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ABSTRACT

The characteristics of the various components of a radjative heat transfer fac-
ility are examined to determine how their combination produces a certain heat
flux delivered to a sample.

Two radiant heat scurces are proposed as potential improvements over the tungs-
ten filament-quartz envelope lamp. The cesium vapor lamp and a graphite rod
heater are theoretically detailled and the results of experimental tests are pre-
sented.

The conclusions stated are, that an immediate improvement in heat flux capabili-
ty 1s possible by use of a graphite heater, and even greater potential for im-
provement is inherent in the cesium vapor discharge lamp, but materials problems
associated with arc contaimment prevent the present realization of that poten-
tial »

This abstract has been approved for public release and sale; its distribution
is unlimited.



Esptnadls

Approved for Public Release



I. INTRODUCTION

O Ow e

Radiative Heat Transfer ...

CONTENTS

Geometry and Reflectors ..iveievinvarnnnnrrne

Emittance ....v000an
Temperature .,...ses

IT. PROPOSED RADIANT HEAT SQURCES ...,

[=NeN--N-4

III. CESTUM VAPOR SOURCE saveveareonrnossciassastoianarnsansass

ey ED O W

L I N B A N

L R N I I R A R AR )

IEEEEERR]

L R I I I I N R R R I I R I N A ]

Heat Source Requirements ...oevvnivuvinansssansnnsrssrsnnesssoans

Tungsten-Quartz Lamp +..v0s..
Plasma Heat Source ..,...

Carbon Element Lamp

P N N A N AR I B )

Analytical Solutions of the Arc Column ,.....
Thermal Stress Distribution in the Envelope .iivvsvsinrvrssvss

Factors Affecting Envelope Temperature

L R N N I I A RN B A R A |

LRI R I I R R R N N L A

Lamp Geometry and Fabrication ....cceivieiarsnensrrsracerssnes
Direct Current Operation and Performance ......eoveeoonvencsss
Alternating Current Operation and Performance .....cieavuvvnee

Factors Limiting Radiation Output ...

Multiple Lamp Operation ......

IV. GRAPHITE ROD HEATER ....

A,
B.
C.

LI R RN B N B R R R

L R I A N RN A I Y

Introduction and Preliminary ResultsS .iiieesssesvranonsoronnens
Design and Performance of a Single Graphite Rod Heat Source ..
Construction and Evaluation of a Modular Graphite Heater .....

v. SUMMARY AND CONCLUSIONS

REFERENCES +sovivneerervevenns

LR I B R A R R A I N I SR I I

APPENDIXES ..... N R e

A.
E.

Thermal Stress Analysis .v.eviivvenvsnarsnoes
Relations for RMS Current, Voltage and Average
Power for Alternating Current Ceslum Vapor

Lamp Operatiomn .....

L R

LR ]

=

Oy o

11
13

15
15
26
38
45
49
b4
71
73
77
77
79
83
99
101
103

105

113



Figure 1
2

3

10

11

12

13
14

15

16
17
18

19

ILLUSTRATIONS

Schematic of Thermostructural Test Facility .esseocceccessene
Variation of Geometry-Reflector Parameter with £ and R ,.....

Various Schemes for Increasing Radiation from a Material
of Emittance <1 and Temperature T .ivevreccsssasnancssnasnnne

Required Emittance versus Temperature for Various Heat
Fluxes Delivered to Sample cuvevesesscssvassastenavssinsccenanas

Calculated Thermal Conductivity of Cesium Vapoi
versus Temperature at Various Pressures ...ccescececsnscacnas

Calculated Electrical Conductivity of Cesium Vapor
versus Temperature at Various Pressures ..cecrecssaisassssnne

Calculated Total Radiated Power from Ceslum Vapor
versus Temperature at Varlous Pressures ..ieeeisescicecesnress

Thermochemical Composition of Cesium VApor .eeesseeicisscases
Temperature Profile for Cesium Arc Column ...ssueavivoasceesns

Results from Arc Column Solutions for Cesium Plasma:
Pressure = 0-5 Atm B S AL BB IR P E N RPN AN SRS ER AR AR A RN

Regults from Arc Column Solutions for Cesium Plasma:
Pressure = 1,0 AT s.iussnenacercacsssntsnssaronannss saasnacas

Arc Column Current as a Functiorn of Column Radius,
Voltage Gradient and Plasma PreSSure .sseeeseeesssse sessssses
Geometry of Tube Showing Uniform Heat Loading .eueav ssessaacs

Dependence of fl’ f2 and £, on Ratdo B/a cveviverre innnenrnnn

3

Non-Dimensional Temperature Distribution in Tube fo:r which
b/fa = 2 and L/b = 5 tiveeenruieornnaccrcassracasasaen iansasnnns

Radial Dependence of Thermal Stress Components .eeeiswsenesss
Maximum Thermal Stress versus Radius Ratio b/a ....iveveinsnn
Thermal Conductivity of Lucalox versus Temperature ,..eeesses

Schematic Representation of Energy Transfer Between
Arc Column, Envelope and Surroundings .eieeeescssversecacsses

vi

10

17

18

19

20

22

23

24

25

29

30

31

34

35

37

39



Figure 20

21

22

23

24

25

26

27

28

25

30

31

32

i3

34

35

ILLUSTRATIONS (Cont'd)

Power Loss Due to Natural Convection from a Horizontal
Cylinder as a Function of Wall Temperature and
Cylinder DIiameter ...sveesseaseresssrorrtsnatosanssaaassoansns

Power Loss Due to Cross Flow of Air Over a 1/2-Inch
Cylinder as a Function of Cylinder Temperature and
Free Stream Velocity cesvecsrsescsassasvasssvenssassnsenssnne

Radiated Power Flux from Envelope as a Function of
Temperature and Emittance sEsEBRAsEs B LB e bbaRE N AEREROIRBES

Input Power to Cesium Vapor Lamp with 1/2~Inch Lucalox
Envelope as a Function of 5r and Wall Temperature ...iieeaces

Input Power to Cesium Vapor Lamp with 1/2-Inch Lucalex

Envelope as a Function of Wall Temperature and Free
Stream VeloCity seveveesasnvasnsctsrronsrananocacsansostsnnas

Sketch of Cesium Vapor Lamp Showing Construction

Details R R N R N R N N N AN A A A A I}
Breakdown Voltage versus pd for Argon in 1/2-Inch Tube .,.....

Voltage-Current Characteristic of Cesium Vapor Lamp
at Ignition: Argon Pressure ~10 TOXY .seessvasscessccassvansns

Voltage~Current Characteristic for Lamp Charged

with Argon R e R R RN R A I I SN R S

Circuit for Dc Operation of Cesium Vapor Lamp c.oeeasseesnnss

Circuit Diagram of Oscillator Starter for Cesium

Vapor Lamp tae s r st IR Ed T A s s e as N s sat Rt st Ne R RSP ENROIARRERASES

Intersection of Lamp Voltage-Current Characteristic and
Resistance Line L e a9 e s eI P atailr i es it st lssnas it rsasebeiedsn

Vapor Pressure versus Temperature for Cesium ...ceeceverecnss

Intersecting Voltage-Current Characteristics and
Resistance LiNeS seucveseasmnssssonasonarssnasnsnssaessnnansse

Relation between Voltage Gradient and Vapor Pressure
for Cesium Vapor Lamp ..cvecieracnsonsassoassassssassannnnnsns

Spectral Distribution of Radiation from Cesium Vapor Lamp
as a Function of Voltage Gradient ..secessssscsccssacsnaarses

vii

41

43

44

46

47

48

50

52

53

54

55

56

59

60

61

63



Figure 36

37

38

39

40

41

42
43

44

45

46

47

48

49

50

51

52

53

54

ILLUSTRATIONS (Cont'd)

Circuit for Ac Operation of Ceslum Vapor Lamp .scevisvevessns

Low Frequency Ac Voltage-Current Characteristic for a

Half‘CyC1e Ry N NN NN N AL N

Typical Voltage and Current Traces for Ac Operation
of Cesium Lamp R N R R ]

Voltage and Current Traces for Ac Operation of Cesium
Vapor Lamp without INducfOr ssssvessscssnsnsssnvsserinccrnsass

Voltage and Current Traces for Ac Operation of Cesim
Vapor Lamp with 50~mh Inductor seeeesserescssssssssrssessnses

Circuilt for Igniting Several Lamps with a Single

SLATLEY teevasasssansnsrossnnsarssnarnsstoansasnsesrastenrantese
Experimental Single-~Rod Graphite Heater .isecevsveacressassancs
Sketch of Gtaphite Rod Holder “ P B I AN ERRCLBEYERAELIBAsNPES

Voltage~Current Characteristics for Graphite and

Carbon ROAS suevasavsscessnsssonsossasransrsanasasanssonraasss
Rod Surface Temperature as a Function of Current .....cesesas

Sketch Showing Sandwich Construction of Electrode
Assembly for Modular Graphite Heater ..vievesssesarnsoasensss

Electrode Assembly for Modular Graphite Heater ..viessscesses

Side Views of Electrode Assembly for
Modular Graphite Heater LI PN NS S PR AT BN PEAE N ALl AN TS PE R R
Assembled Modular Graphite Heater .ueecssescossssss

[ N R )

Voltage and Rod Temperature versus Current for
Modular Graphite Heater .iisvesssearsavasvassssass ioosnanroas

Input Power and Radiating Efficiency versus Lamp
Current for Modular Graphite Heater ...vesescrascsrvaasnocnes

Radiation Flux from Modular Graphite Heater ...veessseassesss

Axial Profiles of Radiation Flux at Center of Panel of
Modular Graphite Heater for Various Lamp Currents ..seevessos

Variation of Slope of Axial Profile of Radlation Flux at
Center of Panel with Lamp Current seesvnesessvscsasscnssonnnass

viii

65

66

67

69

70

75

78

79

81

82

85

86

87

89

90

91

G2

94

95



ILLUSTRATIONS (Concl'd)

Figure 55 Radiant Flux Profile 1-1-8 Inches from Rods seevescssvcennssecs 95
56 Radiant Flux Profile 2-3/8 Inches from Rod8 ...eevssesscscsns 96

57 Radiant Flux Profile 3—5/8 Inches from Rods sseveNEBLIEIEEROEO S 97

ix






I. INTRODUCTION

A. RADIATIVE HEAT TRANSFER

The purpose of the introcduction is to examine a simplified radiative heat trans-
fer facility in order to see how the characteristics of the various components
(lamps, reflector, sample) combine to produce a certain heat flux delivered to

a sample. Figure 1l represents a perilodic-planar array of lamps*, the extent of
which is large when compared to the separations of the lamps, sample and reflec-
tor. Further, the assumption 1s made that there are spaces between the lamps.
Let f be the fraction of the total area which would be covered if the lamps

were a continuous sheet. Thus, for example, 1f the lamps are rods of diameter

D and are spaced a distance L apart on the centerlines, then f{=D/L. For sim-
plicity, let the radiators be two dimensional slats.

First the radiation emitted by the lamps which reaches the sample must be deter-
mined. If the lamps are at a temperature T; and have an overall emittance g ,
then, per unit surface area, the lamps radlate a power

L= 0T (L
and, in a test setup of total area A, a total power
pL = fA ¢ aTL4 (2)

in both directions (toward the sample and toward the reflector). The quantity
fAeg o TL4 radiated toward the sample reaches it. Of the quantity fA ¢ oTp4
radiated toward the reflector, a fraction R is reflected back and a fraction of
this, (1 —f), passes between the lamps and reaches the sample. Thus, there is ab-
sorbed by the sample a quantity

Pabs, sample = ¢ (A aTI_4 + R(1-DfAe o TL4 }

etheqoT 1+ R - W) (3}

4

There are other radiation paths which are being neglected. For example, a por-
tion of the radiation not absorbed by the sample is reflected from it, passes
between the lamps, is reflected at the reflector, passes between the lamps again,
ig inecident on the sample again, and ig partially absorbed. The assumption is
made, however, that the contributions of such multiple-reflected paths are small.

Similarly, the sample also radiates heat, the power being given by

Pg = ¢ Ao Tgh (4)

*By lamp is meant the primary radiator, which could be an incandescent tungsten filament, a carbon rod or even the plasma
column of an are discharge,
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0f this, a fraction f is directly incident on the lamps, while a fractien (- f}
passes between the lamps. Of the latter amount, a fraction R is reflected by
the mirror and a fraction f of this 1s incident upon the lamps. Thus, the pow-
er originating at the sample and absorbed by the lamps is

P = fAq goTgh (1 + R~ iR (5)

abs,‘lamp
Again, the radiarion originating from the sample which follows more complicated
paths to the lamps is neglected and the assumption 1s made that the reflector
is pagssive in the sense that 1t does not originate any radiation,.

What then is the radiative transfer between the lamps and the sample? If the
following definition is made:

Pabs, sample = Pabs, |

hd , ple abs, lamp

Qerans = A (6
then, using equations (3) and (5)

Qurags = £(1 + R— RY ¢ o (T * = Tg*) 0
Taking into account the power reflected from the sample to the reflector and
then re-reflected back to the sample, equation (7) becomes (See Figure 1.}

Qurans = FI1 + R(I=0 + (1 —e)R(I-02) g ega(T ? = Tgh) (8)

The maximum power per unit area that can be transferred from the lamps to the
sample occurs when the sample is a perfect absorber (blackbody), i.e., & =1 ,
and the lamps fill all the plane, i.e., f =1 . Using either equation (7) or
(8) this maximum heat flux 1s given by

- 4
(Qtrans)max = fL l"’TL (9}

0f the quantities in equation (7) or (8), ¢ is a constant of nature, ¢« 1is a
sample property which Is not under the control of the structural test labora-
tory®, and Tg is a parameter dictated by the mission and the sample properties
to be simulated. The parameters which can be adjusted are f , R, q. and T, -

In the following sections of this discussion these are examined in detail.

B. GEOMETRY AND REFLECTORS

In equation (8), the geometry and reflector terms are not completely uncoupled
from the sample properties, i.e., there is some effect due to the term (I-«J,
the reflectance of the sample material. What 1s to be demonstrated here is more
easily accomplished by assuming the sample materlal is an imperfect absorber

but a perfect non-reflector. This was the assumption used in deriving equation

(7).

In equation (7) the heat flux transferred to the sample from the source is lin-
early dependent upon the term f[1 + R (1-f)] where f is the fraction of availlable
projected area filled by lamps and R 1s the reflectivity of the reflector which

*This result assumes that no geomatrical schemes are being used to make an effective emittance higher than the '‘usual’’

material emittance. See paragraph IC,



backs the lamps. Thus, both f and R are pogsitive numbers and are less than or
equal to unity, Figure 2 shows, for various values of R, the quantity f (1+R~fR)
as a function of f . Examination of Figure 2 reveals several interesting fea-
tures., First, of course, the quantity f{1+R—fR} never exceeds unity, and it at-
tains this wvalue only for f=1, Second, while high reflectivities, R, are useful,
f 1s, 1in general, more important. For a value f=0.4, the difference in the para-
meter f {1+R-fR) between R =0.2 (a poor reflector) and R =0.8(a good reflector) is
only about 30 percent. To look at it another way, if f=0.4 and =0, the parame-
ter f (1+R—fR) has the value 0.4 . Increasing R from O to 0.8 has only about the
same effect as increasing ¢ from 0.4 to 0.6,

Finally, and perhaps most important of all, one should note that if f=0.5 and
R=0.6, the parameter f { +R-fR) has the value 0.65. No further increase in either
f or R over these values can improve the heat transfer parameter by more than
about 50 percent, Thus, if an existing system with f~0.5 and R~.0.6 delivers a
heat flux of ~120 x 10% watt/m2 to a cold sample, no improvement in reflectors
and no variation in source packing arrangement can yield more than about

180 x 10% watt/mz. if the source temperature and emissivity remain the same.

As previously indicated, the above dlscussion is based on the sanple being a
non-reflector. For the more realistic case that the sample does reflect some
of the incident radiaticn, the above numerical results will be modified, but
will show the same trends with regard to the relative Importance of variations
in f and R on the radiative heat flux deliverable to a sample.

C. EMITTANCE

The radiative transfer equation (7) or (8) 1s also linear in the emittance* of
the lamps. Thus, since the tungsten heater elements in the tungsten-quartz
lamps which form the basis for most present thermo-structural test facilities
have an emittance of approximately 0.30-0.35 in the range of temjeratures over
which they can be usefully operated, and since the theoretical limit on emit-
tance 1s unity, the thecretical potential exists that, without changing geome-
try or tempetrature, an increase in radiation intensity by a factor of~3 could
be achieved if the emittance could be increased to approach the :heoretical
limit.,

Emittance can, in principle, be Increased by changing radiator miterial (that

is, using a material with higher emissivity) or by changing the surface char-
acteristics for the given material. A coumon procedure employed for obtaining
slight Iimprovements in emittance is to roughen the surface. Experilence at Avco
in measuring the emittance of tungsten wires suggests that, at hlgh temperatures,
there are mechanisms operating which tend to smooth the finish so that, in a
short time, the emittance approaches the emissivity very closely,

By suitable geametrical shaping, the poseibility exists of raising the emittance
of a radlator arbitrarily close to the blackbody limit of unity, depending on

“The emittance is a property of a particular sample of radiator, and is analogous to the emissivit: of a material. Thus,
the emissivity of tungsten is a basic propercy of the material which tannot be altered without changing the material,
while the emittance of a particular tungsten wite can be affected by surface finish, ete.
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the amount of effort which one 1s willing to devote towards that end. One way,
impractical though it may be, 1s to use the material in question to build an
insulated enclosure with a small hole in the wall leading to the outside. (See
Figure 3a.) If the enclosure is brought to equilibrium at a temperature T,

then the radiation emanating from the hole is that from a blackbcdy at the tem-
perature T; that is, the enclosure has an emittance of unity, even though the
material out of which the enclosure 1s made may have an emissivity of 0.1. An-
other method, which i1s somewhat more practical, is to increase gre:atly the effective
surface area in such a way that the radiation emitted from an element of area
makes many reflections from other surface elements before finally escaping.

(See Figure 3b,) Another way 1is to take building bleck elements, rods for exam-
ple, and make a deep stack as indicated in Figure 3c. If each rzdiator element
which has an emittance ¢ 1s at a temperature T, then as the stack becomes deep-
er, the radiation from the stack approaches that of a blackbody at the temper-
ature T.

Why, then, can't these ideas be used to increase the effective enittance of pre-
sent radiator elements. The answer is that all of the schemes lack practical-
ity. The blackbody enclosure method permits only a small area of sample to be
irradiated. The scheme Involving multiple reflections at the surface (Figure
3b) could in part be accomplished for flat surfaces, but ig difficult to achieve
for small diameter rods. The stacking scheme in Figure 3¢ is plaugible unlesgs
the radiator elements need a protective envelope, such as do the tungsten-quartz
lamps. Then the temperature that the envelope would reach as a result of being
immersed in this stack of lamps would be the temperature of the radiators, which
in general greatly exceeds the melting peint of the envelope material.

Though it is possible to increase the effective emittance of a radiator by meth-
ods illustrated in Figure 3, when comparing two different radiating materials,
all other things being equal, the one with the higher emittance is to be pre-
ferred. A material of emittance 0.9 is a better choice than selecting a mater-
ial of emittance 0.3 and attempting to increase the effective emittance by
geometrical shaping schemes such as those illustrated in Figure 3 (which impose
further restraints on the design of the lamp system).

In any further discussions Iinvolving emittance the assumption will be made, un-
less otherwise stated, that schemes like those presented in Figure 3 are not
involved.

D. TEMPERATURE

The parameter which affects the radlative transfer most sharply is the lamp tem-
perature, which appears raised to the fourth power in equation (7} or (8). Thus,
while there are limits on the improvements that can be obtained by improving

lamp geometry, reflector design and radiator emittance, there are no theoretical
limits imposed on the radiator temperature. For example, if the radiator tem-
perature Is increased by only 20 percent, the radiative transfer for fixed lamp
geometry, emittance and sample temperature is increased approximately 100 percent,
while 1f the radiator temperature is increased by a factor of 2, the radiative
transfer is Iincreased by a factor of 16,
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II. PROPOSED RADIANT HEAT SOURCES

A. HEAT SOURCE REQUIREMENTS

To provide thermostructural test facilities which give useful simulations of
the thermal loadings associated with future aerospace developments and missions,
a capability of delivering heat fluxzes as high as 350 watts/emé to structural
members of varied contours, over areas as large as 15 m2 1s desirable. A total
of 50 megawatts of electrical power (short duration) is avallable at AFFDL for
this task.l

Because the contours of the specimens to be tested may be varying rapidly (as,
for example, on a leading edge), the heat sources should be modular in concept.
That is, provision of carefully controlled heat fluxes to a large and possibly
irregularly-shaped specimen is best accomplished with a large number of small
heat scurces, rather than with a few large heat sources. Further, since there
will be large areas in many specimens where a uniform heat flux is desired, the
heat sources should be such that they can be fairly closely packed to avoid flux
gradients between sources.

Looking at equations (7) or (B), the radiation characteristics of such a heat
source are easily determined. To consider the one-~way heat flux to the sample,
set ¢=1, and T,=0 in equation (7) or (8); i.e., consider the sample to behave
as a cold perfect absorber. Assume that f[1 + R(1-f)]has a value of 0.7 (e.g.,
R=0.9 and f =0,48) which, though optimistic, is achievable if, for example, two
rows of staggered lamps are used. Then for each value of Quans‘ the resulting
expression becomes an equation in the two varlables ¢ and Ty. The relation be-
tween these two lamp parameters 1s shown in Figure 4 for various heat fluxes
delivered to a cold absorbing sample, From this figure, one may note that for
an emittance of unity, a lamp temperature of 26509K gives a heat flux of 200
watt/cm?, while 3050°K is needed for 350 watt/cmz. For a heat flux of 3530
watt/cm?, note that if the temperature can be raised to 6000°K, then the emit-
tance need only be 0.07, while at 10,000°K an emittance of 0.009 is adequate.

B. TUNGSTEN-QUARTZ LAMP

Among the facilities that dellver heat flux to a sample by means of radiative
transfer, the most commonly employed lamp is the T-3 tungsten-quartz unit which
consists of tungsten wire wound inte a cylindrical coil surrounded by a 3/8-
inch quartz tube. The quartz envelope is used to provide an inert gas envir-
onment to protect the tungsten filament from oxidation, The resistance char-
acteristics of the T-3 lamps make it easy to run multiple lamps inm parallel
using standard commercial power scurces,

The T-3 lamp suffers failures due to end seal oxidation, high temperature fail-
ure of the quartz envelope and tungsten deposition on the quartz due to high
filament temperatures.
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Tungsten has a melting temperature of 3655°K. The highest temperature attained
by the tungsten filament in the T-3 lamp appears to be 32509K.2,3 The emittance
of the tungsten filament can be taken to be 0.35 at this temperature.

From Figure 4, one may note that tungsten is Inadequate as % radiator material.
The temperature required to give a heat flux of 200 watt/cm”~ is 3500°K, and

350 watt/cm? necessitates 4000°K, which is in excess of the melting point by
more than 300°K. At a temperature of 3250°K (the highest operational filament
temperature for the T-3 lamp), the maximum heat flux deliverable to a sample is
found from equation (9) to be 220 watt/cm? (corresponding to f=1; i.e., all of
the plane is filled with tungsten).

In practice, fl1 + R{1-f)]is quite a bit smaller than unity. Where a single
row of single filament lamps is used, the { factor* is ~ 0.2, 1In some cases,
a double row of staggered lamps has been used, thereby doubling the f factor,
but severe difficulty with inter-lamp heating is then encountered. Thus, in
practice, the largest deliverable heat flux to a sample using tungsten-quartz
lamps is around 130 watt/cm?, and maximum values of 100 watt/em? or less are
more frequently the case where subsidiary cooling of the end seal and quartz
envelope is not provided,

C. PLASMA HEAT SOURCE

For a fixed geometry and reflector, equation (7) or (B) shows that a higher

heat flux to a given sample than that obtainable by the tungsten—quartz lamp is

accomplished either by increasing the radiator emittance, ¢; , or by increasing

the radfator temperature Tp. As was indicated, an increase in Ty has a profound
effect, while the heat flux Increases only linearly with ¢; .

A radiator temperature significantly higher than tungsten, of course, is dif-
ficult to obtain. The highest known melting point of a solid is about 15 percent
higher than tungsten,

If the concept of a radiator is expanded to include gas discharges as well as
incandescent solids, then the achievable temperature range is greatly extended.
In a gas discharge, the current is carried by electrons produced by ionization
of neutral gas atoms and molecules. The gas temperature necessary in a relative-
ly high pressure discharge to yield sufficient ionization for appreciable cur-
rents to be carried is related to the ionization potential of the gas im which
the discharge burns. As a very crude rule of thumb, the discharge temperature
rises 1000°K for every electron-volt increase in ionization potential. Thus,

a discharge in argon gas tends to run at a temperature of the order of 16,000°K,
while in sodium vapor, a temperature of 6000°K is more appropriate., These tem-
peratures are, of course, large compared to those which are achievable with
solids,

Why, then, is it not a simple matter to approach arbitrarily high flux levels
in gas discharges? The answer concerns the emittance, which, for most gas
discharges, is very low compared with that for almost any solid. As a conse-

‘Due to the quartz envelope, if the lamps are arranged in a single row, touching side by side, the f factor is about 1/3,
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quence, the radiation from a typical gas discharge at moderate ressure (<1atm)
retains & great deal of the spectral detall characteristic of the gas, with many
wavelength regions in which little radiation is emitted adjacen: to other reg-
ions in which large amounts of radiation are emitted. If the pressure and
current in a gas discharge are increased, however, the spectral character of the
emitted radiation changes. Continuum radiation builds up relative to the lines
and, at very high pressures and power densities the spectrum is like that of a
very high temperature solid, while the emittance may approach uilty. An example
of this is the xzenon flash tube. The FX-47B manufactured by EGiG radiates es-
sentially with an emissivity of one and a tegperature of nearly 10,000°K, yield-
ing a flux of approximately 700 x 106 watt/m“ just outside the juartz envelope.%
However, this level of radiation can be delivered for times onl; of the order of
milliseconds.

Thus it may be seen that the plasma arc source has a potential which greatly
exceeds that of solid radiator lamps. Even the carbon radiator, discussed in
more detail in the next section, must be operated close to its iltimate limit
to deliver a heat flux of 350 watt/cmZ.

Why, then, have plasma radiation sources not found earlier appllcation in the
thermostructural test area? Principally because they are inher:ntly more com-
plex devices than the simpler and more reliable tungsten-quartz lamps, and be-
cauge most thermostructural testing requirements to date have fallen within the
capability of properly used tungsten-quartz lamps.

Avco has developed an alkall vapor radiation source. The sourc: configuration
consists of a Lucalox* tube with the electrodes mounted coaxially at each end

of the tube. The electrode-endcap assembly is joined to the enrelope by means
of a ceramic-to-metal brazing process. This type of process has received con-
siderable attention recently, and there are a number of empirical techniques
described in the literatured>8.7, The process which has been employed in this
program 1s gquite similar to certain of those described elsewher:. Joints that
are leak-tight can be fabricated as a routine matter. These joints have operated
well at temperatures in excess of 700°C when exposed to alkali metal atmospheres
and have maintained their integrity for perioeds of operation in excess of 15
hours at the aforementioned temperature.

The tube is loaded with alkall metal and with a gaseous enviromment of argon at
a pressure of approximately 10 torr. The initial discharge is wastablished by
means of the low-pressure Paschen phenomenon®, An argon arc for:ms and rapidly
brings the internal surfaces of the electrodes and arc tube to i temperature
sufficient to vaporize the metal. The lowest liquid-vapor inte:-face tempera-
ture determines the vapor pressure of the alkall metal. The spaectral properties
of the arc after warmup are determined by the alkali vapor because the partial
pressure of argon is so low.

Operation of a plasma discharge in an alkali vapor offers two significant ad-
vantages., First, the alkall metal improves the starting charac:eristics. At
room temperature, the vapor pressure of an alkali metal 1s negligible so that

L
Lucalox is the trade name of a polycrystalline alumina material developed by the General Eleciric Company.
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a low-pressure (~10 torr) buffer gas such as argon initiates an initial dis-
charge of the low-pressure type, thereby, eliminating the added complexity (RF
power or additional starting electrodes) assoclated with establishing a high-
pressure discharge, as the discharge may be initiated with a comparatively low
voltage dc power supply. As the tube discharge continues to operate, the envel~
ope and endcaps heat up, raising the vapor pressure of the alkali metal. As the
pressure in the discharge increases, so does the emittance and the radiating
efficiency.

Second, the low ionization potential of the alkali metal vapors (4-5 volts) in-
gures & lower discharge temperature and, consequently, generates relatively
little ultraviclet radiatiom (at 3Q00CK omnly 0.1 percent of the blackbody radia-
tion is at wavelengths below 2000 A while at 10,000°K, sbout 10 percent is).
This is an important consideration because envelope materials tend to absorb in
the ultraviclet.

Two major problem areas are foreseen in the development of the alkali vapor source
lamp into a heat lamp capable of high radiant output. One involves the compati-
bility of the source with the power supplies available at the Air Force Flight
Dynamics Laboratory (AFFDL). The initial exploratory work with these sources

has been using dc and pulsating dc power, and but limited effort has been made

on operation with 60-cycle ac power. Compatibility also includes the modifica-
tions required to go from single-lamp to multiple-lamp operation.

The other problem area 1s the limitation on the total input power per unit length
imposed by the thermostructural properties of the envelope and endcap-electrode
aggembly. The envelope must be able to transfer to the outside the energy (con-
ducted heat and the radiation it does not transmit) it receives from within,
without melting and/or cracking due to thermal stress. The endcap and

brazes must maintain their structural integrity at high temperatures.

D. CARBON ELEMEKT LAMP

If a radiating material can be found that has a higher emittance and it can be
operated at close to the same element temperature, then an increase in the heat
flux over that of tungsten could be accomplished. Such a material is carbon or
graphite.* Carbon has a total emittance of between 0.90-0.95 at high tempera-
tures, depending on surface condition. This 1s very close to the theoretical
{blackbody) limit of unity. Resistor elements can be heated to 3000°K and at
least one case of 3600°K is mentioned. Looking at Figure 4, with carbon elements
at a temperature of 3200°K, a heat flux of 350 watt/cm? appears marginally pos-
gible.

The advantages of uging carbon are several. It is a simple resistive element and
thus presents no problem in multiple lamp operation, and it is compatible with
the existing power supply. Current-carrying cross-sectlons may be kept small so
that extremely high currents are not required. The properties of carbon and
graphite can be varied by the selection of raw material and fabrication process.

— e —

.Carbon and graphite are both essentially pure carbon, The grain structure of carbon is poorly developed and in a2
disorderly state while graphite is carbon with an orderly crystal form.

~13~



The biggest problem area is concerned with the lifetime of the carbon radiator
at this elevated temperature. An inert atmosphere is required because of the
rapld erosion of carbon in the presence of oxygen. A further complication is
that even if the oxidation can be controlled, carbon sublimes to such an extent
that the vapor pressure is 103 times greater than that of tungsten at 3000°C,
This will result in the buildup of material on the cooler window material, which
in turn increases the heat loading because of appreciable absorption of the
source radiation. This raises the window temperature, resulting eventually in
failure,

This phenomenon is one of the failure mechanisms of the tungsten-quartz lamp
and should be more severe for carbon. A scheme involving a gas flow to carry
the sublimation products away from the vicinity of the window is a possible
solution.
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ITI. CESIUM VAPOR SOURCE

A, ANALYTICAL SOLUTIONS OF THE ARC COLUMN

1. Analytical Model of Arc Column

The high pressure* arc discharge can be divided into three regions, one
assoclated with each electrode and the third, termed the arc column, occupy~
ing the major portion of the length of the discharge. The extent of the
electrode regions is quite small, being of the order of a few mean free paths
thick, FEach electrode region has associated with it a fixed voltage drop
determined by the electrode material and the plasma composition. The arc
column itself has a nearly constant voltage gradient. Thus, the discharge
voltage is given by

dv

VoﬁVA+VC+L—dY (10)

where V4 and V- are the voltage drops associated with the anode and cathode,
dv/dX is the arc column voltage gradient and L is the length of the arc
column. For discharges for which the length of the discharge is much
larger than its diameter,

dv
VO#L E—)) VA+VC (ll)

Thus, equation (11} leads teo the result that virtually all the input power
{IV) is dissipated in the arc column region (I is the arc current). Further,
the operating characteristics of the total arc discharge are essentially the
same as those of the arc column.

A relatively simple analytical model of the arc column is obtained by
assuming that all variables bhave radial variation but neither azimuthal nor
axial dependence. These assumptions lead to the following equation (con-—
servation of energy) for a differential volume element in the arc column:

22 14 f 4y
eE s T o U w) (12)

The left-hand side of equation (12) is the input term due to Joulean heating;
o 1s the electrical conductivity (mho/cm) and E is the voltage gradient (volt/
cnt). The right-hand side of equation (12) consists of two energy loss terms.
The first is the radial heat conduction term; K is the thermal conductivity
in watt/cm~°K and T is the temperature in °K. The second loss term, P; , is
the radiated power per unit volume {(watt/cm3). Here, the reabsorption of
radiation is neglected.

*High pressure means that the heavy particle and electron temperatures are approximately the same.
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Note that equation (12) is a second order differential equation and can be
solved, for a given E , upon specification of two boundary conditions. The
transport properties ¢ , K and P, are presumed known as functions of pres-
sure and temperature.

dT
One boundary condition is apparent from symmetry, namely, - = 0. The
L ir~0

other boundary condition is a specification of the centerline temperature,
T( =0) = T,. For each pair, E and T,, a numerical solution of equation
{12) determines the radial temperature profile, arc current, arc radius,
total radiated power per unit length of arc column, input power per unit
length of arc column and radiating efficiency of the arc column. The ra-
diating efficiency 1s the ratio of the radiated power to the input power,

Under certain conditions, equation (12) can be used in the region between
the arc¢ column and the confining wall. This 1s permiasible in those cases
where the major heat transfer mechanism i1s radial heat conduction. Exper-
ience has shown that with the cesium arc column, other heat transfer mechan-
isms are operative outsgide the arc column., These mechanisms are not com-
pletely understood; one possgibility is the reabsorption of radiation from
the arc column.

2, Transport Properties of Cesium

The solution of equation {12) requires the specification of the transport
properties of the plasma. Considerable work, both theoretical and experi-
mental, has been performed by the Avco Space Systems Division (Aveo/SSD) in
the area of the properties of gases at high temperature. This capabilicy
has been utilized in determining the requisite transport properties for
cesium vapor. The calculation of the electrical and thermal conductivities
are based on the first Chapman—-Enskog approximation, using the literature to
obtain the most recent values of the required atomic and molecular collision
cross sections.

The total continuum radiated power per unit volume 1s estimated for cesium
using Kramers' semi-classical approximation. Molecular band and atomic line
radiation have not been included in the total radiation calculation. How-
ever, the total radiation calculation does contain an empirical factor to
make the calculated value agree as well as possible with the limited ex-
perimental data.

The resulting calculated transport properties for cesium are shown in Fig-
ures 5 through 7. Figure 8 shows the thermochemical composition of cesium
as a function of temperature for pressures of 0.1 and 1,0 atm.

3. Numerical Results

Equation (12) has been programmed for the IBM 7094 computer, and solutions
have been obtained for various values of the voltage gradient, E , the cen-
tral core temperature, T, » and the pressure. The role of pressure is evi-
denced by its effect on the transport properties.
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A numerical example illustrates how Figures 10 through 12 are used, Consider
a lamp operating at a voltage gradient of 30 volts/cm with a plasma pressure
of 1 atm. From Figure 11, one can determine that a lamp current of 30 amperes
gives rise to a radiated power of 730 watt/cm, a radiating effieciency of
slightly higher than 80 percent and a value for CFc of 26 watt/cm. From
Figure 12, one can determine that the arc column radius is 0.15 centimeter,
and the corresponding arc surface area per unit length is 0.94 em?fem (27 x
0.15), The radiant flux from the arc column is thus 775 watts per cem? of sur-
face area (730/0.94). This is equivalent to a tungsten filament at 4500°K,

or a blackbody radiator at 3450°9K.

THERMAL STRESS DISTRIBUTION IN THE ENVELOPE
1. Intreduction

The input power to the plasma arc lamp of some given geometry may be limited
by the structural strength of the confining envelope. This factor will be
examined by determining the temperature distributions for two modes of cooling
for a cylindrical envelope and then analyzing the resulting thermal stresses.

The two different modes of cooling are termed radial cooling and axial cooling.,
In the radial mode of cooling, the heat conducted to the inner envelope wall
from the arc column is considered to pass radially outward through the wall.

In the axial mode, the heat conducted to the inner envelope wall is considered
to move axially down the tube to the end caps.

2. Temperature Distributions

a. Radial Mode of Cooling

The differential equation governing the flow of heat for the case of
steady state with no sinks or sources is

V-0=-0 (14)
where

* >

Q = - K VT (15)

T denotes the temperature and K is the thermal coanductivity. Since 5 ig
assumed to have only a radial component, then equations (14) and (15)
combine to give

1 d(dT) .
il Gl (16)

For simplicity, the assumption is made that K is a constant. The solu-
tion to equation (16) subject to the boundary conditions

dT

Yy = — K ——
Qo %

r = a
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and

T( =b) =T
is

(.223

b
fn — (radial cooling) 17
I

T - T =
The cylinder has inner radius a and outer radius b . In the notation of
the arc column solutions,

»

. e
Q=0 T
b. Axial Mode of Cooling

The axial mode of cooling is not as easily realizable as the radial mode,
Since this mode leads to a tractable temperature distribution relative
to the stress analysis, it was investigated to see if it offered any
advantage in terms of thermal stress.

To calculate the temperature distribution for the axial cooling mode,
the following assumptions are made (Figure 13):

1) The power per unit area conducted to the imner wall of the Luca-
lox tube {r = a) is constant, Q, , along the tube, consistent with the
arc column analysis previously presented.

2} The heat conducted away from the outer wall of the tube (r =b)
is zero. (If only free convection and radiation act, this is a good
assumption).

3) The effect of the endcap is to produce a uniform heat loss per
unit area, Qp .

4) The heat generated within the tube walls due to absorption of
radiation from the arc column is negligible.
Since Q has both a radial and axial component, equations (l4) and (15)
combine to give

2 2
94T 1 9T a‘T o (18)

A N

The boundary conditicns are
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oT . arT

- =0 , Q = -K — a<r<b

dz | ;.90 3z | - L2

2 . aT

2 0, G =-K = 0<z< L2 (19)
It 1. _p ar i, a

The first boundary condition merely expresses the symmetry about the
point midway along the tube.

The solution is given by

T(l’,Z)— TL b2 r2 E b 1 [ ( z )2] ( )
—_— = — | — =1 + 2fn — + 1 - 20
QIL L2 b2 r 2 L/2

2K

where Ty is the (lowest) temperature at the polnt z=1L/2, r =b. A con-
dition that must be satisfied 1s

Q b2 — a2
ET 20
Combining equations (20) and {21) gives the result
Qza 5
Tmax = Ti = = R ®/a) + (L/D°F (b/a)] (22)
where
2 2
b
£y (b/a) = 200 bla+t —— w1 (23)
. b2 — a2 b?
2
b
f (b/a) = (24)
b2 _ a2

Plots of f; and {, are shown in Figure l4. Tpax is the maximum tempera-
ture and occurs at the point z = 0, r = a. One will note that a large
maximum temperature is associated with a large L/b and small b/a ., For

a
L/b=5 and b/a = 2, Tp.,1s 17.5 92—-above T . Finally, Figure 15 is

2K
a plot of the isotherms for this case; the 1sotherm is the non-dimensional
T (1’1 z) = TL
quantity —0e— =
33.3
2K
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3. Thermal Stress Distribution

From the foregoing temperature distributions, the thermal stresses can be
determined., The analysis is mathematically complicated and the details are
found in Appendix A. These analytical stress distributions are inexact in a
region of about one outer diameter in extent near the ends of the cylindfical
tube.

Solving the appropriate differentlal equation, expressions are found for the
three normal stresses, o, , 0g, ¢; , where r , 9 and z denote the direction
along which the stress is directed; a positive (negative) sign indicates
tension (compression), Thus a positive o, at the outer tube wall indicates
a stress tending to open an outer circumferential crack, while a positive og
at the inner tube wall would indicate a stress tending to open an inner
longitudinal crack.

a. Axial Cooling Mode

¥or this cooling mode, the stress components are given by

_EaQ2a 1,2_&2 l—v b2 b2 b2 En b
- ] - — —_— = -
T 2u-mk \p2_.2/ |4aem 2/ 2 2 2 a

12
L 25
r2_ a2 a
EaQpa al ~b2 bl b a? (1—1) b2
dg = — th — 1 + — )+ 1+ —
21-v)K \ 2 _ .2 b2_a2 a2 a 2 401 +v) L2
2 2 2 . 2
b 1 r b b
b e — \ -+—~+5—u—3r—.( (26)
a2 a 4{1 +v) ' a2 42 a2 a2 \
EaQ;a al (1—v) 2 Ipel b
o, = 2 — 41 + s
2(1-v)K e _ a2 21 +v) al 2(1 + v) al
? 2 2
b b b b
b2 e = - 2 o . (27)
a a al b2 —al a

The symbols in equations (25) through (27} and (28) through (30) have the
following meaning:

E modulus of elasticity
a coefficient of linear expansion

v Poisson's ratio
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K  thermal conductivity of material
Q2 power per unit area conducted to inner wall of tube
a inner radius of tube
b outer radius of tube
t radial coordinate (af r< b)
b. Radial Cooling Mode

For this cooling mode, the stress components are given by

-— Edézﬂ b 2 b2 b
a.l' = —— En - + 2 2 p) 1- — En - (28)
2(l -v)K r b - a ~ a
. 2 2
b b b
g = —292% 4y g 2o 2 (1+_ B —- (29)
2(1-v)K r b2 — a2 2 8
EaQ;a b 2 a% b 30)
6, = =———— |1 =28 — -~ 2 b — (
z 2(1-v)K r b2 _ a2 a

These results are expressed in Figureg 16 and 17. Figure 16 shows the
behgvior of o , oy and e,, non-dimensionalized with the quantity
Eana

2(1-v)K

for both cooling modes. The abscissa, also non-dimensional, is defined
0 as to be zero at r = a (inside wall) and unity at: = b (outside wall).
Note that for both cooling modes, the radial stress is wholly compressive
while o5 and o, are compressive near the inside surface and tensile near
the outer surface,

with v = 0.25, as a function of r for a tube for which b/a = 2,

Figure 17 shows the maximum thermal stress (o, ), compressive and tensile,
versus b/a for both cooling modes; v = 0.25. One will note that for a
given b/a, the axial cooling mode gives a higher maximum stress, and for
small b/a , the radial cooling mode results in a substantially lower stress.
Thus, in terms of stresg, there is no advantage to be gained by inducing

a strong axial cooling mode. This 1s a fortunate result because the
"natural” cooling mode is the radial one.

Eaéz a
To evaluate the quantity E?T—;KEE , the following physical properties

of Lucalox are used:9,10

57 - 50 x 10° 1b/in.2 (0-1000° C)
6

E

1>
1

4.3 - 5 x 10° in./in. ® F (550 < T < 750° C)
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See Figure 18.

Eaéza .
For an average tube temperature of 600" c, EYI__SE{- becomes 1620 Q3
-V

lb/in.2 when Qza is expressed in watt/em.

The compressive strength of Lucalox, as Indicated in Ref. 10, is greater
than 300,000 lb/in.2 The tensile strength is difficult to ascertain for
it depends on such factors as preparation history, grain size, surface
conditions, type of lpading and environment. Bending strength measure-
ments indicate that the tensile strength ranges from 70,000 1b/in.“ to
35,000 lb/in.z, depending on grain size., Further, the bending strength
decreases by about 30 percent at 1000° ¢,11 :

2Ealna
For a tube for which b/a = 1.33, Figure 17 indicates that Gmax "%—E]g““=l125
Taking opax for Lucalox to be 25,000 lb/in.2 and the average wall
temperature to be 600° C,then the maximum allowable ©,ais 60 watt/cm.
If the tube walls have an average temperature of 12009 C, then due teo
further reduction in the Young's Modulus, tensile strength and thermal
conductivity, the estimated allowable Qza is reduced to about 30 watt/cm.
One must note that the values of QZ in the two examples above may not
be consistent with the temperatures assumed for the Lucalox wall.

Assuming that the wall temperatures above are consistent with the implied
heat loadings, and thermal stress limits the peak performance, then the
maximum radiated power can be determined. Since Q a is 30 watt/cm, the
heat conducted to the inner wall of the envelope is CbZna or 188 watt/cm.
Table 1 below gives the input power and radlated power for various values
of the radiating efficiency,n, of the arc column. If b/a ‘is decreased
from 1.33 to i{.15, then the maximum radiated power (for a given n ) is
doubled. (See Figure 17.)

TABLE |

CESIUM VAPOR LAMP PERFORMANCE WITH A LUCALOX ENVELCPE
ASSUMING THERMAL STRESSES ARE LIMITING

Radiated Input Equivalent Blackbody
" Power Power Temperature
(percent) {watt/em) {watt/cm) © Ky
50 190 380 2700
60 280 465 3000
70 440 630 3150
80 750 935 3500
90 1690 1880 3950
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Also included in Table I is the equivalent blackbody temperature assuming
the voltage gradient is 30 volt/cm. Figure 12 is used to determine the
arc column radii{. Since the radiating efficiency of the arc column can
be as high as 90 percent, one will note that if thermal stresses alone
are limiting, the potential of the cesium arc discharge radiant source
can be realized, At present, however, other factors limit the perform—
ance of the source,

FACTORS AFFECTING ERNVELOPE TEMPERATURE

1. Introduction

Paragraph B indicated that if thermal stresses are the only consideration, the
cesium vapor lamp with the Lucalox envelope can provide flux levels at least
five times greater than those delivered by the tungsten-quartz lamp. In this
section, the factors determining the envelope temperature are examined, and

the resulting limitation on input power is considered,.

2. Energy Transfer Mechanisms

To determine the envelope temperature, the balance between the energy input

to the envelope from the arc column and the means by which the envelope rids
itself of this energy must be considered. The details are shown schematically
in Figure 19.

A fraction, n , of the input power to the arc discharge leaves the column as
radiation. The rest, (I-73), 1s conducted or convected away., A fractiom, r ,
of the radiated power from the arc column passes through the envelope to the
outside. The remainder, (1 —-r}, is absorbed. Thus the total power to the
envelope is given by

Power to envelope = {1 — 5} Pinput + (1-7)7 Pinput (31.)
This power input to the eunvelope causes it to increase in temperature until
an equilibrium i1s attained between the power input and the power lost to the
surroundings. The envelope loses energy by two mechanisms, radiation and
convective cooling. The power loss by radiation per unit length of the
envelope can be expressed as

4
(Prad)en\relope = 2nberoT (32)

where T is the envelope temperature, 2b is the diameter of the envelope and

T is a quantity similar to emittance. Equation (32) assumes that the lamp

is radiating to cold surroundings. For an isolated lamp, that is a reasonable
assumption., For a lamp within an array of lamps, equation (32) should be
modified to take into account re-radiation back to the envelope from both
surrounding lamps and the sample,

The power loss by convection per unit length can be expressed as

(P = 27bh AT (33)

conv’ envelope
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where h 1s the heat transfer coefficient and AT is the difference in tempera-
ture between the envelope and the ambient surroundings,

When the envelope 1g in a steady state condition, the input power must equal
the power loss, which leads to the condition

Pinput[l—'qr] = 27b [s-r oT? + h AT] (34)

where Pmpm is the input power per unit length.
The quantity r is a transmission coefficient, In general, it depends upon
the geometry and material of the envelope and on the spectral distribution

of the plasma arc radiation. The quantity ¢ 1Is not the usual emittance be-
cause translucent materials, like Lucalox, are volume emitters rather than
just surface emitters. Thus ey , as defined by equation (32) is a function
not only of the material but also of the geometry and surface condition. For
a cylinder, it would depend upon the inner and outer radii. Finally, since
the volume emission would, in general, be wavelength dependent, the total
emission would depend on temperature.

3. Heat Transfer Coefficient for Natural Convection

The heat transfer coefficient for natural or free comvection for a horizontal
cylinder is given byll

AT \0:25
o = 0.27 (?B" (Beu/he-fe?- © F)

(=2
n

AT 0.25
4,16 x 104 (“,;‘b* (watt/cmz—oc) (35)

Fa

Figure 20 is a plot of the power, per unit length, lost to ambient air at
70° F by natural convection for three different envelope diameters.

4, Heat Transfer Coefficient for Forced Convection

The heat transfer coefficient for the cross flow of non-turbulent air over
a cylinder is usually expressed as an experimental correlation between the
by 2B 2bpU

~ , and the Reynolds number,
K¢ . o]

have the following meaning:

Nusselt number, , where the symbols

h, azimuthally averaged heat transfer coefficient
2b diameter of cylinder

p density of free stream
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U free stream velocity
p; viscosity of film
K, thermal conductivity of film

The film temperature is taken to be (T, + T, )/2 where Tya)l is the tempera-
ture of the cylinder surface and T, is the temperature of the free stream flow.

For 1000 < 22PY ¢ 50,000, the correlation is given by’
e S
h_2b 0.6
o (2""”) (36)
K¢ #

Figure 21 is a plot of the power loss per unit length due to the cross flow
of air at one atmosphere pressure and 70° F over a cylinder with a diameter of
1/2 inch for various free stream velocities and wall temperatures. These
results can be used for cylinders of diameter D inches by multiplying by

. D 0.6
the ratio (%i?g) .

5. Power Loss by Radiation

The power loss by radiation is given by equation (32)., Figure 22 is a plot
of eraq4 versus temperature for various values of er . Some experiments
were undertaken to determine ey for the Lucalox tubes used as envelopes for
the cesium vapor lamps. The procedure consisted of heating the Lucalox

tube to some known temperature and comparing the radiation from it to that
from a silicon carbide rod of the same diameter and at the same temperature.
The arrangement was such that both the Lucalox and the silicon carbide rod
were located in the same position relative to the detector. A slit was used
to restrict the fleld of view.

The ratio of the two signals was interpreted to be ¢ in equation (32). This
makes the assumption that the radlation from both materials has the same
angular distribution. Other experiments have indicated that Lucalox is a
Lambertian radiator out to angles of 55 deg from the normal. The results

of these measurements are represented by the dashed line on Figure 22.

6. Relation Between Input and Envelope Temperature

The right-hand side of equation (34) can be evaluated as a function of envelope
temperature for various cooling conditions so that equation (34) can be used to
find the input power associated with a given envelope temperature. The term

r still must be evaluated. The term (l1-r ) represents the fraction of the
radiation from the arc column that is absorbed by the Lucalox envelope.
Measurements made en a Lucalox envelope (1/2-inch outer diameter with a 1/16-
inch wall thickness) indicate that in the spectral range of 1-4 p, where most
of the radiation of the cesium plasma is found, the amount of absorption is
5-10 percent. Thus, r has a value of 0.90-0.95.
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Figure 23, based on Figures 20 and 22 and equation (34), shows the input power
versus nr for a cesium vapor lamp with a 1/2-inch Lucalox tube for various
wall temperatures, where the power loss from the tube is due to natural con-
vection and radiation cooling to cold surroundings. Taking r = 0.95 and
assuming the radlating efficiency of the arc column is 0.9, an input power

of 360 watt/cm is possible for a wall temperature of 1500° C, This input
power is probably close to the maximum for the cesium vapor lamp in the 1/2-
inch Lucalox tube with only natural convection cooling. For an arc column
with a radius of 0.1 centimeter, this corresponds tc a blackbody temperature
of 3100° K. This input power would be reduced considerably if the lamp was in
an array where both the natural convection and the radiation cooling would be
less. With this cooling arrangement, the potential of the cesium vapor lamp
is not realized.

When forced convection is used, the input power can be increased markedly.
Figure 24, based on Figures 21 and 22, shows the input power that results
when forced convection as well as radiation cooling is employed. The results
are shown for three different free stream velocities and two different values
of n:r is taken to be 0.95. For a free stream velocity of 50 ft/sec and an
arc radiating efficiency of 90 percent, the input power for a wall tempera-
ture of 1500 C is 1175 watt/cm. For a voltage gradient of 30 volt/cm, the
current is 39 amperes. From Figure 12, this corresponds to an arc radius of
0.17 centimeter. (From Figure 34, 30 volt/em corresponds to ~1 atm vapor
pressure,) Thus, the arc column is radiating at a rate of 1000 watt/cm“,
which is equivalent to a blackbody temperature of 3700°K. By comparison,

the tungsten-quartz lamps are equivalent to a blackbody temperature of 2500° K,
which corresponds to radiation output which is four times smaller.

D. LAMP GEOMETRY AND FABRICATION

The plasma arc lamp consists of a cylindrical envelope sealed at both ends by
means of endcaps. Attached to the endcaps are the electrodes, TFigure 25 is a
sketch of the lamp., The envelope is made of Lucalox with one essential ad-
vantage over quartz: it i1s inert with respect to molten alkali metals. It also
offers the advantages of a higher operating temperature and greater modulus of
rupture. Also, higher temperature metal geals are posgible. In addition,
Lucalox has a higher transmission than quartz in the 4-6py range. The envelope
most commonly used in this iInvestigation had a 1/2-inch o.d., a 1/16é~inch wall
thickness and was 8 inches long.

The endcaps are 0.010-inch thick and are made by cold-forming. The material

used is tantalum, though nioblum has been employed and rejected because of the
lower melting point. The basic requirement is a match to Lucalox in coefficient
of thermal expansion, though melting point and ease of forming are secondary con-
siderations. The principal disadvantage to tantalum is its poor resistance to
oxidation.

The braze between the Lucalox and the endcap 1s composed of a sandwich containing
layers of titanium, nickel and then titanium. The heating is accomplished by
radiation from an inductively heated source. A ductile braze is obtained at a
temperature of about 1170° C, Titanium is generally not a good constituent for a
braze alloy because of its tendency to form brittle intermetallic compounds, but
it does "wet" Lucalox.
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As indicated in Figure 25, one electrode is a solid tantalum rod which has a
diameter of 0.060-inch. The other electrode is a tantalum tube with a 1/8~inch o.d.
and a wall thickness of 0.010 inch. The basic requirements for the electrode
materials are resistance to corrosion by alkali metals, a high melting point and
enough ductility that it can be cold-welded, The electrodes are inserted through
the endcaps and into the envelope about 7/16-inch.

The braze employed to join the electrodes to the endcaps is nitincl (50 percent
nickel and 50 percent titanium), which has a melting point of 1300° C. A later
development was to replace this braze by an electron beam weld. The basic ad-
vantages of this are a higher melting point joint and an improved adherence of

the plating (better adherence to tantalum than to the braze material}. The re-
sistance to corrosion by the alkall metals of these brazes is not well-established.
Experience seems to indicate that the brazes are not wholly satisfactory in this
respect.

The fabrication procedure 1s to braze the electrodes to the endcaps and then
braze the endcaps to the envelope. The next step 1s to introduce cesium inte

the tube, This is accomplished in a glove box which provides an inert environ-
ment, thereby preventing the rapid oxidation of cesium upon exposure to air.

The lamp 1s evacuated and then filled with approximately 100 mg of cesium, which
is enough so that there is always some liquid cesium present while the lamp is in
operation. Along with the cesium, the lamp is filled with argon to a pressure of
approximately 10 torr. The end of the filler tube is then cut cff and cold-
welded by compression. The lamp is then removed from the glove box and the
cold-weld joint is permanently gsealed by electron beam welding.

The last step in the fabricatiom of a lamp 1s the electroplating of the tantalum
surfaces to prevent oxidation., A program to develop tantalum coatings was carried
forth in cooperation with the Materials Development Section of Aveo/SSD. Various
coatings were first evaluated by subjecting test samples to elevated temperatures
in a furnace for various periods of time. Coatings that showed promise were then
applied to a lamp and evaluated under actual running conditions,

The coating that showed the best performance was one consisting of a layer of
nickel followed by a layer of platinum followed by a layer of gold. This
coating withstands 1000° C for 10 hours without signs of oxidation.

E. DIRECT CURRENT OPERATION AND PERFORMANCE

1. Starting Characteristics

A self-sustaining electric discharge in the lamp is initiated when the poten-
tial across the electrodes reaches a value V., called the sparking potential.
The sparking potential depends upon the gas, the pressure, p , the electrode
separation, 4 , the electrode geometry and material. If the gas, electrode
material and geometry are kept fixed, then it is found that vy is a function
of pd , the product of the gas pressure and electrode separation. This fact
is known as Paschen's law.® Figure 26 is a plot of Vv, versus pd obtained
from measurements with argon in an unsealed cesium vapor lamp. The lowest
pressure represented on Figure 26 is 1.2 torr.
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If these measurements were carried to lower pressures, the curve would show
a minimum as Indicated by the dashed line. This minimum occurs at a poten-
tial of from 140 to 350 volts and at a pd of approximately 1 torr-cm.8,13

Once breakdown is initlated, the nature of the ensuing discharge depends on
the characteristics of the circuit and power supply. If the power supply is
current-limited, a glow discharge may develop which is characterized by low
currents (typically ma) and large cathode fall voltages (typically hundreds
of volts) with the result of a high power transfer to the cathode. TIf the
power source can supply currents of the order of amperes, then an arc dis-
charge is established. The arc discharge is characterized by modest anode
and cathode fall voltages (typically volts) and an arec column where voltage
gradient, radiation and temperature are essentially constant along the columm.

Figure 27 shows a plot of lamp voltage versus lamp current for a cesium-filled
lamp at an operating temperature that is low enough to represent the charac-
teristics of argon at a pressure of about 10 torr. The portiom of Figure 27
where the voltage starts to rise steeply is a transition region between the
arc discharge mode and glow discharge mode.

Figure 28 is a plot of lamp voltage versus current for a lamp filled with
argon at a pressure of 300 torr. Comparison between Figures 27 and 28 shows
that at higher pressure, the position of minimum voltage moves toward higher
current.

2. Power Supply

The power supply used in the laboratory evaluation of the dc operation of

the cesium-vapor lamp was a dc welding unit. For currents in the range 0-30
amperes, the power supply can be ccnsidered to be a 700-velt battery with a
resistance of 1 ohm in series, The lamp was connected in series with a 0-200-
ohm variable ballast resistor. The circuit is shown in Figure 29.

The 700-volt open-circuit voltage cutput is not generally sufficient to cause
breakdown. Breakdown is accomplished by using an oscillator starter. {See
Figure 30.)} High voltage is delivered by a 15-kw, 30-ma neon sign transformer.
A 12,000-volt capacitor is charged up until a spark is created across an ad-
justable air gap which consists of two tungsten electrodes. During break-
down, the circuit oscillates (with a low Q) at a frequency (typically kc)
depending on the value of the capacitance and inductance in the circuit.
These high-voltage, high-frequency pulses are inductively coupled to the cir-
cuit containing the lamp. The starter causes breakdown and can drive enough
current through the lamp to lower the voltage below 700 volts, where the
power supply can take over.

If the power supply contains diodes or other rectification elements, a pro-
tective capacitor should be put across the leads of the power supply. Once
the lamp is started, the starter has no further effect and the protective
capacitor could be removed.

The existence and stability of the arc discharge with a dc voltage source
and a pure resistance in series is determined by considering Figure 31.
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The curve represents a typical voltage-current characteristic for an arc dis-
charge (e.g., Figures 27 and 28). The straight line is a plot of the rela-
tion

which 1s a consequence of the lamp being in serles with a2 resistor and a bat-
tery. Vy is the lamp voltage, V), is the battery voltage,! is the lamp cur-
rent and R is the value of the series ballast resistor. Operating point(s)
for the arc discharge correspond to the intersection of these two curves.
As 1s indicated in Figure 31, there are two points of intersection. One can
show that only one point, A, is stable with regard to small fluctuations in
the power supply.14 The general criterion for stability is

dv

— > ~R

dI
where_fz,is the slope of the discharge voltage~current characteristie.

dl

These considerations are useful in determining the lamp current that will re-
sult upon initial startup. Returning to Figure 27, one can note that if the
startup current is to be 3 amperes and the supply voltage 1is 160 volts, then
a series resistance of 43 ohms is needed. If Vv, 1s 700 volts, a resistance
of 223 ohms is required.

3. Plasma Pregsure During Lamp Operation

As indicated previously, the filling operation consists of evacuating the
lamp, adding approximately 100 mg of cesium and approximately 10 torr of ar-
gon, and then sealing off the tube. At room temperature, the vapor pressure
of cesium 1s much less than 1 torr., Thus, upon starting, the lamp radiation
has the characteristic bluish-purple color of argon. As the lamp components
heat up, the temperature of the cesium liquid-vapor interface increases and
hence the cesium pressure increases, with the result that the radiation be-
comes characteristic of a cesium plasma. Figure 32 shows how the cesium
vapor pressure varies with the temperature of the liquid-vapor interface
during equilibrium conditions, 13

Figure 33 is a schematic of the voltage-current characteristics for the lamp
for four different plasma pressures. Also included are plots of equation
{(37) for a fixed battery voltage but different ballast resistors.

Suppose that the lamp is operating at point A corresponding to load line 1
and pressure P;. Let the ballast resistor be decreased suddenly to a value
corresponding to load line 2. Then the lamp operating point moves from A to B,
the current and voltage increasing. This increased power causes the cesium
liquid-vapor interface temperature to iIncrease to some new steady-state

value corresponding to P;. During this adjustment, the lamp operating point
moves along load line 2 from B to C. Two other sudden decreases in hallast
resistor are alsc depicted in Figure 33. In changing from load line 2 to 3,
the corresponding change in operating point, C to D, occurs at essentially
constant voltage while the voltage decreases with a sudden change from load
line 3 to 4. Provided there is sufflicient liquid cesium, an increase in cur-
rent leads to an increase in vapor pressure. This in turn causes an Increase
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in voltage and an increased input power. If, however, the vapor pressure

is kept fixed (by maintaining the liquid-vapor interface temperature by some
external means), an increase in current has little effect on lamp voltage.
This is a consequence of the small (positive) slope of the arc voltage-current
characteristic. Thus, high input power is associated with high pressure and
concomitantly high voltage gradient.

The previous discussion implies a direct relation between vapor pressure and
voltage gradient. Theoretical considerations suggest this result also.l6 2
series of experiments was made with a lamp instrumented with a thermocouple
situated so as to measure the cesium liquid-vapor interface temperature at
various lamp voltages. Using the vapor pressure curve of Figure 32, a cor-
respondence between vapor pressure and voltage gradient was achieved. The
result is shown plotted on Figure 34.

The approximately linear relation seen on the logarithmic plot implies a re-
lation of the form

E - kpP™M (38)

where E is the voltage gradient (volt/cm) and P is the pressure in torr.
From Figure 34, m and k are found to have approximate values of 0.4 and 2,
respectively.

4. Spectral Distribution and Total Radiation

The total radiation from the lamp was measured by means of a thermocouple
detector. The dc signal from the detector is chopped, amplified and then
rectified to give a dc signal in the 1 to 10-mv range. The detector contains
a CsI window which passes radiation in the band from 0.5 to 30 - 40 4 .

The detector system is calibrated using a globar source.

The physical arrangement obscures all but a one-centimeter section of the
lamp by using a slit. The detector is typically 20 to 30 inches away from
the lamp. Assuming a Lambertian radiator, as discussed previously, and mea-
suring the radiation Intensity at the detector, the radiated power per unit
length of the lamp can be calculated. This measurement can be checked by
gubtracting the power loss from the envelope by free convection (equation
(35) from the input power. This regult is generally 10 to 15 percent higher
than 1s inferred from the direct radiation meagsurement. This difference may
be accounted for partially by end effects and by a combination of effects
due to volume radiation from the plasma column and the non-zero in-line
transmission of the Lucalox envelope.
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Since the pressure, which has a significant effect on the voltage, is not
directly controllable, there is no unique voltage-current characteristic for
the cesium vapor lamp as there 1s for lamps with conventional resistive ele-
ments. The cesium vapor lamp has been coperated at voltages as high as 520
volts, which correspond to a voltage gradient of about 29 volt/em, From Fig-
ures 32 and 34, this corresponds to a vapor pressure of about one atm and a
cesium liquid-vapor interface temperature of 9509 K. The highest input power
has been 280 watt/cm, achieved at 10.7 amperes and 475 volte.

0f the total radiation emitted by the plasma-envelope system, a portion is
due to the plasma and the rest 1s due to emission by the hot Lucalox. One
can distinguish between the two by running a "shut-down" experiment. This
consists of turning the lamp off while the radiation de.ector 1s being moni-
tored on a continuous strip recorder. The plasma extingiishes very quickly
so that the remaining signal is the radiation due to the Lucalox envelope.
By employing this method, one will find that at a low voltage gradient (low
vapor pressute) the Lucalox contributes as much as 50 percent of the total
radiation. At low plasma pressures, the plasma column radiating efficiency,
7, 1s low. There is a significant amount of heat conducted to the envelope
which is finally lost to the outside by radiation. However, at high power,
i.e., high voltage gradient, the Lucalox contributes only 20 to 25 percent
of the radiated power.

An investipation of the spectral distribution of the radiation output of the
cesium vapor lamp (cesium plasma plus Lucalox envelope) has been carried out
using broad-band infrared filters which cover the range 0.5 to 5.5u in six
steps. All filters are blocked outside of their range of transmission. The
transmission curves have sharply rising edges with a slightly oscillatory top.
The bandpass is taken to be the width of the transmission curve at 50 percent
of peak transmissiom. The average transmission,t , is determined sc that

the area of the rectangle of width equal to the bandpass and height ¢ has the
game area as that under the tramsmission curve. 1In general, the use of such
filters gives reliable results if the spectral radiation is roughly constant
over the bandpass, especially near the edges of the bandpass. At low pres-
sure, the spectrum of cesium shows strong lines near 0.8, 1.2 and 4.5,.
However, at higher pressures {~l atm}, a strong continuum makes the spectrum
more uniform.

The spectral measurements were obtalned with an input power in the range
52-185 watt/cm. The lamp voltage varied from 200 to 515 volts. The results
are shown in Figure 35. The radiation within the six bandpasses ranges from
82 percent (at the lowest voltage gradient} to B9 percent (at the highest
voltage gradient) of the total radiated power. As the voltage gradient, and
hence vapor pressure, Increases, one will see that the radiation in the 0.8
to 1.2y region decreases rapidly while the radiation in the 1.2 to 4.5 4
range increases. At large voltage gradients, about 85 percent of the radia-
ted power is in the bandpass 1-4p.

~H2=
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ALTERNATING CURRENT OPERATION AND PERFORMANCE

1. Power Supply and Starting Procedure

The ac operation of the lamp was accomplished by using a 440-volt (rms)
single-phase power gource, The circuit diagram is shown in Figure 36. Note
that provision is made to include some inductance in series with the lamp.
The starting procedure is essentially the same as for dc operation except
for the inclusion of the switch that 1s used to disconnect the protective
capacitor once the lamp is started.

2. Operational Characteristics with Seriles Resistance

The operational characteristics of the cesium vapor lamp are considered first
when the principal current limiter is the series ballast resistance, i.e.,
the resistance in the circuit is large compared to either the inductive or
capacitance impedance.

The ac operation of the lamp gives rise to certain phenomena that ara not
present in dc operation, These phenomena occur as a result of the change

in polarity at every half-cycle. Consider the lamp to be in operation at
some plasma pressure and let the dc voltage-current characteristic for the
lamp be represented by the dashed line in Figure 37. Pick the time t=0 to
correspond to a point in the cycle when the voltage across the lamp is zero.
Thus, the lamp current is zero. As tlme increases, the veltage increases
ginusoidally with time until some value is reached where the arc is reignited.
This voltage, called the restrike voltage,V, , is shown to be at a higher
value for the same arc current than would be the case 1f the lamp were
operating with a dc power supply. This is due to the deionization and cool-
ing of the plasma that has occurred during the time interval between when

the arc extinguished and when it restrikes. The lower degree of ionization
means that the plasma effectively has a higher resistance, and a higher
voltage is required for reignition. Once the arc relignites, the lamp follnus
a characteristic curve slightly above the dc charaeteristic., The consisteut!y
higher voltage is due to the ionization lagging behind the current. The
voltage drops to some value and stays essentially constant over a wide range
of lamp current. A constant voltage across the lamp means that the voltage
across the ballast resistor (Figure 36) is varying sinuscidally and hence,

the current in the lamp is alsc varying sinusoidally. Once the current starts
to decrease, the lamp voltage-current characteristic starts to fall slightly
below the dc characteristic because the ionization, still lagging behind the
current, is greater than is required, and the same current flows at a lower
voltage gradient. Finally, the arc extinguishes because as the current
becomes small, a high voltage is required to maintain the discharge. The
above description is appropriate for a low-frequency ac source. A more
thorough discussion is to be found in Ref. 17,

Figure 38 shows the general voltage and current traces that result. One
will note that twice during each cycle there is a time interval during which
the lamp is extinguished and the current is essentially zero. The eye does
not perceive this discontinuity in light output.
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The restrike voltage required depends on how fast the deionization processes
have occurred in the plasma during the time the arc has been extinguished.
The greater the vapor pressure, the greater the collision rate of ions and
electrons with molecules and atoms and hence, the greater the rate of deion-
ization once the lamp is extinguished. Thus, the restrike voltage increases
with vapor pressure., There is also a tendency for the restrike voltage to
decrease with current for a given vapor pressure because more plasma has a
higher degree of ionization.l7

Thus, as the input power to the lamp is increased, by decreasing the ballast
resistor, the cesium liquid-vapor interface.temperature increases, the vapor
pressure increases, the restrike voltage increases to the point where it is
greater than the peak supply voltage, and the lamp goes out.

Experiments with the cesium lamp, where no attempt is made to control the
cesium liquid-vapor interface temperature, indicate that once the rms
voltage reaches 140 volts (I ~ 5 to 6 amperes), a further increase in
current leads to an unstable pgrformance, resulting in extinction of the
lamp. When the rms voltage is 140 volts, the restrike voltage is about 460
volts. This corresponds to a ratio V/V,_. slightly greater than 3.

Figure 39 contains oscillograms taken when a cesium lamp is in operation in

the circult of Figure 36 with no inductance. PFigure 39a is a voltage-cur-
rent characteristic, (See Figure 37.) TFigure 39b shows a voltage and cur-
rent trace for an operation point of V. = 88 volts and I, = 4,55 amperes.
(See Figure 38.) The restrike voltage is 270 volts and v, /v, . = 3.1. The
current is essentially zero for about 1.5 msec or about 20 percent of the time.
The input power is about 260 watts. Figure 39c is an oscillogram obtained just
before the lamp extinguished. v, 1s~600 volts and the current is zero

almost 50 percent of the time. (In this oscillogram, the current and voltage
are shown 180 deg out of phase for ease of viewing).

3. Operaticnal Characteristics with Series Resistance and Inductance

The previous results were for a circuit where the current is limited by a
ballast resistor. If in additlon, an inductance is placed in series with
the lamp, a marked improvement is made. This improvement is associlated
with the voltage across the lamp electrodes after the arc is extinguished,
called the recovery voltage, and is determined by the external circultry,
Thus, in an inductive circuit, when the current drops to zero, the inductor
becomes a significant voltage source and causes the voltage across the
electrodes to rise rapidly with time. Hence, the deionization process in
the plasma has little time to proceed before the recovery voltage is high
enough to cause reignition. Thus, an inductive element in the circuit has
the effect of lowering the restrike wvoltage.

Figure 40a is a voltage and current trace of a cesium lamp operating with

a 50-mh inductor in series with the lamp. The operation peint is V.= 95
volts and I = 6.6 amperes. The recovery voltage V, is 170 volts so that
V/Vins 1s about 1.8 rather than the factor of three without the inductor.
Figure 40b is an oscillogram for an operation point unobtainable without
inductance: V. = 198 volts and I, = 8.25 amperes. The recovery voltage
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is 340 volts. The constant voltage part of the voltage trace has a value

of about 150 volts. The input power 1s 1600 watts. With the 50-wh inductor,
the lamp can be run at an input power of around 2000 watts or 110 watts per
centimeter length of tube (Vg ~200-210 volts, Vy~180 volts ILg, ~ 8.9 amperes)
before the restrike voltage gets too high. The spectral distribution of the
radiation output is the same as that found for the dc mode of operation when
Vv, , the constant voltage portion of the voltage trace, is used to compute
the voltage gradient.

4. High Power Operation with Ac Power Supply

The previous sections indicate that to operate the cesium vapor lamp at high
power with an ac single-phase supply, a high peak voltage, the use of series
inductance or a combination of both 1s necessary.

There is also another method of restricting the restrike voltage. This

involves putting in a reduced amount of cesium, so that at some specified plasma
pressure, there is no more liquid cesium. At this point, the vapor pressure

is no longer determined by the temperature at the cesium liquid-vapor inter-
face. This means that the power to the lamp can be increased (by increasing

the lamp current) while the pressure, and hence the restrike voltage, will
increase only slightly.

As indicated previously, the radiating efficiency of the arc column initially
increases with pressure. Experiments with the cesium vapor arc discharge
suggest that when the voltage gradient reaches 20 to 25 volt/cm, no sub-
stantial further increase in radlating efficiency results with a further
increage in voltage gradient.

The single-phase power available at AFFDL is 580 volts (rms), which cor-
responds to a peak voltage of 820 volts. Suppose that the reatrike voltage
is to be limited to 750 volts, and the lamp contains an amount of cesium
such that the liquid phase has vanished for a lamp voltage,V, , of 400 volts
which corresponds to a voltage gradient of 22 volts/em. Thus, a ratio of
\Q/Va = %gg = 187 is required. Experiments with a 50-mh inductor showed
that V.V .~ 1.8 and Vv ./V,~ 1.1 so that v/v_,~2. Thus an inductance
slightly larger than 50-mh is required and, for example, an imput power of
300 watt/cm and an off-current time of 20 percent requires an rms current

of 16 amperes. See Appendix B for the rms current and voltage, and average
power in terms of the current and voltage waveforms.

FACTORS LIMITING RADIATION OUTPUT
1. Introduction

In previous sections, analyses were presented to show that with suiltable
forced convective cooling, the cesium vapor lamp with a 1/2-inch o.d.
Lucalox tube can be operated at an input power in excess of 1000 watts per
centimeter length of tube providing the factors affecting power input are
limited to thermal stress and tube temperature. Yet, the highest input
power actually achieved with a cesium vapor-Lucalox lamp for any length of
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time (approximately half an hour) was 280 wattfem. 1In this section, other
features of the lamp which limited the input power and hence, the radiation
output, are discussed.

2. Plating and Brazes

The two factors which have limited the input power to the cesium vapor-Lucalex
lamp have been associated with either the plating (prevents oxidation) or the
brazes, The failure mechanisms consist of either a continuing oxidation of
the tantalum until a slight hole is created or the deterioration of a braze
joint. Either permits alir to enter and eventually destroys the lamp. The
oxidation occurs most frequently at the braze joint between the electrodes
and the endcap and in the vicinity of the joint between the Lucalox and the
endcap. (See Figure 25.) The latter oxidation seems to be due to a failure
of the plating to adhere to the edge of the endcap. The oxidation at the
electrode-endcap joint appears to be due to a lack of adherence of the plat-~
ing to the nitinol braze material. 1In the latter stages of the program, an
attenpt was made to eliminate this problem by replacing the nitinol braze
with an electron beam weld. 1In addition to eliminating the plating preblem,
a substantially higher temperature joint was obtained. Also, the pos-
sibility that the cesium was attacking the braze was eliminated. Although
the technique was not completely evaluated, the initial results appeared
promising.

The other area susceptible to failure is im the vicinity of the braze joint
between the Lucalox and the tantalum endcap. This region is vulnerable in
three ways., First, oxidation is always evident after extended operation at
high input power levels. This appears to be due to a lack of adherence of
the plating to the very edge of the tantalum endcap. This may be due to the
assoclated high curvature to be found at the edge. Second, the braze tem-
perature is lower, having a melting temperature of approximately 11507 C.
Finally, there has been some evidence that the Ti-Ni-Ti braze is attacked

by cesium.

The plating and braze problems present the most immediate barriers to an
increased input power. Though the solution to these problems is not at

hand, they certainly are not imsurmountable. One partial solution follows
from the success of the electron beam weld; the higher melting point (1300° )
nitinol braze can be used for the tantalum-Lucalox joint. This braze is now
in the process of being evaluated, particularly with regard to attack by
cesium. Other possibilities to be explored include 1) the use of a ceramic
coating to prevent oxidation of the tantalum components, and 2) the use of

a ceramic braze instead of a metallic braze.

3. Envelope Material

The pertinent physical properties of Lucalox are stability in the presence

of the alkali metals, radiation transmission, modulus of rupture, coefficient
of thermal expansion and melting point. Its stability in the presence of
high temperature cesium vapor 1s satisfactory. Apparently, no other trans-
mitting materlal is available. The thermal stress analysis showed that its
tensile strength is adequate. The melting point of Lucalox is slightly in
excess of 20009 C, vwhich in view of other limitations is also satisfactory.
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The coefficient of thermal expansion leads to the specification of the end=-
cap material. Tantalum provides a good match, but presents the problem of
oxidation. A nickel steel could be used, but its melting point is lower,
and some problem might occur with the nickel-titanium brazes.

The total transmission of Lucalox is adequate out to 5 to 6p, if the thick-
ness is not too great. For some applications, the lack of transparency, as
indicated by the low in-line transmission, could be a serious disadvantage.
If Lucalox were a perfect scatterer, the brightness of the arc column would
be reduced by the ratic of the outer diameter of the tube to the diameter

of the arc column, a facter of 4 to 5 for cesium vapor in a 1/2-inch tube.
Scattering causes the radiation to appear to originate from the envelope

and not from the arc column. For applications where many lamps can be used,
the important consideration is that of total tramsmission. However, scatter-
ing does adversely affect the total transmission by increasing the optical
path and hence, the absorption.

Recently, the General Electric Company has developed a ceramic material
called Yttralox. It offers a marked improvement over Lucalex in the property
of transparency. Yttralox contalns about 90 percent Yttrium and 10 percent
thorium in solid solution. A heat treatment process removes the micro-
scopically small pores which cause scattering and account for the opacity
associated with ceramics. The in-line transmission for a 0.030-inch sample
is 75 percent or better for the wavelength range 0.35 to 74. 1In addition,
the absorption is very low, approximately 3 percent for a 2-mm thick sample
over the visible range of the spectrum.

The slightly higher transmission and the longer wavelength cut-off gives
Yttralox some advantages over Lucalox. However, its modulus of rupture
(indicative of tensile stress) ig three times smaller than Lucalox and,
most importantly, Yttralox apparently darkens upon exposure to the alkali
metals at high temperature. At the present, not encugh data is available
to make a quantitative assessment of this factor.

H. MULTIPLE LAMP OPERATION

Since the cesium vapor-Lucalox lamp could not be cperated at power levels any
higher than the tungsten-quartz lamps, the problems associated with multiple

lamp operation were only incompletely examined. Two potential problem areas will
be discussed now.

Since high input power to the lamp corresponds to a lamp voltage of 400 to 500
volts, multiple lamp operation is achievable only by connecting and operating
the lamps in parallel. When operating the lamps in parallel, an impedance in
series with each lamp must be provided, This requirement arises because each
lamp has a somewhat different operating characteristic due to differences in
vapor pressure. These differences can be neutralized by series resistors, for
then the sum of the voltages across each lamp and its resistor may be the same
as across any other palr. An identical situation arises in connection with the
operation of neon pilot lights, and the solution to this is also the addition
of a series resistor.
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When operating with a dc power supply, the impedance would be a resistor, while
an inductor could be appropriate with an ac supply. A fixed impedance is
desirable; its value is determined by the characteristics of the lamp and the
power supply and must be such that the impedance is large enmough to limit the
startup current while still small enough not to become the principal power dis-
sipator during high current operatiom.

Operating the cesium vapor lamp at a startup current in excess of 4 to 5 amperes
has not been found desirable, During startup, the vapor pressure is low, and
excessive currents lead to high heat loads to the electrodes. For dc operation,
if the power supply voltage can be regulated to as low as 60 volts, a series
resistor of 10 ohms is sufficient to limit the current to below 4 amperes. (See
Figure 27.) At a current of 10 amperes or greater, however, a large amount of
power {~15 percent of the total power) is dissipated by this resistor.

An attractive feature of ac operation is that inductors, which do not dissipate
power, may be utilized to provide the series impedance. In addition, investiga—
tion has shown that an inductor decreases the restrike voltage., The value of
the inductor that should be used with the cesium vapor lamp operating on the
power supply at AFFDL is difficult to predict, because the power supply voltage
determination is accomplished by contreolling the firing angle on the ignitrons
in the current control circuit. Thus, a low rms voltage is accomplished by
producing a voltage waveform that is far from sinusoidal.

Some effort was expended in devising circuitry which would permit the use of a
single starter for several lamps. A problem situation would otherwise arise if
the starter is not isclated from lamps that are already lit. Since the lamps
already started have a much lower impedance, the starter current would be
shunted away from the unlighted lamps and prevent starting.

One circuit that was studied employed relays to isolate the lamps after starting.
The experimental circuit used a dc power supply and is represented in Figure 41.
For simplicity, only two lamps are considered. The coil of the relay is connected
across the series resistor. Initially, neither lamp is 1it. The starter is
activated, one of the lamps is ignited and a current of 3 to 4 amperes flows
through it, This current is large enough to activate the relay and switch the
operating lamp out of the starter circuit. (The switching requires a make-
before-break type of relay.) The feasibility of this switching procedure has
been demonstrated in the laboratory., Figure 41 shows one lamp in operation and
isolated from the starter, while the subsequent lamps are started in a like
mannery .

In order for the operating lamps to be truly isolated from the starter, the
relay gap must be capable of holding off the high starter voltage. A hermeti-
cally sealed relay with, for example, air at low pressure can be made to have
a higher breakdown voltage than the cesium vapor lamp, and serve the purpose.

On the basis of the few laboratory experiences with multiple-lamp operation,
no insurmountable problems are anticipated.
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IV. GRAPHITE ROD HEATER

A, INTRODUCTION AND PRELIMINARY RESULTS

Compared to the tungsten filament heater, another radiant heat source that of-
fers the potential of a higher heat flux is one that uses carbon or graphite as
the radiating element. As previously discussed, the increased heat flux is due
to the factor of 2.5 to 3 increase in emittance of carbon over that of tungsten.
Thus 1f carbon can be operated at the same temperature {~30002 K}, then an in-
crease in radiated power over a comparable tungsten filament of at least a fac-
tor of two can be realized.

Well known is the fact that prolonged operation of a carbon material at elevated
temperatures in an air enviromment 1s impossible due to the accompanying rapid
oxidation. Provision of an inert atmosphere does not completely solve this
problem because of the high sublimation rate of carbon, a factor of 1000 greater
than that of tungsten at 30009 K, Though gublimation leads to a mass loss in
the radiating element, and hence, imposes a lifetime limitation, an equally im-
portant drawback is the deposition of the sublimation products on nearby colder
surfaces such as quartz envelopes or reflecting surfaces. With regard to the
quartz envelope, depogition of a carbon film ¢an cause appreciable absorption

of rhe source radiation, thereby reducing its intensity and raising the envelope
temperature until failure results. For a reflecting surface, decreased reflec-
tance is the result,

A possible solution consists of providing a flow of inert gas which would carry
the sublimation products to some region where they could be harmlessly exhausted
to the outside.

As a first step in evaluating the graphite heat source, a series of simple ex-
periments was conducted to measure the sublimation of graphite., The test ap-
paratus consists of an aluminum bell-jar that can be evacuated to a pressure of
100 p Hg. Tnside the bell-jar Is a jig which provides a means of making electri-
cal power connections to a graphite rod, The electric current, in passing
through the graphite rod, heats it to a temperature which is measured by means
of an optical pyrometer, which views the graphite rod through a window provided
in the side of the bell-jar.

The test procedure consisted of evacuating the bell-jar to a pressure of 1060 p
Hg and filling several times with argon. Finally, a pressure of 7 psig is main-
tained., The temperature of the rod was inferred from the pyrometer temparature
after suitable corrections due to the emittance of the graphite and the presence
of the quartz window.

The graphite rod used in thls experiment had a diameter of 0.120 ipch and a

length of 2% inches. The most important result obtained was that the rod could

be operated at a temperature in excess of 2900° K for a time period of 20 min-
utes with a mass loss of about 5 percent. The deleterious effect of oxygen was
demonstrated by evacuating the bell-jar to a pressure of 125 tarr and then
charging with argon to a pressure of 7 psig. At a surface temperature of 29009 K,
failure ogccurred after 7 minutes of operation with a mass loss of 15 percent.
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Figure 42 EXPERIMENTAL SINGLE-ROD GRAPHITE HEATER
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The preliminary experiments suggested that in the presence of an inert atmos-
phere, mass loss due to sublimation would not impose a serious restriction on
the lifetime of a graphite heat source operating at temperatures as high as
3000° K.

B, DESIGN AND PERFORMANCE OF A SINGLE GRAPHITE ROD HEAT SOURCE

1. Design Consideration

A photograph of the first design of a single graphite heat source is shown
in Figure 42. The heat source consists of a graphite rod inside a quartz
cylinder which is sealed by means of O-rings against water—cooled end
plates. The graphite rod is held by collets contained in the ends of two
brass electrodes. The electrodes are inserted through the end plates and
sealed by O-rings. Argon flows through one electrode inte the quartz cylin-
der and exhausts into the atmosphere through the other electrode. The
quartz tube has an i.d. of 23 mm and a wall thickness of 1 mm.

This design was tested using a graphite rod with a diameter of 0.120 ipch.
The length of the rod between the collets was 2 inches. Using an argon
flow of 0.27 gm/sec through the quartz tube, the test indicated that a sur-
face temperature of 2900-2950° K could be maintained for 40 minutes. At
this point, operation was terminated due to a break in the graphite rod
near one of the collets. The current required to establish this tempera-
ture was in the range of 140 to 150 amperes and the voltage drop was 10 to
11 volts.

The next step in the design was to increase the length of the rod from 2
inches to 7 inches. With the increased length, two modifications were made.
One modification was to provide physical support of the rod while at high
temperature without seriously interfering with the argon flow. This was ac-—
complished by a piece looking like a three-bladed propeller which fit loose-
ly into the gquartz tube. The support, sketched in Figure 43, was made from
tantalum, and was 0,010 inches thick.

GRAPHITE ROD

QUARTZ ENVELOPE

Figurs 43 SKETCH OF GRAPHITE ROD HOLDER

The other modification was to provide a means by which the graphite rod
could expand upon heating. At this stage in the design, this was accom-
plished by allowing the electrodes to slip with respect to the end plates.
Such could be accomplished with a potential drop across this sliding con-
tact of less than 10 mv even with currents of 150 amperes.
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The lamp with the longer graphite rod operated quite satisfactorily. During
the course of various measurements the lamp was operated for a total running
time of 5 hours, 2 hours at temperatures ranging from 2300-3050% K. The
tantalum supports appeared to be unaffected by this exposure though some
brittleness was indicated. There was some buildup of graphite on the gquartz
envelope in the vicinity of the downstream electrode. Temperature measure-
ments along the rod showed that even with water-cooled end plates, the tem-
perature was within 5 percent of the maximum value for over 80 percent of
the exposed length of the rod.

The final design modifications were the use of a smaller quartz tube, oper-
ation without water-cooling, and improvement of the rod-electrode connec-
tion. The quartz tube inner diameter was reduced to 11 mm (0.433 inch),
while still maintaining a wall thickness of 1 mm. The rod support plece
was Increased in thickness. A single support was found to be satisfactory,
at least for lengths of 8 inches.

The modifications that were needed for operation without water cooling were
concerned with the graphite rod-electrode connection. Operation without
water-cooling proved to be unsuccessful with the collet type of rod holder
due to excessive temperatures. The collet holder was replaced with a molyb-
denum cylindrical sleeve into which the rod was placed with a snug fit.

One electrode had provision for spring-lcading to accommodate expansion upon
heating. The final arrangement used provided for expansion by letting the
rod slip within the sleeve. Also a conducting paint (e.g., silver) was put
on the ends of the rods. This arrangement, where the contact surface be-
tween the rod and the sleeve is 5 to 10 times greater than the cross sec-
tlonal area of the rod, permitted enough relative motion to accommodate ex-
pansion without introducing a harmful contact resistance, but allowed
operation at rod temperatures only as high as 2700° K. 1If the full poten-
tial of graphite is to be realized, the electrode pieces probably must be
cooled.

2, Performance Characteristics

The performance characteristics are summarized in Figures 44 and 45. Figure
44 shows the voltage gradient versus current for rods made of two different
graphites and one carbon, The rod diameter was 0.120 inch in all cases.
Table TII lists some of the properties of these materials which were obtained
from the Union Carbide Corperation. The one carbon material has a greater
electrical resistivity than the two graphite materials. This is manifested
clearly in the operating characteristics (Figures 44 and 45). The princi-
pal difference between the two graphites is that of cost ~- the AGKS is

less pure than the AGKSP and costs about one-fifth as much.

One of the drawbacks of using carbon or graphlte as a heater element is

that its electrical resistance is low compared to tungsten. This means

that associated power supplies must be capable of supplying large currents.
Some relief to this problem is indicated by the use of carben, which has a
higher resistance than that of graphite due to its disordered crystal struc-
ture. Figure 45 shows that for an element temperature of 2800° K, a cur-
rent of 100 amperes is sufficient for the L113SP carbon material, while
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150 amperes is needed for the two graphite materials. However, the L113SP
catbon material seems to sublime more readily than the two graphite mater-
isls. Whether or not this is an inherent drawback to carbon is not clear.

TABLE 11

SOME PHYSICAL PROPERTIES OF VARIOUS
HEATER ELEMENT MATERIALS

Unlon Carbide

Grade L113sP AGKSP AGKS
Designation

Type of material Carbon Graphite Graphite
Bulk density

(gm/cm3) 1.45 1.61 1.60
Electrical re-

gslstivity

(ohm-1in) 2.0x10™3 2.5x107% | 2.5x107%

Coefficient of
thermal expansion

(10-6/0C)

(1000-2000°C} 8.4 2.6 2.7
Flexural strength

{1bs/in?)

(*%-inch rods) 2600 3500 3500

The results in Figure 45 were obtained for a lamp with a nominal %-inch
quartz envelope. Temperature was measured by means of an optical pyrometer
and then corrected for the emittance of the heater element material and the
presence of the envelope. One should note that the relation between the in-
put power (lamp current) and radlated power (rod temperature) depends upon
whether or not the rod absorbs any radiation from the surrounding environ-
ment. The results shown in Figure 45 are for a lamp radiating into "cold"
surroundings, although there is some reflection due to the quartz envelope.
The next section will show that a rod temperature of ~ 3000° K iz accom~
plished with a current of ~ 130 amperes. This results because of a signi-
ficant amount of re-radiation to the heater element,

CONSTRUCTION AND EVALUATION OF A MODULAR GRAPHITE HEATER

1. Intreduction

During the later stages of the program, the fact became clear that the po-
tential of the cesium vapor arc discharge could not be immediately realized

because of the materlals limitatlons discussed above. In conference with
the technical staff of AFFDL, the decision was made tc devote the remaining
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effort toward extending the graphite development work from the single rod
graphite heater concept to the desipgn, construction and evaluation of a
modular, mulri-element graphite heater. This decislon was made because the
graphite heater appears to offer the most immediate improvement in heat
flux capability over the existing tungsten-quartz modular units.

2. Design Considerations

The main task wag to incorporate the findings, from the development work on
the single rod graphite heater inside a cylindrical quartz tube, into a de-
sign of a multi-rod lamp which is modular in concept, These findings are:
an inert gas flow must be provided to minimize oxidation and to prevent the
deposition of the sublimation products on any reflector and glass surfaces,
and a satisfactory joint between the graphite rod and the metal electrode
can be obtained using a slip fit. The design considerations in Section 1
indicate that the spacing of the rods should be as close ag possible and
that a reflector should be used.

The decision was made to use water-cooling since it permitted maximum radi-
ated power from the lamp, and finally, to connect the rods in parallel.
This decigion resulted because of two factors: 1t greatly simplified the
construction of the electrode assembly, and the failure of one rod is not
as disrupting as in the series connection.

3. Description of Heater

The heater consists of two sections, each containing 16 rods, 0.120 inch iIn
diameter. Within each section, the rods are connected in parallel —- the
two sections are connected 1n series. One electrode assembly is shown in
Figure 46. The end of each graphite rod is slipped into a copper sleeve,
0.6 inch long with a Y%-inch outside diameter. (See also Figure 47.) The
tod and sleeve are then placed into the electrode assembly which consists
of two brass bars sandwiched together to hold the rods secure. TInside the
brass bars are passages for water-cooling and for gas. The holes above and
below the rods are for gas injection. Fipure 47 is a photograph of the
lamp with the rods in place. Only one-half of the sandwich i1s shown.

A photograph of the electrode assembly showing the gas injection holes and
copper sleeves 1g provided in Figure 48. The other electrode assembly isg
identical, except for the pas outlet slots which are shown in Figure 48,
The gas exhausts through the back of the lamp.

The other two sides and the back (which serves as a reflector) are made out
of brass plate, ! inch thick. Holes are drilled to provide water-ccoling
passages. All of the interior surfaces were made reflective by brush-platiug
with silver.

Each section is a 5-3/4-inch square. The rods are 6-3/4 inches long with
each vod inserted % inch into the copper sleeve. The sides and back are in~
sulated by means of boron nitride strips, 1/8 inch thick. The front cover
congists of a quartz plate, 6 inches square and 1/16 inch thick. The plate
fits onto a shoulder and is held by a tab. No attempt is made to provide

a gas-tight seal. 1In this design, the rods are placed 5/16 inch apart on
centers. The distance between adjacent copper sleeves is 1/16 inch. The
rods are placed 1 inch (along a centerline) above the back reflector, and
the inside surface of the quartz plate is 7/8.inch above the rods.
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GAS INJECTION HOLES

SLEEVE

GRAPHITE ROD

Figure 46 SKETCH SHOWING SANDWICH CONSTRUCTION OF ELECTRODE ASSEMBLY
FOR MODULAR GRAPHITE HEATER
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a END OF GRAPHITE ROD IN COPPER SLEEVE

- L J
¥

b RODS PLACED IN ELECTRODE ASSEMBLY

Figure 47 ELECTRODE ASSEMBLY FOR MODULAR GRAPHITE HEATER

-86 -



a ELECTRODE WITH GAS INJECTION HOLES

¢;'l¢-ca:..' X
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b ELECTRODE WITH GAS EXHAUST HOLES

Figure 48 SIDE VIEWS OF ELECTRODE ASSEMBLY FOR MODULAR GRAPHITE HEATER
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The entire lamp is shown in Figure 49. Figure 49a shows the lamp complete
with water-cooling hoses and the probe used to measure heat flux profiles.
The power connections are made to the two cutside electrodes by means of

two »-inch copper tubes, which are cooled with water. With this arrange-
ment, each tube can carry at least 2000 amperes. Figure 49b is a photograph
of the lamp in operation.

4, Operational Characteristics

The heater operated on dc power from a »-Mw rectifier. The rectifier is
capable of supplying 2000 amperes at 250 volts. The current is controlled
by a saturable core reactor so that the load sets the voltage.

Figure 50 shows the voltage drop across the lamp (both panels) as a function
of the current through the 16 graphite rods (AGKS-grade). Also shown is the
rod temperature near the center of one panel as inferred from an optical py-
rometer. The argon flow rate was about 2/3 gm/sec. At an input power of

95 kw, the rod temperature reached 29002 K when the current was 1950 amperes,
or 122 amperes per rod. Figure 44 shows that for a simple rod radiating into
cold surroundings, a current of approximately 160 amperes 1s needed for a

rod temperature of 29000 K. This difference is indicative of the absorption
by the rods of the radiation from adjacent rods and that reflected back by
the side and back reflectors.

Figure 5] shows the radiating efficiency and input power versus the lamp
current. The radiating efficiency, ng , 1s defined to be the ratio of the
radiated power to the input power. The radiated power was obtained by mea-
suring the power loss in the cooling water. One can see that the radiating
efficiency increases with input power, reaching a value of 65 percent at the
input power levels of 55 kw. The cooling power losses become proportionate-
ly less at the higher power levels because the cooling loss to the electrodes
is proportional to the rod temperature, while the radiated power is propor-
tional to the fourth power of the temperature. At an input power of 55 kw,
the radiation loss to the back reflector is 7 percent, and the radiation
loss to the four sides is approximately 8 percent. Thus, the power lost by
conduction at the ends of the rods is 20 percent of the input power.

5. Radiation Flux Measurements

Radiation flux measurements were made with a calorimetric type of probe man-~
ufactured by the Hy-Cal Engineering Co. The probe was supplied with a cali-
bration of heat flux versus the mv output of a thermocouple. The sensing
surface 1s circular with a diameter of 1/8 inch, and is coated with a black
paint having an emittance of 0.89. This fact is used to convert the heat
flux as measured by the probe to the incident radiant flux.

The heat flux probe was mounted om a traversing mechanism which permitted
the controlled metion of the probe in all three directions. The probe 1is
geen 1n position at the center of one panel in Figure 49,

Figure 52 shows the radiation flux measured at the center of one panel, 3/8

inch from the front surface of the 1/16 inch thick quartz plate or 1-5/16
inches from the center line of the graphite rods. Also shown is the ratio
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Figure 49 ASSEMBLED MODULAR GRAPHITE HEATER

-89-



ROD TEMPERATURE, °K

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

LAMP VOLTAGE, volts

T

1000

Figure 50 VOLTAGE AND ROD TEMPERATURE YERSUS CURRENT FOR MODULAR GRAPHITE HEATER

100

90

80

70

2]
[=]

ROD TEMPERATURE

[1
o

/

P

5
o

30

LAMP /
voa_ITAj‘E/

20

0
300

600

900 1200

1500

1800

LAMP CURRENT, amperes

-~90—

2100

2400



100
90
80 .
70
70 ’—
60
k ]
- 65—
- -
1
] w RADIATING
§ g 50 EFFICIENCY
Q ]
3= -
e 8
w £ 40
Q
e INPUT POWER
b 55 r j :
g 30
q
3 50—
2
20 7
a5L
10
0
300 600 900 1200 1500 1800 2100

LAMP CURRENT, amperes

Figure 51 INPUT POWER AND RADIATING EFFICIENCY VERSUS LAMP CURRENT FOR
MODULAR GRAPHITE HEATER

-91-



RADIATION FLUX /o T?

200
I80
[:1¢] !
140
RADIATION FLUX
0.50p o
S |
<
= 120
[ -]
®
0.45r— <
3
w g0
2
Z RADJATION rf
040~ FLUX/oT®
= J fa
2 80
r
0.35}—
0. 30—
40
0,25 l— /
20
0
300 600 900 1200 1500 18Q0 2100

LAMP CURRENT, amperes

Figure 52 RADIATION FLUX FROM MODULAR GRAPHITE HEATER

-92-



of the measured heat flux to the quantity oT4, which is a measure of the
performance of the heater relative to a blackbody source., As the input po-
wer increases, the temperature along the rod becomes more uniform, thus in-
creasing the heat flux relative to the blackbody result, which is based on
the temperature measured in the middle of the rod.

The above explanation implies that with the detector 1-5/16 inches away, the
array of rods still cannct be considered an infinite plane. This is clearly
seen in Figure 53, where the radiation flux at the center of one panel is
shown as the probe is moved perpendicularly towards the rod array. One can
see that at a distance of 1/8 inch from the quartz plate, the radiation flux
is still rising uniformly. Figure 54 is plot of the slopes of the curves

in Figure 53 near the quartz plate as a function of lamp current.

Figures 55 to 57 show radiation flux profiles in a plane parallel to the
quartz plate at various axial distances for a lamp current of 1200 amperes.
Figure 55 shows the radiation flux distribution at a plane 1-1/8 inches
from the rods. Notice that 40 percent of the inner region has a flux level
of 90 percent or better of the peak value. Figures 56 and 57 show the flux
profiles at planes 2-3/8 and 3-5/8 inches from the rod array. The elonga-
tion of the profile in Figure 57 is due to the influence of the other panel,

The highest graphite rod temperature was 2900° K, corresponding to a lamp
current of 1950 amperes. At this temperature, the sublimation products be-
gan to deposit on the cooled back reflector plate. As the deposit built
up, the radiation flux began to decrease. No deposition, however, was de-
tected on the quartz plate. No attempt has been made to eliminate this
problem. One solution would be to put another quartz plate in front of the
back reflector, separated by insulators. This would present a hot surface
and lessen the deposition rate of the sublimation products. The argon flow
would help to insure the integrity of this plate.

From Figures 52 to 54, an estimate can be made of the heat flux that could
be delivered from an array of these modular graphite heaters that is large
enough in extent that a sample would see an infinite plane. From Figure 53,
the assumption that for a single modular heater an infinite plane is obtained
at a distance % inch from the rods appears reasonable. For a lamp current
of 1950 amperes, corresponding to a rod temperature of 2900° K, the slope

of the axial profile (Figure 54) is approximately 40 watt/cmé-inch., From
Figure 52, the measured heat flux for a lamp current of 1950 amperes at a
distance 1-5/16 inches from the rods is 179 watt/cmZ, Thus, the "infinite
plane” heat flux is estimated to be 179+40(1-5/16-%) = 220 watt/cm?. If the
rod temperature is 30000 K, the "infinite plane" heat flux is{3000/2900)% x 220
~250 watt/cmZ. These values can be further improved by using two rows of
rods, one row placed so as to fill the spaces left by the other row. This
would increase f by a factor of 2 from the present value of 0.4, and would
make the reflector relatively less important.

The above results compare favorably with the highest performance of the

tungsten-quartz-iodine heating panels for which a heat flux of 120 to 130
watt/cm? at a distance 1 inch from the radiating element is achieved.
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V. SUMMARY AND CONCLUSIONS

The radiative heat transfer to a large sample area depends primarily upon the
gource brightness which depends, in turn, upon two characteristics of the pri-
mary radlator material: 1ts emittance and its temperature. Source brightness
increases linearly with emittance and with the fourth power of the temperature.
The emittance has a blackbody limit of unity, and therefore offers a limited po-
tential for the Increase of source radiant heat flux. The operating temperature
of solid radiators i1s limited by their melting point. A source employing a
plasma discharge is capable of operating at very high temperatures,

Two radiant heat sources are proposed which are potentlal improvements over a
tungsten filament lamp. The cesium vapor arc discharge offers increased bright-
ness because the radiating plasma can be maintained at a temperature of 4000° K
or higher. Graphite offers Increased brightness through an increase in emittance
by a factor of 2 to 3. The cesium vapor discharge promises the larger potential
gain in brightness, and concomitantly, it presents a wider range of development
problems. Though graphite is probably the best solid bedy radiating material,

it represents an Iincrease in brightness of only 2 to 3 over that obtainable with
tungsten, and this increase is due entirely to its high emittance &0.9).

The majer development effort was directed toward the cesium vapor lamp, which
consists of an arc discharge and its containing envelope, along with associated
endcaps and electrodes. An analysis of the arc column was carried out for the
purpose of developing the various relations between the arc column radius, cur-
rent, voltage gradient and radiated power for a cesium plasma. Further analyses
related the arc column power and radiating efficiency to thermal stress in the
envelope and to the envelope temperature for various modes of convective cooling.

Experimental work involved both the dc and ac operation of the lamp. Dc opera-
tion was used in the initial stages to develop suitable procedures and to estab-
lish the radiant output capability of the lamp. Measurements were made of both
the total radiation and the spectral distribution of radiation. The performance
of the lamp operating with 60-cycle ac power was investigated, and the determin-
ation was made that, with a series inductor, the lamp could, in principle, be
operated at high power with the power supply at AFFDL,

The development work proceeded to the point where the radiation output from the
cesium vapor lamp with a %~inch Lucalox envelope was comparable to that from the
tungsten-quartz lamp. Though the cesium arc discharge is capable of greatly in-
creased radiant output, this potential cannot be fully realized, at present, be-
cause of materials problems associated with the envelope, the integrity of the
brazes, and the oxidation of the endcaps at elevated temperatures. These pro-
blems are discussed and some soclutions are proposed.

Effort was algso directed towards the development of a graphite heater. The ini-
tial work involved a single graphite rod., The demonstration was made that with
an argon gas flow to provide an inert atmosphere and carry away sublimation pro-
ducts, a graphite rod can be operated at surface temperatures of 3000° K for
useful periods of time, Much of this development work was concerned with elec-
trode design and the possibility of obtaining high radiant output without water-
cooling.
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The remaining effort was devoted to extending the graphite development work to
the design, construction and evaluation of a modular, multi-element graphite
heater. This led to a heater comsisting of two radiating panels, each 5-3/4
inches square. Each panel consisted of 16 graphite rods in parallel; the two
panels were series connected. Performance data cbtained consisted of measurements
of voltage-current characteristics, rod temperature, radiating efficiency and
radiant flux profiles. The lamp was shown to be capable of delivering a heat
flux in excess of 180 watt/cm? to a detector located ! inch from the rod surface.
The data indicate that a plapar array consisting of many such modular graphite
heaters could produce heat fluxes In excess of 250 watt/em?, Still higher fluxes
would result by increasing the packing fraction of the rods.

Two principal conclusions follow from this development work. First, an immediate
improvement in the heat flux capability of the AFFDL thermostructural test facil-
ity can be accomplished by using a graphite heater, which represents a potentilal
radiant flux of 250 to 300 watt/cm2. Second, a facility capable of a factor of

2 improvement over the above figure would require a lamp with a radiating ele-
ment that is not a solid body, A lamp consisting of a cesium vapor discharge

has the potential for such an improvement, although materials problems associlated
with the containment of the arc discharge prevent the realization of this poten~
tial at this time.
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APPENDIX A
THERMAL STRESS ANALYSIS

1. MATHEMATICAL FORMULATION OF PROBLEM

The condition for static equilibrium requires that the displacement vector u
satisfy the equation

6(6-:)+(1-2v)V2_1;—2a(1+v)6T-0 {1)

where v is Poisson's ratio, & 1s the (conatant) coefficlent of linear expansion
and T 1s the temperature. Using the relation

- -+ > > -
Viu=y (V-u)-VxVUxu 2)
equation (1) beconmes
20 -1} y(y-0) = (1=20)y xyx o~ 2a{l4¥)yT = 0 (3)
In cylindrical cocrdinates, the strain components are given by
du, 2 (é'uz au,)
= e— = 1 + —
r it rz P 3z
1 9y u, 2 1 9y . dug U,
= — + — € = — —— -
‘ r 98 r to r o6 dr t
du du du
z 1 z a
- = 1 e — — 4
‘2 3z oz /2 (r 36 + az) (4)
The normal stress components are given by
g = Ae+ 2pe,. - mT
gg = Ae + 2peg-—m T
o, = Ae + 2pe, ~m T (5)
and the shear stress components by
Ttz = Mgy
.= Zueg
9z = Zheg, (6)

-105-



where

(N

(E£+(6+£z

and

m = a(3r + 2p). (8)

The Lame' coefficients A and p are related to 1 and E, Young's Modulus, by the
relations

E v 9

- (l+v)(1=2v) &
E

(10)

2(1 + v)

We now specialize to the case that

T(e,z) = Ty + Ty(2) (11)

(12)

and the displacement vector § = (ur, u, s u, ) is such that

ur = ur (fn Z)
u, = u, {r,z)
ug = 0. (13)

The separation of radial and axial dependencies in (1l) is valid for both cases
of interest here.

Then equations (4) become

du, du du,
g — = 1/2 —_

‘r at Erz / a: * Bz
u
t

66 = -—r—-— fre = 0
Buz

€ = 7 fg, = 0 (14)
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Hence
Teg = gz = 0 (15)

The term ;r (v - ) specializes to

2
-+ - d i d aznz - g 1 @ 3%u,
. - — — — — — — +
V(V-u) =7 T - 3 fu f+ . + 2, iy ru, 2

- - - (16)
The termy x ¥ x u reduces to
" v . N J a“z du, " 1 3 . Jur Buz_
vxvxu o=t 3 ot ez (VT T W dz dr an

where ‘:‘o and ‘io are unit vectors in they and z directions.

Substituting equations (16) and (17) into equation (3) gives the result

ay 1 3¢ T

2(1--1/) —ér - (1—21))-;- -5: - 2a (I + V) = 0 (18)
3 1 89 4T,

2(1 -v) -—"b— +(1=2v) — o = 22 (1+ v) = 0 {19)
dr r Or

where the functions ¢ and ¢ are defined by

1 4 auz auz aur
lfl:-—-a—r(nl')'l- 9z M ¢ = r EP —w (20)

r

Uncoupled differential equations for @ and ¢ can be obtained by differentiating
equations (18) and {19). The result is

32 ¢ 1 o 32 @ ; .
— i — + -
92 r Or 922 (21)
and
a2 1 9 a2
v + — -—3&— + v =v2r-o0 (22)
arZ r ot 622

Thus the problem reduces to finding solutions of equations (21) and (22) which
when combined with equations (20) and (l14) yield stress compoments which satisfy
the boundary condition that there is no external force applied to the boundaries
of the cylinder. That 1is,
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o, =0 z = ¢ L/2 r, £r £ R
L L
rzrw,L'zR ——Z-EZE?
Tz = 0 (23}
z =3 L2 tp, £ r § R

2. SOLUTION

The exact solution of stress problems in finite length cylinders is extremely
difficult to accomplish because cof the boundary conditions at the ends of the
cylinder. The solution that is presented here 1s in the same spirit as that
given by Timoshenko and Goodierl for the case of the annular cylinder, freely
supported but with only a radial temperature gradient, Im that solution, the
boundary condition that ¢, = 0 along the ends of the cylinder is not satisfied.
However, it is a solution for which the total axlal force acting on the end of
the cylinder is zero. Then Saint-Venant's prineiple is used to confirm that the
stress distribution given by the solution differs from the correct one only in
the immediate region contailning the ends of the cylinder.

Similary, the sclution given here satisfies the boundary conditions on o and 7oy
on the integral of o . One should note that this solution gives ry L0 be zero
everywhere. The exact solutlom would give -, to be appreciably different from
zero only near the very ends of the cylinder.

The solution that satisfies the boundary conditions in the manner discussed above
is obtained by taking the solution to equations (18) and (19) to be

2 2 I +v
V’J = Al T - 2AIZ + & —» T+1.A2 (24)
1—V 2
d) = 1_21, lr z (25)
Combining equations (20) gives
2
9 1 9%u, EYW a /@
i e i i (26)
and
2 2
9% u, 1 9u, 9% u, ay 1 J¢
— = — + -
372 * r dr * et dz r dr (27)

-108~



The solution of equation {26) 1s taken to be

B A r3
3 1 (1 + )
u. = B :3 + Byr + —-;— -4Bl rzz - + fr'l‘ldr ) (28)

r 4(1 — 2v) (1-14)r

and the solution of (27) is taken to be

2 3 24U =-2) 2 81 +v) Tod
uz,_s.(t[Bl-Al)z + (A3 — 2By) z + —"'1—_'57'451 rEt Ay 292

(29)
These equations are now used to satisfy the boundary conditions on the various
stress components.

&. rp, = Substitution of eguations (28) and (29) into equation (l4) for -
gives the result that boundary condition (23) is satisfied. Moreover, Tez
is zero everywhere.

b. o, - Substitution of equations {28), (29), (7), (8), and (9) into the
expression for ¢,, equation (6), and satisfying the boundary conditiom (23)
gilves the result

Qv
A1 +v)K L2 (30)

c. o, Performing the corresponding steps for o, as for o, gives the result

R

Ea 2 Q 2 2 2
- - —_—  (2pf —R* -
9 =TT J rTyde = T 4 2(1+V)KL( r fe ) (31)

2 2
R — 1ty .
w

This expression for a satisfies the condition that

I g, tdr = 0 (32)
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that 1s, the total, axial force is zero. Then, according to Saint-Vemant's
principle the stress distribution given by this solution is not appreciably
different from the exact one except in a region near the very ends of the
cylinder.

d. o4~ Finally, ogis found in the same way as o and o,. Th. result is

I 2 2 R .
Fua 1 ot 1 Qv
ag = —_ Ty de + —mm— — Ty dr + —————

-v | 2 k2. 2 2 4 (1l +v)KL
3 v )
w w

2 t"z R? 2 Z-I
3! - ————-—2 - R —l’w J (33)
r

The solution is completed by evaluating the integrals in equations (30},
(31), and (33). The final result is

—EaQrg r2__rw2 l-vw R\2
[+3 = 1 - —_—
r 2l-v K RZ_'WZ 4(1 +1) r
2 2 2
R R R R T
b a—— n — - In — (34)
12 R2 - r‘,z Tw r2 - 1g e
EaQr, rwz r? Rr2 ‘wz 1—v
8 - In —1 +
21-vK g2_,2 ‘w2 RZ - ‘wz £, (2 4(1 +1)
rZ r? r 1 2 RZ SR 2 3:2
+jl4e—] +—=— In — + + — + - —
R 1,‘.‘2 g 4(1 +v) ,wz th th 'w2
‘ 2
EaQry, Ty 1-v (2:2 1) 3v+l  RZ (35)
- - b or———
z 2{1-vK 2 2 2l + 1) 2 2+ 1) 2
v) R toy ( 38 T
2r? W 2R 2 RZ 5 R (36)
+ n — -~ n —
rwz t IWZ RZ _ rwz L

For the case where there is only a radial temperature gradient, the stress
distribution is given by equations (30), (31), and (33) minus the § term.
The case of only a radlal temperature gradient is realized when the dominant
heat loss is from the surface ¢ = R. This can happen, for example, when
natural convective cooling is replaced by forced convective cooling.

-110-



The solution of that equation is given by equationa shown below:

2
EaQry [ R ty R2 R
0, = | h — —_ 1-— | & — (37)
T0-0K Y N 2 Ty
A, r1 in = i 1 R? m X 8
Of & ————— - —_— o —— —_ —
8 " 2a-nx " T RZ - . 2 M B (38)
_ i .
2
E aQ:r R 2 R
R T T R ey e 9
vV r R _r' w
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APPENDIX B

RELATIONS FOR RMS CURRENT, VOLTAGE AND AVERAGE
POWER FOR AC CESIUM VAPOR-LAMP OPERATION

In analyzing the performance of the cesium vapor lamp, operating with ac power,
the obtaining of relations between certain features of the voltage and current
wvaveformas and the corresponding rms values 1s useful. The current and voltage
waveforms are essential in determining the average power. In this analysis,
waveforms are chosen which are idealizations based on oscillograms. These ideal-
izations are assumed valid for operation with and without inductance in the cir-
cuit.

1. RMS VOLTAGE

The voltage waveform is assumed to be given by Figure B-1l., Let r be the half-
period. Let f be the fraction of the half-period during which the current is
zero. Let V, be the restrike voltage and V, be the constant voltage portion of
the waveform., From Figure B-1, one can see that rn = /8 V./V,, ry =r(1-f) and
ry=fr—n where 8=1+V,/V,. The equation of the voltage waveform is given by

V.8
V(t)=T: 0<t<mn
Vit = V, n <t <(n + rz)
Ve B
Vi) = Va"' P r - r3 (Tl + T2) it <r (1)
r >

The rms voltage is defined by

T 1/2

1 2 d }
ms = - V() de @)

0

A

After the substitution of equation (1) into (2) and algebraic manipulation,
the following result is cbtained

1 1/2
Vems = Va l:l"'f + ? ‘E' {(ﬂ-l)s'* 1}] : (3}

The validity of this analysis can be checked by comparing with the results from
the oscillogram in Figure 3%. V, =~ 270 volts,V_  ~ 70 volts, and { ~ 0.18,
Substituting these values into equation (3) gives a value of 86 volts for Vg,
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which agrees well with the measured value of 88 volts.

2. RMS CURRENT

The current waveform is assumed to be represented by Figure {B-1), i.e., it is
part of a sinusoid:

I(t) = © 0

A
-~
A

n

It) = I, sin 7

r1_<_t_<_(r1+r2)
l'_1+r2

(4)

i
<

I{e) (rl + ’2) Lt <r

The rms current is defined by

. r 1/2
2
s ={ — f 12(0) de (5)

0

Substituting equation (4) into equation (5) gives the result

Ly i\Y2 | ga-»p 1 2ef(B-.) 6)
{rms = 1l = — + sin
VT B Bt 2n B—f
Again using Figure 39b, I, ~ 6.5 amperes and equation (6) gives the result |

¥
=4,45 amperes, which also agrees well with the measured value of 4.55 amperes?s

3. AVERAGE POWER

The time average power ;: 1s defined by

T
_P: = _1_/ I{¢) V() dt )]
r
0

Using equations (1) and (4),
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L Va f ri(B-1)
- — 08 et 7 (8)
- O B)[1+ cos AT

Thus for the operating point in Figure 39b, the average input power to the lamp
is 260 watts.
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