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The r e su l t s  are  r epor t ed  on an exper imen ta l  study of t r ans ien t  t he rmoe l ec t r i c  cooling 
when through the t he rmoe lemen t  is passed  a cu r ren t  which v a r i e s  ex t remal ly .  It is  shown 
that the m a x i m u m  cooling in the e x t r e m a l  mode is g r e a t e r  than the max imum cooling in 
the s t e a d y - s t a t e  mode. 

E a r l i e r  the authors have repor ted  on an exper imenta l  s tudy of t rans ien t  t h e r m o e l e c t r i c  cooling when 
a constant  cu r ren t  j > Jopt is passed  through the t he rmoe lemen t  [1]. It has been shown there  that in this 

0 ~ A ~ S S  case  the m a x i m u m  cooling AT m does not exceed ~ . ~ l m a  x according to theory [1, 2]. 

It follows f r o m  the analysis  in [3, 4] that cons iderable  cooling can be effected when the cu r ren t  r i s e s .  
Thus,  if the cu r ren t  i n c r e a s e s  e i ther  according to a power law or exponential ly,  calculat ions will show a 

S S  cooling of up to ~ A T m a  x [5]. 

The m a x i m u m  cooling, however ,  takes place theore t ica l ly  [3] when the cu r ren t  j(t) v a r i e s  "ex-  
t r e m a l l y "  according" to A / q  t o - t (A and t o a re  constants) .  

He re  we p re sen t  the r e su l t s  obtained in an expe r imen ta l  s tudy of t rans ien t  t h e r m o e l e c t r i c  cooling 
with the cu r r en t  r i s ing  ex t remal ly .  

An analys is  of t rans ien t  t h e r m o e l e c t r i c  cooling [3, 6, 7, 8] shows that the bas ic  laws followed by this 
m o d e  of e lec t ron ic  cooling are  governed by. two effects :  heat absorpt ion at the cold junction (Pel t ier  effect) 
and heat  emi s s i on  in the t h e r m o e l e m e n t  bulk (Joule effect).  According to the exper imen ta l  evidence in [t~, 
however ,  s e v e r a l  bas ic  pecul ia r i t i es  of t rans ien t  t h e r m o e l e c t r i c  cooling mus t  be in te rp re ted  by taking into 
cons idera t ion  an additional effect,  namely  ex t r a  Joule heat genera t ion  due to the contact r e s i s t a n c e  (Rc) 
in the cold junction. 

When j = const,  AT m is much reduced on account of R c [1]. This study will show that, when the cu r -  
r en t  v a r i e s  ex t remal ly ,  the em i s s i on  of Joule heat due to the r e s i s t a n c e  in the cold junction can also 
s e r i o u s l y  t imit  the extent  of deep cooling predic ted by theory  [3]. 

Calculat ion of the E x t r e m a l  Curren t  Mode and of Trans ien t  T h e r m o e l e c t r i c  Cooling with a Contact 
Res i s t ance  in the Circuit .  The following analysis  is based  on a model  where  the p a r a m e t e r s  I1, p, a, and 
of the subs tance  are  assumed  independent of the t e m p e r a t u r e .  

When the cu r ren t  v a r i e s  with t ime,  the genera l  exp re s s ion  for  cooling in the ha l f - space  (at 0 << l z [11, 
with 1 denoting the length of the the rmoe lemen t  branch) can be wr i t ten  as (see Eq. (73) in [3]): 

to 

AT (to) ~ V - ~  ] (x) oa V t o - ~  ~ ?(~) d~, (1) 
0 

where  t o is  the pulse width. With r e s i s t a n c e  R e in the circui t ,  II becomes  I1 - j (~)RcS/2 [1]. 
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Then 

,: /7 - + 1  (*) R~s 
�9 ~ 

z Vlo - -  �9 
0 

(2) 

Di f fe ren t ia t ing  (2) with r e s p e c t  to j and equat ing the de r iva t ive  to ze ro ,  we find the e x t r e m a l  c u r r e n t  mode,  
i .e . ,  the mode  of c u r r e n t  v a r i a t i o n  which will  yield the m a x i m u m  cooling at the ins tant  to: 

/7 
]ext(X) = 2p V za  (t o - - ' 0  +RcS" (3) 

When R c = 0, e x p r e s s i o n  (3) b e c o m e s  

/7 
] ex t (X)  = 2P V za  (t o - x )  ' 

as  has  been  der ived  in [3]. 

When R c ~ 0, the m a x i m u m  value of j is  Jm = I1 /RcS (at t = to) , while j ~ oo at t ~ t o when R c = 0. 
In se r t i ng  (3) into (2) and in tegra t ing ,  we obtain an e x p r e s s i o n  fo r  AT(t0) which takes  into account  the con-  
tac t  r e s i s t a n c e  in the cold junction:  

AT (to) = ATSSax - ~  ln ( 2p V S + 1  ) .  (4) 

F o r m u l a  (4) ind ica tes  that the cool ing by the e x t r e m a l  mode  depends on the magni tude  of R e. As the 
con tac t  r e s i s t a n c e  i n c r e a s e s ,  AT d e c r e a s e s  at a g iven t o and b e c o m e s  z e r o  at suf f ic ient ly  l a rge  va lues  of 
R c. At a fixed Rc,  the cool ing i n c r e a s e s  as the pulse  width t o i n c r e a s e s . *  

It can  be shown without  d i f f icul ty  tha t  AT (to) = oo when R c = 0. 

An analogous r e su l t  was  obtained in  [3], where  R c = 0 had been  a s sumed .  Taking Hc into account ,  
a cco rd ing  to (4), y ie lds  a f ini te  AT.  

It should be noted that  the t e m p e r a t u r e  d rop  at the cold junct ion is l imited a lso  by the t e m p e r a t u r e  
dependence  of the P e l t i e r  coef f ic ien t  (1] = a T  -~ 0 as T ~ 0) [3]. 

Le t  us evaluate  the f a c t o r  ~ 1 lni(2p ] /  ~at--~ ) = --~ Rc S -+- 1 in (4). F o r  typica l  va lues  of p and a (RcS = 7.7 

�9 10 -4 ~ .  c m  2 and a = 10 -2 c m 2 / s e c )  and the bes t  va lue  of RcS = 2 . 1 0  -5 f~. c m  2 [9], } = 1.53 when t o = 81 sec  
and~  = l . 2 w h e n t  0 = 9  sec .  F o r R c S  = 2 . 1 0  -4 f ~ . c m  2, ~ = 0 . 8 3 w h e n t  o = 8 1 s e c  and~ = 0 . 5 2 w h e n t  0 = 9 s e c .  

This  eva lua t ion  shows that  the e x t r e m a l  mode of t r ans ien t  t h e r m o e l e c t r i c  cool ing can yield  much  
d e e p e r  cool ing than the s t e a d y - s t a t e  mode .  On the o ther  hand, this points  to the n e c e s s i t y  of r educ ing  the 
con tac t  r e s i s t a n c e  R c which r e d u c e s  the e f f ec t iveness  of t r a n s i e n t  t h e r m o e l e c t r i c  cooling by the e x t r e m a l  
mode .  

It  is  of i n t e r e s t  how AT v a r i e s  within the t ime  in t e rva l  f r o m  0 to t 0. The final r e s u l t  in this  case ,  
de r ived  f r o m  Eq. (1), is  

ss 2 f 

~2 V-to--t+b+]/-Fo+b 1+13 ' 
(5) 

w h e r e  

RcS b ~ _ 2 a r c t g - ~  for ~ < 1 
b = ; 2 p V ~  ' ~ = ~ S ~ - t  ' V l - ~  ~ 

* The magni tude  of t. 0 is l imi ted  by the s t ipula t ion  that at  0 << l 2 [1], which is e a s i l y  shown to be equivalent  
to the s t ipu la t ion  that  J0 ~ Jopt" 
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and 

TABLE 1. R e s u l t s  of T e s t s  p e r f o r m e d  on T h e r m o e l e m e n t s  

l ,cm 

2,9 
TE-18 1,5 
TE-19 6,5 

L~l.ements 

TE- 17 

S,cm 2 lop t, A 

0,28 ] 

21 

60 46 55,5 78 
69 53 14,3 93 
66 53 240 77 

~ AText 

Vr~ax 
1,3 
1,35 
1,17 

Not___ee: Iopt is the optimum thermoelement current, AText is the maximum cooling 
produced by the extremal mode of current variation, AT m is the maximnm cooling 
prodnced by a constant current j = const. = 2Jop t, tm is the time to reach ATm [1]. 

q~ l ~ l n  B - [ - ~ K  for [3>1 ,  
V ~  2 - 1 B - - K  

' = ' 

The f i r s t  t e r m  i n s i d e  the b r a c k e t s  r e p r e s e n t s  P e l t i e r  hea t  a b s o r p t i o n ,  the second  t e r m  r e p r e s e n t s  
Jou le  h e a t  e m i s s i o n  in  the junc t ion ,  and the t h i r d  t e r m  r e p r e s e n t s  Jou le  hea t  e m i s s i o n  in  the t h e r m o e l e m e n t  

bulk .  

When  R e = 0, f o r m u l a  (5) b e c o m e s  

A T  (0  = 
m ( V t V +  V F )  2 

In 
2~P• V-~o (t o - -  t) 

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

The p a r a m e t e r s  of the m a t e r i a l s  in  the p -  and n - b r a n c h e s  of the t h e r m o e l e m e n t s  as  we l l  as  the t e s t  
p r o c e d u r e  w e r e  ana logous  to t h o s e  d e s c r i b e d  in  [1]. The  t h e r m o e l e c t r i c  e f fec t ,  on the b a s i s  of the m a x i -  
m u m  t e m p e r a t u r e  d i f f e r e n c e  p r o d u c e d  a c r o s s  a t h e r m o e l e m e n t  in  the  o p t i m u m  c u r r e n t  m o d e ,  was  Z = 2.65 
�9 10 -a deg  - I .  Wi th in  the s a m e  t e m p e r a t u r e  r a n g e  the a v e r a g e  v a l u e  of Z fo r  the m a t e r i a l s  of the t h e r m o -  
e l e m e n t  b r a n c h e s  was  3 �9 10 .3 deg  -1. The  c u r r e n t  of a c o m p l e x  pu l se  f o r m  was  r e g u l a t e d  with  the  a id  of 
a s p e c i a l l y  d e s i g n e d  r h e o s t a t  s y s t e m .  M e a s u r e m e n t s  w e r e  m a d e  wi th  the i n i t i a l  t e m p e r a t u r e  of the t h e r m o -  
e l e m e n t  b r a n c h e s  20~ The  t e m p e r a t u r e  of the hot junc t ion  was  he ld  f o r c i b l y  at 20~ (in s e p a r a t e  t e s t s  
at  the  end of the  t i m e  i n t e r v a l  we o b s e r v e d  a hea t ing  of the hot  junct ion ,  h o w e v e r ,  but  by  not  m o r e  than 
6-8~ The  v a c u u m  wins m a i n t a i n e d  at  10 -4 t o r r  m a x i m u m .  In o r d e r  to r e d u c e  t h e  hea t  t r a n s f e r  f r o m  the 
a m b i e n t  m e d i u m ,  the l a t e r a l  s u r f a c e s  of the  t h e r m o e I e m e n t s  w e r e  a d d i t i o n a l l y  i n s u l a t e d .  In o r d e r  to r e -  
duce  the  t e m p e r a t u r e  m e a s u r e m e n t  e r r o r ,  the "bead"  (junction) of the t h e r m o c o u p l e  was  we lded  in  b e -  
tween  the t h e r m o e l e m e n t  b r a n c h e s  whi le  the t h e r m o e o u p l e  i t s e I f  had been  c o v e r e d  with  a th in  coa t  of i n -  
s u l a t i n g  v a r n i s h  AK-400  and g lued  to the t h e r m o e l e m e n t  a l l  a round  the cold junct ion .  

The e s s e n t i a l  t e s t  d a t a  fo r  t h r e e  t h e r m o e l e m e n t s  a r e  g i v e n  in  T a b l e  1. As can  be s e e n  h e r e ,  the 
coo l ing  by  the e x t r e m a l  mode  e x c e e d s  in  a l l  c a s e s  the coo l ing  by the s t e a d y - s t a t e  mode  (AT m < A T ~ a  x 

< ATex t ) .  

We wi l l  d w e l l  on the  t e s t  r e s u l t s  for  t h e r m o e l e m e n t  T E - 1 8 .  The coo l ing  c u r v e s  fo r  th is  t h e r m o -  
e l e m e n t  (Fig .  1) have been  r e c o r d e d  by  m e a n s  of a m o d e l  N-004 l i g h t - b e a m  o s c i l l o g r a p h  at t o = 9, 25, 36, 
49, 64, and 81 s ee .  I t  i s  e v i d e n t  in  F ig .  1 that ,  a c c o r d i n g  to t h e o r y ,  / , T e x  t i n c r e a s e s  as  t o i s  i n c r e a s e d .  
Some  r e d u c t i o n  in  A T e x  t at  t o = 81 s e e  o c c u r s ,  a p p a r e n t l y ,  b e c a u s e  the  hot  junc t ion  beg in s  to e x e r t  i t s  i n -  
f l uence  (the cond i t i on  of s e m i i n f i n i t y  i s  d i s t u r b e d )  and s o m e  h e a t  e n t e r s  t h rough  the l a t e r a l  s u r f a c e  (the 
p r o b l e m  cond i t i ons  c e a s e  to be un i fo rm) .  The AT(t)  c u r v e  has  been  c a l c u l a t e d  a c c o r d i n g  to Eq.  (5) wi th  
g i v e n  v a l u e s  of I I ,  p ,  ~ ,  a and wi th  the  d i r e c t l y  m e a s u r e d  v a l u e  of  ReS (5.4 �9 10 .5 a �9 cm2). In F ig .  2 th is  
c u r v e  i s  c o m p a r e d  wi th  the t e s t  c u r v e .  The  c a l c u l a t e d  v a l u e s  of A T  a r e  l ower  than  the t e s t  v a l u e s  a l m o s t  
t h roughou t  the  e n t i r e  i n t e r v a l  and on ly  in  the end r e g i o n  (at t c l o s e  to to) does  the c a l c u l a t e d  c u r v e  r i s e  
above  the t e s t  c u r v e .  Such a t r e n d  i s  e x p l a i n a b l e  by  the f ac t  tha t  the t e m p e r a t u r e  d e p e n d e n c e  of the t h e r -  
m o e l e m e n t  p a r a m e t e r s  has  not  been  c o n s i d e r e d  in  the  c a l c u l a t i o n s .  In the i n i t i a l  coo l ing  s t a g e  the t r u e  
v a l u e s  of I1, p, and ~ e x c e e d  t h e i r  a v e r a g e  v a l u e s  used  in  our  c a l c u l a t i o n s ,  whi le  in  the l a s t  s t a g e  ~ e y  
a r e  s m a I l e r .  On the s a m e  d i a g r a m  we show the AT(t)  c u r v e  fo r  ReS , which,  not  s u r p r i s i n g l y ,  l i e s  above  
the t e s t  c u r v e .  
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F ig .  1. C u r v e s  of A T  = f(t) f o r  v a r i o u s  v a l u e s  of to: 1) 9 s ec ;  
2) 25 s ec ;  3) 36 s e c ;  4) 49 s e c ;  5) 64 s ec ;  6) 81 sec~ AT,  deg;  
t ,  s ee .  

F ig .  2. C o m p a r i s o n  b e t w e e n  the t e s t  c u r v e  (1) and the c a l -  
cu l a t ed  c u r v e s  (2, 3) of A T  = f(t): 2) R c = 5.4 �9 10 -5 ~ .  cm2; 

3) 0. AT ,  d e g ; t ,  s e c ; t  o = g s e c .  

I I 

/2O /201 r a ; 

I e ~  J 

AT ~"~// &T ~ 
75" ~ 3 ~ #  75 

"I_.., 50 ~ ~' ~ ~o 
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F i g .  3 F ig .  4 

F ig .  3. T r a n s i e n t  t h e r m o e l e c t r i c  coo l ing  at  v a r i o u s  r a t e s  of c u r r e n t  r i s e  (a). 
A T = f ( t )  {b): 1) 7 = 1 ; 2 )  2; 3) 3. I, A ; A T , ~  s e c ; t  o = 4 9  sec .  

F ig .  4. E f f e c t  of d e p a r t u r e  f r o m  the e x t r e m a l  mode  of  c u r r e n t  v a r i a t i o n  on 
the  m a g n i t u d e  of t r a n s i e n t  t h e r m o e l e c t r i c  coo l ing  (t o = 49 sec) :  a) j(t); AT(t ) :  

1) j = J e x t ; 2 )  j <  Jext; 3) j > Jext- I, A; AT,  ~ t,  s ec .  

It m u s t  be noted tha t  the  e x t r e m a l  mode  of c u r r e n t  v a r i a t i o n  (3) has  been  e s t a b l i s h e d  on the  a s s u m p -  
t i o n  tha t  the  b r a n c h e s  of the  t h e r m o e l e m e n t  a r e  i d e n t i c a l ,  that  the p r o p e r t i e s  of t h e i r  m a t e r i a l s  a r e  i n -  
d e p e n d e n t  of the  t e m p e r a t u r e ,  tha t  no h e a t  e n t e r s  t h rough  the l a t e r a l  s u r f a c e  of a t h e r m o e l e m e n t ,  e tc .  In 
an ac tua l  c a s e ,  o t h e r w i s e  mode  (3) m a y  c e a s e ,  g e n e r a l l y ,  to be the e x t r e m a l  one and m a y  change  s l i gh t ly .  
T a k i n g  th i s  in to  c o n s i d e r a t i o n ,  we p e r f o r m e d  two add i t i ona l  t e s t  s e r i e s  wi th  a c u r r e n t  mode  m o r e  o r  l e s s  
d i f f e r e n t  t han  the c a l c u l a t e d  one.  

In  the f i r s t  s e r i e s  (Fig.  3) the  c u r r e n t  was  v a r i e d  a c c o r d i n g  to 

/7 
i =  

vP V ~a (L0 - 0 + Rc s' 

with  T denot ing  a n u m e r i c a l  f a c t o r  (3/ = 2 c o r r e s p o n d i n g  to an e x t r e m a l  mode) .  The  r e s u l t s  shown in F ig .  
3a,  b w e r e  ob ta ined  in  the f i r s t  s e r i e s  wi th  T = 1, 2, and 3 (t o = 49 see) .  A c o m p a r i s o n  of the AT(t) c u r v e s  
i n d i c a t e s  a c o n s i d e r a b l e  coo l ing  f i r s t  ( t i l l  t = 37 see)  a long the T = 1 c u r v e  and then, as  the c u r r e n t  i n -  
c r e a s e s ,  a long the 7 = 2 c u r v e .  A f t e r  t = 42 s e c ,  the  cool ing  at  7 = 1 d e c r e a s e d  and the cold  junc t ion  b e -  
gan  to hea t  up. In  o r d e r  to avoid  o v e r h e a t i n g  the t h e r m o e l e m e n t ,  the 7 = 1 c u r r e n t  was  t u rned  off a f t e r  
t = 44 s e c .  
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Along curve 3 the cooling AT inc reases  toward the end of the t ime period, but remains  all the time 
smal le r  than AT along curve 2. 

The initial and the final values of the current  in the second test  ser ies  were the same as in the T 
= 2 case, but inside the time interval  the cur rent  was either l a rger  (curve 3 in Fig. 4a) or smal le r  (curve 
2 in Fig. 4a) than the current  in the 3/ = 2 case. A compar ison of the AT(t) curves in Fig. 4b indicates that 
in the beginning, with a la rger  cur rent  (curve 3), the transient  the rmoelec t r i c  cooling is g rea te r .  After t 
= 36 sec, however,  cooling due to the ext remal  mode of cur rent  var ia t ion begins to predominate (curve 1). 
When j < Jext (curve 2), the cooling is smal le r  than in the 3/ = 2 case throughout the entire time period. 

Similar  tests  with pulses of different width yielded analogous resul ts .  

Thus, even though a few factors  had not been considered in the calculation, maximum cooling was 
obtained with a cur ren t  varying according to (3). 

According to the experiments ,  the cooling by the extremal  mode is maximum (ATex t = 93 ~ C) and 
1.35 g rea te r  than AT ss (at the same tempera ture  of the hot junction). Moreover ,  the instant t o of r each -  - m a x  
ing maximum cooling can be ascertained a priori .  

According to the calculations,  the neces sa ry  switching performance charac te r i s t i cs  are more  
s t r ingent  for  the ex t remal  mode of cooling than for the s teady-s ta te  mode. 

Thus, the experimental  study has shown that better cooling may be obtained by the ext remal  mode 
of cur ren t  var ia t ion than by the s teady-s ta te  mode and even then by means of two-stage thermoelec t r ic  
bat ter ies .  The resul ts  obtained in the study of the ext remal  mode reveal  new possibil i t ies in thermal  cool-  
ing. 
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N O T A T I O N  

coefficient of thermal  emf; 
res is t iv i ty ;  
thermal  conductivity; 
Pel t ier  coefficient; 
thermal  diffusivity; 
length of thermoelement ;  
c r o s s - s e c t i o n  a rea  of thermoelement;  
cur ren t  density; 
optimum current  density; 
cur ren t  density in the extremal  mode; 
initial cur ren t  density; 
contact res is tance  in the cold junction of a thermoeiement ;  
time; 
t ime to reach  minimum tempera ture  in the j = const mode; 
pulse width in the ext remal  mode; 
maximum tempera ture  difference in the s teady-s ta te  mode; 
maximum cooling in the j = const  mode; 
maximum cooling in the extremal  mode. 
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