
T H E R M A L  C O N D I T I O N S  OF E L E C T R O N I C  I N S T R U M E N T S  

OF C A S S E T T E  C O N S T R U C T I O N  W I T H  F O R C E D  V E N T I L A T I O N  

Y u .  A.  G a v r i l o v  a n d  G.  N,  D u l ~ n e v  UDC 536.24 

A genera l  approach  is cons idered  for  the calcula t ion of the t e m p e r a t u r e  field of a ventilated 
e lec t ronic  ins t rument  of ca s se t t e  cons t ruc t ion  through the reduction of its heated zone to 
a uniform body. An approx imate  solution of the p rob lem is proposed and the resu l t s  of 
ca lcula t ions  a re  compared  with expe r imen ta l  data. 

Ventilated e lec t ronic  ins t ruments  of c a s se t t e  cons t ruc t ion  a re  widely used in technology. The sea rch  
for  the i r  opt imum const ruc t ion  is connected with the ana lys i s  of the t he rma l  conditions of the ins t rument ,  
which neces s i t a t e s  the i m p r o v e m e n t  of the methods  of calculat ing their  t e m p e r a t u r e  fields. The the rma l  
model  of an ins t rumen t  of ca s se t t e  cons t ruc t ion  can be r ep resen ted  in the fo rm of a uniform para l le lepiped  
with d is t r ibut ions  of heat  sources  and sinks. The role  of the la t ter  is filled by gas s t r e a m s  pass ing  through 
and c a r r y i n g  with them par t  of the energy  f rom the ins t rument .  A bas i s  for  this model  as well  as its 
m a t h e m a t i c a l  descr ip t ion  in the fo rm of a sy s t em of equations for  the t e m p e r a t u r e  fields of the cas se t t e s  
and the i n t e r l aye r s  of gas between them a re  p resen ted  in [1] for  the case  of natural  ventilation. The same  
s y s t e m  of equations will c l e a r l y  a lso  be valid for  the forced ventilation of an ins t rument .  The di f ference  
will  cons i s t  only in the means  of de te rmin ing  the flow ra te  of gas through the ins t rument :  with natural  ven-  
t i lation addit ional equations a r e  needed to ca lcula te  the gas  flow ra te  while for  forced venti lat ion the flow 
ra te  is a s sumed  to be known. 

The t e m p e r a t u r e  field is descr ibed  by the sy s t em of equations [1] 
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In Eqs. (1) the vo lumet r i c  coefficient  of convect ive heat  exchange c~ v is connected with the local coef -  
f icient  of heat  exchange o~ by the dependence [1] 
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Fig. 1. F o r  ca lcula t ion of the 
t e m p e r a t u r e  field of an e lec t ronic  
i n s t rumen t  of ca s se t t e  c o n s t r u c -  
tion. 

The coordinate  sy s t em is set  up as shown in Fig. 1. It is 
a s sumed  that the t empe ra tu r e  var ia t ion  along the width of the 
c a s s e t t e s  (along the z axis) is insignificant.  The l a t t e r  assumpt ion  
is not n e c e s s a r y  in pr inciple  and is adopted mainly to reduce the 
calculat ions.  Moreove r ,  in r ea l  ins t ruments  with forced ven t i l a -  
tion the impor tan t  t e m p e r a t u r e  var ia t ion  occurs  in the di rect ion 
of a i r  movemen t  (along the x axis) and perpendicu la r  to the plane 
of the c a s s e t t e s  (along the y axis) .  

The values  c~ x and a y  in (2) and (3) allow for  the heat  e x -  
change with the surrounding medium f rom the ends of the c a s s e t t e s  
and f rom the faces  of the heated zone which are  perpendicu la r  to 
the y axis ,  respec t ive ly .  In genera l  the conditions (2) and (3) can 
re f l ec t  the p resence  of conductive heat  sinks at the boundaries  of 
the heated zone of the ins t rument .  

We will  seek  an approx imate  solution of the p rob lem by the 
method of success ive  averag ing  of the unknown function [2, 3]. 
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I,. [e l  = 7~, I~ [~a] = ~a, I~ [%1 = q~,, 
t~al~=; = ~out' ~ I:~=z = ~;, 0 I~=o = 80. 

We apply the ope ra t o r  I x to all  the t e r m s  of Eqs. (1), allowing for  the conditions (2) and (4), and then 
combine  the r e su l t s  of the t e r m w i s e  action of the ope ra to r  

d'-~ ~ '  ~0 ~- ~ e l  (e --  ~a)--qo, 
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Here  ~v is the averaged  value of the vo lumet r ic  coeff icient  of convect ive heat  exchange,  for  the calculat ion 
of which one mus t  know the coeff ic ients  of convect ive heat  exchange a in the channels  divided by the mean  
in tegra l  t e m p e r a t u r e  di f ference:  
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Let  us adopt the specif ic  a ssumpt ions  for  the method of averag ing  [2, 3] 
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Then (5) can be r ewr i t t en  in the following form:  
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We find the value of ~a from (8b) and substitute it into (8a): 

dy ~" ~2 ' )~2 ~r + ~ l  l ~  

(8a) 

(8b) 

(9) 

8 8 4  



L e t  us a p p l y  the o p e r a t o r  I x to the  b o u n d a r y  c o n d i t i o n s  

[ d~ a ~  ' ~ ]  = 0 ,  
" d f f  ~"2 y ~ - - ~  

(3) 
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F o r  the s o l u t i o n  of Eq. (9) wi th  the c o n d i t i o n  (10) i t  is  n e c e s s a r y  to know the f o r m  of  the  d e p e n d e n c e s  
~ = FI(Y),  qv = F2(Y), and w = F3(y ). We w i l l  conf ine  o u r s e l v e s  to an a n a l y s i s  of the r e l a t i v e l y  s i m p l e  
c a s e  when  the v a l u e s  of  a v ,  qv,  and ~ do  not  depend  on the c o o r d i n a t e s  x and y.  In add i t i on ,  we a s s u m e  that  
the a i r  t e m p e r a t u r e  a t  the e n t r a n c e  to the  a p p a r a t u s  is  e q u a l  to the t e m p e r a t u r e  of the s u r r o u n d i n g  m e d i u m  
(~in = 0), tha t  hea t  exchange  of the end s u r f a c e s  of the c a s s e t t e s  can  be n e g l e c t e d  (axl  = ax2 = 0), and we 
w i l t  e x a m i n e  a v a r i a n t  of the p r o b l e m  which  i s  s y m m e t r i c a l  r e l a t i v e  to the x0z p lane  (ay  1 = a y  2 = ~y) .  The 
l a t t e r  p e r m i t s  us  to w r i t e  the s y m m e t r y  cond i t i on  

~-yJy=o=O- (11) 

Then  we  ob t a in  

L e t  us r e t u r n  to Eq. 
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( la)  w h e r e  in a c c o r d a n c e  wi th  [2, 3] we m a k e  the a p p r o x i m a t e  s u b s t i t u t i o n  

It  f o l l ows  f r o m  (9) and (12) tha t  

O2t~ d20' (13) 
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We substitute the value d2~/dy 2 from (14) into (la) in place of 32O/ay 2 and obtain an equation which 
in contrast to (la) will be approximate. In order to emphasize this let us replace the values ~ and Oa with 
the new designations u and u a for the unknown approximate superheats, retaining the former meaning of 
the indices: 

d~u 
~, - -  = ~ ( u  - -  ua~ - -  q~G.  ( 1 5 )  dx ~ 

The  l a t t e r  equa t ion  c o n t a i n s  the two unknown v a l u e s  u and u a. A second  equa t ion  can  be found by 
us ing  ( lb ) ,  wh ich  in the end l e a d s  to the n e c e s s i t y  of  so lv ing  a d i f f e r e n t i a l  equa t ion  of t h i rd  o r d e r .  To avoid  
an i n c r e a s e  in the o r d e r  of  the d i f f e r e n t i a l  equa t ion  le t  us adop t  a n o t h e r  v a r i a n t  of  the a n a l y s i s :  l e t  us use  
the r e s u l t s  of  the a v e r a g i n g  a l r e a d y  p e r f o r m e d  to find the a d d i t i o n a l  d e p e n d e n c e  be tw e e n  the v a l u e s  u and 
U a ,  

L e t  us i s o l a t e  a v o l u m e  dV = bxdy in the hea t ed  zone  (see  F ig .  1). The hea t  s o u r c e s  in th i s  v o l u m e  
e m i t  the p o w e r  d P  = qv = bxdy.  The  s u p e r h e a t  Ua of the a i r  a t  the ex i t  f r o m  the v o l u m e  dV a r i s e s  due to the 
h e a t  f lux d P  1 = cobuadY, The h e a t  f lux d P  2 = - ~ b ( d u / d x ) d y  f lows th rough  the face  bdy at  a d i s t a n c e  x f r o m  
the e n t r a n c e  of a i r  to the h e a t e d  zone  of  the  a p p a r a t u s .  The  h e a t  f lux P3 in the d i r e c t i o n  of  the y ax i s  f lows 
th rough  t h e  v o l u m e  dV, chang ing  by the va lue  d P  3 = bxdy.  T h e  change  d~t3 in the  d e n s i t y  q3 of  the  hea t  f lux 
d e n s i t y  q3 of  the h e a t  f lux 1' 3 a v e r a g e d  o v e r  the x ax i s  i s  equa l  to 

l 

o 

We can  f ind dq 3 by s u b s t i t u t i n g  into  the r i g h t  s ide  of  the  l a t t e r  equa t ion  the v a l u e  t)2vQ/3y 2 f r o m  (13) and (14). 
Then  d P  3 can  be r e p r e s e n t e d  in the fo l lowing  f o r m :  

dP:~ =-= (1 - -  cp) bxGdx.  (16) 

The h e a t  f lux dP  4 t h rough  the f ace  bdy a t  x = 0 i s  equa l  to 

dp  4 . . . .  dzt [ db ' . . . .  ).ab _ _  uodt d := __ bq~ta,~dy" 
, d X  ix=0 ~'1 " " 
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H e r e  Eqs.  (2) and (7) and the subst i tu t ion ~ ~ u a r e  used.  

dP  4 = 0. 

A c c o r d i n g  to the law of  c o n s e r v a t i o n  of  e n e r g y  we have 

dP = dP x @ dP2 + dPa. 

Subst i tut ing the va lues  of  the hea t  f luxes  into (17), we obtain 

~1 du q~q v 
t ta ~ --0.)  ~ @ - 03 X, 

We then subs t i tu te  the value  of u a found into (15): 

d~u ~.~ du ~ ~q~, 
U - -  

dx 2 (o dx k~ k~ 

Because  of  the a s s u m p t i o n  that  OZxl = 0 we have 

(17) 

�9 % r 
x. (19) 

B y  in t eg ra t ing  Eq. (19), us ing  Eq. (18), the boundary  condi t ions ,  and the a s s u m p t i o n s  adopted,  we obtain 
the fol lowing a p p r o x i m a t e  equa t ions  f o r  u a and u: 

u a k x  [7 exp x[~ 1 - -  ( 1 -,= 7) exp x[~] + x, (20a) 
qDq~ 

w h e r e  

co ? 1 -~?  ~1 
u = - - e x p x [ 3 ~  - - e x p x [ ~ + x +  . + = , (20b) 

- (0 ~- 1 -- exp [32 t 

~1,2 -- 2o) - ' exp ~t~l -- exp [~1I 

The  solut ion (20) wil l  have  a s i m p l e r  f o r m  �9 if  in the de r iva t ion  of  the equat ions  we take X 1 - -  0 (constant  
f lux dens i ty  f r o m  the su r f a c e  o f  the c a s s e t t e s )  o r  k 1 --- oo (the t e m p e r a t u r e  o f  the c a s s e t t e s  does  not va ry  in 
the d i r ec t ion  of  a i r  movemen t ) .  In the f i r s t  c a s e  we wil l  have  

(Pq~' (21) u a q~q~ x, u = u  a@ _ , 
0) 0C v 

and in the second c a s e  

U a u [1  e x p ( - - ~ - x ) ] ,  q~q'~l r ( ~'J / ]  (22) = -- u =  ~ Ll--exp\--o/j -i. 

The transition to Eqs. (21) and (22) does not give a substantial difference from a calculation accord- 

ing to Eqs. (20) if k > i0 or k < 0.01, respectively. 

The multiplier q~ in (20)-(22) is given in (12) and allows for the heat exchange of the lateral surface 

of the heated zone of the instrument with the surrounding medium. At r = 1 the surrounding medium does 

not  a f fec t  the t e m p e r a t u r e  of  the c a s s e t t e s .  In o r d e r  to d e t e r m i n e  ~0 one m u s t  f i r s t  find the va lues  of r 
f r o m  Eqs.  (7) by subs t i tu t ing  into them the s u p e r h e a t s  ca lcu la ted  us ing (20)-(22) at  ~o = 1. Af t e r  this Eqs.  
(9) and (12) p e r m i t  an e s t i m a t e  of the va r i a t i on  in the t e m p e r a t u r e  field in the d i r ec t ion  of the y axis .  
Having d e t e r m i n e d  (p = ~p(y) one c a n  a p p r o x i m a t e l y  ca lcu la t e  the two-d imens iona l  t e m p e r t u r e  field of  the 
hea ted  zone f r o m  Eqs.  (20)-(22). F u r t h e r  r e f i nemen t  Can be accompl i shed  by the method of s u c c e s s i v e  
app rox ima t ions .  

F o r  p r a c t i c a l  ca l cu la t ions  of the t e m p e r a t u r e  field one m u s t  f i r s t  ca lcu la te  the values  ~ ,  w, ~l, and 
~2. The ca lcu la t ion  of the las t  th ree  va lues  is examined  in suff ic ient  de ta i l  in [1]. Simplif ied dependences  
fo r  the d e t e r m i n a t i o n  of  ~ a r e  p r e s e n t e d  in [4] fo r  c a s s e t t e s  with smoo th  s u r f a c e s .  

The r e su l t s  of  a ca l cu la t ion  of  the t e m p e r a t u r e  field by the a p p r o x i m a t e  method sugges ted  a r e  c o m -  
pa red  with the data  of  an e x p e r i m e n t a l  s tudy of  s e v e r a l  mode l s  of typ ica l  c o n s t r u c t i o n s  of  c a s s e t t e  e l e c -  
t ron ic  i n s t r u m e n t s  [5]. The ca lcu la ted  (u) and m e a s u r e d  (~) s u p e r h e a t s  with r e s p e c t  to the su r round ing  
m e d i u m  w e r e  c o m p a r e d  at each  e x p e r i m e n t a l  point:  

Ai = u ~ - - ~  . 100%. 
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The se r ies  of studies of the m superheats  compared for each model was general ized by the dependence 

rn 

1 Z A~ (~ - -  - 

m 1 ~ 
i=1 

For  each model the value of a did not exceed ]2%. 
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upper bar  

N OTA T I O N  

is the coordinate coinciding with direct ion of a i r  movement;  
is the coordinate perpendicular  to plane of casse t tes ;  
a re  the dimensions of heated zone in the direct ions of the x, y,  and z axes,  respect ively;  
is the thickness of casset te ;  
is the distance between casse t tes ;  
a re  the superheats  of surface of casse t tes  relative to tempera ture  of surrounding medium; 
are  the mean flow rate superheat  of a ir  in gap between casse t tes ;  
is the local coefficient of convective heat exchange in channel; 
is the volumetr ic  coefficient of convective heat exchange; 
are  the coefficients of heat t r ans fe r  f rom heated zone to surrounding medium; 
a re  the effective coefficients of thermal  conductivity of heated zone; 
are  the specific heat capaci ty and mass  flow rate of a i r  in channel between casse t tes ;  
is the volumetr ic  density of heat sources ;  
is the averaged value of parameter .  
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