


































































































The Thermionic Diode As a Heat-to-Electrical=Power Transducer

W. B. Nottingham

Department of Physics and the Research Laboratory of Electronics

Massachusetts Institute of Technology

Cambridge, Massachusetts

Abstract

The high-vacuum thermionic diode is shown to be capable of convert-

ing heat to electric power. For this purpose, a low work-function collector,

a small spacing, and sufficient temperature difference between the emitter

and the collector are necessary. A detailed understanding of both thermionic

emission and space-charge phenomena are needed for evaluating the effective-

ness of this transducer. With Vg defined as the critical bias potential that

gives zero potential gradient at the collector, the maximum aveilable power

is given by the relation 3.7 x 1076 vi/2 (Va/w2) watts/m®. Here, Vp 18 the

voltage equivalent of the temperature T/11,600. In the range of emitter

temperature from 1200°K to 1700°K, the most optimistic conversion efficiency

lies between 3 and U4 per cent for a diode of 0.001 inch spacing. With a

suitable choice of emitter inhomogeneity, the introduction of cesium vapor

should improve the efficiency of this device.
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INTRODUCTION

It has been known since the earliest experiments on thermionic diodes

that heat can be converted into electric power by this device. Three re=-

quirements must be satisfied for it to yleld a significant amount of power:

(1) a low work-function collector; (2) a small spacing between the emitter

snd the collector; and (3) a sufficient temperature difference between the

emitter and the collector.

Hatsopoulos and Kayel have given a brief discussion of the physical

phenomene. involved, but they have omitted so much that is basic to the under

standing of the problem that a more detailed analysis is justified. It is

the purpose of this paper to summarize the fundamental relations that were

Seveloved and published under the title of "Thermionic Emission, "2 referred

to below as T. E. The requirements that must be satisfied for the device to

have its highest efficiency will be developed by means of these theories.

DIODE PROPERTIES

Although the equations used in this paper apply strictly to the plane-

parallel structure, the methods by which they cen be applied to a concentric

cylindrical structure are given in Sections 60 and 61 of T. E.

If the collector surface potential of a diode structure is made very

negative with respect to the emitter, the electron flow is not inhibited by

space charge. As the collector potential is made less and less negative, the

presence of space charge creates a critical situation for which the potential

gradient at the surface of the collector is exactly zero. Under this condi-

tion there is no net charge on the surface of the collector, whereas at the

surface of the emitter there is a positive surface charge equal to that of the

total number of electrons in transit between the emitter and the collector.



The potential distribution under this critical condition is illustrated by

Fig. 1. Some of the symbols that are used in the following equations are also

defined in this figure. The "true work-function" of a surface is the energy

difference for an electron at the Fermi level (FL) within the conductor as com-

pared with its energy in the immediate neighborhood of the surface of the con-

ductor in the absence of an externally applied field. This work-function is not

a constant: it varies with the temperature and the surface condition. It should

not be confused with the "Richardson work-function,'" which is often misidentified

with the true work-function.

In Fig. 1 the true work-functions of the emitter and of the collector are

shown as $1 and $ PY respectively. The Ferml levels are separated by the poten-

tial, indicated by Vz. Note that this critical energy separation applies to

the present problem when the potential gradient at the collector is exactly

zero. This quantity (Vg) becomes the determining factor in establishing the

effectiveness of the device as an energy transducer. If the energy difference

ph 18 greater than the work-function $; by at least Vp, as defined by Eq. (1),

the current that flows across the diode is independent of the emitter work-

function.

Vp = £T = —TrE00—T=3 (1)

where k is Boltzmann's constant, the value of the electronic charge is q, and

the temperature (in degrees Kelvin) is T. The equation that was derived in

Section 43 of T. E. to relate the maximum current flow to the spacing, w, and

the temperature 1s given as

I -
m= 1-729 x 10 -12 r/22 - 9.664 x 1076 'r- (2)

The simplest circuit arrangement for delivering electric power to an

external load resistance is shown in Fig. 2. For an emitter of area A, there



is a critical velue for the external load resistance (Rpg) which will bring

about the potentisl distribution illustrated in Fig. 1. This load resistance

must satisfy

Rin I, A= Vg. (3)

If a resistance (Ry) is used smaller then this critical value, the current

density flowing across the diode will be greater than I, and the energy dif-

ference between the Fermi levels will be less than Vi. As the resistance

decreases, the voltage across it decreases but the current increases more

rapidly at first until an optimum resistance is reached. The product VI

therefore comes to a maximum and more power is delivered to the load when a

space-charge minimum exists between the emitter and the collector. The poten-

tial distribution under this condition is 1llustrated by Fig. 3, in which the

dotted lines represent a superposition of Fig. 1 on Fig. 3. The fact that the

drop in potential over the load resistance has been decreased is shown by the

difference between Vir and Vg. The space-charge minimum at Bp is lower than

that at ph The increase in the current that flows around the circuit is de-

termined quantitatively by this change as exp (8% - $')/Vp. The method of

determining the optimum load conditions will now be discussed.

QUANTITATIVE EVALUATION OF DIODE PROPERTIES

The detailed analysis that is given here is subject to the condition that

p' exceeds $y by at least Vp. (See Table 9 of T. E. for data on the special,

and rather unusual, case in which the difference (g' - §1) is less than Vp).

The basic table (Table 8 of T. E.) upon which the correct analysis of the

problem depends is glven here in a shorter form as Table 1. The data of Table

1 are plotted as curve 1 in Fig. k4.



The power delivered to the load for any value of current that is greater

than I, and for any value of V/Vo that 1s less than Ve/ Ve is expressed by

P= In wk (2 2]: Im vp TV

(lt)

The quantity &gt; is defined as (Vr - V)/ Vp. For an arbitrary set of values of

VR/Vp between 4 and 20, the quantity within the square brackets (TV)has

heen computed, and corresponding curves are plotted as a function of 5 in Fig.

i. The curves are to be used for determining the value of which is associated

sith the maximum of each curve, and for illustrating that deviations from the

maximum of from 10 to 20 per cent do not result in much loss in operational

efficiency. Table II summarizes the relations between the significant quanti-

ties at the several maxima. The quantity [1 max LS defined as

P max
TTmax = Ip Vm

(5

The output voltage is Vo at the maximum of the curve.

curves T and II of Fig. 5 represent the data for &gt;, poy 80d (Imax /In)

of Table II in graphical form for easy interpolation. Figure 6 shows the

relation betweenTVmaxand V/V. A logarithmic plot of these data is used

to illustrate how JJ pax 18 related to the important parameter (Vg/Vqp). The

equation for the straight line is given by

2

IT = 0.385 (v2)
max T 2



MKS units are used in all of the equations that are given above, current

densities are expressed in amperes/m&gt;, and the power is expressed in vatts/me.

DISCUSSION OF RESULTS

The combination of Eqs. 5 and 6 yields

—

2
- 2 V,_

1.5 (7)

Although VR is dependent upon temperature through its relation to pi, it is

clearly shown in Fig. 1 that the work-function of the collector go and the

spacing w are the most important controllable factors.

The design procedure that must be used is outlined in the following

steps:

L. Choose the smallest possible value of the spacing w which is consis-

tent with the reliable fabrication of the diode.

2. Specify the necessary power per unit area of the emitter for the

device to be useful.

1/23. Assume an approximate value for v/ of 0.35 to 0.4 and compute the

value of Vr o

iq. Estimate the lowest possible collector work-function bo that can

be realized in the diode and determine the value of ¢4 from

3.

h! = po+ Vg . (8}

Use the following equation as a means of determining the minimum

emitter temperature that can be used to satisfy the requirements:

p vw
39.5944 In T42 1n w '9)



A simplified form of Eq. (9) that applies if the emitter temperature is

close to 1500°K is

Ia 11600 £4
43.24+4.6 log 10 ¥

(10)

If a specific application depends on having an emltting source at =z

specified temperature, then the reverse of these steps can be followed} that

1s, Pr is first determined from Eq. (9) or Eq. (10). Equation (8) deter-

mines Vo and Eq. (7) the maximum power that can be delivered to the load.

Once (Vo/Vip) is known, the diode current density (I,,,) at the maximum

power output can be determined by

L/3
Ve

odin +0.31 (yr1Ugex =Lax i
Ip (11)

With the maximum power output P ___ known from Eq. (7), the optimum

load resistance for an emitter of area A becomes

. P max
w= I A

(12)

Since minimizing the collector work-function results in a greater power

output, it is necessary to maintain the collector at a sufficiently low tem-

perature so that its saturation electron emission will be small compared with

the electron current that it receives from the high-temperature emitter. The

following formula serves as a means of evaluating this maximum temperature in

terms of quantities already determined by the previous snalysis and based on

the assumption that the emission from the collector will be approximately 5



per cent of the electron current received from the emitter.

11600 $s )
. I. 5

36.384 4.6 loging —— + 4.6 logy WH3:45 log, q Vim 42.3 1087 Upay
10 "1000 10 10 'T | (13)

T,

NUMERICAL EXAMPLES

In order to illustrate the use of the aforementioned equations, two of

the critical quantities will be taken arbitrarily. These are 1l.57v, for the

true work-function of the collector, and 0.001 inch, as the spacing between

the emitter and the collector. The values of the assumed emitter temperatures

are given in Teble III, together with the derived results.

If the area of the emitter is actually 1 5. cm. and the temperature is

1510°K, then these results show that it is possible to deliver to a load

resistance of 1.2 ohm electric power of 0.35 watt. The natural question to

ask is "What is the efficiency of this conversion of heat to electric power?"

In answering, we note that the absolute maximum of efficiency would occur if

there I losses except radiation losses from the emitter to the collector.

It is obvious that in any practical application there will be other losses

such as radiation losses to heat shields, amd the electron cooling of I(g'+2Vy)s

which will reduce the actual operating efficiency below the most optimistic

figure. The radiation loss from the emitter to the collector can be estimated

by using

&gt; =z 5.65 x 108 ("€ 7- Eg T, ) watts/n®.

(14)

In Eq. (14), (€ T) is closely related to the "total emissivity" of the

emitter and to the reflectivity of the surface. It 1s not independent of



temperature. The

L.

d:termination of

 ON \

involves a problem of multiple

reflection betweeh two surfaces of different spectral emissivity, and hence

a very complex integration is needed to determine it. The same difficulty

is associated with the quantity €. T, as it spplies to the collecting sur-

face. For a limited range of temperature, it will be assumed that

eT =2.5x 107% 1. (15)

With these approximations we have

Pow 1k x 107M (17 = 12) watts/u”.

This formula-was-usedtocaleulateP_.-and(eff) .ofTableIII.
CONCLUSIONS

(16)
4 i {

This analysis has shown that a conversion of heat energy to electric

power is quite possible in a high-vacuum diode, although many technical dif-

ficulties stand in the way of creating an efficient power transducer of this

kind. The calculations show that the maximum efficiency is almost independent

of the temperature, since Vp increases approximately as 3, Equation (7)

would then give the maximum power as proportional to pt, Since the radiation

power also increases almost proportionally to 2, the efficiency remains con-

stant. The efficiency of 3.5 per cent that is given here is undoubtedly

optimistic by at least a factor of two. All other things being approximately

equal, the reduction of the emitter-to-collector spacing a factor of three

increases the efficiency by almost a tenfold factor. This decrease in spacing

would be extremely difficult to accomplish, since it would indicate a spacing

of 0.0003 inch. The diode power transducer not only involves a proper appli-

cation of the theories of thermionic emission but also the theory of space

charge.



Some of the difficult technical problems could be relieved by the

design of a diode containing cesium vapor. Cesium atoms, as they come in

contact with the emitter at a temperature higher than 1200°K, become

tonized3, leave the emitter and then flow into the electron space-charge

region. To use this type of ionization and still have an average emitter

work-function of less than 2.5 v would demand a "controlled" inhomogeneity

on the surface. With such an emitter many electrons are permittedtogo

to the collector that could not otherwise do so. Furthermore, the presence

of cesium on the cooler collector reduces its work-function and makes it

a favorable electron receiver for a power transducer. The basic facts for

predicting in detail the efficiency of this device are not avallable at

this time.

e™
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Table I

The Diod =e Characteristic With &gt;. = (Vg - V)/Vp*

SS

J

0.565

1.28

1.65

2.31

2.90

3.73

1,

|

1.59

2.41

2.86

3.69

4.48

5.65

=.

5.02

7.4L

9.75

13.10

15.28

17.44

23.84

1/1,
T+57

11.51

15.6

22.1

26.6

31.3

46.3

¥Abridged from Table 8 of "Thermionic Emission.”





Table II

Date Derived from the Maxima of Curves in Fig. UL

'r
Vip

&lt; ITLo max max

curve I

Fig. 5
Fig. vu

Lax Va
In Vor

&lt; I
- &lt;, in maxmex 1a (==)

curve II

Fig. 5
(v Jor

of T

4

LY

(2

1h

16

»

1.70 6.72
2.70 14.0 |

3.80 2.4

5.05 37.8

6.30 55.0

7.40 75.8
8.6 99.5

3.6 129.0

10.4 161.4

2.92

k.2L

5.80

T.73

9.70

11.5

13.45

15.35

16.80

2.3

3¢3

L.2

k.g5

57

6.6

7.4

8.4

9.

1.07

1.44

1.76

2.05

2.27

2.LL

2.60

2.73

2.82



Table III

Calculations for Diode: w = 2.54 x 107° m; go = 1.37 v; area A.

T

D &gt;

/

Ta/Vip
Pris

Ln

[max
5

Reo

r,
»

(1) pay
 Pp

(££)pox

1 220 1510
2.87

1740

3.22

1.78

11.9

7000

Unite °K

2.31

0.74

7.0

LOOO

volt

volt1.3

LO

3470 vatt/m°
509| 702 870 a/m?

2600} 5400 8200 a/m?
0.385 0.64 0.854 volt

1.5 x 10°%/a 1.2 x 10-4 /a 1.04 x 10-4/a ohm

50) 20 920 O--
“

2.3

3.16 x 10% 10 x 10%

3.2 33

(2.9)
J

2.8

2l._ x 10%

volt-

vatt/m
per cent-

 KN
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Fig. 1

Potential distribution with critical condition of zero
gradient at the collector.
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Fig. 2

Transducer circuit.
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Fig. 3.

Potential distribution with maximum power in load.
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Addendurn Rern.arks on a

Diode Configuration of 2 Thermo-Electron Engine

by

Wayne B. Nottingham, George N. Hatsopoulos, and Joseph Kaye

Massachusetts Institute of Technology

Cambridge, Massachusetts

Three contributions to the literature have been made by us. The first

woll? 2} by Hatsopoulos and Kaye presented the results of experimental studies

made on very close-spaced parallel plane diodeg designed for the purpose of

showing in a quantitative manner the conversion of heat to electric power.

The paper by Nottingham is a theoretical analysis of this problem, by means

of which the design factors are quantitatively related and the physics of the

design explained in fundamental I Superficially there seems to be a

~onflict between the first two papers and the third. There are two reasons

for this apparent conflict. The first results from a natural misinterpretation

of the text material since most of the readers including W. B. Nottingham are

likely to interpret the data as though they applied to studies with a diode spacing

»f 0.001 inch, whereas in fact they applied to a diode of spacing 0.0C1 cm.

The second point of disagreement is related more specifically to the inter-

pretation of the data presented in the two papers in that the authors state:

"Analysis of the space-charge barrier shows that its effects could be completely

eliminated for practical purposes, for a given value of the net current, and for
{em an

the case of plane cathode and anode,as in Fig. 1, if the separation, y, is made

very small, of the order of 600 inch," This statement leads the reader:

to believe that their results apply to a diode in which space charge has been

"aliminated', whereas the experimental results shown in the papers inalcair

-learly that space charge is playing a very important role in the actual operation



Sf 4 aria.

briefly as possil

"le puriose of this le‘*er to point out as

that the theory presented by W. B. Nottingham (3) ise

in very exact agreement with the experimental results presented in the

second papers), Vpipure 1 shows the experimental determination of current

density carried across the diode as a function of the voltage difference between

the emitter and the collector. The theoretical curve shown was computed

directly from the universal-diode data given in Table 8 of "Thermionic

Rniaeton’y The Interpretation that the theory places on these data is that
 Far IIE LEE i

the critical applied potential Vo is 0. 79 volt. This potential is critical
oecause for larger values of negative voltage the current flow across the

diode is not inhibited by space charge, whereas for voltages less negative

han this, a space-charge minimum exists between the emitter and the

collector.. At this critical voltace, the potential gradient at the collector is

exactly zero. Equation 1 is a theoretical equation which relates the current

density that can flow under this condition to the two parameters, namely, the

spacing, w, and the voltage equivalent of the temperature V..

v3/c Tm-6 es
0 xr

2/2 0.664 x 12 T = 9.10”1 A729 x :
7.[ =

m i

NE RE .

For thege data, the emitter was operated at 1540°K and the corresponding

voltage equivalent of temperature is 6.1325. With a spacing w = 10 5m, the

7

current density calculated is in exact agreement with the current density

observed. ?) Nunder the condition that maximum power is being delivered

to the external load wdyen the currert “low is given by Eggs 2

bras = I, | + 0.51! yr
[™]



The maximum power that can be delivered is given by ¥F7~

} ¥

+

V

sh

P_
or

The output voltage of the device is given’

0.383 (2

=

Vi, 1

| oe. ro

Although the maximum power depends strong’y cn the spacing, it is of interest

to note that the voltage output under the condition of maximum power is

independent of the spacing.

It is of engineering interest to answer questions concerning the

efficiency of this device. The test model was obviously very inefficient and

the calculated efficiencies given by Hatsopoulos and Kaye!’ 2) were based on

che assumption thatadvanced engineering design would ultimately reduce the

necessary power input to a minimum. For that design the dominating losses

would thea be the radiation loss from the emitter to the collector and the

‘electron cooling'' of the emitter. The electron cooling can be calculated with

accuracy from the experimental data given and the theoretical treatments of

Ww. B. Nottingham®3’ 4), Hatsopoulos and Kaye used a radiant heat transfer

equation developed by Hottel(®) and emissivity data of Forsyth and watson!®’

to compute a radiation loss of 2.47 watts per square centimeter. With an

axternal resistance adjusted to give an output voltage of 0.48y the computed

=lectron cooling is 4.08 watts per square catimeter and the power delivered
1 1

to the load is CG. 82 watts per square centimeter thus giving an optimistic

figure of 12.5 per cent as the efficiency of conversion assuming that all ¢i



osses can he reduced to neglirible proportions.

hoped that these addendum remarks will clear up misunderstandings

and ectahlish the fact that there is no basic disagreement between the experi-

mental data presented by Hatsopoulos and Kaye and the theoretical analysis

by Nottingham.



Inserts

Insert

Furthermore these data serve to give an accurate value to the true

work-function to the collector. The current flow equation establishes the

fact that the surface of the collector under the condition of zero field at the

collector is 2.7 volts negative with respect to the Fermi level within the

interior of the emitter. Since the observed applied potential for this

condition was 0.79 volt, the true work-function of the collector is the

difference between these numbers, namely, 1.91 volts. Further analysis

shows that the resdlls sre completely independent of the work-function of

the emitter if its value is less than 2.37 volts, Since di-aemedal the emitter

work-funiotion is less than the collector worhefunction tale condition wey
po satisfied. for the emitters used, subject, ofcourse, tothe-maintenance

of suitable-vacuum- conditionSe.



[Insert B

The equation used by Nottingham 3) to calculate the power radiated

by the emitter is more conservative than that used by Hatsopoulos and Kaye
a wt bes anil d eT owe Tem ee Th Coo EN ro Sr. ,

since it attempted en the emissitivity and the absorbtivity of surfaces used
oo

in the experiment. The calculated radiation using the.Hottel formula .
EE } Co % yo Le Sa Adooo So C. * po 7°

depends to a large extent on fhe applicability of experimental results obtained

with polished, pure tungsten surfaces completely free from porosity.
can be made

Additional research is needed before accurate predictions, concerning the

1ltimate efficiency of these energy converters.
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