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CALOU'LäTIC-K  01  TE'H, fCliARAC£EKI8SlO£ Ü?   A 
DETOKATIOF  WAVE,   SldTIüKA-Ul-Y  FRGFAGAfi7-D 
J'K ' CCEDEI-ÜEI) :?XFlfdTVr3,   iddi   IT'dd ItUrflOft 
OF B1ATE O' i'H?-  EXlLdSICK"I-ßC'0'UCTS   :' ; 

—  UOöK — 

/Folio-wing is' a translation of the arti- 
cle : entitled UK raschetu khsraicte'risHi'k 
def onntsiorinoy volny t- stetsionarro ras*-- 
proedrariyayushoheysys v kondensirovän- 
nykh. vvi i uravnenivu so'stcyanide, pro-; 
duktov vsryva5' (English version above) 
oy Rather» ■ in DoKxady '; /dcademxi 
Kauk_8SSH  (Reports  of the  Aeacieny of ^ 
oCienceiT UÜ3H) ,: Vol ''XL VIII,   No   o,  Fios- 
cow,  19di,  pages■ 198-201^7 

(, idU.bi'iiitt 00.    Py   AC8.0L6Kl'Cisri ■ i'i .»    L\ 
■'oir 13'■■■(■ "etcher 19d4.) 

denenov 

::  1.  In order' to /determine four' chsracterxstios :ci 
the'detonation wave,' that la, the velocity ID /of tile aer- 
oration, the velocity U.of the explosion products ismed™  ■ :: 

lately ahead of the front', their density ; - 1/v and the pres- 
s-are p  in. the front,, the hydrodynande theory of detonation l 
provides three laws of icoriservation (aase, ..motion, and 
enerdv) and the . Jouduet-Kryussar condition1.' 
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0V- OP/3V)S    , (1) 
*" detonation is' equei i velocity p: 

und, relative -to the exodosion .: 
t.studying the mechanisa of deton- . 
losive substances,, we will consider 
a Di 1 a ■ The"use of limitations in 
not repaired.:   ;. 

of the equatiornof state of the ; 
essary to determine the isehtropic 



derivative of pressure with respect to volume, which der- 
ivative arises out of condition (1), enables us to find 
a fifth '''Characteristic:  the detonation temperature T. 
The application of Clapeyron's equation, for the explosion 
products yields:" ; 

D, , 
id 

tLJL 
'   J I      I IIHIUM llllMHII'l 

VT" (km/sec),  (2) 

since k ■■« c /c P v 
X » £~ , and the quantity M/n is the aver- 

hj      v 

ape molecular weight of the explosion products (which /;_ 
products consist v 'for! many' explosive substances* of .■main-- 

and CO) may "be taken as equal to 30 güu ;" ly CO, HpO, H2* 
Inasmuch as T usually equals 3000-5000 

o then the detona 
tion is close to 2 kin/sec; as follows from \^; ,  J-W XO X^U 
dependent on the density. 

However, it has been observed that the increase of 
the detonation velocity with density may reach, for ex- 
plosive substances, a value of 8 km/sec.  This is related 
to the fact that its value is substantially affected by 
the departure from ideality of the products of explosion, 
Whose density may reach 2 gir/cnK*. Por liquid and solid 
Explosive substances the calculation may be carried out 
with the use of the equation of state:that sets forth 
the explosion orcduets accurately. Moreover, all formulas 

■relating detonation wave parameters to temperature are 
altered. "'"'/, 

2. One of the first attempts (1916) towards such ■■. 
a tvpe -of calculation (applicable to nitroglycerine and 
to 'mercury fulminate) was Becker's (1). He set forth the 
eouation of state for nitrogen 

p * RT^(1 + f^ef?) ap2(h^8 1) ('A ) 

which corresponds /See Note7 to the experimental data of 
'Ör'i'dp;einah.'(2)V obtained at 65° C for densities up to 
1.1 p;m/cm3*: The use of this specific equation is invalid, 
since it'Is'-impossible to Identify the .explosion products 
associated with nitrogen, especially when considering 

■the higher density :of the explosion products» 
(/liote? We"note- that the members of formula (£) ; 

which are .temperature-independent include an item having 
a positive value, that is related to the forces of repul- 
sion, and that is predominant over the temperature-depend™- 
exit ■members' at densities close to 2 gm/crrP. Here, and 
further on, we have in mind the elastic forces of repulsion 



'^pvn'in^t; wrhch. work is done!, since ''they exert an influence 
according to O'E/^k- These forces are dittineoisped 

from -those repulsion forces usually associated witft tue 
■co-voluae,'; which are of xntriiifci 1 ;n?3iN ter The calcula- 
tion  of the  formulas  that  follow,   (4)   and  (t),  does  not 
charge the  egression'Qllh9p)mt  which remains  equal  to 
zero,   as li'r the  case  of Oiapeyronis ■/.equation.) 

PnviQusly,   these  circumsusrices,   wi en are aggravat- 
-i ■- inp:'in that the" expression (J>) complicates the mathemati- 

cal coBinutation, led to the fact that Becker8s paper 
stands «lone in the literature!  r ■ 

5.  A significantly greater development has been 
evl dent""in an opposite approach,■which.was chosen somewhat 
earlier (191?). * laffenel and Bautriebe (3)* who^were ^ 
supported1 by Jouguet '(4>, and then by Schmidt (b) k±yX>*~ 

:""'""' "; They assumed'an -equation of state in the general 
form of ■■■ : 

P (v "TV n_ PI W 
and,   regarding the co-voluWe  as coostant, /they obtained 
/See Note? fi^ora hydrodynaiiiic   theory .../..' 

j— 

, .-■' k + l"i/ n 
•y 

V k 
(/^RT "~"oc^0 

D, o 
idV     r-Qf :<5> 

inasmuch as the calculation of Did is possible froimfonn- 

ule (2), these authors suggest that the calculation of 
on the basis of tie exoeriaeiftal data for the dependence 
of D on the initial density ^Q  » l/v0, which quantity 
is'also to be used for further inter™ and ^extrapolation 
:(3)i and also for calculations of betonetion velocity for 
other exclusive substances (5)»   , :'   :   '  !     v 

(/fote? The analogous formula (c) had been alreaay 
ohtained~in 1891 by Vieille (6), vrho employed equation 
(4) in:toe La Place formula, which relates the exoansxbi«- 
jil;v. of tbe.pas to the speed of sound, which foraula he 
also adaoted the detonation velocity. 

however, calculations carried'out for dynamite (5), 
frofvhi ten /"""? 7, and other substances (5) indicated that :. 
thp. 'co-völume is not constant:  it increases with increas-- 
i-D^  soeerne 'volume.' Consequently p the use of Cf * constant 

, iiTth'e substitution of (4) in (1) is incorrect /See hooeT 
for the detonation1 of condensed explosive/ substances p/ .-,, 



since the formulas of Taffanel-Dautriche-Schm'idt have ;' 
proven'to he Inaccurate. 
'■■:■  : i/fiotej  We are indebted for this error to Prof Ya« 
B« ZelVdoviöh, who brought It to our attention«) 

v  4. 'In order to correctly implement the concept of 
Tsffänel and Dautriche, one must select such a form for 
the enuation of state for the explosion products that cor- 
responds to the experimental facts,  We employed for this 
purpose Bridpeman's data'(2) as mentioned in paragraph 
two".  These data indicate the possibility of applying 
eouation (4) in the study of the density range of the . 
<lit8X if tKer'e Is introduced for the co-volume a simbat 
ya / 'ij  dependence on the volume. \e  adopted for this p 

■'dependence'the' well-known form of van'Laar» Oc - bv/(e + v)v 
transforming (4) Into the form of 

n ■v + " c 
p _ & RT ___ (0 

v/y  — (b — .cjy 

where b > c >0. . It is .also necessary to determine the 
last constants from experimental data for ft'- D((>0)»: 

$.' The introduction of formula (6) in the basic 
eouations was carried out differently froia the relations 
established earlier.  For U there is obtained 

u Mf~-- 
constant 

be 
(7) 

k(v + c- 

where tL. - constant corresponds to paragraph four. 

Formula (j?) Is substituted In a system of two 
conations: ■;'".. 

D m    Ü id 
-yk x 
k - + . l' lfj(v ~  b + c) -';; 

(&) 

V, o s V 
X (9) 

where x » (k + l)v2 + '_^(k + l)c - b?v + /Ck + l)c - 2b?c; 
and y■ «''kv . +' 2kcv -f (kc - b)c*  p  :':;'■ _■' 
- v This system has:a cumbersome algebraic solution : 

(considering the form of x and of y), although in princi- 
ple it very"easily relates (through the parameter v) D 



■to'-i': ' w^i ch n s ■yerv substantial because the relation be- ■ 
tweci) tbeu is fciven by experiment...     _        \ 

■'■■-.■■■■''■■•   6-  In order to indicate the numerical .deviation  . 
Vnpt V^B'introduced 'by Schmidt's error, we — working with 
frer /""'> 7 — selected the oriffinsl data of Schmidt: 
k'« T.2T N=/ii « 2^.2 gff; T - &üööc K; Dia « 2.4 km/sec, 

an* tr-* results that' were used by him from the experiments 
of"Pridrikh for I) * D(vQ).  Solving .the system of equa- 

■'ti'briV ('*)  -'  (Q) pranMcally, we obtained b =1.6 ciiK/g-'ii; :: 

and'c e"ii36 cniS/gnu Frori this^the equation of state for 
the;explosion products of ten is       ';' 

p(atni) ■« : 83 «1 "| 
n_  v_+ 1.-30 'm 
k -vTv ^"OTS^T, :CIC) 

'?R A result« in blace of the constant value of 
f" - 1.09 km/sec that Gchmidt obtained we^have in a dua~ 
paabii /way mean 'rahpre or compass/ of 0.2>-1.6 gui/cia-^ an 
increase of IJ from 1.16 to 1.6 km/sec. For the oressure 

<ö \> 

:CiB 
L 10' -3 ahm 

ihthe front our results are substituted in tn.e same 
rat ins that were obtained by Schmidt (in particular, 
D - '« 1 »2, the -pressure was 62,000 ditrn according to tch.iiiat, 

while for us it was 114,000 atm).  An analogous situation 
exists also in the case of the other parameters.  :  ; 

•' l;"T  «7,  In orner to arrive at '■'a:'conclusion ^concerning 
the limits of applicability of the formulas that we ob~ 
"tair)^, ifwes necessary to compare the results of. the , ■.■ 
aorfsi motion of these forcrulaB with the direct experiment- 
al date (Bridgeman).  The results of the comcerison (for 
nitrogen) are ' shjpWmija_fhe tabl^j; _._..'■      ,"■.._;; 

of the data"devia- 
tion confiriüö the 
role, already re- 
fleeted in .Boeder's 
formula (5), of the 
temperature-independ- 
ent forces of repul- 
sion that increase 
with the density.; 

,j_. „„:; .„„_.«, ,._._...  —M In- such a fashion, a 
';.":■': . adopting for our"-' 

calculations the form of the equation of state p « RTf(y), 
it is not possible'to reflect the properties ol the explo- 
sion' oroducts at high initial densities of the explosive 
substances. 

1.29 
1.09 
0*98 
0.91 

Experiments 
of 

Br i-d|jeman_ (2}_ 

3   '' 
6 

10 

Calculation 
by         ^ 

]? o nau 1 a_( B) _^ 
::       1       G'7         . 

3 • 22        , 
y * ; y 
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8. In the meantime, the employment of precisely 
this form has opened UP the prospect i'or a complete cal- 
culation"" of'the characteristics of the detonation" wave in 
condensed explosive substances, since' it established a 
"id nk between these and the gases, for which the calcula«; 
tion exhibited only surmountable difficulties, as was 
shown bv ZelViOvlch and the author (?).'■   : *. ^ 

From this follows not only the invalid formulas ;■... 
and calculations of Taffanel-Dautricbe-fcchmidt", but also 
the ipracticable idea of theirs:  to emoloy the correct- 

the non-ideality of the explo-t V\a for ion coefficient 

sion products'. , ' 
In order to obtain a correct:relation between the 

quantities which characterise the detonation wave, it is 
" /See Kote? to utilize an equation of state that necessary        __ 

considers the forces of repulsion 
Prof (/Mots? For this condition we are indebted to 

.L. ID« Landau.7 ) : 
.: ■'.9''. ■■■' Along with these conclusions, inasmuch as the ;:, 

exDlosion products for the specific classes of explosive : 

■substances'-are similar in composition, it may be assumed 
--"within the limits of these classes — that the temper- 
ature component of the pressure will be changed to a small 
extent at*'a given density. This affords the ■possibility 
of utilising'the calculation methods developed, in parti- 
cular, in application to liaulds.v 

Conclusion.  1.  In the utilization of the general 
equations"^?" the Eydrodynamie theory of detonation for 
condensed explosive substances there has been presented ■ ■.., 
a critique of the preceding studies: "those by Becher, 
Q^ffanel end bautriehe, JouRuet, and Schmidt. 

2. The eauations of the hydrodynsBiie theory are"; 
solved 'with the help of the equation of state of van der 
Waals, which contains the co-volume in the van Laar form. : 

3. The calculated constants of the equation of 
:state for the exolosicn products arises from the experi- 
mentally based dependence of the detonation velocity of 
ten'/"? 7  on the density, -i 

5.  A reverse comparison "with the experimental '..■.. 
äste of Bridc-eman'indicates the necessity for 8 calcula- 
tion at hiedfdensities, where the forces of repulsion are 
•not temoeratüre-öependent. 

The author expresses his 'gratitude for valuable 
discussion to "Yu. B. Khsriton and la. B. ;2.el!dovich. 

.;"'. Received ; Institute of■Chemical Physics 
Academy.of Sciences USSR 15 October 1944 



LITE RATOüF. CITED 

i O"! rl'\ 1, . R. Becker, &/ ^e^^lk?Iii* i£5' '^ 

Sei H« "lia'utriche,   C. 
f HJ. '- 

,K 

ecoraquöjjf: 
19JT 

y.     A» öchEidt,  *:•.   scries 

2»' 
109»     3.     J.. TaffarTel 
1221,   1595  (1912).     4.     E*   ooug;u< 
sives,  ;:arls,  1917*  page  567.     9 . .  „„_.„._._ 
Scireriast,  30,   36^,(19?5);   51-v  0,  57,  00,  114,   1^9  <iVitoj. 
57™'"Tt "V i exile,: Kenu J>'oudr<:__je.lp-1:,  IV , ■ 20. (1891). 
'/.'    Y'a".  B ."■: Ze 1' dovlch ~Ind'"ö «  B. ~RatKer,  MMS  (/jliü£i;^l 
F.ksröTlineiitalJ_n05' i^e^re^hhesko^JLJBJil :-"Journal  of 
IxoerlienTäT and "Theoretical Physics J,   11,  1,70, (J 9^") •• 

110,12 13 2, - mi) 


