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An experimental  study is made of nonsteady-sta te  thermoelec t r ic  cooling upon passage 
through a thermoelement  of a current  of rec t i l inear  pulses.  It is shown that the cooling 
p rocess  can be adequately descr ibed within the f ramework of a model which considers  only 
the Pel t ier  and Joule effects (within the volume and at the junction). 

The f i rs t  theoret ical  and experimental  studies of cold thermoelements  in a nonsteady-sta te  mode 
were reported in [1]. It was shown that by application of rectangular  pulses to a thermoelement ,  already 
investigated in s teady-sta te  conditions, additional cooling of the cold junction can be obtained. Results  of 
an experimental  investigation of a thermoelement  in a nonsteady-s ta te  mode were published in [2, 3]. A 
ser ies  of works [1, 2, 4-7] have been devoted to a theoret ical  analysis  of nonsteady-sta te  thermoelec t r ic  
cooling. 

We present  below the resul ts  obtained upon passage through a thermoelement  of a single rec tangular  
pulse {the so-cal led  impulse mode) over a wide range of cur rent  density and pulse length. The impulse 
mode was investigated theoret ical ly ear l ie r  in [2, 3], but analysis  of the data was conducted without con- 
sideration of Joulean heat loss in the contact res is tance  of the cold junction. 
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Fig. 1. Typ ica losc i l log ramofpu l se  
mode. Upper curve is cold junction 
tempera ture ;  lower, thermoelement  
current .  I =  84A,  AT m = 3 2  ~ , t m 
= 1.6 sec. 

Moreover,  the pulse length 
range was l imited to t imes less  than a second, which signifi- 
cantly lowers the pract ical  value of the investigation, Accord -  
ing to the conclusions of the authors of [2, 3], the impulse mode 
can achieve tempera ture  differences exceeding ATop t (ATop t is 
the greates t  t empera ture  difference in the stat ionary mode). In 
as much as these resul ts  d isagree both qualitatively and quan- 
titatively with theory [2, 5, 7-9], experimental  investigation of 
the impulse mode is of decided interest .  

E X P E R I M E N T A L  M E T H O D  

The thermoelements  were prepared  from zone-melted p-  
type (Bi2Te3-Sb2Te 3) and n-type (Bi2Te3-Bi2Se3) mater ia ls .  The 
mean pa rame te r  values of these mater ia ls  at room tempera ture  
were: a = 185-215 ~tV/deg, cr = 900-1500 ~2 -1. cm -1, ~ = (1.6- 
2.0)  �9 10 -2 V / c m .  deg. The branch length l of a typical t he rmo-  
element was 1.6-2.6 cm, with c ross  section 0.28-0.5 cm 2. To 
reduce the thermal  load at the cold junction the thermoelements  
were joined without a commutation membrane  (butted). All 
measurements  were conducted in a vacuum of ~5" 10 -2 to r t .  
Current  was varied from 19 to 104 A, and pulse length from ~1 
sec (at cur rents  of ~100 A) to 30 sec (at cur rents  of ~20 A). 
Before the s tar t  of measurements  the tempera ture  was identical 
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Fig. 2. Thermocouple cold junction temperature as a function of time for 
typical thermocouple: solid curves, experiment; dashed curves, calculated, 
taking account of temperature dependence of Peltier coefficient [7]; dotted 
curves, case in which Joulean heat loss in junction is absent (R c = 0); hori- 
zontal dash-dot line, minimum cold junction temperature for R c = 0. i) 29 A; 
2) 54.5 A. Thermocouple cross section S = 0.0283 cm2; T, ~ t, sec. 

Fig. 3. Time for attainment of maximum cooling (sec) as a function of current 
density (A/era 2) (in coordinates 4-tin and i/j) for typical thermoelement. The 
dashed curve is theoretical, constructed for mean values of the parameters 
and taking into account the temperature dependence of the Peltier effect [6, 7]. 

over the entire thermocouple volume. The temperature of the hot junctions was maintained constant over 
the course of the experiment by passage of a cooling liquid of fixed temperature through the current leads. 
All experiments were conducted at two hot junction temperatures: +20~ or -30~ In the latter case, a 
mixture of ethanol with dry ice was used as the cooling liquid. 

Cold and hot junction temperatures were measured by copper-constantan thermocouples ~) 0.14. The 
thermocouple emf and current value were recorded simultaneously on an NOO4 loop oscillograph with gal- 
vanometer sensitivity of 80 #V/mm. The cold junction therrnocouple signal was amplified by a factor of 
3-4 before application to the galvanometer. Displacement of the galvanometer light spot by 1 mm cor- 
responded to a cold junction temperature change of approximately 0.7 ~ 

RESULTS AND DISCUSSION 

Comparison of curves obtained at the two hot junction temperatures (+20~ and -30~ showed that 
no qualitative difference in thermoeouple behavior could be observed. Therefore we will present results 
of the study of a typical thermoelement only at a hot junction temperature of +20~ 

A typical oscillogram of the pulse mode is presented in Fig. i, which shows the character of cold 
junction temperature change over time T(0, t). 

As experiment showed, a minimum in the curve T(0, t) was observed only with currents of a certain 
magnitude (approximately twice the optimal current), and was not observed for lower currents. 

It can be said that such behavior in cold junction temperature follows from an analysis of the expres- 
sion for T(0, t) obtained from the thermal conductivity equilibrium equation 

0T a~T - a - -  - +  _ a  ? Ot Ox 2 (~• 

with bom~dary conditions 
S T /  

• ~ J  : h i ,  r ( l ,  r = 7"0, r (~, o) = 7"0. 
Ox /~=o 

The expression for T(0, t) has the form 

r ( o ,  t ) =  To + /l-Z~ - - / o p t  + ~--7-" 
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X y ] o p t  l " 4 "P-  
2n 4- 1 (2n -~ 1) 2 (1) 

n ~ 0  

An analogous  e x p r e s s i o n  was  obtained in [5]. Here  Jopt = Ilcr/l is  the opt imal  c u r r e n t  dens i ty  (IIj is the 
P e l t i e r  heat ,  abso rbed  in each b ranch ;  1I = eonst) .  

We will  examine  two c a s e s :  j < br/2)Jopt and j > Ur/2)Jopt. 

F o r  j < (Tr/2)Jopt all  f a c t o r s  in square  b r a c k e t s  unde r  the summat ion  sign a r e  pos i t ive .  In fact ,  if n 
is an odd number ,  all f a c t o r s  a r e  pos i t ive  for  any j, while if n is even,  all  f a c t o r s  a r e  pos i t ive  if j < (zr/2) 
Jopt. Consequent ly ,  for  all  t, (~/8t)T(0, t) < 0, i . e . ,  the cu rve  T(0, t) app roaches  the s t r a igh t  l ine T(0, co) 
f r o m  above (f rom the high t e m p e r a t u r e  side) and has  no m i n i m u m .  

F o r  the case  j > 0r/2)Jopt fo r  l a r g e  t (t >> 1 2 / a ) , w h e n  it is  poss ib le  to cons ide r  only the f i r s t  t e r m  of 
the s u m m a t i o n  in Eq. (1), T(0, t) < T(0, oo) and (0/~t)T(0, t) > 0, i . e . ,  the cu rve  T(0, t) app roaches  the line 
T(0, ~o) f r o m  below. Consequent ly ,  fo r  j > (r /2)Jopt  the cu rve  T(0, t) m u s t  have a m i n i m u m .  

As fol lows f r o m  expe r imen t  (Figs .  2 and 3), as  the c u r r e n t  is i n c r e a s e d  the t i m e  t m at which m a x i -  
m u m  cool ing is obta ined d e c r e a s e s .  

F o r  an explanat ion of this  r esu l t ,  we tu rn  again  to Eq. (1), p r e s e n t i n g  it in the f o r m  (see [9], p. 103) 

- -  I t - - - -  ]~t (-- 1)~? eric m § 
•  xo  V 

r 

, ( - 1 )  m i e r f c m - ~ - - i e r f c ( m +  1 ) ~  . 

We wilI examine  the ease  of smal l  t (t << 12/a) ,  when we m a y  l imi t  o u r s e l v e s  to t e r m s  with m = 0. F r o m  
Eq. (la) it fol lows that  fo r  such t* 

(0, t) = r o -4- a (] ]/:/-/2 _ 2H l/a._% ] Vt-. (2) T 

Equat ion (2) was  obtained e a r l i e r  by  solut ion of the t h e r m a l  conduct iv i ty  equat ion for  a s e m i s p a c e  
[2]. It is not diff icult  to show, as  was  done in [2], that  fo r  j~rt = I I ~ / ~  on the c u r v e  T(0, t) t he re  is ob-  
s e rved  a min imum,  the posi t ion  of which is app rox ima te ly  t m ~ 1/j 2. Thus ,  the t ime fo r  a t t a inment  of 
m i n i m u m  t e m p e r a t u r e  m u s t  be i n v e r s e l y  p r o p o r t i o n a l  to the square  of  the c u r r e n t  densi ty .  

As  is evident  f r o m  Eq. (2), the value of the m a x i m u m  cool ing AT m is independent  of j and t m,  and is 
d e t e r m i n e d  exc lus ive ly  by the t h e r m o e l e m e n t  p a r a m e t e r s :  AT m = I I 2 ~ / ~  [2, 5]. Meanwhile,  the e x p e r i -  
men ta l  data  indicate  that  as  c u r r e n t  i n c r e a s e s ,  AT m d e c r e a s e s .  

To explain this  cont rad ic t ion ,  it is  n e c e s s a r y  to take into account  a s u p p l e m e n t a r y  f ac to r  not con-  
s ide red  e a r l i e r  in the theo ry  - the Jou lean  heat  d i s s ipa t ion  in the contac t  r e s i s t a n c e  of the cold junct ion 
[8].t 

Subt rac t ing  f r o m  the F e l t i e r  heat  IIj one hal f  the Jou lean  contac t  heat  (1/2)j2Rc S (R e is  the con tac t  
r e s i s t a n c e  of the cold t h e r m o e l e m e n t  junction),  we find the heat  abso rbed  in each of the t h e r m o e l e m e n t  
b r a n c h e s :  I I(1-(RcS/21I) j)  j. Thus  it is ea sy  to see  that  in the p r e s e n c e  of contac t  r e s i s t a n c e  the value  of 
II in all the above f o r m u l a s  m u s t  be r e p l a c e d  by I I (1 - (RcS/2I I ) j ) .  As  a r e su l t  we have 

V-Z-m~ - 17o (1  RcS i (3) 
V h~- i 2 u  , 

* In the p r e s e n t  s tudy,  the condit ion t <- 0.1 12/a was a lways  main ta ined  and hence  c o m p a r i s o n  of e x p e r i m e n -  
tal  data  with t heo re t i ca l  conc lus ions  is comple t e ly  valid.  
~ Jou lean  heat  d i ss ipa t ion  in the cold t h e r m o e l e m e n t  junct ion was  f i r s t  cons ide red  in [7], where  the t e m -  
p e r a t u r e  dependence  of 11 was a lso  pa r t i a l l y  cons ide red  (the re la t ionsh ip  II = s T  was  employed ,  but the 
t h e r m o - e m f  coeff ic ient  cr was  c o n s i d e r e d  constant) .  
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Fig. 4. Maximum cooling (~ 
as a function of current density 
(A/cm 2) for typical thermoele- 

merit. The dashed curve is 
theoretical, calculated from 
mean parameter values taking 
into account the Peltier coeffi- 
cient temperature dependence. 

and 

AT m f l ~  (1 RcS' ) e. = ~ •  _ ~ / / _  j (4)  

C o m p a r i n g  Eqs .  (3) and (4) wi th  the  ana logous  e x p r e s s i o n s  for  
the  c a s e  R e = 0, i t  m a y  be  s een  tha t  the  p r e s e n c e  of con tac t  r e s i s -  
t a n c e  d e c r e a s e s  both  the  t i m e  of  the  m i n i m u m  t m and the m a x i m u m  
coo l ing  AT m by  a f a c t o r  of ( 1 - ( R e S / 2 I I ) j )  2 t i m e s .  As  fo l lows  f r o m  
Eq. (4), wi th  c u r r e n t  g rowth  coo l ing  m u s t  d e c r e a s e ,  t end ing  to z e r o  
a s  j -~ 2I I /ReS .  

A s  fo l lows  f r o m  Eq. (3), the  g r a p h  of the  d e p e n d e n c e  of ~ft m 
on 1/ j  i s  a s t r a i g h t  l ine ,  the  s lope  of which  i s  d e t e r m i n e d  by the  
p a r a m e t e r s  [I, ~, and a ,  and does  not  depend  on the  junc t ion  con t ac t  
r e s i s t a n c e .  The  e x p e r i m e n t a l  da t a  ob t a ined  a g r e e  with t h i s  r e l a t i o n -  
sh ip  (Fig .  3). 

F i g u r e  4 a l s o  t e s t i f i e s  to the  s a t i s f a c t o r y  q u a l i t a t i v e  a g r e e m e n t  
b e t w e e n  e x p e r i m e n t  and t h e o r y  ob t a ined  by  c o n s i d e r a t i o n  of J o u l e a n  
hea t  d i s s i p a t i o n  at  the  c on t a c t  r e s i s t a n c e  of the  co ld  junc t ion .  

Thus ,  a l though in ou r  s tudy  of the  n o n s t e a d y - s t a t e  coo l ing  p r o -  
c e s s  m a n y  f a c t o r s  w e r e  not  s tud ied ,  in p a r t i c u l a r ,  the  T h o m p s o n  e f -  

fee 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  p a r a m e t e r s  1], ~ ,  o ~, and a ,  v a r i o u s  p a r a m e t e r s  of the  t h e r m o -  
e l e m e n t  b r a n c h e s ,  e t c . ,  n e v e r t h e l e s s ,  a s  c o m p a r i s o n  of e x p e r i m e n t a l  and  t h e o r e t i c a l  d a t a  shows ,  the  
s h a p e s  of the  c u r v e s  T(0,  t) ,  t in( j ) ,  and ATm(j )  can  be  s a t i s f a c t o r i l y  d e s c r i b e d  in t e r m s  of a s i m p l e  m o d e l ,  
in which  only the  P e l t i e r  and Jou le  e f f ec t s  a r e  c o n s i d e r e d  (in the  v o l u m e  and at  the  junc t ion) ,  and 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  m a t e r i a l  p a r a m e t e r s  i s  not  c o n s i d e r e d .  A s t r i c t  qua n t i t a t i ve  
a n a l y s i s  of the  c o r r e s p o n d e n c e  b e t w e e n  e x p e r i m e n t a l  and c a l c u l a t e d  c u r v e s  n e c e s s i t a t e s  the  c o n s i d e r a t i o n  
of  a d d i t i o n a l  f a c t o r s  - the  T h o m p s o n  hea t ,  hea t  t r a n s f e r  with s u r r o u n d i n g  m e d i u m ,  t e m p e r a t u r e  d e p e n -  
dence  of t h e r m o e l e m e n t  p a r a m e t e r s ,  e tc .  

F i g u r e s  2 -4  a l s o  p r e s e n t  c u r v e s  c o n s t r u c t e d  by the f o r m u l a s  of [6, 7], in which  the P e l t i e r  coe f f i c i en t  
was  c o n s i d e r e d  a l i n e a r  func t ion  of t e m p e r a t u r e :  II = a T  (a = cons t ) .  T h e s e  c u r v e s ,  ob t a ined  fo r  m e a n  
v a l u e s  of the  p a r a m e t e r s  a ,  ~, and  ~ ,  a r e  found to be  in s a t i s f a c t o r y  a g r e e m e n t  with e x p e r i m e n t a l  da ta .  

F r o m  what  h a s  b e e n  s a id  above  i t  fo l lows  tha t  the  l i m i t i n g  c oo l i ng  ob t a ined  in the  i m p u l s e  m o d e  AT m 
i s  a l w a y s  l e s s  than  the o p t i m a l  coo l i ng  in the  s t a t i o n a r y  mode  ATop  t, which  i s  in a g r e e m e n t  with t h e o r y  
[2, 5-7].  F o r  t y p i c a l  t h e r m o e l e m e n t s  s t ud i e d  in ou r  work ,  ATop  t = 60 ~ and the  l i m i t i n g  va lue  of AT m 
(ob ta ined  fo r  s m a l l  c u r r e n t s  I ~ 20a  -~ 2.5 Iop t) i s  ~46 ~ It i s  i m p o r t a n t  to note  tha t  the  va lue  of AT m i s  
o b t a i n e d  by  a d i r e c t  m e t h o d  - the  i ndependen t  m e a s u r e m e n t  of the  t e m p e r a t u r e s  of hot  and co ld  j unc t ions .  
In connec t ion  with t h i s  i t  m a y  be  a s s u m e d  tha t  the  h i g h e r  v a l u e s  of i m p u l s e  c oo l i ng  ob t a ined  in  [2, 3] a r e  
e v i d e n t l y  the  c o n s e q u e n c e  of s y s t e m a t i c  e r r o r  in the d e t e r m i n a t i o n  of the  t e m p e r a t u r e  d i f f e r e n c e  be tween  
the co ld  and hot  j u n c t i o n s  ( f rom the  t o t a l  e m f  a p p e a r i n g  on the  t h e r m o e l e m e n t ) .  
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NOTATION 

Seebeck coefficient; 
specific electrical conductivity; 
thermal conductivity; 
Peltier coefficient; 
thermal diffusivity; 
thermocouple length; 
thermocouple cross-sectional area; 
current density; 
optimum current density; 
time; 
time for the attainment of minimum temperature in the nonsteady-state mode; 
thermocouple cold junction contact resistance; 
initial thermoelement temperature; 
maximum temperature difference in steady-state conditions; 
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2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

is the maximum cooling in the pulse mode; 
is the pulse cur rent .  
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