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Resu l t s  a re  presented  of an analyt ical  and exper imen ta l  invest igat ion of the t e m p e r a t u r e  field 
in a coa t ing - - subs t r a t e  s y s t e m  under a pulsed heat radia t ion effect.  

Complex phys icochemica l  t r an s fo rm a t ions  occur  in po lymer - f i l l ed  compos i t e s  (enameled and compound 
coatings) during dry ing  and solidifying. Evapora t ion  of the solvents  occurs  in the f i r s t  s tage at re la t ive ly  
low t e m p e r a t u r e s .  As the t e m p e r a t u r e  r i s e s  fur ther ,  format ion  of a t h ree -d imens iona l  po lymer  s t ruc tu re  
occu r s  in the coa t ing - - subs t r a t e  s y s t e m  at the same  t ime as the r e m o v a l  of the solvents .  A perfec t ly  spec -  
ific or ienta t ion of the po lymer  molecu les  hence occurs  in the whole th ickness  of the sea l ing  f i lm, which is 
essen t ia l ly  dependent on the the rmophys ica l  p a r a m e t e r s  of the p roces s  and governs  the quality of the coa t -  
ing. It has been es tabl i shed e a r l i e r  that both the kinet ics  of solvent r e m o v a l  and the spec i f ics  of the t e m -  
pe r a tu r e  field development  in the s y s t e m ,  espec ia l ly  dur ing i ts  nonsta t ionary heating period [1], influences 
the p r o c e s s  under cons idera t ion .  It has been es tabl ished exper imenta l ly  that the solidif icat ion p r o c e s s e s  
have been intensified successfu l ly  dur ing a pulsed heat radia t ion effect  on some po lymer  coat ings,  and the 
quality of the po lymer  compos i t e s  obtained has been ra i sed  [2]. T h e r e f o r e ,  f rom the the rmophys ica l  v iew-  
point it is  meaningful  to study the pecu l ia r i t i e s  Of t e m p e r a t u r e  field development  in mul t i l ayer  s y s t e m s  in 
o r d e r  t o e x a m i n e  the t h e r m a l  so l id i f i ca t i onp roees ses  of coatings under a pulsed energy effect.  It is hence 
n e c e s s a r y  to note the recent ly  published paper  [3] about the method and the fundamental  tables  compiled to 
de t e rmine  the nons ta t ionary  t e m p e r a t u r e s  in flat bodies under a pulsed radiant  effect.  

The expe r imen ta l  de te rmina t ion  of t e m p e r a t u r e  fields in th in - layered  s y s t e m s ,  each of which can 
have s e v e r a l  tens of mic rons  th ickness ,  is quite difficult and even imposs ib le  in a number  of p rac t i ca l  
c a s e s .  At the same  t ime ,  taking account of the actual  per iods  of a pulsed energy effect  and the re la t ive ly  
high radiant  energy  flux dens i t ies  incident on the object ,  it is n e c e s s a r y  to have data about the development  
of t e m p e r a t u r e  f ields within sma l l  t ime segments  calculated in f rac t ions  of a second. 

In this connection,  as well  as with the expe r imen ta l  invest igat ion conducted,  it turned out to be ex-  
pedient  to cons ider  the formulat ion of the p rob lem,  known f rom [5], taking account of the function q(r) (the 
radiant  flux act ing on the surface)  descr ibed  by a F o u r i e r  s e r i e s .  Let us have two infinite plates  of th ick-  
n e s s  l 1 and l 2 with dif ferent  t he rmophys ica l  coeff ic ients .  The initial  t e m p e r a t u r e  of the p la tes  is  identical  
and equal to t 0. A t i m e - v a r y i n g  heat flux q(~-) is supplied to one of the sur face  of the th in - layered  sys t em,  
while the other  sur face  is heat insulated.  An ideal t h e r m a l  contact ex is t s  on the contact  boundary of the 
p la tes .  It  is requi red  to find the t e m p e r a t u r e  dis tr ibut ion in the sys t em.  Let us note than an analogous 
p rob lem for  a t h r e e - l a y e r  coa t ing - - subs t r a t e - - coa t ing  sy s t em reduces  to the p rob lem formulated in the 
case  of a s y m m e t r i c  energy effect.  

The heat  flux q(~') can be r ep re sen t ed  graphical ly  as presented  in Fig. 1. Analytical ly the flux can 
be descr ibed  by a F o u r i e r  s e r i e s  [4]: 

A0 
q(x) = --2- "}- E Am Coso~T, (1) 
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Fig .  1. G r a p h i c a l  p i c tu r e  o f  
the pulsed  r a d i a n t  (q i ) - convec -  
t ive  (q0) heat  f lux in the s y s -  
t e m .  

w h e r e  
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t~ (x, 0 ) =  t~ (x, O) ----- t o = eonst, 

z~ ot~ ( -  q, ~) q (T) = o, 
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q (0, ~) = t~ (o, % 

Z l  or! (0, *) X~ Ot~ (0, ~) , 
Ox Ox 

Ot~(/~, T) = 0 .  
OX 

TWO solu t ions  of  the p r o b l e m  have been  obta ined:  1) fo r  the f i r s t  s t age  of  s y s t e m  hea t ing  (for s m a l l  
va lue s  of  the t ime) ,  and 2) for  the second s tage  (for l a rge  va lue s  of  the t ime) .  

Apply ing  the Lap lace  t r a n s f o r m  to (2) and t ak ing  account  of  (3)-(7),  we obtain  the solut ion  for  the 
t r a n s f o r m s  in the fo l lowing f o r m :  

t 1 (x, s) to 
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(3) 

(4) 

(5) 
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Let us use the decomposition theorem. Equating denominators of the solution (8) (the expressions 
in the square brackets) to zero, we obtain a characteris t ic  equation of the form 

1 1 

K~ tg Ix + KJ  tg K~ 2 KT~Ix = O. 

After going from the t ransform to the original, we obtain the following solution: 

& (x, "c) --  to =: ~P (x) + A~ Cr~ exp -:-- ~t~n T /  
,~=~ ~ll~v~ 

+ Bin+ 2~Ab--mW-, Kz, ch l,~ ch x 

--K~sh +zo} &sh = -x exp 
a S ] /  a s 

~o 

( -i-7~o~) c~x~ 

t, (x, 9 - to = q~ ('0 + z.~v------7 cos/r l~,~ Kr~ _ x 
r t = l  

where 

•  2 a ~ r \  ~ 

+Z 
2s ch I /  a~ (Is--x) exp (+ ioz) 

_L 

• Ix,~ exp (--  ~tn ~ - - ~ - ]  }, alx ) 

I &&(Kfl~ + &) 2 a 2 3 Kxa211+ a1& ] 

a 1 a S 

1 1 

v,~ = K~ (K~& + &) sin K2 K~ -1 Ix. sin~. 
1 

- -  (K~I~ + K~I~.) cos K~ KT 1 V~ cos V~; 

~ "  a 1 C~ g a l  

T -t'ch / il); 
1 1 I 

2Areal 

and ~n = i ~-(Sn/a i) I i are the roots of the characteristic equation (9). 

(9) 

(1o) 
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The se r ies  containing exp(--~2)(alr//~)) converge rapidly since the exponential function diminishes 
rapidly as ~n increases  and star t ing with some value T"> r '  these se r ies  can be neglected. Hence, the solu- 
tions for the second stage of system heating will become 

,,<x,~>_,o:,,<~,+);/.~+~m ( d , o  d~o m=l 2X1r + Kz ch ~ 12 ch --al x 

__K~shV~tnsh/~x)  exp(ioz)+ 2Xl*mAm (KxchV--io.__~_,~ 12 

• c h / ~ - 7 ~ a ,  x -  K~sh i/!//-~-T~ as l= Sh I/]//--a,'--'~ xl exp ( - - 1  io,)}; (11) 

I Am V ~  t~(x, z ) - - t  o = q~(+)~ 2 Bin+ 2~,n* + ch (t2_x)exp(ir 
' tll=l "~2 

Am ch ~ i o )  I ( - -  iron) 
@ 2 ~ 2 ,  ~ ] /  an (~--x)exp }. 

For  small  values of the t ime (the f i rs t  stage of sys tem heating), the quantity 4-(s/a 2) 12 is large,  and 
as is known, for large values of the argument  (greater  than 6.0) it is possible to set sh ~f(s/a 2) /2 = ch 

~f(s/a a) 12 = (1/2)e~f(s/a~)l~. [5] approximately,  to  the accuracy of the third decimal.  Then we obtain after  

t l(x, s)--  t-~~ - - -  
S 

simple manipulations 

A., 1/~ i L + ~ 
m = l  

~ exp[--/ 
Ao (K~ - -  K2 ) ~ .ql - x) 

4K7~ ' V 

,_ 0xp[-lf~, (l,+x)] 
+ (K~ + K~ ) 

• l l sexp --  ~-1 
(K~ - -  f ~  2 ) s2 + co n 

+ (K~ -~- K~ ) s~ + r _ ; (12) 

[ ( "  ~ "-i] t~(x;s) .to _ Aot/- ~ exp --1 7 P ~  ~ 1 a~/ 
s 2~,n s V s  

. x _ X  Ia~  
' ~2 Sn -'}- ~ 

m ~ l  �9 �9 

The f i rs t  members  of bo thexpress ions in  (12) are  tabulated t rans forms ,  and we use the theorem of 
multiplying t rans forms  to go from the t r a n s f o r m  to the original under the sums. Finally,  the approximate 
solution for the f i rs t  stage of system heating is writ ten as follows: 

~ ,0,,o <,, +.> 1+).:. ~. v:. {<.._.:> ox, [_<,, 
2 ] / ~ J  2Z a l/2-~ 

nt~ l  

-%- -  
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Fig. 2. Temperature field of acoating--substrate system 
for Pi : P2 = 3 : 6 sec (A) and Pt : P2 = 6 : 6 sec (]3) during the 
heating period (a) and under quasistationary heating condi- 
tions (b): 1) surface; 2) layer junction; 3) substrate center; 
4) layer junction according to experimental results t, ~ 
T s e c ,  

X 

- - ( l l - - x )  - ~ i  -t-(K~ -1- K~-)exp --(q § 

V - - ~ i  ]COS[m'c--(li-+-X)V -ff~-I ]s in[  cOT-(/i+x) V - ~ I  ]}; 

x ll ) 

~,~ 2 V ~  

m ~ l  

v~, v~J Tj -F~ ~ T 

(13) 
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For quasistationary system heating conditions (II} permi't determination of the temperature fluctua- 
tions over the system cross-section with respect to the mean temperature reached at the correspond ingdepths " 
within the nonstationary period. To determine the time ~-" when it is necessary to use (II) in the computa- 
tions the members containing the exponential function ,exp(--p~n(aiv//~)) in (10) should be estimated. It is 
most convenient to do this by using an electronic computer. 

Using the expressions (ii), (13) obtained, curves of the heating kinetics and dynamics were constructed 
and analyzed for a eoating--substrate system under pulsed thermal radiation heating and convective cool- 
ing. The coating in an actual system wa s glyptal enamel GF-916 with l i = 30 ~, while the substrate was a 
plate a technical ceramic with 2/2 = 6000~. The enamel was deposited on both substrate surfaces, however 
the conditions of the problem were satisfied by virtue of organizing symmetric heating and cooling of the 
system in the experiments. It should be noted that the enamel under consideration possesses high absorp- 
tion (K)` ~ 310 mm -t) in the region of the maximum emitted IR energy of the quartz emitters used in the ex- 
periments and system heating occurred according to the coating--substrate scheme. The following mean 
values of the system thermophysical characteristics were taken in the computations [6]: X t = 0.09 W/re. deg; 
)'2 = 0.5 W/m.deg; ~i = 0.52.10 -7 m2/sec, 22 = 7.10 -7 m2/sec. 

The relationships between the exposure Pl and cooling P2 periods were varied during the investigation. 
Hence, in order to comply with the conditions of the experiment about not exceeding the ultimate heating 
temperature of the heat-sensing system tmax, the change in the ratios Pl : P2 = 1 : I, 1 : 2, 1 : 3 etc. was 
due to the change in the densities of the incident radiant fluxes qt within the limits 6.103-1.5 �9 104 W/m 2 
and the cooling flux densities q0--1 �9 103-5-103 W/m 2. 

Presented in Fig. 2A and B as an illustration are curves characterizing the temperature field develop- 
ment in ideal and actual two-layer systems. Changes in the temperature on the interface between the 
coating and the substrate, obtained experimentally for appropriate modal parameters of the process are 
shown. As follows from the figure, satisfactory agreement is observed between the analytical and experi- 
mental heating curves. The effect of the heating tempo and the change in the temperature values over the 
coating cross-section, evaluated as several degrees, on the kinetics and dynamics of the solidification pro- 
cesses of the kind of enamel under consideration has been established on the basis of analyzing the results 
of the analytical and experimental investigations. 

Moreover, it turns out that the temperature drops relative to the mean values across the section of 
each layer with different thermophysical characteristics remain high in thin-layered systems in the pulsed 
mode not only under nonstationary heating conditions but also in the quasistationary period. As the dura- 
tion of the radiation exposure pulse increases, the amplitudes of the fluctuations and the temperature drops 
over the system cross-section grow in an appropriate manner. 

T 

t l ,  t2 

al, a2 
Xi, X2 
ll, 12 

NOTATION 

is the time; 
are  the t empera tu re ;  
a re  the t empera tu re  conduction coefficients;  
a re  the heat conduction coefficients;  
are  the layer  thicknesses;  

Ka = ~ / ~ ;  
KX= h/h; 
K~t=12/ll. 

S u b s c r i p t s  

1, 2 are  the coating and the substrate;  
qt,  q0 are  the radiant  and convective heat flux densit ies;  
Pt, P2 are  the periods of radiat ion heating and air  blowing. 
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