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NATIONAL ADVISORY COMMITTEE FOR AERONAUTIOS.
TECHNICAL MEMORANDUM NO. -508.

" IMPACT WAVES AND DETONATION.*
By R. Becker.

PART II.

0. Applications to Detonation

8. The general fundemental equations. for detonation.-

It has already been stated a number of times that an insight
into the microscoplc processes of impulse waves is not to be
expected from an analysis baséd on contlnuum concepts. Never-
theless the macroscoplc characteristics of the wave may easlly
be deduced from (14) or (15) and (16) on the assumption that
the passage of the gases through the wave front shall in no
way violate the laws of the conservation of energy and of mass
nor the impulse law.

To this end 1t 1s only necessary to concelve of the wave
front sltuated between any:two oross sections,'I and II of the
tube and apply the laws that have been deduced to thls layer
of gases (Fig. 7).

We will now consider the oase that within the wave front
lying between I and II, a chemigel transformastion takes place.
In referring technlcally to such a process we wlll deslignate

*From Zeltschrift fur Physik, Volume 8, 1933. For Part I, see
N.A.C.A. Technical Memorandum No. 505.
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as medlum 1 the initlal actlve gases, and as medium_a the re-

gases 1ln thelr passage through the impact wave. It is easy to
see that the deductions drawn from (15) and (16) are not af-
feoted by the faot that the ilmpact wave is here bound up with
a chemlcal transformation. This is made even more clear when
\\\\\<E2 seek to determine, as in (37b) for the simple impulse wave,
' the energy difference E, — E,. Evidently, the heat of reao-
tlon Q, must here be takem into account. It must here also
be noted that the equation of state for medium 1 is not the
same as that for medium 2. 8ince, however, the equation of
state for the initial active- components - the values of P,
v,, I, — are usqally known, the corresponding values for the
reactlon products p,, v,, T, will be of chlef concern in ﬁny
practical application to be made. But as long as the density
of the reaction products, on account of their high temperature,

is small, and therefore followed closely Boyle!s law, equa-

tions (15¢c) and (16) will be applicable and we may write

D =wm /IS (40a)

Voo -w) fRIn (40b)

E; -, = % (b, +p3) (v, - v,) (40¢)
Dy V.= R T, - (40d)
Ea—E1=E(T3‘T1)—Q (40e)

_action products resulting from the transformation of the aoctive
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At very high densities of the reaction products (resulting from
solid explosives) (40a, b, and o) will still hold, while (404
and e) are subject to change. ' _

In deducing equations (40) only two different states of
the substances were consldered - the gaseous and the liquid.
The application of these equations to solid exploslives may
ralse some question‘fince in thls case the energy X 1s no
longer a function of v and p. Instead it depends in some com-
plicated way on the pressure tensor. From the standpoint of
thelr practical application, however, such Qquestions should not
be given too much weight; for in the case of solld explosives
i1t is entirely lmmaterlal whether we place for p, the actual
atmospheric pressure or the value 0. The real elastic charac-
teristice of the solld explosives db not enter into the prob-
lem. For the reactlion products, on the other hand, E,, v,,

Py ‘the assumption 1s made that they may be treated as elther
gases or liquids both for the further theoretical development
and also 1in practice. )

Equations (40) hold in genersl for the case that a chemic-
al transformation at constant velécity traverseas the actlve
components under the conditlons already lald down for the en-
tire consideration here underfaken, viz., that the process 1is
a unidimensional one so that all magnitudes may be represented
on s convenlent right-angled coordinate system related to =x

but not to y mnor “®. Concernlng the justiflication of these
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stipulations, the followlng observatlons are offered:

Heasurements of the velocity of the detonation wave have

T Ehown tham if tubes of very small dlameter were used to con-

taln the explosive, lower values were obtalned than where larger
tubes were .used; but above a certain tube diameter the rate of
propagation of the detonatlon wave was found to be independent
of the contalner. For comnslstent results wlth exploslive gases,
tubes of dlameter greater than 10 mm should be used (Dixon, l.0.
1893) and for solid explos-ivee, 30 to 50 mm (Z. B. Kost., l.c.
also %. f. d. ges. Schiess.- u. Sprengsloffwesen, 8, 156 (1913) ).

In order to make plein the meaning of equations (40) we
shall meke use of a p, v coordinate figure (Fig. 8). The
point & corresponds to the p, v, values of the explosive
substance. In general, P, has the value 1 atm. A curve is
then drewnm from the Hugoniot equation (40c) on whioch the point
p, v, mst lie. We next determine for v, = v, the case of
adiabatlc transformation at constant volume. In the case of
all exploslves thle transformatlom ls accompanied by an increase
of pressure, leading to a polnt G of the H-curve mbove the
point A. The case p;, = p, corresponds to combustion at ocon-
stant pressure. Thils takes place with an lancremse of volume
corresponding to an amount of work done - (E; - E,) = .
- p- (v, -~ v;). The volume correspondlng to this Work is indi-
cated by the point F.

The BE-curve passing through the two polnts G and F glves
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the values for the veloclty of propagation D, of the reaction
together with the .flow veloclty W, of the reactlon products
(equetions (40a) and (40b) ). It is to be noted here that the
sigm of W, ©by compression (¥, < ¥,) 1s positive, indicating
a flow in the same direction as D. By rarefactlon, on the
other hand, (v3 > v,), 1t is negative. Let o be the angle

B Ap then,. oo

..... D=vlﬁE{, W=('V‘1—Va)~/Fln—..

But ./tena for that portion of the H-ourve between G and F
is imeginary and corresponds to no actual natural process. The
H-curve, therefore, conslsts of two independent portions corre-
sponding to two entlrely different modes of a chemlical transfor-
matlon which will be distingulshed by the names detonation and
normal burning. |
From the course taken by the H-curve we can make the fol-
lowing qualltative statements concerning these modes of transfor-

matlon:

Detonation.~ (The portion of the H-curve, B D G). In the reac—
tion zone, lntense lnorease of pressﬁre and concentration., Dil-
rection.of flow of combustion produocts, positive. A h;gh propa~
gamion:velocity? D. '

Burning.—~ (The portion of the H-curve, F Ki, In the reactlion
zone, decrease of pressume and dilatation. Direction of flow of .
combustion produoté W, negative. RelatiYely slow rate of prop-

agation D.
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Both these phenomena have long been known in technlocal
_practice.. Thelr qualitatlve. dlstinctive characteristlos were
firet pointed out by the discoverers of detonatiom, Berthelat
and Vieille, also by Mallard and le Chatellex.

9., Normal detonatlon.- By the above considerstion there

has been galned a qualitative 1ldea of the processes under con-
slderation. The flgure might oconvey the impression, however,
that along the part of the curve B G +there could be varying
velocitles of detonatiom D. But experience has shown that un-
der careful adjustment and measurement, the detonation veloclty
of & definite substance has & constant value characteristic of
that substance. This value remains constant over the entire
length of the tube, whether the tube be only a few centimeters
in length or a hundred meters. In whot follows we shall show
that the theory here set forth also predicts this fact and that
the detonation beoomes stable only for a definlte point of the
H-curve. This point is the point J wherse the tangent from A
coincldes with the H-ourve. To substantiate this we shall show
the followlng statement ﬁo be true: The entropy ls a minimum:

for the point J on the curve and a maximum for the point K.

These two points being the points of contact between the H-—-curve

and the tangents drawn to the curve from the point ~ A.

The expression for the "steepness" of any point v, n,,
on elther the adiabatic or H-ocurve is given by the equations
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- (LR - (1% |
cp—"(dva)a‘d_’ v=- dva)H (41)

T

where the indices, ad, H, indicate differentlatlion along an
ediabati¢ and H-curve, respectively. From the general thermo-

dynamic equation for entropy 8, (8 and E are functions of v,

(a—-+pa/dv,,+ dp,

E
ov, Pa
ok

apa

and pg)
Td8=4dE+ p; d vy

1t follows that

and for. the H-curve, from (40c)

L + B, '& (pa - p1 )
v = .
- 'é' (v:, - va )

In thls expression p, and v, may be taken as given constant,

charaoteristic of the explosive. From these equations, it fol-

lows:
oy -p) - (v, -,)
¢ -V =% =2 ;—E——-&(;-v) (43)
ar, : .3_
and
as AR
T -(EF)H =iv, TP (dv,/H p,__(q’ - ¥ (43)

In case the sdisbatic and H-curve touch (¢ = V¥), then,
of course %s-)H = 0. Equo.tion'.(42) shows that at such a point,
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Pg - p]_ P, - D :

¢ = =———=, But -82——1 1is the dlreotlon of the tangent
Vy = Vg, . ...V Va :

1 -a T "2

drawn from A to the H-curve. This shows that at J and K,

8 has extreme values. In order to determlne whether these ex-—
treme values are maximum and minimum or not, the second differ-
entlal 1s taken at these points and the assumption made that the

magnitude g-%— r% (v, — v5) wlll elways be positive. This as-
a3

sumption would mean that ¥ 1s finite. From (42) and (43) it

follows that the sign of ((—;‘%ﬁ at the points of contact is the

H
same as that of

a%:[(Pa —1.31) -9 (v, - v,) ]H=_\y + @ _(%%)H (v, - %)

But at these points

=¥ and (dva Jg dva) (dv Jog”

In general, the steepness ¢ of the adlabatic decreases
wlth lncreasing volume; as a consequence (%%)a.d is negative.
If we represent by W% the volume <vw, corresponding to the
volume at the polnt of contact, we have the simple result that

2 .
the sigm of (%Fg-)ﬂ in ¥, is equal to the sign of (v, - 7).
The entropy, therefore, has its minimum at J and its naximum

a.t K as sta,ted above.

L

Tha.t the a.diaba.tio and H—cu:r.'ve ha.ve 'bhe same direction: at
a point of contact J may easily be seen from the following
consideration: A line drawn from A %o a point B (ps 3,) of
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the H-ourve will, in general, cut this curve in a second inter-
section point D (p', v!3)s. _According to equation (40¢)
Eg - E; 18 equal to the surface A v, v, B
and E'; - E, =4Av, D' D,
DD' v, B=¢ (pg +p';)
(vla — vi ) (44e)

hence E; - EYy

The integral of the line D B gives 1ts direction

B B B
tf Tds =t dE+tpdv
D D

= E; - E'; - surface D D! v, B,

hence B

A/ Td 44
fDTso . (44)

When the points D and B 1l1lie together d8 = 0, which is
the case for the point of contact of a tangent drawn from A
to the H-curve.

From equation (44) an important deduction may be drawn rel-

ative to the line D B. If the change in the integrals
B )
t6 T & 8 taken along the l1linme D B from D on, be consid-

ered, 1t will be fulfilled when T d 8 in proceeding from D
toward B, changes lts sign. Byt that means: In a point ly-
ing between D and B +the adlabatic passing through thils
poiﬁt touches the line D B. If we consider the net of adiabat-
»=- ‘4og, ' 8 = const., drawn on the figure, then the adiabatics at
B (above J) will be steeper and at D (below J) be flatter
than the slant of the line D B. The ‘inclination of the adia-
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dp,
botios is expressed (41) by @ = - (E)m That of the 1ine

D.B by. tan.a~=-§?—:—§L. -Qur result may therefore be expressed
- S
as 1

Above J (on J, B), ¢ > tana
- J¥ (45)

Below J (on J, B), @ <« ten

With the help of this relationship, we obtaln at once a

valuable criterlion for the stabllity of the detonation wave.

The denslty of the reaction produots %a, is greater at the
2
wave front than the density %;, of the 1lnitlal explosive com-
1

ponents at this point. A 1llttle later, i.e., behind the wave

front, the combustion products will expand since the pressure,
due to heatb loéses must sink below ﬁa. There is thus formed .
immedlately behind the wave front a.rarefied reglon whose ten-
dency must be opposed to the progress of the compression wave.
Whenever the wave front 1s affected by the conditions just stated
it will not maintaln 1lts pressure Ps and as a consequence, 1ts
rate of propagation will be reduced, The detonation wave will
only maintain its velooclty characteristlic of the explosive sub-
stance as long as the veloolty of this rarefied region in the
;eaction products and the normal veloclty of the detonatlom
wave are the same.

The veloclty of the detonationm wave is given by the ex—
pression D = v, ,/tana. The velocity of the rarefied ares be—
hind the wave front may be conceived of ag an additive quantity
made up of the veloclty of edﬁnd in the reaction product
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dp.
A / ___aﬁf)ad. and the mass velocity of the reaction products

wf=‘kfih- vg) ,/taﬁ . The detonation wave is therefore insta-
ble as long as Y S

voud 9+ (v, -v;) /tana - v, J/tana >0,

that 18, as long as
¢ > tanwu .

We paw from equation (45) that for those points B of the
H~curve sbove J, ¢ 1s greatet than tana; and concluded
therafrom that no detonatlion represented by such points could be
stable. They will be contlnually wegkened by the effect of the
expansion of the reasction products (from cooling) behind the
wave front. Any such designated polnt on the H~curve will sllp
back until it Tesches J, and at this point the detonation
wgve will become stable; for at J, ¢ = vf%;E——. At thls point,
too, the mass veloclty of the reactlon products have the same
veloclty as the detonation wave. The detonaﬁion wagve wlll from
-this point on propagate ltself within the gases at a constant
veloclty corresppnding to the point J. What are tﬁe conditions
represented by the lower part of the H-curve? It seems that
here for any given detonation velocity +v, ,/tan a, the veloo-
ity of movements of the reaction products will adjust ltself to
-the condition at D or B. A reference to equations (15c) aqd
(44a) shows that D and B stand in the same relation to each
other as the gas conditions in front of and behind the impulse

wave, viz.,, that the entropy 1ls always greater for B +than it
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is for D. When 1t is recalled that the reaction products at
the moment of their formation reépresent the condition of maximum
probabillity in the sense of statistlcal mechanlics for the glven
order of the reactiom, 1t would be reasonable to conclude that
they would favor the condition indicated by B, and that for
thls reason the lower part of the detonation reglon of the H-
curve represents no real comdition. By this line of reasoning,
we come to the followlng conclusions.

On the basis of thermodynamic probabllity, only detonation
waves of the B-type above J 1ln the coordlnate figure, are pos-
slble. Mechanically, these waves are instable and pass over at
once to the normal detonation condition indicated at J.

The point J according to the above considerations is de-
termined by the relation

vy :va - T a%)m. (46)

- This equation gives with the general equation (40) a,spe-
cifio solution and definite value for normal detonation velocltys
, According to the above conslderation it would indeed be
possible (as by intense imitial ignition) to induce detonation

waves of greater veloclty than normal. They would, however,

- soon slnk to the normapl rate and there remaln constant. This is

*Equation (46) was first glven for the case of gases by Chapman,
Phil. Mag. 47, 90 (1899) but on the erronsous assumption that
the entropy along the H-ourve must have its maximum. at the point
J of normel detonation while in reality it has there a minimum,
Later the equatlon was agalm developed by Jouguet, Journ. d.
Math., 1 and 3, (1905) (1906). .
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exactly the behavior which Klast (l.c.) observed and measured
with a numbér of explosivea. This paragraph deéling with en-
tropy offers the opportunlty to call attention to the annexed
coordinate figure (Fig. 9) in whioch the abscissas agaln repre—
sent speclfic volumes and the ordinates represent entropy.

% and v!; are the volumes corresponding to normsl detonation
and to maximum burning velooclty. v, 1s the volume of the given

explosive material. The line .

, — G corresponds to the 1ln-

crease of entropy due to the chemlcal resctlon when the same
suffers no volume change nor heat loss to the surroundings.

Vg J and +v!; KX represent the entropy change due to deto-
nation and to burning. When v, G 1s reletively smell, 1%
is posslble for vy J to become negative, which would mean
that although thermodynamically detonatlion 1s not possible,
burning can still take place.

In case no chemical transformation accompanles the impact
wave, the wave "degenerates" ("entartet") to an ordinary sound
wave, in which case the points J, G, K, v,, vl, fall together
with v, . The curve given thus represents the course of entropy
change. It has at v, a turning point in which 1t coincldes
wlth the v-axis. The figure shows plainly the fact that com-
pressional waves are ldentifled witbl;qc;ea§9 of entropy. Rare-
factlon waves, on the other hand, are linked with entropy de-
orease and are hence not realizable.

It is also to_be observed that all of these concluslons
drawn from the above considerations (and fulfilled by normal sub-—
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stances) that the megnitudes

- (£ - (&)
av2/.4 V2’ pd
are, in the region considered, negative; that 1ls, accompanlied by
decrease of steepness and increase of volume. B8lnce by unlimited
edlabatic increase of density the pressure of every substance
must lncrease beyond limit -~ which is only possible if <§§g>ad
becomes negative - 1t can be said that the validity of the
conocluslons drgwn demand that the adlabatics in the p, v—g{aph
show no turning point. If we are to take into account also such
possible abnormal substances in which a turning point does occur

then the above conclusion must be expressed: In any glven medi-

um compression impulses or rarefsction impulses alone are thermo-—

dynamically possible accordlng as the magnitude (%ig\ is pos-

V/ad
1tive or negative.

Exactly the same conditions were met with in Seoction 2°
(N.A.C.A. Technical Memorandum No. 505 — Part I of this article)
in analyzing the mechanicsl possibility of the formation of com-
pressional impulses. The qulte independent criteria for the me-—
chanlcal formatiom of compressional impulses and thelr thermody-
namioc possiblillity therefore rest on the same ground.

«~»--- The ‘numerical determination of the hormal detonatlion veloc-
ity of an explosive 1s, in principle, completely given by (40)
and (46) as soon as 1ts chemical transforﬁation:and heat of Treac-

tion are known. The course of the calculatiom differs according




N.A.C.A. Technical Memorandum No. 506 ) 15

as we are to consider a gaseous or a solld explosive. In the
case of gases the equation of state for an ideal gas may fe ap~
plied to the reaction products. In the case of solid explosives
this may not be justifiable. '

I. Detonating Gases. If we represent by o, the average

speclfic heat of the reactiom products at constant volume between
7,° and T.° abs., ¥, the ratlo %% of the specific heats of

‘the reaction products at Tao abs., Q the heat of combustion

of the chemical transformetiom due to detonatiom in ergs/granm, .

then 1in order to calculate the rate of detonation, we have the

four equations

p, v, =1, T, (47a)
g (To = T,)=Q+ % (p, +p;) (v, - v,) (47b)
P = va 2D (47d)

v, = Vg

In these equations the magnitudes p,, v,, T,, of the orig-
inal components, the hegt of reaction, Q and the gas constant
r, of the reaoctlon products, are taken as known Quantitles.
Besides these the Quantities ‘o, and <Y, &re known functions
of T,. This leaves the four magnitudes v,, p,, T and D,
to be determined. .By making use of the equation of state of the
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initial gaseous components,

g . e m e e ameas Y

P, W =1, T,
and the abbreviations
v
= e
W v

representing the compression in the detonation wave we obtaim
the followlng convenlient expressions for carrying out the cal-
culation

oy (Tg - T,) 5%Q+ % (p -1) (r, Ta;-r—‘u-q"—l) (48a)
Y, HZ - B (Y, + 1) +%¥: (48b) .
D° = 3 Y, r, Ty (48c)

If o, and %, be given as llnear functiong of T,, then

from (48b) sn approximate value for M = Ziqi—l and then from
2

(48a) = vetter approximate value for T,. If a correct solution
of equations (48a) and (48b) in the sense stated above has been
carried out and the vaelues of B and T found, then (48c)

glves at once the value of the'detonation veloolty D.

moree  ceesem - .- N T & ovan =

(Transletorts note,~ The celculation of the -desired magnitudes
mentioned above may be caxrrlied out with precision, The same
magnltudes are also required for the ocdloulation of speciflo
heats of gases at high temperature where explosion methods are
used. Referenoces to these methods and to theory may be found in
Nernst, Theoret. Chem. 10th edition, Macmillan, p. 783 (1933).

A more extended discussiom with experimental results is glven by
Shilling, Trans. Faraday Soc. 38, 377 (19236).)
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Jouguet, 1l.c., was the first to calculate in this way the
“-velocity“of'the‘&etonation wave, He checked the theoretical
results with twenty observed results of different explopive mix—~
tures glven by Berthelot, le Chateller and Dixon. In his calcu-
lations, however, he made use of speclifio heat values glven by
Mallard and le Chateller. His determlnations were in satis-
factory sgreement with observed results . The'detonaﬁion tenm—
peratures found in this way, lie, for the most part, over 3000°
abs. - temperature 1ln oconfllct with our present-day knowledge
of specific heats. In thlis region also one 1is not secure in
making deflnite statements concerning the course of chemloal
transformations. It may, however, be stated that withim: the
1imits of exactness with which the magnitudes "Gy and Y, may
be determined, theory and observatiom are in thorough agreement.
(Translator's note.— The followlng table, taken from the paper
by Crussard, l.c., wlll i1llustrate the agreement between the

values calculated for the mormel detonatiomr wave and its velocl-
ty as observed by Dixon and by le Chateliler,

Composition | Normal detonation | Observed veloclty| Detonation wave
of explosive wave m/s % aif-
mixture Tebs. cal.vel.?[g_ ference
Hy+0+5H 2,596 3526 3530 Dixon +0.1
H,+0+5K 2,596 1798 1833 " F1.3
7 — H, +0+50 2,596 1893 1707 ¢ +0,9"
OH,+ 3,050 3477 2528 " +3.0"
CH,+ 3,570 2132 .| 3186 +1,3"
OaHa+10 Oq 3,560|° 1858 . 1850 le Chatellier| . ~0.b" )
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II. B8o0lild and Liquld Explpsives. If a certaln degree of

“""uncertainty enters into the calculations of the detonation veloo-
1ty in the ocase of éases, that uncertalnty becomes markedly
greater when we turn our conslderation to solid or liquld explo-
slves. B8ince every detonation 1s conneoted_wifh an lncrease of
density of the Teactlion products, we shall have to do in this
case with highly heated reaction products of a density spproach-
ing that of sollids. ¥or such cases, not only 1ls the questioﬁx
of speclfic heats one of the greatest uncertainty, the oconditiom
of chemical equllibrium becomes very uncertalnm also. Further,
we have no knowledge of an equation of state to fit such condi-
tlons. Detonatlon pressures must rise at least above 10,000
atmospheres. They are surely far greater than we are at present
able to produce by mechanical means for experimental purposes of
observatlon and measurement. Every attempt to calculate the
detonation veloclty of solid exploslves requires assumptions
concerning regions and conditioms of which we are wholly igno-
rant. We may tentatlvely proceed only in this wey: We may ao-
cept nbservations made under the highest possible pressures
available and by extTrapolation aalculate the charaacteristios

for detonatlom pressures and with thesé values follow through

. . the theory developed for the determination of detonatiom velool-
ties. A oompariéon, them, with welooltles that have been ob-
served, may glve some indication of the correotness of such an

extrapolatiom Such a method will at least have this to recom-
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mend 1t{ It offers a poseibility of gaining some insight into
equations of state, specifio heaxs and chemical equilibriums
for pressures so‘g;eéx that we oould not hope to investigate
them in any other way.

As: a first step in this direotion, I made use of Amagat's
lsothermel measurements which reach to a pressure of 3000 atmés—
. pheres, 7¥From these investigations I have deduced a simple for-
mula sultable for extrapolation for-the gas niltrogen. This pro-

cedure (2. f. Physik 4, 393 (1931) ) resulted in the equation

pv=RT (1 + = k ehh.\ -% JBFT .

By the use of this equatlomr the detonation velocity of ni-
troglycerine and mercury fulminate were determined with an acou-
racy indicating the order at least of the magnlitude observed.

In judging of this rough agreement, the fact must not be over-
looked that its uncertainty does not lie altogether in the pro-
posed equatiom of state, For instanoce, it was assumed in this
calculatiom that the chemical composition of the reaction prodwuc
ucts at the instant of detonation was the séme ds those observed
after the reaction. At detonation pressures that mey reach tpe
order of 100,000 atmospheres, the reasction products may be quite
different from those existing under normal coﬁditions. The or-
.'dinary. detonation of hydrogen and oxygen gas provides a good
example for the investigation of these relations (Pier, l.c.).
To this uncertainty respecting the chemical equilibrium, 1is to
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be'aAQed the uncertalnty conocernlng specific heat values for the
unusﬁal-conditions«met-with-in“detonation. Indeed, in any con-
slderation involving the condition of matter within the detona~
tiom wave 1t should be oclearly borne in mind that any real
knowledge of this reglom has scarcely passed the stage of a

flrst rough guess.

10, The processes withln the detonation wave.-~ The inves- .

tigation of the processes occurring withim a wave of compression
(Seotions 6 and 7 — N.A.C.A. Technical Memorandum No. 505, Part
I) are of particular interest in reference to detonation. 8Since
the discovery of the detonatlon wave by Berthelot in 1883, the
questlion has been often end lnsistently diaoussed as to how the
particles of the explosive components at the weve front are in
reallty brought to their extremely rapid transformatiom. This
qQuestion. lies at the very basls of any investigation of the ex~
plosive process. Detonatiom, at least of solld explosives, 1is,
in fact, wholly lncomprehensible as long as 1t 1s assumed that
the only incitatliom to reactiomr that a single partlocle of the
exploslve recelves derives from the adlabatlc compressiom of

the detonatlonr wave. By such a compreésion a solld body at the
"temperature of 1liquild .alr, where detonatlom proceeds véry uni-
formly, would be so little heatéd that its dissociatiom could
not thereby be explained. The same difficulty presents ltself .

elso im the case of gesses. Le Chatelier (C. R. 130, 1755 (1910));

was of oplnion that an explanation aould be found by assuning
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that the partlicles in the wave front were brought by compres-
chemical tTansformotion followed. When this assumption is car-
riedlout quantitatively (ven't Hoff, Vorles. u Theoret. u. .
physik. chem. 29 Aufl. p.245 (1901) Nernst, Theor. Chem. 8 bis
10 Aufl. 769 (1931) ) for the case of carbon monoxide and oxy-
gen, a detonation pfassure of 256 atnospherses would be required;:
while carried out riéidly by thermodynamic theory whose correct-
ness 1s substantiated by the vaolues indicated aobove for detona-
tlon veloclty.. A pressure of only 1l7.2 atmospheres would be
produced.. Simllar relationships hold for all other gaséous mix—
tures. The theory developed by le Chatelier is,.- therefore, in-
adequate to explain the real processes occurring within the det-
onation wave.

On the other hand, the conception seems reasonable that the
explosive transformatiom of the substance depends upon a prelim-
inary heating of 1ts particlesa In the first paragraph of this
paper (Technlical Memorandum No. 505, Part ), the insight af-
forded us concerning the processes taking place within a simple
impulse wave allow us to state that this heating process depends
upon heat trénefer and the ocorresponding increase in the number
of molecular impacts.. We were able to show. in that place that
in the case of the simple sound wave that heat conduoction could
not be ignored but that on the contrary it played a determining

role.in the mechanlism of thé& process. JFrom the close relation
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between impulse and detonation wgves there can be little doubt
that these -characteristics apply elso to the detonation wave.
It seems necessary, therefore, to conclude that in the case of
detonatior the heating of the particles that have reached the
wave front, to their ignition temperature, takes place princi-
pally through heat conductliom from the particles last burned
(that 1s, by the imﬁacts of individual molecules from the very
thin wave of high temperature).

It is interesting to observe that the most successful ex-
perimenters in the fleld of gas detonatlom, Berthelot and Dixon,
also made use of such an essumption. They conceived that from
the hot wave front molecules were thrown forward that shared
their hilgh kinetlc energy by impact with the molecules in front
of the wave and thereby brought them to a condition of activa-
tion. This conception seems more reamsonable than the one offere&
by le Chatelier. (The photographic records upon which le Chate-
_ lier based hils "dark compressional waves" to prove his theory,
were later shown by Dixon (l.c. 1903) to be contrast effects of
the plate and not aodmissible as evidenoce.) Berthelot and Dixon,
however, were bhoth in error in so far os they sought to justify
thelir theory from the observed values of detonatlon wveloclty.
They did not know that these values (expressed. in .the. thermody-
namio equations (40), (48) ) were independent of the miocroscopilo
processes, whatever they might be, taking place within the wegve
front, and tpat the same values were arrived at by the applioa-




N.A.C.A. Technical Memorondum No. 506 33

tiom of classical dynamics.

~'In concluslion I wish to state emphatically that the disous-
elon im this last paragreph is confined solely to the questlon
of the wave's propagation after once being started. The problem
of the origin of the detometiom w-a,ve or the inceptlonr of an ex—

plosiom 1s not here considered.

Summary of Results

When proper comsideratiomr is pald to frictlom and heat con-
ductlon that must be present with all bodles, 1t 1s shown 1ln the
analysis made of compression impulsecs that the theory of inste~
ble surfaces may be dlspensed wlth.

The actunl thickness of the wave front has been numerically
determined for a gas and for o liquid.

By the introduction of a chemicel trensformatiom within the
impact wave o complete general conception of detonatlon and nor-
mal burnlng is seocured.

While the complete analysis and calculatiom of the rate of
normal burning has not yet been effected, the present consider-
ation, by making use of the principle of stoblllity, has been

able to set a deflnite value for normal detona.tion velocity.

" This value is in ezcellent a.greement with obse:r:ved results in

the case of gases and gives falr approximetions for the ocase of

~ sollds.
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By aeppllication of the deductlons here presented, the possi-
"b111ty-is‘6fféiéd'8f'fdlioilng the physical characteristics and
chemical transformations experimentally to an order of 100,000

atmospheres pressure, _
An lmportant difficulty in understanding detonation phenom-

ena is overcome by a conslderation of heat conductivity.
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