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Research Laboratories, Offics of Aerospace Peszarch,
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accomplished on Task 7065-01, "Fluid Dynamics Facilities
Research” of Project 7065, "Aerospzce Simulation

Techniques Research” under the technical cognizance of Mr.

Emil J, Walk of the Fluid Dynamics Facilitias Laboratory
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ABSTRACT

Blm investigation of the possivility of using a
SHaWED
graphife heater as a basls for a alr heatl.  devico hed=ihewn
that ths three mcst gromising materials to coat the graphite,
soron nitride, hafnjum csrbide, and zirconium carbide, were

not satisfactory. Other methods for heating air are suggesfadN
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INIPUOUCT ICH

For the past thros yaars, the Gas Dynamics Laborafory
of Princaton University, has baen developing and using graphite
resistance heaters with nltrogan, to obtain the high temperafures
at high pressures raquired o drive hypersonic wind funnels. The
basic Ideas and varied developments of this heater are detallad
in references | ~ 4. The concept of the heatsar i3 quite sizple.
§f 2 non-oxidizing gas |s to be heated, several materjais have
the ability of withstanding the high femperature and, at the szme
time, have characteristics which permjt easy resistance heating.
Graphite is one such matarial, and the heater designs have been
concerned with the detailed geometry and materjal of which these
heaters have been bultt. Speclfic attention has been placed on
the developi:nt of a graphite heater for nitrogen (which closely
simulates air In It's fluid mechanical characteristics). The
early heaters were made of a type of graphite known as ATJ) and,
because of the porosity and impurlty problems associatad with
thjs type of graphite, wers providad witn a pyrolytic vzzor
deposited graphite coating. The graphite element of the ceneral
geometry shown in Figure 1, with such pyrolytic coatings, proved
quite satistactory for performance up to about 1000 lbs. per
square inch and temperatures of the order of S000° Fahrenheit.

in the last year or two however, there have been
considerable improvements in the types of graphite avallable.

The newer specimens were denser and purer. }jn the configura=

tions now In use, ZTA graphite is used directiy with no coatlings

and has provided very satisfactory operation at pressures of
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5000 Ibs. per squore lnqﬁ and fomperaturns as high as 5700° Fahran=
helt. The hsaters provide cperatjon at those elavatod tomperaturas
and pressures for many hours with falluraes primarily traccable to
ejther vary smal{ mpuritias !n the outar shell, which slowly sub~
fimes and permits leskage of the gas to by-pass the haater, or to
mechanical handling of the heater durlng lInspection perlods. The
heaters have been quita adequate for high Mach number testing in

a range not herefofor avallable In continuous facilitlies, with

non~contzminated gas streems.

PURPOSE AND SCCPE OF PRESENT STLDY

The main purpose of the subject study wuas an attempt
to extend the techniques outlined above to heating alr with it's
problems of oxidation. The graphite heater can not be used direct-
iy, since at the tomparatures desired, graphite would burn in ajr.
The first part of the present program was a study of the feasivility
of tyo metheds which had been conceived during the work on the
graphite-nitrogsn develcement.

CXICATICN RESISTANT CCATINGS FCR GRAPHITE .

Cre approach was an attempt to use the basic graghite
heater 2s the key eilement, but o protect the graphite from the
oxygen in the alr. This approach had severa! Inherent advantxmges.
The graphite itself is cheap, easy to fabricate, and has excellent
electrical characteristics for a resistance heater. Graphite at
high temperature is relatively strong and shock rasistant. At the

3

same time, there are rather major programs in the country devoted

to the materials problems ot protecting graphite from oxldation in

e S




rocket nozzlas. Thore have been severs! mathads of applying ~uch
woatings which have good mechanical strangth and, on thm basis of
tha rocket tests, wore able to protect the graphite under vory
severe conditions.

The application of this Inforination and technique fs
not strajghtforward. The rocket daveopment work, and also
some work which has been assoclated with the protection ot nose
cones and wing leading edges, is a problem in which the heat in-
put Is Into the graphite. The protective coating Is exposaed to
very high temperature, while the graphite Is cooled by either its
heat capacity or other cooling techniques. In the application
proposed herein, the heating is from the graphite through the
protective coating to the alr, that s, the heat tlows in the
opposite direction, and the temperatures within the graphits
may very well be considerably higher then that in the protect-
ive coatings. A siudy of the materials which have been used
to protect graphite and their methods of application seemed to
indicate scme considerable possibllity of succass In the fabri
cation and use of such coatings for the graphite heater and
appear to present no inherent difflculties with the following
exceptions: The coatings have been applied to rocket nozzles
of rather simple shape and large dimensions. The present ap-
plication is to a rather small, considerably more complicated
caometry, which involves enciosed pcssages. Second, although
rather crude overal| tests have been made of the materials usad

to orotect graphite, there is no direct data on the conditions

of tempeiature and pressure and desired long life, which were
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the roquiroments for ouir prisent hastor dusidgn.

TAO STAGE HEATER

The sacond concept of heater casign triad to sirolity
the problem by separating tha heating and the oxidation rasistant
functions of the heater. Graphite In an fnert atmosphera had al~
ready bu. well proven as an excellsnt metrod for haating., At the
some time, an examinatfon of the radiaticn frcm the yraphita haat-
oer at these very high temperaturas, indicaftad that this in [tzalf
might be an excellent heating source. A concept was therafora
developed of using graphite in an Inert atmosphere to heat by
radiation a cerzmic tube throuch which the alr passed. In such
3 system, schematically outlined in Figure 2, thare would te no
contact between the oxygen and the graphita and ~any of ita pro-
blems associated with specifying heater mararial charactaristics
#jth ceramic could be eliminated. The cerazmic tube wouild te re-
quired to act only as a barrisr between nitrosen and oxysen in
it>e air in the tubs. This could te cdone by adjusting i~2 zrassure
threugh fthe tube and the inert atosphere to te about 2cual.
Thare Is no alfficulty in =onrtrolling the rate of heating from
the graphita heater by programing the electrical imput, so that
heat shock would rot be a problem. Although tiis wethod holds
considerable promise, the detaiilea design revealed that thore
would be considarable mechanical complexity in ssaling and

arranging for gitterences in expansion coetticients, pressure

palancing, etc.




DETAILLD FEATIHILITY STUDIES

In tho first approach, that ot coating the yraphiie
olarent, there |s & consideravis body of information alraady
aval lable on coating matarials frcm experimental results on
rocket nozzlas., A study of these methods and tachniquas
ylaldad thrae materials which appeared to te particularly pro-
mising, boron nitride, hafnjum ;arblda, and zirconium carbida,
with coating techniques which were ejther of the spray typa or
diffusion copositad. The boron nitrida Is machinabie, but the
carbides are quite difficult to machine and thersfors, for the
fattar two, coating of the ccmplietely assembled afzment |5 ro-
quired.

in The second approach, the two stage heatar design,
the examjnaticn of the problem showed some problams teyond that
of the muitiple seals, afc. All of the cerzmics which were ax
amirad for use in the prosent study, were, o scnn;"dagrse, porous,
this rosulted in the possibility that some of the air and it's
attz=ndant oxygen, algnt centaminata the irart 33s arcurd its
graphite beater. Such a phencmena would i-wediatsiy causs ox~
Idation and distruction of the graphite heater. The oniy way
to solve this probliem was to require that the pressure of the
inert gas be slichtly above that of the air in the ceramig tube
so that the porosity of the cerzmic would resuit In a smai| leak=-
age of the inert gas into the test gas. This would assure that
no oxygen come in contact with the graphite heater. This type

of contro! had tc be quite sensitive since large pressure d} ¢~

terences between the lnert gas and the air would rasult in
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consliderable oontaminatlon of the alr sumple with the inert gas.
The use of njfrogen as an inert gas would havo‘mtnlmum offacts
due to contamination, The sacond part cf the study was the
question ot trying to etiminate the qgas flow system in the out
ar radiation heater made of graphite. |t appaars however, that
this gas flow is necessary to keep the tomperature of the outer
heater uniform. |t has been shown by other Investigators, tha”
graphite cylinders used as rasistance hsaters for high current
applications, suffered from "channeling'. This appears as though
the high current prefers a path down one sfde of the cylinder,
and heating was not uniform. The use of the spiral passages in
the present heater, and it's attandant nitrogen flow, appears

to ba the key factor in unjformly distributing the heat around
the entire graphite cylinder.

On the basis of these feasibllfty studies, the declsion
was made to concentrate on the coating tachrique as the method
most likely to give a practical solution In a reasonable time
scale. As a resulf, the somewhat more ccmplicated two stage

system xas not studied further.

CCATING PROGRAM AND RESULTS
The major effort on materials and the direct appilication
of the coatings was carried out primarily by High Temperature Mat-
erials of Cambridge, Mass. Thelr background, experience, and
cooperation, were the main support of a current program in it's

attempt to obtaln a satisfactory soilution to the oxidation rasls-

tance coated graphite problem.




Tha first approach was to use pyrofitic boron nitride,
depositad on grophlte, The haator eloments, simflar In ovarall
dasign fo the previous spiral shel§ type, were made screwhat
smalier In dimension so0 tnhat a plating thickness of atout .0720
Inches of toron nitride couid be depasited on the basic graphita
core. The shell and the spindie ware to te coatod 3eparataly,
and then finally machined, fittad and assembied. Although boron
nitride had teen used quite widely In many other applications,
several questions as to It's sujtsdillty for the present work
had to be investigated. The erosion rate at high prassurss were
comp letely unknown. Data was available only at a few atmospheres
pressure as compared to the JCOO ib. per square inch aznd hichesr
as desired for the present heater cesign. At the szme time, the
Interaction of boron niitride with graphite ot these conditions
was unknown. A study of these two phencmenon resuitad in jafor-
mation that a chemical reaction tzkes place between boron nitride
and carbon in air, in which oxides of boronare forsed. This oxide
is a liquid under 2CCCP Cantigrade as ccmpared to the ccnsicarably
higher liquificaticn and evaporaticn points of the grzphite and
the boron nitride. As a result of this study, the boron nitride
coating program was dropped.

The second approach was to use a coating of hafnium
carbide. Consideradly more was known of the hatfnium carbide 2and
it exhibited several characteristics which appeared to be quite

promising. It had very good erosion resistance and it was also

electrically conductive. Tests with a plasma torch at atmospheric
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prossure fndicatad (' aniiity to withstand qulf; high tomparaturos,
snd 11 was possible fo apply vary thin coatings oy sevaral tochniques,
Diffusion coatings scamad to ve particularly g00d. Tho key unknown
was the erosion rosistance, but saveral claims had boen made as to
it's possible application In this area. One additional dl}flculfy
was the problem of machining this material. In it's final form,
it Is almost unworkable by standard machine techniquas. As a
rosuit, the possible appliication for the hafnium carbide had to
be carried out with the heater alement In one plece, that |s, the
spindle and shell fully assembled. While this study was undarway,
a suggestion from High Temperaturs Materjals that a mixed zifccnium
carbide, hafnium carbide coating, would probably have better charac-
teristics, resuited in our dropping further work on the pure hafnium
carbide coating.

At high temperature, stable cxides of zirconium and
hafnium are formed in the suggested combinatlon, with the possibiiity
of teing able to reach temperatures of the order of 27C0° Cantigrade.
Tasts of the oxidas and the carblcdes shewed very cood charactaristics.
The oxides are lnsulators, but the carbidas atre conductors. The
kay problem associated with this approach was the question of thermal
expansion of the cocatings. The expansion of the carbides is higher
than that of the graphite and no information was available as to
the mechanical strength or stability of coatings with these signi-
ficant differeances in the thermal expansions. A diffusion ccating
process was chosen and 2 basic program on the diffusion coating of

this mixed carbide on three different types of graphite was under-

taken. The graphites used were ATJ, 2TA and @05 (all from the
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Natiunal Carton Cumpany). ATJ was one of “he original graphites
used fn the grophits heater. This matorial has some porosjty
sut machanical characteristics which appear to be advantagaous
for the present application. ZTA graphite, which is more dense
than the ATJ graphite, posed the question as to whether suffj~
clent bonding of the diffusion coating in the graphite would
take place., Type0005 graphite fell between ATJ and ZTA In certain
mechanical characteristics. Throe sets of spindiesand shelis
(Figure 3) were made of the different types of graphite with the
design moditied so that plating of about .020 inches ot the
zirconfum=hafnium carbida combinatfon wouid give the final
dimensjoins desired.

Although a3 rather considerable effort was involved in
attempting to successfuily coat these elements, it was found that
the vapor deposition technique could not be made to work “satis~
factorily on the configuration desired. Additional study -also
showed that the oxidation of the zirconium-hafnium carbide would
rot stabilize, and that as time went on at ths elevated temper-
atures, all of the carbide would be converted and the graphite
would be exposed dlrectl; to the hot oxides, a condlition which

would result in direct oxidation of the graphite.

CONCLLD ING REMARKS .
As a result of the above gzatailed studies, no satis=-

tactory coating for the graphite resistant element was foung,

and at the moment, there are no materials or tachniques whi~h

appear to hoid promise greater than those which wars used in

[y
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the original program. |1 should be pointed out howevsr, thit
no posltive statcment of thils ort <n be supportsd Lecau,e of
the fack of direct information on the charactaristicy of miny
of these matarials under the desired conditfons,

The carbides {ookod promising and perhaps in soff4
form, that is without the graphife core, micht have some pos~
sibitity as direct heating unifts. Further cetaflad axamination
of 7helr elactrical propertitias with temperature are raquirad.

The small ceometrical scale of the prasent hestor o~
sign, made the coatings particularly difficult and there is scme
possipllity that larger scalod tests may take care of this >
ticular difficulty In the present progrom. Howaver, §+ should
be pointed out that the basic limitations, althouch influanced
by the depositing technique, were primarily the chemical ro-
actlons and not the scale of the study.

In the light of the fallure of the coating program to
achleve any success, any future work should probtably concenfraf?
on the two stagsz design, even with it's mechanical ccrolexiiy. )
dnother type ot two stage heater micht also be roasonabie. Using
the present graphite heater {o heat nitrogen, cxygen frcm 2
separate heater at 2 lower temperature, might be mixed to recon-
stitute the alr in a small settling chamber ahead of the nozzie.
The potential ot this system results in a somewhat lower temper~
ature than the straight graphite-nitrogen design now in use bve-
cause of the limitation in heating the pure oxygen. It also
suffers from the requirement that pure nitrogen be still used in

the major part of the heater, and the simplicity of using air

10




diractly to drive a hysersonic tunnel §5 fust. The aystom will
als0 b cumplug bucaug of the mcodsity of mixIng the Gases In
the <malil setthing chamter at high prossure and tomperature, and
the nacassify for very careful metaring davices, so that the con=~

stitution of the final tost gas is known.
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Photcpraph of Spindle and Shell for

Cooling Purposes

Figure 3,



