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Weak Interacting Hypersonic Flow
over Cones

W. HOELMER* AND M. SAARLASf
University of Cincinnati, Cincinnati, Ohio

INTERACTING hypersonic laminar boundary-layer flow
over cones has been of practical interest for a number of

years. The principal methods of computing the induced
pressures on the body have been given by Probstein1 and
Talbot et al.2 The latter report also offers experimental
data at moderate supersonic speeds verifying the theoretical
method. Unfortunately, the foregoing methods are either
too approximate or too cumbersome for practical calcula-
tions. Also, experimental data do not seem to exist for
higher Mach numbers. It is the purpose of this note to
simplify the computational procedure (to the point where
only a simple interpolation is required) and to communicate
some experimental data at M = 14 obtained in the Aero-
space Research Laboratories (ARL) 20-in. hypersonic tunnel.

1. Simplification of the Computational Procedure

Several different methods have been proposed in the fore-
mentioned papers to evaluate the boundary-layer induced
pressures on the cone surface for the weak interaction region,
6C > t&ri~1(dd*/dx), where 6C is the cone semiangle and 6* is
the displacement thickness. A brief summary of these
methods is pertinent before the present technique is given.

Probstein determined pressure as a Taylor series expansion
in powers of dd*/dx and derived the coefficients from in viscid
hypersonic similarity law of Lees.3 The displacement thick-
ness slope was obtained from flat-plate results of Lees and
Probstein.4 Although this method yields less accurate re-
sults than the second method of Talbot discussed below, it
has the advantage of being relatively simple to use.

Talbot's first method (TC& method) evaluates the local
displacement thickness slope based on inviscid cone surface
values instead of actual local boundary-layer edge values.
The expression for displacement thickness comes from
Crocco's flat-plate results.5 The pressure is obtained directly
then from Kopal tables for the effective cone angle Oc +
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Fig. 1 / vs freestream Mach. number

This approximation will result in an over-
estimation of the induced pressure.2

For more accurate calculations (TO method), the fore-
going "inviscid" tangent cone method has been replaced by
a semigraphical procedure to take local boundary-layer edge
values into account, which gives a more precise estimate of
the effective local cone angle. Although this procedure
yields accurate results, it is cumbersome to apply to any par-
ticular problem.

In the present note, by using an inverse approach, the
iteration method suggested by Talbot has been simplified to
a one-step calculation. The details of the procedure are
given in Ref. 6; here only a brief outline is included. In this
technique, an equation is derived which demonstrates the
functional relationship between displacement thickness slope,
freestream Mach number, cone semivertex angle, wall- to
adiabatic-wall temperature ratio, and hypersonic interaction
parameter based on freestream conditions.

The local displacement thickness can be written as2

X2
dx

["0.968 Tu,
L ^22 Tz

+ 0.145 (T -

where

is the hypersonic interaction parameter based on conditions at
the edge of the boundary-layer (5* c^ d). C2 is the Chapman-
Rubesin constant (M/MW) (T/TW). If one introduces now the
pressure, temperature, and velocity from inviscid hyper-
sonic similarity results of Lees.3 then the hypersonic inter-
action parameter, based on freestream conditions, can be
written as follows (subscripts 1, 2, and c refer to freestream,
edge of boundary layer, and cone surface, respectively):

Xi =
Ms d5* M2
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Mz = Mz(Mi, Bz) = Mz(Mi, do + 6S) (tangent cone)

Upon selection of Mi, Oc, and after obtaining 02 = 6C +
from Eq. (2), the induced pressure increment
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Fig. 2 g vs freestream Mach number MI.

can now be computed from tables of Kopal, Sims/ or from
Lees7 similarity result.

The numerical problem was solved by an inverse procedure
on IBM 7090 by selecting MI, Oc, Tw/Taw, 68, and by com-
puting 02, %i and Ap/Pc from Eqs. (1-3). The results were
found to be nearly linear with %i (for constant MI, 6C} and
Tw/Taw) and can be expressed as

= (fTw/Taw

where

g = g(Mlt Be)
Fig. 1
Fig. 2

For 6C > 10°, linear interpolation will suffice, otherwise a
crossplot (e.g., / vs 6C at given M-L) is needed.

2. Experimental Results

A 10° semi vertex angle sharp nosed cone (nose radius
0.001 in.) was tested at zero angle of attack at a nominal
Mach number of 14 in the ARL 20-in. wind tunnel. The
model was an uncooled tellurium copper cone with the wall
thickness 0.125 in. to assure a nearly isothermal surface. The
7-in.-long model contained 7 pressure ports 0.0425 in. in
diameter and 2 chromel-alumel thermocouples. Pressure
was measured by Hastings-Raydist DV-13 heat conducting
gages, and it was recorded on the microsadic magnetic tape,
thus permitting individual before-after calibration checks.
The tests were conducted at nominal stagnation pressures of
800, 1200, and 1600 psia with stagnation temperatures vary-
ing between 1800° and 1900°R. The method of data re-
cording and tunnel conditions are available in detail in Refs.
5 and 7.

The results are indicated in Fig. 3. The greatest error
in the prediction of the induced pressure increment (solid
line) corresponds to an error in the surface pressure reading
of at most 7%. Considering the magnitude of the static
pressures that had to be measured (of order of 1 mm Hg) and
the available instrumentation (sensitivity 0.1 mm Hg), it is
concluded that all points fall well within the experimental
scatter.
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Thermodynamic Properties for
Imperfect Air and Nitrogen

to 15,000°K
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THE recently published thermodynamic properties (T,
logp, E/RT, H/RT, S/R, logp, Z) for imperfect! air and

nitrogen as given by Hilsenrath and Klein1'2 have been used
to compute the specific heat (CP/R, CV/R, and y = CP/CV)
and speed of sound [yE = (d logp/5 logp)s, a = (yE p/p)1'2]
data by Lewis and Neel.3«4 The data for air§ and nitrogen
are given in the ranges T = 1500(100) 15,000°K, logp =
-7(0.2) 2.2 and T = 2000(100) 15,000°K, logp = -7(0.2)2.4.
The data of Hilsenrath and Klein differ from the previously
reported perfect-gas data of Hilsenrath, Klein, and Woolley5

at densities where the effects of intermolecular forces are im-
portant. In general, imperfect gas effects are important only
at densities above 1 amagat, i.e., the nondimensional density
p = p/pa where pa is the density at 1 atm and T = 273.15°K.

The specific heat and speed of sound data for nitrogen in
the ranges T = 100(100)2200°K and logp = -7(0.2)2.4 have
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Fig. 3 Induced pressure rise for a 10° cone.
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{ A perfect gas will denote one obeying p = ZpRT which in-
cludes dissociation and ionization neglecting intermolecular ef-
fects. An imperfect gas obeys p = ZpRT but includes dissocia-
tion, ionization and intermolecular (unless otherwise noted only
two-body interaction) forces.

§ A multicolored Mollier diagram for imperfect air has been
prepared by members of the staff of the von Karman Gas Dy-
namics Facility and is available on written request.


