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Abstract-A formula is derived for the rise in total temperature of nitrogen flowing through an 
electric resistance element made of graphite. The derivation of the formula involves, firstly, the con- 
sideration of an idealized heating system based on a simple graphite tube, and, secondly, the assump- 
tion that the solution of the internal heat transfer problem possesses certain properties. The formula 
provides a useful basis for the analysis of experimental results from practical heating systems which 
resemble the idealized system. Such a practical system is exemplified b:, the graphite heater in the 
pilot hypersonic nitrogen tunnel at Princeton University (as described in Part I), and the results 

obtained with this heater are shown to be well represented by the formula. 
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NOMENCLATURE 

constant used in analytical representa- 
tion of enthalpy of gas; 
constant used in analytical representa- 
tion of resistivity of graphite; 
specific heat of gas at room tempera- 
ture ; 
function involved in description of 
element temperature distribution; 
specific total enthalpy of gas; 
value of ht at room temperature; 
current ; 
length of idealized element; 
mass flow of gas when current i pass- 
ing through element; 
mass flow of gas at room temperature; 
total pressure of gas (controlled to 
have room temperature value when 
current i passing) ; 
rate of external heat loss from 
element ; 
resistance of element when current i 
passing; 
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ro, 

rmin, 

x, 

AE, 

A,*, 

R 

Tt, 

TO, 

TE, 

resistance of element at room tempera- 
ture; 
minimum resistance of element with 
respect to gas total temperature during 
a test; 
distance along element measured from 
gas entrance ; 
cross-sectional area of idealized 
element, excluding area of gas passage; 
area of sonic orifice (kept at room 
temperature value when current i 
passing) ; 
gas constant for unit mass ; 
total temperature of gas when current 
i passing through element; 
room temperature (taken to be 530"R 
here) ; 
local temperature of point on element. 

Greek symbols 

Q, thermal efficiency parameter, defined 

by # = [(l/4 - 117; 
A heat transfer parameter, defined by 

%lX4* = 43; 
0, dummy variable used in expressing 

element temperature distribution ; 

KOY thermal conductivity of element 
material at room temperature; 

tJ? non-dimensional power variable, de- 
fined by p = ri2/mOcpoT,,; 
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non-dimensional resistance variable, 
defined by v = r/r,; 
minimum value of v with respect to T; 
x/l; 
value of [ at which 7~ = TE_; 
resistivity of element material; 
value of p at room temperature; 
non-dimensional current variable, de- 
fined by 0 = roi2/mocp,To; 
non-dimensional gas total temperature 
variable, defined by 7 := (7’6 - T,)/T,; 
non-dimensional element temperature, 
defined by Tt = (TE - T,)/T,; 
maximum value of TE attained along 
element ; 
non-dimensional form of rate of heat 
addition to gas, defined by 

$ = m(ht - hOY~,~,,,TO; 
non-dimensional form of external 
heat loss, defined by # = q/m,c,,T,; 
factor involved in expression for mass 
flow through a sonic orifice. 

1. INTRODUCTION 

A FORMULA is given for the rise in total tempera- 
ture of nitrogen flowing through an electric 
resistance element made of graphite, in terms of 
the current and the relevant parameters of the 
heating system. The range of total temperature 
under consideration is between room tempera- 
ture (say 530”R) and about 5000”R (see Part I, 
[l]). At gas temperatures above 5OOO”R, cor- 
responding maximum graphite temperatures may 
approach the sublimation limit, so that this 
temperature range is near to the full range of 
practical interest for graphite and nitrogen. 

The derivation of the formula is given in 
Section 2. The essential steps of the derivation 
are, firstly, the specification of an idealized 
heating system which permits many theoretical 
simplifications, and secondly, the assumption 
that the solution of the internal heat transfer 
problem possesses several simplifying proper- 
ties. Since the desired formula for gas total 
temperature involves only bulk quantities, it is 
not too sensitive to the various idealizations and 
assumptions made, and it is readily amenable to 
empirical interpretation for application to a 
practical heating system. This interpretation is 
discussed in Section 3, where experimental results 

obtained with the graphite heater in the pilot 
hypersonic nitrogen tunnel at Princeton Uni- 
versity [I] are presented and shown to be con- 
sistent with the feature of the formula. The 
results quoted are for one value of gas total 
pressure only, and some remarks on the possi- 
bilities of the formula for predicting heater 
performance at other pressures are made in 
Section 4. 

2. THEORY FOR AN IDEALIZED HEATING 
SYSTEM 

2.1. Simplifications aforded by the idealized 
system 

The following idealized heating system is 
considered. The heating element is constructed 
from a pure impermeable material in the form 
of a straight thin-walled cylindrical tube of 
circular cross section, of length I and cross 
sectional area AE (excluding the area of the gas 
passage). At room temperature To there is an 
adiabatic forced-convection flow of a pure inert 
thermally perfect gas through the element; this 
is called the cold flow. The mass flow of gas, nz, 
in the cold flow, is controlled by a sonic orifice 
of area A* external to the element. An electric 
current i is then passed through the element. 
The total temperature of the gas at the entrance 
to the element is maintained at room temperature 
T, while the current is passing. The ends of the 
element and the orifice are maintained, by suit- 
able cooling, at room temperature To also. The 
gas total temperature Tt and the gas total 
pressure do not vary between the exit of the 
element and the orifice. The gas total pressure at 
the orifice is controlled to be constant at its 
value pt,, in the cold flow. The cooling at the 
orifice is assumed to keep the area of the orifice 
constant at the value Ai while the current is 
passing. The element is surrounded by a per- 
fectly efficient radiation shield. 

It is required to find a relation for the total 
temperature Tt of the gas at the exit of the 
element in terms of the applied current i and the 
relevant cold flow parameters of the element 
geometry, the element material, the gas, and the 
external features of the system. Such a relation 
is regarded as describing the performance of the 
heating system under fixed initial (that is, cold 
flow) conditions. The effects of changes in the 
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cold flow parameters, for instance in the gas q is the rate of external heat loss. The energy 
total pressure, are considered as a separate balance may now be written in the non-dimen- 
problem at this stage and are not necessarily sional form 
sought now. 

It is convenient to represent 
the non-dimensional variable u 

r,P 

the current i by lJ=+++> (7) 

defined by where C$ and # are given by 

(1) (8) 

where ro, m, and cP,, are the (cold flow) values 
of the element resistance, the gas mass flow and 
the gas specific heat taken at room temperature 
T,. The gas total temperature Tt is represented 
by the non-dimensional variable T defined by 

Tt - T,, 
7= ~ 

To ’ 

In principle i is the independent variable and 
Tt the dependent variable, but for analytical 
purposes it happens that, rather than seek a 
relation for T in terms of u, it is better to consider 
u as a function of T. The range of 7 of interest is 
taken to be 0 < T -< 9. 

In seeking a formula for u in terms of T it is 
advantageous to write 

where p and v are defined, in terms of the 
resistance r of the element when the current i is 
passing, by 

Vi2 

r 
v zz- ., . 

‘0 

(5) 

The aim is now to find the non-dimensional 
power variable CL and the non-dimensional resist- 
ance variable v in terms of T. 

The external energy balance states that the 
electrical power supplied to the element is equal 
to the sum of the rate of heat addition to the gas 
and the rate of external heat loss. Hence 

ri* = m(ht - ho) + q, (6) 

where m is the gas mass flow when the current i 
is passing through the element and (ht - ho) is 
the increase of the specific total enthalpy of the 
gas from the entrance to the exit of the element ; 

Since the mass flow m through the system is 
governed by the external sonic orifice, it can be 
expressed as 

(10) 

where R is the gas constant for unit mass and 
I’ is a factor which is constant for a perfect gas 
with constant specific heats and which for a 
thermally perfect gas depends on Tt only. Now 
a study of the properties of nitrogen [2] show 
that, in the range of temperatures under con- 
sideration, F is numerically constant to within 
about 1 per cent. Therefore, r is assumed here 
to be exactly constant and its value is taken to 
be the value appropriate to the perfect gas, which 
is also its value in the cold flow. Hence, in the 
cold flow the gas mass flow is given by 

rfcpt 
m - ___o, 

’ ~ (RTo)l 01) 

Therefore, it follows from equations (lo), (11) 
and (2) that 

(12) 

It may be remarked here that the inversion of this 
relation gives the gas total temperature in terms 
of the gas mass flow, and hence provides a means 
of measuring total temperature indirectly [l]. 
Now, for a thermally perfect gas the quantity 
(At - ho)/cp,To is a function of T only, and for 
nitrogen in the range of temperatures of interest 
it can be represented analytically by the expres- 
sion 

(ht - ho) 
-.‘~ = 4 + QT), 

CP,TO 
(13) 
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where Q is a small constant which represents the 
departure of the gas from a caforicatly perfect 
gas, Therefore, it follows that for a given gas $ 
depends on 7 only, and is given as a function of 
‘r by 

4 = (1 + +,(I + nr), (14) 

The rate of external heat loss 4 is given, in the 
absence of losses to the su~rQu~dings due to 
radiation, by the rate at which heat is conducted 
away from the cooled ends of the element. For 
a thin-wa~~ed element of circular cross section 
the temperature distribution may be taken to be 
sptiaity dependent only on the distance x along 
the element from the gas entrance, and therefore 
is given by 

where K@ is the thermal conductivity of the 
element material at room temperature and 
jd’IE/d&=o and ld~~~d~~~~~ are the mod&i of 
the temperature gradients along the element at 
the entrance and exit respectively. Since in the 
~d~~iz~ bearing system the element t~m~erat~e 
TE increases from TO at the entrance to a maxi- 
mum and then decreases back to TO at the exit, 
it is convenient to introduce the non-dimensional 
quantities TE and E defined by 

(16) 

Then the expression for $ becomes 

It does not seem possible to go further in the 
evaluation of $, and hence of EL, without a 
consideration of the internal heat transfer 
problem. 

v I== j-:, @E -!- (1 + +-*]d& 6% 

Again, this is as far as it seems possible to go 
without considering the internal heat transfer 
problem. 

2.2, Assumptions about the solution of the internal 
hat transfer problem 

The resistance of the element r depends on the Since the interest in this jnvestigatio~ is in 
integrated effect of the yariati~n of the resistivity bulk q~a~~~ties rather than in detailed proper- 
p of the element materiag with the local element ties of the solution of the internal Aow, an 

and cylindrical, and hence 
section area, it foltows that 

of constant cross- 

1 fi 
I := AE’jo pdt. 

Also, the resistance in the cold flow is 

(191 

t’(j = [PO -- 
AK 

(ZO, 

where p. t’s F31t: resistivity at room temperature. 
Hence 

where pIpa is considered at this stage as a 
function of local temperature, that is as a func- 
tion of 7~. Now the variations of resistivity for 
several grades of graphite, in particular the 
rather extreme grades named lampblack-base 
graphite and petroleum-coke-base graphite, are 
known [3]. It appears that the form of p/pa 
for lampbIack-base graphite can be &ted with 
very good accuracy by the expression 
p/p0 = (I -j- ~&j-f, white the form of p/p0 for 
~etro~e~rn~~k~-base graphite can be fitted with 
equally good accuracy by the expression 
p/p0 = 0~130 rg 4 (1 + TE)-:. Therefore, the 
Following generalized expression is taken for the 
variation of the resistivity of graphite: 

;; = b7~: + (1 + 7~)-~, (221 

where 1”2 is a constant. Hence, it f~~~~~s that for 
a graphite element 

temperature TE. Since the element is thin=w&Ied attempt to deduce the element temperature 
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distribution is not made, and instead it is 
assumed to have a simplified form. (It is not 
asserted that the solution may have the assumed 
form, only that the assumed form may lead to 
not implausible forms for 4 and v,) Firstly, it is 
assumed that the element temperature distribu- 
tion possesses a kind of symmetry which is 
represented by 

1 (24) 

where rEmax is the maximum value of TE, Emax 
is the value of 6 at which TE = TEm&x, and f(e) 
is a function which satisfies the conditions 
f(O) = 0, f(1) = 1 and .f’(l) = 0. Secondly, it is 
assumed that f(8) is a function independent of T 
and of the various parameters of the system, and 
that frnnx is jndependent of T and depends only 
on the system parameters. The entire dependence 
of 7E on T is then confined to the dependence of 
TEEmax on r, and the third assumption made is 
that the heat transfer from the element to the 
gas is represented by the expression 

(25) 

where /3 is independent of r and depends only 
on the system parameters. 

It then follows that 3, may be written as 

K~&-‘@) 
m,c,,~5max(l - fmaxy t26) 

Now, since both Smax and /? are assumed to be 
independent of T, then in effect $ is assumed to 
be proportional to T. The geometrical para- 
meters of the element may be eliminated from 
the constant of proportionality by introducing 
yr, and pO, so that an alternative expression for 
(fr is 

a further usefu1 feature of this form is that for 
graphites K&, is effectively independent of the 
grade of graphite [4]. However, still another 
form of the constant of proportionality is more 
convenient, since it is no less general to write 

KoPcJw 
tmax(l - Smax) = m,cp,roEC1~aj-_-l~~ (28) 

and then the expression for Z,!J becomes 

I/ = (i- l)T. 
The constant of proportionality is written in this 
way so that the parameter a is equal to the limit of 
the thermal efficiency m(ht - h,)/rP = #/(c# +$ ) 
as T tends to zero; that is, a is the initial 
thermal efficiency of the heating system. There- 
fore, by using equations (7), (14) and (29) an 
explicit expression for p in terms of 7 is obtained : 

p = (1 + T)+(l -+ f7T) + 1 - 1 
i ) 

7. 
a 

(30) 

The assumed form of solution for the internal 
problem leads to the following expression for v: 

it is noted that Y does not involve fmax and there- 
fore may be regarded as independent of a. In 
order to obtain an explicit expression for v in 
terms of 7 it is necessary to take one more step, 
namely to choose a form for f(8). The chosen 
form is the simplest which satisfies the given 
conditions, that is 

f(e) = e(2 - e). (32) 

(A form off(e) of more theoretical significance 
could be chosen here if it were considered 
desirable and justifiable.) Hence, the expression 
for Y becomes 

2 7 

0 0 

-I 

Y=3b ;B + $ 

sin-l I($) ‘(1 4 S)-‘1. (33) 
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ft is noted that this expression for v has a mini- 
mum value Vmin (corresponding to a minimum 
resistance rmin), and that vmin depends on b 
only: it is not possible to express vmitl explicitly 
in terms of b, but it is easily calculated numeric- 
ally. 

The final result for the required performance 
formula connecting G and T and the system 
parameters in the appropriate range of T may 
now be written by using equations (3). (30) and 
(33): 

(34) 

By specifying an idealized problem and then 
assuming that its solution has certain simplifying 
features, the heater performance (that is the 
relation between the variables T and G) has been 
expressed in terms for four parameters 11, h, and 
frl 8. Of these parameters, a and f, are properties 
of the gas and the element material respectively 
and are constant with respect to T. However, the 
thermal efficiency parameter u and the heat 
transfer parameter j!I are not strict constants but 
are constants only in consequence of the 
assumptions made in the derivation of the per- 
formance formula. Moreover, it is not known 
how w and p depend on the basic cold flow 
parameters of the system. Therefore, it is prefer- 
able to regard the arguments given here as 
serving merely to suggest possible significant 
forms for p and $8. It is then necessary to seek 
experimental evidence concerning ;L and I’. 
However, the idealized system itself is an im- 
practical one because an element long enough 
to give adequate heat transfer would be too long 
structurally, and therefore evidence must be 
sought from a practical system which bears 
some resemblance to the idealized system. 

3. ANALYSIS OF EXPERlMEhTAL RESULTS 

FROM THE PRINCETON UNIVERSITY GRAPHITE 

HEATER 

A practical heating system which does resem- 
ble the idealized system is that in use in the pilot 

hypersonic nitrogen tunnel of the Gas Dynamics 
Laboratory at Princeton University. Full details 
of the tunnel and the heating system are given 
in Part T [I], and it is sufficient here to note how 
the practical system differs from the idealized 
one previously considered. The principal differ- 
ence is concerned with the element geometry: 
the practical element contains a spiral gas 
passage instead of a straight-through one, and 
the gas passage is of rectangular and not circular 
cross-section; also, the area of the gas passage 
is not constant near the entrance and exit of 
the element nor is the cross-sectional area of the 
element itself constant in these regions. The other 
main difference is that the end conditions on gas 
total temperature and element temperature 
assumed in the idealized system are probably 
not precisely reproduced in the practical system, 
since the cooling systems applied to the ends of 
the element and to the orifice may not be 
sufficiently effective to reduce the temperatures 
there exactly to room temperature. 

During the time that the pilot nitrogen tunnel 
has been in operation a large number of tests 
have been made, using nitrogen of different 
degrees of purity and elements of various lengths 
and cross-sectional areas, constructed from 
various grades of graphite, some composed of 
the same grade of graphite throughout and 
others coated with a thin layer of pyrolytic 
graphite, and with different gas mass flows 
determined by the gas total pressure selected, 
In this paper, although some remarks based on 
general experience are made, only a sample of 
results is presented in detail. These refer to some 
of the tests in which s~lper-high-purity nitrogen 
was used, the elements were coated w-ith pyro- 
lytic graphite and were nominally identical 
(having a length of about 8 in and an area of 
about $ in8 with a spiral gas passage about 27 in 
long and of about ,$ in equivalent diameter). 
and the gas total pressure was fixed at 1000 
Ibf/in” (thus giving a cold mass How of about 
0.018 lb/s at room temperature). Results are 
presented for four distinct elements designated 
here as elements 1, 2, 3, 4. Each element was 
tested several times. The results for the first test 
of each element are given, together with results 
from four subsequent tests of element 2, nameiy 
the fifth, tenth. fifteenth and twentieth. This 
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selection of results was made to illustrate the 
trends of the experiments with as little detail as 
possible. The results obtained in all the tests of 
other elements, and in other runs of the elements 
considered here, are in general agreement with 
the results presented in this paper. 

The results presented are for the power vari- 
able p and the resistance variable v in terms of 
the gas total temperature variable T (Figs. 1 and 
2 respectively). The heater performance curve of 
7 against the current variable u is shown in 
Fig. 5 of Part I. 

The derivation of f-l requires the measurement 
of the cold mass flow m, (the value of r,, is 
taken as 530”R throughout the c,, is known) 
and the measurement of the current, the resist- 
ance and the gas total temperature in the hot 
flow. The values of m, in the tests considered are 
listed in Table 1 of Part I. The resistance was 
obtained from the measurement of the voltage 
across the ends of the element, and the gas total 
temperature was obtained from the measure- 
ment of the gas mass flow in the hot flow [l]. It 
is seen from Fig. 1 that p is well represented by 
a formula of the type of equation (30). The value 
of a for nitrogen is taken to be O-019 and the 
value of a = 0.79 was obtained as the mean of 
the individual values obtained from each 
experimental point (CZ can be calculated directly 
from equation (30) when TV, a and 7 are known). 
The value of a is constant to within 12 per cent. 
It may be mentioned that in all the tests per- 
formed in the pilot nitrogen tunnel with one 
notable exception, the evidence has indicated 
the constancy of a over the full range of r. The 
exception occurred when the radiation shield 
was not installed in the stagnation chamber, in 
which case a decreased by more than 10 per 
cent between T = 1 and 7 = 6. lt must be noted 
that the excellence of the correspondence be- 
tween the experimental results and the theoretical 
formula is contributed to by both the method of 
measurement of the gas total temperature 
(which uses equation (12) which is involved in 
the theory also) and the use of an empirically 
derived value for a. 

The derivation of Y requires the measurement 
of the resistance of the element in the cold flow 
r,, and of the resistance and the gas total tem- 
perature in the hot flow. However, it was found 

3F 

in these experiments in the pilot nitrogen tunnel 
that it was not possible to measure r0 with 
adequate accuracy because of contact resist- 
ances, but this inability to actually measure r0 
turned out to be an advantage from the point 
of view of the analysis of the results. It was 
found that the resistance of an element during 
a test had a minimum value rmin [as predicted 
by equation (3311 which occurred within the 
range of gas temperatures under investigation, 
and this fact, combined with the result that Y 
as given by equation (33) has a minimum value 
vmrn which is a (numerically) known function 
of b, enables a simple procedure to be adopted 
for calculating r0 when b is known, namely by 
deducing rmin and evaluating r,, as rmin/vmin. 
However, it also happened in this work that the 
appropriate value of b for the graphite used was 
not known at the outset, but the fact that the 
theoretical result for vmin depended in a known 
way on b only was used to determine b as 
follows: the value of rmin for each test of each 
element was deduced; then the resulting values 
of r/rmrn for each test of each element were 
plotted on the same graph and the extrapoiation 
of the results down to T = 0 was then made; 
this yielded a value of l/vmin and hence in turn 
yielded the value of b; the result obtained was 
b = 0.025. (This procedure assumes in effect 
that any differences between tests of the nomin- 
ally identical elements are concentrated in the 
value of ro.) The resulting values of r0 are listed 
in Table 1 of Part I. It is seen from Fig. 2 that 
the experimental values of v are well represented 
by a formula of the type of equation (33). The 
empirical curve shown uses a mean value of 
p = O-75 obtained from the individual values of 
j3 corresponding to each experimental point. (A 
numerical procedure is needed to calculate /3 
from equation (33) when Y, b and T are known.) 
These individual values do not indicate any 
definite variation of /3 and 7 but the scatter 
about the mean value is high, being of the order 
of -&20 per cent. The correspondence of the 
experimental results and the theoretical formula 
is good, but it must be noted that the use of a 
basic feature of the formula to deduce both b 
and r0 contributes greatly to the a~eement, as 
also does the fact that an empiri~lly derived 
value of /3 was used. 
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FIG. 1. Variation of power variable CL with gas total temperature variable 7. 
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FIG. 2. Variation of resistance variable Y with gas total temperature variable 7. 
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Some independent evidence which helps to 
support the notion of the effective constancy of 
a and fl during a test, and is consistent with the 
particular values obtained in this analysis, is 
provided by some earfy experiments on uncoated 
elements in which measurements of the element 
temperatures were made by tungsten-rhenium 
thermocouples. It was found that, for the values 
of 7 up to about 3, there was only a smali varia- 
tion in T/TE_ = Egp and the mean value of p 
was about O-75. Moreover, it was demo~st~ted 
that the rn~~m~rn element temperature was 
Iocated close to the gas exit of the element, an 
observation which is cansistent with the estimate 

I = 0.94 obtained from equation (28) by 
~~~~ ~~~~ = 0.0013 WQidegR [it] F(O) = 2 
[from equation (32)], m = ‘OGl8 lbjs’(see Table 
1 of Part I), cp; = 260 J/lb degR [Z], plf = O-050 
Q (see Table 1 of Part I> and a = 0.79, p = 0.75. 
Consequently, it seems that the concept of two 
empirical parameters Q and p which typify the 
perf#rman~e of a heating system is a useful one 
for the purpose of ~al~sing expe~~rn~~t results. 
However, no more than this is ,cfaimed, and 
further tests of greater refmement may well 
indicate definite trends of a and fi with change of 
T (especially variations in @) which conform to 
the predictions of a more detailed theory than 
that attempted here. 

Tbe result that p = O-75 implies that when the 
gas stagnation temperature is 5000”R the 
maximum element temperature is about 6500”R, 
so that it appears that the graphite element in 
this situation is operating near to its sublimation 
limit of about 70OO*R. It is concluded that at 
the sta~atio~ pressure of I&M ‘lbf/in8 the 
grapbit~ neater is nearing its full potential, In 
order to satisfy the fuI1 heating req~~irements for 
a hypersonic wind tunnel, however, the graphite 
heater must achieve its full performance at 
higher pressures, of the order of 10 000 lbf/in2. 
There seems no reason why the &e&s of high 
pressure should not be included in a modified 
form of the crude theory given here, which 
would involve still the two unknown empirical 
parameters a and j3. A possible means of 
~haKacteriz~ng the heater performance at 
higher pressures would then be by establishing 
the variations of a and /S with sensation 
pressure. The pilot hypersonic nitrogen tunnel 

at Princeton University is being used to extend 
the range of performance of the graphite heater 
to higher pressures, 

A heuristic theoretical analysis has indicated 
an explicit expression for the variation of the 
total temperature of a gas flowing through an 
electric resistance element with. the current 
applied to the element. The expression involves 
two unknown parameters, the thermal eflkiency 
diameter EZ and the heat transfer parameter & 
which are assumed to depend only on the cold- 
flow parameters of the heating system. In the 
absence of expressions for a and /3 in terms of 
the cold-flow parameters, they must be deter- 
mined experirn~~ta~~~. An analysis of experi- 
mental results obtained, in a series of tests at a 
fixed gas total pressure of 1000 Ibf/in2, with the 
heating system in. the pilot hypersonic nitrogen 
tunnel at Princeton University has indicated 
that Q and fl were substantially constant during 
these tests and has provided their appropriate 
mean values for the particular pressure, How- 
ever, for the most efkctive use of hypersonic 
wind tunnels it is required to operate at higher 
pressures, of the order of 10 000 lbf/in2. It is 
suggested that the performance formula derived 
here may be helpful in extending the range of 
application of electric resistance heaters to higher 
pressures by enabling attention to be coneen- 
trated on the variation with pressure of the two 
empirical parameters a and ,B. 

~VCIOPM~t Command, United S&s Air Force, under 
Contract AF.49 @Jg)-709. 
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R6surn6-On ttablit ici une formule donnant l’eltvation de temperature totale de l’azote s’t%oulant 
A travers une resistance electrique en graphite. Pour ceci on considere premibrement un systtme de 
chauffage id&lid constitue par un simple tube de graphite, et deuxibmement l’hypothese que la 
solution du probleme de transport de chaleur interne poss&le certaines prop&es. La formule fournit 
une base utile pour l’analyse des resultats experimentaux obtenus avec les systemes de chauffage 
reels qui ressemblent au systeme id&did. Un systeme de chauffage de ce genre est concretise par le 
rechauffeur en graphite de la soufflerie pilote hypersonique de l’Universit8 de Princeton (decrite dans 

la partie I) et les resultats obtenus avec ce &chauffeur sont bien represent& par la formule. 

Zusammenfassung-Stickstoff striimt durch ein Widerstands-Heizelement aus Graphit. Eine fur 
diesen Fall geltende Gleichung zur Errechnung des Temperaturanstiegs wird abgeleitet. Dabei wird 
der idealisierte Fall eines einfachen Graphitrohres zu Grunde gelegt und ausserdem vorausgesetzt. 
dass die tisung des inneren Warrnetibergangs gewisse Eigenschaften besitzt. Die Gleichung eignet sich 
zur Interpretation von Messergebnissen an ausgeftihrten Erhitzem, wenn diese nicht sehr von dem 
idealisierten Fall abweichen. Dies gilt fur den Graphiterhitzer des stickstoffbetriebenen Hyperschall 
Windkanals der Princeton University (s. Beschreibung im Teil I) und die daran gewonnenen Messer- 

gebnisse stimmen gut mit der Gleichung iiberein. 

AILEOT~~~SZ-B~IBO~KTCH @opMyna, xapanrepaayrotnan narpesanne norona a30ra, npo- 

TeKaIoqero sepea 3zeMeKT aneKTpw4ecKoro conpoTHBneKw ~3 rpa@rra. IIpa sbmoge 
QtOpMyJIM CHaYaJIa npOBOAEiTCR aHaJIIl8 HneaJIH8HpOBaHHO& CHCTeMbI,COCTOHIIJe2t %I8 IIpOCTOit 

Fpa@TOBOih Tpy6KU, a BaTeM IIplIHHMaeTCfI ~OIIy~eHMe,'ITO pelrreHHe 3a&a%i BHyTpeHHerO 

TerIJIOO6MeHa XapaKTepH3yeTCH OIIpefieneHHbIMH CBOtiCTBaMH. 3Ta @OpMyJIa HCnOnb3yeTCR 

AJIU o6pa6oTKM 3KCIlepAMeHTaJIbHblX AaHHblX, IIOJIyseHHbIX B pe3ynbTaTe npaKTwiecKon 

pa6oThICuCTeM HarpeBa,6nK3Kn~ ~~~~ea~l~a~poBaH~ofi.llp~~MepOM TaKOt CHCTeMbIRBJIIIeT- 

CfI rpa@iToant HarpeBaTenb B rHnep3ByKoBoti aapoqKKaMwecKot Tpy6e nonynpowdurnea- 

Hero Tuna c ~OTOKOM a3oTa,sicnonb3y~~eic~ B nplrHCeTOHCKOM YHMBepCliTeTe (OnHcaKrre 

IIpMBO~IJTCR B S.1). HOJIyqeHHbIe peayJIbTaTb1 nO~TBepm~aIOTCFl 3TOfi +OpMyJIOti. 


