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. HEAT WAVE RADIATING ENERGY FROM A FRONT 
; - USSR;-'-  ;. 

[Following is a translation of ah article by E. I. Andrl- 
ankin in Zhurnal Tekhnicheskoy Fiziki (Journal of Tech- 
nical PhysicsTTTol, XÜXTNO, ll7"M'öscow«Leningrad, 
November 192?, pages 136Ö-1372.] 

The article investigates the propagation of a nonprogressing 
heat wave radiating energy from a'front. It examines the case when 
the travel of radiation in a cold gas is large for all frequencies 
below a certain critical frequency <W .#, and small for higher fre- 
quencies. The travel of quanta in the heated region is assumed to 
be much shorter than the radius of the wave front, so that the radi- 
ant transfer of energy occurs by thermal conductivity, 

When a heat wave of high temperature propagates through a 
gas its molecules split tip into atoms, the latter ionizing to form 
plasma with a high radiant heat eoijductivity (l). It can sometimes 
be considered that the radiation travel in a plasma is much shorter 
than the radius of the wave front. 

The coefficient Of radiation absorption in a cold gas greatly 
depends on the frequency of quanta and rapidly approaches zero for 
leng wavelengths» Therefore^, as Kompaheyets showed, it can be con* 
sidered that only those quanta leave the eave front whose frequency 
is lower than a certain value 60 #. The problem of a progressing 
heat wave propagating from a point in which there is a sudden liber- 
ation of a quantity of energy Q, assuming the internal energy and 
the heat transfer coefficient to be exponentially dependent on tem- 
perature but without taking into account the radiation of energy from 
the front, was investigated by Zel'dovich and Kompaneyets (2). 

Let us examine by,the approximate method a similar problem, 
taking into account the radiation of energy from the wave front and < 
applying the relationships of moments which were studied in detail 
by Barenblatt (3) in the theory of the filtration of a gas in a 
porous medium, and by Loytsyanskiy (ü) in the theory of a boundary 
layer. V      ; ■••■' "■-■•■'■'•■ 
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We shall use for our study a particular example^ when the 
internal energy of the gas is proportional to the temperature, and 
the length of the free travel of radiation is a function of temper- 
ature in accordance with the exponential law 1 "'- IQT0-. Let ua note* 
however, that this same method may he used to study the problem when 
there is an arbitrary dependence of the.internal energy,,and radiation 
travel on temperature, / .'I..'.;0 

We shall consider that the cold gas passes ail frequencies 
lower than w^ and detains frequencies'higher than (*)#. We shall 
disregard the shielding effect on radiation due to.the hsating, of the 
prefrontal zone. The condition for energy, balance at ttis wave front 
can then be written thus 

hw3dxo n       16 Sip 

(J^i\ 3k  .- 

(1) 

h - 6,625MCT27 erg/secj k s 1,38 »lO**1? erg/degree; a ^ heat capa- 
city per ur/it volume? c --velocity of, light* the, index B .<$>..?!■ 
signifies that values refer.to the wave front. In a number of cases>, 
S can approximate the exponential dependence*. If hjw,^k?,-<£,, then; 
resolving the exponent into the series (Rayleigh-Jeans formula), we. ; 

obtain.,:'.'.-:;."..;     ■;■■•., ; -i,-';.- ■■■:■ 

12^2 c 2 

,'■" If hu)$>kT^> thenS^T^. The maximum flow of energy is 
obtained in the case'oo^ - ©o(all;/frequencies .luminesce [vysvechi-. 
vayutsya]) then S's <S TU. <$ » £.67'l0""£ erg/cm2.sec«degree is ihe 
Stefan-Boltsmahn constant. Besides (l>, we must still fulfill the 
condition so that the flow of heat in the center of the wave is ,., 
equal to zero 

> mir 

n = °- (2) 
r s 0 
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We shall write the equation for heat transfer in a quiescent 
medium 

.< .a — « -L JL r^
CTU   ,    :x = ^1 v '      (3) 

«)t     r2  ^r c^r 3 

Equation^) is equivalent to* an infiniter number of relation- 
ships which may be obtained by integrating this equation, previously 
multiplied by r* (m 2, 3, U..«). Applyijg the method of moments, 
we shall satisfy eaUation (3),'having required approximate fulfill- 
ment of only two integral relationships, corresponding to m a 2 and 3. 
Employing (l) and (3)> we obtain the equalities 

UX&   )     Tr2dr = Qo - k* )   S(T^) r2 dt, (h) 
0 n       $, 

?4> 
± a ( ' r3Tdr = - r3 S(T., ) - cnr

2 T(k) / 2c0 ( rT* dr. (S) 

,  Despite the fact that out of an infinite nttmber.we have satis- 
fied only two equalities (h)  and (5), we can hope for good agreement 
between approximate and accurate solutions, since the temperature 
behind the wave front changes evenly and monotonically. 

Since the law governing the distribution of temperature be- 
hind the wave front is basically determined by the'thermal conduc- 
tivity, we shall search for a solution in a foim similar to the 
progressing,problem .., .... ,,,,_. ..<■.„.,, ;■„....;..;,.:. 

where, however, Tn(t), A(t), r<f> (t) are previously unknown functions 
satisfying equalities (l), (k) axA '($).-. Applying (6) and combining 
(2), (k)  and (5), we arrive at a system of equations 
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A   ,   S .        T<b   . Ä , r<fc     A N      rt 
1>A     aT^ % £}jy. ;r<£     A  ;■:-..;: ■: vr(7) 

T 

■■ -. - <p." •■'""■"^'"" ;';'.v' • r     ■ ■.>■*,■': 
Equation (7) is easily integrated.   In the case S a U^V7:! ? 
we obtain ;:    '• 

~,   -, lr-l        a   (k - l)C]_     *h_tr\ y <+, 

2kcoOk 

n 

Bj£3k-3n-2 » Ul - A«)1"* dA / C3 

A 

The constants CLj Cg and C- are determined from initial conditions. 

If initially the process differs from that described by us, but 
at the"-moment of time tQ 'there is formed a heat wave with radius TQ 

and a distribution of temperature' '   ' 

I' 
~A*\2lM ^^,>)^T00  [l.(^)]-, 

then the initial conditions for determining the three constants 
T00» r0* k>> wil1 be    P 

T0(r03 t0*) = T00,    r^ (t0) a rQj    A(t0) = AQ. 

, If liberation of energy occurs at a point, then.during the 
initial moment solution must become progressing. Therefore^\we must 
assume       :V      ;'' ": -■■■.>  ••■ - <,■>■ - 
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co   Qo   k"1 

(9) 

k - 1 ,Hr/3xp/ k v r r / 3 / k % ,-1 

..,-Let, for example, n r 0, then from formulas (8) and (9) we 
obtain the series of expressions 

1      3k-l 
3k-2 Ci   .p^ .310-2, 3k«-2 

A* = 3k-i» rt* a [ T3E=57>T 3   ^^ 

.-., ■•■■ • . 3(k™l) 

A- 
= ri= Ai * °* ri = ~A ' A2 ° 3T=T ' 

■*•*■■; do) 

*    T  -T   -r  »(t-l)   -, r M3M),3k"2r(3k^)(k-l) 
oi " 4?.i " l "MWTfc^ j l    3k » 2 J  l     '»' 

3k-l JL 

:±££Z = ( 5FI ) (3k - 2)  , X = J±. . 
T4>.i a 

Here, the values corresponding to the maximum radius of the front of 
the heat wave are marked by an asterisk, and the values at the moment 
when all energy is radiated — by the index "1"; T<j> #max is the 
maximum temperature at "the wave front, Aj>" is-the. value of A corres- 
ponding to this temperature* The formulas (10) describe the quite 
obvious picture of heat wave propagation with consideration'for 
luminescence in the motionless gas« 

At first the radius of the wave front increases in time, 
reaching its maximum Value rtf?,  after which the dimensions of the 
heated region begin to shrink and the radius of the front again 
decreases to zero, at which'time all the original energy is radiated 
tvysvechivayetsya]. The temperature at the wave front at first in- 
creases from' zero to maximum T^> ma3cS this is reached, however, after 
the'-'radiüis of the front begins to decrease, : .' • 
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The extreme values.of all quantities are easily found; from 
the formulas (8) as well as for any arbitrary value of n, rnus, ror 
example, for A* and Ax we have 

(3k - 3N - 2) [  Z(A)dA / Z(A*)A* = 0, Z = (l - A2)  , 

1 
'.'■'"■■  •. .. -".'iii) • 

i 

2A2 j Z(A)dA / (1 - A2) ^~TT S °* 

A2 

We note that from the formulas (8), in the case when the 
liberation of heat occurs at a point'/ it follows that the oeinpera- 
ture in  the center changes according to the progressing law, and 
that the temperature profile coincides with the progressing pio.ile, 
which is clipped off at a distance from the center equal «o r^s 
r  A (P , 0 is the radius of the wave for the progressing problem). 

Solution of equation (3) could be sought in another form 

2kT3k * l)c0    J 
3k-l 

["(fJT 
21« (t) 

V 
determining r^Ct), A(t)and 0( (t) similarly as above from equa- 

tions (1), (U) and (5).■   ; 

Despite the fact that, mathematically^ the formulas (8) de- 
scribe the propagation of the heat wave in all stages right up to 
cSlete radiative dissipation at a certain distance ^*%J*&* 
of the coordinates the solution already loses its physical meaning 
by virtue of the emergent motion of the gas, ..Satnce the heat wave_ 
slows down quite abruptly, we can ^erefore determ^e^qualita^vely: 
the limit of applicability of our solution, as indicated^ Kqmpaneyets 
(5), from ther conditions for equality'between the Velocity of the   .: 
wave front and the velocity of sound; in its center.   Energy.transfer 
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proceeds further by gas-dynamical means, since the elementary physi- 
cal requirements are fulfilled so that, the small disturbances over- 
take the front of pronounced discontinuity. Let the velocity of 
sound be given by the formula 

1/2        3Q 

Since the temperature profile approaches a plateau owing to 
the intense heat transfer, \ is close to T0j we then obtain the 

formula which determines A3 from the condition G.%"a r<+> . 

1 Tsr^TTTT -x ]  s^si "'ji^nr=ß' C12) 

ZA        2 I ^K^n'"^r 

/ "X        on 7 
ZdA. 

A     3Q 

It is interesting to note that the values for A3 approach 
unity even for the limiting case when ^g 0. These values are de- 
termined from the conditions when the expressions contained in 
brackets in equation (12) are reduced to zero. In the case n = 0, 
expression (12) becomes simple,, and the maximum value for A3, cor- 
responding to ß- 0, is determined by the formula 

3k- - 2 

3k - 1 
A3max s ^ = ^—-. (13) 

The velocity of the front of the heat wave at this time be- 
comes equal to zero, Fcr /? >0, the values for A.,, calculated 
from formula (12), lie still closer to unity. For example* at n = 0, 
k s 6, ßs 200, AÄ*1 - 2.5 "lO"

1*. 

Making use of the proximity of A3 to unity, expression (12) 
can be linearized, after which we obtain 

A3max ■ 1 - k - n - 1 / <k-l) 13k - 3n - 2?        (lU> 
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Knowing the temperature distribution along the radius at each 
moment, it is. easy to determine'thei share of radiated energy . ■, 

Q - Q     2  r   *~ 1  y        Co, 9,k'1
J 

Q       * o 
(15) 

The results of computations by this formula for the case k = 3 
and k = 6 are shown in the figure. We notice that the amount of 
radiated energy at a given distance depends on the law of forced 
luminescence only through the value A, Therefore, at k = 6, n s 0, 

A^ A3maXj £1 ^  0.9; at k = 3, M ^ o.g.- 

For the case when 

nsO, ks 6, /3 a 200,    ~ —1 - 5-10"^. 

From the above it follows that the loss of energy through 
radiation from a wave front up to the moment when r£ « OQ is small, 
even if radiation is very intense. Physically, this results from"  • 
the fact that an increase in radiation retards the wave front, and 
the motion of the gas is found to be substantial at distances closer 
to the origin of coordinates. 

In conclusion,let us note that in the case when the length 
of the free travel of radiation is commensurate with the dimensions 
of the heated region, an approximate solution can be found by the 
method of moments. 

The author extends his sincere thanks to A. S. Kompaneyets 
for hi3 valuable assistance* 

#52^1 

- 8 - 



Bibliography 

1. Zel'dovich, Ya. Bej and Yu„ P. Rayzer, Uspekhi fizioheskikh nauk 
(Progress of Physical Sciences],  6, 613* 1957 

2. ZelMovichj, Ya. Ba, and A. S. Kompaneyets, Sbornik posvyashch- 
ennyy 70-letiyu A, F. Ioffe, Izd. AN SSSR [Collection Devoted 
to the 70th Anniversary of A, F, Ioffe, Publishing House of 
AS USSR, 19^0 

3. Barenblattp G„ Is, Prikladnsya raatematika i meknardka [Applied 
Mathematics and MecharZcoJ, 18,' 3!?!* 1955  " 

it. Loytsyanskiy, L. G„, Prikladnaya matematlka i mskhanika [Applied 
Mathematics and MechanicsTT 137313j 19U9 

5. Andriankin, E„ Io» Zhurnal eksperlmental'noy i teoreticheskoy 
fiaiki [Journal of Experimental and "Technical PhysicsTTTSs 
E2B7T958 

Institute of Chemical Physics        Submitted for Publication 
Academy of Sciences, USSR January 30s 1959 

- End - 

- 9 - 


