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Several years ago K. K. Andreyev and V. M. Rogozhnikov suggested

characterizing the inflammability of explosives by the minimum amount

of igniter exciting the smooth burning of a small explosive charge

in a manometric bomb. The igniter used was a mixture (1:1) of No. 1

pyroxyline with finely-crushed ammonium nitrate (average particle

size approximately 20 px m), as opposed to black powder, the igniter

normally used, since it did not allow for the complete combustion of

substances capable of catalyzing the combustion of explosives or

interact intensely with them. T•hiS method W.as Successfully used when

investigating and improving permissible axplosives for the coal

mining industry (in particular, modifications allowing for the simulation

of the most dangerous conditions of explosive burning in blast holes)

and was undoubtedly useful. It is interesting to examine combustion

in a manometric bomb which is rather more detailed than by calculating

the critical amount of igniter, estimating the amount of heat into

the explosive charge during ignition, and to compare the results of

exteriments w-th theory.
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The manometric bomb. Tests were carried out on a manometric bomb

"(bomb core diameter 3 cm, thickness of the wall 2.9 cm) with tensometric

time recording of pressure. The ullage of the bomb core was 102 cm3,

the explosive charge volume with the stand on which it was mounted was

6 cm3 . The lower cap of the bomb was a water-filled channel 6 mm in

diameter, leading to the tensometric sensor. (Special tests established
4.. ......

that the presence of water in the channel did not affect the cooling

process of the combustion products.)

The tensometric sensor was connected on a full-wave circuit to

the TU-4M tensometric amplifier (carrier frequency 6 KHz) or to the

.TS-12K tensometric station. The MPO-2 magneto-electric oscillograph

(type IV oscillator with a natural oscillation frequency of 3 KHz)

recorded the pressure over time. This allows recording to be done

-without distortions lasting more than I msec. The accuracy of pressure

measurement is approximately 3%. An igniter in a cigarette paper

sleeve was attached to the electrical inputs of the upper cap. The

density of the substance in the sleeve was approximately 0.5 g/cm3,

the weight of the paper was approximately 2% of the weight of the

igniter. Air was not removed from the bomb, the initial prcssure was

atmospheric.

The thermodynamics of igniter combustion products. The amount of

heat during combustion of the igniter was determined by using a

calorimeter bomb with a volume of 280 ml in air atmosphe-re. The

charging density m/V(the ratio of igniter weight to the volume of

the bomb) was used us a parameter for showing the -ratio between the

;•i -3-
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~ ~.. uamount of air and the weight of the igniter, the mean pressure during

combustion, and, consequently, the volume of the latter. The dependence

of heat of the explosion on rn/V in the interval from 2 to 1.4 g/cm3 is

~ shown in Figure 1.

Figure I
The heat of an exp~osion of a mixture (1:1) of No. 1
pyroxyl.ine with finely-crushed ammonium nitrate in a
calorimeter bomb with a volume of 280 irl.

It is expressed by the ratio A

"'A

* ernce, it follows that the heat of explosion noticeably increases
with a reduction of inLV, ill Spite of the incomplete combustion
(when in/V =3.6 mg/cm3 nitrogen oxides remain in the calorimeter bomb).
Probably, this is linked with the fact that the combustion of pyroxy-,
line and paper in the air's oxygen gives off greater heat than inter-
action with the nitrate.
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The heat of the explosion when there is water in a bomb with a

volume of 96 ml
• • (2)

Qliqu 1,33"10•m-' 06 , cal/g

Comparison of the results of these tests with calculations according

to data [l is given in Table 1. The same table shows the calculated

quantities of gaseous explosion products (in gram molecules for 1

kg of gas), the explosion temperature is Texp• and the mean molecular

weight of gas and their mean thermal capacity with a constant volume

(in the interval 1000-30000 K). Furthermore, Figure 3 (curve 4) shows

the dependence of the amount of igniter on value,

(a)

where p'.ax" is the calculated maximum pressure, developed in the
bomb during the explosion temperature;

p ' 0  "uis the pressure of explosion products at room (293°K)
temperature (H120 - steam).

TABLF :

r4.. .Comucsition of gases at
T 19000 X, g-wol /kg

U 0 r4 0•' , CO2 CO II20 H2 N20.

W 0 W >0

0.6 1425 1370 829 3414 27.0 0.340 8.20 1.30 15.50 0.57 11.54
1.0 1343 1330 030 3419 26.6 0.341 8.16 1.63 16.1l 0.75 10.41

S1.4 1339 1300 845 3418 26.5 0.348 8.30 1.93 16.73 0.91 9.66
t2.0 1314 1275 852 3423 26.2 0.350 0.24 2.24 17.0 1.08 9.52

o-5
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Figure 2
The change of pressure over time during combustion
of igniters in a manometric bomb with a volume of
96 ml.; 0.6; 1; 2; 3 -amount of igniter, gin.

Figure 3
Maximum pressure developed in a manometri~c bomb
during igniter comibustion in it%
I in a bomb without explosives;
2 - pin a bomb w~ith an explosive charge (during failures)
3 -I a Y pm/pto (according to curve 1);
4 0, (calculated val~ue of i4,j/to without allowance

for dissociationl and heat loss).

FKey: a -g.

b



Igniter combustion. The change of pressure over time during combus-I

tion of igniters of different weights in a manometric bomb is shown in

Figure 2. Value ~'=p/pta' characterizin g (when there is no conden-
sation) the temperature of gas in the bomib (&'=T/T,), is placed

along the Y-axis. The curve of (t) is divided by the maximum into tvio

sections, on the first of which there is a predominance of heat-

evolution and gassing, and on the second, heat-dissipation. Appar-

ently, the combustion of an igniter ends when it reaches the maximum.

During combustion ihe mean pressure is lower, and the combustion time

and relative heat losses during the combustion period are higher when

there .Ls a smaller amount of iginter. The amount of heat loss during

the combustion period can be characterized by the difference between

the maximi.~m values of ' max and max) obtained by calculation and

o~xperimentally from known values of Q~j.The dependence of &max (in)

is shown ii Figure 3 (curve 3). He-re each point is the mnean of

3-10 tests. This elso shows the deperndence of maximnum pressure palax

on mn during combustion of igniters of various weigl-t~s when there

is no explosive charge (curve 1) and when there is an explosive charge

(curve 2) during failures.

The effective heat transfer coefficient of on combustion

products by the cold walls of the bomb can be obtained from experi-

mental data according to a formula obtained ii one aSSURme Lhat

Newtonds law of cooling9 is correct when the temperature of the wallu

is Twall To constt
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(3)

S di

Vvbere S -the wall surface of the bomb;
t -the cooling time.

Calculation shows that the warming-up of the walls aoes not exceed

10% of the mean temperature of gases. F'igure 4 shows the view of

f unction 4<,f f(~

The heat transfer % .oefficient -A f during the combustion of the

igniter can be estimated by the combustion time and in the heat loss

during combustion, characterized by the difference between W' and
Ma~x

mx(curves 4 and 3 in Figure 3). Here, the most reliable are

valuesv e f obtained when the amount of igniter was approximately

I g.* When w is smaller, the increase of pressure during Qoitbustion

occurs too slowly, and i%. is m~ore difficult to desermine tile comibusion

time, when there are greater ones disociati~n is )ossible, and tile

temnperatur'e of gas &mxbecome rather induernl-i.rte. Fi'nding t and

according to iiyures .~and 5 ior M Iglq, We Jh~jin~ 0( i 1

cal/cmsicg (we i .. g, ~ u*10 Cal/Cal X see- deg).
Thf vAu i h reSUIL ojj he'at t nsjrfUV by c:onvectivi

and radiation, 4ind also the result of hizat losses during coadasat.-tn

of water on t~he walls of the bomtý) and posuiibly, during its subseqvmt~

evaporation. Therefore, co j +'rad ~cond o'4va i

valu of 1 raad can be calculated in a simi'ar filo fo

thiat of a miode]. rocket uLitatbter "N a 3hall dL-j~t the M04An



temperature of gases as equaling 19000 K. The averaged composition of

gases at this temperature is g-mol/kg: C02 - 8.8; CO - 2.7; H2 0 - 17.8;

H2 - 1.1; N2 -. 8.6.

i!!•:•. .Figure 4
... .The change of heat transfer ctoefficient (calicm 'secldeq)

;"•!;i! 'during cooling of c~om'bustion xrodAucts of a m~ixturQ of
'4o. 1 pa'roxyline with a|40 nd pure No. 1 pyr*ýxyliae:

3 -A•ff duringj combustion of v f No. I pyrox:viine;
'-".. -- 4 .0(o •e for' 2 g of the mixtu,'? (Calcu~lation); •

,,-•."" " ad fOt CI-R 1f 9h of,•r (tuheo!) m r (cacuatin)

•-< •:•.•.... .... n bea Lound 'by r t , 10 I

"*"t
11

•;.•; .•;•: " • -the tz.e.a.n 'ntr-evi volw• of owe coeffii•eri" zt ht rv -,o Iha...

ýzrtue figure 4nen'ýuf-c ft-
ahd chane ofe attrnse coficin (acsecd) 5

d -ho Oqialwent dawithl N14of th.nd~, q

er( v4 en m I,•

t % fN. yoyie
. o o o n•ue(eiuto)

,'o7+ .tt'1yoftemit:e cIuleo)
S 'rd o o h ixue(uluaio)

I'J



According to work Z2 7

where 4T/T -the ratio of difference of temperatures between gas and

the wall to the mean temper iture of gas

m the amount of gas in the bomb; n9 m + 0..2 q

- the dynamric viscosity of the gas, equal to 7.Dlo0tpieze;

vb - the f ree votuwe ot the btynb, equal to 9G ml.

Calculation accordting to the data shown givaes. 3. IU3~l3

The heat transfer L.Otfficiene'A by raitjion tan be aleuhie by

the, toctu la(

%adr q, the hoae t.low v treanwit At e*d to the wa 1 by raldiati-,x;

-the ofkftecti ve degret of ýqas 1ý4~ oagze; Tdt T. W I

Water vapo and carbonilc wedrsl- tr:t producerdotic
re.f1iVe* b gdtneas - afluIcurignito d!O~ij" - of ofA '4 &a>

Idopatlca !significantly Zn the te'w -trtUre- and 6w~U ri in tVhe rb

The value f&, tt) cts;. W.eL calulte very a to1xaey yuaq

nof ~hna da Pta .tb is5hc in lfiivrwaure. Values o

j 0~.6-2 and 1~ 2-2 vi ry in the it.v 3.S5-C. Ss;E .crs

IWith~ theý in'reasoýe 01 m.



Vaue ¶'ri fo the amun Of ignte 0.6 1.4 and- 2 4 -'

N. ad

are shown in Figure 5. W4hen 0> $ ~osthe difference aw

inercoses b)etween tbem z,49-idly during the increase of & so that -
when O1j, is several times greater th~an ~ T-e .-to

the amount of igniter on one or the Other ha rntrcetiin

issal nFgr , oehrwt ssý1-n-h eedn~
jo &,vhalu g~O~l lo~ P3trovi

O'L4 Sil~~ + -<-a o xat ounc t4.an raso

sait In .h je

N 4-tiQw atltat i infcnl mle hn-

'U 4

-AA

FigureI A
TI'lg het trns'ir W.t 'a



where drnc/dt and dme/dt the rate ofr condensation and water evaporation;

qc and ox,- the amount 3f heat lost by the gas durýing

condensation and evaporation of 1 g of water.

One can accept approximately that qc =e cV H20 (T-Tsat)

ýv (T-Tdeg) cv (T-TO).

By designating I
(g)

we obtain -D 1  ll

0s, JQ dT(hI

p. di lncv it

and

* ~~ In (6 -p 1 5 9 *~

The mzean value of =0.8. If we accept that. on the left. side of

the-eq~uati~on (4) ~=1, and compare (3) and (4), we can obtain

Froif; Fi-ure 4- and correlation (3) it follows -chat the-, condensation

ratt0 depends-iittle on the amount of igniter and, on an' average, is

3 -g/se. At this rate, if there were no evaporation, all the

Mat~. Lontained _n com'-ostion products of ant ýniter weighing- for example,

g.would be condensed in. 0.1 sec.) after which would sharply

(3 times) decrease. since this does.hot '0\2.cur -and- furth3rmore since

A f f decreases by approximately civp *ame- amount a6 it is possible

.... .... ..



that during cooling condensation, to a considerable degree, is compen-

sated by evaporation. By assuming that the process is stationary and

-) -• const, we can introduce a correction into the value of the

heat tranrsfer z.efficient by radiation. WhenMx = 0.9-0.8), ad (

increases by 1.5-2 ti~es. Correspondingly, the ratio f / o( eff

increases up to 0.5. We shall use this value during subsequent calcu-

lations. Such a significant roie of water condensation on the walls

is connected with the large (up to 40%) content in the igniter's combus- .

tion prod,. t, This assumrn.tion was confirmed by zests with No, I

pyroxyline (13.42% N), used in a pure form without ammonium nitrate.

The water content in combustion products is -• 24%. The curve of -

ef() (Figure 4, curve 3) is noticeably lower than for a mixture IOte.f

with nitrate, although it is higher than ok' (). 1

Calculating the critical amount of igniter. Before calculating !

t the critical amount of igniter, we shall estimate the correlation

between the heat flux occurring on I cm2 of the surface face of the

explosive charge. The latter depends, mainly, on the temperature

difference of gas T and the surface of the explosive T. and, consequently,

on the rate of camperaturp incr.ease of the surface and its maximum

* value. Since. the coefficient of thermal conductivity of an explosive

1. Probably the excess actual heat losses above those calculated
earlier in the model rocket chamber, which in test conditions
[ 2 ý were about 30%, ar• linked with condensation and water

evapor-ation on the walls.
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is smaller by a factor of 2 than steel, the temperature increase of

the charge surface will occur much quicker than the walls of the bomb.

The calculation will give the time required for the increase of Ts to

300-400oC in the order of 20 msec. On one hand, this temperature is

close to the critical for water, and on the other hand when this

temperature is reached intensive gasification of the explosive occurs. K
Correspondingly, the condensation of water vapo-s on the surface of

the explosive will quickly become impossible and, apparently, no atten-

tion should be paid to it. In this case, the heat transfer coeffic~ient

to the charge. surface of the explosive can be accepted as equalling

42

S= -, = o+ %• 0, 5 •" (i) i

The amount of heat obtained onl cm2 of the explosive charge surface

qV is a known amount of all heat lost by gas due to heat exchange to

the walls of the bomb qw during ignition time ti: (j)

where Qv - the explosive heat of the igniter;

Qi - the amount of heat contained in combustion products of the

igniter during ignition when t t ti and O=j.

If qv / qw= k =#'/Qeff) then

(k)

. =

:•,-14-



We shall accept in accordance with [ 3,7, that the amount of heat

........ Irequired for ignition (Qtv) equals

((1)

where v~~ the heat conduction of the explosive;

u - its combustion rate at a pressure of p,;

T ch(. temperature of the explosive surface during stable

combustion.

By acc'epting ui Bpi, we obtain

where 0 Tý/T0.

At the moment of iglitici qv q' v.

By des-'gnating(n

km~cvBPL a,

-'2' ~we obtain

In coordinates6-l2 where YII u;x &j), and Y2 -

the right part of this equaticn is an equilateral hypierbola, the left)

a family of strivight lines y, P-B ~,ir' which the segment cut off

at the Y-axis, arid the inclinat~on to the axis of X increases, as the

vallu. oýf n, :.ncýreases.
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It is obvious that with sufficiently small values of mg, the

straight lines and the curve will not have one general point - combustion

will not occur. With large values of mg there will be two intersection

points, of which the upper one is normally realized (over time it is

reached first), but the lower one cannot be deliberatly excluded (due

to its smaller value Idp/dtl combustion at this point will be more

stable)-. Hence, the larger the value of & i (as the smaller the difference

Of 0 'max - & i), the greater mg. Finally, there is a value of mg,

during which the straight line touches the curve. This value will

also be critical for a given explosive. At the critical point (critical

values will be shown with an asterisk):

) (p)

from where
(q)

(< = o.,,.• , o*/,,,a, 2I/Y•,
2

The first relation shows that when m m at the moment of combustion

the pressure is half of the possible maximum, and combustion products

contain half of the heat they contained initially.

1. Knowing 8 (t), one can find from the first ratio the value of the
critical induction. From Figure 2 (we shall disregard the combustion
time of the igniter), for exampleý we obtain for m= ig, ti 0.1 6ec.

-16-
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The second ratio makes it possible to determine m ,since both the right

and left parts of it are known functions of m.F

For the bomb and igniters which we use: k 0.5; mg m + 0.12 g;

v 0.34 cal/g *deg; P0 - 9.4 .me; S =144 cm2.

7.By accepting that ~V= 4,10~ cal/cm sec #deg and.(,,iz ~2 we

obtain
(M) mr 0,43(r

Function f(m), calculated according to the relation 0? max (in) is

shown in Figure 6.

41 44 VAI

Figure 6
The form of function f(m) for calculating
the critical amount of the igniter.

The value of m* is obtained from this figure, as the point on the

X axis , the point which corresponds to the straight line with ordinate A

1. An approximate value of M a be calculated acrding to m * 0

-17 )
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OF -7 TM-113ýP5M -11 M-.v' .'..<...,, 1 ? 1

Kvl-K~

ýR A~______

;gl0.43 /V

~ i values of m and B obtained by calculation according to the relation

p. p) at pressures close to pi, for some individual investigated

secondary explosives and explosive mixtures are shown in Table 2

TABLE II

,lA.'< ~Critical amount of
Value of igniters, g

Explosive Coefficient_______________
B, cm/sec x

____________________cm'
2 /k, theoretical experimental

Tetryl 0.18 0.2 0.2
~.Trotyl 0.0045 0.4 0.5

Trinitrobenzene 0.0045 040.5
No. 6 Ammonite 0.003 0-3 1.4
No. 6 ZhV Ammonite 0.0036 0.5 1.1
PZhV-20 0.0046 C.4 0.9
No. 6 Am~monite + 20% NaCi 0.0046 0.4 1.0
+20% Na9SO4 0.0033 0.5 1.0
+20% L~i 0.0022 0.6 2.1

1+%Black 1* 0.0038 0.5 0.9r
i+%Black II* 0.0042 0.4 0.6

Svarious specimens of black

It can be easily seen that for tetryl, trotyl, trinitrobenzene and a

mixture of amatol with 5% black II the critical amount of igniter,

obtained by calculation is close to that determined experimentally.

Thz considerable difference obtained for other anumonium nitrate explo-

biia .,%.uires speci±al interpretation.
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