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decrease with increasing freestream Mach number, which is
contrary to results for glancing-shock and two-dimensional
separation. Also, the three-dimensional separation angle from the
incident-shock interaction is approximately half the two-
dimensional value at M_ = 5.9 but nearly equal to the two-
dimensional value at M = 2.9. A probable explanation of this
is that the large lambda shock formation which occurred in the
present experiments did not occur for Reda and Murphy® at
M =29. (Compare oil flows in Fig. 6 of Ref. 5 with Fig. 2 of
this Note). This lambda shock results from flow disturbances
on the base plate which extend considerably further upstream
of the inviscid glancing-shock location for hypersonic flow than
for supersonic flow as illustrated by the oil flows in Fig. 8 of
Ref. S and Fig. 2 of this Note. From a practical standpoint, this
incident-shock interaction result indicates that separation will
occur in hypersonic rectangulat inlets at smaller flow deflection
angles than in supersoric inlets provided that other conditions
are similar. This is an unexpected result with important
implications.

In summary, it has been shown that separation occurs much
earlier for turbulent three-dimensional flow than for two-
dimensional flow at hypersonic speeds. Thus, for conditions when
both types of separation can occur (such as in hypersonic inlets)
three-dimensional rather than two-dimensional separation
criteria should be used. A first approximation of three-
dimensional incipient separation angles, which are apparently
insensitive to turbulent Reynolds numbers, has been given.
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An Attempted Improvement of the
Method of Integral Relations for a Blunt
Body in a Supersonic Flow

B. L. HUNT*
University of Bristol, Bristol, England

HE problem of calculating the flow in the shock layer ahead

L of a blunt-nosed body in a supersonic stream has been the
subject of many investigations. In recent years, two methods have
been developed which have received widespread use: these are
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the time-dependent method, the most effective form for blunt-
body work being that due to Moretti,' and the Method of
Integral Relations, which was developed by Belotserkovskii
and co-workers.>"

In the Method of Integral Relations, the partial differential
equations of motion are replaced by a set of simultaneous,
first-order ordinary differential equations. The number of
equations depends on the degree of approximation being
attempted. The numerical solution of this set as an initial value
problem is not difficult, but a complication arises in that the
initial values of some of the dependent variables dare not known
a priori and must be found by applying regularity conditions
at certain singular points. of the solution. In the first
approximation, one initial value (the initial shock displacement)
is not known and one regularity condition must be satisfied. It is
found that a high degree of accuracy in the initial shock displace-
ment is needed before an acceptable solution is obtained, but
nonetheless, the computing time and programing labor
involved are by no means eXcessive. Higher approximations,
involving the application of more regularity conditions, have
been used by Belotserkovskii and his associates, but it appears
that the computing time and effort required in applying the
regularity conditions become large so that, even in the second
approximation, the method becomes rather unattractive.

Because of these difficulties, Traugott* suggested some years
ago a modification which would improve the degree of approxi-
mation without introducing any further regularity conditions.
Traugott’s suggestion was as follows. In the first approximation
of the Method of Integral Relations, the governing equations are
integrated across the shock layér and the: variations of certain
flow functions across the layer are approximated linearly. In the
nth approximation, the shock layer is divided into n strips and
integrations are performed to each strip boundary; the flow

- function variations are now approximated by an nth order

polynomial and, it turns out, there are n regularity conditions to
be applied. Traugott pointed out that even if the shock layer is
not subdivided, the flow variations can be approximated by
cubics if use is made of expressions for the vorticity at the
body and at the shock. This improved approximation is achieved
without introducing further regularity conditions. The initial
formulation of the equations is a little involved but, once
accomplished, the computation would be expected to be only
slightly longer than the conventional, linear calculation. In his
original paper, Traugott used cubics to find corrections to the
linear solution, not altogether successfully. Surprisingly, no
further work on this approach appears to have been reported.

Some improvement over the first approximation is particularly
desirable for the cases of low Mach number flows over bodies
with small curvature noses* and of low Mach number supersonic
jets impinging on flat surfaces.® It was therefore decided to
formulate and program Traugott’s suggestion for the case of a
flat-faced, axisymmetric body. Numerical difficulties were
encountered on running the program. Very considerable effort
was put into checking the formulation and coding: these wete
found to be correct. The source of the difficulty was finally traced
to an inherent instability® in the governing differential equations.
No way around this difficulty can be seen and it is concluded
that Traugott’s suggestion, while physically attractive, does not
lead to a viable method of calculation, at least in this case.
Even in retrospect, there does not seem to be any way in which
the instability could have been foreseen.

The purpose of this very brief Note is to prevent others from
embarking on the considerable labor of following up Traugott’s
suggestion, only to arrive at the disappointing result reported
here. A report giving a complete formulation of the equations
and a discussion of the instability is available from the author.”
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Heat Flux Probe as a Flowfield
Diagnostic

IRWIN E. Vas*
Princeton University, Princeton, N.J.

N recent years, several new developments have been made in

the area of flowfield diagnostics. A few years ago, a. new
technique was developed which appeared ideally suited for
measurements in a hot gas stream.! The “heat flux probe,” as
it is called, is small in size and can be used with good spatial
resolution. The puirpose of the present Note is to indicate that
some published results obtained with this probe are quite
inaccurate even though the probe technique and calibration
appear very reasonable:

The heat flux probe operates on the same pr1nc1ple as a
constant temperature hot wire. The sensor is a glass tube 0.006 in.
o.d. with a wall thickness of 0.001 in. A thin platinum film is
deposited on the tube to a length of 0.05 in. In & hot gas stream
a balance is made between the convective heating of the sensor
by the gas, cooling of the sensor by passing cold gas (or liquid)
through it, and resistive heating of the sensor. The electronic
circuitry is the same as required for a constant temperature hot
wire. The probe and electronic circuitry was purchased from
Thermo-Systems.

The initial concept, design and use of the heat flux probe was
published in a thesis by Fingerson! in 1961. Since that time
several other investigators have used this technique.?”> It is the
results from McCroskey, Horstman, and Vas using this probing
technique which will be discussed, and compared with results
using other techmques

A brief review of the three particular studies will initially be
made. McCroskey examined the flow about a sharp flat plate in
nitrogen at a freéstream Mach number (M) of 25, Reynolds
number (Re,) of 10*/in. and stagnation temperature (7; ) of
2000°K. Flowfield measurements of pitot pressure (p,) and heat
flux (§) were made. Horstman determined the flowfield about a
3° half-angle cone at M, ~ 41. Re_/in. ~ 5.6x 10* and T, ~
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Fig.1 Heat flux probe calibration.

900°K using helium as the test gas. The measurements in the
flowfield included pitot pressure and heat flux. Detailed flowfield
measurements were made by Vas on a 10° half-angle cone at
two conditions: a) M ~ 19, Re,/in. ~40x10* and T, =
1700°K; b) M, ~ 25, Re,/in. ~ 10* and T, = 1850°K." The
traverses were made using four measuring techniques: pitot
pressure, heat flux, total temperature (7;) and density (p).

In addition to the previous measurements on a flat plate in
the hypersonic nitrogen gas flow, direct density measurements
were performed by Harbour and Lewis® at conditions similar to
Ref. 2. Recent flowfield measurements were made by Petraites’
on a flat plate at these same conditions using a pitot probe and
total temperature probe. Density and velocity () profiles were
derived from the measurements of McCroskey and Petraites.
The density profiles can be compared with the direct measure-
ments of Harbour and Lewis.

In using the heat flux probe, a calibration was performed by
each of the research workers. McCroskey carried out a
calibration in the hypersonic helium and nitrogen facilities at
Reynolds numbers Re, ;, (based on conditions behind the shock
and probe diameter) from 1 to 10. To obtain a larger range of
Reynolds number a calibration was performed by Vas at
M, ~ 2 and 6 and stagnation temperatures between 550°K and
1150°K to give Reynolds numbers from 0.15 to 10. This was in
addition to calibrations carried out in the hypersonic nitrogen
facility. Over a range of Reynolds number the heat transfer to
the sensor was measured (Nu,,) and is shown in Fig. 1. The
slope of the measurements at the low and high Reynolds number
ends approach the free molecule and continuum values, respec-
tively. These measurements give the same trend as a hot wire.®

The flowfield characteristics were determined in Ref. 2 using
measured pitot pressure and heat flux profiles and the wall static
pressure. From these measurements, density and velocity profiles
were calculated and are shown in dimensionless form (5 = p/p,,
i=uu,) in Figs. 2 and 3 for the value of the rarefaction
parameter, [V = M {O)Y?/(Re,, ,)''*], of about 0.12. These
profiles-are not all made at identical distances x from the leading
edge. The height above the surface y is nondimensionalized by
the shock layer thickness y, Included in Fig. 2 is a direct
measurement of density by the electron beam technique.®
Behind the. shock the density obtained by the electron beam
technique is higher than that obtained by the other two methods.
The profilés obtained by these methods are in agreement in the
outer portion of the shock layer, but the results using the heat
flux method deviate considerably from those obtained by the
total temperature method, as well as the direct measurement, in
the iriner portion of the shock layer. In the shear layer, the
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