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FOREWORD
This publication was prepared under contract
by the UNITED STATES JOINT PUBLICATIONS RE=-
SEARCH SERVICE, a federal goverrment organi-
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'HEAT WAVE RADIATING ENRRGY FROM A FRONT ’j |

‘[Follcw*ng 1s'a trdnslation of an artic e by E. I. Ard 1- -
ankin in Zhurnel Tekhnicheskoy Fiziki (Journal of Tech="
. nicel Phys:,cs J, Vol ALiX, No, il, Mos-.,ovvaemnwa"
- November 1953, pages .L;f‘d~13';’2.]g

‘The article Anv tiga*aes tpc, nromgatim of azr onu"cg*'essina
heat wave redisting energy from a front, It examines the cage when
the travel of radiation in a colid gas is large for 81l frequencles -~
below a certain eriticsl frequency & g, and small for higher fre-
quencies. The travel of quanta in the heated regicn is assumed to
be much shorter than thé radius of the wave front, so that the radi-
ant transfer of emergy occurs by thermal conductivity.

“ When a heat wave of high temperature propagates through a
gas its moleeulas spli .mc Up inte sboms, the latter :Lc,n,:.aing to form
piesma with a high radlant heat couductivity (1). ~ean gometimes
be considered that the radlat ot travel in a plasma is much shorter
than the radius of the wave front.

‘The coafficient of radlatlon abgorption in a cold gas greatly
depends on thé frequency of quanta and rapi diy spproaches zeio for
leng wavelengths. Therefore, as Kompareyets showed, it cen be con=
sidered that only those quanta leave the éave front whose frequency
is lower than a certain value (O 4. The problem of & 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 investigsted by Zelidovich and Kompaneyets (2).

- .Let us examine by .the epproximate method a similar problem,
taking into account the’ raoiation of energy from "the wave front and
applying ‘the relationsiiips of moments which were stvdled in detall
by Barenblatt (3) in the theory of the filtration of a ges in 'a
perous medium, a"xd b'* Loytgyanskg (u) in the thecry of a boundary
layer. = _




- We shall use for our study & particular example, when the
internal energy of the gas is proporticnal to the temperature, and
the length of the free travel of radiaticn is a function of temper-
ature in accordance with the e:_:‘pcne_ntigal"léw*l = 10T%, " Let us note;
however, that this same method may be used to study the problem when
there is an .arbitrary depeadence of the.internal energy .end radiation

travel on temperature, -

We shall consider that ‘the cold gas passes all frequencies
lower than ¢ 4 and detains frequeénciés higher than Giy. ' We shall
disregard the shielding effsct on radiation due to the heating of the
srafrontal zome. The condition for emergy. bdlsnce at ths wave front
can then be written thus ' S T '

Cmgih (38, -Gy ksadh

dr /4?
W g . s
0

h = '6.‘625"10"27,erg/sec;» k = 1;38?,10"1,6.,erg/degree; a «=_heat capa-

city per unit volumes. ¢ —- veélocity of light, the index "M .. - -
signifies that values refer to the wave front. - In‘'a number of cases,
S can approximate the exponential depsndence. . If-hw £ Kl d,, thea,-
resolving  the exponent into the series {Rayleigh-Jeans formula), we -’
ObLalnl . o r e e e e e

@

g B e t.

£ hw Kig, then' ST, The maxtim flow of energy is
obtained in the cass Wy = co (all frequencies lumihesce [vysvechi= - '_
vayuteya]) then8'=G The & = 5.67:10-5 erg/wm2.ssc.degree is the
Stefan-Boltzmann constant. - Besides (1), we must still fulfill the
condition so that the flow of heszt in the center of the wave is
equal to zero

Tk
rz -5';'_ P = 0 - 09 (2)




We shall write the equation for heat transfer in a quiescent
medium , .

: f : i y o Y
X = -0-1_‘-?-)- LI o : (3) ‘

BTl 2 e o
P& = 2

R S

Equation (3) is ‘equivaleént to'an infinite number of relation--
ships which may be obtained by integrating this equation, previously"
multiplied by 1™ {m 2, 3, Lk...). Applyijg the method of moments,
we shall satisfy eaquation (3), having required ‘approximate fulfill-
ment of oniy two integral relationships, correcponding to m = 2 and 3.
Employing (1) and (3), we obtain the equalities

ﬁhﬂa §¢
0 s

S(T¢) ri as, (W)

Trldr = Qo - 47
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. ‘Déspite the fact that out of an infinite number we have satis-.
fied only two equalities (L) and (5), we can hope for good agreement

between approximate and accurate solutions, since the ‘temperature
behind the wave front: changes evenly and nonotonically.

Since the law governing the distribution of temperature be-
hind the wave front is basically detcrmined bty the thermal conduc-
tivity, we shall search for a solution in a form similar to the
progressing problem .. : A

AR S AL AN I T

| 1
T= ?O(t), {1 ) (iéd:) 21 —E::_’L- ©

where, however, T (t); A(t), ¢ (t) are previously unknown functions
satisfying equalilies (1), (4) =nd (5). Applying (6) and combining
(2), (L) and (5), we arrive at a system of equations’ |
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A, S "i'cp' ' rd A
r, =# 20, ==f3(=—==-=)=0,

2¢q kA2 pk=1 ; ‘
) A ,--w— = 0 T =
alk ="1)re = ° . “To ’_.- q’

e

LA ET
‘T‘-Q-:('l“ " A) SN

Tn;ll

Equauion (7 1s eas:.lv mtﬂgfatedo In 'bhe case S = )L
wé obtain RN o 95
8 (k- 1)C1 | ( \
3k-1 Cle.. el g 2057 2L 43(1-k) )
pc = Cqb 4 Czy To Bkog (3% - 1) s, X= -~ s
TR (8)
Bx3k"'3n-2 ,S Q- AZ)'L K da 7[ 03'
A .

The constants Clg ‘02' and C. are determined from initial con&itibns.

3

Ir .Ln:.tlall,,r the process differs from that described by us, bub
at’ 'Lhe moment of time: to ‘there is. fo mcd a hec.t. wa.ve W"th rad:.us _0

and a d" s’crlbuu:.on of temperawre .
- 3
T(to r) : ‘.1 - (-*-9-) 1 L

then the 1nit1a1 conditions for determining the three’ constan’os e
Togs Tos Bgs Will be

To(roa 'bo‘;). "'ITooJ r#, (to) = ry, :A(‘bo) = 4.

If 1iberation of eneroy occurs at a- point, the*x during the
1nitia1 moment solution m'ast beccme progressing. Tnerefore3 we: must' '»
asgume ; : ' A




k- k , 3,k A
YW gty ) LN TR AT

Let, for example; n = O, then from formulas (8) and (9) we
ootain ‘the series of expressions :
3‘ . o l “ 3k=1
=2 : 32 3R
A ] o fodglaliiont
* % 31’ <P* ['(“‘k"—l') S8 ( K.-.L) s

ILP;; 1-1 ’vrl-*/\:,A2”3k—1’~ ,
T LN ; 2 (3e1). 3}?"'?063'""2‘() *1)
Q1 <f>.1 .?A(jx{‘l CO ‘ 3k - 2 1 i S
L e &
T o (5E2) (k-1 k1
Tep.max = ( “;1 ) (jk - 2)‘ FSE N & .

.1 o - #

Here, the values correspondlnv 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"; 'I‘cp .max 15 the

maxiiium 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 w1th con siderat:.on for
luminescence in tne mot:.onleos gaso : e

At f:.rst the radius of t.he wave Prmt :mcreases in tlme,
reachma its maximum value r¢p, after Wh ch the dimensions of the
heated region begin to shr ink and the radius of the front again
decreases to zero, at: which time all the original energy s radiated
: '[vys"rechivayetsya] ‘The tempera‘ture at the wave front at first in-
' creases from zero to: maximum Tq:, max’ ‘this is reached, however s after
the radits of the front begins to desreases ' . - - SO
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The extreme values.a'of‘ all .“Qua'ﬁti;ties ave eas%ily fém;d’ from
the formulas (8) as well as for any arbitrary valve of n. Thus, for
example, for Ay and A we have «

.» C. R B "‘.1‘ . I t RN ""k Lt
(3k - 30 =2) { z(a)an £ 2(0u)hn 20, 2= (-2,
1 .
oo O iiver g a2y 380 -8 Lo,
| zaz_g Y.Z\A)d.A_; Q=87 g
1, CoT T kem-2

We note that from the foymulas (8), in the case when tne
liberation of heat cccurs av a point, it follcws that the tempera-
ture in the center changes according to the progressing law, and
thet the temperaturs profile coincides with the progressing profile,
which is clipped off at & distance from the ‘center equal V0 Iy =

% oA (r'¢‘ o is ‘the radi@é‘. of the wave for ﬁh’e progressing prgialem) .

Solubion of equation (3) could be sgught in another form
. o’

‘_( 8 T .
ROTHIR L HS =
Tz et SV
| [%@kwn%c LI

LRI

.
Oy

det_ermining'th (t): A(t‘)f'ari}d (t) -similar}y-as_abover ifro;ﬁ. ‘_e'qu.a-f,
tions (1), (L) and (S} © R L R

Despite the fact that, mathematically, the formulas (8) .de= -~
scribe the propagation of the heat wave in all stages right up to
couplete radiative dissipation at a certain distance from the origin
of the coordinates the solubion already loses its physical: meaning
by virtue of the emergent metion of the gas. Sihce the heat wave
slows down quite abruptly, we can therefore determine: quali'tajoive;}.y';
the 1imit of applicsbility of our solution, as’indicated by Kompaneyets
(5), from the' conditichs for equality between the velocity of the:. -
wave front and the velocity of sound. in its -center _,Energy:;t_;'ansijer",

-6 -




proceeds further by gas-dynamical means, since the elementary physi-
cel requirements are fulfilled so that. the smsll disturbances over-
take the front of pronounced discontinuivy.  Let the velocity of
sound be given by the formula

1/ R S
'C*=b.Th . : Th=W‘

- Since the temperature profile approaches a piateau wwing to
the irtense heat transfer, Ti' is close to Tp; we then obtain wae
form:la which determines A3 frum the condition Ox = T, '
N ) . . ]

L e Y e S - R 4
T R

25},5}, 3(1-2n) z
B=— (=) B 20%50-2) | 1 .-.S ZdA.
AR Ay

. It is interesting to note that the values for A4 approach
unity even for the limiting case whén 8= 0. These vaiues are de-
termined from the conditions when the expressions containzd in
brackets in equation {12) are reduced to zerc. . In the case n = 0,
expression (12) becomes simple, end the maximum value for A4, cor-
responding to [3: 0, is deterained by the formula

» R A gL odk-2 0

()

The velocity of the frent of the heat wave at this time be-
comes equal to zero., Fer /3 >> 0, the values for A,, calculated .~
from formula (1Z), lie still closer to unity. For example, at n =0,

k=6, 3= 200, AR - 2.5 107k,

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

' | k=n=-1 '
e E TR i/ Gk-mm - 8 (1)

ABmaax
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Knawing the temperature dlS‘bI‘i ut.son a;,:mg nhe raa*ue at each .
moment, it is easy to determine “the sha.:e of raa;.ated energy '

L ' 1
- k-1 e N =i
-2 - Z woE=D 1 S 2 (1-y%) 9. (15)
Q ] , 2

The resalts of compt.tat,io*us by this formula for t 18 caseé k = 3

and ¥ = 6 are show: in the figure. We notlice that the amotnt of
radisted energy at a given distance depends on the law of forced
Tuminsscence oniy through the vaiue A, Therefore, at k = C, ne=0,

- Q
A,>,A3maxi > 095 et k=3, %on%
For the case when
n:O,k»;.é,/&:-.EOO, —Q—-Nl_.s 10’4

From the above it foilows that the loss of euergy th""'ough'

radiation frem a wave front up to the moment when rd = o is small: )

even if radiation is very intense, Physically, this resulis from’
the fact that an increase in radiation retards the wave front, and . -
the motion of the gas is found to be bubS‘banulal at d*stanceo closer

to the origin of cooralnateso h

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 hlS valudble aSSiStdnCGa ' .
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