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The t e m p e r a t u r e  field in a meta l  a f t e r  impingement  of h igh-power  energy  flux pu l s e s  is ca l -  
culated,  a s suming  that  the acquired  energy  d i s s ipa te s  deeper  into the metal  by conduction 
and f rom the su r face  by radia t ion and convection. A solution is obtained in the fo rm of as -  
ymptot ic  s e r i e s  for  long and shor t  t ime  per iods .  

A va r i e ty  of technical  appl icat ions r e q u i r e s  that the t e m p e r a t u r e  field in a meta l  af ter  an impinge-  
ment  of t he rma l  flux pulses  be  known. The energy  s tored  in the hot l ayer  d i s s ipa tes  he re  by t ravel ing  
deeper  into the metal ,  by evapora t ing  it, and by convection and radiat ion f r o m  its sur face .  

The cor responding  two-dimensional  the rmophys ics  p rob lem is, in the case  of a semiinf ini te  body, 

OT __O~T 0 < x, t < -'7 oo, 
Ot - - a  Ox ~ , 

(1) 

__xOTox .=o =aT~t~=~176 O , < x < +  c~, 

T(x, O) = t(x), O < t <  4- o,,, 

(2) 

(3) 

OT x== O, O < t < - t -  oo. 
Ox 

With the aid of Green ' s  function, we obtain the integral  equation 

T (X, t) -- 2 t 7 ~  - f (0 {exp 4at 

0 

t t 

_ _  bl T ~ ('0 t~=o exp - -  - d'c - -  bo 
V t  - �9 4a (t - x) " V i  - x 

0 0 

where  b, = (m/-a) / (X~ and b 2 = (hq'a)/(~t(r). 

By approaching the l imi t  x ~ 0, we a r r i ve  at a nonlinear  s ingular  equation 

t t 

0 (t) = q (t) - v l  V t  - �9 o V t -  �9 

(x + ~)~ 
4at ]}d~ 

exp [ - -  - x2 
4a (t - -  *) ] d~, 

(4) 

(5) 

(6) 

where  0(t) = T(0, t) and where  q(t) is de te rmined  by the t e m p e r a t u r e  dis tr ibut ion at the initial instant of 
t ime 

1 f (~) exp 4at 
q (t) F ~  0 

A method has been developed in [1-2] of obtaining asymptot ic  expansions for  an equation like (6) by analyz-  
ing the pr incipal  pa r t s  of the poles  of the Mel l in - t r ans fo rmat ion  equation. 
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Applying the Melltn t r ans fo rma t ion  

T (s) = .i' O ('O'~-* d'c, 
0 

to Eq. (6) yields  

F 

T (s) = Q (s) - -  b~ 

Ta(s) = .[ O'('c) .~s-~ d% Q (s) = .f' q ('r)"~-~ d'r, 
0 0 

( + )  /` ([-1--S)/'(1-- S) [ 7 " ( s @ l " ) - l - b ~ T ( s q - @ ) ] '  

1 
0 < R e s t - - ,  

2 

(8) 

where  Q(s) is e x p r e s s e d  in t e r m s  of the function F(s) = j f(~)~S-ld~, the Mellin t r a n s f o r m a n t  of the initial 
0 

dis t r ibut ion f(x) 
1 

Q(s) = ~_~-- (4a) r - - s  F(2s). (9) 

We wilt seek the asymptot ic  solution to (6) co r respond ing  to shor t  and tong t ime per iods  respee t ive ly ,  in 
the f o r m  of Logar i thmic-power  s e r i e s  [2]. 

The s ingular i t ies  of the coeff ie tents  in (9) lie in the r ight -hand hal f -p lane  and, for  this reason ,  the 
s t ruc tu re  of the solution in the lef t-hand half -plane depends only on the analytic behavior  of F(s). The 
phys ica l  meaning of this is that, at smal l  values  of the t ime var iab le ,  O('r) depends only on the behav io r  of 
f(x) at smal l  values  of x. If f(x) at smal l  values  of x is r e p r e s e n t e d  by a power  s e r i e s ,  then 0(t) c~m also 
be sought in the f o r m  of a power  s e r i e s  

O (t) ~ Ycp~ ,  t---~- O. (10) 
i 

In the r ight -hand s -ha l f -p lane  the poles  of the coeff ic ient  function can be superposed  on the poles  of the 
Meltin t r a n s f o r m a n t  of the unknown function. Such an inc rease  [n the mult ipl ic i ty  of poles ts in te rpre ted  
in the p rocedure  of [2] as the appearance  of logar i thmic  fac to r s  in the coeff ic ients  of i n v e r s e - p o w e r  s e r -  
ies,  and the asympto t ic i ty  should be sought in the fo rm 

0(t) N t vi , t--~o% (11) 
i 

where Pmi  (In t) is an mi - th  power  polynomial .  

Let f(x) be an exponenttaI  re la t ion.  Such a t e m p e r a t u r e  dis tr ibut ion occurs  as a resu l t  of h igh-power  
energy  flux pulses  (ablation of the su r face  [3], pulse d i scharge  [4], radiant  f luxes [5]), when the meta l  in 
the active zone evapora t e s  at a high ra te  and the evaporat ion f ront  pene t ra tes  deepe r  at some stable ve loc-  

try v de te rmined  by the t he rma l  flux density.  The two-di -  
mensional  t he rmophys l c s  p rob lem for  this case  has been 

6 I1 

,,\ ',,,\ 

analyzed in [3-6], where  it also has been shown that the 
t he rma l  fietd at the end of a r ec t angu la r  pulse is descr ibed  
by the following express ion :  

f(x) = 7" 0 exp (--  ~x), (12) 

where  1/13 = a / v  is the c h a r a c t e r i s t i c  d imension of the hot 
sur face  and T O denotes  the t e m p e r a t u r e  at the evaporat ion 
front,  the t a t t e r  being de te rmined  f r o m  the taw of energy  
conservat ion .  Numer i ca l  e s t ima te s  in [71 indicate that 
h igh- ra te  evapora t ion  continues for  an e x t r e m e l y  shor t  t ime 
(<10 .5 see) a f ter  the end of a t he rma l  flux pulse in the 109- 
101~ W/m 2 range  and that, to the f i r s t  approximat ion,  the 
t e m p e r a t u r e  dis t r ibut ion is given by the solution to p rob lem 
(1)-(4) with f(x) defined according  to (12). F o r  q(t) f r o m  (7) 
and (12) or,  based  on the co r respondence  of the poles of 
Q(s), f r o m  (9) r e s p e c t i v e l y  we have, cons ider ing  the a sy mp -  
tot iet ty of q(t) 

2 

Fig. 1. Variat ion W of su r face  t e m p e r a -  
lure  a f te r  end of pulse:  T) 101~ W/m2; TI) 
10 9 W/m 2, without accounting for  r a d i a -  
tion (a), with radiat ion accounted for  (b). 
T e m p e r a t u r e  T (~ t ime t (sec). 
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q (t) ~ T O (% @ allY, @ a~t @ a~tV~ + . . . ) ,  t -+ O, (13) 

w h e r e  

q(t) ~ To(dl t-v ,  -q- d~t-v, + dnt-v, + d,t-'/2 + . . . ) ,  t--,- oo, ( 1 4 )  

2 4 
a o =  1; a 1 (al~2)'/-~; a~.=a~2; % = - -  .~(a[32)  "/,, . . . ;  d~ 

V~- 3 :r~ V 

1 1 1 3 I 
= ]/.~.(a~ 2) ,/~ ; d~ = - -  2 ]/ '~- " (a162) 'h  ' d~ = 4 V '~  (al~ ~) ~/' ' 

15 1 
d 4 = . . . .  , . . .  

8 (a[32)'/,  

In s e r i e s  (10) o n e  e a s i l y  d i s c e r n s ,  a c c o r d i n g  to  (8) and (9), a h a l f - p o w e r s  s e q u e n c e  and,  if  s e r i e s  (10) i s  
w r i t t e n  a s  

0 (t) ~ T o ~ (a i - -  cl) tq2, t -+ 0, 
i=0 

then  the  c o e f f i c i e n t s  of  t he  a s y m p t o t i c  s e r i e s  a r e  

V-~ 
Co ---- o ,  c i  - - -  (biTao + b , ) ,  cs  - 

c, = ~ '  {b 1 To a [6 (a 1 - -  q)s + 4 (a s - -  c~)] -5 b 2 (a s - -  Q)} 

and the  t e m p e r a t u r e  f i e l d  on the  s u r f a c e  i s  

0 (t) ~ 1 + (a 1 - -  c~) t'/, + (a S - -  Q) t + (% - -  c3) t 3/, + . . .  
To 

I n s e r t i n g  (12) and (15) in to  (5) y i e l d s  f o r  T(x ,  t) 

T(x ,  t ) -  T~ exp(a[3St) [exp(- - [3x)erfc( [3  V ' ~  x / 
5 -  L ~ 2 1 7 ~  j 

] / ~ r  ( ~ ) (4t ~T~ -~" b.,) (a, " cl) , 

(15) 

+ exp ([3x) erfc ([~ 1 /~- - t -  - ~  V) 

- -  T~ ( -  T'5 ~_) (x, t) (al--q)  (4b~T~ § (_ ~.. 4 ~ ~ (x, l) {b~T~ [6 (aa--Q) ~ -  4 (a 2 - -  q)l  -t- b2 (a2 - -  c2)} + - . .  

w h e r e  W(_i/4,  t/@(x2/4at) i s  the  W h t t t a e k e r  f u n c t i o n  (i = 3, 5, 7 . . . .  ). 

A c t u a l  c a l c u l a t i o n s  h a v e  shown t h a t  the e f f e c t  of c o n v e c t i o n  i s  i n s i g n i f i c a n t  (of the  o r d e r  of 1%) even  

d u r i n g  s h o r t  t i m e  p e r i o d s .  

As  to the  a s y m p t o t i e i t y  d u r i n g  l ong  t i m e  p e r i o d s ,  an a n a l y s i s  of the  p o l e s  of Eq.  (8) s h o w s  t ha t  0(t) 

[8  

P,~ (ln t) 0 (t) N -~/? ~ y 
tl~O 

O n l y  the f i r s t  t e r m  of t h i s  e x p a n s i o n  n e e d s  to b e  e v a l u a t e d :  

A 
o ( t ) - -  t ' / 2 .  

t--~ oo. (17) 
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One determines it on the premise that, in accordance with the boundary condition (2) and the definition of 
the Mellln interval, {biT4(l ) + b2T(1)} represents the total flux passing through the metal surface during the 
time (0, o9), i.e., the iota[ flux charge P received by the metal during heating. Therefore, at the s = 1/2 
pole of Eq. (8) 

To A = - ~  (a~) - ' / 2 -  AP, A -- T~ 
]/~(I§ P) 

The variation of surface temperature, with or without radiative heat losses taken into account, has 
been calculated for thermal fluxes q = i09-i010 W/m 2 and the results are shown in Fig. I. The temperature 
of the metal surface at the end of a pulse is determined from the solution to the thermophysics problem in 
[8]. The most significant radiative losses in metals amount to 10-15% in terms of W. 

Thus the basic mechanism of energy dissipation after impingement of thermal flux pulses on a metal 
appears to be evaporation in the first stage and then heat conduction, Radiative losses are comparable to 
conductive losses at higher thermal flux densities. 
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