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Parameters of electric and magnetic fields generated by an explosion of chemical explosives and impact of 
metallic bodies are determined. 

Upon detonation of condensed explosives (detonation rate D - 8 -  103 m/sec) and impact of metallic bodies 
moving at a relative velocity of - ( I - 2 ) .  103 m/sec, the state of matter is characterized by similar pressure values 
of - ( 0 . 2 -0 .5 )  kbar, high density of particles ((1-10).1028 m -3) and temperatures of 1000 K (metals) and 
3000-4000 K (detonation products (DP)),  which provides a variety of physical [1-5] and, in particular, 
electromagnetic (EM) phenomena [6-12 ] accompanying these processes. Despite a number of works devoted to 
investigation of EM phenomena accompanying detonation of chemical explosives and impact of metallic bodies at 
high impact velocities [4 ], only Alekseev et al. [11 ] have correctly derived expressions for quasistationary electric 
and magnetic fields created by the region of continuous variation of hydrodynamic parameters (the region behind 
the shock wave front) loaded with products of detonation of a metallic rod. 

The theory developed by Zel'dovich and Raizer [3 ] describes explosion processes with superhigh 
temperatures (T - 106 K, when the matter is a completely ionized gas) and shock phenomena at superhigh velocities 
(V>> 104 m/sec) and immediately makes it possible to determine quantitative characteristics of the radiation 
energy transfer in the low-temperature region under consideration. As regards the analysis of characteristics of 
quasistationary electromagnetic perturbations [ 13, 14 ], it invites substantial improvements. 

From the standpoint of thermodynamics [15, 16 ], magnetohydrodynamics [13 l, and physics of weakly 
ionized gas [6 ], we have determined possible limits of parameters of EM perturbations emerging upon detonation 
of chemical explosives and impact of metallic bodies moving at intermediate velocities. 

The electromagnetic field of a medium subjected to an explosion load can be naturally divided into four 
components of the electric and magnetic fields, El, E2, E3, and E4, and B1, B2, B3, and B4, respectively. El(B1) 
will be assumed to be connected with the wave front; Ez(B2) is the result of wave transfer inside the medium; 
E3(B 3) is the electromagnetic field emitted by atoms and molecules as a result of their resonant excitation; E4(B 4) 
is the bremsstrahlung of charged DP particles. 

The formation of a space charge at the front and emergence of an electric field (El) (Fig. 1) take place due 
to diffusion of electrons with a mobility substantially higher than that of DP ions [3, 6 ], and are observed within 
the region of variation of the density of the medium rf (for metals, r f -  10 -8 m [2 ]). Assuming naturally that 
thermodynamic equilibrium between electrons and the DP gas [15, 16 ] takes place (hence, j = 0 follows immediately 
[3, 6, 11 ]), we obtain the condition of constancy of the electrochemical potential in the medium 

bt - e~o = const. (1) 

It follows from condition (1) that 

~ 0  - e ~  I x - ,  + .  = ~ l  - e ~  I x - ,  - |  ( 2 )  

Academic Scientific Complex "A. V. Luikov Institute of Heat and Mass Transfer of the Academy of Sciences 
of Belarus," Minsk, Belarus. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 70, No. 3, pp. 442-449, May- 
June, 1997. Original article submitted October 14, 1994. 

1062-0125/97/7003-0433518.00 �9 1997 Plenum Publishing Corporation 433 



~ t. g B 
Fat 

I 
, I v - - o  

"/~ " / / / / 4 / / / / /  
ro | 

(e) 

Fig. I. Diagram of emergence of electric field upon collision of a metallic rod. 

In meta l s ,  c o n d u c t i o n  e l ec trons  obey  Fermi -Dirac  s tat i s t ics  and have chemica l  p o t e n t i a l / ~  - 
( / i2/2m)(3g2ne) 7"3 [17 ]. Substituting the expression for the chemical potential into (2), we obtain the potential 
difference across the front 

/~l - Po 
UI = S~ I x-" - | - S~ Ix-" + ** - e 

(3) 

Inasmuch as with explosion loading of a metal the relative change in the particle densi ty  is as follows [ 1 ]: 

nel -- he0 Pf 
he0 K ' 

(K has a value of about 0.2 at impact velocities V ffi 2 .10 a m/sec  for metals such as copper and steel [2 ]), to an 

accuracy of Ane/neO (where An e ffi nel -- ne0) Eq. (3) can be presented in the form 

2 An e (4) 
U 1 = -~e,U0 he0 

Then the electric field strength at the front is E~ 0 - U 1 / r f .  

The characteristic parameters of EM perturbations at the front upon impact of metallic bodies are  as follows: 

UI ffi 1 V and E~ 0 - l0  s V/re.  In the region outside the medium at distances comparable with rf, the electric field 

scales as Ul / r  [14 ]. In the region �9 >> ro, the field can be considered a dipole (here and  in what  follows, we will 

estimate an absolute value of the dipole moment dq: the absolute value of the dipole moment  in the region of charges 

0 _< �9 _< rf has an order  of ozeoE~Orfr 2) [ 14 ] 

E(e) 1 dq 
- s ,  ( 5 )  

40re 0 r 

hence 

~II e) - -0 .25  e~l i) rf W 1 --  = 0 . 2 5 -  F F 

With a characteristic body size r0 = l0 -2  m we have E~ e) - 1 V / m  (r = 3r 0) and E~ e) - l0 - a  V / m  (in the case when 

r = 0.3 m). 

The field created as a result of a perturbation in the density of the medium behind the front is as follows: 
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Fig. 2. Diagram of emergence of electric field upon detonation of a charge of 
a chemical explosive. 

2 ~ 0  ?tel - -  tteO 
E(2i)= 3 err neo 

E(20 = 0 ,  

and at distances much greater than ro: 

4,)_ 

; 0 _ > r _ < r f ;  

rf  < r <- r 0 , 

(6) 
4~re ~ r 3"  

Since the surface area  of the unloading wave (Fig. 1) 

S = ~rr 2 1 + , 

and the densi ty  of the surface charge a - e0E~  i), the dipole moment of the unloading region (0 _< r _< r o) 

dq-~r30~(1 q- (~0)2) eO E(i). 

Taking into account that D - c o + )~u, and u - 0 . 5  V [1 ], it is obvious that D / c  O - 2 .  Then  it follows from 

(6) that 

(7) 
r 

hence E~ i) = E~/) and E~ e) = 2E~ e). With increasing r0, the value E~ e) grows as ( r o 2 / r O l )  2. 

Inasmuch as DPs (Fig. 2) are gaseous (the isoentrope exponent  y -- 2 . 5 - 3 . 5 )  [1 ], their  thermodynamic  

property consists in an exponential  dependence  of the concentration of free charged particles on the temperature .  

Let us estimate the number  of free electrons n e for a typical condensed explosive by assuming the products to be 

an ideal weakly ionized gas [5 ] (indeed, calculations show that the thermal energy equals 5 .5 .10  -20 J at T = 4000 

K, and  the energies  of in teract ion of an electron with the water  molecule and interact ion between ions are 

- 4 . 5 . 1 0  -21 J and 10 -25 J, respectively, which is evidently much smaller).  In this case we will assume that  the 

main reactions that de termine  the concentrat ion of free electrons in DP are DP ionization reactions 
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A . . , A +  + e  

and electron capture by neutral DP particles 

B + e ~ B - .  

The detonation products of TNT (typical condensed explosive), in accordance with [18 ], have the following 

composition (mole/kg): C (15), C02 (5.3), CO (8.79), H20 (7.05), H2 (1.69), N2 (5.2), HCN (1.4), and NHa 
(0.9). Then the DP particle concentration no - 1028 m -3. The number of electrons n' e formed as a result of ionization 

of atoms (molecules) A can be estimated from the Saha equation [51: 

a n0A = 2 exp a << 1 (8) ~ )  , , 

When writing the Saha equation, we also assumed from natural considerations that  Z e Z ^ + / Z  ̂  = 1 (here 

Z^, Z^+,  and  Ze are statistical sums of atoms (molecules), ions, and electrons, respectively. 
Finally we obtain 

- -  ~ - j  ox~ - ~  ~9) 

The ionization potentials of C, CO2, CO, N2, and H20 (main DP components) are 11.26, 13.8, 14.01, 15.6, 

and 12.6 eV, respectively [19]. Then it is evident from (9) that the main contribution to the electron density is 
, _ 1020 m -3. made by carbon. Assuming that noA = noC -- 1027 m - a  in (9), we obtain a - 10 -7, n e 

The density of electrons captured by neutral carbon atoms (here we also assumed the leading role of carbon 

as the element having the highest electron affinity [ 19 ] and a high density ( -0 .  I n 0)), it follows from the balance 
equation for the electron capture reaction (C + e --, C - )  that 

 m k /3/2 (lO) 

Inasmuch as no << noc, assuming a l  -< 1 we transform (10) to the form 

2/.e exp 
hence 

1 

a l  = 3/2 (11) 

Taking into account (9) and (11), we obtain the final expression for the electron density 

(I / ( )/mek /3j4 

Assuming that electrons are captured by carbon atoms with E = 1.27 eV (4S state) [19 ], it follows from 
1027 " 0.988n'e, and ne 10 t8 m -3. (11) (assuming that noc - m -3) that a l  -0 .988 ,  n -- = 
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The Fermi energy gr of free electrons of DP (no) equals 10 -24 J. The chemical potential calculated under 

the assumption that the electron gas is ideal ~ =, kT In (0.5no(2a~2/mekT)a/z)), is - 10-17 j.  The obvious inequality 

/x >>pf makes it possible to consider the gas of free electrons of DP to be ideal [17 ]. On the basis of (2) and (3), 

we obtain expressions for the potential differences and quasistationary electric fields emerging upon detonation of 

a condensed explosive (here, from physical considerations, we assumed the thickness of the front to be zero): 

eU eU 
In + = 0 ,  

hence 

U I -- 0.57 k__T_T (12) 
e ' 

E~l 0 - V,,o, (13) 

where ~o is the solution of the Laplace equation satisfying the conditions 

~ , = U I ,  x ~ - Q o ;  ~ o = 0 ,  x ~ + o o ;  

U 2 = Vl; (14) 

= (15) 

1 dq (16) 

4~e 0 r 

When evaluating rq (the characteristic dimension of the region of free electrons) we make use of the fact 

that the electron concentration ne is primarily determined by the exponential factor exp ( - ( I / 2  + E)/kT).  Then, 

assuming the dependence of the temperature on the DP concentration to be a quadratic function (T-- To(n/no) 2, 
where no and n are the particle densities of the explosive and DP, respectively, [1 ]) we represent the electron 

density as follows: 

/ I 1 n e ne0exp 2 ~ I + E  On 
= kT 0 noOr �9 

By assuming the zero electron density to be e times smaller than its value on the Chapman-Juge  surface 

(noo), we obtain an estimate for rq: 

rq--0.5 ~ 1 + to, 
5 1 +  E Co 

hence, taking into account the relationship Up - co  [1 ], we obtain 

kT 
r q -  - ~ - - - - r o ,  

 z+e 

According to [20 ], the dielectric permeability of a gas mixture e is determined by the expression 
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Y'(O xi Mi �9 - 1 
p E + 1 - F'(O xi Pi,  (17) 

The components of TNT DP have the following polarizabilities (in Debyes) [20 ]: CO (0.1), CO2 (0), N~ 
(0), and H2 (1.84). Taking into account (17) and the fact that the contribution of the orientational polarizability 
is substantially larger than the elastic polarizability [20 ], we find that the dielectric susceptibility of DP will be 
determined by H20 molecules. The expression for the dielectric susceptibility of DP will be as follows [20 ]: 

2 
rtH20 PH20 (18) 

3eokT 

For TNT, nil20 -- 10 27 m-a; hence X - 0 . 1  and e - 1. 
The area of the side surface of the front of the unloading wave S = ~ / 1  + ( D / c o ) 2 r o  . By assuming that 

the density of the surface charge o -~oL~0, and the total charge Q on the surface S is a quantity of order of a$, 
and estimating the dipole moment of the region of product unloading as dq - Q / r q ,  we obtain 

d q - 6 ~  (~0) 2)  ( I +  c~0) r03E(20- 

Taking into account that c o -- 0.6D and Up = c o [1 ], we transform (19) to the form 

(19) 

dq --6~r~ E(2 i) . (20) 

By differentiating (13) and using (20), we finally obtain expressions for estimating the quasistable fields emerging 
upon detonation of condensed explosives: 

2 1 

E(IO -- ll+E--erf ' E~le)-0"35 ( ~ - ) ( ~ )  E(li) ' E(20 -- __~I+Eero , 0 - - < r < r  0 . 

If the detonation wave has cylindrical or spherical symmetry (initiation along the axis or from the center of the 
charge), the external electric field - e x p ( - r / r d )  (rd is the Debye radius [6 ]) vanishes at macroscopic distances: 

For condensed explosives, rf E [0.5, 2]-10 - a m  [21 ]. Therefore, at ro -- 10 -2 m we obtain E~ i) E [1, 
10]" 104 V/m, E~ 0 - 1 0  V/m (r = 3r0), E~ e) - 1 0  -4 V/m (r = 0.3 m), E~ e) - 1 0  a V/m, E~/) - 1 0  V/m (r = 3ro), 
E~ e) - 10 -2 V/m (r = 0.3 m). In this case UI = U2 = 0.1 V. 

Since the thermal energy of DP ions equals kT, i.e., is equal to the thermal energy of electrons, the possible 
electric fields created as a result of diffusion of ions cannot exceed the electric fields created by electron diffusion. 
However, during the process of DP scatter, the emergence of a second electric field maximum created by ions is 
generally possible. 

The presence of highly ionizable additives in the explosive (alkali metals, aluminum) leads to a sharp 
increase in the quasistationary electric fields accompanying detonation [9 ]. We detected electric field signals with 
an amplitude of - 2  V/m and a duration of - ( 5 - 1 0 ) - 1 0  -6 sec at distances of -0 .3  m from the charge with a 
diameter of 2- 10 -2 m. In this case, the signal amplitude had a cubic dependence on the distance. The charge was 
initiated at the end. 

The expressions for electric fields obtained in the preceding section of the paper do not depend on the 
concentration of free electrons in DP, which is a consequence of satisfying the gas condition. Therefore, it is natural 
to reason in the following manner. Since aluminum particles behind the wave front have a velocity substantially 
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Fig. 3. Diagram of emergence of electric field upon detonation of a charge of 

a chemical explosive containing ionizable additives. 

smaller  than the DP mass velocity [22 ], in particular, the velocity of C -  ions, it is natural  to assume that  the 

formation of the spatial dipole (Fig. 3) takes place as a result of the fact that ions of AI combustion products  (AIO, 

Al2Oa) are  overtaken by C -  ions (the regions appear  to be shifted by distance x). 

Let us estimate the parameters  of the electric fields energing in this case. 

From the energy conservation law we have 

2 2 
mu e 2 

- -  tO n C _  x , 2 

where m is the mass of a C -  ion, and  u is its mass velocity. Hence,  

Correspondingly:  

e 

1 ) '  m' , 

With r 0 ~, 10 -2  m, r - -  0.3 m, n C-  - 1020 m -3, and I - -  9.5 eV (A10) we obtain E (0 - 109 V / m  and E (e) - 1 V/re .  

In accordance with [23 ], in the wavelength region [0.02, 7 ] /zm, the emissivity a (a = 1 - exp (k/), k = 

an, where a is the collision cross-section, l is the thickness of the absorbing layer,  and k is the absorption coefficient) 

of a C02  layer  of a thickness 10 -2  m at p = 1 bar (n = l024 m -3) and T - 3000 K equals 5 .7 .10 -2. The  concentra t ion 

of C0 2  in DP is - 1027 m -3. Then  the emissivity of a gas sphere of C02  of radius 10 -2  m at n --- 1027 m -3  will be 

- 0 . 9 9 7 .  This makes it possible to assume that a DP layer of thickness > 10 -2  m emits as an absolutely black body.  

An energy flux emit ted by the surface of an absolutely black body is 

J = a T  4 , 

which at temperature  T - 4 0 0 0  K equals 107 W / m  2. In this case the energy density of the electric (magnetic) field 

( J / c ,  c being the velocity of light) is - 1 0 - 1  j / m  3, which, compared with the density of the kinetic energy  p u 2 / 2  

(109 j / m 3 ) ,  is I0 -11 of this amount.  In this case B 3 - 10 -4  T and E 3 - 105 V/m.  It is natural  that  in this case the 

EM radiation does not affect the detonation parameters;  it only carries information. It should be noted that the 

p re sence  of a i r - f i l led  pores  in pressur ized  explosives should  lead,  due  to a h igher ,  compared  to the DP,  

compressibili ty,  to a sharp (approximately tenfold) increase in the radiation intensity. 

439 



The spectral density of the energy Va, in this case is distributed according to the Planck law 

3 
7iw 

c exp - 1 

and has a maximum at wavelength ~max " 0 . 7 . 1 0  -6  m (IR region). 

For metals, the electron density is - 1029 m -3 [24 ]. The absorption coefficient is - 2xonl/c. In this case 
2 ffi 1 - (cop/co)2 (cop ffi ~/nee2/eme being the critical frequency) [24 ]. For co << COp (I016 Hz, i.e., up to the np 

ultraviolet region) the metal radiates as an absolutely black body. The radiation maximum takes place at 2 -- 
3.10 -6  m. 

The maximum frequencies of bremsstrahlung co - meU~/7/, where uo is the thermal velocity of an electron. 
At T - 3000-4000 K we obtain to - 1015 Hz (IR region). As has been shown earlier, DP absorb completely the 
radiation from this region. Therefore, the estimate holds: 

B4<B 3, E4<E 3. 

Similar considerations are also applicable to the radiation resulting from recombination of charged particles. 

N O T A T I O N  

/~, chemical potential of medium; ~o, electric potential of the electric field; e, electron charge; x, coordinate 

system with the origin at the front and directed towards the unperturbed medium; Pl  and P0, chemical potential 
of perturbed and unperturbed medium, respectively; he, concentration of conduction electrons; Pf, pressure at the 
front of the shock wave; nel and ne0 , conduction electron density upon shock compression and in unperturbed 

medium; K, modulus of dilatation of medium; UI, potential difference created by the front; D, shock wave velocity; 
co, velocity of sound in unperturbed material; u, mass velocity behind the front; Vo, velocity of body; a,  ionization 
degree; I, ionization potential of atom (molecule); E, affinity energy of carbon to electron; no and n, original and 

final particle densities of explosive and DP; Up, scattering velocity of products in vacuum; i, index of the i-th DP 

component; Mi, molecular weight of the i-th DP component; xi, molar fraction of the i-th DP component; Pi, 
polarization of the i-th component of mixture; p, mixture density; a l, fraction of electrons captured by carbons; 

noA, density of component A in DP; n0c, density of carbon in DP; n', density of electrons captured by DP; nH20, 
density of H20 molecules in DP; m, mass of C -  ion; o, collision cross-section; l, thickness of emitting layer; k, 

absorption coefficient; c, velocity of light; rip, refractive index; ro, body radius; rf, width of front; PH20, pressure 
of water vapor;/l, semiempirical coefficient; 7/, Planck's constant. Indices: (e) and (i), parameters of electromagnetic 
fields outside and inside the body, respectively; q, Coulomb charge, denotes electrodynamic parameters of the DP 
ionization region; p, resonance parameter. 
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