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ABSTRACT

Application of three-dimensional inviscid and viscous (laminar boundary layer)
analyses for cold wall hypersonic flows over sharp cones at incidence is presented relative
to experimental data, showing surface upwash angles and entrained vortex formation leading
to crossflow-induced boundary-layer transition. Three-dimensional neutral inviscid stability
“theory for stationary disturbances is used to calculate the angular orientation of the
entrained vortices in the boundary layer while a maximum crossflow Reynolds number
concept is applied for correlation of the onset to vortex formation due to crossflow
instability. In general, excellent agreement between boundary-layer theory and experiment
is obtained relative to surface upwash angles. The inviscid stability theory yields reasonable
estimates for the vortex angular orientation while the correlation of distance to onset
of vortex formation by a critical maximum crossflow Reynolds number concept is in good
agreement with previous investigations on swept cylinders and wings under subsonic and
supersonic conditions. The calculated surface upwash angle and maximum crossflow
Reynolds number are found to be sensitive to wall temperature effects with the larger values
of the angle or crossflow Reynolds number occurring with the hotter wall.
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SECTION |
INTRODUCTION

The laminar boundary layer on a sharp cone at incidence is of practical importance
in several applications, such as high-speed aircraft and lifting reentry vehicles. For lifting
reentry in particular, a knowledge of the full three-dimensional boundary-layer properties
is essential for accurately estimating the local heat-transfer and skin-friction distributions
around the vehicle, including the determination of separated flow regions. In addition,
information vyielding the surface streamline direction of the three-dimensional
boundary-layer flow is needed in order to ascertain boundary-layer influence on vehicle
control surfaces.

Existing flight test data and recent ground test data (Refs. 1, 2, 3, and 4) have
indicated that boundary-layer transition, as well as spatial distribution of the transition
front, can have significant effect on the aerodynamic behavior of slender conical reentry
bodies at incidence. Under certain free-stream conditions for hypersonic flow over a sharp
cone at incidence, transition from laminar to turbulent boundary-layer flow follows the
spatial distribution shown below taken from Ref. 4 for a 7.2-deg, half-angle sharp cone
at free-stream Mach number eight and cold wall conditions.

3.05 x 10° —2.20 x 10°
Re_/ft = 3.79 x 10° —1.35 x 10°
x/L = 1,0

x/L =9 L_....--"""—"'""
a = 0 deg
"-l-..____.--
-,
a =1 deg ‘_"b-l\_

———End of Transition

In general, with increasing angle of attack the above-indicated transition movement
undergoes a much more rapid forward progression on the leeward side than the rearward
progression for the windward side. However, under other free-stream conditions, onset
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to transition does not occur along the windward ray as indicated above but begins at
some angular location off the windward ray with the appearance of streamwise-directed
vortices entrained within the boundary layer (see Ref. S for excellent photographic
documentation of this phenomenon based on hypersonic wind .tunnel tests of a nonablating
sharp cone at incidence). Additional results from Ref. 5 concerning wind tunnel tests
of ammonium-chloride ablating cones clearly reveal upwash groove patterns eroded in the
mode! surface. These results were interpreted in Ref. § to be the result of vortices
intensifying local heating rates which, as the work by Persen (Refs. 6 and 7) clearly shows,
is certainly plausible. The upward inclination of the grooves on the ablating cones agreed
closely with the inclination of the vortex paths measured on the nonablating cones using
an oil-film technique under similar test conditions. Furthermore, the upward inclination
of the vortices was considerably less than the inclination of surface streamlines in laminar
flow but somewhat greater than the calculated inviscid upwash angle at the outer edge
of the boundary layer. The important point to be gained from the above discussion of
experimental results is that entrained vortices are formed under certain conditions in the
three-dimensional laminar boundary layer on a sharp cone at incidence in a hypersonic
flow under cold wall conditions. This vortex formation apparently signals the onset to
three-dimensional crossflow-induced transition of the boundary layer from laminar to
turbulent flow. It should be pointed out that this entrained vortex phenomenon is not
limited to sharp cone flows but has been observed on spherically blunted cones as well
(see Ref. 8).

In order to gain some insight into the physical processes causing vortex formation
and crossflow-induced boundary-layer transition, an accurate knowledge of the influence
of crossflow effects on the three-dimensional laminar boundary layer is essential. The
mathematical theory of the three-dimensional laminar boundary layer as formulated by
Moore (Ref. 9) and Hayes (Ref. 10) has been available for about twenty years. Only
within the past four years, however, have accurate numerical integration techniques utilizing
high-speed, large-memory digital computers become readily available for application to the
three-dimensional boundary-layer problem. The reader is referred to the works of Der
and Raetz (Ref. 11), Cooke (Ref. 12), Hall (Ref. 13), Powers, Niemann, and Der (Ref.
14), Der (Ref. 15), Dwyer (Refs. 16 and 17), Dwyer and McCroskey (Ref. 18), Krause
(Ref. 19), Krause, Hirschel, and Bothmann (Refs. 20, 21, and 22), Boericke (Ref. 23),
Vvedenskaya (Ref. 24), and McGowan and Davis (Ref. 25) for further study concerning
the available analysis techniques for the complete three-dimensional laminar boundary-layer
equations.

The present report will be devoted to application of three-dimensional inviscid and
laminar viscous analyses for cold wall hypersonic flows over sharp cones at incidence,
and comparison with experimental data that show upwash angles and entrained vortex
formation leading to crossflow-induced boundary-layer transition. Three-dimensional
neutral inviscid stability theory for stationary disturbances is used to calculate the angular
orientation of the entrained vortices within the boundary layer in conjunction with
application of a critical maximum crossflow Reynolds number concept for correlation of
the onset to vortex formation due to crossflow instability. Effects of wall temperature
on surface upwash angles and maximum crossflow Reynolds numbers are presented relative
to ground testing of slender cones at incidence under hot wall conditions in hypersonic
wind tunnels.
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SECTION Ul
ENTRAINED VORTEX FORMATION
IN THE LAMINAR BOUNDARY LAYER

The present study is devoted to analysis of experimental measurements revealing
formation of entrained vortices in the three-dimensional laminar boundary layers on sharp
cones at incidence in hypersonic flow. In order to understand physically how and when
these entrained vortices appear in the laminar boundary layer, the present section is devoted
to:

1. Review of recent literature on the cross-hatching phenomenon since the
formation of entrained vortices in the boundary layer apparently is
connected with the origin of cross-hatching.

2. Formulation of three-dimensional neutral inviscid stability theory for
stationary disturbances with application to the calculation of angular
direction for stationary vortex orientation in the boundary layer.

3. Application of the critical maximum local crossflow Reynolds number
concept to the correlation of onset to vortex formation in the
three-dimensional laminar boundary layer.

2.1 FORMATION OF ENTRAINED VORTICES AND THEIR RELATIONSHIP WITH
THE CROSS-HATCHING PHENOMENON

The appearance of streamwise vortices entrained in the laminar boundary layer as
discussed in Section I is not a new phenomenon but is, in fact, well-known and
well-documented with respect to the cross-hatching problem. Wilkins (Ref. 26) and Wilkins
and Tauber (Ref. 27) noted the formation of streamwise directed grooves in the surface
of recovered models from ballistic-range tests. Larson and Mateer (Ref. 28) showed that
the cross-hatching process appeared to originate at or just after the end of boundary-layer
transition in a supersonic flow. Whether ablation itself was a necessary condition for
cross-hatching or merely a means of recording the event could not be determined. The
paper by Canning, Tauber, Wilkins, and Chapman (Ref. 29) cites experimental evidence
for the presence of arrays of stationary vortices, and it is conjectured that the presence
of these vortices may be connected with the origin of cross-hatching. Furthermore, the
cross-hatch spiral angle is shown to correlate well with the boundary-layer edge Mach
angle up to an edge Mach number of approximately two. For higher edge Mach numbers
the cross-hatch spiral angle is greater than the edge Mach angle, suggesting that the
disturbance causing the standing-wave system responsible for the cross-hatching can be
near the edge or deeper within the boundary layer as the edge .Mach number increases.
The extensive study by Laganelli and Nestler (Ref. 30) using wind tunnel and rocket
exhaust models constructed from various materials (Teﬂon®, phenolic nylon, carbon
phenolic, and wood) as well as recovered flight vehicles shows clearly that the cross-hatching
pattern phenomenon is not limited to melting ablators but also occurs in charring and
subliming materials. In general, the experimental evidence indicates that the formation
of cross-hatched patterns requires a supersonic turbulent boundary layer, and can be
promoted by longitudinal grooving, surface roughness, and mass addition.
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Based on the above-discussed experimental results, Tobak (Ref. 31) has postulated
a hypothesis for the origin of cross-hatching based on the presence of an array of stationary
vortices entrained within the boundary layer which, in turn, implies the presence of standing
waves capable of producing the cross-hatch patterns. His hypothesis may be summarized
as follows: Cross-hatching is the result of spatially periodic variations in surface pressure
in both the spanwise and longitudinal directions. The source of the pressure variations
is the presence within the boundary layer of an array of regularly spaced counterrotating
stationary vortices. These vortices originate from surface irregularities near the leading edge
of the body; the probability of their appearance is enhanced by the existence of small
amounts of concave curvature of the boundary-layer streamlines. Surface ablation is not
a necessary condition for the presence of the pressure variations that lead to cross-hatching,
but may serve as the mechanism causing the streamline curvature and as a means of
reinforcing and spreading the cross-hatch pattern once it appears.

The key point in all of the above is the formation of stationary vortices within the
boundary layer. Persen (Ref. 32) has compiled an excellent survey of experimental evidence
of the appearance of streamwise-directed vortices in fluid flow. Most experiments aimed
at visualizing the streamwise vortices are in one way or another relying on an effect
schematically exhibited below.

The oil-flow technique, such as used by McDevitt and Mellenthin (Ref. 5), is based on
the principle that liquids coated on the surface of a body in a flow field will move in
the same way as the fluid flow at the surface. In use of this technique, built-up ridges
in the manner schematically indicated above represent evidence that streamwise directed
vortices are present in the flow. As discussed by Persen (Ref. 32) the following features
of the vortex system must be considered as experimentally proven:

1. The sidewise location of each vortex is fixed and exhibits a remarkable
stability in the region where they are pronounced.

2. The vortex system breaks up further downstream. Two conclusions can be
drawn from this observation:

a. The vortex characteristics must be a function of the streamwise
coordinate, and the changes which appear with increasing distance
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must be such that the vortex becomes unstable and breaks down
introducing a highly irregular motion (turbulence).

b. The vortex system seems to be in an intermediate state which,
in view of stability theory, is introduced between a laminar
motion upstream and the turbulent motion downstream.

3. In the two-dimensional cases the vortices seem to be confined into "boxes"
of constant width A in the crosswise direction to the main flow direction
which is sometimes referred to as a "selective wavelength". The height of
these "boxes" is a function of the streamwise coordinate.

4. The wavelength A does not depend on the type of disturbance which may
have initiated the creation of the vortex system. The wavelength is probably
determined by a stability condition.

For the purposes of the current investigation the important point from the above discussion
is simply that the origin of the vortex system seems to be directly related to the onset
of transition in the boundary layer.

2.2 THREE-DIMENSIONAL BOUNDARY-LAYER STABILITY THEORY

Boundary-layer stability theory cannot currently be used to predict either the
nonlinear details of the boundary-layer transition process or the location of transition
onset. Stability theory can, however, establish which laminar boundary-layer profiles are
unstable and the initial amplification rates of specific critical frequencies. A good and
current review of the analytical methods used to attempt prediction of the location of
transition from stability theory is presented by Jaffe, Okamura, and Smith (Ref. 33).
However, it is to be emphasized that a thorough study of the connection between stability
and transition still remains to be completed. For the reader interested in general study
of modern boundary-layer stability theory using digital computer techniques, the author
highly recommends the excellent comprehensive survey by Mack (Ref. 34). For an overview
of the complete stability problem with emphasis on hypersonically traveling bodies, see
the recent report by Morkovin (Ref. 35).

With respect to three-dimensional boundary-layer stability theory, the
three-dimensional nature of the boundary-layer velocity profiles plays a crucial role.
Referring to Fig. 1 (Appendix I), the velocity vector at a position X9, z,¢ of the surface
is seen to twist out of the plane defined by the normal direction y,g and by the outer
streamline, i.e., by the xgg-direction. With the aid of the decomposition of the twisted
vector family on the streamwise xsg-y;¢ tangential plane and the y;g-z, crossflow plane,
one can begin to visualize the three-dimensional vorticity distribution which ultimately
feeds the unstable vorticity disturbances and which may be thought of as a superposition
of Fourier components of all orientations for the disturbances at the given point x,g,
z,0. However, as one proceeds to the neighboring points the local orientation of the
wavefront may change because of nonuniformity of the crossflow. In other words, from
a global view, the wavefronts of a given family may be curved. One should examine the
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eigenvalue problem and local amplification rates in all these possible directions and find
that direction in which the profile is first unstable and that.in which it has maximum
amplification at a higher Reynolds number. The wave disturbances with the front parallel
to the z,¢-axis in Fig. 1 correspond to the normal two-dimensional Tollmien-Schlichting
waves with their viscosity-induced relatively low amplifications. The wave disturbances with
a wavefront along the x,g-axis are primarily sensitive to the crossflow velocity profile
wsQ. Figure 1 shows that this profile has a point of inflection indicating the possibility
of a more rapid inviscid amplification along that direction (see Section III-2 of Ref. 35
for clarification).

In Part II of the paper by Gregory, Stuart, and Walker (Ref. 36), Stuart shows that
the presence of these inflection points makes possible a meaningful simplification of the
governing stability equations, namely the inviscid approximation. He singles out a plane
rotated past the crossflow plane of Fig. 1 in which the point of inflection of the rotated
velocity profile coincides with the ysg-axis in Fig. 1, i.e., has zero velocity with respect
to the wall at a height y; as illustrated schematically below.

| RAY)
Rotated
;:i?:i;y Profile Inflection
Point
'
Ye

7777777777777 777777 v

Roughly, amplification of that family of waves corresponds to an increasing concentration
of vorticity oriented perpendicularly to that special plane at a height y.. Because of the
vanishing relative velocity, this vorticity concentration will form a stationary wave and
can be made visible by sublimation, oil-flow, or smoke techniques. It is this type stationary
wave which is observed as streaks in the oil-flow results of Ref. 5 and the china-clay
results of Ref. 36.
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The theoretical background for stability analysis of three-dimensional compressible
boundary layers has been formulated by Reshotko (Ref. 37) based on his earlier analysis
(Ref. 38) of the two-dimensional compressible boundary-layer stability characteristics. For
Reynolds numbers sufficiently large that the dissipation terms in the disturbance energy
equation are negligible, the stability of a three-dimensional boundary layer to a plane-wave
disturbance of arbitrary orientation is shown to reduce to a two-dimensional stability
problem governed by the boundary-layer velocity profile in the direction of wave
propagation and by the mean temperature profile.

As discussed in Section III of Ref. 38, the governing disturbance equations of
boundary-layer stability theory are regular everywhere except in the limit y,0 = ., and
the solutions of these equations are analytic functions of ay4 (wave number of the
disturbance), ¢ (propagation velocity of the disturbance), and a Reynolds number Re,er
based on a reference length for all finite values of these parameters. The quantity (aq
Reres)! appears in the disturbance equations as a parameter multiplying the highest order
derivatives, and hence the method of asymptotic expansions valid for (ag Reger) >>1
may be applied by division of the disturbances into slowly varying solutions that are largely
inviscid across the entire flow and "viscous" rapidly varying functions near the surface.
The resulting disturbance equations obtained by taking the limit as (ag Reref) = = are
called the inviscid equations since they are identical with the equations obtained by ignoring
altogether viscosity and thermal conductivity.

Consider a point on the surface of a body on which there develops a three-dimensional
boundary layer. It is assumed that the profile of the steady laminar boundary layer is
known at this point in terms of the component profiles in two mutually orthogonal surface
coordinate directions x and z as shown in Fig. 2. The velocities in the x- and z-directions
are u and w, respectively. The resultant external velocity /U.2 + W2 makes an angle
¢ = tan"! (W./U,.) with the x-axis. Now examine the disturbance taken to be an oblique
plane wave propagating at an angle @ relative to the x-direction. Any fluctuating quantity
F (velocity, temperature, density, etc.) may be described by the complex relation (see
Ref. 38 for clarification)

F(x,y,z,t) = f(y) exp liag (x cos 8 + z sin 8 - ct)] 1)

where f(y) denotes the fluctuation amplitude, ag the wave number of the disturbance,
and c the disturbance propagation velocity. The wave number a4 is considered as a real
quantity, while the propagation velocity ¢ is complex. Disturbances are termed to be neutral
for ¢; = O where c; denotes the imaginary part of the propagation velocity c, i.e.,

c=c + ig 2)

with ¢, denoting the real part (which is physically the phase velocity of wave propagation);
disturbances are amplified for ¢; > 0 and damped for ¢; < 0. For the condition ¢; <
0 the corresponding flow is stable for a given value of ag, whereas c; > 0 denotes instability.
The limiting case ¢; = 0 corresponds to neutral disturbances so that the locus of ¢; =
0 can be considered as separating the region of stable from that of unstable disturbances.
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Restricting attention to the case of a neutral inviscid o:scillation at ag Rerer > o
Reshotko (Refs. 37 and 38) shows that the necessary and sufficient condition for the
existence of a neutral purely inviscid oscillation (a4 Reper = «) is

Wy T
ASwroTo "0 ®)
where

W_E+W’tan0tan|,b 4

- 1 + tan 0 tan ¢ “

1= /U, )

W= w/W, . (6)

T = T/T, (M

tan ¥ = W,/U. ¢:))

with primes denoting differentiation with respect to y, ie., W = dW/dy, and subscnpt
¢ denoting that the required quantities are to be evaluated at the so-called "critical point"
where W, = ¢,/[U, cos (8 - ¥)] which occurs at the so-called "critical height" y, from
the surface. See Fig. 2 for clarification of nomenclature.

Now recall the findings of Stuart in Ref. 36 discussed: previously with respect to
the formation of a stationary wave caused by the coincidence of the point of inflection
of the rotated velocity profile with the y-axis at the critical height location y.. Application
of this concept to the three-dimensional compressible boundary layer for a neutral purely
inviscid oscillation (aq Reyes = =) forming a stationary wave requires that

W T ' 9
A W T 0 )

and
We = ¢/{Ue cos (8. - ¥)] =0 (10)

at the critical height location y.. Equation (4) shows that

tan 6, = U /[W tan Y] (11)

under the restriction of Eq. (10) so that Eq. (9) may be written as

o 14 hpd 3

Ue We
. W T, :
A, =——= =9 (12)
ug We T,
T Ve
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which becomes the controlling relationship for the location of the critical height y.. With
y. known, Eq. (11) may be used to determine the stationary wave propagation angle
6.. For this choice of direction the phase velocity of the neutral disturbance vanishes
so as to form a stationary wave.

For the case of incompressible three-dimensional boundary-layer flow at constant
temperature, Eq. (12) shows that the condition for the formation of a stationary wave
based on a neutral purely inviscid oscillation (@g Reref = =) becomes

— —
Ue We

Uc We

(13)

which is in agreement with the findings of Stuart in Ref. 36 as well as the discussion
by Moore (Ref. 39). An experimental study by Gregory and Walker reported in Ref. 36
considered the case of a disk rotating in an incompressible fluid at rest which revealed,
by a china-clay technique, the formation of stationary vortices following the shape of
logarithmic spirals. Comparison of these experimental results with the neutral inviscid
stationary wave analysis by Stuart using essentially Eqs. (11) and (13) above yielded
qualitative agreement in that the computed wave propagation angle 0. agreed with the
measured direction within one degree. The analysis of Ref. 36 includes a variational
technique for determination of the wavelength of the stationary disturbance. For the
rotating disk case, the wavelength computed is four times too short, as compared with
the experimental result. The authors of Ref. 36 ascribe this discrepancy to viscosity (which
has been neglected in the inviscid-type analysis). However, it is also feasible that the longer
wavelength disturbance may simply be more strongly amplified, viscosity being neglected;
in plane flow one finds in general that waves of lengths longer than that of the neutral
disturbance are amplified at infinite Reynolds number.

2.3 CORRELATION OF DISTANCE TO ONSET OF VORTEX FORMATION IN THE
THREE-DIMENSIONAL LAMINAR BOUNDARY LAYER

As stated in Section I, one of the main objectives of the present study concerns
the influence of three-dimensional crossflow effects on the formation of streamwise-directed
entrained vortices in the laminar boundary layer on a sharp cone at incidence in hypersonic
flow. The previous subsection has shown that three-dimensional crossflow has an adverse
effect on laminar boundary-layer stability in that a system of streamwise vortices contained
within the boundary layer may be formed, apparently because of the inflection point
in the rotated velocity profile which is unstable to small disturbances. The exact location
at which this vortex system will originate cannot be determined from classical
boundary-layer stability theory such as presented in the previous subsection.

Instead, the abrupt formation of these vortices and also the development of complete
turbulence, i.e., transition, in a three-dimensional boundary layer can apparently be
correlated with a so-called maximum local crossflow Reynolds number, Xpmax, defined
as (Refs. 40 and 41)

Pe Wg@ max O

Xmax = T (149)
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where wyQ max is the maximum crossflow velocity in the streamline coordinates of Fig.
1, and & is the boundary-layer thickness defined as the normal distance from the surface
where the total resultant velocity

Vu2 + w2

reaches 0.995 of the total resultant inviscid edge velocity

/Ue2 + wez

pe and u. are the values of density and viscosity, respectively, evaluated at the inviscid
edge conditions. Owen and Randell (Ref. 40) found the critical value of crossflow Reynolds
number for vortex formation and for crossflow-induced transition to be 125 and 175,
respectively, on swept wings at subsonic speeds. The work by Chapman (Ref. 41) on
swept cylinders at supersonic speeds (free-stream Mach numbers up to seven) indicates
that

Xm ax 100 = Laminar Boundary Layer

<
100 £ ¥Xmax S 200 = Vortex Formation and Transitional
Boundary Layer

Xmax > 200 = Turbulent Boundary Layer

which means that the critical crossflow stability criterion of Owen and Randell may be
expected to apply for both subsonic and supersonic flows. Chapman further found that
the amount of crossflow needed to induce crossflow instability downstream of the leading
edge was very small - on the order of one to five percent of the inviscid edge velocity
for the conditions observed. This means physically that on swept wings with large spanwise
pressure gradients, as well as sharp and blunt cones at incidence with strong circumferential
pressure gradients, boundary-layer transition is more likely to be caused by instability
of the crossflow than by instability of the streamwise velocity profile (i.e.,
Tollmien-Schlichting instability) because of the extremely small amount of crossflow
needed to cause transition at small values of the local Reynolds number.

SECTION 11l
ANALYTICAL ANALYSIS

The present analytical investigation employs a three-dimensional laminar
boundary-layer analysis coupled with a three-dimensional inviscid conical flow analysis for
a sharp cone at incidence in a hypersonic stream. Each of these analyses utilizes a
documented digital computer code which will now be briefly described for sake of
completeness.

3.1 INVISCID FLOW
A rtecent investigation by Jones (Ref. 42) resulted in an accurate and efficient

numerical integration procedure for solution of the governing partial differential equations
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describing the supersonic or hypersonic inviscid flow field around a sharp cone at incidence.
Basically Jones' method uses the condition of conicity to reduce the problem to a set
of elliptic nonlinear partial differential equations in two independent variables. A
transformation of coordinates is used to fix the boundaries, one of which is the unknown
shock wave, between which the elliptic equations are to be satisfied. This transformation
also has the effect of including the body shape in the coefficients of the partial differential
equations and in the boundary conditions, so that the same method can be used for general
conical body shapes simply by changing a few program statements to redefine the equation
of the body. In fact, the method is, in many cases, only limited by locally supersonic
cross-flow conditions, by the entropy singularity moving too far away from the surface,
or by the shock approaching very close to the Mach wave. In practice, these restrictions
limit the allowable angle-of-attack range to a/6, < 1 (see Fig. 3 for clarification of
nomenclature).

At the present time the method has been used successully for circular cones and
for bodies that can be obtained by successive perturbations of a circular cone and that
do not have curvatures that are too large. Jones (Ref. 42) has reported examples for
circular cones at incidence, elliptic cones, and a body whose cross-sectional shape is
represented by a fourth-order even-cosine Fourier series.

The method is efficient in computer time compared with other fully numerical
techniques, and one solution takes from one-half minute to three minutes on an IBM
360/50 computer for the circular cone at incidence - the time increasing as the incidence
increases. This is to be compared with a time requirement of approximately one-half hour
on an IBM 360/50 computer for the technique developed by Moretti (Ref. 43) in which
the flow-field solution is obtained by marching step by step downstream (approximately
400 downstream steps are required) until a conicity condition is sufficiently well satisfied.
Comparison of results between the Jones and Moretti approaches shows excellent
agreement, with the Jones digital computer code being a factor of approximately ten faster
than the Moretti approach in solution time. An analysis very similar to that of Jones
has recently been reported by South and Klunker (Ref. 44) while Holt and Ndefo (Ref.
45) have developed a method of integral relations approach to the problem. The important
point to note is that all of the above-referenced analyses report excellent agreement with
experiment for sharp circular and elliptic cones at incidence under supersonic and
hypersonic flow conditions so that the choice of which analysis is indeed the best remains
an open question. The present author's experience with use of the Jones digital computer
code (Ref. 46) has been most favorable from a user's standpoint.

It should be pointed out in conclusion that Jones (Ref. 47) has recently published
a very complete and thorough set of tables for inviscid supersonic and hypersonic flow
about circular cones at incidence in -a perfect gas, ¥ = 1.40, stream.

3.2 VISCOUS BOUNDARY-LAYER FLOW
As discussed in Section I, digital computer codes are now available (see Refs. 11

through 25) for accurate numerical solution of the three-dimensional laminar
boundary-layer equations. For application in the present sharp cone investigation, the

11
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three-dimensional conical flow laminar boundary-layer analysis presented in Appendix B
of McGowan and Davis (Ref. 25) has been used. This treatment is very similar to that
of Dwyer (Ref. 17) and Boericke (Ref. 23) in that the limiting conical form of the full
three-dimensional compressible laminar boundary-layer equations as originally derived by
Moore (Ref. 9) is solved using an implicit finite-difference technique for numerical
integration of the nonlinear parabolic partial differential equations written in similarity
variable form. This similarity variable transformation reduces the number of independent
variables from three to two in the transformed governing equations so that the problem
becomes two-dimensional in form. Since there are only two independent variables in this
coordinate system, the implicit finite-difference techniques developed by Blottner (Refs.
48 and 49) can be used almost directly to solve the governing equations. The complete
formalism of this numerical approach is discussed in Chapter III of the report by McGowan
and Davis (Ref. 25) to which the reader is referred for further study.

The necessary outer-edge conditions, for input to the above boundary-layer analysis
are determined based on results from the Jones inviscid sharp cone at incidence analysis
discussed in Section 3.1. The procedure for specifying the inviscid data necessary for input
to the McGowan and Davis boundary-layer analysis is quite simple in that only the pressure
distribution around the cone, along with the velocity and density on the windward
streamline, must be specified. All other inviscid quantities are then internally calculated
using the inviscid compressible Bernoulli and crossflow momentum equations applied at
the surface along with the restriction that the entropy remain constant on the surface;
i.e., the cone surface is an isentropic surface. Complete details of this procedure are given
in Section B of Chapter IV in the report by McGowan and Davis (Ref. 25).

The gas is assumed to be both thermally and calorically perfect air having a constant
ratio of specific heats y = 1.40. The gas viscosity is assumed to obey the Sutherland
viscosity law for air, while the Prandtl number of the gas is taken to be constant at
a value of 0.71. The wall temperature of the cone is assumed to remain constant around
the cone at a value prescribed by input to the analysis.

Experience with the McGowan and Davis digital computer code reported in Ref. 25
has revealed few defects, and the present author highly recommends its use. It should
be noted that the main emphasis of Ref. 25 is placed upon development and documentation
of a very general three-dimensional laminar boundary:layer analysis for general body
geometry, providing the inviscid flow field for the body in question is available from
some source.

SECTION 1V
BODY AND FLOW CONDITIONS

Most of the experimental data reported by McDevitt and Mellenthin in Ref. 5 was
taken in the NASA Ames 3.5-foot Hypersonic (Air) Tunnel on both ablating and
nonablating sharp cone models under hypersonic conditions. For the present investigation
and comparison of theory with the experimental data of Ref. 5, only nonablating sharp
cones with semivertex angles of 5, 10, and 15 deg will be considered; all of the sharp
cones have base diameters of 3.0 in. Only angles of attack less than or equal to the sharp
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cone semivertex angle can be analyzed using the Jones inviscid sharp cone at incidence
analysis (Ref. 42) discussed in Section 3.1, so that the current investigation is restricted
to the angle-of-attack range a/8, < 1; see Figs. 3 and 4 for the sharp cone geometry
and general nomenclature.

All of the experimental data for air presented in Ref. 5 were taken at a nominal
free-stream Mach number, M,,, of 7.4 and free-stream Reynolds numbers based on model
length, Re_ 1, of 0.5 x 10% and 3.0 x 10%. The nominal wall-to-stagnation-temperature
ratio, T\, /T,, was 0.3, which represents a relatively cold wall condition. All of the present
calculations have been performed for these nominal flow conditions except for the high
Reynolds number (Re, ; = 3.0 x 106) condition which used an exact Ty /T, = 0.2857
instead of the nominal 0.30 value.

SECTION V
RESULTS AND DISCUSSION

Typical comparisons of analytical results from the Jones (Refs. 42 and 46) and
McGowan and Davis (Ref. 25) analyses relative to the experimental data of McDevitt and
" Mellenthin (Ref. 5) for sharp cones at incidence in a hypersonic flow will now be presented.
The flow conditions used in the calculations are those presented in Section IV and
correspond - to the experimental conditions.

The surface upwash angles for 5-, 10-, and 15-deg half-angle sharp cones at various
_incidence angles are given in Figs. 5 and 6; definition of the upwash angle may be found
in Figs. 3 and 4 where ¢; denotes the inviscid upwash angle based on the Jones inviscid
sharp cone at incidence analysis (Refs. 42 and 46) and €; denotes the surface upwash
angle which corresponds to the measured oil-flow results as well as the calculated values
from the McGowan and Davis (Ref. 25) laminar boundary-layer analysis. Comparison of
Figs. 5 and 6 reveals that for these flow conditions the maximum surface upwash angle
is approximately a factor of four greater than the calculated maximum inviscid upwash
angle. This is a clear indication of the large amounts of crossflow present in these
three-dimensional laminar boundary layers. Further note that the angular location ¢ of
maximum upwash angle increases as the angle of incidence increases due to increasing
three-dimensional crossflow. In general, the agreement between the calculated and measured
surface upwash angles in Fig. 6 is excellent over the windward (0 deg ) < 90 deg)
half of all three cones. As the angle of incidence is increased for a given cone, progressive
disagreement between calculated and- measured values at the ¢ = 135 deg location is
observed, especially for the 8y = 5 deg case. It is suspected that the crossflow instability
phenomenon discussed in Section II may be causing premature boundary-layer transition
in the manner presented later in the present section. The free-stream Reynolds number
is sufficiently low for these cases (Re, = 5 x 105) that one would certainly expect
a priori_a laminar boundary layer over the entire cone. One way to accurately assess if
indeed crossflow-induced transitional flow is present at, say, the ¢ = 135 deg angular
location for the 5-deg half-angle sharp cone at 4-deg angle of attack, is to experimentally
measure the circumferential heat-transfer distribution around the cone for comparison with
the McGowan and Davis three-dimensional laminar boundary-layer analysis (Ref. 25).

13
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The above-discussed results reveal quite clearly the applicability and accuracy of the
present analysis technique for three-dimensional laminar boundary layers on sharp cones
under cold wall conditions. As McDevitt and Mellenthin point out in Ref. 5, the effect
of changes in flow enthalpy at the wall on surface upwash angles may be quite significant,
i.e., the surface upwash angle may be changed by as much as S0 percent between hot
and cold wall conditions. Shown in Fig. 7 are the calculated upwash angle distributions
around a 10-deg half-angle sharp cone at 5-deg angle of attack for various values of the
wall temperature ratio. Also presented in Fig. 7 is the corresponding inviscid surface upwash
angle for sake of comparison. Note that the upwash angle for the "hot" T /T, = 0.90
condition is approximately three times the value for the "cold" Ty /T, = 0.0 case. Further
note that the angular location of maximum upwash angle shifts from ¢ =~ 110 deg for
the "cold" T, /T, = 0.0 condition to ¢ = 120 deg for the "hot" T, /T, = 0.90 case.
A cross-plot of the data in Fig. 7 is shown by Fig. 8 in terms of the surface upwash
angle variation with wall temperature ratio for a given angular location. The important
point to note from these two figures is that the three-dimensional laminar boundary layer
on a sharp cone at incidence is extremely sensitive to the wall temperature level with
respect to the amount of turning due to crossflow. This has important implications in
connection with hypersonic wind tunnel testing under hot wall conditions relative to flight
cold wall conditions for such aerodynamic parameters as static-stability coefficients on
lifting reentry configurations at incidence, as will be discussed at greater length later in
this section.

As discussed in Section I, McDevitt and Mellenthin (Ref. 5) experimentally observed
via an oilfilm technique the formation of entrained vortices in the three-dimensional
laminar boundary layer on sharp cones at incidence under cold wall, high Reynolds number,
hypersonic wind tunnel conditions. The measured upward inclination of these vortices
was considerably less than the corresponding inclination of the surface streamlines but
somewhat greater than the calculated inviscid upwash angle at the outer edge of the
boundary layer. As presented in Section 2.2, three-dimensional compressible boundary-layer
stability theory following Refs. 37 and 38 can be applied through Egs. (11 and 12) to
determine neutral purely inviscid oscillations forming a stationary wave which the results
of Ref. 36 show to be in qualitative agreement with the measured direction of stationary
vortices formed on a rotating disk in an incompressible fluid at rest.

At this point the stability theory of Section 2.2 will be applied to the sharp cone
flows of Ref. 5 with respect to angular orientation of the stationary vortices formed due
to crossflow instability. The controlling relationship for the location of the critical height
yc at which the phase velocity of the neutral disturbance vanishes so as to form a stationary
wave entrained within the three-dimensional boundary layer is given by Eq. (12) solely
in terms of the boundary-layer axial and circumferential velocity profiles and their
derivatives as well as the boundary-layer static temperature profile and its derivative.
Presented in Tables I through IV are the tabulated boundary-layer profiles based on the
three-dimensional laminar boundary-layer analysis of McGowan and Davis (Ref. 25) applied
to the four cases for which McDevitt and Mellenthin (Ref. 5) present experimental results
for vortex angular orientation, namely the ¢ = 90-deg body location on a 10-deg half-angle
sharp cone at 5-deg, 6-deg, and 8-deg angles of attack as well as a 15-deg half-angle sharp
cone at 5-deg angle of attack. It is to be noted that the velocity profiles in Tables I
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through IV are relative to the body fixed coordinate system of Figs. 3 and 4. Use of
these profiles in Eq. (12) to determine the critical height y. which is then used in Eq.
(11) to determine the stationary wave propagation angle 8. yields the calculated vortex
angles ¢, (where €, = 90 deg + 0.;) shown in Fig. 9 denoted as x symbols; see Figs.
3 and 4 for clarification of the vortex angle €, definition. For the 10-deg half-angle sharp
cone, the three-dimensional inviscid neutral stationary disturbance theory lies some 15
to 18 percent (one to two degrees) below the measured vortex angular orientation at
the ¢ = 90-deg location. However, the trend of increasing vortex angle with increasing
angle of attack is reasonably well predicted by the theory. For the 15-deg half-angle sharp
cone, a 45-percent discrepancy (four degrees) between the three-dimensional inviscid neutral
stationary disturbance theory and experiment is observed at the ¢ = 90-deg location.

The exact reason behind the above-indicated discrepancy between theory and
experiment with respect to the angular orientation of the vortex path is not clear. Several
possibilities exist relative to application of Reshotko's three-dimensional compressible
boundary-layer stability theory under hypersonic conditions. For free-stream Mach numbers
above two or three, it has been pointed out by several investigators (Refs. 34, 35, 50,
51, and 52) that the compressible stability equations include a number of terms, involving
the component of the mean boundary-layer velocity perpendicular to the surface, which
are not negligible, but have been ignored in making parallel flow assumptions such as
used by Reshotko (Refs. 37 and 38). The effort of this vertical velocity component can
become very important under high Mach number conditions as shown by Brown {Ref.
52). In addition, the present application of Reshotko's analysis is valid only in the neutral
inviscid stationary disturbance sense which requires that ag Re;es = « (see Section 2.2),
At present it is not known under what circumstances and with what accuracy the inviscid
theory can be applied at finite Reynolds number under hypersonic conditions. It would
be of great interest to apply the analysis by Brown (Ref. 52) to the present problem
of stationary vortex formation since Brown includes all terms in a complete set of
three-dimensional stability equations allowing viscous effects (such as dissipation which
becomes of increasing importance under cold wall hypersonic conditions). In this
connection the tabulated three-dimensional laminar boundary-layer profiles given in Tables
I through IV (Appendix II) of the present report are necessary input to such an analysis.

In order to gain some physical insight into the calculated results from application
of three-dimensional neutral inviscid stability theory for stationary disturbances, Fig. 10
shows the location of the critical height y. relative to the degree of turning due to crossflow
in the three-dimensional laminar boundary layer at the circumferential location ¢ = 90
deg on a 10-deg half-angle sharp cone at 6-deg angle of attack. Note that the critical
height is located near the outer edge of the boundary layer, ie., y./6 =~ 0.80, which
means physically that the stationary disturbance (vortex) formation is probably not a
viscous-dominated phenomenon and hence may be adequately described by an appropriate
inviscid theory. It is interesting to observe that the critical height location in Fig. 10
for a three-dimensional stationary disturbance is in reasonable agreement with the
experimentally determined critical heights presented by Potter and Whitfield (Ref. 53)
for nonstationary disturbance formation in two-dimensional hypersonic laminar boundary
layers. Since this agreement between two- and three-dimensional flows is probably
fortuitous, it would be of great value to conduct an experimental hot-wire probe
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investigation similar to that reported by Potter and Whitfield for the present case of
three-dimensional stationary disturbances in order to experimentally determine the critical
height vy, for comparison with three-dimensional neutral inviscid stability theory.

As discussed in Section 2.2 the exact location at which the stationary vortex system
will originate cannot be determined from classical boundary-ayer stability theory so that
recourse must be taken to application of the maximum local crossflow Reynolds number
Xmax in order to correlate the onset of vortex formation. Recall from Section 2.3 that

Xmax < 100 = Laminar Boundary Layer

100 £ Xmax £ 200 = Vortex Formation and Transitional
Boundary Layer

Xmax > 200 = Turbulent Boundary Layer

based on the criterion by Chapman (Ref. 41). Presented in Fig. 11 are the calculated
maximum local crossflow Reynolds number distributions around two sharp cones at
incidence (8, = 10 deg at @ = 5 deg and &, = 15 deg at a = 5§ deg) for which McDevitt
and Mellenthin (Ref. S) present photographic documentation of the onset to vortex
formation based on an oil-film technique. Note that Fig. 11 is given in laminar
boundary-layer similarity format; i.e., Xmax is divided by Vx/L. From Fig. 11 and the
criterion by Chapman reiterated above, a developed surface plot with lines of constant
Xmax can easily be formulated with respect to location of onset to vortex formation.
Such is presented in Fig. 12 for the two sharp cones at incidence of present interest.
Lines of constant xpmax = 100 and 200 are shown up to the ¢ = 90-deg circumferential
location in order to delineate the region of expected onset to vortex formation. It is
extremely -difficult to accurately read the McDevitt and Mellenthin photographs with
respect to actual initial onset of a vortex streak. Only two such points are presented
for the 10-deg sharp cone case. However, for the 15-deg sharp cone sufficient data are
available to form the shaded band shown in Fig. 12. Based on these results it appears
that vortex formation may be expected on sharp cones at incidence under conditions
where Xmax assumes values greater than approxiamtely 150. It is impossible to ascertain
if the boundary layer becomes turbulent for Xmax > 200 based on the McDevitt and
Mellenthin data. What is needed here for completeness are heat-transfer measurements in
the region of vortex formation and downstream in order to clearly delineate the state
of the boundary layer.

It is extremely important to note from Fig. 12 that the maximum crossflow Reynolds
number concept coupled with the three-dimensional laminar boundary-layer analysis
correctly predicts the trend observed in the experimental data of Refs. 3 and 4 that the
transition movement undergoes a much more rapid forward progression on the leeward
side than the rearward progression for the windward side of sharp cones at incidence
in hypersonic flow; see the sketch in Section I for clarification. The only other work, to
the present author’s knowledge, along the same lines as the above application of the
maximum crossflow Reynolds number concept to prediction of stability boundaries for
aerodynamic bodies of revolution at incidence is a paper by Nachtsheim (Ref. 54) for
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incompressible flow over a paraboloid of revolution at small-angles of attack based on the
small crossflow approximation.

Another important facet of the crossflow instability phenomenon is the influence
of wall temperature level on the magnitude of the calculated maximum crossflow Reynolds
number Xmax. As shown very clearly in Fig. 13, increasing wall temperature level at a
given crcumferential location increases the value of Xp.x and hence makes the
three-dimensional laminar boundary layer more susceptible to crossflow instability leading
to vortex formation and transition. The reason behind this behavior can be seen from
Figs. 14 and 15 which present the variation of the maximum crossflow velocity (in
streamline coordinates) and the boundary-layer thickness (in similarity form) with respect
to wall temperature for three different circumferential locations around the cone. Note
that the maximum crossflow velocity is increased by approximately a factor of three while
the boundary-layer thickness is increased by approximately a factor of two as the wall
temperature level is increased from Ty /T, = 0.0 to Ty /T, = 0.90. Since, from Eq. (14),

Pe Wslmax )

Me

Xmax =

with p. and y. being determined by the local inviscid edge conditions (which, of course,
are independent of wall temperature level), the above results reveal that the increase of
the maximum crossflow Reynolds number with wall temperature level at a given
circumferential location as shown in Fig. 13 is totally due to the sensitivity of the
three-dimensional laminar boundary-layer crossflow velocity profile and boundary-layer
thickness to changes in the wall temperature level. In general, the hotter the wall, the
greater the crossflow velocity and boundary-layer thickness which leads to greater instability
(due to increasing crossflow effects) in the three-dimensional laminar boundary layer.

It is very important to recognize from Fig. 13 that severe wall cooling (Ty, /T, >
0) can render the present sharp cone (8, = 10 deg at a = 5 deg) stable to three-dimensional
crossflow instability over the entire body for the given flow conditions based on a value
of Xmax -~ 150 required for onset to vortex formation. Recalling the significant influence
of boundary-layer transition on slender bodies at incidence relative to static-stability
characteristics as discussed in Refs. 2, 3, and 4, the results of Fig. 13 give warning that
static-stability ground testing in hypersonic wind tunnels under hot wall conditions on
slender bodies at incidence may not be applicable to cold wall flight conditions due to
the crossflow instability phenomenon. Much more work remains to be done in this area
before a definite conclusion on this potential problem area in relating ground test results
to actual flight conditions can be reached.

SECTION Vi
CONCLUDING SUMMARY

The present investigation was devoted to analysis of experimental measurements
concerning surface upwash angles and entrained vortex formation in the three-dimensional
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laminar boundary layer on sharp cones at incidence in a hypersonic flow. Excellent
agreement with respect to surface upwash angles between three-dimensional laminar
boundary-layer theory {(applied through numerical integration of the governing
three-dimensional equations using an implicit finite-difference technique) and experimental
measurements taken in a hypersonic wind tunnel was obtained for angles of attack less
than the cone half-angle. The angle-of-attack restriction was due to the three-dimensional
inviscid analysis used in the present study to obtain the outer edge conditions for input
to the boundary-layer calculations. A strong influence of wall temperature level on the
surface upwash angle was found to exist for sharp cones at incidence. In general, the
hotter the wall, the greater the turning effect on the three-dimensional laminar boundary
layer due to crossflow. This finding has application in the interpretation of results from
wind tunnel tests on slender bodies at incidence under hot wall conditions relative to
actual flight conditions in a cold wall environment.

Attention was also directed in the present investigation toward application of
three-dimensional neutral inviscid stability theory for stationary disturbances in order to
calculate the angular orientation of entrained vortices formed in the three-dimensional
laminar boundary layer because of crossflow-induced inflectional instability in the rotated
boundary-layer velocity profile. Application of this approach was not entirely satisfactory
relative to experiment, but more work must be done before declaring the approach invalid;
terms which may have been significant under hypersonic conditions were not included
in the present stability analysis. The location of the so-called critical height was found
to be near the edge of the three-dimensional laminar boundary layer which is a hopeful
sign that inviscid stability theory can indeed be applied under hypersonic cold wall
conditions.

A so-called maximum crossflow Reynolds number concept was applied in the present
analysis to successfully correlate the onset to vortex formation in the three-dimensional
laminar boundary layer on sharp cones at incidence. The numerical value of the maximum
crossflow Reynolds number at which vortex formation is observed to begin relative to
experimental data on sharp cones was found to agree quite well with previous experiments
on swept wings and cylinders under subsonic and supersonic conditions. It appears that
a value of approximately 175 for the maximum crossflow Reynolds number is sufficient
for onset to vortex formation in the three-dimensional laminar boundary layer on sharp
cones in hypersonic flow under cold wall conditions.

The actual numerical magnitude of the maximum crossflow Reynolds number was
found to be quite sensitive to the wall temperature level with, in general, the hotter the
wall, the larger the value for the maximum crossflow Reynolds number and hence the
more unstable the three-dimensional laminar boundary layer to the crossflow instability
phenomenon. This behavior was shown to be the result of increased boundary-layer
crossflow velocity and thickness as the wall temperature is increased. Based on these
findings, static-stability ground testing in hypersonic wind tunnels under hot wall conditions
on slender bodies at incidence may not be applicable to cold wall flight conditions at
the same freestream Mach and Reynolds number conditions because of the crossflow
instability phenomenon being enhanced by the hot wall condition which, in turn, can
result in premature transition of the three-dimensional laminar boundary layer to turbulent
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flow. What is needed in order to more fully understand this crossflow-induced instability
phenomenon and its effects on boundary-layer transition under various wall temperature
conditions is a careful and thorough experimental investigation of the three-dimensional
laminar boundary-layer structure (profile measurements) as well as surface heat-transfer
measurements under flow conditions leading to entrained vortex formation and transition
on sharp cones at incidence.
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Fig. 1 Three-Dimensional Boundary-Layer Velocity Profiles in Streamline Coordinates
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Fig 2 Schematic of Disturbance Wave Propagation in a Three-Dimensional Boundary Layer
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10. 0-deg Half-Angle Sharp Cone at a =5. 0 deg,
Mg = 7. 44, Reg, L =5.0x 10°, Air
——Three-Dimensional Laminar Boundary-Layer Theory
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Fig. 7 Effects of Wall Temperature on Calculated Surface Upwash Angle
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10. 0-deg Half-Angle Sharp Cone at a =5. 0 deg,
Mg = 7.40, Regy | =5.0X 10°, Alr
——Three-Dimensional Laminar Boundary-Layer Theory
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Fig. 8 Variation of Surface Upwash Angle with Wall Temperature at a Given
Circumferential Location
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10. 0-deg Half-Angle Sharp Cone at My, = 7. 40,
Rem’ L=3.0x 10°, TWITo = 0.28517, Air

- Three-Dimensional Laminar Boundary-Layer Theory
—=——=—Three-Dimensional Inviscid Sharp Cone at Incidence Theory
® O Experimental Data from Fig. 15 of NASA TN D-5346 (Ref. 5)
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Stationary Disturbances
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Fig. 9 Comparison of Calculated and Measured Vortex Angles at the Body
Location ¢ = 90 deg
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Reg, | 3.0x10°% T,JT, = 0.2857, Air
e~ Three-Dimensional Laminar Boundary-Layer Theory
- === Three-Dimensional Inviscid Sharp Cone at Incidence Theory
e O Experimental Data from Fig. 15 of NASA TN D-5346 (Ref. 5)
X Three-Dimensional Neutral [nviscid Stability Theory for
Stationary Disturbances
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10. 0-deg Half-Angle Sharp ane at a =5.0deg
Mg = 7. 40, Reg, | =3-0x 10°, T, /Ty = 0.2857, Air

A 0nset of Vortex Formation Based on Fig. 12
of NASA TN D-5346 (Ref. 5)

x/L

Fig. 12 Developed-Surface Plot Showing Onset to Vortex Formation Relative to
Lines of Constant Maximum Crossflow Reynolds Number
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15. 0-deg Half-Angle Sharp Cone at a =5.0 deg
M = 7.40, Regy, | =3.0x 106, T,/T, = 0.2857, Air

- Onset of Vortex Formation
S Based on Fig. 13 of
NASA TN D-5346 (Ref. 5)
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Fig. 12 Concluded
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10. 0-deg Half-Angle Sharp Cone at a = 5.0 deg

1200 - Mg = 7.40, Regy | =5.0x 105, Air
——Three-Dimensional Laminar Boundary-Layer Theory
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Fig. 13 Effects of Wall Temperature on Calculated Maximum Crossflow Reynolds Number Distribution
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10. 0-deg Half-Angle Sharp Cone at a = 5.0 deg
Mg =740, Reg, | =5.0x 10%, Air
—Three-Dimensional Laminar Boundary-Layer Theory
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Fig. 14 Effects of Wall Temperature on Maximum Crossflow Velocity in Boundary Layer
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Mg = 7.40, Reg | =5.0x 1(°, Air
——Three-Dimensional Laminar Boundary-Layer Theory
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Fig. 15 Effects of Wall Temperature on Boundary-Laysr Thickness
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Invisc.d Edge Quan-it.es
Ue/V. = 0 96685
WeiV, = 0 07493
Pe'Pa = 3 51520
Tei WV 2iR) = 0,92:55

F: ee-Siream Condtions
M_=T7 430 Re,p =3 0x108

\tall Temperature Rat.o
Twi Ty - 0 28570
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VTR
0
Vo ICTARGE- 00

9.1721840F =na
1+ 193960F~"5

TABLE I
LAMINAR THREE-DIMENSIONAL BOUNDARY-LAYER PROFILES AT
¢ = 90 DEG FOR &6, = 10 DEG AND a = 6 DEG

TOATSNE=TE  1.TSaltE=2"

2.59n410F='S
3.10%2&0F=n%
2.752330F =18
4,453 T3NF=-n5
5.197840F =05
5.a7a3§0E=75
6o.R4 J0E0EPE
T,7€034CF=n5
d4.73k7EGF=N5
9,787270E-15
1.091)120F =4

T.°TTrRaCF=--4% TeNIZCO0E-"2

1,365 0F=ns
1.475590F -4
1.A20430F=n4
1.7HU130F="4
1.959720F=~4

u/Ug w/We TITe

i 0 2, 0234601 L0
2:A31003E=03  1,1947007=02  2.3324A0E 01
5043C000€-03 ?e2437G07=07 2ena2I40E 04
Q.£10000E=13 FeEPTPCLE=N2 2419%27K0E 00
“ComaYFCTT=02  P.nrdst3E 09

1:098000F=62 942447 G0L=07  2.07%470E Q0
1.455000F=n2 1.724100€=07 2.0MP2HNE 03
?.?23700NE=G? .23 r0AE=n2 201N120CE 91
Pe6aanQ0E-n2 1.nUSHURE-C", 211421 0E 91
3. ATHOO0RE=52  1.270-00E=01  2,1/%14cF 01
3:4640000E<92" "1.45A1NNE=01 2.1+«196€ 00

4.03117005=17
405541702 =-02
S.112000E5=-02
S« 706700E=n?
6e33FFQO0E=12

T7e72%¢G0E=22
R, 49400 0E=02
9.10%90NE=n2
1e01{#0CE="12
1.111105E=01

148523005=01

2. T4%0NE=N]
2:2049500E-n1

UrHDH0IC=0)
345400501
Fe4HA)10RE-D1

2o 143930F =44
2e3) T70F =4
2+5543¢aF =na
2.7RZ6723E=n¢
3.n27910F=24
3.79)430F=ns

1+ 20"F00F=01
1»313%00E=n1
1+4295005=-m
1+54440NE=n1
1e671S00F =01
1.H0&TQCE-N

TALETIRSGE=k 1. 45T RQAT =M1

3,aTHSACE=-"1a
4,204910F =04
4.55C240F=n4
4,931740F-14

?«1C370JE=N]
2+26E200E=01
Pea80300F-n1
2eh266n0E=11

Sen12700C=-01
Sea%IunnE=g]
Se78]1a0nt=nl
fe1RY4NQT=01

Te494:907-01
T+0AN40DE~0]
2,433/00E=01
LA BT T

2.153383F a1
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2+193410E 0¢
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J1o30fF na
5942pE on
P+271420E 00
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2+318450E AN
2+33844E ON
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2 JHFLIHQE ON
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2.8%2e90¢ 00
PehHPYAQE GO
2+515320¢ 0
7541920 q°
2+547%00F 0C
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?.640H79€ 0N
2:662140E N0
2.H41370nE ON
2+689T¢10E 0D
2eT10e3CE M1
27151885 90
2+ 723760E 00

133®nf oc
2.59424nE 03
2-AT4310E noO
2+h41300E 00
2.934«80E 00
P+54533nE 00
2eav1940f 00
PeA0T129E 09
2+37243%E 00
722°P390E 00
2+12Ev0nE OC
2:012290E 00

T-304135€ 70
Te7UsranE 52
1+67594n€ 09
1.90%5%90E 00
1.462850E 04
1. 357R30E 07
1243400E 04
1:211020€ 00
1151070k oOn
1+1C3490E 00
1.0h7240E 0D
1:041229E_00

5.333920E="4 u200C0E="1 _ _
5.7654E05 =04 302700t =0]

6.227250F=n4  3.24T300E=-p)

6.72r830F=-ré 3,4R1000E=11 1987490 no
T.247620F="14  2,725/00E=¢1 1013C74#0E AY
T.PDAQ40E=-n4  3.%84700E~N]

4o 405R00F =24  4.757000E-01

T nIG2EQF=~4 4454,500E=n]

9. TUSAZOF =4 Cokbt 1906011

1.84]17p0F=113 Se1511700E=01 1:13R%90Z 00
1.116090E=n7 Se472300E-21 1:6TA80E 00
1.194050F =73 SeM0IGOOE-N] 14391V405 Q0
1.275600E=r3  £.161400E=-11 124684505 00
TToASTIPOF -7 1 6. 4BASO0E-0Y  T1+4]RA9IZ700
1.447270E-03  A.R39500E-01 1.422180€ 0N
1,537110F =01 7,178100E=-C1 1e41R~FOE DN
1.42999n5-n3 7.51v600€="1 1.4NARPEE 9N
1.722470F=r3  7.486400E=0] 1¢7BPA4%EE 00
1.817000F=83 PR.161400E=n1 17631205 00
T1LGIZTPOF=R3 — A.4b61305-01 ~ 1.332-10E 00
2oN073KCF~n3 AL 736R003-n) 1s297740E £¢
2.102340E=13  R.9b/ROIE=N] 1:9994980E 00
2+154750E-n3 9.210400F =11 1.2204%0E 00
2+.790580F=r3 Qe ©0PS00E=-N1 1+ 1R1%ANE 0
2.1R275¢CE="3  3.,%633906=n] 1e*8aqbns o0
2.4765720F=-=3 9, #§3500E=11 l1e11114D5 00
2.569310F="3 Q9.794700E-01 1.0R1A10E 00
2.662710€-n3  9,469600E-01 1.057FS0C AN
2,7574T05=n3  9,922300E-9} 1.0377105 00
2.A544E£0F=r3  9,95700C0E-01 1+01233R0E 00
2.9546]10°=n3 9,971 00E-nl 1,r134705 00
T.N36860F =93 9.99A900E=N1 1.107139 00
3.1ERIICE=13  §.9959005-01 1.71036205 €C
3,283260% =13 9.99R4J0E=-N1 1.701450Z 00
3.605100F=13  9.999600E-01 1.0005505 00
3.6342¢60E-r3 9.999900E-01 17001705 00
3.4T14DOE=-N3__ 1,000C00E N0  1.~032SDE 00

1+023600E 09
1enl124RFE 93
1+906010E 09
1.002600E 90
1+000380E 00
1.020320E_o0n _

3.817120E-73 1+00C200E 00

3.,977000F-03
4.136620E-n3
4,111620%=n3
4,497640FE=n3
4.695370F-n3

1+000000F 00
1+N00000E 00
1.700000E €0
1.900000E ¢0
1.700000E 00

16002105 00
1.000900E 00
1.0000005 00
1+00CNCOE 00
1.rNCCCOE 00
1.0000005 00

1.100080E 09
1.000020E 09
1.000000E 00
1.0G029NE 00
1+GNOYDOE 0D
1.000000F D0

“4,J0EBTOE-"3
5.125010E=01
5,16¢520E-03
5.€15000F=03
5.8H7390E-03
6,172680E=03
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1+900000E 00
1.702000E 00
1+000000E DO
1+000000E 10
1100000E N0

1.000n00C 00
14n0900DE 00
17000005 00
1.0000005 00
1:000n00E 00
1.000100E 00

1.000000F ol
1+000C0CE n0
1+0000C2E 0D
1400N000E 90
1.000000E 00
1.000000E 02
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7.141000E<A3

1.N04CO0E DO
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1-N00A0GE G0

1.¢30%005 00
10007005 00
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Inv.seid Edge Quantitics
UglV, = 0 96389
WelV, = 0.00010
9,7 * ¥ 46740
T V.2/RI = 0.02201

Frec-Strean Conditiuns
Mo =740, Re, | =3 0x100

Ywall Terrpercture Rat.o
Tyl Ty = 0 28570
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TABLE 11
LAMINAR THREE-DIMENSIONAL BOUNDARY-LAYER PROFILES AT
¢ = 90 DEG FOR §, = 10 DEG AND a = 8 DEG

)'IL. u/U, wiVg, TITe

UETAN
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4.421820F~-r6 2+68G000£-03 LerAlnnQE=-02 1.943260E 0N
9.144B2Q0F -5 €.82%020E-11 2222K203E92 1495244 2E 01
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TTeISFICOE~n3 T NTECOTE=92T 4.72R: “T1e97389nE no

2.534690F=n5  1.521000E~02  h.n8800 1 +9%4R20E 09 LoiV. = 0 N36Y2

3415A950E=15  1.R87000E~-N2  7.81900 Le996660E Out V- 12y

3.k1cQ30F=-n"8  7.27A1008=02 9.°5Tu1 2.20940E a0 "

4.51£990F-25  Z.h97200%-02 ?.3221%E 0N Bty = o dT510

S.266560E-n5  3.131000E~12 P«03%¢9rF 00 e te 2
TE.NTTIZOF =15 3.A00D00E=N27 1.4 ?an90310€ 09 Tl (V2R = L 0200

€94 1T6OF =15 44120000E-N2 2.045u20F N0

TLF67720E=05  4+433500E-nZ Pa14126n€ 01 Jies-Stieans Cusnltinns

2,656820E-15 8e2007005-02 2en247N0E~Q] 2+0477490E 00

9.922910F-45  5.408000E-02  2,244700E-0l  2.11%0H0E ¢ M,=17 30 Re,p -3 0x10t
1.10F240°=n4  £.447N00E~N2  2ox85canE=nl  2.1331nnf ¢¢ '

Y PZeh20E-T4  T.: 1P000E-0Z 2eTICIRAz=01  2:151%7nF 01 Wall Temperature Houe
1.355460F =8 7,d62000E-12 2.397200E=01  2.171371E 09

1.506040F-74  R,64GH00E~2  3.2431005=01  2.191FnnE on T, T, = 0 28570
loA5: BROE~1k YesbYaQNF =27 G530 0NE=N1 2.212520E on
LeFLFTTOF=ud  173%100E-111  3.3574N0E=01  2.233120rE nu
1.98&£550E~4 1.129200€~=n1 6o YHGNNQC=0] __2+2%€33aF no
ZATITR0F-a%  1+225800E~N1  %s®1HGNNE=H1 "~ 2.279]20E 0F
2272499 =n4  123351005-01  &e34720NE=C]  2.302230F @,
2o5ABASNF =N} less3uQ0E-i] G223 QNE=C] 22326u6qE ¢
243167105 =14 1.571100E-01 SengTnnnc=g1l 2:3~29u2nE on
3,n07RENE=rh 1L 700700F=A1  SeGUQANNL=01  24774120E o)
3,334330F=n4  1.331100E=41 __ 5esnS=0NE=51  2.34Pi0nf 9t
T3.RZARA0E-Ph T LRRNEQOE-A] T 4.M24knareg) 2,422070E M-
3.Q27950F-n4& 2137100E~] 7254 -NNE=Q) PekaSahnF 90
4,257100F =ns 24 10440nE=-01 Te&GHADOE=-0] 2+4421h,)E 0N
4ot NSAQ0E~~4 PeubNECaE=N] LIS LY AR X )] 2+495F1r€ 99
4oBEQEF="4  PoAFIIGOE~T]  MerU9ICIE=N]1  2e310uANE QN
10F -4 2e46-FGOR7]1 | 1.n72vG0E-01  2e52R494E o
1SPOOE=G1 ~ 94R3IRYQQE=NT  2.544630F Q0 ,

ER
0.294340F =" J424%€QDE=1] 1e~CARPIE 0N 7+5579A0E N0
6.731r3IR0F=-"» 3,520 -1N 1 &A232C NN 75 14A0E An
Te215Z4C0E="%  FeTFZFOOE~M 14l ATE 00  2.573379¢ g4
T.PH2240F-rs 4.043700F=n1 1134%102 00 2.5751L10E 0N
B aBGIT0E-"4 64 11"400F=n1 1s14h 497 00 2+57CY¥9E N0

TRLITEIRIFSTET XL EHFICOE=T1  1eF1andt 2D PeCRGS<-E 00
9,749« TINF=" 4o A HUFNPCE=y]Y 1250 ikr2 93 2e5434rcE 09
1.045140FE=n3 S.217700E-M) 192020 502 AN 2.518370E 04 °
1.122380F =3 S4815600E~-11 13991434 00 2e4+EL21E 09
1.2011406=--3 Se®T)1CCE=D2 133l e 0 Pehuiv9cE 39
1ePHB221CF="3  ®o20%:CHE=1 12747330 a0 2.2414797€ 20

T 1.36F3GAFSTIT 4.55) 700E=0) 10357300 0U  2.3307146F 05
1.452360F =23  £.-9S]005=01 Le7A1N9NE AN ?2.2A0599¢ 0N
le&4ZBeQF~"3 7.237299E=-11 12397452 no R2e130 380K O
1eF34410F='7  7.5267025=0) 1744459~ AN 2.F961%949E 00
1.7TZI560F =23 7.9007008=11 1.232929F an 2.000LCAE nNa
1.,421970F=¢1 Fa21¢300E-1) le2l1n%Q¥ on 1=909430¢ v

T1.6T7IVoF=n3"  F,RE5%09E-01 1,246 7302 an e Turdsaf nn
Z4nN17HgMF=12 Fa772°20E=M 12585192 ap 1 «hYadsaE il
2.1U=1€0F=21 G.9P240JE-M 122221407 nn 154214 90
2.2035€0E-771 Q423v200E-a1 1»148%FAE 00 Tes 28 gnF A1
2oFGET R 1.18% 1403 ¢ len 24720E 0ul
caI2ITINF= 3 1a129707 ¢ Yo NINIME ¢
2.4REBAQF=nY  9,701100° Jacdinnpl po 1e2+4C170E n°
2.38a620F =77 Y006 1PNE=1l 1s 7252162 g0 Tel:t1'37E 9)
PeARISENT=r3  Gedlh)00E-"1 1aqLb4nne aAn 1<12v20nE 6
CoTd0429%=r] Q,ud~ MCE~-: 1 PRV IRLT L 1eRW=TPE 0"
?.R32100%~=r3  9.9%%100£-1 1s713%20€ nd 1037« 0E OF
2.987490F=¢) Q474 1NF=0) 121 14m0% AN 1.01%120E oM

S 2,297520F=r 3 g.9%uc0nE-nl laoNkarne ¢3 1.023n%nf ¢
E,P130802-¢ 3 a,u%4100F~"1 1702 40E ¢C 1¢7210%20E a1
3.135020F -4 GeugIANNF=n1 1enul270F G2 1«033130E 0«
3,468 110F=003  9.99YADAE-«] 1.NDP4HAE QN 1.032220F No
3.+401030F=r3 Q. OYGQUE~C] TaMIMEFDT 0D lenuyetiie e
I TRRALOF=r TJ0NnQVE “C leNNOP4RE B4 TeNYUhrF L

TIVSUNGEYE ST 1L NAIOOF NG 1,01 0E €6 1.NHOUMAE Ge
QurHEVENF=nY [ 00ultQ0E N0 1.40020HT 00 1eNuNdPNE 0)
%,239740F=/3  1.700000k 70 1.000%00F AR 1. 0UHUOUE &
4.445300F=r 3 ‘a0 onE nc Te20N100E 0= Vo J20uUNNE £°
4,422530F-~3 1 309000E ac 12000007 ¢C 1enaNuNNE o7
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6.394T10F-"3 AR IO THA 1enQNI GCE 14NQUCCE 2~
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TABLE IV
LAMINAR THREE-DIMENSIONAL BOUNDARY-LAYER PROFILES AT
¢ = 90 DEG FOR 3§, = 15 DEG AND a =5 DEG

il AUy oo wiW, T Ty
\J «/L
[ 0 : 0 1 4D8OTOF 00

J.1%47R0E=ns ?2:420906E=13 e 79NNNOC=N] 1e5104600¢ 00
R.ACREIIF=r 4 4,99°100¢ =] lor? 1.511%2¢g 92

1.rE4930F=us 7,7 '-:m=- 13 leSIkMETE 37 Inviscid <lge Guar..t.os
TILATETPOF=45  T1Tn83-0d 1e3Pt5%rg 00
1.RI60COF-AS  1.2/3:00F-07 & uanfror-n? le344turc A) Ug/¥, = 0 93784

2.274490F =05 1.70335005=02 Ae 1377007 =07 'I-Eﬁ]'!ﬂﬂ[. [}

2.745TI0F=P%  2,954000E=f7  7.85900E=02  1.552400¢ 00 Wel Ve = 0 0GOlY

3,P97920F=r5 ?-L?.HII)DE-“E 1.5424005 00 Pulb. = 6 46340
. 401S70F=5 u23n0UE-C2 1.n107005=01 1.57212n¢ 00 e

THSTIIIANE= S i.Dﬁ AORE= 27T TV TAR IIESE] ™~ T .54 (w0 T«i(VH2IHi= 0, 0297
5.n93I70E=r5 I TNQAONE=G?  1.315700C-01 TeNYALU3NrE DY
S.AT?670F=¢S  4.1%7000E=-C2 1,691 00501 1.60%<3ng 00 Free-Stream Condiions
6, LTS QE=15 4,AYLND0E=-N2 1.457100C=91 1«AlAZdNE 00 6
7.151820F=15% §.736C00E-02 1.842390C=0] 1.431350¢ 00 M, =>T7.40 Re,1.=30x10
1.971790E =45 PeMAINZ=01 1.645959F 01

".’SPHUUF-~€ FLAIRNQNE-NE™ 2. 245298E=01  1.A59330% 09 Wall Texperature Haun
5. I9369IE=nS  7,792000E=02  2.467a2)C=0] 1457447 92 ..
1,06C5]1 JF=nk 7,795 90E=2  P4F932200=0] 1.440210E 27 TwiTy =0 28570

1,156060F=8  A,S41000E=N2  2,63w9C0E=11 1. 706H3CE 09
1,2055%0F=n4  9,337400F=02 3.1911005=01 1.7/374rE 00
1,630710F=r&__ ), 0lr300k=N)  3,459600E=p1 __ 1.741570E 00
T1.SBETTNE=r&™ 1.109G00E=1  3,741200E=01  1.750U7AE 00
1,703510F=r4  1,205100E=F1  &,197000E=01  1.779220F 0O
1.996T00E=r4  1,304000k=Cl 4,30 3102=01 1. T99500% 00
2.731520E=r4 Y. 41TLONE-CT & %T110u=-01  1,91947ng 00
2.71°970F=r&  1,53x000E-01 1.A40270E
2.403730E=14 ) ASHIDOE=n1
2. Al1110F-n~"‘TTT§nﬁ00z-nl 2.7,
2,R34140E=-74  1,931600E-01 &,
3.0TI9TOF-0t  2,rRYAY s &0 3E-01  1.92739CE 29
I,A3IB4IE=L 2,741 100 £]11n31E=91  1.s4G40CE 29
3, FCGCEIF=L 2.al1039E=11 7.1?anot-31 1.37113°€ 92
I SNFIEQE="6 P R9Z-ONE-N]  7.757200C=0)  1.95223CE 01
TR PCFIEOF =04 P.7BE00F=01  R,193200C=01  2.012134¢ 03
4,CTr4T0F=n4 P 9ASEQOE-01  H,4369007=01  7.031999E 00
8,93¢970F=14  3.,20F200F=01  0.179-905=01 P.043710E 00
5.333300F-r4  3,£35GpCE-rY  9,324000C=01 P .0454%NE 0C
5.T5FET0F="4& 3. %THGCGE==Y FeIFAINNC=D} 2.1THIP20E CC
5,2U09620F= &  3,43540CE=C1  1,038710E €3 2,9494%0E 00 °
“BERIGINIT-FE 4 0570080 ] T.EAISEOE 0 P.0YSSBAL 04

1
1905 320F 29

T.2068&0E=14 & ,4HY700E=-11 1.121370% g0 P.09T7370E 09
7,7510105=74  &,747100E=-01 1., 154740 gO 7.095210E 09
B3,230070F -4 5,097400E=11 161931202 00 ?.09F367E 01 -
B,042220%=r4  5,4196002 12294202 00 2.07P1%2E 00

Y,547230E-04 B, 75240 1.243325Z 00 _ 24 NRC4AE 99
ITF2ZRaa0E=T2"  h.h9330 1.2795205 700 ~ 7an21247E 90
1.A9T250E=17  £,4413005-01  1,2A5V19C 00 1.9F&130E 20
1,170980F=13  £,792200E=91  14294000€ 00 1,93¢%60E 9D
1.261390F=r1  T,144500E=01  1.2954a0C 00  1.Y4-S6nnE 00
1.726200F=13  7,491700€-31  1.2923¢0E 00  1.42S¢H0E 0~
1.407050F==3  7,R30a0CF=n1  1,54]+"0F 00  1.732y%nE Of

TITTESTTAF="Y T A1S5A00E<N] T JTTRERL0E TRET T 0 oaqS' 10E 00
1,573740F="3  A,s42000E=C1  1,24L2%0C 0C  !.43%4I0E 00
1.AS89605=+1 A, T47400E=N]  1.214/%0C 00  1.5710450E 0
1,764B30F=03  9.00%000F=01  1.190s70% 00  ].452)70E 01
1.3314805=n3  9.,232300F=01  1.1A0750C 00  |4376£209E 00
1.914800F =03 9,4272005-71  14711790C 00 ].304700E 08
2.00484H0% =13 9,5d4900c=01  1,10244902 N0 142394%9E 01

2,795980- =13 o' 173507 00 1s181449E 00
2,1805802=0% Ve*554907 00 1.13/940E 00
2,279]1105=-n3 1.237~20% 00 1.69394%E 00
2,174370€=-r3 1.A23-40Z 00 1.0%L976E a0
2,472090E=n3 1.03u¢4snE 00

T2 ETEDROESA3 " T3 wAdpoEST 1.072370F 0o
2,FEA1E0F=113 2,593190E=)1 1.0017165 [ 14} 1.9124H89E on
2,75F0GCE=13  9,3S/SCCE=71  1.001%S0F £2  1.705¢00E on
2,319620F-: 1 9.395zCCE-n1  1.000: 20 ¢ 3.097770E 01
3,n4e420E=73  9,995-0CE=A]  1,n00210E a0 1.0Mu40E 04
3.182110F=A3 _ 1.000000E 0 1,AND1S0C A0__ 1.000460E 00
"I N2ESTOESAT T 1.000000E 00  1.500710E o0 1.000100E 00
3,475490E=03  1,000000E 00  1.%034005 00  1,000020E an
3,A42360F=r3  1,000000t CA  1,700"700Z 00  1.09C200E 00
3.215490F=03  1.290000E 00  1,+03%00C 00  1,06620%E 20
3,999520F-r3  1,200000E 00  1,373490Z 00  1.C06UNIE 90
4.195140F=41 | .N0DDO0E 00 1.F021D0E 00 1.000.0¢E 92
%,403090E-13  1.000000E (10  1.r00N00S 00  1.000unn€E 00
4,624140€=03  1.000000E n0  1.0000005 00  1.000J00€
4.A55120F=53  1,000000E N0  1,000n00E 00  1.000000E 0o
S,10F9C0E=13  1.00000CE ad  1,r0000CT 00  1.990000E N
5.774420E-13  1.0UGACOE 10 1.00000CE 05 1.000000E oe
EeFSEGEDF= 13 1«NNORCNE AD 1.000900E G') ].DRNQIIE nn
BUSERGIF=TT T A0TA00E B0 T. ABARANE 06 T T.120060E o
6,275620E-13  1,00000CE N0  1.0000005 00  1.000000E 09
6,614640E-03  1.00NN00F 00  1.000700 00  1.000000€ oo

)
=

51



UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA-R & D ?
(Securily classitication of tlile, body ol abdbstract and indexing annolation murt be entered when the overall report is clasailisd)
1 QRIGINATING ACTIVITY (Corporate author) 28, REPORT SECURITY CLASSIFICATION
Arnold Engineering Development Center UNCLASSIFIED
Arnold Air Force Station, Tennessee 26, GROUP
N/A

3 REPORT TITLE

THREE~-DIMENSIONAL LAMINAR BOUNDARY-LAYER ANALYSIS OF UPWASH PATTERNS
AND ENTRAINED VORTEX FORMATION ON SHARP CONES AT ANGLE OF ATTACK

4 DESCRIPTIVE NOTES (Type of report and Inclusive dates)

Final Report - July 1970 to May 1971

8. AUTHORIS) (First name, middle initial, laat name)

John C, Adams, Jr., ARO, Inc.

6 REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS
December 1971 60 + 54

%a. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBERI(S)
5. PROJECT NO. AEDC-TR-71-215

c. Program Element 64719F 0b. gT.H'E‘:o:)EPORT NO(S) (Any other numbere that may be assigned
d. ARO=VKF-TR=-71-141

10 DISTRIBUTION STATEMENT

Approved for public release; distribution unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
Arnold Engineering Development
Available in DDC Center, Air Force Systems Command,
Arnold AF Station, Tenn. 37389

13, ABSTRACT

Application of three~dimensional inviscid and viscous (laminar
boundary layer) analyses for cold wall hypersonic flows over sharp cones
at incidence is presented relative to experimental data, showing surface
upwash angles and entrained vortex formation leading to crossflow-induced
boundary-layer transition. Three-dimensional neutral inviscid stability
theory for stationary disturbances is used to calculate the angular ori-
entation of the entrained vortices in the boundary layer while a maximum
crossflow Reynolds number concept is applied for correlation of the onset
to vortex formation due to crossflow instability. In general, excellent:
agreement between boundary-layer theory and experiment is obtained rela-
tive to surface upwash angles. The inviscid stability theory yields
reasonable estimates for the vortex angular orientation while the corre-
lation of distance to onset of vortex formation by a critical maximum
crossflow Reynolds number concept is in good agreement with previous in-
vestigations on swept cylinders and wings under subsonic and supersonic
conditions. The calculated surface upwash angle and maximum crossflow
Reynolds number are found to be sensitive to wall temperature effects
with the larger values of the angle or crossflow Reynolds number occur-
ring with the hotter wall.

DD f2..1473 UNCLASSIFIED

Security Classification




UNCLASSIFIED

Security Classificatlon

14, LINK A LINK B LINK C
KEY NORDS
ROLE wT ROLE wWT ROLE wT
boundary layer transition
conical bodies
hypersonic flow
laminar boundary layer
vortices
-«
UNCLASSIFIED

Security Classification




