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Resul ts  a r e  shown of an exper imenta l  study concerning the compound mode  of t h e r m o e l e c t r i c  
cooling. The t e s t  data a re  compared  with calculat ions.  It is  shown that cooling deeper  than 
m a x i m u m  s t eady - s t a t e  cooling can be attained.  

The t h e r m o e l e c t r i c  method of cooling is used  m o r e  widely now in many  branches  of sc ience  and tech-  
nology. In all applicat ions so  far ,  however ,  the t h e r m o e l e c t r i c  e lement  opera tes  in the s teady mode,  
which has been thoroughly analyzed [1]. 

Theore t ica l  and exper imenta l  data on the t r ans ien t  mode of cooling ( s teady-s ta te  r ep resen t ing  a spe -  
cial  case) obtained by r e s e a r c h e r s  in this and other  countr ies  [2-4] r evea l  new poss ib le  applicat ions and 
ways to use  t h e r m o e l e c t r i c  cooling devices .  

As we have a l ready  es tabl ished exper imenta l ly  in [5], the t r ans ien t  mode of operat ing t h e r m o e l e c t r i c  
e lements  offers  s eve ra l  advantages over  the s teady mode,  for  instance:  the poss ib i l i ty  of controll ing the 
cold-junction t e m p e r a t u r e  and of deeper  cooling than the m a x i m u m  at tainable in the s teady mode (AT maxst )" 

Thus, for  example ,  a cu r ren t  var ia t ion  according to an ex t r ema l  law (Jext = A / ~ 0 - - t ,  with A and t o con- 
s tant  p a r a m e t e r s )  yields a cooling approx imate ly  1.5 t imes  deeper  than AT~tax (ATex t = 94~ as compared  

max  66~ with z = 2.65-10-3/~ to ATst  = 

Another qual i tat ively novel technique Of t rans ien t  t h e r m o e l e c t r i c  deep cooling is the compound mode 
[3, 4]. 

In the compound mode  the t h e r m o e l e c t r i c  e lement  is  f i r s t  energized  with the opt imum cur ren t  Jopt 
which produces  a s t e ady - s t a t e  t e m p e r a t u r e  distr ibution,  and then with a cur ren t  pulse  which produces  ex t ra  
cooling of the cold junction. 

The compound mode of cooling was f i r s t  studied exper imenta l ly  by L. S. Sti l 'bans and N. A. Fedoro-  
vich [6]. When a cur ren t  equal to twice the opt imum cur ren t  was sent through a t h e r m o e l e c t r i c  e lement  
operat ing in the s teady mode (AT~  ax = 40~ the re  resu l ted  ex t ra  cooling by approximate ly  12~ Some 
other  resu l t s  have  been subsequently r epor t ed  in [7]. 

The compound "opt imum cur ren t  plus rec tangu la r  pulse"  mode was analyzed mathemat ica l ly  in [3]. 

We will p resen t  h e r e  the r e su l t s  of a thorough exper imenta l  study concerning the compound "opt imum 
cur ren t  plus rec tangu la r  pulse"  and "opt imum cur ren t  plus ex t r ema l  pulse"  modes .  

I. Tes t  Resul t s .  The t e s t  p rocedure  was s i m i l a r  to that followed in [8]. The compound modes  were  
examined over  a wide range  of cur ren t  pu lses  at t h ree  di f ferent  initial t e m p e r a t u r e s  (+50, +20, and --30~ 

1. "Optimum Curren t  Plus Rectangular  Pulse"  Mode. The t e m p e r a t u r e  of the cold junction as a 
function of t ime,  a f te r  switching on the cur ren t  in the "opt imum cur ren t  plus rec tangu la r  pulse"  mode,  is 
shown on an osc i l logram (Fig. l a ,  curve  1). Tr igger ing  the pulse  at the instant  t = 0(]ump of the j curve) 
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Fig. 1. (a) typical osc i l logram of the "optimum current  plus rec tangular  
pulse" mode: cooling curve for the cold junction of a the rmoe lec t r i c  ele-  
ment (1), cur rent  in the circuit  O!othe the rmoelec t r i c  element (2), Ts~in 
= --42~ --comTmin -- --58 C, T O = 20 C, Jopt = 38 A / c m  2, Jpulse = 134 A / c m  2, 
t o = 10 sec,  T = 0 level (3), and maximum extra cooling of the cold junction 
as a function of the pulse cur ren t  (in 5TmamX/ATs~aX, k coordinates) ,  b): 
tes t  resul ts  (solid line), calculated resul ts  with RcS = 7 �9 10 -5 ~2 �9 cm 2 (dashed 
line), calculated resul ts  with R c = 0 (dashed-dotted line). Absc issa  read-  
ings begin with k = 2. 

Fig. 2. (a) typical  osc i l logram of the "optimum current  plus extremal  cu r -  
rent"  mode:  cooling curve for the cold junction of a the rmoe lec t r i c  element 
(1), cur rent  in the circui t  of the the rmoe lec t r i c  element (2), T = 0 level (3), 
T m i n = - 4 6 ~  T min =--82~ T0=20~ Jo t = 1 0 A / c m  2, Jlim = 1 0 3 A  

st 2 com P 
/ c m  , to = 25 sec,  and maximum extra cooling of the cold junction of the 
pulse width t o (see) (in 5TcmoamX/AT~ax, t o coordinates) ,  b): test  resul ts  
(solid line), calculated resul ts  with RcS = 7 �9 10 -5 ~ ,  cm 2 (dashed line). 

is accompanied by a smooth t empera tu re  drop f rom Ts~in to Tmincom, which occurs  at some instant trek, and 
is followed by a t empera tu re  r i se  at the cold junction. As a rule, the current  is then switched off at in-  
stant t = trek. 

A compar ison between the T(0, t) curves for var ious values of j shows that the cooling effect in the 
compound mode depends on the  cur ren t  flowing through the the rmoe lec t r i c  element.  The maximum cooling 
as a function of the pulse cur rent  density j is shown in Fig. l b  (in 5Tc~amX/AT~ax , k = J/Jopt ~ 2 coordin-  
ates) [81. 

As the cur rent  r i s e s ,  according to Fig. lb, 5Too mmax f irs t  increases  to a maximum and then decreases .  
Such is the t rend of the curve rega rd less  of the initial t empera tu re  T O . However, the quantitative char -  
ac te r i s t ics  of cooling (location and magnitude of the AT = f(k) curve peak) depend somewhat on the initial 
t empera ture .  

The deepest cooling attained in this experiment by the compound "optimum current  plus rectangular  
pulse" mode (with a the rmoe lec t r i c  element producing ATs~aX = 66~ at To = +20~ z -: 2.56.10-3/~ was 

90 ~ (1.36 AT max at k = 9), comparable  with the capability of modern two-s tage  thermo bat ter ies  with the st 
number  of elements per  s tage in the rat io 1 : 10. 

2. "Optimum Current  Plus Extremal Current" Mode. It has been shown in [9] that maximum t ran-  
sient cooling can be attained when the current  r i ses  according to an extremal  law. In view of this, we 
studied also the "optimum current  plus extremal  current"  mode. When extremal  current  0ext) flows 
through a the rmoelec t r i c  element operating in the steady mode at Jopt' then the extra  cooling of the cold 
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Fig. 3. T e m p e r a t u r e  of the cold 
junction in a t h e r m o e l e c t r i c  e le -  
ment ,  as a function of t ime  a f te r  
the opt imum cur ren t  has  been 
switched off: m e a s u r e d  values (a), 
calculated values  (b). Time t (sec).  

]unction (Fig. 2a) is  much deeper  than 6Tco mmax with a rec tangula r  
pu lse .  As in the case  of an i so la ted  ex t r emaI  cu r ren t  pulse  (with- 
out p r e l i m i n a r y  cooling of the cold junction by the opt imum cu r -  
rent) ,  mos t  of the cooling occurs  at the end of the cur ren t  per iod 
to. A compar i son  between the cooling tes t  curves  (Fig. 2b) shows 
that,  as to becomes  longer ,  the m a x i m u m  cooling f i r s t  i n c r e a s e s  
to a peak  and then d e c r e a s e s .  In this case ,  however ,  the peak  is 
wider  and sof te r  than at j = const .  The deepcst  cooling is 1.5-1.6 
t imes  A T ~  ax. 

In this mode we attained a t e m p e r a t u r e  drop max  ATex t = 104~ 
nea r  the capabil i ty of modern  t h r e e - s t a g e  the rmo  ba t t e r i e s .  

A higher  init ial  t e m p e r a t u r e ,  according to our exper iment ,  
r e su l t s  ( r ega rd less  of the pulse  shape) in ex t ra  cooling, while a 
lower  To re su l t s  in a s m a l l e r  5Tco m.  Thus,  r a i s ing  the initial  
t e m p e r a t u r e  by 80~ (from --30 to +50~ was in our exper iment  
followed by a 10~ l a r g e r  6Tco m with an ex t r ema l  cu r ren t  pulse 
and by a 9~ l a r g e r  5Tco m with a rec tangu la r  cur ren t  pulse .  

II. Discuss ion  of the Resul t s .  Our t es t  data  will be evaluated h e r e  on the bas is  of the model which 
was used  e a r l i e r  in [8]: the p a r a m e t e r s  of both branches  (p, ~,  a ,  ~I, l ,  S) a re  cons idered  r e spec t ive ly  
identical  and independent of the t e m p e r a t u r e ,  the space  coordinates ,  and t ime,  the l a te ra l  su r faces  a r e  
t he rma l ly  insulated,  no load is applied to the cold junction, and the Thompson heat  is  negligible.  

The opt imum cur ren t  flowing through a t h e r m o e l e c t r i c  e lement  produces  in it a s teady t e m p e r a t u r e  
dis tr ibut ion,  on which another  t e m p e r a t u r e  dis tr ibut ion due to the cu r ren t  pulse  is  then superposed .  

Since the p rope r t i e s  of the e lement  m a t e r i a l  a r e  cons idered  independent of the t e m p e r a t u r e ,  hence 
one may  apply h e r e  the superpos i t ion  pr inc ip le  and thus cons iderably  s impl i fy  the analysis  of the p r o c e s s .  
It is  a s sumed ,  m o r e o v e r ,  that s imul taneous ly  at the t ime  t = 0 the opt imum cur ren t  is  switched off and the 
cur ren t  pulse is applied. The cooling of the cold junction in the compound mode is thus governed by two 
independent fac tors :  a "warming ~ of the junction ATsw.off  (due to a diffusion of the s t e ady - s t a t e  t e m p e r a -  
tu re  dis tr ibut ion a f te r  the opt imum cur ren t  has  been switched off) and a cooling ATpuls e caused by the cu r -  
ren t  pulse:  

= ATst ~- 5Too m (1) ATco m max , 

with 6Tco m denoting the amount of ex t r a  cooling 

8Tcom = ATpuls~-- ATsw. off. (la) 

In o rde r  to de te rmine  ATsw.off,  it is n e c e s s a r y  to so lve  the equation of heat  conduction 3T /0 t  = a (O2T 
/ 0 x  2) for the boundary condition 0T/Ox = 0 at x = 0 and the init ial  condition T(x, 0). 

It is  not difficult to show that  T(x, 0) : T H --ZXTs~ax(b2/fb + 1) 2) ( 1 -  x/Z)2, with T H denoting the t e m -  
p e r a t u r e  of the hot junction (T H = T O = const.) ,  b = 2 p l / R c S ,  and Re denoting the contact r e s i s t a n c e  of the 
cold junction. The fo rmula  for  the t e m p e r a t u r e  distr ibution in a ha l f - space  with an adiabatic insulated 
boundary [10] yie lds  

T (x, t) -- 21/'-~-J T(~, O) 4at ] 4at 
0 

and, inse r t ing  h e r e  the express ion  for  T(~, 0), we have  

2ATmax b~ 2 V'af  V ~  (2) 
ATsw Off= st ~ V-- l 1 �9 ( b  -4- 

The m e a s u r e d  "warming"  curve  for  a cold junction if  compared  in Fig. 3 with the curve  calculated accord -  
ing to formula  (2). Taking into account that the model  of a t h e r m o e l e c t r i c  e lement  is  h e r e  an app rox ima-  
t ion only, one mus t  consider  the ag reemen t  between both curves  to be sa t i s f ac to ry .  

C o m p o u n d  C o o l i n g  

a) Rectangular  Pulse .  The cooling of a cold junction, when a rec tangu la r  cur ren t  pulse flows through 
it, can be descr ibed  by the express ion  [8]: 
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max b k F 2  ble ] 
ATst =2ATpulse, ~ 7 - ~ , ] ~ ( b +  1 - - k ) Y - ~  - -  a[ j . (3) 

Inser t ing (2) and (3) into (la), then differentiating the new express ion with respec t  to t and equating 
the derivat ive to zero,  we obtain an equation which re la tes  the cur rent  j and the t ime trek to reach maxi-  
mum cooling in the compound mode as follows: 

n .  (b--k) k p ] / ~ =  
(b + ~)(k + i) (4) 

Inser t ing (2), (3), and (4) into (la) yields the maximum extra cooling in the compound mode: 

Tmax 2 ATmaxk-- 1 [ b -  k~ ~ 
- - c o m =  st k - - ~ b  ~ - ~ )  " (5) 

When R c = 0, formula  (5) becomes 

max 2 AT~• 
5Teem- r~ k-!- 1 (6) 

According to (6), the extra  cooling must  become deeper  as the cur ren t  is increased,  approaching 
(2 / r )AT~  ax when k --~ ~o. 

The physical  significance of this conclusion is as follows. According to formula  (2), the pre l iminary  
cooling effect produced by the flow of the optimum current  will diminish with t ime after  this current  has 
been switched off. This means that compound cooling is mos t  effective during the initial period after  the 
optimum current  has been switched off. In order  to produce as much cooling as possible,  therefore ,  it is  
neces sa ry  to apply shor t e r  cur ren t  pulses (i. e., pulses yielding the maximum cooling within a sufficiently 
short  t ime tm while the cold junction has "warmed up" by a still  negligible amount with the optimum cur -  
rent  switched off). Since the t ime tm to reach maximum cooling by a pulse is re lated to the current ,  
namely t m ~ 1/j 2 [8], hence a short  t ime of maximum pre l iminary  (steady-state) cooling must  correspond 
to a heavy cur ren t  (j >> Jopt, k >> 1). 

This analysis remains  valid, however,  only as long as a negligible quantity of Joule heat is generated 
ac ross  the junction contact res i s tance ,  which is t rue  in the case  of light currents  (i. e., long t m periods) 
but not in the case  of heavy currents ,  when, according to Eq. (5), the amount of cooling is diminished and 
the p re l iminary  cooling is thus not fully util ized. 

Thus, the compound mode of operation of a the rmoe lec t r i c  element must  cover two ranges of current  
density: 1) the l igh t -cur ren t  range (long tmk periods),  where the extra  cooling 5Tee m is slight because of 
an appreciable  "warming" of the junction, and 2) the heavy-cu r ren t  range (short trek periods),  where the 
extra cooling 5Tco m is slight because of Joule heat generation in the junction. This conclusion agrees 
with the resul ts  of our experiment (Fig. lb).  

In Fig. lb a re  shown curves  calculated according to formulas  (5) and (6). According to this graph, 
the theoret ical  curve  which takes into account the contact r es i s t ance  R c (dashed line) folIows the same 
t rend as the curve based on tes ts .  The position of the maximum point kop t is easi ly shown to be related to 
the p a r a m e t e r  b as follows: 

kpulse ~ ] / K .  (7) 

For  a the rmoe lec t r i c  element with a curve as in Fig. lb, the caiculated value kop t ~ 11 (Re S = 7 �9 10 .5 
~2 �9 cm 2, l = 6.5 cm, p = 6.6 �9 10 .4 f~ �9 cm, b = 120) is sufficiently close to the tes t  value kop t = 9. As to the 
magnitude of 5T max the calculated extra cooling is deeper  than the measured  cooling for all values of k. corn' 

In the case of R e = 0, as was to be expeeted, the theoret ical  values of zmmax (dashed-dotted line) v ~com 
are  much higher than the test  values,  which indicates the necess i ty  of considering the contact res i s tance  in 
an anaiysis  of the compound cooling mode. 

b) Extremal  Current .  As has been shown in [9], the maximum cooling effect with a current  pulse 
alone is obtained when the la t ter  is ex t remah  

/7 
i~xt - 2pK~-(to--t)-t R o s  (8) 

*In the derivat ion of relat ion (7) one assumes  that b >> 1; in actual the rmoe lec t r i c  elements b ~ 50-300. 
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Here  to denotes the pulse width (t o << [2/a) and t is  the t ime  of the tes t .  The express ion  for  ATmx~X becomes  

h e r e  

aTmax max l ln (  2P]/~at~ ' l ) (9) 
~• ---- AT st ~ Rc S ~ " 

Using the superpos i t ion  pr inc ip le  and inse r t ing  (9) and (2) into (la),  we obtain an express ion  for  the 
deepest  ex t ra  cooling in the compound "opt imum cur ren t  plus ex t r ema l  cu r ren t "  mode,  as a function of to: 

- c o m =  Rc S ~ 1 

�9 (b-k-l)" 2 V '  l (lO) 

As in In Fig. 2b (dashed line.) is  shown t h e r a t i o  ~--com'~--st~mmax/Awmax -~ f(t0) plotted according to fo rmula  (10). 
the case  of a r ec tangu la r  pulse,  b = 120, l = 6.5 cm, and a = 12 �9 10 -3 cm2/sec  he re .  

A compar i son  between the curves  in Fig. 2b indicates  tha t  fo rmula  (10) c o r r e c t l y  desc r ibes  the qual i -  
ta t ive  t rend  of the t es t  curve .  Jus t  as the t e s t  curve,  the theore t ica l  cu rve  too has a peak whose magnitude 
and posi t ion in t ime  can be found f rom express ion  (10). Considering that b >> 1, we have 

l 2 
tom . . . . .  01) 

4~a 

Inser t ing  (11) into (10) yields  

6TmacXm=ATn~ax [ + l n b - -  0.7 ]. �9 (12) 

For  our  pa r t i cu l a r  t h e r m o e l e c t r i c  e lement  we calcula te  

max 0.84AT~ax tom::: 275sec 6Tin com~ 

The calculated m a x i m u m  is shifted f rom the m e a s u r e d  one toward somewhat  longer  t ime  per iods  to. 

It is to be noted that the calculat ions made  h e r e  a r e  not r igourous ly  quanti tat ive,  inasmuch as a num-  
ber  of fac tors  has not been taken into account.  The adequate ag reemen t  between exper imenta l  and t heo re -  
t ica l  data, however ,  makes  the se lec ted  approx imate  model ,  which accounts only for  the absorpt ion of 
Pe l t i e r  heat  and the genera t ion of Joul, e heat  in the voIume and in the junction of a t h e r m o e l e c t r i c  e lement ,  
acceptable  for  descr ib ing the p e r f o r m a n c e  of a t h e r m o e l e c t r i c  e lement  in the compound mode.  

This approx imate  model  does not explain the dependence of 6Tc~ ~ on To. As has been shown in [3] 
for  the compound "opt imum cu r ren t  plus rec tangu la r  pulse"  mode,  however ,  taking into account the t e m -  
pe ra tu re -dependence  of the Pe l t i e r  coefficient  (tI = a T) will make  the max imum ex t ra  cooling in the c o m -  
pound mode a function of the initial  t e m p e r a t u r e .  The r e su l t s  obtained in such an analysis  agree  with t es t  
data.  

O/ 

P 
~4 
n 
a 

z 

l 
S 

J 
Jopt 
Jext 
k 
Rc 
t 
t m  

i s ' t he  
~s the 
is  the 
is  the 
is the 
is  the 
is  the 
is  the 
is  the 
is the 
is  the 
is the 
is the 
is  the 
is  the 

N O T A T I O N  

coefficient  of t he rm o  emf; 
e lec t r i ca l  res i s t iv i ty ;  
t h e r m a l  conductivity; 
Pe l t i e r  coefficient;  
t h e r m a l  diffusivity; 
t h e r m o e l e c t r i c  ef fec t iveness ;  
length of t h e r m o e l e c t r i c  e lement;  
c ro s s  sect ion a r e a  of t h e r m o e l e c t r i c  element;  
cu r ren t  density;  
opt imum cur ren t  density; 
cu r ren t  density in the ex t r ema l  mode; 
ra t io  of cur ren t  densi ty in the compound mode  to opt imum cur.rent density; 
contact r e s i s t a n c e  of the cold junction i 
t ime;  
t ime  to r each  lowest  t e m p e r a t u r e  in the j = const ,  mode;  
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tmk 

tom 

To 
Tx 
T ~  in 

ATpulse 
ATsw.off 
5 Tco m 

Tmax 
--COrn 

is the pulse width in the extremal mode; 
is the t ime to reach deepest cooling in the compound "optimum current plus rectangular pulse" 
mode; 
is the time to reach deepest cooling in the compound "optimum current plus extremal current" 
mode; 
is the initial temperature of thermoelectr ic  element; 
is the temperature  of the cold junction; 
is the lowest steady-state temperature  of the cold junction; 

is the cooling effect of a pulse; 
is the "warming" of the cold junction; 
is the extra cooling in the compound mode; 
is the deepest extra cooling in the compound mode. 
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