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Nomenclature
A = stream tube area
M = Mach number
P = pressure
R = Reynolds number per meter
T = temperature
XIL — nondimensional nozzle length
p = density

Subscripts and Superscripts
t = stagnation condition
1 = upstream of shock
2 = downstream of shock
* = condition at M - 1

Theme

T HE cryogenic wind tunnel concept has been developed1>2

and demonstrated3 at the Langley Research Center as a
practical way of increasing the test Reynolds number
capability at transonic speeds.4 During development of the
concept, liquid nitrogen was utilized as the coolant with the
resultant test gas being nitrogen. Experimental and analytical
studies3'5 have shown cryogenic nitrogen to be an acceptable
test gas. Use of another diatomic gas, hydrogen, which has a
much lower vapor temperature than nitrogen, would give even
higher test Reynolds numbers (Fig. 1) or equivalent Reynolds
numbers either at much lower operating pressures or for a
much smaller tunnel. A theoretical analysis of the suitability
of parahydrogen as a test gas for a cryogenic wind tunnel has
been made.6

Contents
Hydrogen gas normally exists as a mixture of two

molecular types, parahydrogen (opposing nuclear spins) and
orthohydrogen (parallel nuclear spins). Pure parahydrogen
was chosen for analysis because as liquid hydrogen evaporates
it is essentially pure parahydrogen and the self-conversion rate
to orthohydrogen is extremely slow compared to the an-
ticipated test times of cryogenic wind tunnels. For
parahydrogen to be a suitable test gas, flow solutions must be
very nearly the same as those for an ideal diatomic gas, since
air at the temperatures and pressures of transonic flight within
our atmosphere behaves like such a gas. Various one-
dimensional inviscid flow solutions were made for
parahydrogen using the thermodynamic characteristics of
parahydrogen obtained from a National Bureau of Standards
computer program.
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Fig. 1 Reynolds number vs temperature.
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Fig. 2 Flow parameters for isentropic expansions to M- 1.0.
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Fig. 3 Isentropic flow parameters for expansions to various Mach
numbers.

Isentropic flow solutions are represented in Figs. 2 and 3
relative to the corresponding ideal gas flow solutions. The
maximum deviations for isentropic flow are of the order of 10
to 20%. In contrast, for nitrogen these deviations are in the
order of 0.5% and of the same order as measuring accuracies
in the wind tunnel. These flow results indicate that
parahydrogen would not be an acceptable cryogenic test gas
except in the incompressible flow regime.

Flow solutions involving normal shocks are represented in
Figs. 4 and 5. Again the various normal shock parameters
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Fig. 4 Normal shock parameters vs temperature.
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Fig. 5 Mach number distribution for a supersonic nozzle (one-
dimensional inviscid flow).

differ from the ideal values by 10 to 20% (Fig. 4). For the case
of the supersonic nozzle where the assumption is made that a
shock occurs at a Mach number of 1.8 in both parahydrogen
and an ideal diatomic gas, a difference in shock position of
approximately 1% occurs. This magnitude of experimental
error in the shock location on an airfoil would be completely
unacceptable.

One of the causes of the much higher deviations in the flow
solutions for parahydrogen is the influence of its high
characteristic rotational temperature (85K). Below 85K, the
rotational mode of the molecule is unexcited and the ther-
modynamic behavior is more like that of a monatomic gas.
Above 85K, the rotational mode begins to be energized and
the thermodynamic properties move toward those of a
diatomic gas.
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