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Abstract-A heater system has been developed for a hypersonic wind tunnel which uses nitrogen as 
the test gas, and operates continuously at Mach numbers up to 20, The system uses a small electricatly 
heated graphite element containing a spiral gas passage. 

A small pilot hypersonic nitragen tunnel has been used in the development of the heater system. 
The tunnel is designed to aperate ultimately at a gas stagnation pressure of 10 000 lbf/i+, but the 
work described here refers to operation at up to 1000 lbf/in2 stagnation pressure. This paper is con- 
cerned principally with the development of the heater system, and not with the establishment of high 
Mach number flow in the test section (for which purpose a second hypersonic nitrogen tunnel is being 
used). 

The stagnation temperature required to avoid condensation of the nitrogen in the test section at a 
Mach number of 20 is about 5QOO”R. The maior aroblems encountered in achieving such a temoerature. 
which is below that at which nitrogen beg&s to dissociate and so starts to reac; with graphite, have 
been caused by ch~mi&al reactions involving substances other than pure nitrogen and pure graphite. 
The purity of the gas supply, the cleanliness of the equipment and the grade of graphite are of the 
utmost importance. A thin impermeable coating of pyrolytic graphite over the outside of the heater 
element has been found to prevent the formation of holes in the outer wall, which occurred with 
uncoated elements. Such coated elements have regularly been used to provide steady gas temperatures 
UT) to 5000”R at 1000 lbf/in% oressure. (The results are nresented in detail in Part If.1 

AExtending operation df thk. heating‘system to high& pressures is expected to p’resent only minor 
problems. Gases other than nitrogen have been successfully used with the present heater and it is 
further suggested that experience gained with the described system will have application in the design 

of a similar heater for air as suitable non-oxidizing materials become available. 

NOMENCLATURE R, gas constant for unit mass of gas; 
value at room temperature To of specific To, room temperature, values of Tt in the 
heat of gas at constant pressure, 261.7 cold Aow (degR); 
J/lb degR for nitrogen at 530”R; Tt, total (stagnations temperature of gas 
current (A); fdegR). 
mass flow of gas (lb/s); 
cold mass Bow of gas (lb/s); Greek symbols 
total pressure of gas (lb/in2); 
total pressure of gas in cold flow (Ib/‘in2) ; 
cold resistance of element (L?); 
area of nozzle throat (in2); 
area of nozzle throat in cold flow (in”); 
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ratio of specific heat at constant pressure 
to specific heat at constant volume for a 
gas ; 
efficiency of heater system; 
current parameter, definedas i2ro/~nocpoTo ; 
total temperature parameter, defined as 
fTt - TON-;,; 
pressure drop parameter, defined as the 
cold pressure drop in the heater passage 
divided by pt; 
non-dimensional factor. 
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1. INTRODUCTlON 

IK RECENT years, the interest in hypersonic flight 
has stimulated the development of experimental 
tools which can stimulate conditions of ultra 
high speed flight (Mach numbers of the order of 
20) in the laboratory. Several new types of test 
facilities have been evolved [l, 21. Such facilities 
as the “hot-shot” tunnel, the shock tunnel, and 
the arc or plasma tunnel have been designed to 
provide the high enthalpies, and hence many of 
the real gas effects, which are experienced in 
hypersonic flight. However, the flows produced 
in these facilities are very complex (there are 
basic questions of flow composition and steadi- 
ness) and measurements are difficult to make 
because of the extremely short running times (of 
the order of milliseconds) in the case of the “hot- 
shot” and shock tunnels or because of the high 
heat transfer rates in such equipment as arc 
tunnels. The short running times preclude many 
of the types of test which are carried out in 
conventional wind tunnels. The most serious 
restriction. however, is the lack of detailed 
information on the composition of the gas in the 
test section. 

A somewhat different approach to the experi- 
mental study of hypersonic flows is being 
followed by the Gas Dynamics Laboratory of 
Princeton University. The method is to try to 
isolate the fundamental fluid mechanical effects 
at high Mach numbers by avoiding the com- 
plexities of high temperature effects, which, as 
yet, are not completely understood. This can be 
done using conventional wind tunnel techniques 
if the test gas which is used behaves as a 
thermally perfect gas throughout. The only real 
gas effects involved are those due to vibrational 
excitation. The problem then becomes one of 
designing a high Mach number wind tunnel to 
operate at conditions where there is neither 
condensation of the test gas during expansion 
in the nozzle nor dissociation in the stagnation 
chamber. These considerations determine 
respectively the lower and upper limits to the 
stagnation temperature which must prevail in 
any given gas operating at a desired stagnation 
pressure. The case when these limits are equal 
defines a maximum Mach number at which a 
hypersonic wind tunnel of this type can operate. 

If air is the test gas, some form of heater is 

necessary to avoid condensation in flows at 
Mach numbers greater than about 5, and a 
stagnation temperature of the order of 5000”R 
is required to provide a Mach number of 20. If 
helium, which has a very low condensation 
temperature, is used as the test gas, flows at 
Mach numbers greater than 25 are obtainable 
without using a heater. A helium hypersonic 
tunnel, such as that in operation at the Gas 
Dynamics Laboratory of Princeton University 
[3], provides a quite simple apparatus for the 
experimental study of hypersonic flows. Its 
operation is directly comparable to that of a 
conventional supersonic blow-down wind tunnel. 
running times are long and all of the usual wind 
tunnel measurements can be made with ease. 
However, since helium is a monatomic gas with 
a ratio of specific heats y equal to I .67, whereas 
air behaves more like a diatomic gas with 7 
equal to 1.4. the results from tests using helium 
are not directly applicable to the simulation of 
flight in air. Although it has been proposed that 
the results of tests using helium may be used, in 
some instances, to predict the results which 
would be obtained using air [4], the theoretical 
understanding of hypersonic flows is not 
adequate, at the moment, to justify any wide- 
spread conversion, particularly for complicated 
shapes. (For simple shapes, the helium tunnel 
provides a direct way to check theories in which 
y can be explicitly included.) In view of these 
considerations, there is a need for a hypersonic 
wind tunnel which uses air, or a similar diatomic 
gas, and which is capable of continuous opera- 
tion in the range of Mach numbers from 10 to 
20. 

Mach numbers up to about 14 have been ob- 
tained in wind tunnels using various heating 
systems such as wire electrical heaters [5] and 
pebble bed heaters [6]. For higher Mach 
numbers, requiring gas stagnation temperatures 
in excess of 3000”R, there exists the difficulty of 
finding heater materials which will withstand hot 
oxidizing atmospheres. The solution proposed in 
1957 by Hammitt?, was to avoid the oxidation 
problem by using a gas which has properties 

t Dr. Hammitt, now at Space Technology Laboratories 
Inc., initiated the present investigations, carried out the 
original experiments and continued to be associated with 
the work until June 1960. 
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similar to those of air and yet is inert to some 
particular heater material in the relevant 
temperature range. Nitrogen and graphite 
appeared to constitute such a desirable combina- 
tion of test gas and heater material [7, 8, 91. 
No chemical reaction is predicted to occur 
between nitrogen and graphite until the nitrogen 
becomes dissociated [7, 91. Significant dissocia- 
tion of nitrogen begins to occur at 8000”R at 
atmospheric pressure and at correspondingly 
higher temperatures at higher pressures. Since 
graphite sublimes at about 7200”R, the theoreti- 
cal limit of the combination is set by the 
sublimation of the heater material. Consequently 
it was thought possible to use a graphite 
heater with nitrogen in a hypersonic wind tunnel 
designed to operate at a Mach number of 20, 
for which the test gas must be heated to about 
5000”R in order to avoid condensation. 

Experiments began in 1958 directed towards 
the development of a simple graphite resistance 
heater which would heat a continuous flow of 
nitrogen. The method adopted was to house a 
resistance heating element inside a pressure 
vessel (which resembled the stagnation chamber 
of a conventional blow-down wind tunnel) in 
such a way that nitrogen supplied to the sur- 
rounding space passed through a heat transfer 
passage in the element before entering the wind 
tunnel nozzle. A small pilot hypersonic nitrogen 
tunnel has been used in the development of the 
heater system. The tunnel is designed to operate 
ultimately at a stagnation pressure of 10 000 
Ibf/in’, for which the required stagnation 
temperature for a Mach number of 20 would be 
about 5OOO”R, but for the study reported herein 
the operatmg pressure has been limited to 1000 
lbf/in2 for which the required stagnation pressure 
is about 4500”R. The emphasis of the work in 
the pilot hypersonic nitrogen tunnel has been 
placed on heater development and only the most 
preliminary investigations of the flow in the 
nozzle have been made. (A second hypersonic 
nitrogen tunnel is being used for detailed flow 
investigations.) It is realised that, although 
departures from thermodynamic equilibrium 
have been neglected in the estimates of required 
stagnation temperature, the effects of vibrational 
relaxation are not negligible [IO] and must be con- 
sidered when investigating the flow in the nozzle. 

The experimental development program has 
involved the testing of several different element 
geometries, and several different grades of 
graphite have been used. Early in the investiga- 
tions, concentration was put on a simple rod-like 
element containing a single spiral heat transfer 
passage which was made from a very dense 
grade of graphite. Steady and repeatable opera- 
tion of the system (at 1000 lbf/in2 pressure) at 
gas temperatures suitable for a test section Mach 
number of about 20 has been achieved following 
the use of some of the most recently developed 
grades of graphite, including pyrolytic graphite. 
The pilot nitrogen tunnel is being used to develop 
the heater system for operation at higher 
pressures. 

The purpose of the present paper is to report 
the investigations up to the point at which the 
initial aim, of providing a working heater system 
for a nitrogen tunnel designed to operate at a 
Mach number of 20, was achieved. A description 
of the tunnel and heater is given in this Part I. 
(More details of the early experimental develop- 
ment of the heater element are to be found else- 
where [I I].) An analysis of the experimental 
results is given separately in Part If of this 
paper [12]. Here the design of a hypersonic 
nitrogen tunnel is considered and the present 
equipment is described in Section 2. In Section 
3 the design of the heater element itself is 
discussed and some account is given of the 
development. Some particular results from 
heater performance tests are presented in Section 
4. The characteristics, difficulties and future 
possibilities of this type of heater are discussed 
in Section 5. 

2. THE PILOT HYPERSONIC NITROGEN 
TUNNEL 

Detailed thermodynamic properties of nitro- 
gen are tabulated for pressures up to 100 atm 
and for temperatures up to 5400”R [ 131. These 
tables are sufficient for the purposes of the in- 
vestigation reported herein, but more informa- 
tion will be required later for operation at 
higher pressures [ 141. 

An examination of the tables confirms that, for 
the combinations of pressures and temperatures 
to be expected in the gas flow, it is reasonable to 
consider nitrogen as a perfect gas with variable 
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specific heats. Moreover, the variation of the 
ratio of the specific heats of nitrogen with 
temperature in the appropriate temperature 
range is very nearly the same as that for air [ 151, 
and so it is reasonable to use the extensive tables 
already available for air as a thermally perfect 
gas to give the isentropic flow properties of 
nitrogen. This procedure has been followed 
wherever permissible in the calculations per- 
formed for this work. The values of total 
(stagnation) temperature which correspond to 
saturation of nitrogen in the test section of a 
wind tunnel at various Mach numbers and 
stagnation pressures (calculated by a method 
@noring the thermal jmperfections of the gas 
near to condensation), arc shown in Fig. L. 

TOTAL 
PRESSURE 

lOOOATt.4 

100 ATM 

10 ATM 

,000 ’ 
I , 

10 12 14 I6 I8 20 
MAC” NUMBER 

FIG. 1. Total temperatures for saturation of nitrogen in 
the test section at various Mach numbers and total 

pressures. 

Molecular nitrogen should have no reactions 
with pure graphite until significant dissociation 
occurs (at about 8OOO”R at atmospheric pressure 
and at correspondingly higher temperatures at 
higher pressures [7]). Atomic nitrogen reacts 
with graphite to produce cyanogen, an extremely 
toxic gas. Since dissociation. is to be avoided in 
the present work, the generation of cyanogen in 
the present heater system should not be expected. 
However, since there is always the possibility 
that unwanted impurities will get into the system 
or that local hot spots might occur, it is possible 
that the heated gas might contain harmful 
contaminants. During the early work, traces of 
cyanogen- were found and since that time a 

hydrocyanic acid gas detector has been kept on 
hand to monitor the hot test gas 1161. Safety 
precautions for cyanogen are discussed in [ 171. 

A general schematic diagram of the pilot 
hypersonic nitrogen tunnel is shown in Fig. 2. 

COOLED * 
ELECTRODE 

3 ARC-WELDING 
TRANSFWIMERS 

TRANSFORMER 

FIG. 2. Schematic diagram of the pilot hypersonic: nitrlqqx 
tunnel. 

Nitrogen gas from storage cylinders passes 
through a drier and a flowmeter into the high 
pressure stagnation chamber. The pressure in 
the chamber (and, therefore, the Aow rate) is 
manually controlled by a pressure regulating 
valve. The gas in the chamber then passes through 
the graphite resistance element which is ctamped 
between an electrical contact at one end and a 
heavy conical copper nozzle at the other. The 
hot gas from the graphite heater flows directly 
through the nozzle, then through a cooler, and 
finally through a two-stage air ejector at the 
downstream end of the system. 

Details of the stagnation chamber and heater 
assembly are shown in Fig. 3. A solid copper 
“0” ring is used to provide a gas-tight seat 
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FIG. 3. Pressure vessel in section, showing heater element 
assembly. 

between the graphite element and the copper 
nozzle to which it is clamped. The other end of 
the element is held by graphite collets in a water- 
cooled electrical contact. The electrical power 
leads are connected to the copper nozzle at one 
end and to the water-cooled brass tubes of the 
electrical contact at the other. A cylindrical 
radiation shield of graphite coated on the inside 
with 0.150 in of pyrolytic graphite is placed 
around the element. 

The electrical power for the heater system is 
supplied by three standard arc welding auto 
transformers from a 480 V, 3 phase connection. 
The primaries are connected in delta and the 
secondaries suitably in parallel. This arrange- 
ment helps to balance the load on the primary, 
and hence reduce the peak primary line currents. 
Mechanically, the transformers are coupled by 
a chain drive to a small reversible a.c. motor and 
the setting of the current output (which is 
relatively independent of the secondary load 
resistance) is controlled by remotely activating 
the motor from the control console. A maximum 
output of 1200 A at 40 V is available. 

3E 

A single precision Bourdon tube Heise gauge 
is used to read the pressure in the stagnation 
chamber and in the short chamber between the 
end of the heater and the nozzle throat. A Brooks 
high pressure flowmeter indicates the mass flow 
of gas through the system. A multi-range am- 
meter, in conjunction with current transformers, 
and a multi-range voltmeter are used to monitor 
the power supplied to the heater element. 
Tungsten-rhenium thermocouples have been 
used to measure the temperature of the outer 
wall of the graphite element, the outputs being 
recorded graphically on Speedomax pen record- 
ing machines. 

Following the installation of a new heater 
element the complete system is first evacuated for 
several hours in order to eliminate the atmos- 
phere which enters during assembly and to out- 
gas the graphite element and other components 
of the system. The system is then filled with pure 
nitrogen. The vacuum gate valve is opened and 
the flow of cooling water started. The regulator 
is adjusted to give the required stagnation 
pressure downstream of the heater element, and 
the corresponding chamber pressure is also 
recorded. The cold mass flow is measured by the 
flowmeter. The current to the element is then 
switched on and set to the desired value, while 
the stagnation pressure is held constant at the 
original value. The particular test program is 
then carried through, the air ejectors being used 
when necessary to lower the gas densities in the 
nozzle and test section to reduce the heat 
transfer. (No attempt is made here to establish 
high Mach number flow in the nozzle.) At the 
completion of the test, the current is switched 
off and the system allowed to cool by continuing 
a small flow of cold nitrogen. Finally, the stagna- 
tion pressure is adjusted to its value during the 
test and the cold mass flow is measured as a 
check on the size of the nozzle throat. 

The stagnation temperature of the nitrogen 
leaving the graphite heater is controlled by the 
current passing through the element. The stagna- 
tion temperature at a given current is estimated 
from the measurement of mass flow at that cur- 
rent in the following way. The mass flow, ~7, 
through the system can be expressed as 
m = rA*pt/(RTt)1’2, where A* is the effective 
area of the tunnel throat, pt is the gas total 
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pressure, R is the gas constant for unit mass and 
Tt is the gas total temperature; J’ is a factor 
which, for a thermally perfect gas, depends on 
Tt only and is constant for a perfect gas with 
constant specific heats. It happens that for 
nitrogen in the range of temperatures and pres- 
sure under consideration, r is effectively 
constant. Consequently, the above equation 
gives Tt explicitly in terms of m. Using subscript 
0 to denote values in the cold flow, we have 
m -- FA,*pt,,/(RT,)‘~*, where To is room tem- 
pe;a&re. During normal operation, control is 
exercised so that pt = pto, and it is assumed that 
the effective throat area does not change during 
the test, that is A* = A:; it follows that the 
gas total temperature is given by Tt = To(m,/m)2. 
Clearly, this method of temperature estimation 
depends directly on the assumption that A* is 
constant throughout the test, but the limitations 
of the method can be effectively condensed into 
this single assumption. The measurement of cold 
mass flow which is taken after a test shows 
whether A* changed during the test as a result 
of deposition or erosion. The change in A* due 
to thermal expansion is calculated to be very 
small, but so far no direct measurement of this 
effect has been obtained. 

3. THEY GRAPHITE RESISTANCE HEATER 

ELEMENT 

Graphite is a material which is becoming of 
increasing importance in advanced projects 
because of its unique high temperature proper- 
ties [18]. Several new types of graphite have 
recently been developed, such as pyrolytic 
graphite and impregnated graphites [19, 20, 211, 
and these are proving to be useful in the present 
investigations. Graphite sublimes directly from 
the solid to the vapor phase at 72OO”R at 
atmospheric pressure. Although it has a high 
creep resistance, at high temperatures it does 
tend to creep under stress rather than to fracture, 
and it can withstand severe thermak shock. It is 
comparatively cheap and can be joined and 
fabricated fairly readily. 

The present design of the heater system is only 
one of a number of forms which might have been 
developed to do the same job. Resistance heating 
was chosen on account of its basic simplicity and 

to enable the use of a cheap form of electrical 
power supply. With the method of heating and 
the heater material fixed, there still remains a 
wide range of possible element geometries; the 
overall size and shape of the element and the 
type of heat transfer passage must be selected. 
Several factors affect the choice of element 
geometry; firstly, the power generated within the 
element by the maximum available current must 
be sufficient to heat the required mass flow of 
gas ; secondly, the structural properties of graph- 
ite influence the choice of wall thickness and 
overall configuration; thirdly, joints between 
graphite sections must either be made by thread- 
ing or by using a graphite cement, and these 
joints are not impermeable to gases. 

Exploratory tests to evaluate the usefulness of 
different types of element geometry and different 
grades of graphite [1 l] resulted in the adoption 
of a simple design consisting of a cylindrical 
rod of high density graphite containing a simple 
spiral gas passage. The single heat transfer 
passage eliminates many of the stability prob- 
lems which are associated with multiple passage 
designs [ 1 I] and the spiral configuration offers 
several advantages: a long continuous passage 
is obtained in a small and rugged element; the 
gas flow, in circulating around the element, will 
reduce any tendency for the current to channel 
down one side [22] and there is an improvement 
in heat transfer in a spiral passage compared 
with that in a straight passage [23, 241. Since the 
length of heat transfer passage required is much 
less for turbulent flow than for laminar flow, 
care in design has to be taken to select passage 
dimensions which ensure that the flow is turbu- 
lent [23]. 

A guide to the design of the element was found 
in an extension of heat transfer results in a 
straight-through constant-area passage [25] using 
an empirical correction to take account of the 
spiral [23]. Calculations were made for condi- 
tions of constant wall temperature and of 
constant heat flux to the gas. It is likely that the 
condition of heating existing in the element 
(away from the ends which have to be cooled) 
lies somewhere between these two. On the basis 
of the calculations a value of the ratio of passage 
length to equivalent diameter was chosen. Pre- 
liminary tests indicated a range of possible 
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values of overall length and diameter of element 
which could be conveniently machined and which 
gave a suitable resistance for the available 
electrical power supply. A gas passage having a 
rectangular cross section was chosen because its 
equivalent diameter was smaller than for a square 
section with the same area. To avoid large 
pressure drops, the area of the gas passage must 
be such that the gas in the spiral has a low Mach 
number, and for the dimensions chosen the 
maximum Mach number in the passage was 
estimated to be about O-04. From such considera- 
tions, the shallow spiral shown in Fig. 4 was 
selected. The passage length is approximately 
27 in, with an equivalent diameter of 0.08 in. 
When operating at a stagnation pressure of 
1000 lbf/in2 the pipe Reynolds number based on 
the equivalent diameter of the passage is 76 500 
when the gas is at room temperature and 11 800 
at 5OOO”R. Since the transition pipe Reynolds 
number for this spiral is about 8500 it is believed 
that the flow through the heater element is 
turbulent [23]. 

The element is constructed in two parts which 
are machined from blocks of high density 

? 

SECTlONS 
JOINED BY 

ES”“’ 

FIG. 4. Graphite resistance heater element. 

graphite. A spiral groove is machined in a 
cylindrical rod which is slipped into a cylindrical 
shell, and the two sections, fitted by hand to 
have good contact throughout their length, are 
held together by a small amount of graphite 
glue applied to the joint near the beginning of 
the spiral passage (Fig. 4). The ends of the ele- 
ment are designed specially to reduce conduction 
losses to the cooling iystems while still maintain- 
ing good electrical contact. The heated gas leaves 
the spiral passage through a filter of twelve small 
holes to eliminate the swirl introduced by the 
spiral. 

Extensive tests using single spiral elements 
made from several different grades of graphite 
(National Carbon Company) revealed a key 
problem. Holes developed in the thin outer walls 
of the elements as a result of chemical reactions, 
involving impurities within the porous spaces of 
the graphite wall. (The graphites used in these 
tests were not completely impervious and some 
gas entered the spiral passage through the outer 
wall due to the pressure difference arising from 
the pressure loss in the passage.) Time histories 
of the element wall temperature distributions, 
obtained using tungsten-rhenium thermocouples 
recording on self-balancing potentiometers, 
showed that the appearance of a hole marked 
the end of the useful life of the element [l I]. 
In an attempt to prevent this early failure from 
occurring, a series of elements, manufactured 
from one particular grade of graphite, were 
coated over the outside wall with an imperme- 
able layer of pyrolytic graphite, nominally 0.005 
inches in thickness. (The coating process was 
carried out by High Temperature Materials, 
Inc., of Boston.) Further, a supply of very high 
purity nitrogen, containing a total of six parts 
per million of oxygen and water vapor, was 
procured. During subsequent tests using coated 
elements, no holes appeared in the walls of any 
of these elements during repeated operation, 
under steady conditions, at gas temperatures up 
to 5000”R. 

The first series of tests using coated elements 
was significant in that the heater system achieved 
its target performance for the first time, and 
the results were analysed in detail. A selection 
of results from this series of tests now fol- 
lows. 
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4. SOME RESULTS FROM HEATER 

PERFORMANCE TESTS 

Four coated elements, as described in Section 
3, were tested in turn. During each test, readings 
were taken at several distinct current settings 
before operating continuously for 5 min at the 
highest current setting. Heater 2 was operated for 
a total of twenty-five tests (which implies a total 
running time at gas temperatures over 3000”R 
of over 2 h and at gas temperatures. over 4000”R 
of over I h). For this heater the results from 
tests 1, 5, 10, 15 and 20 are presented. Heaters I, 
3, and 4, were each used several times but 
results are given only for one test of each. The 
elements were nominally identical and the stag- 
nation pressure was always 1000 lbf/in2. During 
the twenty-five tests using heater 2, the cold mass 
flow measurement taken between tests indicated 
some slight reduction in throat size resulting 
from the deposition of a film of solid material 
which appeared to contain graphite. A com- 
parison of the measurements of cold mass flow 
taken before and after the series of tests indicated 
the film was less than 0.0005 in thick and was 
thought to arise as a result of the presence of 
impurities in the system. Supporting evidence of 
this was supplied by the way in which the 
deposits occurred. There was occasionally a 
definite reduction in mass flow after one test 
and not after the next, even though the latter 
test might have been a repetition of the former 
one, or a test carried out at increased values of 
current and consequently gas temperature. 
More significant deposits have been observed in 
the contraction ahead of the nozzle throat on 
previous occasions when appreciable quantities 
of impurity have been known to be present in 
the heater system [l 11. Further, after a series of 
tests, a light film of graphite dust has generally 
been found in the corners of the spiral passage, 
which is likely to be the result of oxidation of 
the graphite by the small amounts of oxygen and 
water in the nitrogen supply, The amount and 
detailed appearance of the dust depend on the 
graphite which is used, and it is probable that 
the grain size and oxidation resistance of the 
material are major influences. 

temperature, rt, against current, i, for a given 
total pressure. However, in order to express 
the performance of the system in a more general 
and significant fashion, it is desirable to use 
non-dimensional quantities instead of simply 
temperature and current (the experimental 
procedure must be planned so as to obtain 
sufficient information to present the results in 
non-dimensional form). The non-dimensional 
version of the independent variable i is taken to 
be u defined by CJ = roi2/m, I’~,, T,,, where r,,, I)/,, 
and cr,,, are the values of the element resistance, 
the mass flow of gas and specific heat of the gas, 
all taken when no current is flowing, that it, at 
room temperature T,. The non-dimensional 
version of the dependent variable Tt is taken to 
be 7 defined by 7 =- (,Tt ~ T,)/T,,. To be able 
to obtain experimentally the plot of the total 
temperature parameter, T, against the current 
parameter, U, for a heater element it is necessary 
to determine the resistance when cold. I’,,. It was 
found impossible to measure I’~ accurately 
because of the presence of contact resistances 
which, when the system is cold, are sometimes 

The performance of the heating system is 
expressed, for a given test of a given element, 
directly in the form of a graph of gas total 

2 4 6 8 10 (2 m;rc 2 

-‘ c*_: 

FIG. 5. Variation of total temperature variable 7 with 
current variable 0, from test results. 
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of the same order as the element resistance. 
Consequently, an extrapolation procedure, based 
on the resistance measured at different values of 
current, was used [ 121. 

Results for the four elements are shown in 
Fig. 5. It is seen that stagnation temperatures of 
50OO”R were achieved (in continuous tests of 
several minutes duration), and that there is 
consistency of results between different tests of 
the same element and between different (but 
nominally identical) elements. Also the experi- 
mental results are consistent with the theoretic- 
ally derived performance formula (see Part II 
for details}. 

The values of cold resistance, rO, and the cold 
mass flow, FII,,, for the tests considered are given 
in Table 1. It is seen from the values of r0 that 
the elements did not initially have the same cold 
resistances; moreover, the cold resistance of 
heater 2 progressively increased with the number 
of times it was used. The effect of the film which 
formed in the orifice on the cold mass flow for 
heater 2 is seen in the given values of m,. Also 
recorded in Table 1 is the pressure drop para- 
meter, w,, defined as the ratio of the pressure 
drop down the element in the cold flow to the 

Table 1. Data for tested heater elements 
--_--- ~- _._ -._-..m 

Test Symbol 
6% (1:;s) 

00 

Heater 1 1 + 0.053 0.0186 0.045 
- 

Heater 2 1 0 0.054 @0186 0.040 
5 q 0.055 0.0181 0.035 

10 B 0.058 0.0178 0.031 
15 0 0.060 0.0176 0.208 
20 v 0.060 0.0176 0,026 

Heater 3 1 x 0.049 0.0187 0.041 

Heater 4 1 * 0.052 0.0184 OW5 
-_-.-__ _____I_ __~_ _ ---~:-~~~~~-_;~ 

stagnation pressure (always 1000 lbf/in2). The 
values of w0 in the first test of each heater were 
similar but for heater 2 decreased progressively 
with the number of tests performed. This effect 
has been observed with all coated elements which 
have been tested, but has not been found in the 
case of elements made completely from one 
type of graphite. The decrease in pressure drop 
resulted from a loosening of the spiral section 
within the outer shell of the heater element, 
which is probably an effect of creep. (Creep 

t 
i-0 

0.8 - 

V 

cl6 “---,i__,_ 
ELEMENT I + 

FROM 
04 - PERFORMANCE FORMULA 

ELEMENT 2 0 El A Q 9 (PART l.f) 

ELEMENT 3 X 
0.2 - 

ELEMENT 4 0 

0 I 2 3 4 5 6 7 a 9 z 

I I I I I I 
*Tr@%t 

-530 IO00 2000 3000 4000 5000 

FIG. 6. Variation of efficiency 9 with total temperature variable 7, from test results. 
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would occur as a result of thermal stresses arising 
from the different coefficients of expansion of 
the pyrolytic graphite coating and of the base 
graphite.) 

A plot of the overall efficiency of the heater 
system 7, defined as the ratio of the heat received 
by the gas to the energy put into the system, 
against T is shown in Fig. 6; 7 decreases from a 
cold value of 0.79 to about 0.59 at a gas tempera- 
ture of 5OOWR. 

A more detailed analysis of the results shown 
in Figs. 5 and 6, based on some theoreticaI 
considerations of heater performance, is given 
in Part If of this paper f12]. 

5. CONCLUDING REMARKS 

Using graphite resistance elements coated 
externally with pyrolytic graphite, steady opera- 
tion of the heating system of the pilot hypersonic 
nitrogen tunnel has been achieved for periods of 
over 5 min at gas temperatures up to 5OOO”R. 
(The operating times were limited by the amount 
of compressed air available for the ejector 
system.) 

Many difficulties which were encountered in 
the development of the system are thought to 
have been caused by chemical reactions in the 
heater involving substances other than pure 
nitrogen and pure graphite. The formation of 
holes in the outer walls of elements used in 
earlier tests was probably a result of chemical 
reactions taking place during the passage of 
impurities through a permeable graphite wall. 
An impermeable coating of pyrolytic graphite 
over the outer wall of the element has been 
entirely successful in pre~ent~ug the occurrence 
of these holes, and further significant improve- 
ments in h.eater performance have been obtained 
as a result of atten~iul~ being concentrated on 
methods of eliminating all ~ontaluination from 
the system. The use of very high purity nitrogen, 
careful procedures for cleaning and handling 
components, and outgassing of the system before 
use, are considered necessary to obtain optimum 
performance. Since there will inevitably be 
traces of impurities which cannot be entirely 
eliminated, a dense graphite with high resistance 
to oxidation should be used so that the effects of 
any impurities will be minimized, (Oxidation 
within the element can result in the contamina- 

tion of the nitrogen stream by solid graphite 
particles, and in the reduction of the size of the 
nozzle throat by the deposition of products of 
chemical reaction; both these effects are highly 
undesirable from the point of view of conducting 
aerodynamic tests.) 

A coating of pyrolytic graphite over all sur- 
faces of the element would provide excellent 
resistance to oxidation, but the technical prob- 
lems of such a solution have not yet been fully 
explored. Another promising possibiIity is 
offered in the use of a relativety new material, 
recrystallized graphite (National Carbon Com- 
pany), which has a very high resistance to 
oxidation, high density and very low perme- 
ability (compared with ordinary grades). Since 
the permeability of recrystallized graphite is low, 
and moreover since it can be reduced to near 
that of pyrolytic graphite by a process of 
impregnation, it may be possible to use un- 
coated elements made from this material. 

More development work is required to extend 
the operation of the heater system to higher 
stagnation pressures (around IO 000 tb/in”f so 
that the densities and Reynolds numbers in the 
tunnel test section can be varied eves a wide 
range. Problems concerned with the structural 
soundness of the element and the current- 
carrying capacity of the electrical contacts might 
occur, but these are not likely to be severe. The 
copper throat of the nozzle will probably melt 
when the flow there ceases to be laminar, but 
the ultimate solution to this problem is available 
in the use of the same material for the throat as 
for the heater element itself. An attractive 
possibility is offered in the use of a pyrolytic 
graphite throat which can be manufactured using 
a ptating process. The present method of cstima- 
ting gas total temperature, involving thu meter- 
ing of mass flow, might present experimental 
difficulties at higher pressures. Also, some of the 
simplifying assumptions and approximations 
used in the analysis of the present heater per- 
formance (Part II) may have to be modified. but 
the theoretical basis should still be applicable in 
an extension to higher pressures. 

The present heater can be used to heat a stream 
of any inert gas. For example, a similar unit has 
been used with Freon, in experiments concerned 
with temperatures of dissociation f26], and with 
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helium. If helium is used, the heater can supply 
gas temperatures (3OOO”R) which are sufficient 
to avoid condensation in an expansion to Mach 
numbers greater than 60, and can also supply 
gas conditions simulating stagnation point heat 
flux as for re-entry. 

With the development of a successful heater 
system for use with nitrogen, a major problem 
in the design of a truly continuous wind tunnel 
to operate with a diatomic gas at Mach numbers 
up to 20 has been essentially solved. The graphite 
heater is now near to satisfying the full heating 
requirements for hypersonic nitrogen tunnels. 
The gap between the actual and required per- 
formances should be reduced by the continued 
use of the pilot nitrogen tunnel to extend the 
development to higher pressures and the use of 
a second nitrogen tunnel to investigate flow 
conditions [27]. Also the heating system will 
have application in the design of a similar 
system for heating air as new non-oxidizing 
materials become available. 

ACKNOWLEDGEMENT 
The research described in this paper was sponsored by 

the Office of Scientific Research, Air Research and 
Development Command, United States Air Force, under 
Contract AF 49 (638)-709. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

REFERENCES 
D. W. HOLDER, Experimental facilities and measuring 
techniques in hypersonic flow. J. Roy. Aero. Sot., 
63, No. 585 (1959). 
J. LUKASIEWICZ, Experimental investigations of 
hypervelocity flight. Proc. First International Con- 
gress of Aero. Sciences, Madrid, 1958; Advances in 
Aero. Sciences, Vol. 1. Pergamon Press (1959). 
S. M. BOGDONOFF and A. G. HAMMITT, The Princeton 
helium hypersonic tunnel and preliminary results 
above M = Il. PUAED 260 (1954). 
E. S. LOVE, A. HENDERSON, JR. and M. H. BERTRAM, 
Some aspects of air-helium simulation and hyper- 
sonic approximations. N.A.S.A. TN D119 (1959). 
J. D. LEE and G. L. VON ESCHEN, Preliminary studies, 
design and theory for the Ohio State University 
hypersonic wind tunnel. Ohio State Univ. TR No. 1, 
(1956). 
A. FERRI and A. A. LIBBY, The hypersonic facility of 
the Polytechnic Institute of Brooklyn and its appli- 
cation to problems of hypersonic flight. WADC TR- 
57-369 (1957). 
L. GREEN, JR., Graphite as a material for high 
temperature gas flow systems. ARS 382-56. 
I.. M. CURRIE, V. C. HAMISTER and H. G. MAC- 
PHERSON, The production and properties of graphite 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

for reactors. Peaceful Uses of Atomic Energy, Vol. 8. 
United Nations (1956). 
The Industrial Graphite Engineering Handbook. 
National Carbon Company (1959). 
J. L. STOLLERY and J. E. SMITH, A note on the varia- 
tion of vibrational temperature along a nozzle. 
Imperial College, London, Aeronautics Dept. Report 
No. 111 (1961). 
R. P. SHREEVE, Development of a graphite resistance 
heater for a hypersonic wind tunnel using nitrogen, 
Parts 1 and 2. PUAED 526 (1960). 
W. T. LORD, R. P. SHREEVE and S. J. BOERSEN, A 
graphite resistance heater for a hypersonic wind tunnel 
using nitrogen. Part II: Analysis of heater perform- 
ance. ht. J. Heat Mass Transfer 5, 1095-l 104 (1962). 
H. W. WCKILEY, Thermodynamic properties of gase- 
ous nitrogen. N.A.C.A. TN 3271 (1956). 
R. L. HUMPHREY, W. G. LITTLE and L. A. SEELEY, 
Mollier diagram for nitrogen. AEDC TN 6083 (1960). 
Equations, tables and charts for compressible flow. 
N.A.S.A. Repcrt 1135. 
Mine Safety Appliances Company, Pittsburgh, 
Pennsylvania. 
Cyanide Compounds. Industrial Safety Series. Pam- 
phlet No. Chem. 6. National Safety Council (1940). 
A. J. KENNEDY, Graphite: A future structural 
material. Aero. Quart. 11, Part 4 (1960). 
A. R. G. BROWN and W. WATT, The preparation and 
properties of high temperature pyrolytic carbon. 
Industrial Carbon and Graphite, Conference held in 
London, September 1957. Society of Chemical 
Industry (1958). 
W. WATT, R. L. BICKERDIKE and L. W. GRAHAM, 
Reducing the permeability of graphite. Engineering 
(1960). 
W. WATT, R. L. BICKERDIKE, A. R. G. BROWN, W. 
JOHNSON and G. HUGHES, Production of imperme- 
able graphite. Nucl. Power (1959). 
W. H. DAVENPORT, S. S. KISTLER, W. M. WHEILDON 

and 0. J. WHITTEMORE, JR., Design and performance 
of electric furnaces with oxide resistors. J. Amer. 
Ceram. Sot. 33, No. 11 (1950). 
W. H. MCADAMS, Heat Transmission (Third Ed.). 
McGraw-Hill, New York (1954). 
F. KREITH and D. MARGOLIS, Heat Transfer and 
Friction in Swirling Turbulent Flow. Heat Transfer 
and Fluid Mechanics Jnstitute, Stanford University 
Press (1958). 
B. PINKEL, R. N. NOYES and M. F. VALERINO, 
Method of determining pressure drop of air flowing 
through constant-area passages for arbitrary heat- 
input distributions. N.A.C.A. TN 2186 (1950). 
A. R. GEORGE, Exploratory studies of a low gamma, 
high math number wind tunnel using “Freon 14” as 
the working fluid. Princeton University Aero. Eng. 
Dept. Report 591 (1961). 
R. P. SHREEVE and S. M. BOGDONOFF, A graphite- 
heated nitrogen wind tunnel for continuous operation 
at Mach numbers up to 20. Paper presented at the 
Second Symposium on Hypercelocity Techniques, 
Denver, Colorado. March (1962). 



1092 R. P. SHREEVE, W. T. LORD, S. J. BOERSEN and S. M. BOGDONOFF 

R&sum&-Un systeme de chauffage a ete Ctudie pour une soufflerie hypersonique continue a azote, 
fonctionnant a des nombres de Mach allant jusqu’a 20. Ce dispositif utilise un element de graphite 
chauffe Clectriquement et per& d’un trou en spirale pour le passage du gaz. 

On a utilise une petite soufflerie pilote B azote pour Ctudier ce r&chauffeur. La soufflerie est prevue 
pour f0nctionner a une pression d’arret maximum de 700 kg/cm2, mais le travail ci-dessous se rapporte 
a un fonctionnement avec pression d’art%% ne depassant pas 70 kg/cm2. Cet article concerne surtout 
la mise au point du systeme de chauffage et non I’etablissement d’un Ccoulement a nombre de Mach 
Cleve dans la section d’essais (pour ceci on utilise actuellement une seconde soufflerie hypersonique). 

La temperature d’arret necessaire pour Cviter la condensation de l’azote dans la veine d’essais B 
M == 20 est environ 2200°K. Les principales difficult& que l’on rencontre pour atteindre une telle 
temperature, inferieure a celle pour laquelle l’azote commence a se dissocier et a reagir avec le graphite, 
sont caus6es par les reactions chimiques qui se produisent entre les substances autre que l’azote pur 
et le graphite pur. La purett du gaz ~alimentation, la proprete des equipements et la qualit du 
graphite sont de la plus haute importance. On a trouvt qu’une fine couche impermeable de graphite 
pyroiytique & l’exterieur de I’element chauffant evitait la formation de trous dans la paroi exterieure, 
ce qui se produit avec des elements non enrobes. De tels elements proteges ont 6te regulierement 
utilises pour obtenir des temperature d’arret du gaz allant jusqu’8 2200°K Q des pressions d’arret de 
70 kg/cm2 (Les rtsultats detailles sont presentes dans la deuxieme partie). L’adaptation du systeme 
de chauffage a des pressions plus Clevees ne devrait susciter que des difficult&s mineures. Des gaz 
autres que I’azote ont Cte utilises avec succes pour I’appareil actuellement en usage, et I’on escompte 
outre que l’experience acquise avec le systemr actuel pourra etre utiliste pour un appareil de chauffage 

a air d’une conception analogue des qu’on disposera de materiaux inoxydables appropries. 

Zusammeufassung-Fiir einen mit Stickstoff betriebenen und in kontinuierlichem 5etrieb Mn = 20 
erreichenden Hyperschall-Windkanal wurde ein Erhitzer entwickelt in Form eines elektrisch direkt 
beheizten Graphitstabes mit einer spiralfiirmigen Nut fur den Gasdurchfluss. 

Fur die EntwickIung des Erhitzers wurde ein kleiner sti~kstoffbetriebe~er Hyperscball Modellkanal 
benutzt. Der Kanai war fiir einen hochsten Ruhedruck von 700 at ausgelegt, berichtet wird aber nur 
Ober Versuche mit H~chstdru~ken von 70 at. Hier wird nur die Entwicklung des Erhitzers. nicht 
die Erzeugung der Hypers~hallstr~nlung in der Messstrecke beschrieben. (Fur letztere diente ein 
zweiter Hyperschall-Kanal.) 

Eine Ruhetemperatur von 2780°K ist erforderhch, wenn bei Mu = 20 Stickstoffkondensation in 
der Messstrecke vermieden werden soll. Bei dieser Temperatur tritt noch keine Dissoziation des 
Stickstoffs oder Reaktion mit dem Graphit auf. Hauptschwierigkeit ist jedoch, die von Verunreini- 
gungen des Stickstoffs oder des Graphits herrtihrenden Nebenreaktionen zu verhindern. Hochste 
Reinheit sowohl des Gases wie des Graphits und allgemeine Sauberkeit der Versuchseinrichtung 
erwiesen sich daher als sehr wichtig. Mit einem dunnen, auf die Aussenseite des Heizelements aufge- 
brachten, undurchlassigen Uberzug aus pyrolytischem Graphit konnten Ausfressung ender Heizflache 
verhindert werden, die andernfalls zu beobachten waren. Solche Heizelemente mit Schutzschicht 
wurden zur Erzeugung von 2780°K bei Driicken bis zu 70 at regelmlssig benutzt. Die einzelnen 
Versuchsergebnisse werden in Teil II mitgeteilt. Beim Ausbau des Heizsystembetriebes auf hiiheren 
Druck sind nur geringfiigige Probleme zu erwarten. Ausser Stickstoffgas haben sich schon andere 
Gase fur den gegenw~rtigen Heizapparat bewahrt. Es liegt such auf der Hand, dass die Erfahrungen, 
die mit dem hier ~schrie~nen System gemacht wurden, in der Konst~ktion eines ~hnlichen Heiz- 

gerltes fur Luftverwertet werden kiinnen, sowie nichtoydierende Werkstoffe verftigbar werden. 

AaaoTaqua-f’a:lya~oTaila CLICWM~ rIarpeIfaTe.iIff lj~ff rnneparfytioeoii a3po:jffRa,MCIseCKoI~ 
TpyOb~ c II~T~K~M a:30~a npcl wcz~as Maxa ;IO 20. B cucTe,\Ie IIcn0~Ib:fyeTcff 3neKTpmfecKuti 
IfarpeRaTe;Ib I*3 rpa@fTa co aIIIrpa;rb~fb~~I np0x0n0nf ;lan ra:Ia. 

S’cTa~0~1fa npe~crannner cocion IieOonburyIo rIirIep3RyIionyIo aarIo,lcrna,IIl~Iet:KvH, TpyGy 
C IIOTOI~OM a:fOTa. TpyBa paWWlTaIIa Ita MaICCI4~laJII>IfOe ~aRJIeIfIf~ :faTOl)M0iKeHHOI’O IIOTOKa 
Ia38 no 10000 @~HT~B/KB.~I~~M, If0 IIccne~IoIfaIfIfe, 0IIIIcaIIIfoe R cTaTue, rIpoRo~Ifnocb npa 
naRneIfau 1000 1 @~HT~B/KB.~K&N. 3jIecb paccMaTpmuaeTcff CMCT~M~ narpenarenn Ann 
a3po~mfanfauecKoi ~py61,1, a Ire cIroco6bI ~orTIf?KeIIIIff fio.nbIuIfx ‘?MCWI Maxa n pa6osenf 
ytfaCTKt (&Wf 3T0rO IlCIIO.nb:fyi?TCFf ;IlIyraK IlflICp:fI~q-KORan a3poilMeal\l~l:iecKaFl Tpy6a C 
110TOIE0M WOTa). 
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peaKqwIMR Memny npI4Mecflvn B raae II rpa$kTe. I~O~TOM~ qw2ToTa rasa i4 06opynoBaHHfl, 
a TaKme copy rpaf#aTa MMeIoT nepBocTeneHHoe 3uaqeHne. JIJLH npeaoTspaLqeHmfI 06paao- 
BaHHH OTBepCTIlti B HapyHEHOZt CTeHKe HarpeBaTeJIb nOKpbIBaeTCH CBepXy TOHKHM HenpOHEi- 
WaeMbIM CJIOeM nMpOJI&iT&IYeCKOrO rpa@JTa. Tawle 3JIeMeHTbI MCnOJIb3yIOTCR &TIfI nOJIy4eHIUL 
nOCTORHHOfi TeMnepaTypbI ra3a A0 5000”R npli ,qaBneH&wi 1000 @~HToB/KB.~H)~~M. 

Pacnnspewe npI4MeHeHw 06orpeBaTeJrfL ASH pa6oTbI npn IIoBbILueHHoM nawIerwI* II? 
IIpeRCTaBliT 6OJIbLIIHX TypJJHOCTeifi. 

JJpyrme ra3bI, HpoMe a30Ta, MO~YT nprweHR Tbcfl ycneLuIL0 c HacTofsweB cwTei+Loti 06- 
0rpeBaTezuI II npegnonaraeTca YT~ ~anbIIeSiun& onbIT c 0nwawoP cHcTenLoZt noMoweT 
CIIpO3IiTHpOBaTb nOJJO6HbLli 060rpeBaTe.-Ib ZJIFI BO3nyXa npll yCJIOBH51 YTO 6myT HaI?&eIIbI 

nogxogflwHe, HeoIw2IfIfoqItec~ MaTepbRJIbI. 


