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Symposium on Hypersonic Etour and
I.ow Density Elow

(J. H. Bartlett, presiding)

A1. Results of Recent Hypersonic Flow Research in the
Army Ordnance-California Institute of Technology Hypersonic
%'ind Tunnel. HENRv J. NAGAMATSU, California Institute of
Technology.

A2. Hypersonic Research Faci1ities at the Ames Aero-
nautica1 Laboratory. V. J. STEvENs, XA CA, Ames Aero-
nautical Laboratory.

A3. Recent Research at the Naval Ordnance Laboratory on
Hypersonic F1ow. R. SMELT, Naval Ordnance Laboratory.

A4. Hypersonic Flow. L. LEEs, Princeton University.
AS. The Effect of Thermal Radiation on Hypersonic Plow

in %'ind Tunnels and Free Flight. H. G. STEVER, llfassachu-
setts Institute of Technology.

A6. Some Experiments in the Field of Rarefied Gas Dy-
namiCS. R. G. FOLSOM AND S. A. SCHAAF, Unzversity of Calz-
fornia,

Contributed Papers
(A. T. NoRDsrEcK, presiding)

81. Transonic Flow Measurements. ' WAYLAND C.
GRrFFrTH, Princeton University. —Experimental results on the
flow around two-dimensional wedges and diamond airfoils
have been obtained in the Princeton shock tube. Wedge angles
stiidied are j 0, 20, 40, 60, 90, and 180' (square ended wedge).
Symmetrical diamond airfoils of 10 and 15' total angle are
iised for a preliminary study of shock wave and boundary
layer growth in the transonic region. Density contours through-
out the field are found from the fringe shifts observed with a
Mach-Zehnder interferometer. The Mach numbers used in
these experiments are between 0.8 and 1.6. The distance be-
tween detached bow waves and the shoulder of a wedge are
found to depend only on the Mach number, and not on the
wedge angle as Iong as the flow is not near the attachment
Mach number. In many cases the change in stagnation density
across the chock is only a few percent. An average may be
chosen and the sonic line located simply by computing the
appropriate density ratio. Slides illustrating the methods used
for analyzing pictures will be included.

' Assisted by an AFC FelloNship and ONR contract.

32. Diffraction of a Shock Wave through a Sma11 Angle. '
C. H. FLETCHER, Princeton University. —The theories of
Bargmann' and Lighthill' for the diA'raction of a shock wave
near a corner which deviates the flow by only a small angle e

are applicable in first order whether a is positive or negative.
Since we have already measured' the density field, using a
shock tube and interferometer, for e of one sign, it is of interest
to carry the investigations to e of opposite sign as well.
Shocks of small amplitude have been photographed as they
suffered a diffraction through a small angle away from the
flow yielding density patterns very similar to those predicted
by theory. Photographs of the phenomena will be shown and

comparison of the pressures on the walls and other features
with theoretical predictions will be discussed.

' Supported by ONR contract.' V. Bargmann, AMP 108.2R, N. D.R.C. (March, 1945).
s M. J. Lighthill, Proc. Roy. Soc. A198, 454 (1949).
"W. Bleakney and A. H. Taub, Rev. Mod. Phys. 21, 604 (1949).

B3. Diffraction of Shock Vfaves around, and Surface
Pressures on, Two-Dimensional Objects. ' AV. BLEAKNEY
AND D. R. WHrTE, Princeton University. —The diffraction of
shock waves and the resulting density field has been observed
when a plane shock passes around a right-angled corner, a
rectangular block, a cylinder, a triangle and other two-
dirnensional objects in the shock tube. Using a shock strength
of Pi/Po =2 the pressures P/P0 at different points on the
surface of the obstacle vary all the way from 0.9 to 2.3. Sharp
gradients in. the pressure are evident especially near corners
during the early stages of the flow. The pressure behind the
incident shock is suKciently constant and of suflicient dura-
tion to establish quasi-equilibrium in the wind pressures on the
object. No adequate theory of large angle diffraction of shocks
has yet been proposed, but qualitatively most of the observed
effects are explainable in terms of elementary notions of fluid
flow. Extensive illustrations will be given.

' Supported by ONR contract.

B4. Supersonic Flow in a Shock Tube. ' DAvro WErMER,
Princeton University. —The evolution of the shock tube tech-
nique for the study of shock waves, blast waves, and transonic
flow problems has been well described in the literature. The
purpose of this paper is to discuss some of the properties of the
flow in the region behind the cold front. A number of schlieren
pictures will be shown of the flow behind the main shocks in
the region of mixing of the hot and cold gases and in the cold
gas alone for shocks strong enough to produce supersonic
flow (up to M=3.7). The Mach numbers of the flow in the
hot and cold regions as observed by the angles of attached
bow waves are consistent with each other. Considerable tur-
bulence is observed as the cold front passes and then the flow
becomes more uniform again.

~ Supported by ONR contract.

BS. Breaking of Waves by an Opposing Current. Yr- YUAN
Yv, Northwestern Unzverszty (Introduced by B. R. Peck).—
A wave beomes unstable and breaks when the forward velocity
of the water particles at the crest exceeds the wave celerity.
Ordinarily the criterion for breaking is given by the wave
steepness, which is not to exceed 1/7 according to Michell.
When waves propagate upstream against an opposing current,
their breaking is further closely related to the velocity at which
energy is transmitted by the wave. A criterion for their break-
ing may be obtained by considering the critical situation when
energy can no longer be transmitted upstream by the wave.
In the case in which deep-water waves propagate from still
water into a moving current, the criterion comes out to be
that waves break when the velocity of the opposing current
reaches 4 of the initial wave celerity. Experiments were con-
ducted in a flume consisting of two section of difFerent depths.
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Waves were produced in the deeper section in which the water
was practically still, and they propagated upstream into the
shallower section against an opposing current. The ~ ratio
relation was verified, and it was further observed that partial
breaking of waves had occured before the current velocity
reached —,

' of the wave celerity. When the current velocity was
smaller than about 1/7 of the celerity, there seemed no
breaking.

86. Axially Symmetrical Jet Mixing of a Compressible
Fluid. S. I. PAI, Institute for Fluid Dynamics and Applied
Mathematics, University of Maryland (Introduced by R. J.
Seeger).—The flow of an axially symmetrical jet of a compres-
sible fluid exhausting into a uniform stream is investigated
theoretically. The flow of the jet is assumed to be under full
expansion from a nozzle. The pressure gradient in the jet is
assumed to be negligible. The first part of the paper is con-
cerned with the laminar flow. Ordinary assumptions of bound-
ary layer are used to simplify the Navier-Stokes equations.
A solution by the method of small perturbation. is first ob-
tained which is expressed in terms of integral of Bessel func-
tions. Exact solution is then obtained by successive approxi-
mation from the small perturbation solution. The second part
of the paper is concerned with the turbulent flow. The funda-
mental equation of motion of axially symmetrical jet mixing
is derived by the help of Taylor's transport of vorticity hy-
pothesis and Reichardt's assumption of free turbulence that
the exchange coefFicient over each cross section of the mixing
zone is constant. By suitable transformation of variables, it
has been shown that the equations of turbulent axially sym-
metrical jet mixing are identical to those of the laminar case.
Hence the solution of the first part can be used to the turbu-
lent case provided that the characteristic constant, i.e. , the
eddy viscosity, has been properly chosen.

87. Aerodynamic Behavior and Interaction of Supersonic
and Subsonic Axially Symmetric Flows. BERTRAND DEs
CI.ERS AND CHIEH-CHIEN CHANG, The Johns Hopki ns Uni-
versity (Introduced by Ji. H. Clauser). —This paper analyzes
the linearized aerodynamic problems of the axially symmetric
body in a subsonic and/or supersonic flow which may be con-
fined in a closed or open. wind tunnel, as well as the free flight
condition. In order to illustrate the physical aspects of the
problem clearly, the arbitrary body shape is decomposed into
its Fourier components, and only one component is treated
thoroughly. This component is equivalent to an infinitely
long cylinder with a wavy surface traveling in a compressible
fluid. First, such a wavy-walled cylinder in an axially sym-
metric subsonic or supersonic flow in a closed- or open-throat
wind tunnel is investigated. Next, the subsonic annular flow
between the cylinder and an infinite supersonic ffow field is
considered because of its resemblance to the supersoriic
boundary-layer effect on the wave drag. Some interesting
results are obtained, such as wind tunnel correction and com-
pressibility correction factors. In the supersonic flight of the
axially symmetric body, the pressure distribution is not pro-
portional to the local slope as in the two-dimensional case,
but lags behind. Besides, the wave drag coefFicient is finite
at Mach number unity as shown by von Karman. The thick-
ness of the subsonic layer affects appreciably the wave drag
and the pressure distribution of the body.

88. Explicit Representation of the Flow in the Region of
Interaction of Two Arbitrary Simple Waves in One-Dimen-
sional Compressible Fluid Flow. R. SHAW, Rem York Uni-
versity (Introduced by George E. Hudson). —The hodograph
transformation is exploited to express the space coordinate x
and the time t in the region of interaction in terms of two
radially symmetric solutions of the ordinary linear wave equa-

tion in spaces whose dimensionality depends on the adiabatic
constant p of the gas, the dimensionality for both solutions
being odd integers if y=3, 5/3, 7/5 (air), . . . . From the
character of the simple waves, or, from the equations represent-
ing the arbitrary motion of two pistons at the ends of a gas-
filled tube, which would produce such simple waves, initial
data can be calculated along the two characteristics bounding
the interaction. region. In the hodograph space these char-
acteristics are represented by forward and backward char-
acteristic cones enclosing a spindle-shaped region which
corresponds to the interaction flow. For the above values of
y the solutions of the resulting double characteristic initial
value problems are obtained explicitly in terms of the initial
data and a number (depending on y) of integrals of these data.
For other values of y, a new method of descent and ascent
transforms a radial solution of the wave equation for an odd
number of dimensions to a solution for any other number of
dimensions (not necessarily integral). This provides general
solutions analogous to the form used in the above method.

89. Nucleation in Very Rapid. Vapor Expansions. ARTHUR
KANTRowITZ, Cornell University. —In the steady state Becker-
Doring theory, sub-critical droplets (embryos), with vapor
pressure greater than their surroundings, nevertheless grow
statistically because they exist in sufficiently greater numbers
than neighboring, larger droplets. Thus the formation of
nuclei against the thermodynamic barrier presupposes the
presence of very large numbers of embryos of all sizes. An
approximate lower bound for the time required for the forma-
tion of this system of embryos can be calculated readily by:
(1) neglecting the thermodynamic barrier which impedes
their formation; (2) assuming that when droplets contain a
certain supercritical number, G, of molecules they grow very
rapidly because their vapor pressure is considerably lower than
their surroundings; (3) assuming that the formation of the
embryo system begins when the vapor first becomes saturated.
The equation for the rate of formation of embryos then reduces
to the heat conduction equation yielding a simple solution.
The lower bound sought is found to be inversely proportional
to the fourth power of the degree of supercooling. Comparison
with experiments indicates that in some nozzle expansions
the occurrence of nucleation is determined by this process.

810. Effect of Variable Viscosity and Thermal Conductivity
on the High Speed Plane Couette Flow of a Semirare5ed Gas.
T. C. LIN, University of 8'ashington (Introduced by R. E.
Street).—Schamberg has solved the problem of plane Couette
flow in semirarefied gases, under the assumption of constant
coefFicients of viscosity and thermal conductivity. This paper
extends Schamberg's solution to include the efITect of variable
viscosity and thermal conductivity. For the case of equal wall
temperatures the eHect of variable viscosity and thermal con-
ductivity tends to increase the velocity slip and the tempera-
ture jump, as well as the friction coefficient and the heat trans-
fer, especially at high Mach number and for decreasing density
of the gas. Furthermore, at high Mach number the tempera-
ture jump plays a more important part in the friction, through
the coefFicient of viscosity, and overbalances the reduction in
friction due to velocity slip. This investigation is based on
Burnett's expressions for the stresses and the heat flux and
Schamberg's expressions for the slip velocity and the tem-
perature discontinuity, as deduced from the third-order
approximation to the molecular velocity distribution function
of a non-uniform gas.

B11. The Existence and Limit Behavior of the One-Di-
mensional Shock Layer. DAvID GII.BARG, Indiana University.—Designate by shock layer a steady one-dimensional flow' of a
viscous, heat-conducting fluid approaching limit values at
x = —~ and x =+ ~ which are possible initial and final states
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of a normal shock wave. Rayleigh, Becker, and others have
established the existence of the shock layer for ideal gases of
a special type. Here the existence and uniqueness of the shock
layer is proved for general fluids with viscosity and heat con-
ductivity arbitrary functions of the thermodynamic state.
It is also proved, in the same generality, that the shock layers
corresponding to a fixed initial and final state converge to a
shock wave if viscosity and heat conductivity approach zero
(whatever the manner of approach). The limit of the shock
layers as heat conductivity tends to zero, viscosity remaining
fixed, is seen always to be continuous, whereas, with fixed
heat conductivity, the limit, as viscosity vanishes, is dis-
continuous in general.

B12. Interferometric Studies of Laminar and Turbulent
Boundary Layers along a Flat Plate in Supersonic Flow. ~

R. LADE%BURG AAD P. WVATCHELL, Princeton University. —
In. continuation of our interferometric studies of boundary
layers' it was found that refraction of light within regions of
appreciable density gradients may produce errors in the evalu-

ation. By minimizing those effects through suitable focusin
the measured velocity profile near the nose of the flat plati i.
at a Mach number 3f 2.3 at low Reynolds number (Re 2
)&10~) in agreement with Crocco's theory' within the experi-
mental uncertainties. %'ith increasing distance from the nose
of the plate the profile changes more and more and approaches
a profile observed at high Reynolds numbers (Re,~3)(10').
This change can be explained by "transverse contamination"
by turbulence starting near the corners of the plate. ' The ob-
served velocity profile at higher density in the test section,
corresponding to Ae ~3)&10', follows the logarithmic law
deduced recently by Kalikhman' for compressible turbulent
flow.

*Supported by ONR.
~ R. Ladenburg and D. Bershader, Rev. Mod. Phys. 21, 510 {1949);

Proc. Symposium N. O. L. (June 29, 1949).
2 P. Wachtell, Phys. Rev. 78, 333 (1950).
3 Luigi Crocco, Monogr. Scient. di Aeron. , No. 3 {December, 1946).
4 A. C. Charters, N. A. C. A. Tech. Note No. 891 (1943).Dr. H. Liepmann

informed us that he has observed such contamination also in supersonic
flow.

~ L. E. Kalikhman, N'. A. C. A. Memo. No. 1229 (1949).


