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lations indicate that if the Reynolds number for transition is
based on local Reynolds number and x at the disturbance
origin, transition Reynolds number is weakly dependent on
hypersonic Mach number for M, > 7.

Together with the lateral spreading angle information, the wall
spreading angle data makes it possible to construct simplified
cross sections of three-dimensional turbulent disturbance growth
behavior. Side and frontal views of these simplified cross sections
are presented in Fig. 2 for three local Mach numbers; M, =0,
M, = 3, and M, = 14. The varying nature of turbulence growth
(based on Fig. 1) as a function of Mach number is evident.
For the M, = 14 case, the outer transitional growth which occurs
far upstream of the wall transition location provides a plausible
explanation for the observed increase!'** in experimental
boundary-layer thicknesses (above the theoretical laminar value)
upstream of transition. The visualization of turbulence growth
and development presented herein may be of interest to the
predictors who need to model transition in order to develop
numerical techniques for transitional flow regions.
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Reflection of Weak Shock Waves from
Permeable Materials

G. S. BEAVERS* AND R. K. MATTAT
University of Minnesota, Minneapolis, Minn.

Introduction

N recent years considerable attention has been given to the

use of permeable materials as sound attenuating devices, with
particular interest concerned with the attenuating effects of the
permeable material on the reflected and transmitted sound waves.
Similarly, when a weak shock wave strikes a plane surface and is
reflected, the strength of the reflected wave is lower when the
reflecting surface is permeable than when the surface is
impermeable. There appears, however, to be very little informa-
tion available on the attenuation of shock waves reflected from
permeable surfaces, although recently Cloutier and co-workers*
have reported some observations on the attenuation of weak
oblique shocks by porous surfaces. In this Note, we present
some experimental observations which show the attenuating
effects of three different permeable materials on the reflected
shock strength. A simple analytical model is presented which
consists essentially of the coupled problems of the reflection of a
plane shock wave and the steady, compressible flow through a
permeable material.

The flow configuration (Fig. 1) consists of a plug of permeable
material positioned in a duct of constant cross-sectional shape.
For this work, a permeable material is defined as a solid medium
containing a large number of interconnected pores which are
dispersed throughout the material in a random manner. The
initial state is everywhere uniform, and the volume downstream
of the permeable plug is very large, so that the pressure down-
stream of the material is assumed to remain constant. A plane
shock wave strikes the front face of the permeable plug, and is
reflected. The increased pressure thus formed at the front face of
the plug creates a flow through the material. It is assumed that
the material is sufficiently dense so that there is no transmitted
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Fig. 1 Flow configuration and notation.

shock. Further, in the analytical model it is assumed that any
transient effects, which may occur immediately after the shock
reflection, have decayed so that the reflected shock is traveling
with constant velocity and the flow through the permeable
material is steady.

Analytical Model

It is required to calculate the reflected shock velocity for a
given incident velocity and known properties of the permeable
material. For this model, air is treated as a perfect gas (y = 1.4)
and the variation of viscosity with temperature is neglected.

We consider first the flow through the permeable material, the
analysis of which parallels that given in Ref. 2. It has been
pointed out?* that a complete description of this flow must
‘include a description of the flow entering and leaving the material,
where the flow experiences sudden area changes. To do this the
flow region is divided into three parts, as shown in Fig. 1. States
2 and 5 correspond, respectively, to locations immediately up-
stream and downstream of the permeable plug. State 3 describes
the gas within the plug just downstream of the front face, and
state 4 describes the gas just within the plug at the downstream
end. The gas adjusts from state 2 to state 3 and from state 4 to state
5 in a distance of a few pore diameters, which is negligible
compared with the over-all length of the plug. Thus, distances in
the streamwise direction for the main body of the material can
be measured from the front face with negligible error.

For the flow through the main body of the permeable plug
(3 to 4), it has been argued? that, by making use of the extended
Darcy law,* the appropriate form of the momentum equation is

pudu/dx = —dpjdx— {(su/kyu+[ce*/(k)*]pu?} 1)

where u is the mean gas velocity through the pore space at any
cross section, ¢ is the porosity, k is the permeability, and ¢ is a
constant which appears in the nonlinear extension to the Darcy
law and which depends on the particular class of permeable
materials under consideration. The continuity equation within the
plug can be expressed as

Q = pu = const (2)

Making the assumption of no heat transfer at the outer bounding
walls of the permeable plug, and using the gas law, Eq. (1) can be
integrated across the thickness L of the plug to give

2yDL/(k)'? = F(M3*)— F(M %) 3)
where
F(M?) = /M +5(+ D In {M?/[1+30—- DM?]} &)
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and the constant D is given by
D = s+ e/ %)
Further, the pressures at states 3 and 4 are related by
(Pa/ps) = M32[1 +30—DM2 /M 21 +30—-1DM*] (6)
We now consider the flow in the entry and exit regions of the
plug. Emanuel and Jones® argued that the flow between states
2 and 3 is analogous to that in a converging nozzle, with the gas
undergoing an isentropic expansion. It follows? that the Mach
numbers are related by
MM, = {1+~ DM, [1+ 5 - DM, 2]} Do
™

and the pressures by

P3Py = (Mz/SMs)zy/(v+ Y ®)
In describing the flow out of the plug, Emanuel and Jones®
suggested that the flow experiences a sudden area change, which
is an adiabatic but nonisentropic process, and the appropriate
momentum equation is then

(1=&)ps+e(patpsus®) = ps+psus’
From this equation the pressure ratio is derived as
ps/pa = (1+eyM 2)A1+yM %) 9

Finally, we note that the whole process from 2 to 5 is adiabatic,
so that

(I’s/l’z)2 = M22[1 +%(?_ l)Mzz]/Msz[l‘l'%(V— 1)M52] (10)

Then, using Eqgs. (6-10), the Mach numbers at states 4 and 5 can
be related in the form

M1 +3(— DM, 21 +eyM 2 =
M1+ = DM 21+ yM 2 (11)
We now consider the shock reflection process, noting that there
is a nonzero gas velocity behind the reflected shock. It is con-
venient to work in terms of velocities made dimensionless by the

speed of sound, ag, in the initial undisturbed gas, and also to use
the speed of sound ratios as intermediate computational para-
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Fig. 2 Dependence of reflected shock speed on incident speed and
material parameters.
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meters. The foliowing results may then be derived for the
incident shock, using the notation given in Fig. 1:

U, = 2(W;o” = Dy + )W, (12)
Pi/po = [27Wyo* —7v+ 1}/y+1) (13)
Ay = [29W > =+ 1[0 — DWWy 2 +2) (7 + 1)* W% (14)
where
Wio = G,/a,, Wie = G,/ag
The pressure ratio across the reflected shock can be obtained as
po/py = [2')’(U10 + Wzo)2 eV 1)A102]/(7+ 1)A102 (15)
and the Mach number of the gas behind the reflected shock is

U =ui/a,, A= ai/a,,

M, = [ (y—1)(U10+ZVZO)2+2A1022:|1/2 _EZ_O (16)
29(U 1o+ Wyl —(r— 14,4 Azo
where
A202 =
[ZV(Ulo + VVzo)z "(V_ 1)A102][('}’— 1)(U10+ Wz0)2+2A102]
¢+ 1DXU o+ Wyl
(17)

Finally, from considerations of mass ‘conservation across the
reflected shock, an expression involving the quantity Q of Eq. (2)

can be obtained:
24 =[ Wi 2 (U o+ Wao)? ]}

A
U+ W, L0

Po G VVIO_UIO]{ 10 zo[Aloz"f‘%(V“ DU 0+ Wso)?

(18)
When the initial state of the gas and the characteristics of the
permeable material are specified, the above equations can be
solved by a simple numerical procedure to yield W, as a function
of W, ,. The computation makes use of the fact that p; = p,, and
allowance is made for the possibility of choking at state 4.

Experiments

The experiments were carried out in a conventional diaphragm
shock tube of 3-in. x 3-in. cross section, using air as the working
medium. Three different types of permeable material were used,
classified as Foametal, Feltmetal and granular. Foametal consists
of a latticework of metallic fibres such that there are no free
_ fibre ends within the material, whereas Feltmetal consists of short
sintered fibres with free ends of fibres lying within the material.
The properties of these materials were taken from earlier experi-
ments,* and are listed in Table 1. The granular material consisted
of aluminum oxide grains of uniform size held together with a
ceramic bond. The values of ¢ and k were known from earlier
work, and a value for ¢ was deduced from experimental results
on the flow through beds of polyethylene particles. The surface
* of the permeable plugs which faced the incident shock was
machined flat, so that the resulting surface consisted of a flat plane
with a large number of pores penetrating into the material.

Results

Initial-experiments were performed using a smooth flat
impermeable wall as a reflecting surface, with a range of incident
shock Mach numbers chosen to correspond to the range used in
the experiments with the permeable plugs. All incident and
reflected shock speeds were obtained by timing over distances of a
few inches. The speeds were checked at several distances from

Table 1 Properties of permeable plugs

Material L, in. € k, in.2 x 108 ¢
Foametal 1.0 0.95 150 0.075
Feltmetal 0.25 0.80 0.8 0.132
Granular 1 1.0 0.35 1.0 0.26
Granular II 1.0 0.35 2.5 0.26
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the plug and found to be closely constant. The measured reflected
shock speeds are compared with calculated values in Fig. 2, where
the calculated curve is that for air with the vibrational energy
included. Figure 2 also compares the experimentally determined
reflected shock speeds from the permeable plugs with the com-
puted values. It is seen that the analytical model agrees fairly
well with the experiments, except for the Foametal plug. There
are two possible reasons for this discrepancy: 1) the material is
exceedingly porous so that a transmitted shock may have
occurred and 2) the material tended to exhibit some distortion
after several shock reflections, so that the plug had to be changed
periodically. However, it would appear from the other results
that the analytical model gives a reasonable prediction of the
reflected shock speeds for permeable materials which have
porosity values such that transmitted shocks do not occur.
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Unified Area Rule for Hypersonic and
Supersonic Wing-Bodies

W. H. Hur*
University of Waterloo, Ontario, Canada

OR low supersonic flow there exists the well-known area rule

by which the effect of wing-body interference on over-all
forces can be obtained without a knowledge of the details of the
local flowfield for a wide class of practically interesting conﬁgura—
tions. In the hypersonic range an analogous theorem was given by
Ladyzhenskii! for the wave drag of blunted-nose bodies at zero
incidence. The lifting case was recently studied by Malmuth? who
derived a new area rule for the change in the aerodynamic
efficiency L/D of a hypersonic delta wing due to the addition on its
compression side of a conical body of arbitrary shape. However,
his analysis is restricted to hypersonic flow past wing-body con-
figurations at small incidence. Furthermore, the conically subsonic
flow region, on which the conical body is added, is assumed a
small portion of the wing. There is obviously a Mach number
range for which neither the supersonic area rule nor Malmuth’s
hypersonic area rule can be applied.

On the other hand, a unified theory for flow past delta wings
was given by the author® which is valid for both hypersonic
and supersonic flow past delta wings of any sweep angle at any
incidence, provided the shock wave is attached to the leading
edges. It gives almost identical results compared with large scale
numerical solutions. The purpose of this paper is to show, by
combining the methods of Refs. 2 and 3, that all the restrictions
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