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INTRODUCTION

!aterr proposed that rect i f icat ion oI f luctuatron

,  : i , . " .  
" ou la  

p rov id . -  h iFh -F l f i c rency  po \ r (  !  con -

, . . a ,on  t ao rn  rhn rma l  ene rgu  t o  dc  e lec t r i ca l

: o - . e r .  p rea i c ted  e f f i c i enc ies  app roacbed  the
' : " r "o t  

" 1 " t "  
I im i t '  These  resu l t s  have  s t imu la ted

J road  i n te res t  i n  t he  concep t '  Howeve r '  l r r s

aa.]at ions contain errors that require correctlon

i i l * .  t L "  concep t  can  be  s tud ied  f o r  a  v i de

taa t " r \ .  o f  c i r cums tances '  A l so '  t he  p resen ta t i on

c i  t he  resu l l s  was  i n  a  no rma l i zed  l o rm  so  t na l

t fa p.acticati ty of the concept cannot be readi ly

e "  a l ua ted .
It  is the intent herc to correct the equatlons

aad use thc corrected equations to calcuLate

t re rma l - t o_dc  po l ve r_conve rs ion  e f f  i c i ency  i n  an

'. lnnormali .zed fashion' Extensive calculat ions

" .1  
a " t . t " o  ou t  and  p resen ted '  ThP  resu l t s  show

! - : . a t  t he  o r ro r s  i n  Ya le r ' s  equa t i ons  a re  c i r cum-

l er.ted ior the l imited situation he calculated'

namelY, matched diodes where the di-f ferences

in'a'ork functions buck each other in his equatrons'

i !  is found that there are situations where con-

. ie." ion et lciencies approach the Carnot cycle

l imit,  but only when total circuit  capacitances are

impracticaLly small  and when circuit  impedance

;t: ;"t"; ;";"" so great that the avaitable output

oo - " ,  i .  
" on . i a " t ab l y  

be low  the  ava i l ab l t  f l uc -
' t u r t i on  

po . , "a .  Conve rs ion  e f f i c i ences  f o r  s l f ua -

t l ons  uh ,  r e  l h r  ma- \ lmum pu \ \ '  r  uu tp t l t  l s  oh ta inpd

a r e  l e " s  r n a n  h 3 l l  t h '  c s r r ' l  c ' i c l { .  l i : n i l '

I  t iEoRY

The  gene ra l  ph i l osoph ) ' used  he re  and  by  Ya te rL

i .  
" ' " t l t i a t i " " t - - " chan i ca l  

f o rmu la t i on  o f  non -

i ini".  
" i ."uit" 

vhere noise voltage and current

i i"","^i t""" are an appreciable Iract ioo oI the

"t l""U'""t , .*"t  
and cu!rents lnt 'Ji t ively'  this

i i t ua t i on  s l ou la  a r i se  on l !  Nhen  c i r cu i t  capac r -

;; ; ; ; ;  ^t" small  so that snal l  numbers oi elec-

; ; - " ; ;  i n l l ucnce  c i r cu i t  vo l t ages  The  Io rmu la -

iror 
"rt"r"" 

is the "master equation" approach of

Val KamPen.'?' i i r o  

" i . " u l t  
ana l , vzed  b -v  1 ' a te r  r l ses  d iodes  as  t ne

oon l i nea r  e l cmPn ls  and  i s  f  i ! pn  l n  I  l q  r  '  I  r t r

iJi-*"0 side of Fig l  is at a high temperature

i ,  r e ta t i ve  t o  t he  r i gh t -hand  s i de  ?  '  The  compo-

nlnt" e una G are the saturatioo 'urrents I lo\( ' ing

i "o - , n "  n t *n - *o "k - f unc t i on  s i des  o f  t he  d iodes

*tr i t"  I  
"nJl 

afe the components f lou' ing from

I t  o  t . * -wo rk - [ unc t i on  s i des  Thc  capac i t a0c ' s

i "  - o  a ,  r ep resen t  t h r  capac i l snc ' s  u f  t he  re -

" iJiu" 
aioi"" plus any stray shunt capacitances'

" i"  
ot"o". in I ig'  1 wil l  be lashioned after the

;;-; ; i i " ;  Alkem;de3 diode (considered bv van

. , - " " " t ,  w h i c h  i s  a n  i s o l a t P d  d i o d e  w i t h o u t  c o n -
' . ; ; : ; , ; ;  

o l  c x te rn r l  c i r cu i t r v '  Ya te rLused

;;"" ; ; ; ;" . ' "  equations vith external circuitrv'
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I. lc. 1. Circuit  analvzed in Ref. l  and in the present
qark. Tha hot side ?r and cold side 7c are assumed
to be th€rmaUy isolated so only electr ical power f lows
in  t he  c i r cu i t .  A ,B ,D ,and  G  a re  i nd i v i dua l  cu r ren t s
in the diodes.

and his resuLting set of equations mix diode-
work-function dif ferences and circuit  voltages

together in circuit  equations, a situation which
i s  phys i ca l l y  un rea l i s t i c  and  wh i ch  occu rs  when -
evp r  Fp rm l  Le \ . e l s  a re  no t  p rope r l y  ma tched
u,hen lormulating an energy-IeveL diagram for the
c i r cu i t .  I t  $ i l l  be  n€cessa ry  t o  emphas i ze  t h i s
aspect * i th some tedious detai l  on diode equations.

Cons ide r  t he  l e f t - hand  d iode  i n  F ig ,  ] .  The
sa tu ra t i on  e lec t r i ca l  cu r ren t  

" {  
Jo r  t he  h igh - to r k -

f u i . c t i on  s i de  o I  ou r  d i odes  w i l l  be  g i ven  by

.\ = 1it1);1(l :T,)2h'30 exp\- l I '^/h'1,) ,  (1)

uhe re  , r  i s  t he  e lec t ron  e f f ec t i ve  mass ,  , l  i s
Boltzmann s constant, I ,  is the absolute tempera-
tu re ,  l /  i s  P lanck ' s  cons tan t ,  (  i s  t he  e lec t ron i c
charge. O is the diode area, t f^ is the work func-
t ion of the material,  and current is defined as
the f lo\r '  of posit ive cha.ge. The electrons on the
lo ' *  -wo rk - f unc t i on  s i de  see  a  po ten t i a l  ba r r i e r  p
g ! 1 e n  b !

e  = t { A -  w B  -  q V , ,  ( 2 )

' , \ ,here lys is the work Iunction lor side B and y,

i s  t he  po ten t i a l  ac ross  t he  d iode ,  as  i n  F ig .  1 .
This potential barr ier is the p.oper potential

ba r r re r  t o  use  f o r  a  d i ode  when  the  Fe rm i  l eve l s
i n . I  and ,8  a re  ma tched  a t  t he !ma l  equ i l i b r i um,
The current component B is the saturation current
t imes  t he  Bo l t zmano  fac to r  f o r  t ha t  ba r r i e r :

B = 4nqnt (hT ),t t-3

xexpL-ws/k r ,  -  (w^-  w"  -  qv , ) /b r . ) ,  (3 )

uhere  r r  i s  taken tobe the  same as  lo r  theA s ide .
The rcsu l t  i s  s tandard :

B =,1 exp(ttv ,/hT,). (4)

Identical equations can be derived for 6 and r,

the result being

D =G exp(qV 
"/kT"\. 

(5)

Consider a noise-tree circuit f irst. A dc current
J Jlows in the direction indicated and is given by
either

I =A[exp(qv, /hT,\ - 1)

I = {;[exp(qv 
"/hT ") 

- I]

because o.f cur.ent continuity conditions.
The Kirchhoff law gives

V  t +  V  z  = l ' " +  V , ,  ( 8 )

where l ' ,  and y, are the battery voltages in Fig. 1.
Equations (6) and (?) can be equated and Eq. (8)

used  t o  e l im ina te  e i t he r  y .  o r  y , ;  t he  resu l t  i s  a
transcendental equation in the remaining diode
vo l t age .  These  no i se - . f r ee  so lu t i ons  w i l l  be  used
he re  ex tens i ve l y .  Ya te r  so l ved  t he  no i se - f r ee  dc
situation assuming that the battery voltages divide
across Cc and C, as though C" and C, were in
se r i es  w i t h  no  shun t  pa ths ;  t h i s  e r ro r  w i l l  have
serious consequences, as shown Iater. In real i ty
these voltages divide according to the shunt paths
described by the diode equations 6-8.

The  no i se  f l uc tua t i ons  i n  t he  c i r cu i t  v i l l  be
treated lol lo\r ' ing Van Kampen and Yater. Con-
s ide r  s ta te  - \ ,  t he  cond i t i on  when  the re  a re  N
e lec t rons  on  t he  upp i  r  h . t l f  o f  t he  c i r cu i r  i n  F iq .  L
wh i ch  a re  i n  excess  o f  t he  s teady -s ta t c ,  o r
equ i l i b r i um,  va lue  de f i ned  by  Eqs ,  ( 6 ) - (B ) .  The
change  i n  ene rgy  ac ross  t he  comb ined  capac i t ance
C ,

b e i

T i-.
o i

a a r

E .

't

C  = C " +  C ,  ,

to go from state -N to state .N'+ 1 is

q2(N + l) '? /2C - qzN'z /2C = q'?(N + !) iC .

( 9 )

( 1 0  )

This voltage fluctuation appears across the diodes
and is opposite in sign lor the two diodes. The
current f lov,/ing while the circuit is in state N wil l
dil lei from Eqs, (6) and (7) because the barriers
for both diodes are modil ied by the expression
in Eq. (10). Thus the electrons on the low-lvork-
Iunction side see a fluctuating barrier and a fluc-
tuation current {lows, Our task is to determine the
rectiJied portion of that f luctuation current be-
cause it represents the power conversion of
lhermal  energy  f rom rhe  ho t  s ide .

The master equation developed by Van Kampen
is derived by writ ing the rate of change of prob-
abil ity P(rV) oI being io the N state. The current
components A, B, D, and G represent the tim€-
average llow oi curaent across the diodes and
are the mechanism by which the circuit transits
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beh reen  s ta tes .  we  f i nd  t ha t

qaI l ,^ t  =set t* t )  - - {p(r ' )+Ap(N- 1)expt !1y,  - { '?0v-  i \ /Cl /h7 ' , \  -AP(N)exp{ [qv, -q"(N+!) /c) / t ' ] ' , ]

;cP( . r \ -1) -c ;P(N).C;P! ,* .1)expuqv"+s '?(N*L) ic) /krJ  -GP(N)exp{ [4v"+ ' t ' . (N- i ) /c) /hr ) '

( 1 1 )

by  Ec , . .  ( 6 ) - (8 )  i ns t€ad  o f  bv  capac i t ance  ra t i os .

II  the operator a is defin€d bY

= i r ; - r -  1 ) ( 1  - / i e x p { f q l  , - q ' ? ( I + i ) . ' C l l t z . f ) P ( N ) + ( I . - L X r r + e x p t l r t l " + q r ( ' \ - . ) , / c l  A ' f  . - } ) P ( N )  '

l rs)

l vhe rc

,{ =..1 'C; .  (11)

Equa t i on  (13 )  can  be  f ac to red  t o  ob ta in

1"o ] ; t '  = rn - r t f r i - e . *p t l q r  
"+q?0v - ] ) . / c l i * r ' J )P (N) - ( r - r i exp iLq r " -q ' (N -  

, / c ) i k l . l tP \N-  1 ) l  ,  ( 15 )
C  J I

Th is  mas te r  equa t i on  i s  a lmos t  i dcn t i ca i  t o  t ha t

of Yater exccpt that the work function di j lerences

are not mlxed rvith V" and l ' ,  because they are

. , ncuu r red  f n i  5 r  t h I  cno l ce  o f  { ne rgv  b . r r r i n r  i n

Eq .  ( 2 ) .  and  l  
"  

and  I ,  a re  de r ' e rm i ted  co r rec t l y

r vh i ch  l eads  {o r  t he  eq . l i l i b r i um case  t o  t hc  re -

cuas ion  r c l a t i on  {P  m !s t  van i sh  as  r \ ' -  - ) :

, , , , , -  1  ^ . x d , ' r 1 . - q ' r r - ' t  C t h r , l  n , " - , ,
A  . e x p 1 - v l .  , / ' { . \ - .  L l A T c r -  

-

( 1 6  )

Th i s  recu rs i on  re i a t i on  i s  s im i l a r  t o  t ha t  o I

Yater '- .  Eq, (10) except that di l ferences in u'ork

func t i oos  a re  no t  m lxed  w i t h  y ,  and  y " ,  and  ! ,

and  l  
"  

a re  ce te rm ined  by  Eqs .  ( 6 ) - (B )  The  re -

cu rs i on  re l a i i on  o I  Eq .  ( 16 )  and  t he  no r6a l i za t i on

c  ond i t i on

I  P (N)  =1

a l l o \  ca l cu la t i on  o f  P (N)  f o r  g i ven  , ( ,  I ' r ,  l ' , ,  ? , ,

and  I "  va lues .
I l  v  |  =  - v  2  i n  F ig .  1 ,  t hen  Eqs .  ( 6 ) - (8 )  t e l l  us

t h a t  ! r = y d = 0 .  T h e  r e s u l t i n g  P I N ) t o t  T " = T , = T

in  Eq .  ( 16 )  i s

( 1 8  )P( r  )  =  exp( -q 'z , \ : ,  2a i  c  )P{o)  .

4f(,l ) =./(x t 1) , f -)(r) =/(r - 1) ,

then Eq.  (11)  can be wr i t ten

,12)

as  1  ,  =  - l ' .  and  I ,  =  7  
"  

= ' f  and  i s  an  expec ted  re -

su l t .  Ho \ re re r .  t h i s  r csu l t  occu rs  f o r  Ya te r ' s

eqL ra t i ons  on l , " -  wben  l f  ' l  and  l l ' . 1  a re  chosen

equa l  t o  t hc  $o rk - f unc t i on  d i f f e renccs  o f  t he

d iodes ,  and  t he  po la r i t i es  o f  t he  ba t t e r i es  a re

chosen  to  buck  t he  d i i f e rences  i o  wo rk  f unc t i ons

oJ the diodes in his equatrons.

POWER CONVERSION

II the f luctuation voltages become largc enough,

i .e.,  iJ the circuit  total capacitaoce l lecomes

small  enough, the nonlinearity of the diodes wilL

cause recti f icat ion. We loLiow the procedure of

Yater. The n€t current f lo' ' ! '  on the cold side

taking the circuit  back and lorth bet\t ,een state r\

and state N - I  is given bY l(N) as

1(N) = cP(N) exptla v 
" 
+qz\i'r - ,/c]/hr )

-  c P ( N  -  1 ) .  ( 1 9 1

This term summed over al l  N is the totaL dc

cu r ren t - l r ,  Equa t i on  (16 )  can  be  used  t o  e l im ina te

/ '( ,N - 1) in Eq. (rg):

4 d /,(.\ )
G tit

( 1 ? )

This Gaussian distr ibution symmetric about lV = 0

is obtained for any l l  l  i rnd any t\r 'o diodes as long



/hr, + (tz\N - ,(T, - T 
"J/kCT 

cT
Lqt , -,1'\N - )/c Yu r,

; ; r )

is then defined as P"/P", or

{ l  .  +  v^ ) t .  J ( .N  )

.  
-  

t ,  1 ( I  ) [ ,1 ( I  -  : ) / c  -  v ,  j

E .  P .  E c T N I S S E I B

(20)

I
I
I

I
1

In the l imit oI large C where fluctuation voltages
go to zero, Eq. (20) reduces with some algebra
and thc  he lp  o f  Eqs .  (6 ) ,  (7 ) ,  and (1?) to

l im (1 , )  =c  I  exp(qV 
" /hT. )  

-  r l ,

ihe  expec ted  macroscop ic  resu l t .
Thp dc  power  ou tpu t  P . .  i s  g iven  bY

P - = t t \ v t ' t 2 ) .

( 2 1 )

(22)

This power input, as defined by Yater' is the net
po \ r (  r  d iss ipa ted  on  the  co ld  s ide .  He neg lec ts
coiductive heat transler trom the hot side to the
co ld  s ide ;  we do  the  same here  fo r  compar ison
purposes. The incremental instantaneous po$/er

d iss ipa t ion  on  the  co ld  s ide  is  de f ioed as . l (N)
tiroes tie average voltage drop it l lows through
durine the transition from state N to state N - l.

v  = v r + v t  a n c  f o r . A  = 1 0 ' ,  ? . = 3 0 0 ' K ,  a n d  r ,

= 1000'1{ are shown there. Operation oI the con-

cept is as lol lows. As C decreases to belov

10-r3 F, the Jluctuation voltage due to.\  = I  be-

comes larger than y by greater than hT 
"/q. 

' the

cold diode then is appreciably nonl inear and rec-

t i l icat ion occurs. Thus the dc power output in-

c reases  as  C  dec reases  t owards  3 .5  x  10 - t3  F

(r iBht-hand lower corner ot I ' ig. 2 sho\r 's this lor

V ,+ l ' " = -g ,g ' i 5  V ) .  Howeve r ,  t he re  i s  a  compe t i ng

elfect which prohibits unrestr icted lowcring of C;

the probabil i ty that one elect ion has suff icient

energy to cross over the barrier of the cold diode

and increase the circuit  energy by q'z12C drops

exponential ly as t} l is energy increment becomes

P.(x) =/( , \ )La(N -,  i  C +r '  
"  
-  v,  -  v, l . (23  )

(24)

Tota l  power  d iss ipa ted  P"  i s  Eq.  (23)  summed
01e!  a l l  I .  The power  convers ion  e f f i c iency  t

In'the l imit of large C where fluctuation voltages
are  smal l ,  Eq .  (24)  reduces  to  the  appropr ia te
ratio of battery voltage to passive voitage drop
'r'hich is less than zero, th€ expected macroscopic
!€suLt  becar . rse  no  power  convers ion  occurs  fo r
neg l i  g ib le  f  luc tua t ion  vo l tages ,

Because o i  the  er ro r  in  d is t r ibu t ing  the  vo l tages
accord ing  to  c i rcu i t  capac i tances ,  Yater ' s  ex-
press ion  Io r  convers ion  e f t i c iency  converges  Io r
Large C to a ratio of capacitance values which is
g !ea ter  than zero .  Th is  resu l t  imp l ies  the  phys-

lca lLv  unrpaL is t rc  resu l t  tha t  power  convers ion
occurs for macroscopic circuits and can lead to
erroneous conclusions about the allo\table circuit
capac  i lances .

RESULTS

Extens ive  ca lcu la t ions  us ing  Eqs .  (22)  and (24)

have b€en carried out to characterize the concept.
Selected results are presented in Fig. 2 as pou'er

conversion efJiciency versus system total capaci-
tance C, and as dc power output normalized to G
(the saturation current of the cold diode) versus
ststem total capacitance C.

Let us i irst focus attention to the right-haod
side oJ Fig, 2. Results lor several values of

to 
lS to Lt

5YsTf.$ r0l^l C{?ACIIANC[ { t^l^os I

FtG. 2.  Calculated resul ts using the corrccted €qua-

t lons der ived in the present work '  The conr"rs ion ef i ic-

iency is  shown in the upper hal f  rs sysrm lc i rcui t )  to!3 l

capaci tance for  var ious bias vol tages (yt  + y2 of  Fig.  1)

and for two r?lu€s of I(. The lower balf shows dc power

output for the maximuh observed cas€ of V1 + fz:
-0.075 V vs system (c i rcut t )  tota l  capaci tence.  The

dashed Iine shows results for lowering the temper3ture

o{ t}e cold side while keeping the Camot-cycle liB1it

00%) tle same as for the solid-line results.

1 I

I

I
t
!
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much larger than &T". Thus as C decreases

further to below 3.5 x 10-t3 F, the dc power output

falls ofl. Thus the peak in power output oicurs'

Calculations sh.w that the peak power is highest

fo r  V=-0 .0?5 fo r  ?"=300"K,  and in  genera l  io r

V =-2lrTc/q. Any other value oI lyl shiJts the

peak to lower power outputs, and to lower or
'higher C values for higher or lo\rr 'er lyl values'

respec t ive ly .  For  ins tance,  V  =-0 .3  V  drops  the

peak power by a factor oJ 3.
The results on the right-hand side ot Fig' 2 Jor

other values oI V show that higher efficiencies can

be obtained lor higher lyl and loqer C values, but,

as mentioned, at the expense of power output'

Note that peak conversion efficiency occurs lor C

values larger than those necessary for peak power

output.
The le f t -hand s ide  o f  F ig .2  shows s imi la r  re -

sults, but for ,I1 = 1Oa. The peak power output for

,\ = 1 goes up, but the conversion efficiency at

peak power goes down. Also, the curves shilt

to lower capacitance. For values ot K larger

than 10r it was found that these trends continue'

For  l i<2 ,  no  power  convers ion  occurs .  A Iso '  Io r

K values larger than 1d, values of N greater than

I have some rectif ication effects as seen in the

ielt-hand side of Fig, 2, where a C value around

? x  10- "  F  w i th  two e lec t rons  (N=2)  causes  rec-

ti l ication. The probabiLity of N = 2 is smaller'

however, so the peak power output in Fig' 2 is

seen to  be  much smal le r  than fo r  N =  l  The

probabil ity for N > 2 is so small for this case that

no net dc power output is calculated.

The dashed I ine  in  F ig .2  shows the  resu l ts  o I

decreas ing  the  co ld -s ide  tempera ture  wh i le

keep ing  the  Carnot -cyc le  l im i t  cons tao t  by  lower -

ing  T ,  a lso .  A I I  e i fec ts  sh i f t  to  h igher  C s ince

the fluctuation voltages Jor rectiJication must be

comparab le  to  hT c /q ,

DISCUSSION

The behavior of the catcutated results with ' l{,

the ratio oI hot-side saturation current to cold-

side saturation current, can be explained con-

ceptually. Self-rectif ication of noise voltage by a

nonlinear device, i.e., the rectiJication ol a non-

Iinear-resistor's noise voltage by its own non-

l inear i t ies ,  cannot  be  used as  a  power  source '2 '4

Therefore, since the pover output must come

Irom the temperature difference between the hot

and cold sides, rectiJication must be on the cold

side. The parameter X is a measure of the rela-

tive resistaoces oI the diod€6 and determines how

the fluctuation and circuit voltages divide betw€en

the hot and cold diodes. From Eqs. (6) and (?)'

for f i = 4(V, + V.)(?,- r 
"\ 

/2hT 
"r,, 

the voltages are

equally divided. In the case used lor Fig. 2,

X = 2 is the dividing l ine. For ,I(> 2 rectiJication

is primarily on the cold side and dc power output

occurs. For I(<2 rectiJication is primarily on

the hot side and no dc power output occurs.

HoweTer, I( cannot be simply increased because

the impedance match between the hot and cold

side becomes imbalanced. In fact, impedance

imbalance is the primary reason the peak efficien-

cy does not occur lor the peak power output.

The proposed concept oI power generation $'ith

rectiJication of f luctuation po'xer is necessarrly

constraioed to small power output per device. The

quantum-mechanical l imit5 on available noise

pover  fo r  Tr  -  f c  =  ?001(  i s  1 .4  x  10-?  w '  Because

of the impedance mismatches necessary to cause

rectiJication only oo the coLd side, fuLl power

output per device is constrained. Also, the

assumption of appreciable heat transler by con-

duc t ion  is  ques t ionab le  i I  less  than ma- \ imum

elec t r i ca l  ou tpu t  powe.  i s  cons idered.  There fore ,

Irom a practical point of view it is necessary to

cons ider  on ly  the  max imum-power -  ou tpu t  cond i -

tions. for maximum power output, the conver-

slon efficiencies range lrom 24% fot K = 10' up to

a maximum ol 32% at I< = l lf and down again to

2OTo a l  K  =5 .  These eJ f ic ienc ies  are  less  than one-

halJ the Carnot cycle l imit oI ?0% and are npt of

much practical sigoil icance. Attempts to enhance

the  convers ion  e f f i c iency  by  chang ing  c i rcu i t

capacitance or bias voltage causes the available
power per device to drop faster than the ell iciency

goes up.

ro \cLUs loNs

Errors  have been found in  the  equat ions  used by

Yater  to  ca lcu la te  the  power  convers ion  o f  en( rgy

Iluctuations in electrical circuits. The errors

have been corrected and new calculated results are

presented .  The er ro rs  have ! i t t le  e f fec t  on  Yater ' s

calculations ior the l imited case of two identical

diodes with vanishingLy small capacitances' l lou-

ever, the corrected equations are shown to be

more  genera l l ]  appL icab lc  and to  converge in  the

Iimit of large circuit capacitances to the correct

macroscopic result; Yater's equations, in par-

ticular, his conversion efficiency expression, oo

not .  The perJormance o f  the  energy-convers ion

concept is evaluated quantitatively and explained

conceptualty in terms of conventional electrical-

circuit concePts.
The calculated results show that m:rximum con-

version elficiency as delioed and maxrmum power

outpu t  do  no t  occur  fo r  the  same c i rcu i t  capac i -

tances, a result to be expected for circuits con-

taining impedaoce mismatches with the definit ion
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oI  power -convers ion  e f f i c iency  used.  The max i -
mum convers ion  e f t i c iency  fo r  max imum power
output is 32% ior a temperature diJference of
?00 1< befween the hot and cold sides of the circuit,
the cold side being at 300 1<.

Changes in the circuit capacitance to increase
conversion efficiency cause a drop in power out-
pu t  per  dev ice  fas tc r  than e f l i c iency  inc reases .

F ina l l y ,  s ince  the  resu l ts  a re  p resented  in  un-
no.malized lorm, it is easy to see that only l jon-
linear circuits \r, ith total circuit capacitaoces oI

the order oi 3 x 1g-ts F wil l produce maximum
power output per device. This order of capaci-
tance requires dimensions of the order oI 50 A
or  less ,
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