON THE
PROGRESSIVE BURNING OF POWDER

Accordirng to the geometric law of burning, the narrower and

longer the perforation, the more progressive is the shape of the

grain.,

4
v

However, the narrower and longer the perforations, the greater

e it

will be the differeance between the conditions of burning inside the ‘%

perforatious and &t the ocuter surface, the more difficult wilil it 5%

be for the gases to leave the perforations, and the greater will be ig

the pressure developed in them; and és a result the deviation from AE

. the geometric law towards regressive burning will be the greater. f

In order to confirm these deductions, we are presenting below %

< the results of tests in a manometric meb for determining the %

progressive burning of powders with a %arge number of narrow ;
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perforations of unifors cross swction, but of varyiang length, and

also the resulls of firing.

o e e

Tests for determiuing tie €¢ffect of theﬁlength of perforations

were made with powder No. &: 3b perforations, relative length in

«

c
& normal slab a 90,

0
The charge consisted of normal slabs, of slabs of the sane

cross-sectional area reduced to 1/4 length (53 w 22), to 1/8 of the
0

i normal length ( %E = 11), and slabs reduced to 1/10 of norwal length
0
. (23 ~ 9), Perforaticr wall ag = 0.42 nm,
20
If for the sake of siwmplicity we ~ssume that the powder buras

te tne very end without decoiposing, then, as the length of the slabs
Sy

is decreased, the geowetric progressivity LS becomes swaller, and
1
the exposed surface §l becomes greater, as can be scen in Table 18,
A
Table 18
2c 2c 2e
2¢ 3 r 10
2c | g0 22 11 9
)
0
51
—_ 1,37 1.53 1.76 1.88
31
Sx
1 — 2.17 1.83 1.39 1.20
Sy

This~data shows that & full-length slab (2¢) possesses a very

high geometric progressivity (2.17), whereas a slab reduced 8 times

in length has the progressivity of a grain with 7 perforations.
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- Theoretical curves of the yariation of S/Sl cor;esanding to the

- N -
‘geometric law of ‘buraing without decomposition are shown in the

whera

disgram of fig. 68a.
The geometric curves of progressivity .ascend from the initial
ordinate S/Slsi 1l in the'form of & diverging cluster. The ordinates

t ons
have a maximum value at the end o burning; as the length of the

-~

‘glabs is.-increaszd, the slope of the curve, and hence the progressivity,

# increases.

v

The test characteristics (= l g% were calculated from these curves;

p
then, in order to eliminate the influence of the varying exposure
s |
xl entering into the v?lues of ", the latter were subdivided into
M * ’
corresponding values. of SI/Al’ l.e., reduced not to the initial volume,

" W —s
A

but, rather, to the initial surface area S,. We shallzdesfgnate this

A _
(- value of 7éi:L_f — by f;; the obtained curves of fs as a function

LS} S

e e o

?; ' o >Fig. 68 - The Effect of the Length of Perforations
. : . . on the intensity of Gas Formation.

a) theoretical; b) test curves.

o " Z7. . Were the geometric law applicable, T = ml S Ui Mg = Eivﬁl. l.e.,th

value of g at constant burning rate uy would, vary in proportion

T w

g,
o w{-‘-“;k.; o R B Ao e 7 (T
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with s/sl. Therefore the {;,,y cué;esyihéuld be of the same fcrm and

-

have the same relative arrangement xs the curves of geometric
s .

progressivi&y'é%, ¢ (fig. 68a). o WA'"

An anzlysis of these tests shows the contrary to be true,ias ;//
illustrated by the diagram in fig: 68b,

All the I, curves have a sharp slope st first and a maximum
at ¥ =~0.10, following which their path is regressive, 'The highest
curve is that for the slabs of the greatest length 2¢; the shorter

the slab; the lower is the F; curve. '‘The mutual disposition of the

I's ¢urves is the same as of the S/Sl curves: But whereas the S/S1

"curves proceed in the form of a diverging cluster aﬁd are the more

4

progressive the greater the length of the slab, the experimental ﬂi
curves show the reverse: they have a maximum divergence after
a sharp ascent at ¢~ $.10, and then proceed in a-converging cluster,
whe;eby the greater the‘slab length, the more regressive is the ‘
curve.

For slabs %? in length the curve has even a sma}} horifgngfl
section. -

Thus ihe longer the slab, the more will the burning of perforated
powders deviate fr;m the geometric law, Ehe steeper will be the

slope (ascent) of the r; curve at the start of burning (while the.

‘perfor;tions-are still narrow),. and the more regressive will the

.curve be thereafter. Decomposition commences at Y=0.70 and the

curves-begin to drop to zero at ¢ = 1,
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“The following conclusion can be deriveéd from these tés;s: when
pbideg.ggﬁpurned in a cénstani volune the change in the intensity
of gasvformation 48 the mBre regressive, the nore psogféssive is the
sshigefpt'the'gratna The true or'phys;csl law ¢f burrving gives results

- . which are opposite in character to those of the geometric law.'

‘FPurther analysis will show that the Cs.curva of the shortest

éfﬁb 4 is more reégressive than curve 3 .representing a lpnger slab R
¢ (i:). Here theflfmited geometric progressivity begins /to have its :

-efféct, and the-conclusion {s reached that for a powdex grain of a
given cross section there is such an optimum grain length at which

the gas formation is most progressive '(or least regressive)

2¢ o, 20-2% . ‘ !
Q‘G )

B These bonb test results which are so paradoxical from the stand-
l‘point of. the geometric law of burning were verified ;p actual firing

T ‘tests (Table 19).

- —— e o

~ ‘ /
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Table 19 = Results of Firing Using Powders of the Same Cross ‘Section
- but of Different Lengfhs'

RO REGE

Powder Spec{nﬁeg~ - hg%’ ;% B2 /eme ;}seg’ ;% | Zf:a s
S ] N
Long (2c = 1QA0)‘ ;izo Ao.gso. 2285 613 : 1.39’-1.39
réhortcneﬁAgzc = 3A4) _ 66 |1.150 [ 2200 655 |1.44[1.81
Short (2c¢ = Ag) 22 |1.1007) 2285 | €48 | 1.59 1.54
frade 9/7 (with 7 perforations) |' 24 |1.200 [ 2290 | 655 |1.40.f1.37

All tlie specimens gave the sane value,of'pm, though the longest
specimen No. 1 having the most progressive shape produced this
préssure with the smallest charge W= 0.550, which serves to explain
why the velocity v, was. the lowest (613 m/sec).

The shortened specimen No. 2 having the least theoretically
progressive. shape bermi@ted however, without e{evaging the pressure,
to increase the charge to 1.150 kg and thus increase the muzzle

velocity to 655 m/Sec, i.e., it was actually found to be more
’ !

H

progressive. Specimen No. 2, similarly ito the bomb -test, gave some-
what poorer results than specimen No. 2,\ﬁroducing the same pressure
at a somewhat smaller charge (1.100 kg),gand ‘& was reduced to 648.
r/sec.

These firing tests had shown that powders with narrow perforations
give idéntical results in a bomb' and when 1re& from a gun, and

that powders with excessively long and narnow perforations are not

profitable, notwithstanding their geometric|progressivity. There is
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{  ’bomb at small valﬁes of A

~w;d~=a,§, ?{“41“*‘¢?’r~v*‘?::ﬂxsﬁz P R RS TIRATE T R L L T T Y
:

3. certain optimum length at which burning is mostAprogfessive3 in i

guns at large values of A this length may differ from that in a

.

Sinilarly, tiring t+sts with tubular powders have confirmed the

fact that longer tubes in an identical charge produce a higher pressure

H
‘

py and velocity ‘A,éompareé with shorteéned tubes.

] Thgsgsgubgs show that powders with narrow perforations do not
follow the geomctric law and that their deviation from thé latter
is the greater, the longer the perforation.

A«éoyparisonqu the results cbtained in firing shortened Kisnemsky
.;powders iifh 36 perforations (¥o. 2) and ordinary $/7 powder (No. 4)
indicate that notwithstanding the great difference between their
geometric progressivfty, the 9/7 nowder producéd the same results
“(gi»: cdnéf&etahly sinpler manufacturing procedure).

3. THE PUNDAMENTAL THEORY OF NONUNIFORM BURNING -OF
PERFORATED POWDERS

As was mentioned above, a certain céntradicticn was disclosed.
between'the actual and geometric law of burning even in powder grains
-of sinple shapes. - N

Such contradicitions were particularly sharply defined in the
case of powders with narrow and long perforations. Test curves of
the progressivity of burning are entirely contradictory to the
theoretical curves; these deviations increase with {he length of the °

perforations. What is the explanation thereof?
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The basic concept of the geémétfic law restis on the~cohdr;ion
that tHe pressure is always uniform at all the élements of xhe‘burﬁing
surface of the charge, and that hence the burning rate u = ujp is also
uniforme

This congytloh-would have been valid if the process of burning
vere to proceed very slowly te permit immediate quallZatiOn or
balancing of the siightest pressure differences occurring at various
points of the oomb, i.e:i, if the phenomenon were to proceed similarly
to static processes.

Actually, of course, the burning process proceeds extremely
rapidly to permit equalization of the pressure at different points of
the charge, so that the burning rate is actually different at the
various points of thé*burning surface. The difference in’inte551ty
must also be pronounced most sharply in the burning of powders with

narrow perforations.,

It can be easily proved that the rate of burning ;ﬁside the
getforation%—c?n:?g the same as the rate at the surface of the
grain. 1In i:chemicnlly homogeneous powder composition thelburning
rates can be equal only at equal pressures. But if the pressure p"
within the perforation equaled the outside pressure p', the gases

formed inside the perforations could not escape, unless a pressure

difference were present. Therefore, if the inside and outgide

- pressures were equal, the bomb ‘would become filled with the. gases forned

s

at the cutside surface of. the powaer only, while the gases in the

- I"
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,pgrféraigon; would rémain where formed, which condition is entirely

¢ A - > e ” .

improbable. Thus = simple reasoning shows that the buruing rate inside
- A ‘

and outgide the grain cahnot be the same. ‘

By separately applying the pyrostatics formulas to the surféce ,//

f"ffgog the perforation and the outside grain surface, it can be shown

}qnnatitati?ely that the pfessure inside a narrow perforation cannot
‘ééugl the pressure at ‘the outside grain surface, and that the pressure
'flincngSQ inside the perforation must proceed considerably more rapidly.
- We shall make a preliminary znalysis of the values governing

the pressure increase obtained in burning powders of simple shapes
vlthput.perfofatﬂoﬁs,chsuming that thke grains are uniforml; distributed
in the domb, or ﬁhﬁtvonly one grain is being burned.

Ve have introduced the following expression for determining

the pressure increase in a constant volume: A !
A\
b (,1 - —-) S:
dp . g 1 s
. - 2 T WP
de Ay Ay 8y , N

P - " e e o oo ey — W

For the initial stage of the bufnxng process S 8,

A, 1\ A
‘A.,‘,-J‘_"T“x(a'f"&" ‘}'wl“‘g‘,

then
dp A 0§ 1w 531 -
It = up - — WP, ‘
t 1 ~ 4 un W o 4
é L I
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3 ;N* but L ¢ - powder deasity, and

; M

: ’ d 51 ‘
; £ f8u; —— p. (50)
3 dt, 1 ©

i Yo~ 75

: ) . w .

4 / Designating Wo - 5 " ¥, we get

o

] ‘1 /

- ' S

] / . 9.2 - fdul .._%. P

3 ~ dt \)

L]

and hence for a given type of powder (f, d, u;).and pressure p, the
pressure increase dp/dt is determined by thenratig between the
‘burning surface area of the powder and the volume in which the gas
: ( is separated from the powder surface.

¥e shall designate this ratlo byt :

Cw s/V.

Burning inside the powder perforation can be viewed as .consisting
of two .consecutive processes:

_1) accumulation of gases separated from the surface of the

perforation inside tne perforation space;

. 2) outflow of the accumuléted gases from the perforation if the

inside pressure exceeds the pressure at the surface of the grain.
- We shall apply formula (50) separately to burning at the inside

_surface of the perforations and to burning at the outside grain

-
- /

surface and compare the results,
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Let us designate the initial volume of .each perforation L
and its surfesce srea Sgi the total number of grains in the charge
is X, and the number of perforations in each grain is n.

1f we assume that the igniter pressure pg is the same at the

outer surface and inside sach perforation, then:

in the:perforationfggi - fSulpBC",

dt

‘where

Sg qd v 2 4
t” ;| e g eeTmeT—— g e ’
x 3£d22c d

and at the outer grain surface S'

dp’ .

— = {Su,pp ' \

ot P& \
\.

where ¢ ig the ratio of the entire surface area S' to the volume
\
within which the gases are separated: from this sﬂrface, f.e.,

\

g - S

()
'0 - *5 - anx

Beafing in mind that %% = Ay, where A, is the\volume of the

entire éharge, and dividing the numerator and denozinator {' by
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3 1 Calculations show that for a standard grain with 7 perforations
%(l a2t A= 0.20 g"‘ﬁc70§'; therefore the ratio between the rate of

é i pressure increase in the perforaﬁiog and the rate at the outer surface

will be considerably greater (of the order of several tens):

dp” »dp’ and p" >p'.
dat at

Therefore, even if the pressure in a narrow perforation and at
the outside surface are equal at a certaim moment, the pressure
inside the perforation will immediately begin to increagg at a
( faster rate than at the outside surface, znd hence the bﬁrning rate
u” = u;p" will be higher.
All the reasoniings presented above relate to the start of -
burning and would be gnti;ely valid if no gases were to flow out of
the perforations. Actually, inasmuch as the pressure will increase
more rapidly inside the perforations,. the gas will escape because
of the resulting pressure difference, so .that the frée space within

the perforation will be increased and the outside free space, wherein

et A A b et s

are also collectgd the gases separating from the outside surface,
lvill be decreased. As a result, the pressure difference will become -
‘ , reéuced when both the perforation and the outside surface are burning,
and will gredually become equalized.
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However, due to the extremely high speed of this phenomenon, the

gases formed in the perforations nré“incapable of fully escaping from
the narrow openings and become -accumulated in the ﬁerforattons, the
pressure increases as a result and in furn increases the rate of
burning, so that burning in the perforathns at a given pressure

i ¥ithin a bonb must invariaﬁiy proceed ;t axgzggé} rate than at the

outside surfaces of the grain.

. Thus the presence of narrow andtlong perforations in the powder
will al;ays cause nonunif:rm burning in the perforations and at the
graln surfzce, and this nonuniformity results in the anomalous
curves of progressivity I',Y presented above (see diagrams in figs.

48, 49, 52 and 53). ‘

If the loading density A is increased, the corresponding value

of{"for each.perforation remains unchanged, the value of {' for

——y

the outside surface increases (because the entire f' fraction

"
increases with the imcrease of 4 ), and the ratio %— decreases and
t
tends toward unity.

o ————————— e

Tests have shown that the [, curves at small values of A

actually become morea regressive.
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Fig. 69 - Burning of Kisnemsky's Powder with Very
Narrow Perforations.
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Fig. 70 - Burning of Kisnemsky's Powder with Very
Narrow Perforations.

The presence of a considerably increased pressure in very narrow

and long perforations can be seen in photographs of slabs of

Kisnemnsky's powders No. 9 and iO (figs. 69 =2nd 70) ejected from

2 gun before they were fully burned. The photographé(ﬂxthe left

show slabs of Kfsnemsky’s powders before burning, the perforations

are g0 narrow (0.1-<0,2 mm) that they can bte hardly seen because of

their fusedquenings; the photographs on the right are of grains
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{5gj38xed from a .gun. Many of the perforations are -eroded, wsich
}%éndxtion car be duc only to the presence of a high pressure within "
= {i" the perforations; similar erosions vere observed also on the side
' .Bgrfaces of the slabs. The perforxtiohs are alpost circulqr’in shkape.
L 4. EFFECT ?RODUCLD BY NO\UNIFORM BURVIVG OFr
"1 . . PERFORATED POWDERS ON THE SHAPE. OF THE
I CURVE

j!e shall now. show that nopuniform burning and excessive gas
. pregsure in narrow perforations can serve to explain‘the steep

asCent at the start and the continuous drop of the I, ¥y curve obtained

from the :naf&sis of experimental p, t curves obtained with powders

having narrow perforations.
A ¥e have the following deésignations:
. N

outside surface area of burning grain;

S" ~ combined surface area of all the perforations in the grain;

-~
w
g
[7]
+
v
!

total surface area of the grain; -

o
-
'

initial volume of grain;

[
i

.ﬁurning rate at the outside grain surface (u' = ulp');

L
'

burning rate inside the perforations (u" = ulp").

In order to simplify the analysis of the phenomenon, let us
assume that the burning rate inside the perforations is uniform and
that tke burning rate along the entire outside surface is likewise -
Fongtant.

. . Let us see now how the test curve of progressivity (e l . EY
in the case of the geometric law will differ froﬁ the same cﬁrvedt

’.( : baséd on actual burning proceeding with different rates at the outside

surface "ind in the perforations.
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Let us assume that -at a given dnstant the same portion of the

Yo P TE o RO T ey
RS ’»-M%c«*&aé«f%ité..?_z.x I danE

charge Y was burned in both cases, and that the pressure at the out-
side surface equaled p' and on the inside-surface - p"; it may be
scsumed that the crusher used in the bomb test records a pressure p'.
. Then, in the first case (geometric¢ law of burning), the burning :
% rate on all the surface. will be the same: N
l u" - ui; pt = p', )
;:‘ 2
3 Using the general formula for the rate of gas formation as the -
4 :
i basis,we can write: f
' L ”" L] "
«,. . ,ﬂ)-iu-i_t,i,uv-s__:_é_ulp-,
" Y
A A
N
§ X i S' + S"
: A e
, Ay \
\,
! In the second case (actual burning), the burning rate differs:
uu >U'; pn >p0. \
A |
_The surface area of the perforations S" burns with ihe rate u",
and the outside surface S' - with the rate u'.
We get: ) .
u" ”
. (s' + s '67) (s' + 8" 9——)\
é{ (_:_i) - S'u' 4+ S'"u" -. 0l - p ulp'; .
. t :
ST o Ay Al W A :
‘ (s' + s" %,->
PII - }— (9_9 - U, .
' \d 1
p 11 Ay
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2 %;Né;; ce; 4 jéiqémparisbn of the FI and f}l”expressiqns will shew that they
:j ;2§{ } differ by their p"/p' factors alongside the surface S" appearing in
i;ftjfil  parenthesis. )
o ‘ lngsp?ph 38 E; ;?¥, ril :,f};wgé‘obsérved‘in comparing ‘the
;\{"i}‘«ghecéetigal and test curves of [,
4; i ‘Hence, vhen Qgrn#ng is not uniform, the behavior of the powder is

¢ such as if the surface area of its perforations were increasing with

Fespect to p"/p'.
Actually this represents an increased rate of gas formation due
t0 the increasced burning rate in the perforations.
| ¥We: thus grrive at the following conclusion: if the burning of
the powder is not uniform, the pressure and burning rate in the
perforations being higher than at the outside surface, then at a given

¥ the i?iénsity of gas formation P, must always be greater than "1,

when calculated with the assumption that the burning of the powderkis
uniform.
The difference between the rates of gas formation based on actual

and geometric'laws of barning will depend upon the ratio

As burning progresses, the diameter of the perforation increases,

s Xt 7 e 8 S ORI O WNET AU T TR S0 RGN O SR

and the ratio % aﬁﬁ hence of K: becomes swaller; the P2 ratio will
' p'

, ( : decrease also and the F}I and F} curves will cenverge. This is the

very condition actually observed on the [,y curves.
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Thus under conditions of actual burning of progréssive powder with
narrow perforations in a constant volume the intensity of gas formation
vill be considerably greater at the start of burning, and the [,
curve will be situated considerably higher than the theoretical curve.

This difference becones Smailén.as burping éfBﬁaegses,,and the
intensity of gas: formation will differ firom the theoretical to =
smaller degree. During the entire process of burning of progressive
pewder the value of ™ may generally decrease and hence the burning
will be regressive,

The narrower the perforations and the greater their number, the
higher will be the ratio between the perforation surface area S" and
the total surface area Sy the sharper will be the influence of
nonuniform burning and the greater will be the deviation from the
geometric law, so- that progressive po;der grains. will actually burn
regressively, which is the case-observed in the burning of Kisnemsky ‘s

powders with 36 perforations.

5. BURNING OF POWDER WITH NARROYW PERFORATIONS IN A
-GUN

Tests show that the M,y curves at small values of A are more
regressive than at high values of 4. .

This behavior is‘most important in clarifying the actual burning
of perforated powders in a gun, where the initial loading density is

very high {(of the order of 0.50-0.70), and decreases continuously as

t

the shell moves through the bore.

it was shown in the theory of uonunifofm burning of powder

-
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ltbgt gs:the‘luéding density decreascs, the di!ferenca,ihcggasesibetween
.. 'the values C' azd {".characterizing the rate of gas pressureé increase
/ .

-at the outer surface and inside the powder perforations.

'V”!or povders with 7 pérforations at A= 0,20(" :v?t)t', the
T, ¥ curve of the intgnéity of kas formation is 2lso regressivd,

The powder commences to burn in a gun at considerably higher
losading densitie§ (AD‘- 0.60-0.70), at 4, = 0.70%" =8¢' for the same

type of powder with 7 perforations, i.e., the difference becomes

-equalized. Burning at this constant value of 4y = 0.70 would have

occurred under more uniform conditions.
In idgifioa,idue to the movement of the shell through the bore,

thé space bekind it increases continuously, and the loading density

in this variable volume continues to decrease during the entire burning

process (A= - d
‘o + 82’
$r o X0 ratio, whereby this ratio increases when A is reduced, which

). This results in a continuous variation of the

serves to increase the intensiiy of gas formation ™" and increases the
progressive burning as the shell moves through the bore.

Thus in attempting to reach ; conclusion regarding the bBurning
of powder in a gun, we cannot consider its burning in a bomb at one
constant loading density as being representative and assume that the
obtained I,¥ curve characterizes_ the intensity of gas formation in a

gun. ‘Such a_conclhsion iould‘be incorrect. The burning of powder

‘must be considered in its relsation to the conditions ¢f loading and

burning token as a whole.
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“when burning powder in a gun, it is first necessary to determine the

—

Thereforei in order to calculate the intensity -of gas formation

rRars

LTS ey
PP WL - S,

My ¥ curves at constant but different values of & by means of boumb

tests, and to determine the effect of A on the characteristic change

) i H
@

of intensity of gas formation. Then, taking into account the initial
loading density 4q in a gun, it is necessary to extrapolate the
experimental I,y cﬁrves cbtained in a bomb at smaller values of A
for the ;given loading density 4gs Thereafter, bearing in mind that

4
the lodding density in a gun decreases continuously from Ay to Ag =

= A (where iK is the distance traversed by the shell at the y

'0 + "SIK
end of burning of the powder), it is necessary to go over, as 1’

increases, from the I,y curve at A= AO te the ", ¥ curves corresponding
‘to successively smaller constant densities of loading.

As a result, the [ Y curve of the intensity of gas formation for
a variable loading density will differ from each [°, ¥ curve obtained
at coanstant values of A, As shown in fig. 71 by a solid curve, it
can be even more progreséive, the progressivity being the higher the
greater the initial density of loading.

At low initial loading density &0, the ¢hange in the regressive

charactéristic of the T, %Y curves obtained at constant A will be
insignificant, and in such a case the burning may be regressive also
at a. variable value of A (Lig. 72).

The effect of the value of.AO on progressive burning will serve

as an explanation of the following very interesting fact observed in

:vthé firing of guns with Kisnemsky's powders: in one gun a charge

s

/
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ijfiéonsiggfng of Kisnemsky's powder with 36 perforationz at a high loading

N -l
Al

1i,f ia}dbnsity gave better results than strip powder (Ppax ¥as lower at the same

>

—

”¥»:3j°_ya}ue of ynl)x,wheteas another gun at a swall value of 4

D e M 4

0 loaded with
the same powder .gave poorer respits (the same 1 velocity at a
B cqééidef;bly higher pressure pp..).

This fact can be ex?ffined only by means of the theory of

nonuniform burning.

¥ig. 71 ~ Intensity of Gas Formation in a
Gun at a High Value of AO'

1) A- variable; 2) Ao - large.
The higher the loading density, the more uniform will be the
conditions of burning inside the perforations and at the outside surface,

. |
and the more closely will actual burning approach the geometric law.

Fig. 72 - Xntengity of Gas Formation in a
‘. Gun at A Swall Value of by
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Fig. 72 ~ (Cont'd.)
1) A- variable; 2) AO - small,

Only by considering the process .of .burning.in conjunction with *

all the factors influencing its charaétbiistics, can we arrive at a

t*

correct conclusion, on the basis-of the theory of nonuniform dburning,

) regarding the true burning of a powder chwrge in the bore of a gun

when the latter is fired. The'theory of nonuniform burning had

disclosed the fundamental laws overning the burning of powders with

_ narrow perforations and had made it possible to explain the reasons

for the unsatisfactory progressive burning of Kisnemsky's powders,

CHAPTER 4 - THE USE OF INTEGRAL CURVES

1. THE PRESSURE IMPULSE OF POWDER GASES AS THE BURNING
CHARACTERISTIC OF POWDER

Using the pressure curve obtained from a bomb test, the corresponding
values of Y can be found from the values of the successively increasing
values of p; the test characteristic of progressivity - the function

Fe L 9Y yith relation to t and Y can then be calculated, as well as

p dt t
the successively increasing values of ( pdt.
. . 0 t
The obtained data is used for coustructing [N, ¥ and f pdt, Y
t 0 '
graphs. We shall introduce the designation I = f pdt.
0

The value of the ' function as an analytic function of the powder
burning process was discussed in detail earkier: iis form depends
on the dimensions and shap» of the powder, on the characteristics
and burning conditions of the powder, and takes into consideration thé
ignition characteristics and the heterogeneity of the powder composition -

both chemical (flegmatization) and physical {porosity).
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Theé dntegral curve I,Y¥ is likewise a characteristic of the
burning of powder, whose form changeS'aapegdiﬁg upon the above-
mentioned factors.

Acigally; the taangent ¢of the angle formed by a 1lise tangent to -

curve I, ¥ is the inverse of " (fig. 73):

. 4 ~ .
tanﬁa-g};— P_d_E..l
d¢ dy T
or — *

M= cotan B.

Inasmuch as the valaue of I' increases when the burning of the
powder is progressive, angle B will become smaller and the concave
side of the I: pdt, ¥ curve will be dife?fed towards the Y-axis; when
burning is regressive, the convex side of the'I!lf curve will be
directed towards the ¢ -axis. Therefore, the I, Q,curve obtained
from the bomb test pressure curve-cag~a§so serve as a characteristip
of progressivity under actual conditions of burning.

We are presenting below schematic diagrams of I, q and I,W
curves obtained with a weak and strong igniter (figs. 74 and 75). The
$lower the full ignition, the longer will be the portion of the curve
corresponding to gradusl pressure increase, and the more rapidly will
the area under theil curve 1pcrease &t small variatiomns 01\{. Thex
inflexion of the I, y curve at point & corresponds to tbe apex of

"ballooning" on the M,y curve (point a').
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The nature of ignition considerably auec.ts the form of the™
initial portions-of the I,y curve {up to Y= 0.15-0,20).

Therefore, in order to obtain results corresponding t({ actual
firing conditions, the igniter pressure Py for use in bomb tests must

be the-same as that used in firing of a gun with the same powder, Y

AeNreE Xe SR B R RBe "

M v* »..i"«...
vy
N
F ) ; - \;7
1 Fig. 73 - Relation Between Fig. 74 - I,¥ and ', ¢ Curves
i,Y and I,y Curves. - Obtained with a Weak Igniter.

Y

et e
L4

Ik Fig. 75 - 1,¥ and YCurves Fig. 76 -~ Relative Pressure Impulse
; Obtained with & Strong Igniter. I/Ix as a Function of ¥,
It is known from ,yrostatics that Iy = it} and 1 = — = e .

; X ul ul . ul el
, - Ixz; hence I is proportional to z, and the I,VY ¢ur.ve is analogous

‘ to the z, ¢ curve. The 'z, Y curves were presenfed in the section of

g . e
general pyrostatics; hence the theoretical I,y or Ay curves will v
i - oo

: 1
o have the form (when the coordinate axes change places) shown in fig., 76.
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Curve 1 in this ff&ﬁre corresponds to the change of pregsure
iwpulse of tubular powder, 2 - of strip powder, I - of = cube at the
X 3 e
same value of Iy = —l .

. /
The tp(ékér the powder at a given burning rate u the higher will

17
be the integral curve I, ¥ on the diagram; the higher the buraing raté
at a given thickness, the lower will be the locat;on of the I, y curve.
2. THE USE OF ;gz pdt FOR DETERMINING THE BURNING
/  RATE uy.

The burning rate at p = 1, i:e., vy, is determined by formula

ey e
4 ‘ ty Y=1
/ S pdt S pdt
(v 0
1
‘vhere e; is one half the thickness of the buraing web, g pdt = Iy is
0

the complete integral-determined from bomb tests.

rig. 77 - The Application of Spdt for Determining
* uy fTor Regressive Powders.

This formula would apply if ignition were instantaneous and the

thicknesg of the powder were uniform throughout and equal to an

-7

¥-TS-T327-RE 249

/

-

- ~_ GRAPHIC NOT REPRODUCIBLE

. ’ .
W b i e S PN " - '
e - mwmmmim ISTLITIRIIARE v -

- .
L iadri it Gl a sintinm “M"‘"iﬁzﬁ'f"‘-"' T I LS

_... - w‘wi

sy e e o - . — e~ . . T s L .

5 o o
7

(LY PR




Psci hacs e ln i Ly

T

.
i e dom
.

i e = o
4
. I i 7 1 MRS e BTt Spn o r

e e

-
B

,
Ko

average value. Actuélly of course the powder thickness in a charge
is not uniform. In addition to elements of an average thickness,
there are present also thinner and thicker elements,'and the complete

X
integral S pdt determined in bomb tests corresponds to the burning

0
of an element of maximum thickness, which thickness is usually unknown.

Actuval powder measurements permit determining only the approximate
average thickness of the webs of the graians composing the charge.

Hence, in order to determine u;, the value of §pdt used in the

denominator must correspond to the mean powder thickness €} o (e3 averagel

In order to determine fpdt = I; corresponding to the average
thickness ey cp’a diagram must be constructed of the variation of I
as & function of y. For strip and tubular powders the Spdt, ¥ curve
usually undergoes a sharp deflection upwards after Y= 0.90; this
corresponds to the end burning process of the thicker elements. Hence,
in order to determine 11 cp corresponding t¢ the burning of the mean
thickness, the second half of the I, y curve must be extended or
prolonged using an accurate French curve, when Y changes within the
limits of 0.5-0.8, until this extension slong the basic direction of
the curve intercepts the ordinate at Y= 1 (fig. 77).
The ordinate thus obtained will be smaller than the full integral

=1

f pdt = IK’ and wiil correspond to the average thickness e cp®
G

Then

e
ul « . 1lcp

h cp
" Inasmuch as in the case of weak igniters a considerable variation
will be obtained in the individual curves during the ignition process

e Nr—
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) (upto i 0.10); then, in order to obtain a more reliable result as
e rgta:ds the bagic region of burning conforming to the la;', the
F.,ipiloving method is suggested for determinming uj.

- 4Usin’g the geometric law as the basis, with the shape of the powder

{ » and dimensions ratio known, theY., A characteristiss are combute&f‘or

. i -
short tubes, strips or plates; orX, A, # for & slab or cube. Using

formula -
Y=Yz + 2?2 -~

and assuming that Ye 0.10 and 0.90, the corresponding values Z5.10 and
20.90 are cosputed, and the thicknesses €5.10 = ©€1%p.10 2nd
®.90 = ®1%0.9 and the burning rate in this region are determined by

‘meang of formulsa

©0.9 ~ 0.1 .
{ b U ’ -
' f.so
pdt
.10
0.90 .
where S‘ pdt is obtained directly from the I, @ diagram (fig. 78).
0.10 .
l-rf'nﬂ’ ] Vaad

R J datasu Lot i
‘ rig. 78 - Determiaing uj at rig. 79 - Determini:x‘xg uy for Powders
¥eak Igniter Pressure, of Progressive Shapes.
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. in the case of prog{essive powdar grains, if the grain dimenq}bn%ﬂﬁ 2
are known, 1t is necessary to calculate Yg at the instant of/ ' f
decomposition (using the assumption that the burning of tbe'grainwis g
progressive), obtain from the Spdt, Y diagram the value of Ig = Ss,pdt é

. 0 e

(fig. 79), and, assuming that the mean veb.thickness already burned

N

at the time is €y cp’ determine the value of uj by formula:

P o N7

2 ep  _ %1 cp

¥
§spdt Ig

kll"‘

. ol

Inasmuch ss in actual practice burning inside the perforations
and at the outside surface {in powders with narrow perforations)
proceeds at different rates, the deterniination of rate uy is conditional -}

and depends on 4, and can give only comparative results for a’éiven

loading density.

3. INTEGRAL CURVES AS CRITERIA FOR THE VERIFICATION
OF THE BURNING RATE LAY

Using the burning rate law u = u;p as a basis, it was shown above '

. tx e d

that the full pressure impulse S pdt = ﬁl does not depend on the .
1 . .

0 .

loading density.

It can be easily shown that in the case of different 2urning rate

: K
laws u = ap + b or u = Apv, where \)<:1, the magnitude of g pdt must
. ' 0
increase with the increase of the loading density.
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| deeeindeed, 17 u = 9€ « ap + b, then
v i S o £ dt !
‘ de = apdt + bdt;
tx
e - g pdt + bty;
} 0
/
oK
1 €1 b
pdt = —— — — ty;
| ot =2 - e
0
/ -
g P
but the full time of ‘burning 'ty decreases with increase of 4 (it
. . tx
depends ond ). Hence, if the law is u = ap + b, S'pdt will be the
: 0
greater, the higher the loading density, i.e., it depends ond,
The same can be sald for the law u = Apu:
| —— w= el Y,
‘dtv
1- .
de = Ap'dt P - A pat.
. 1-=¥ 1-¥Y
P - p
] . 1-¥
Yhen integrating, the average value of p is taken out of the
integral:
. ¢ x
e = A gpdtandel-——im- g pdt,
1-¥ 0 1Y 0
. ‘ K
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(The subscript cp stands for "average.")

)cp'
X

. -V
But as the loading density is increased, (p1 )cp increaces also;

because the maximum and mean pressure become greater. Hence, for the

t
law v = Apv, where Y<1, Sx pdt will be the greater, the higher the
0

density of loading.

t .
Thus the dependence or independence of the SK pdt integral on the

‘ 0
loading density constitutes the basic criterion in the validity of the

given burning r;te law,
If the full pressure impulse during the burning of powder does
; not depend on th. loading density, this condition can prevail only
in the case of the burning rate law u = uip. !

1f, however, the impulse becomes greater as the loading density

increases, this condition can apply only to the burning rate law

P

u = Ap¥ , where ¥Y<l or u = ap + b.

The above criterion can also be formulated as follows:

If upon increusing the loading density the integral curves Spdt }
as & function of Y coincide with each other, the burning rate law
u = uyp (where p is of the first degree'or &fm 1) is valid.

If upon increasing the loading density the integral curves fpdt

as a function of ¥ proceed from the origin of the coordinates as a

diverging cluster, the higher - the greater the value of A, then the

law u = Apv, wvhere Y <1, or the
F-TS-7327-RE

law u = ap 4+ b is valid.
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4. THE USE OF INTEGRAL CURVES FOR VERIFYING THE
BURNING RATE LAW

A. The Application of Diagrams to Powders -of Simple
’ ' ' Shapes.

In order to establish the burning rate law, we had conducted tests
"in 1924-25 with powders of simple shapes (strip, short tubes) in order

to pbtain the phenomenon in a purer form and eliminate the effect of
4

nirrow and long perforations [ 4_7.

We had chosen for our first tests strip powder "CN" (2e; =z 1 mw),
which has an exceptionally regular shape and is most uniform in
thickness and in cross section. Plates were selected of the most
vniform thickanessés and were tested in a bomdb at a loading density of
4« 0,159; 0.209 and 0.259 using a strong igniter pg = 120 kg/cmz.

These plates veré burned in simultaneous tests at a constant
loading density.of A= 0.209 in order to obtain a picture of the
scattering of the integ}al curves under identical test conditions.

The results of both test series are presented in the diagrams of fig.
80a =and b.

The I, ¥ curves at different values of A lie just as closely
to one another as do the curves at the same value of A; the difference
between the values of Spdt at different 4 lies within the allowable
test limits. No divergence of the integral curves {clustei) is obgerved.

Therefore, it may be considered proved that for strip pévder

. of properly chosen thickness the value of fpdt for the given value of
‘ y does not depend on the loading dansityA, this condition being true
only for the burning rate law u = u)p. Hence it may be considered
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proved that for pyroxylin strip powder the burning rate is proportional

~

to- pressure to the first power.

Thereafter, the following was established on the basis of hany

,.
O i ar .
P 4 5“,\..‘fmw,,y,,fg ‘,“ S

tests with powders of the most diversified compositions and withn

s

webs of different thicknesses. .

—
1) Powders in the form of simple regresSive shapes - strip, rod,

short tube with a relatively wide perforation - buin in such a manner

PEIR PR AR ar) gt Yy

~ that at A varying from 0.12 to 0,25, gwpdt doss not depend on the
‘ 0
E loading density and the integral I, VY curves proceed in the form of a

——

VT—_—

1 coinciding cluster (figs. 81 and 82). .

: This coincidence is most complete for powders of ungform thickness
and when using a strong igniter .(pp = 100-150 kg/cmz), wvhich insures

i almost instantaneous ignition in a bomb.

i Tubular powders containing a solid solvent’(trotyl 4+ pyroxylin)

! produce [M; ¢ curves which are free of "ballooninéﬁ and integral I,

l Ycurves in the form of straight lines trOm-q'- 0 to y¥=0.90-0.95

(see tig. 81). : e

'\
N

Fig. 80 ~ Iutegral Curves.

a2) at different values of A; b) at the same value
of A ; 1) different values of A ; 2) same value of
A. - . - M
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Tubular powders with.volgtile solvents (pyroxylin and poorly
valatrig nitroglycerinl‘diways produce "ballooning" on the I, 4 curves,
7vbich‘gradua11y disappears in the first third of the burning proc;ss.
However, the mutual dispositiqn of the integral I,y curves does not
change - ihey proceed in the form of a cbincidiﬁg cluster and have
a certain amount of curvature in the first third of the process (fig.
82).

Thus, zlso these tests with pyroxylin powders and powders with a
solid solvent in the form of short tubes had shown that when they are
burned in a bomb at loading densities of 0.15-0.25, the burning rate
law u .= uyp is valid.

‘ Similar data wdas obtajned with large plates prepared by cutting
up powder blocks with a solid solvent employed in certain types of
rocket shells.

‘2) The same powders of simple shap;s wi;hout narrow perforations

bura at low loading densities (A= 0.10) in a manner where the

K
full pressure impulse pdt = 1, decreases with the decrease of A ;
| 4

o
this behavior in the case of the u = up law corresponds to the

increase of the burning rate u; as A decreases.

W-0075
Figures 83a and 83b show the nature ¢f the variation of pdt

y=0.05
for "CN" powder (2e; = 1 mm) and the corresponding variation of the

value of u; from 0.120 mm/sec : kg/cm? at A= 0.02 to 0.077 wm/sec :

.2 kg/c-2 at A= 0.12. At 4>0.12 IK and uy i‘etain their values.
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The same condition, but with a more drastic change of Iy when A
is decreased, is observed in A.I. Kokhanov's tests with powders 2.4 mm
thick., IK « const within A = 0.12-0.22, at A= 0.02 the value of

1y decreases alMiost 4-fold (fig. 84).
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Fig. 81 - Ipdtﬁ'and My Curves for Tubular Powder
with Solid Solvent.

a) Tubular powder jith solid solvent.

Such a decrease of Spdt at low logding densities 1s observed only
with powder thicknesses exceeding 0.7-1.0 mm;

3) In the case of thin pyroxylin powd~rs in the form of small
plates (hunting rifle éowders "GLUKHAR," "VOLK" and others), the value
of Iy reméins practically unchanged when the loading density is varied
from 0.157 to 0.02.
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Therefore, in the case of pyroxylin powders of simple shapes,
‘ tx
the variation of the S pdt integral with change of A, or its

0
constancy, depends not on the nature of the powder mass, but, rather,

on ‘the buraning characteristic of the powder.

Thick powdérs at high values of A and thin ones at both high and

* , t

i _ ty

£1 iow values of A give a constant X pdt. In the case of thick powders
X0 .

at small values of A (<0.10), S p

dt decreases with decrease of

4, which corresponds to an increase of the burning rate u; when the

W e wyp law applies.
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Fig. 82 - Spdt,v and [, Curves for Tubular Powder
with Volatile Solveat.

1) Tubular powder with volatile solvent.
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How can the above results he explained?

1t is most reasonable and most simple to make the assumption [-5~7\
that in the case of slow burning thick powders at low pressures, the
burning layers, notwithstanding their poor heat conductivity, will
become heated under the influence of the surrounding gases and high
tepperature. Due to this increase of temperature at the outefj;owder
layer, the burning reaction, similarly to any other chemical reacticn,
proceeds the faster, the lower the loading density and gas pressare;
the lower the rate (u) of displacement of the burning layer ‘owards

the center of the grain, the deeper will be the penetration of heat

through the layer and the higher will be the temperature of the latter.

:' :,;-"V‘-’-‘ﬁ“"." 1 L ~\-———-—-—0——;
I‘( - ® '
. - T oL"" " Tt
Fig. 83a - The Dependence of Fig. 83b - The Dependence of uy
cnd,
Spdt on 4.

1) u m/sec. S
This explanation is qualitatively confirmed by the modern ‘“heat™
theory of powder burning developed by Prof. Ya.B. Zeldovich.
A wmathematical approach to ihis phenomenon will show that the
divergence of the integral curves I,V¥ at different values of & can

be formally expressed by the burning rate law u = Apv, where Y <1,

" GRAPHIC NOT REPRODUCIBLE, -
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Fig. 84 - Spdt as a Punction of A, According to
Tests Conducted by Kokhanov.

Our tests with plates with a2 solid solvent have shown that for

A>0.10 at a pressure of p >1000 kg/cm2 it may be assumed that for

‘u = 4yp,

A<0.10 and pressure up to 800-1000 kg/cm the nature of the

variation of ‘Spdt Y is such that the following law will apply

u = APV;

where A = 0.240 and V= 0.83.
Tests conducted by Prof. Yu.A. Pobedonostsev at very low pressures

give & relation of the form u = ap + b:

where u is expressed in mm/sec and p in kg/cmz.

Prof. Ya .M. Shapiro gives the relation u = Ap” for the same .test
data: . N

7 u = 0.37 ¢ po'7}"
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The values of u are practically‘iﬁe same when cowputed by means
of thése formulas for p =25-300 kg/cmz.
Thérefore, for simple shaped pyroxylin powders with a solid solvent,

/

the following burnfng ragl‘law holds true at 4>0.10 and pressures above

/800 kg/em?: u = up.

For these same powders at pressures < 800 kg/cmz, the npprogriate
burning rate law is u =~ Ap‘), where Y 1‘{. ‘

¥hen the pressure p varies from 30C to 800 kg/cmz, the value of ¥
itself apparently changes also and ap/roaches unity.

Thus the burning rate law is not the same for different conditions

of burning; its form changes with change of pressure.

B. Applying the Diagrams to Powders with Narrow
Perforations

In the case of progressive pyroxylin powdérs with many narrow
perforations the inteéral curves I, Y proceed in the form of a diverging
cluster because of the nonuniform conditions of burning in the narrow
perforations and at the outside surface, the disposition of the curves
being the higher the greater the value of A, Starting withy=«0.60-

0.65, the I,y curves become practically parallel (figs. 85 and 86).
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Fig. 85 - fbdt, ¥ and [, ¥ Curves for
7/7 Powder.

On the basis of the above criterion for the buraning rate law,:
the divergence of the integral curves cluster leads to the following
law:

u - Apv:

vhere ¥ <1,

;regt"s involving a large number of powder specimens (over 100
gpecimens) consisting of powders with 7 perforations :;nd ¥alsh's
grades 7/7, 9/7, 12/7 snd 15/7 give the value of Y= 0,83 = 5/6 for

our domestic pyroxylin powders with 7 perforations.
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Once ngain we arrive at an apparent coatradiction: for pyrexylin
‘ powders of plain shapes (plate and short tube), the burning rate law
H
. at & >0.12 is expressed by the formula
1 .
: u - ulé.
. § : , For the same pyroxylin powders with narrow perforations at the
i same values ofA>0.12 the burning rate law is expi'essed by the formula
‘ U - Apv)
because the integral I, W curves proceed in the form of a diverging
{ cluster and are disposed on the diagram the. higher, the higher is the
f loading density.
? GRAPHIC NOT REPRODUCIBLE
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R Fig. 86 - jpdt, Y and [, ¥ Curves for 9/17 Powder,
; This apparent contradiction can be easily explained on the
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5 ~ basis of the theory of nonuniform buraning. It was shown above that ?
iocation of the I,y curves is the lower, the higher the loading density,
‘but'P is the cotangent of the angle made by the I,y curves with the

.W - ;xis; hence, as [" decreases with the increase of A, the slope

angle of the integral curves increases and they cbutinue to ascend

//

higher and higher in the form of a diverging cluster.

Thus, in the case of the burning rate law u = u;p corresponding
té?the‘naturé of the powder and the conditions of loading £9>»0.12),
the integral curves‘nevertheless proceed as a diverging claster
because of the nonuniform burning of perforated powders at different
values of &. Again, formally this divergence of the integral I,y
curves with change of A can be expressed by the barning rate law

u = Ap”,
where Vv <1.

The burning rate law for cclloidal powders is expressed by the

formula ’ °
U e~ ulp. ) ““M I

For powders with a solid solvent uy is a constant; for ordinary
pyroxylin powders %nd also for nitroglycerin ones u; is a variable
in the first third of the gurning process; it depends on the nature
of the powder and the conditions of burning.

- Notwithstanding the fact that u, is a variable, the integral

1
" pdt, y curves have the form of 2 converging cluster st different
¢ ) ..

values of A. . .
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Deviation from this law in the form of diverging Spdt,ﬁ’ curves
for powders of simple shapes at small values of A is explained by the
change of the burning rate uy due to the heating of pnwdé} layers .
when burning is gradual.

An analogous divergence of the integral curves for prog}essive
powders at large values of 4 and the apparent deviation from the
u = u,p law is due to the nonuniform presgsure distribution in the
perforations and at the outside surface of the powder which depends
ond.

This apparent deviation from the u = u;p law can be expressed
in a purely formal manner by means of fTormula u - Alﬁv, but the law
governing the displacement of the burning surface towards the center
of the grain for each element of the powder surface remains the same:
u = up, vhere p may be diiferent at various element§ of the surface,
and uy may.vary from layer to layer and will depend on the temperature
of the layer near the burning surface. For powders with 7 perforations
V::0:8b~0.83, arnd the A coefficient depends on the nature of the
powder (contains nitrogen and volatiles).

Conclusions

The pyrostatic relations and the method of determining the various

characteristics, as outlined above, make it possible to obtain a

full analysis of the ballistic characteristics of powder and of the
true law of combustion from tests in a manometric bomb.
The ballistic characteristics - energy f and covolume @ - are .

determined from bomb tests at two or three loading densities by

T —

performing 3 to 5 tests at each value of A,
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A correction for heat transfer is zgfroduced into the test data
(Puls Pm2: £, @) and the corrected values of f, and @, are determincd.

" The burning rate, uy, ot » pressure p = 1l is determined from the
. R *
analysis of the integral cqy4e { pdt, ¥
’

- Slcp |

) u
. . )
L

/
‘The true powder burning law is characterized by the test curve

of the intensity of gas formation = 1 Eg as a function of Y and t
P
and by the curve of pressure impulse variation

-

pdt as a function

Ot

of the burned portion of the charge .

The burning rate law is determined frcm the conéergence or
divergence of the cluster of the integral I,*y curves.

TheAF;1J curve acts as the analyzer of the processes occurring
during burning of powder and permits the evaluation of the various
factors involved which could not be disclosed by any other methods
(the process of gradual ignition, changes in‘tpe'burning r;te,effects
of flegmatization, etc.). 7

In order to evaluate. the burning of powder in the pore of a
barrel when the gun is fired, tests must be conducted in a bomb
at different but constant loading densities, and a détermination made
of the effect of lozding density on the change in the progressivity
of burning. A conclusion can be reidched reg?rding the burning of
powder in the gun's bore 2t a variable volume from the comparison
and the analysis of the obtained data.

This entire method of investigation can gg:called the method

of ballistic analysis of powders.
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Inasmuch as this nmethod permits determining the changes in the
powder composition and in its aimensions under test conditions, it
may be found very useful at powder manufacturing plants, particularly

in the development of test specimens; when performing bomb tests and

comparing the results with regular standard powder specimens it would

permit establishlng the deviation of the test specimen from standard
sanples and predicting its actual Sehavior in firing.

Thé following formula will serve as an example of the direct
application to firing practice of the results of ballistic analygis
obtained under laborutory'conditions..It permits determining the
relative weight of a test specimen from comparative bomb tests of
two powder specimens - a standard and test specimen. :
Designating the characteristics:
of the standard specimen - @', f°, Ii; and

of the test specimen - w", f", E;

.
-
'm
‘m‘

-

(]
>
-

QJ"
V- "
[V} _Au f'IK
1+ 5 (= = -1
TR

vhere A' is the loading density of the standard épecimen in a gun.
In order to avoid the errors usualily obtained in taking the’

complete integral I, until the end of burning, it is preferable to
0.75
pdt for X' and I'"; by disregarding the

take the values.of
' ) 0,05
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initial smection up to ¥ = 0.03, the variation 4n ignition obtained
'with the use of relatively weak igniters (pgp < 50 kg/em2) will be
- gliminated.
The above formula permits determining without firing the
approximate weight of a test powder specimen developidg the same

maximum gas pressure and muzzle velocity as a standard specimen.

’
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