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length lens to give a narrow beam of almost constant diameter
(0.15 mm approx.) perpendicular to the gas flow. The light
scattered perpendicular to the flow, to the incident beam and to
the direction of polarization of the beam was collected and
collimated by an f 1.8 camera lens. This collimated beam passed
through a 1 nm band-pass interference filter and was then focused
at a slit so as to eliminate stray light before finally being detected
by a photomultiplier. The slit also served to determine the length
of the sample volume at 0.64 mm. For each experiment the laser
power, which was monitored by the photomultiplier, PT, in Fig.
1, and the gain of the photomultiplier, Ps, were held constant.

The burner assembly consisted of an axisymmetric fuel jet,
formed by a quartz nozzle with throat 2.4 mm, and a concentric
dust shield, 100-mm-diam, through which a low-velocity air-
stream was passed. The nozzle was mounted on a settling
chamber containing a 50-mm-diam loudspeaker which could be
used to impress a small periodic velocity modulation on the jet.1
Both the fuel (methane) and air flows were filtered using a 25-mm-
diam cellulose nitrate filter (pore size, 0.6 /xm) to remove dust.
This was necessary because the light scattered by a single dust
particle can exceed, by more than an order of magnitude, that
scattered by all the molecules in the beam. We were able to
remove dust particles from the fuel flow completely (less than one
particle every 5 min on average) but were less successful with the
air supply (approximately one particle every two seconds).
However, this latter level was sufficiently low for the purposes
of these experiments.

The system was first calibrated by measuring the intensity of
the light scattered from pure methane and pure air. The relative
proportions (by mole) of methane and air in the sample volume
may then be simply obtained by linear interpolation between the
pure air and pure methane values. Some fluctuation of the species
signals must be expected from photon and photomultiplier noise
but secondary contributions also arise from fluctuations in the
laser power and possibly from dust particles in the laser beam
outside the sample volume. However, since such fluctuations
were small in comparison with the concentration-dependent
fluctuations no attempt was made to minimize them.

The limiting frequency response, vmax Hz, of the Rayleigh
scattering detection system depends on the signal-to-noise ratio
in the measurement of the number of photons detected during
the time interval, vm a x~1 sec, and consequently vmax varies as the
square root of the photon flux reaching the detecting photo-
multiplier. In the experiments reported here this flux exceeds 108

photons/sec so that, for a photocathode quantum efficiency of
10%, the limiting frequency response exceeds 10 kHz.

A signal from a point on the centerline of the initial mixing
region of a jet modulated at 600 Hz using the settling chamber
loudspeaker is shown in Fig. 2a and it is significant that the
wave form shows 100% unmixedness. The time response of the
scattering system is sufficient to identify regions of 100% un-
mixedness at high modulation frequencies which was not possible
with the gated sampling probe.1 The stratified structure of the
vortex rings which dominate the intense shear region of jet flows
(shown schematically in Fig. 3) is resolved as double peaks in the
signal in Fig. 2b (modulated at 900 Hz).

Finally, a typical oscillogram of scattering from a methane jet
in the absence of modulation, and at a higher flowrate, is shown
in Fig. 2c. Again vortex shedding is clearly apparent from the
periodicity in the signal although less well-defined than
previously, since the phase locking of the loudspeaker is no longer
present. In order to follow fluctuations of such rapidity, Rayleigh
scattering represents the only viable measuring technique.
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Prediction of Yawing Force at High
Angle of Attack
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Nomenclature
CN = normal force coefficient = Normal Force/q^nr2

Cy = yaw force coefficient = Yaw Force/^Tir2

D = diameter of body of revolution
k = number of vortices in the flow
j = pertaining to the yth vortex
M = freestream Mach number
q^ = freestream dynamic pressure
r = radius of body of revolution
r0 = reference radius
t — time
U = freestream velocity _
w = dimensionless crossflow plane velocity = (d^/dQ/U sin a
w - = dimensionless crossflow plane velocity at the location of the

jth vortex. The influence of the jth vortex is neglected
x, y, z = Cartesian coordinates (see Fig. 1)
a = angle of attack
p = vortex circulation
£ = complex crossflow plane coordinate = y + iz
£0i> f02 = crossflow plane separation points (see Fig. 1)
00i> 0Q2 = crossflow plane separation angles (see Fig. 1)
p — density
A = dimensionless circulation = T/2nrU sin a
(j> = crossflow velocity potential
ij)N = nose roll angle

Introduction

A^ high angles of attack the leeward flowfield about a body
of revolution separates and rolls up to form vortices. For

relatively small angles, two symmetric vortices are formed. At
larger angles, wake vortices grow unsymmetrically and are shed
from the leeward side, as illustrated in Fig. 1. The resulting
flowfield asymmetries induce a yawing force and moment. Simple
engineering calculations can be used to determine normal forces
and moments,1""3 but a more detailed flow description must be
employed if yaw forces are to be predicted.

In this Note, an approximate flowfield description is developed
which is an extension of the model originally proposed by
Bryson4 and modified by Schindel.5 The current formulation is
applicable to bodies of revolution and models the flow using
the impulsive flow analogy with viscous effects being simulated
using point vortices. The symmetric wake assumption present in
preceding studies is relaxed and growing vortices near the missile,
as well as those shed into the wake, are taken into the account.

Problem Formulation
The velocity potential in the crossflow plane is formed by

superimposing point vortex potentials on the potential function
for flow over a cylinder. An additional source term is included to
account for the changing body radius

(C-Cj)- -- i-ir
j=i

(1)

The motion of vortices in the crossflow plane is assumed to be
determined by balancing the lift force on each vortex
[ — ipr(d£/dt—Wj t/sina)] with the force on its feeding sheet
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Fig. 1 Crossflow plane representation of the vortex shedding pattern
of a missile at high angle of attack.

£j— C0j) dT/df]. Using the relation x = U cos at, the governing
equations for growing vortices (dT/dt ^ 0) become

+ _
dx kj dx J r dx

For vortices of constant strength, or shed vortices, the above
equation reduces to

d£j/dx = tan avv, (3)
This indicates that shed vortices move with the local fluid
velocity.

The circulation of growing vortices is determined by requiring
that the fluid velocity at each separation point be zero

Wi(C0l) = r(dr/dz)/(tan of Oi) ; w2(C02) = r(dr/dz)/(tan of Oa) (4)
This condition uniquely determines the strength of two vortices.
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Fig. 2 Normal force coefficient as a function of angle of attack. Com-
puted curves are based on a set of parameter values which are Mach-

number dependent.

Left undetermined by this formulation are the separation
points in the crossflow plane and the boundary condition
accompanying vortex introduction and shedding. These condi-
tions are satisfied by introducing two vortices near the nose of
the model. The x location at which these vortices are introduced
is determined by: f tan a/sin 00i = dr/dx.4 At increasing angle
of attack, this point moves past the nose of the model and
vortices are introduced at the model nose. The crossflow plane
locations of the vortices are taken to be along the directions
00i + 7r/3 and 90i — n/3 from their respective separation points,
the actual distances being free parameters. Vortices are initially
placed in a slightly asymmetric pattern. As the numerical solution
to the governing equations progresses, asymmetry in the solution
grows. When the difference in radial location of the two vortices
reaches a specified value, the outermost vortex is shed and a
new vortex is introduced on the same side of the body. The new
vortex is assumed to lie along the sheet that previously had
joined the shed vortex to the body requiring only specification
of the distance from the~ separation point to the nascent vortex.
Subsequent vortices are shed at intervals dictated by the Strouhal
frequency. Initial conditions for the introduction of succeeding
vortices are identical to those just described.

Application of this method requires the specification of the .
free parameters mentioned above. Of these, separation angle and
the Strouhal number are directly measurable. Application of the
measured separation angle, which is smaller than that used in the
computations, leads to an erratic wake which does not resemble
a vortex street. This discrepancy can be attributed to the absence
of vorticity in the feeding sheet of the current model. The final
set of parameters used is given in Ref. 6 and is made slightly
Mach number dependent to best represent the experimental data.

Once vortex positions and strengths have been determined in
the crossflow plane, the forces on a section of a model can be
calculated using7

/ r
CK + iCY = 2 sin a cos a —

Vo

Comparison with Experiment
Experimental force measurements were made using strain

gages, and schlieren pictures were obtained on a tangent ogive
forO° < a < 70° and 0.5 < M < 1.1. The model's over-all fineness
ratio was 12 and the nose-fineness ratio was 4.0. The boundary
layer was assumed to be laminar over the entire model.

The predicted normal force coefficient, as shown in Fig. 2,
agrees well with the experimental data for a < 50. The
calculated center of pressure is consistently to the rear of the
measured one, the difference being on the order of a caliber. A
comparison between the calculated and measured yaw force
coefficients at Mach 0.5 is shown in Fig. 3. In this figure, four
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Fig. 3 Yaw force coefficient as a function of angle of attack for
M = 0.5. Computed curve based on free parameter values which are

Mach-number dependent.
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Fig. 4 Comparison of observed and computed vortex paths, a = 45°;
M = 0.5.

different experimental curves are shown, each corresponding to
a different nose roll angle. The calculated side forces are of the
correct size and occur at the appropriate range in angle of attack.
For Mach numbers greater than 0.9, the side force is observed
experimentally to decrease, while the predicted value of the
side force remains unchanged. In Fig. 4, the predicted vortex
paths are compared to those observed from schlieren pictures
indicating a qualitative agreement between the predicted and
observed structure of the vortex wake.

The vortex strengths predicted by the current model in the
above example are typically 30% larger than those measured by
Thomson and Morrison.8

Comparison with data obtained by G. Pick9 indicates that the
computed normal force coefficients correctly reflect the experi-
mentally determined changes in the normal force caused by the
nose bluntness, with the most satisfactory results occurring at
subsonic Mach numbers. However, the decreasing yaw force
coefficient which is seen to accompany increasing nose bluntness
is not predicted by the current model. A more comprehensive
comparison between the described model and experimental
results is given in Ref. 6.

Conclusions
The model described correctly predicts normal forces and gives

a good approximation of yawing forces on slender bodies at
subsonic Mach numbers. For these conditions, a more accurate
determination of the side forces would require an analysis which
includes model and flowfield nonuniformities, since, as can be
seen from Fig. 3, these parameters have a great effect on yawing
force. The current model could be most improved by extending
the Mach number range over which it is valid and by improving
its ability to account for the effect of nose bluntness in predicting
yaw forces.
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Coupling
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Nomenclature
E2 = exponential integral
PS = postshock pressure
11^ = freestream velocity
qz = surface radiative heat flux
q#j = isothermal shock layer flux for postshock conditions
F = radiative cooling parameter F = 2qRJ(?paoU00

3}
A = ratio of radiationless shock detachment distance to nose radius
6 = ratio of shock detachment distance to nose radius
p = density ratio across shock px/p6

Subscripts
6 = postshock
oo = freestream

Introduction

THE effects of radiation losses on the shock layer during
hypersonic flight has been of interest for several years. Early

work was characterized by examination of limiting solutions of
the thin shock layer equations for optically thin and thick
radiating gases to provide an overview of radiation-gas dynamic
coupling.1 More recent work has concentrated on obtaining
detailed shock layer solutions which include the effects of
nongray continuum and line radiation, viscous dissipation and
ablation.2"5 These detailed solutions were obtained for a variety
of specific flight conditions. The purpose herein is to present
detailed stagnation line shock layer results for a wide range of
flight conditions which can be compared with the earlier work
and provide a new overview of radiation-gas dynamic coupling
within a shock layer. Only nonablating bodies are considered in
this Note.

The stagnation region of a viscous radiating shock layer was
modeled in Ref. 5 and is the basis for the results presented
herein. This model consist of the viscous stagnation line

Received December 3, 1973. The authors are grateful for support
from NASA Grant NCR 19-001-059 during the course of this
investigation.

Index categories: Radiatively Coupled Flows and Heat Transfer;
Supersonic and Hypersonic Flow; Radiation and Radiative Heat
Transfer.

* Research Associate, Chemical Engineering Department; now
Research Specialist, REMTECH Inc., Huntsville, Ala. Associate
Member AIAA.

t Professor of Chemical Engineering.


