1164 ATAA JOURNAL

tion Methods,” AIAA Journal, Vol. 7, No. 9, Sept. 1969, pp.
1704-1709.

2 Dugundji, J., “Theoretical Considerations of Panel Flutter
at High Supersonic Mach Numbers,” ATAA Journal, Vol. 4,
No. 7, July 1966, pp. 1257-1266.

# Miles, J. W., “On the Aerodynamic Stability of Thin

Panels,” Journal of Aeronautical Sciences, Vol. 23, No. 8, Aug.

1956, pp. 771-780.

¢ Dugundji, J., Dowell, E., and Perkin, B., “Subsonic Flutter
of Panels on Continuous Elastic Foundations,” ATAA Journal,
Vol. 1, No. 5, May 1963, pp. 1146-1154.

¢ Dowell, E. H., “Flutter of Infinitely Long Plates and Shells.
Part I: Plate,”” AIAA Journal, Vol. 4, No. 8, Aug. 1966, pp.
1370-1377.

¢ Hedgepeth, J. M., “Flutter of Rectangular Simply Supported
Panels at High Supersonic Speeds,” Journal of Aeronautical
Sciences, Vol. 24, No. 8, Aug. 1957, pp. 563-573.

" Houbolt, J. C., “A Study of Several Aerothermoelastic
Problems of Aireraft Structures,” Mitteilungen Aus Institut fur
Flugzeugstatik und Leichibau, Nr. 5, Verlag Leeman, Zurich,
1958.

8 Dixon, 8. C., “Comparison of Panel Flutter Results From
Approximate Aerodynamic Theory with Results from Exact
Inviscid Theory and Experiment,” TN D-3649, 1966, NASA.

9 Dowell, E. H., “Nonlinear Oscillations of a Fluttering Plate,
11,7 ATAA Journal, Vol. 5, No. 10, Oct. 1967, pp. 1856-1862.

o Cunningham, H. J., “Analysis of the Flutter of Flat Rec-
tangular Panels on the Basis of Exact Three-Dimensional,
Linearized Supersonic Potential Flow,” AIAA Journal, Vol. 1,
No. 8, Aug. 1963, pp. 1795-1801.

11 Bohon, H. L. and Dixon, 8. C., “Some Recent Developments
in Flutter of Flat Panels,” Journal of Aircraft, Vol. 1, No. 5, Sept.—
Oct. 1964, pp. 280-288.

Imperfect Gas Effect in
Real Hydrogen Drives
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Nomenclature
a = (Op/0p)¥? = sound speed
f = empirical constant for a given entropy
k = empirical constant for a given entropy
M, = shock Mach number
p = pressure
s = entropy
T = temperature
u = velocity
» = specific volume
z = compressibility
8 = empirical constant for a given entropy
p = density
Subscripts
f = final state
4 = initial state
0 = reference (po = 1 atm; po = 1 amagat)
1 = state of quiescent test gas
4 = state of initial driver gas

IMPULSE facilities (e.g., the shock tunnel) have been
extensively used for the production of high-enthalpy flows
in various gas mixtures. The use of statically heated hydrogen
as a driver has become quite common.2 For the upper
performance limits, the hydrogen might be compressed to
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Fig. 1 Compressibility factor for hydrogen.

pressures as high as 2000 atm at 800°K. For these condi-
tions, the assumption of an ideal gas is inadequate due to the
existence of large intermolecular forces.* Huber® has cal-
culated performance of a shock tube using unheated hydrogen
drivers at pressures up to 125 atm. The development of an
expansion tunnel at LRC required more extensive real hydro-
gen driver performance calculations. These calculations
utilized the equations for thermodynamic properties from
Ref. 4. Although this data lacks experimental verification
above 600°K, it does continue the trend of the most reliably
established properties of hydrogen.®

The effects of considering the intermolecular forces can be
seen in Fig. 1 which presents z as a function of T for pressures
of 1-5000 atm. For the typical driver conditions cited, a
value of z = 1.51s attained. Figure 2 is a plot of p as a func-
tion of T along isentropes. The differential equation govern-
ing an isentropic one-dimensional unsteady expansion can be
written”

du = — (dp/pa)s 1)

Equation (1) can be readily integrated using the semiempiri-
cal entropic equation of Ref. 4

p® = D8ty — f) = k @
resulting in the following expression
Au = [kB(g — 2)]"2pY/P ®3)

where Au is the velocity increment imparted to the flow as it
expands from an initial pressure to p = 0. Figure 3 presents
values of Au as a function of p at constant entropy. With a
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Fig. 2 Pressure-temperature diagram for hydrogen.
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Fig. 3 Velocity increment resulting from a one-dimen-
sional unsteady expansion in hydrogen.

known initial driver pressure and temperature, the corre-
sponding entropy can be found from Fig. 2. Then from Fig.
3, the velocity increment resulting from the unsteady expan-
sion is

uy — u; = Au(p:) — Aulpy) 4

Figure 4 reveals a significant difference between the per-
formance of real and ideal hydrogen driving real air. For
example, generation of a shock Mach number of 24 into real
air at 300°K and 10~* atm requires a pressure ratio p./p;
about 2% times that of the ideal driver gas analysis.
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Fig.4 Comparison of shock tube performance for real and
ideal hydrogen driving real air.
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Downstream Pressure Distributions. for
Two-Dimensional Jet Interactions
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Nomeneclature
b* = slot width, in.
b* = Cgb*, effective slot width, in.
C, = jet nozzle discharge coefficient
F.; = downstream induced force
hs = jet-shock height, in.
P = pressure, Ibf/in.?
T = distance from jet slot, in.
Subscripts
J = jet conditions
o = stagnation conditions
peak = downstream peak conditions
s = separation conditions
o = freestream conditions

Introduection

HE general problem considered here is the use of reaction

jets to generate control forces in a supersonic environ-
ment. A limited-scope, two-dimensional, experimental study
has recently been completed at the Naval Ordnance Labora-
tory. This study is related to the definition of the controlling
parameters for the surface pressure distributions aft of a
secondary jet blowing normal fo the supersonic mainstream.
Only the case for turbulent separation forward of the jet was
considered. Numerous authors have hinted that the forces
produced downstream of the jet may well be beneficial for
control purposes.’»?? The only attempt to model this region
was by Barnes et al.! using a limited amount of experimental
data. The NOL study, with additional experimental data,
found that the over-all behavior of the pressure distribution
was different from that implied by the earlier study.

Equipment and Procedure

The present tests, with adiabatic wall conditions, were run
with a freestream Mach number, M, = 4, at two freestream
Reynolds numbers, per foot, of 6 X 10% and 18 X 108
Shadowgraph pictures were taken of all test runs.* The test
model was a flat plate 15.5 in. long and 10 in. wide fitted
with a half-cylinder boundary-layer trip 0.025 in. high,
located 0.75 in. from the leading edge. Surface flow studies
using azobenzene, and complementary shadowgraph studies
indicated that boundary-layer transition occurred 1.25 in.
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