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H(t) being the unit step function, while G represents the
normalized boundary layer structure. This type of boundary
layer is very suitable to check the present method ex-
perimentally and to investigate the effect of the internal
reflections. The experimental setup is sketched in Fig. 1. The
plane of polarization of the helium-neon laser beam is chosen
parallel to the plane of incidence. The light beam reflecting
from the outer surface of the shock tube window is used as a
reference to reduce the effect of laser instabilities. The
electronic circuit has a rise time less than 2.10 ~7 sec. In Fig. 2
some experimental and theoretical results are shown for the
case of shock reflection in argon for different shock Mach
numbers M, initial pressures p0, and angles of incidence 00.
Initially, the jump in direct reflection is compensated com-
pletely by the internal reflections inside the infinitely thin
boundary layer. As the boundary layer grows, the internal
reflections vanish and asymptotically a change in reflectivity
is observed proportional to (ns — n0). The solid curves show
the theoretical predictions based on the substitution of a
somewhat simplified boundary layer solution into Eqs. (1, 6,
and 8).

The agreement is very satisfactory. The systematic
deviation between theory and experiment for the lowest
pressure is due to the phenomenon of temperature jump
between gas and wall.

It is concluded from these experiments that the change in
refractive index (ns — n0) can be derived from the final
change in reflectivity when the boundary layer thickness has
become sufficiently large. This has been applied to study the
influence of thermal diffusion in a thermal boundary layer in
a mixture of argon and helium.3 A separation of species could
be shown by a measurement of the refractive index at the wall.

Viscous Side-Wall Boundary Layer
As a last example, we will discuss an application to the

sidewall of a shock tube. At the passage of a shock wave the
refractive index at the wall undergoes a jump proportional to
the change in pressure. After some time the contact region
will pass, separating driver and test gas.

Figure 3 shows the reproduction of an oscilloscope
recording for an experiment with nitrogen as test gas and
hydrogen as driver. The upper curve is obtained from the
change in reflectivity, which is now proportional to (ns — n0)
since internal reflections can be completely neglected. The
lower curve shows the pressure, measured with a piezoelectric
transducer. The arrow indicates the arrival of the contact
region, when the reflectivity signal starts decreasing due to the
lower refractive index of hydrogen compared with nitrogen.
After the passage of the reflected shock wave in hydrogen,
expansion waves cause a decay in refractive index and in
pressure. The experiment illustrates that the reflectivity
method offers the possibility of distinguishing between
different gases and can provide additional information on the
state of a gas at a wall.
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Low Reynolds Number Flow Past
a Blunt Axisymmetric Body

at Angle of Attack
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Nomenclature
CD = total drag coefficient based on the local base area
CD = pressure drag coefficient based on the local base area
Cj- = skin-friction coefficient
CH = heat-transfer coefficient, q'w /ttp'^V^
h = specific enthalpy, h ' I V£
n = normal coordinate, n ' IR'N
p = pressure, p' /p^ V*>
r = local body radius ,r'/R'N
R'N = nose radius
Re = freestream Reynolds number, p^ V'
s = tangential coordinate, s ' /R'N
u = tangential velocity, u ' I V'^
Us = shock speed, U's/ V'^
v = normal velocity component, v ' I V'^

freestream velocity

7
a

= freestream velocity normal to the shock, V'N
= freestream velocity tangential to the shock,
= density, p'/p'^
= viscosity, n' /n'^
= ratio of specific heats
= angle of attack

/ V'^

Subscripts
N = conditions behind the shock
w = conditions at the body surface
oo = conditions in the freestream

Superscript
' - dimensional quantities

Introduction

THE problem of computing the laminar hypersonic flow at
low Reynolds numbers past blunt axisymmetric bodies

has been investigated by many authors1'3 using viscous shock-
layer equations or full Navier-Stokes equations; however,
these investigations are limited to zero angle of attack. The
purpose of this Note is to investigate the low Reynolds
number flow of a perfect gas over a blunt axisymmetric body
of large half-angle at small angles of attack, which represents
the conditions encountered by the planetary entry probes
during the early (high-altitude) portions of an atmospheric
entry trajectory. Time-dependent viscous shock-layer
equations are used to describe the flowfield. These equations
are obtained from the full Navier-Stokes equations by keeping
terms up to second order in the inverse square root of
Reynolds number in both the viscous and inviscid regions.
The equations are valid for moderate to high Reynolds
numbers. A time asymptotic finite-difference method is used
to solve these equations in the plane of symmetry of the
flowfield. Since the crossflow velocity is identically zero in the
plane of symmetry, the crossflow momentum equation cannot
be used directly. The required equation is obtained by dif-
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ferentiating the momentum equation with respect to the
crossflow direction, and the crossflow velocity gradient then
is used as the new dependent variable. The meridional
variation in pressure is required in the analysis. It is expressed
as the cosine function of the crossflow direction as given in
Ref. 4. The flow properties on the body surface are given by
the velocity slip and temperature jump conditions, whereas a
set of shock slip conditions is used to determine the flow
properties behind the shock.

Various flow quantities such as drag coefficient, skin
friction coefficient, and heating rates are obtained at zero and
small angles of attack. The drag coefficients for the zero-
angle-of-attack case are compared with the experimental
results of Little.5 No results were available for comparison
with the present results at angle of attack. The effect of slip
conditions on various flow quantities also is discussed.

Governing Equations and Method of Solution
The governing equations, assumptions, and overall ap-

proach used in the present analysis are given in Ref. 4.
However, the boundary conditions now are modified so as to
include the low Reynolds number effects. The slip boundary
conditions at the body surface are given in Ref. 1. The con-
stants appearing in those relations are taken from Ref. 6.

The flow properties behind the shock wave are obtained by
modifying the shock relations, given in Ref. 7, for velocity
and temperature gradients behind the shock wave. The shock
speed Us now is given by

(1)

where

d]=k2/k3, J-l
/ = * - - /ReN

iPrRedn / N

= (Poo-pN)/(y-l)

Knowing the value of Us, other flow properties are obtained
from the relations

-Us) (2)

(3)

(4)PN=(VN-V,)/(vN-Us)

Here uNand VN are defined with respect to the shock wave.
These can be resolved suitably to give the flow velocity behind
the shock wave in body-oriented coordinates.

MacCormack's8 two-step finite-difference method is used
to solve the governing equations. The details are given in Ref.
4. The only difference is that, in the present analysis, the shear
stress and heat flux terms are calculated by using backward
differencing in the predictor step and forward differencing in
the corrector step. The fourth-order damping, used in the
present calculations, requires a damping coefficient of 0.003.

Results and Discussion
Flowfield calculations are made for a 90° hyperboloid at

angles of attack of 0°, 4°, and 8°. Zero-angle-of-attack
results are obtained at the freestream Reynolds numbers of
358, 448, and 716, whereas the angle-of-attack results are
obtained at a freestream Reynolds number of 358 only. In all
of the cases, freestream Mach number is 9.2

Figure 1 shows the distribution of skin-friction coefficient
with and without slip conditions at a = 0° and 4°. It is seen
that the slip reduces the skin-friction coefficient by about 5%
in the nose region, and the reduction decreases for the
downstream points. It also is seen that the effect of slip is
slightly higher on the leeward side than on the windward side.

In Fig. 2, the total drag coefficient is plotted against the
local body radius at cx = 0°. Pressure jump on the surface is
included in calculating the drag coefficient. It is seen that the
drag coefficient increases with the decrease in the Reynolds
number for a given body. Experimental results of Little5 also
are plotted. The present results are about 5% higher than the
experimental results. Little5 estimates his possible ex-
perimental error in drag at about ±7%. The present results
are, in general, within these limits.

WINDWARDSIDE LEEWARDSIDE
-a =4°

Fig. 1 Skin-friction coefficient distribution on a 90° hyperboloid at
a = 0°and4°.

Fig. 3 Effect of angle of attack on the pressure drag for a 90°
hyperboloid.
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Fig. 2 Comparison of drag coefficient for a 90° hyperboloid at
0°.

Fig. 4 Heating rate distribution on a 90° hyperboloid at a = 0° and
8°.
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Figure 3 shows the effect of angle of attack on the pressure
drag coefficient at a given Reynolds number. Again, the
pressure jump on the surface is included. It is seen that the
effect of the angle of attack is to reduce the pressure drag for
a given body. The reduction in the drag increases as the
bluntness of the body increases.

In Fig. 4, the heating rate results are plotted with and
without slip conditions at a = 0° and 8°. The effect of slip is to
reduce the heating rates. The magnitude of the difference is
maximum in the nose region of the body and decreases for the
downstream points.
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leclflicil conntnis
Comment on "Discretized Simulation

of Vortex Sheet Evolution with
Buoyancy and Surf ace Tension Effects"

James W. Rottman* and D. B. Olfej
University of California at San Diego, La Jolla, Calif.

ZALOSH1 carried out calculations for the roll-up of a
vortex sheet separating inviscid fluids of different

densities. The derivation of his Eq. (14) for the rate of change
of circulation following a discrete vortex contains an error
that results in the omission of a term from the equation. For a
continuous vortex sheet without surface tension effects, the
correct expression for the rate of change of circulation per
unit length was given in an earlier paper by Zaroodny and
Greenberg.2 Zalosh's numerical results probably would be
little changed by the use of the correct equation, because his
calculations were for small density differences, and the
omitted term is proportional to the density difference across
the vortex sheet. On the other hand, use of Zalosh's equation
for a problem involving large density differences would result
in large errors.

The error of Ref . 1 involves the convective part of the total
(Lagrangian) derivative. Proper care was not taken in
distinguishing between derivatives following fluid particles on
either side of the vortex sheet and the derivative following the
vortex motion. The rate of change of circulation following a
closed circuit C moving with the fluid is given by3

= y
dt dt J (0

.dr=\ lT
J (o dt
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Because the Lagrangian derivative follows the fluid particles,
dr/dt= V, and the last integral in Eq. (1) vanishes. Consider a
closed circuit centered at a position s1,- on a vortex sheet, and
having sides of length £ just above and below the sheet. The
rate of change of (clockwise) circulation around the vortex
sheet segment is

dt si-t/2 dt

where Vl and V2 denote the velocities just above and below
the vortex sheet, the subscript s denotes the components
tangential to the vortex sheet, and ds is the differential
distance along the sheet. Equation (2) has the same form as
Eq. (7) of Ref. 1, provided that we interpret Zalosh's terms
dVls/dt and dV2s/dt as the tangential components of the
accelerations, i.e., as ( d V t / d t ) s and ( d V 2 / d t ) s , respectively.
However, contrary to the statement by Zalosh, the
Lagrangian derivatives follow the fluid particles, not the /th
vortex; i.e.,

The momentum equation [Eq. (8) in Ref. 1] is used to
determine the acceleration terms in Eq. (2)

PI ds
- a-g sm0,

(dV2

V ~
\ =_±?P2__

' S P2 ds (3)

where again the total derivatives follow fluid particles in the
upper and lower fluids, respectively. Substitution of Eqs. (3)
into Eq. (2) yields Zalosh's Eq. (9), which is correct.

The velocity of a vortex is given as the average of the fluid
velocities above and below; i.e., Vi=-l/2(Vl-^V2). Dif-
ferentiation following the vortex yields an equation of the
form of Eq. (12) of Ref. 1:


