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FOREWORD

This document presents the results of an experimental investigation on

boundary layer transition. The study was conducted by the High Speed Aero )

Performance Branch (AFWAL/FIMG), Aeromechanics Division, Flight Dynamics iﬁ“ }
Laboratory, Air Force Wright Aeronautical Laboratories, Wright-Patterson Air -

Force Base, Ohfo. This report is the final report for Work Unit 2307N450 £r
e

"Boundary Layer Stability and Transition Experiments," and was performed 7%;§5
ey s

under Task 2307N4 “Aeromechanics Basic Research.” ORE
Part 1 of this report was published as AIAA Paper No. 83-1763, July il
A

1983, "Nosetip Bluntness Effects on Cone Frustum Boundary Layer Transition :ika;

in Hypersonic Flow." Part 2 was published in AIAA Jour. of Spacecraft and ?fﬁ
Rockets, Vol. 19, No. 5, Sep - Oct 1982, "Mach 6 Experiments of Transition AN
odess
on a Cone at Angle of Attack" (Also, as AIAA paper No. 81-1226, June 1981). § Ef
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PART 1 NOMENCLATURE

Local heat transfer coefficient (recovery temperature of 0.9 To
assuméd) (Btu/th - sec®R)

k Roughness height (inches)

Mach number

p Surface pressure (psia)
q Heat transfer rate (used in nondimensional ratio, d/dsr)
R Radius (inches)

Re Reynolds number

Rex Transition Reynolds number based upcen conditions at the edge

-~

of the boundary layer and surface distance from the sharp tip or
stagnation point to the location of transition

Re

0 Peynolds number based upon conditions at the ecdge of the boundary
laver and the laminar boundary layer momentum thickness

t Time (sec)

T Temperature (°R)

X Surface distance (inches)

Xqy Entropy-layer-swallowing distance (see Figure 4) (inches)

| X Surface distanc: from the sharp tip or stagnation point to the onset

of transition (inches)

T Surface distance to onset of transition on blunt configurations

(inches)



Surface distance to onset of transition on sharp configurations
(inches)
Angle of attack (degree)

Laminar boundary layer momentum thickness (inches)

Cone half angle (degrees)

Subscripts

Base or bhlunt

Edge of boundary layer
Nose

Reservoir

Sharp

Model stagnation point
Wall

Freestream

ix
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PART 2 NOMENCLATURE

B beginning of transition

E end of transition

L Teeward side

M Mach number .
RB model base radius

RN model nosetip radius

Re Reynolds number

Rex Reynolds number based upon conditions at the edge of the

boundary layer and surface distance from the sharp tip or
stagnation point

Ree Reynolds number based upon conditions at the edge of the
of the boundary layer and the laminar boundary-layer momentum
thickness

X surface distance (except Fig.1), 1in.

XT surface distance from the sharp tip or stagnation point to the
onset of transition, in.

T temperature,R

L] windward

a angle of attack, deg

8. cone half-angle, deg

& cone meridian angle, deg

Subscripts

3 sharp

= freestream

w model surface
0 reservoir
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SECTION I
INTRODUCTION

The transition of a boundary layer from laminar to a turbulent state is a
complex phenomena which is influenced by many contributing factors. A number
of excellent review papers have discussed the magnitude of this problem and
the current understanding of stability and transition phenomena (e.g.,

1,2,3 and Reshotko‘). The importance of knowing the body location

Morkovin
where the boundary layer changes from laminar to turbulent is well-documented
with examples of large changes in heat transfer rates, skin friction drag, and
changes in stability and control effectiveness. In spite of many stability
and transition investigations over the past years, boundary layer transition
prediction remains an area of considerable uncertainty to vehicle designers.
In a recent survey paper, Pate5 commented on the current ability to predict
the occurrence of boundary layer transition. He estimated that transition
could be adequately predicted in less than 20 percent of the times attempted.
This poor prediction capebility for transition is primarily the result of an
incomplete understanding of the physical aspects of the phenomena and the lack

of suitable methods to analytically represent such complex flow phenomena.

This paper describes the results of an experimental boundary layer
transition program which focuses upon one aspect of transition - the effect of

nosetip bluntness on cone frustum transition.

Over 25 years ago, when early blunting studies were initiated (e.q.,
8rinich6 and Moecke17). it was assumed that the frustum transition Reynnlds

rumber remained unchanaed as a result of nosetip bluntness and that the

:
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movement of transition was due to a reduction of the local Reynolds number
resulting from total pressure losses through the bow shock. There is no doubt
that Reynolds number reduction produces a large effect which can have a major
influence upon the location of boundary layer transition in hypersonic flow.
Even small amounts of nosetip bluntness generates entropy layers which influ-
ence the local flow conditions for large distances downstream on the frustum.
Within this region where the entropy layer is being consumed by the bcundary
layer the boundary layer edge conditions reflect the lower Mach numbers and
lower unit Reynolds numbers of the fluid which has cone through the strona
portion of the bow shock. Since the total pressure losses through a normal
shock increase rapidly with increasing freestream Mach number, the Reynolds
number reduction for a given configuration is strongly deprendent upon free-

8.9 showed that the maximum

stream Mach number. Experiments by Stetson
rearward movement of transition on a slender cone at M_ = 9.3, relative to a
sharp cone, was about twice that at M_ = 5.9; this difference being in direct
proportion to the differences in the Reynolds number reduction (the transiticn
Reynolds numbers were approximately the same in both cases). Reynolds number
reduction information is extremely important in the interpretation of rosetip
bluntness effects on frustum transition; however, this is not the major {ssue
since this information is readily obtainable, with uncertainties being related
only to the accuracy and the limitations of the flow field program being
utilized. The major problem area is associated with understanding how nosetip

bluntness affects boundary layer stability and transition on the frustum.

In retrospect it may be said that the early assumpticn that the lcca!

transition Reynolds number was constant alona a cone with nosetip
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bluntness was a poor one. It was later discovered that large variations in
transition Reynolds number existed between transition on the nosetip and
transition on the frustum of a cone, sometimes being different by more than
two orders of magnitude. For example, transition experiments on blunt bodies
with highly cooled boundary layers, such as spherical configurations, have
consistently found low transition Reynolds numbers, often less than 500,000
(based on surface distance) and 300 (based on momentum thickness) (e.g.,
Stetsonlo, Andersonll and Denetriadeslz). Based upon the Mach number indepen-
dence principle, it would be expected that transition on such configurations
would be essentially independent of freestream Mach number. However, on the
frustum of a slender, blunt cone, where the entropy layer produced by the
blunt nosetip has been mostly swallowed by the boundary layer, significantly
larger transition Reynolds numbers have been observed, with the magnitude
being Mach-number-dependent (e.g., Berkowitz et a1.13, Wright and Zoby14 and

Maddalon and Hendersonls). Local Reynolds numbers, based on surface distance,

exceeding 50 X 106 have been obtained. However, this information did not
provide much guidance in regard to the possible movement of transiticn on the
frustum with increasing freestream Reynolds number, other than to suggest the
possibility of a transition jump from the frustum to the nosetip, since
transition Reynolds number variations through the entropy-layer-swallowing
region were unknown. Additional transition experiments (e.g., Stetson and

Rushtonlﬁ, Soft]ey17. Muir and Trujillola, and Stetsona’g) have subsequently
indicated that nosetip bluntness makes significant changes in the local

transition Reynolds number along the frustum.

It is known that many parameters influence boundary layer stability and

transftion. It is also known that in some situations one parameter may

"y ,, OO .'- Y . »:.‘ .’ .’-\ 1 " 'Jd‘ " at, .'(', / Cd ’.’;{ Cd 'f.‘-',‘l.'l.‘.'_‘f.'o’s\. (»l.’r..t O \.
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dominate and control transition (e.q., roughness). An interesting development
resulting from these present experiments is the apparent multiplicity of
parameters which have dominant roles when transition occurs within the
entropy-layer-swallowing region. There may be as mary as three different
dominant effects, all a consequence of the nosetip, and each representative of
! a particular region of the entropy layer. The local transition Reynolds

number had large variations throughout the entropy laver swallowing region ard -

these variations very likely reflected a shift of dominant roles.

A characteristic feature of hypersonic flow over a sphere-cone configura-
tion is that the high-pressure gas generated by the nosetip bow shock overex-

pands as it travels down the frustum, requiring a recompressior tc arrive at

the “"proper" pressure at some downstream location on the frustum. Thus, an

B R e e e a4

adverse pressure gradient on the frustum is a fundamental feature of
hypersonic flow over sphere-cone configurations, with the magnitude and extent
of the region (in terms of S/RN) being primarily a function of freestream Mach

) number and cone angle.

[t is known from both stability theory and experiments that adverse
pressure gradients gererally produce early transitior by generating a lower
critical Reynolds number (the Reynolds number at which disturbances first
start to amplify) and larger amplification rates of the boundary layer
disturbances. However, the magnitude of the adverse pressure gradient effect
on trensition on sphere-cone configurations is unknown. Although a number of

*
people have expressed concern about this problem, this author does not know

*For example, the Gereral Electric Co. proposed to the Air Force in the mid
sirties a boundary layer transition experimental program of this type.
However, the program was not implemented.

6
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B

of any experiments to investigate this phenomenon. This present investigation
includes the results of transition experiments on an axisymmetric model
designed in such a manner as to eliminate the adverse pressure gradient.
Transition experiments provide information on the location of the break-
down of laminar flow and, alone, can provide only limited information regard-
ing the fundamental questions involving the dominant instabilities and the
switching of dominant instability roles. However, they can provide guidance
and assistance for future stability experiments and analytical studies, which

hopefully can provide more complete answers.

Finally, a word of caution is injected regarding the use of these present
data. It was not the intent of this investigation to generate transition
correlations to be used for design purposes, but rather to try to better
understand the phenomena involved. The generality of the present data is
unknown since the effects of various flow field and configuration parameters

which possibly influence transition have not been determined.



SECTION I1
EXPERIMENTAL APPARATUS AND PROCEDURES

The experiments were conducted in the Flight Dynamics Laboratory (FDL)
Mach 6 wind tunnel and the Arnold Engineering Development Center (AEDC) Tunnel
F. The location of boundary layer transition was obtained from heat transfer

measurements.

The FDL Mach 6 tunnel is a blow-down facility operating at a reservoir
temperature of 1100R and a reservoir pressure range of 700 to 2100 psia,
corresponding to a Reynolds number per-foot range of 9.7 X 106 to 30.3 X 106.
The test core of approximately 10 inches is produced by a contoured axisym-
metric nozzle with a physical exit diameter of 12.3 inches. Additional
details of the tunnel can be found in Reference 19. The test model for the
Mach 6 tunnel was a thin-skin (nominally 0.025 inch), 8-degree half-angle cone
containing two rays of thermocouples. The base diameter of the model was 4
inches, and the model had nosetips with the following bluntness ratios:

RN/RB = 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30.
Nominal model surface finish was 15 microinches (rms) enc¢ the blunt nose tips
were polished before each run. The model was cooled between runs so that the
model surface temperature would always be the same at the start of each run
(approximately 540R). Heat transfer rates were calculated from the increase
in the wall temperature of the model, during a time interval of one-half
second, after the model arrived at the tunnel centerline, using standard
thin-skin data reduction techniques. T'/To was generally in the range of (.52

to 0.58.
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A second model for the Mach 6 wind tunnel was designed without an adverse
pressure gradient. Based upon inviscid flow field calculations, the radial
dimensions of a cone were increased by just the amount required to keep the
flow from overexpanding, thus providing an axisymmetric configuration without
an adverse pressure gradient. The nosetip starts with a 0.2-inch spherical
radius (the same as the 10% blunt nosetip on the sphere-cone model) which
extends beyond the sonic point. The thin-skin model was instrumented with

thermocouples and surface pressure instrumentation.

Figure 1* is a sketch of the resulting configuration and the calculated
pressure distribution. It can be seen that only small changes in the cone

dimensions were required to eliminate the adverse pressure gradient.

The AEDC Tunnel F is an arc-driven wind tunnel of the hotshot type and
capable of providing Mach numbers from about 7 to 13 over a Reynolds number

6 to 50 X 106. The test gas was nitrogen. This

per-foot ranae from 0.2 X 10
test was cnonducted with the 40-inch exit diameter contoured nozzle at a
nominal freestream Mach number of 9. Because of the relatively short test
time, the model wall temperature remained essentially invariant from the
initial value of approximately 540R, thus Tw/To = 0.20 to 0.38. Since the
tunnel operated with a constant volume reservoir, the reservoir conditions
decayed with time. Timewise variations in Reynolds number permitted ac-
quisitior of data at different Reynolds numbers for the same run. The test

model for Tunnel F was a 48-inch, 7-degree half-angle cone with eight nose

bluntness ratios, RNIRB = 0, 0.01, 0.03, 0.05, 0.07, 0.10, 0.15, and 0.37.

* Figures for Part ! are located on page 43 thru 58.




The model contained 75 coaxial surface thermocouples and 10 surface pressure

gages. Nominal model surface finish was 30 microinches (rms) and the blunt
nosetips were polished before each run. Additional details of Tunnel F and

the mode! instrumentation car be found in Reference ?20.

Sharp cone transition data from the Mach 6 tunnel were compared with the
correlations of PateZI. Pate made an extensive study of the relationship
between wind tunnel freestream disturbances and boundary layer transition and
developed a method to predict boundary layer transition in wind tunnels with
Mach number, unit Reynolds number, and tunnel size as parameters. Figure 2
indicates Pate's predictions for the end of boundary layer transition on sharp
cones in small-size wind tunnels. The excellent agreement of these present
transition data with the results of Pate indicated that boundary layer transi-
tion in the FDL tunnel is influenced by aerodynamic noise in a predictable
manner, similar to the 17 wind tunnels considered by Pate. Furthermore, since
the occurrence of transition on a wind tunnel model is the result of the
combined effect of all disturbance parameters, such as turnel freestream
disturbances, model surface roughness, model vibration, flow angularity, etc.;
the fact that transition Reynolds numbers were found to be the same in several
wind tunnels would infer a similarity in the influence of the combined effect

of disturbance parameters on boundary layer transition.

The AEDC Tunnel F, one of the tunnels considered in Pate's study,

demonstrated 2 similarity with other tunnels.

Figure 3 is a comparison of blunt cone transition data obtained from

three facilities. All data are for an R-degree half-angle core and the Mach
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numbers were nearly the same in all three facilities. Muir and Trujﬂlo18
chose an 8-degree half-angle cone and a Mach 6 wind tunnel to repeat shock
tunnel experiments of Stetson and Rushtonls. They stated, “the experimerts
were designed to provide an independent verification of the results reported

earlier by Stetson and Rushton."

The data presented in Figure 3 illustrate the rearward displacement of
transition in terms of entropy-layer-swallowing. Additional discussions of
this manner of presenting blunting data and related blunting characteristics
will be included later. The central message to be obtained from this figqure
is the good agreement of data obtained from different facilities. A1l three
facilities produced the same blunting features and trends, indicating the

results were not unique to the facility being used.

Generally it is not possible to avoid the occurrence of a small amount of
solid particles in the flow of a wind tunnel. During a test a number of these
particles are likely to impact a wind tunnel model and roughen the surface.
Experience in the FDL Mach 6 wind tunnel with slender sphere-cone models has
found that the only problem area is the nosetip, where particle impact can
produce significant roughness after repeated use of a model. Model nosetips
were polished before each run; however, the polishing only removed the surface
material protruding from the small crater, and a cavity remained. Therefore,
after repeated use of a nosetip the surface contained many small cavities.
Later in this report reference will be made to a "smooth" nosetip. The
quotation marks mean that the nosetip had been polished, but the surface still

contained small cavities.
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Another potential surface finish problem area is the joint where two
pieces of a model are attached. The models utilized for this investigation
had interchangeable nosetips which necessitated a junction behind each
nosetip. Even though most of the nosetips were considered a good fit, there

was concern as to whether or not this junction acted as a boundary layer tip.

A number of experiments with roughness on the frustum of a cone (e.qa.,

22 and Stainback23) have found that large roughness, of the order of

Boudreau
the boundary layer thickness, was required to trip the boundary layer when the
freestream Mach number was hypersonic. To confirm that this same situation
prevailed for these present Mach 6 experiments, several frustum roughness
experiments were performed. A roughness patch (by grit blasting) was added to
a 10% blunt nosetip configuration between S/R = 12.5 and 17.5 (this corres-
ponded to the beginning of the adverse pressure gradient). Data were obtained
for two roughness conditions, approximately 50 u-inch ard 100 y-inch (rms).
These roughness heights were small compared to the boundary layer thickness,
which was typically of the order of 0.015 inch, but were considered to be rep-
resentative of the maximum frustum roughness of this experiment. It was found
that the roughness patches did not have any effect on boundary layer transi-
tion locatfon. Therefore, it was concluded that frustum roughness should not

be an issue in these present experiments.

Additional details of transition comparisons and transition results

obtained in the FDL Mach 6 wind tunnel can be found in Reference 9.

P ——

PR



SECTION 111
RESULTS

1. [ENTROPY LAYER

The nosetip of a sphere-cone configuration in hypersonic flow generates
high entropy fluid (usually referred to as the entropy laver) which is subse-
quently entrained in the boundary layer as the boundary layer grows on the
frustum. The extert of the frustum boundary layer influenced by high entrooy
fluid, and the boundary layer edge conditions at a given frustum station
depend upon both geometric and flow parameters. For a slender cone in
hypersonic flow, and particularly with the thinner boundary layers associated
with a cold wall condition, the entropy layer extends for many nose radii
downstream. Unless the nose radius is small the entropy layer is not likely
to be entirely consumed by the boundary layer. For the wind tunnel models
used in this Mach 6 investigation, any nosetip radius larger than 2% (0.04
in.) represented situations where the entropy layer was only partially

entrained in the boundary layer by the end of the model.

In order to relate frustum transition location to nosetip bluntness
effects, some reference to a quantity describing the entropy layer, rather
than just a geometric dimension such as nosetip radius, would seem a better

choice. To provide such a relationship Stetson and Rushton16

introduced the
entropy-swallowing length as a transition parameter. The swallowing distance
is defined as the location on the cone frustum where the fluid which has gone

through the strong portion of the bow shock has beer swallowed by the boundary
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layer. The local Mach number and flow properties at the edge of the boundary
layer at this location are nearly the same as would be obtained or the same
cone with a sharp nosetip. (See Figure 4.) The swallowina distance is a
somewhat ambiguous length since it depends upon the chosen shock shape and
definition of the boundary of the entropy layer, and the choice of boundary
layer assumptions. Therefore, one should not think of the swallowing lenath

as 2 precise dimension,

It was not considered practical to make boundary layer calculations for
all of the geometric and flow variations of the present investigation.
Boundary layer calculations were made for several cases (using boundary layer
codes of Hecht et al.zs and Adams et 51.27) to obtain the variation of
boundary laver edge Mach number anc unit Reynolds number throughout the
entropy-layer-swallowing region and to compare with calculated entropy-swal-
lowing-lengths based upon the method of Rottazd. Rotta developed a method of
obtaining certain boundary layer parameters as a function of a similarity
parameter based upon swallowing distance, free-stream unit Reynolds number,
and nose radius [XS“/(Rem/FT)1/3(RN)‘/3}. The curves of Figure 5 are based
upon Rotta's results. It was found that boundary laver edge Mach number and
unit Reynolds number numerical results for a given freectream Mach number col-
lapsed into sincle curves when the surface distance was normalized with

Rotta's swallowing distance. That is,

M= (X/Xg,,)

(Re/gr)e
e = F(X/X
(Re/p+)

SW)
s
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For this paper the method of Rotta was used to calculate all of the
entropy layer swallowina distances and boundary layer edge unit Reynolds
numbers were obtained by assuming similar variations throughout the entropy
layer swallowing regime.

Figure 6 presents calculations of local properties on a 8-degree half
angle cone with a spherical nosetip radius of 0.04 inch ina M_= 5.9 flow.

These results were obtained with a boundary layer code25

based uponr integral
solutions of the boundary layer equations. Also shown is the entropy-layer-
swallowing length obtafned for this situation by the method of Rotta. The
calculated value of XSH corresponds to a location on the cone where the

boundary layer code indicated the local Mach number to be 0.97M Thus,

SHARP*
the calculated value of XSH is considered to be compatible with these boundary
layer code results. For a given cone half-angle and freestream Mach number,

1/3 4/3. Therefore, ac

the swallowing distance varies as (Re /FT.) ard (RN)
the nose radius or the freestream unit Reynolds number is increased, the
swallowing distance also increases. The swallowing distance can become large
compared to the length dimension of the configuration. The entire model is
then engulfed with Yow Fach number and low unit Reynolds number flow. The
region of local flow properties where the maximum rearward displacement of
transition location nccurred is also indicated on Figure 6.* Thus, maximum
displacement of transition location on the slender sphere-cone was found tn be

associated with essentially blunt-body flow. This point will be discussed in

more detail later.

*Do not relate maximum transition location displacement with the X-scale,
since it does not pertain to this nose radius; but, instead, think in terrs
of X/Xey. For maximum displacement at M = 5.9, X_/X. ,=.04. This was shown on
this f?!ur9 only to illustrate the loca¥ conditiohs §Hat existed over the
entire model with a larger nosetip, corresponding to maximum Aisplacement.
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driven Tunnel F facility data of Stetson

2. MACH NUMBER EFFECTS

Figure 7 shows blunting results for four different Mach numberc. The M=

26

3.1 data were obtained by Rogers in a conventional wind tunnel; the M, =

5.5 data are shock tunnel results of Stetson and Rushtoni®

results are wind tunnel data of Stetson 8’9; and the M_= 9.3 data are arc-

8,9

; the M =5.9

The transition lengths for the
blunt cones were normalized by the transition length for the sharp cone of
that facility. This provided a measure of the rearward displacement of
transition on a cone when the sharp tip was replaced with a blunt tip. The
abscissa is the transition distance normalized by the swallowing distance.
The right side of the figure (XT/XSH >1) corresponds to situations where
transition occurs at a location on the cone where the entropy layer has been
swallowed and the conditions at the outer edge of the boundary layer are
rearly the same as would be obtained if the cone had a sharp tip. The left
side of the figure (XT/XSH small) corresponds to locations on the cone just

downstream of the tip. If a different method of calculating XSH were used

“ which gave different values, the effect would be to shift the data to the

right or left and not alter the basic trends. Data points shown with an arrow
indicate ccnditions where the entire model had & laminar boundary layer.

Transition would then occur at some unknown higher value.
The main point to observe from Figure 7 is the strona dependence of

transition location upon freestream Mach number in the mid portian of the

data. Large Mach numbers produced large rearward displacement of transition,

16
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relative to a sharp cone. Changes in blunt ‘cone transition location relative
to the sharp cone and between blunt cones with different freestream Mach
numbers can be related to the corresponding changes in local unit Reynolds
number and changes in local transition Reynolds number. For these data, the
sensitivity with freestream Mach number is primarily related to the sensiti-
vity of unit Reynolds number reduction to freestream Mach number. For
example, at the condition of maximum displacement the transition Reynolds
numbers were approximately the same for the M_ =5.9 wind tunnel data and the
M_ =9.3 arc-driven tunnel data, and the large difference in transition
location was directly proportional to the difference in Reynolds number
reduction. Note also that the maximum rearward displacement of transition
occurred in situations where XT/XSW was small, indicating that the local Mach
number was low and the flow field was essentially of the blunt-body type (See
Figure 6) More details of the entropy layer effects will be included in the

discussion of Figure 9.

3. FRUSTUM TRANSITION MOVEMENT WITH INCREASING REYNOLDS NUMBER

Figure 8 illustrates the forward movement of transition on a 7-degree
half angle cone at a Mach number of about 9.1. At a freestream Reynolds

number per foot of 5.4 X 10°

, the cone had a completely laminar boundary
layer. A small increase in freestream Reynolds number caused transition to
appear near the cone mid-point at a local Reynolds number of about 550,000.
Further increases in freestream Reynolds number steadily moved the trarsition
location to the sphere-cone tangency point where the local transition Reynolds

number was slightly over 300,000. This forward movement slowed as it pro-

gressed through the increasing favorable pressure gradient. These events
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occurred in a situation where the pressure gradient became increasingly more
favorable, yet the transition Reynolds number decreased from 550,000 to nearly

300,000. Further increases in the freestream Reynolds number produced

transition in the subsonic region of the tip, with a local transition Reynolds

number of about 250,000. The local Reynolds numbers mentioned sbove were

calculated by the finite difference boundary laver code developed by Adam527 )
and co-workers. With the exception of the two largest Reynolds number con-
ditions, all of the data of Figure 8 were obtained during a single run in
Tunnel F. These variations in Reynolds number occurred during a 59-
millisecond time period while the Mach number varied between 9.1 and 9.0 and
the wall temperature remained essentially constant. All of the data shown
were obtained along the same rayv of the model. This situation, as in most
boundary layer transition problems, reflects the results of several competing
effects. The rapid movement of transition from the sphere-cone tangency point
to the subsonic region of the tip is not a new observation. This transition
pattern was first observed by Stetson’ ard has been reported by several
investigators since that time.

29

The analyses of Merkle®~, based upon linearized stability theory corbined

with rosetip roughness effects, provided an interestina comparison with this
experimentally observed forward movement of transition. Merkle postulated two
unstable reaions on a sphere-cone; one associated with the tip, and the other
vwith the cone frustum. He anticipatec that trarcition on the frustum, cue tc
the second unstable region, would occur at clac<ical transition Reynolds
numbers for cones in the appropriate Mach number reqime. Merkle suygested

that, with increasing free stream unit Reynolds number (such z< a reentry

* These results appeared in the unclassified literature in 1959 (Refercrce
28).
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vehicle descending), the transition location would move gradually forward on
the frustum and would be generated by the second unstable region. During this
time, the growth of disturbances on the nosetip would reach larger and larger
amplitudes but would not get sufficiently large to trigoer transition. These
disturbances in the boundary layer on the nosetip would grow for a time as
they proceeded along the tip and then emerge from the unstable region assoc-
iated with the tip and decay rapidly, thus being of no consequence in trigger-
ing frustum transition. At some critical freestream unit Reynolds number, the
peak amplitude of disturbances in the unstable region on the nosetip would
surpass the level at which significant nonlinear interactions begin, and
transition would jump discontinuously from the frustum to the subsonic region
of the nosetip.

The experimentally observed rapid forward movement of transitior on the
cone frustum at a freestream unit Reynolds number of 5.7 X 106. and the
resulting low local Reynolds number for transition at this condition does not
seem to be compatible with the predictions of Merkle. It appears from these
present results that the unstable region associated with the nosetip extends

well beyond the tip and may influence “rustum transition.

4. ENTROPY LAYER EFFECTS ON TRANSITION

Censiderably more M_ = 5.9 data than shown in Figure 7 were obtaired to
better define the features of nosetip blunting effects on frustum transition,
and these new data are shown in Figure 9, At the top of this figure
transition displacement data is showr, as in Figure 7. Presenting the data

in terms of displacement indicates the resultant effect of nosetip bluntness;

however, it does not indicate the relative contributions of Reynolds nurter
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reductior and changes in the transition Reynolds number. In order to consider
these individual contributions, it is necessary to utilize local flow field
calculations. This requirement introduces new problems. First, the validity
of current numerical computations through the entropy-layer-swallowing region
have not been adequately evaluated. And, secondly, the transition Reynolds
numbers obtained do not account for the history of the boundary layer distur-
bances, which have been growing in a changing boundary layer. Thus, a transi-
tion Reynolds number obtained from an experimentally determined transition
location and the calculated boundary layer edge conditions at that location
does not provide general information regarding the stability characteristics
of the boundary layer. In spite of these shortcominas, it was felt that
informative trends could be identified by such a presentation of the experi-
mental results. It is not the magnitude of the transition Reynolds numbers
obtained that are considered to be significant, but the relative changes and
trends. Also, even though the history of the disturbances is not known, this

data set involves a comparison of similar historfes.

For this comparison the transition Reynolds numbers for the blunt cones
were normalized with the transition Revnolds numbers for a sharp cone, at
corresponding freestream conditions. This type of presentation was selected
because it showed the data trends and also provided a convenient method of
observing the individual contributions of Reynolds number reduction and

changes in transition Reynolds number. That is,

XTB (Re"-r:; (Re/FT)eq

T (RexT)S (Re/FT)eB

20




Therefore, the transition displacement shown in the top portion of Figure
9 is the product of transition Reynolds number change and unit Reynolds number
reduction, as shown in the bottom portion of Figure 9. The region of the
adverse pressure gradient on the model is illustrated for the 10% and 25%
blunt cones at a freestream unit Reynolds number of 14.3X106. The adverse
pressure gradient and the swallowing distance do not have a unique relation-
ship, since the adverse pressure gradient is an inviscid phenomena and the

swallowing distance is primarily a viscous phenomena (e.g., the swallowing

distance is influenced by wall temperature).

There are several general trends which are apparent. The transition
Reynolds numbers had large variations along the cone frustum; in some cases
being larger than a sharp cone and in other situations being very small, of
the order of transition Reynolds numbers on a nosetip. Maximum transition
location displacement due to nosetip blunting occurred in situations where
transition Reynolds numbers were considerably less than a sharp cone; however,
the Reynolds number reduction was large and was the dominant effect. As ment-
ioned in the introduction, it is generally recognized that many parameters

influence boundary layer transition; and, for a given situation, several

effects may be competing for the dominant role. An observation of the trends °

of these transition data suggests that a multiplicity of dominant roles are
associated with transition within the entropy-layer-swallowing region, with a

dominant effect being related to a particular region of the entropy layer.

Three regions of the entropy layer have been identified and will be

discussed individually.
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Region 1 (XT/XSw ~ 1)

When the entropy layer is nearly swallowed, transition Reynolds numbers
greater than those of the sharp cone are obtained.*

The result is a small rearward displacement of transitior relative to a
sharp cone (increasing XT.B /xTé in Figure 9). This results from an increase
in transition Reynolds number (which would increase XT)and small amounts of

Reynolds number reduction (which would increase XT).
Region 2 (XT/XSH ~.10)

As transition occurred at smaller values of X a large reduction in

T *sw
transition Reynolds number resulted. This reduction very likely reflected a
shifting of dominant roles of transition parameters. Even though the transi-
tion Reynolds number had been reduced by about a factor of three, the transi-
tion location (relative to the sharp cone) steadily moved rearward since the

unit Reynolds number reduction effect was always larger than the reduction in

transition Reynolds number.

*Stability exper'lments30 at 1 =8 have demonstrated that small nosetip

bluntness can completely damp disturbances of all frequencies ir 2 local

Reynolds number regime which corresponded to steady growth of disturbances on

a sharp cone. In fact,the sharp cone disturbances had grown to sufficient

amplitude to initiate second-mode wave breakdown at Reynolds numbers which

corresponded approximately to the critical Reynolds number of the 3% blunt

nosetip. However, once the critical Reynolds number was exceeded,

amplification rates of the second-mode disturbances became larger than .
corresponding sharp cone amplification rates.
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Large variations of the flow parameters took place when the nosetip
bluntness and the test conditions were such that transition occurred within
the entropy layer designated between Regions 1 and 2. These changes could be
observed by holding the test conditions constant and changing the nosetip
radius or by holding the nosetip radius constant and changing the freestream
unit Reynolds number. These changes resulted from the sensitivity of the flow
parameters to the location within the entropy layer being considered. The 3%
blunt nosetip provided 2 good example of changes that occurred with a single

nosetip, and details are given in the following table:

Re_ /FT Xr Nhsw Re M, (Re/FT)g

(Re/FT)es
9.ex10® 1.0 .85  9.9x10° 4.85 .82
11.2x10  10.7 .79 10.3x10° 4.80 77
12.6x10°  10.3 .73 10.1x108 4.65 .69
15.4x105 9.4 .62 9.1x10° 4.40 .56
18.2x10% 8.6 54 7.9x10° a.15 .45
21.0x10® 8.0 48 7.4x10° 3.90 .39
23.8x10° 7.6 48 6.9x10° 3.80 .38
25.2x105 7.3 41 6.4x106 3.65 3]
28.0x10° 6.9 39 6.3x10° 3.60 .29

When Re . /Ft was increased, XT became smaller and XSH vecame larger,
Transition was then occurring at smaller values of xT/xSH‘ In this reqion of

the entropy layer, changes in XT/XSH result in large changes in local urit
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Reynolds number, with the local unit Reynolds number reducing as xT/xSH became

smaller. The magnitude of the local unit Reynolds number for a particular

case depended upon two factors: the freestream unit Reynolds numbers and the

location within the entropy layer which was considered. For the various test

conditions of this example the magnitude of the local unit Reynolds number at

the transition location changed only slightly even though the freestream unit

Reynolds number was increased nearly a factor of three, since the reduction in .
xT/xSH lowered the local unit Reynolds number by a corresponding samount. The

calculated transition Reynolds number then changed nearly in proportion to the

transition location.

Based upon the fact that a minimum in the curve occurs near the end of
the adverse pressure gradient and the well-known results frorm stability theory

and experiment that adverse pressure gradients promote early tramsition, it

was easy to suspect that the dominant parameter had shifted from the

stabilizing effect of the nosetip to the less stable effect of the adverse

PP

pressure gradient. However, subsequent experiments, with the model designed ‘
specifically to eliminate the adverse pressure gradient, indicated that the

adverse pressure gradient had not become the dominant parameter. These results

will be dircussed under adverse pressure gradienrt effects.

Increasing the nosetip radius produced transition at smaller values of
xT/xSH' The boundary layer disturbances therefore had more growth within a
boundary layer subjected to a favorable pressure gradient, with the gradient
becoming increasingly stronger as )(,!,/)(S‘J became smaller. Intuitively it would

be expected that transition Reynolda numbers would increase under such con-

ditions, and the datas did reflect an upward trend.
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The left boundary of Region 2 corresponds to the maximum rearward dis-
placement of transition, relative to the sharp cone. The maximum possible
displacement is unknown, since the model had a completely laminar boundary
layer. In this region the local Mach number was low and the Reynolds number
reduction had reached its minimum value (for this M_ = 5.9 case, the local
unit Reynolds number on the cone with nosetip bluntness had been decr-
eased by more than a factor of 7 over what it would be on a sharp cone).
Transition Reynolds rumbers were significantly less than would be cbtatned on
a sharp cone; however, the unit Reynolds number reduction was a large effect
and produced the maximum values of XT.B /XTS . For the freestream conditions

of Re_ /FT = 28x10°

K, (Rex, b (R/FTL
sz (RexT )S (Re/FT)eB

a.8x10° 37.8x10

8.3x10° 5.16x10°

- 4,2

It appeared that more than one effect was important for Region 2. Some
unidentified effect was domirant, producing transition Reynolds numbers
less than those of a sharp cone. To a lesser degree, the favorable pressure

gradient generated by the nosetip was significant.
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Region 3 (XT/XSH<‘03)

As XT/XSH became smaller the favorable pressure aradient became increas-
ingly stronger, yet the transition Reynolds numbers became smaller. In some
cases they were of the same order as nosetip transition Reynolds numbers. It
appeared that some other effect, stronger than the effect of the favorable
pressure gradient, had taken over as the dominant parameter. There were some
characteristics of transition in Region 3 which were different from the other
regions. First, transition location was not repeatable. In the other
regions, repeat runs duplicated very closely the previous transition results,
In Region 3 the transition location was unpredictable. When making several
tests at the same free stream conditions, transition was found to occur any-
where on the frustum and sometimes the model would have a completely laminar
boundary layer. Second, asymmetric transition patterns normally occurred at
zero angle of attack. Unlike the other regions, large circumferential variat-
ions in transition location were obtained at a = 0°. Sometimes the model
would be completely laminar on one side and have early transition on the other
side. Third, the transition region was much longer than for the other cases
and generally a fully turbulent boundary layer was never obtained. Fourth, it
was observed that frustum transition was very sensitive to roughness on the
nosetip. For smaller nosetip bluntness the surface condition of the nosetip
(or the frustum) appeared to have no effect upon frustum transiticn. Polis-
hing the 307 blunt nosetip before the run gave higher frustum transition
Reynolds numbers or moved the transition location off the model. Primarily on
the basis of this last observation, it was speculated that Region 3 was

dominated by the nosetip instabilities. To further investigate this effect

Cd

additional experiments were conducted with roughened nosetips and nosetips -7
with higher wall temperatures. Followina is a discussion of the<e additional <
e
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experiments. All of the data shown in Figure 9 were obtained with solid nose- E;&
. ]

tips. Due to the mass of the solid tip the surface temperature increase of -._2
the nosetip was small during the one-half second time used for the heat .53,
0'.;!‘;

transfer data reduction. These nosetips did not contain thermocouples, so ‘2;
A4

only an estimate of their temperature could be made. The fact that after the oy
L completion of several seconds of exposure to the flow, the tips were not too i;%
h W)

§ hot to touch indicated that the temperature rise during the early portion of E;:
i

the test was small. Additional data were obtained with 15% and 30% thin-skin S
nosetips. The thin-skin nosetip had a significantly different temperature et
i

history. During the injection of the model, the stagnation temperature :E:
Y
typically increased from 540R to about 935R. Cooling or heating the tip ;:ff
before injection made only a small change in the surface temperature at the ; &
2

tunnel centerline. The frustum surface temperatures were the same with both :{;
Y

the solid and thin-skin nosetips, typically in the neighborhocd of 600R (for a '.'-}
laminar boundary layer). Therefore, data were obtained for the following P
'

temperature ratios (T,,/T.): A
H 0 :J:{

i

NOSETIP FRUSTUM &jy
. "'\

~ .55 (Solid) .52 to .58 N
:\j-.

~ .85 (Thin-skin) .52 to .58 N
32;:

For the 30% blunt nosetip with the higher wall temperature the cone ;3%
frustum was always laminar, even at the maximum tunnel conditions. For the ’
i 15% blunt nosetip there was no distinguishable effect of nosetip temperature PN
hASE

upon frustum transition. é:;
A

I' ‘
Ty

‘f\'.f

A

:.-,:c

'.: -
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Nosetip roughness was increased by grit-blasting solid 15% and 30%
nosetips. The entire spherical nosecap then contained 45-50 u-inch roughness.
Upon completion of these experiments the process was repeated with a larger
grit-size, producing 90-100 u-inch roughness. The addition of roughness to
the 30% nosetip always produced early frustum transition for turnel conditions
corresponding to previous tests. The 45-50 y-inch roughness on the 15%
nosetip had no effect on frustum transition; whereas, the 90-100 u-inch
roughness produced both cases of early frustum transition and no effect,

depending upon the free stream conditions.

The above results suggested that some critical value of nosetip Reynolds
number, combined with nosetip roughness, determined whether or not the nosetip
instabilities would produce early frustum transition. This was the same
rationale that was applied to nosetip transition studies and resulted in the
PANT correlation 11. Therefore, it was felt to be of interest to look at
these present frustum transition data in terms of the PANT nosetip parameters.
Figure 10 contains the results. All of the parameters are evaluated at the
sonic point. The results of the PANT program and Demetriades are shown to
indicate the conditions which produce transition on the nosetip. The data

points shown are the nosetip conditions which correspond to the threshold of

early frustum transition. Early frustum transition is defined as a deviation

AR

from the transition curve represented by the data of Region 2 of Figure 9.
Region 3 represents the early transition for the 30% blunt nosetip; and
although not shown on Figure 9, early transition with the 15% nosetip produced

another branch of the curve, nearly parallel to the 30% nosetip data. The

(YOS

'\-.' .\.' '-.1.};

points in Ficure 10 with an arrow indicate that the critical conditions were

not obtained, and the direction of the arrow indicates the direction to the
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P
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threshold condition. It was observed that the trend of the pcints followed
the same trend as the nosetip transition data. This was confirmed by shiftino
the nosetip transition curve down (to 40% of nosetip transition) to obtain the
dashed curve. It is seen that the dashed curve coincided with the data points
and provided a good representation of the critical nosetip conditions which
produced early frustum transition. Below the line is identified as "normal"
frustum transition; that is, transition corresponding to data of Region 2 of
Figure 9. Between the dashed curve and the nosetip transition curve, the
nosetip is still laminar and early frustum transition occurs. These
conditions are identified with the region where nosetip instabilities are
dominating frustum transition.

Figure 11 is an example of typical transition results when transition
occurs in Region 2 of Figure 9, referred to as "rormal" frustum transitior
(15% nosetip bluntness). The heat transfer rates increase rapidly from the
laminar rates and the transition location is easily determined, repeatable,
and predictable (for this wind tunnel). Figure 12 is an example of early
transition (30% nosetip bluntness), corresponding to Region 3 of Figure 9 and
the region above the dashed line in Figure 10 (the nosetip instability
dominated region). Transition onset is not always well-defined; there is
typically a long transition region; transition is generally asymmetric at
% 0°; and transition location is unpredictable. The data shown in Figure 8

is an example of this type of transition from another facility.

The close similarity of the model and test conditions of the Muir and
Trujillo experiments with these present experimentc provided for convenient
data comparisons and will be used to further discuss the influence of nnsetip
instabilities on frustum transition. Due to these similarities, Figure 10

should be directly applicable to the Muir and Trujillo data, and help explair

29

o+
' X4

l‘.
AR

N

=]
A
AN

2o
By

A

PN

,'.

v -
PRIN ]

.l.:"v"
. » o

« 9w

7

LU R AR
‘.'i\i(*
P,
I"i'-‘a"

’\
ATl

%Y

"/.'-.'. ¥
Cas Ny
» d R

P
& %
4

T
rﬁ
o )

!

»

R

a 1 v ¢ 8
AN
XX

R RA R
" ‘l LIRS
e .

A Ns
KAAAL,
ey
'I 'l “ -

1

R
R

s ¢ 5 8

4,4.-' DAY

‘e
&
A
K
.

¢

R N B T A R R T R D N R R S R S R NN L AR
Oy Y, (G Gt g G G A A SR GO



what otherwise might appear to be an inconsistency of the two sets of data.
Consider first the Muir and Trujillo results with the 32% blunt nosetip at

Re°° JFT = 17X106. Transition was first observed at a surface distance of

approximately 2.3 inches from the stagnation point (Rex %610,000) and in
~ T

about 3.6 seconds transition had moved completely off the model, resulting in
a completely laminar boundary layer (RexT>3.4X106). The FDL experiments with
a 30% blunt nosetip and similar free stream conditions, similar local flow
frustum conditions, and similar frustum wall temperatures, always had a
completely laminar boundary layer (RexT>2.9X106). In fact, with a “smooth”
nosetip, the freestream conditions had to be increased about 45% in order to
obtain transition on the frustum. In situations where the nosetip conditions
are believed to be important for frustum transition, the dimensions of the
nosetip become important. The Muir and Trujillo model was longer than the FOL
model; with a five-inch base diameter, compared to four inches for the FDL

model. Therefore, the 32% blunt nosetip (RN/RB) had a 0.8-inch radius,

compared to 0.5 inches of the FDL model. The calculated Ree at the sonic

point for the Muir and Trujillo model was 110. The nosetip roughness of the

mode] was not known to this author, so it was not possible to determine the
roughness parameter, (k/e)(Te/Tw)’ However, it appears 1ikely that this
condition corresponded to the edge of the nosetip instability dominated regiun
of Figure 10. The calculated Ree at the sonic point for the FDL model &t this
free stream condition was 95, faliing weil below the nosetip instability
region for a smooth nosetip. The addition of 45-50 u-inch roughness to the
FOL model ﬁosetip still resulted in a completely laminar boundary laver on the
frustum. However, the 90-100 u-inch roughness was sufficient to obtain
frustum transition at this freestream condition. For this condition the
roughness parameter was estimated to be 0.85, which corresponded to the edee

of the nosetip instabilfity dominated reaion.

30



Muir and Trujillo repeated the experiment at a free stream unit Reynolds
number of 23.6X106. For this condition, transition was initially at approx-
imately 2 inches from the stagnation point, about the same location as for the
lower Reynolds number condition. Transition again moved rearward with time,
but the movement was much slower than their previous case, and transition was
still on the frustum 10 seconds later. The corresponding FDL model, with a
"smooth" nosetip, was always laminar at this condition. However, if the
nosetip was not polished before each run, transition sometimes occurred. The
calculated Ree at the sonic point of the NOL model was 128, placing this
condition clearly into the nosetip instability dominated region even for a
smooth nosetip. Ree at the sonic point of the FDL model was 111; therefore,
with a "smooth" nosetip [(k/o) (Te/Tw)m 0.1] this condition was just below
the nosetip instability dominated region. With 45-50u-inch roughness on the
nosetip [(k/o) (Te/Tw)s 0.46] early frustum transition was initiated at this
freestream condition,

Therefore, on the basis of a comparison of ¢ -ustum conditions, the NOL
and FDL wind tunnel data do not seem compatible; whereas, with a comparison on
the basis of nosetip conditions and with consideration of the criteria for

nosetip instability dominated frustum transition, they are compatible.

5. TRANSITION MOVEMENT WITH TIME

An interesting characteristic of the nosetip instability dominated

- *
frustum transition was that generally the transition location was unsteady.

In a number of tests, transition location vs time data were obtained and the

* A number of checks on the steadiness of transition location when "norral"
frustum transition occurred found no evidence of unsteadiness.
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transition location was always found to move downstream with time, varying in
the amount of movement and the rapidity of movement. [t appeared as though
the greatest movement occurred with a choice of nosetip conditions correspond-
ing to a location near the threshold line identifying the nosetip ifnstability
dominated region. Moving further above the threshold 1ine produced slower
trancition movement and a more limited change. It was not possible to
investigate this aspect of transition more fully due to the limitations of the

operating conditions of the wind tunnel and the maximum nosetip size.

For one series of experiments with the 30% nosetip with 45-50 ,-inch
roughness, the roughness on the nosetip was polished off in front of one ray
of thermocouples. Some pits in the surface remained after the polishing, but
the surface was compatible to the nominal surface finish of most of the tests.
The test conditions were selected such that the nosetip parameters on the
rough sfde of the nosetip corresponded closely to the threshold line of Fiqure
10, and the "smooth" side of the nosetip was just below the line. The results
are shown in Figure 13. The heat transfer data shown with circles are for the
ray behind the polished portion of the nosetip and indicated a completely
laminar boundary layer. The data shown with squares are for the ray behind
the portion of the nosetip with 45-50 . -inch roughness and indicated earlv
transition. Referring back to Figure 9, the circle data points correspond to
the all laminar condition of Region 2. Transition location from the square
data points corresponds to the early transition of Region 3. These results,
as well as previously mentioned results, provide convincing evidence that in
some situations frustum transition is very sensitive to what is happeninrc on

the nosetip.
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Looking further at Figure 13 1t can be seen that the transition location was
unsteady on the side with early transition. * Refore 2.5 seconds had rlapsed,
both sides of the model had a completely laminar boundary layer.

The movement of transition location with time is not a new observation.

3]

The NACA/Lewis Laboratory transition reversal data are probably the most

well known results and this phenomenon was later observed by Muir and
Trujillola. It was felt to be of interest to relate these past transition
results to these present findings. The NACA wind tunnel experiments at M_ =
3.12 found that transition on a sphere cone-cylinder moved rearward with time.
These data were correlated on the basis of frustum surface temperature. An
estimate of the sonic point conditions for these experiments indicated that
the nosetip conditions were very close to the nosetip instability dominated
threshold line of Figure 10. This suggests the possibility that these
transition data were not really a transition reversal resulting from frustum
surface temperature changes, but may in fact have resulted from nosetip

instabilities. ** The Muir and Trujilla experiments 18

were very similar to
this present program. Their tests were conducted with an 8-degree half-angle
cone in the NOL hypersonic wind tunne'® at a freestream Mach number of 6. They
observed that for the 32% blunt nosetip, transition moved rearward with time,

similar to the NACA results.

Heat transfer rates were normally based upon the surface temperature
increase during a time interval of approximately § second. However, due to
the rapid changes in the heat transfer rates of these data, a time interval
of approximately 1/3 second was used. The time interval for each sequence
of data {s indicated. t=0 is the time when the mode! arrived at the tunnel
centerline,

** This comment applies only to the blunt confiquration. The transition
reversal results for a sharp cone are a separate consideration.
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They also correlated their data with frustum wall temperature. It was noted
that this phenomenon occurred only with the large nosetip bluntness and for
the sharper configurations, which were subjected to the same environment and

experienced similar increases in wall temperature, the transition location

remained unchanged with time. Calculations of the sonic point conditions for
the Muir and Trujillo data indicated that their reported transient transition
data fell near the nosetip instability dominated region of Figure 10. As with
the NACA results, it is suspected that the Muir and Trujillo data were
dominated by nosetip instabilities and were not affected by frustum wall

temperatures.

6. ADVERSE PRESSURE GRADIENT EFFECTS

Boundary layer transition data were obtained with the special model
designed to eliminate the adverse pressure gradient.

Figure 14 compares the measured model surface pressures with the design

TS T L VN YOYOY" N ¥ 5 J &5 O TS -

conditions. (RN = 0.2 inch). The adverse pressure gradient was eliminated and
much of the model (where transition occurred) had a zero pressure gradient.
Figure 15 compares boundary layer transition Reynolds numbers with

results from the sphere-cone configuration. Elimination of the adverse

o im me S YR G T aan S

pressure gradient did not produce larger transition Reynolds numbers; but

instead, significantly lower values were obtained. It appeared from these

results that the adverse pressure gradient played only 2 minor role and the
dominant effect was some upstream phenomena, perhaps related to the changes in
favorable pressure gradient. These findings have some similarity to previous
shock tube transition results. In Reference 10 it was found that transition

on a hemisphere configuration first occured near the sonic point.

34
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The supersonic portion of the hemisphere always had a laminar boundary layer
until transition occurred near the sonic point; at which time the entire
supersonic region would experience transition, as if the boundary layer had
been tripped. This result suggested that higher transition Reynolds numbers
downstream of the sonic point might be obtained on a different configuration,
such as ellipse, which had the sonic point located closer to the stagnation
point. Such a configuration would have a Tower Reynolds number at the sonic
point than a corresponding hemisphere at the same freestream conditions and
perhaps delay the “tripping" of the supersonic boundary layer. Contrary to

the above reasoning, transition occurred at a lower Reynolds number in the

supersonic boundary layer of the ellipse than on the corresponding hemisphere.

Both the ellipse and hemisphere had cylindrical aft-bodies. When transition
occurred on the cylindrical portion of both configurations it was happening
within a zero pressure gradient. The cylinder preceded by an ellipse always
had a lower transition Reynolds number thanr the cylinder preceded by a
hemisphere. These results indicate that the boundary layer history in the
nosetip region effects boundary layer transition for a considerable distance
downstream.

At this time one can only speculate as to the dominant effect producing
these shock tube and wind tunnel transition results; however, it appears that
the body curvature (or pressure gradient) in the nosetip region produces a
major effect and not the pressure gradient or the aft-body. There are several
documented cases of a strong favorable pressure gradient producing some
relaminarization of a turbulent boundary layer (first reported by Sternberg3?)
indicating that a favorable pressure gradient can exert considerable contro)l

over the state of the boundary layer. In the process of eliminating the

adverse pressure gradient, the upstream favorable pressure gradient became
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less than that of a sphere-cone. With the acceptance of the dominant role of
the favorable pressure gradient and the ability of a strong gradient to
relaminarize a boundary layer, it would seem reasonable that reduction of the
gradient would work in the opposite direction and result in earlier trans-
ition.

The early frustum transition results shown in Figure 15 (the branch of
the cata curve parallel to Region 3 of the sphere-cone data, which show a
sharp reduction in Rexr) suggests that the flow downstream of the sonic point
is also very important in the establishment of the threshold conditions for
early frustum transition. This special model had a spherical nosetip (0.2
inch radius) which extended beyond the sonic point. Therefore, the subsonic
flow and the sonic point conditions for this nosetip were similar to those
for the sphere-cone configuration with 10% bluntness. The early frustum
transition situation with the 10% blunt sphere-cone was never obtained for the
conditions of this experiment, yet the threshold conditions for the special
model were easily obtained, even with a smooth nosetip. It appears that the
history of the flow downstream of the sonic point is important in regards to
the early frustum transition condition. This would imply that the results of
Figure 10 are restricted to an B8-degree, sphere-cone configuration at M_ =5.9;
however, the general phenomena of early frustum transition is one which would

be expected to exist for other configurations and other flow conditions.
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1.

SECTION 1V
CONCLUSIONS

A comparison of nosetip bluntness effects on frustum transition in three
facilities (two wind tunnels and a shock tunnel) produced the same
blunting features and trends, indicating the results were not unique to

the facility being used.

The rearward displacement of transition on the cone frustum due to nosetip
bluntness was found to be quite sensitive to freestream Mach number as
well as to bluntness. At M, = 9.3 transition was displaced rearward up to

nine times the transition length for a sharp cone.

Frustum transition Reynolds numbers had large variations within the
entropy-layer-swallowing region; in some cases being larger than those of
a sharp cone, and in other situations being very small, of the order of

transitfon Reynolds numbers on a nosetip.

Maximum transition location displacement, relative to a sharp cone,
occurred in situations where the transition Reynolds numbers were consi-
derably less than a sharp cone. The unit Reynolds number reduction was

large and was the dominant effect.

Several nosetip blunting effects appeared to compete for the dominant role
when transition occurred in the entropy-layer-swallowing region, and the

large changes in transition Reynolds number were believed to be associated
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with the shifting of dominant roles. Dominant nosetip blunting effects on
frustum transition were tentatively identified with three regions of the
entropy layer: (a) When transition occurred at location where the entropy
layer was nearly swallowed (XT/XSw ~ 1), the nosetip apparently had a
stabilizing effect upon the boundary layer since transition Reynolds
numbers greater than those of a sharp cone were obtained. (b) Further
forward in the entropy layer (XT/XSN ~ 0.1), it appeared that more than
one effect was important. Some unidentified effect was dominant,
producing transition Reynolds numbers less than those of a sharp cone. To
a lesser degree, the favorable pressure gradient generated by the nosetip
was significant. Some variations in the magnitude of ReXT could be
related to the strength of the favorable pressure gradient. (c) In the
early portion of the entropy-layer-swallowing region (XT/XSu < .03),
frustum transiticnr was dominated by the nosetip flow and surface
conditions. Low transition Reynolds numbers were obtained in spite of the
erxistence of a favorable pressure gradient. There were several
characteristics of transition in this region which were different from the
other two regions.

The adverse pressure agradient on a sphere-cone configuration is nct

believed to play a dominant role in frustum transition.

The threshold conditions which produce early frustum transition are
believed to be determined by the combination of the nosetip conditions and

the favorable pressure gradient,

The downstream movcment of frustum transition location with time was
believed to be controlled by the nosetip region ard not by chanaes in the

frustum surface temperature.
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SECTION I
INTRODUCTION

Intuition derived frem boundary-layer transition results at zero argle of
attack is not very helpful in predicting the transition trends on a sharp cone
at angle of attack. The effect of angle of attack is to increase the local
Reynolds number and decrease the 1ncal Mach number on the windward ray. One
might logically assume that transition would then move forward on the windward
ray with increases in angle of attack. Cn the leeward ray the local Reynolds
number decreases arc the local Mach number increases. Based upon results
obtained at zero angle of attack, it might be expected that transition would
move rearward on the leeward ray with increases in ang]e.of attack. In
reality, just the opposite of these trends occur. Transition experimentsl'9
with a sharp cone have consistently found a rearward movement of transitior on
the windward ray and an fdrward movement on the leeward ray. These trends are
also supported by boundary-layer stability theory. Moore's10 results show
that the boundary-layer profiles assume a more stable shape on the windward
side and a more unstable shape on the leeward side.

Hypersonic nosetip bluntness 1nvestigation56'9

have demonstrated the
strong influence of the nosetip on the location of frustrum transition. A
question which has received little consideration is the effect of nusetip

shape on frustrum transition, Historically laboratory. experiments have been
performé& with conical frustrums and spherically blunt nosetips. Nonspherical
nosetips have important applications, for example, for hypersonic re-entrv
vehicles. The nosetip of such a vehicle would normally be expected to experience

ablation under laminar boundary-layer hcating conditions, and obtain a nonspher-

ical configuratior, before transition occurs on the frustum. The effect of
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this nosetip configuration change on frustum transition location and transi-
tion asymmetries is not known. A brief look at this problem was made by
‘ ';“ cbnducting transition experiments with a nosetip configuration which simulated
| ' a spherical nosetip which had experienced laminar ablation. The configuration
selected was not meant to simulate any particular set of flight and nosetip
| ‘ | material conditions, but only to be representative of the class of config-

urations resulting from laminar ablation.

The literature contains only limited data on the effects of angle of
~attack on boundary-layer transition. Most of the available results are for a
sharp cone and usually contain only data on the windward and leeward rays.
The data base is inadequate to confidently model the circumferentfal tranci-
tion pattern on a blunt cone at angle of attack. The primary objective of the
present program was to measure the asymmetric transiticn patterns which
developed on sharp and blunt cones at small angles of attack. A1l results

were cbtained on an 8-deg half-angle cone at a freestream Mach number of 5.9.
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SECTION 11
EXPERIMENTAL APPARATUS AND PROCEDURES

\The experiments were conducted in the FDL Mach 6 wind tunnel. This
'tunnel is blowdown facility operating at a reservuir temperature of 1100 R and
a reservoir pressure range of 700 to 2100 psia, corresponding to a Reynolds
‘rumber per fbot range of 9.7 to 30.3X106. The test core of approximately 10
‘in. is produced by a contoured axisymmetric nozzle with a physical exit
diameter of 12.3 in. Additional details of the tunnel can be found in Ref.
11. The test model was a thin-skin (nominally 0.025 in.), 8-deg half-angle
cone containing two rays of thermocouples. The base diameter of the model was
4 in, and the model had, in addition to a sharp tip, spherically blunt
nosetips with the following bluntness ratios: RN/RB=0'02’ 6.05, 0.10, and
0.15. The dimensions of the three nosetips utilized in the simulated laminar
ablated nosetip experiments are given in Fig. 1* and are designated as 5%L,
10%L ,and 15%L. These nosetips correspond to 5%, 10% and 15% spherically blunt
nosetips.which have experienced laminar ablation. Nominal model surface
finish was 15 u in. and the blunt nosetips were polished before each run, The
model was cooled between runs so that the model surface temperature would
always be the same at the start of each run (approximately 540 R). The
locatinn of boundary layer transition was obtained from heat transfer
measurements. Heat transfer rates were calculated from the increase in the
surfaée temperatﬁre of the model, during a time interval of 0.5 seconds, after
the model arrived at the tunnel centerline. Tw/Tn was generally in the range

of 0.52-0.58.

* Figures for Part Il are located on Page 73 thru 98,
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For this series of experiments the model had two rays of thermocouples
and circumferential patterns were obtained by rolling the model and making
repeat runs. Test conditions could be duplicated very closely and the transi-
tiqn location for a given situation could be closely reproduced, as evidenced

- by the close agreement of many repeat runs. Transition patterns were obtained

by making a composite picture from the results of several runs.

Sharp cone transition data were compared with the correlation of Pate.12

Pate made an extensive study of the relationship between wind tunnel

freestream disturbances and boundary-layer transition and developed a method
? to predict boundary-layer transition in wind tunnels with Mach number, unit
Reynolds number, and tunne! size as parameters. Figure 2 indicates Pate's
predictions for the end of boundary-layer transition on sharp cones at zero
angle of attack in small-size wind tunnels. The exce11eht agreement of these
present transition data with the resu]ts of Pate indicated that boundary-layer
transition in the FDL tunnel is influenced by aerodynamic noise in a predict-
able marner, similar to the 17 wind tunnels considered by Pate. Furthermore,
-since the occurrence of transition on a wind tunnel model is the result of the

combined effect of all disturbances parameters, such as freestream distur-

bances, model surface roughness, model vibration, flow angularity, etc,; the
fact that transition Reynolds numbers were found to be the same in several
wind tunnels would infer a similarity in the influence of the combined effect
of_disturbancg parameters on boundary-layer transition., Additional details of
transition. comparisons with other facilities and transition results obtained

in the FOL M=6 wind tunnel can be found in Ref.9.
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SECTION TII
RESULTS

Z‘A good starting point is to compare these new angle-of-attack transition
 ‘data with other available data. This is done for the windward and leeward
meridians of a sharp cone, since this is the situation where the largest

_ va?iety of data exists. This comparison is made in Figure 3. Additional data
are available; however, the five references selected were believed to be a
good cross section of available data, containing results from different
facilities, and for a variety of cone angles and flow Mach numbers. The
general trend of a rearward movement of transition on the windward ray and a
forward movement on the leeward ray is found for all of these data. However,
significant differences in the magnitude of this displacement are found.

There does not appear to be sufficient data available to distinguish any
trends associated with cone angle, Mach number, type of facility, or
measurement technique. This is not meant to imply that such trends do not
exist, only that at present there is insufficient data to make such as
e;aluation. Therefore the "correct” magnitude of transition displacement with
angle of attack is unknown. These present results are helieved to be
compatible with previous results; however, the author is unable to explain or

predict the magnitude of displacement for either the new or old data.

- Figure 4 presents results of local Reynolds number calculations for a
sharp, 8-deg half-angle cone at angle of attack using a boundary-layer code

.13

developed by Hecht et a which is based upon integral solutions of the

boundary-layer equations. Also shown are the locations of transition obtained

from these experiments. Comparison of the experimental transition locations
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with the calculated Reynolds numbers provide local transition Reynolds number.
The local transition Reynolds number increased on the windward ray and de-

creased on the leeward ray as the angle of attack was increased.

| Figure 5 illustrates the transition movement on the windward and leeward
rays of sharp and blunt 8-deg half-anale cones. The transition distance (XT)

is normalized by the transition distance on the sharp core at a=0 deg[(xT )m=0

varies with unit Reynolds number]. The 15% blunt nosetip was tested at a
slightly larger unit Reynolds number than the other blunt configurations to
keep transition from moving off the end of the model at o = 2 deg. The sharp
cone transition trends were consistent with expected results, as noted
earlier. The blunt configurations, however, have trends which are somewhat
‘different from those of Ref. 7. These differences relate to the windward ray
| at small angles of attack. Refeence 7 had the maximum rearward displacement
at « = 0 deg and a forward movement with angie of attack. The present data
consistently had a rearward movement initially, as for the sharp cone, and
then a forward movement at larger angles of attack. The reason for these
d%fferences is not known. Intuitively it would seem reasonable that the blunt
cone boundarv-layer profiles might assume a more stable shape with angle of
attack, analogous to the sharp cone, and therefore cause transition to move
rearward on the windward ray. Transition would not continue to move rearward,
as for the sharp cone, since the effect nf bluntness diminishes with angle of
attack. It would be expected that the curves would turn and approach the
sharp cone curve. At some larger angle of attack all of the curves should

merge into single curve.
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ﬁ}gure 6 presents the transitior patterns obtained for the sharp cone at
a=0.5, 1, 1.5, 2, 3, and 4 deg and Re_/ft=9.7x10°. ¢=0 deg is the windward
meridian and ¢=180 deg is the leeward meridian. The shaded area represents
the transition regfon, with curve B indicating the beginning of transition and
- curve E the end of transition. The beginning and end of transition at a=0 deg
is shown for reference. For a=2 and 4-deq calculated values of lecal Re, are
given. These local Reyno]dé numbers at angle of attack were obtained from the
boundary—layer code of Ref.13. The patterns do not change significantly with
increases in angle of attack. The main effect of increasing angle of attack
was a continuing rearward disp1acemeﬁt on the windward side and a forward

displacement on the leeward side until a 1imiting displacement was obtained.

The data of Figure 6 have been used to show the beginning of transition
in a nondimensionalized format in Figure 7. Angle-of-attack data are often
presented in a nondimensionalized format such as this with the implication
that the results represent universal curves. No such inference is made here
since the possible influence of parameters such as Mach number, cone angle,
surface roughness, wall temperature, and facility characteristics can not

presently be evaluated.

Figure 8 presents the transition patterns obtained with the 5% spherical-
ly blunt nosetip (RN/RB=0.05) at ¢=0.5, 1,1.5, 2, and 4 deg and Re_/FT=
19.4X106. The format of presentation is similar to that of Figure 6. The
shape of the transition regions differ from those found with the sharp tip in
that most of the transition asymmetry occurs between ¢=60 and 120 deg. There
was 1ittle change on the windward side between o= 0.5 and 1.5, whercas the

leeward transition front steadily moved forwara.
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Figure 9 presents the beginning of transition for the 5% blunt nosetip in
~ a nondimensionalized form, similar to Figure 7. These results have many simi-
larities with those features found for the sharp tip, with basic differences
beingha limited rearward movement of transition on the windward side, a
Qﬁaller overall circumferential variation in the transition pattern, and most
'of the circumferential variation occurring between ¢=60 and 120 deg. Note
that:the magnitude of the transition asymmetry (displacement between¢ =0 and
180 deg) is not changing greatly for 0.25<u/6c<0.50 since the windward ray

change is similar to the leeward ray.

Continuing ir the same format, Figure 10 presents the transition patterns
obtained with the 10% spherically blunt nosetip (RN/RB=0.]0) at

0=0.5,1,1.5,2 and 4 deg and Re_/ft=19.4x10°

. The patterns were found to be
similar to those obtained with the 5% blunt nosetip. Transition on the
windward ray at a=2 deg was displaced more than 2 in. farther downstream than
the location obtained with the 5% blunt nosetip, yet the local transition
Reynolds number was approximately 800 in both cases. Similarly, at a=4 deg,
thé'transition Reynolds numbers were about the same on the windward ray for

both the 5 and 10% blunt nosetips even through the transition locations were

significantly different,.
The beqginnirg of transition for the cone with 10% nosetip bluntness is

presented ir nondimensionalized form in Figure 11. The trends were found to

be similar to those of the cone with 5% nosetip bluntness.
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Fidgure 12 compares transition location on the windward and leeward
meridians obtained with the three simulated laminar ablated nosetips with
the corresponding data for spherically blunt nosetips (spherically blunt
nosetip data from Figure 5). Most of the data from the simulated Taminar
- ablated nosetip can be explained in terms of additioral blunting of the
ndsetips. That is, the results are representative of what would be expected
with a slightly larger spherical nosetip. An exception occurs on the
‘windward meridian of the 10%L and 15%L nosetips at angles of attack of 4 deg
and larger. In this situation transition occurred somewhat earlier on the

frustum than was found with the corresponding spherically blunt nosetips.

Figure 13 shows the transition pattern obtained with the 10%L nosetip at
«=2 deg and Reb/ft=19.4X106. The dotted curves are the corresponding tran-
sition results obtained with a spherically blunt nosetip at these conditions
(spherically blunt data from Figure 10d). The pattern was similar to that
obtained with the 10% spherically blunt nosetip, with only small differences

in the magnitude of transition displacement.
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SECTION 1V
CONCLUSIONS

Fp]1ow1ng are the major conclusions obtained from this investigation.

1) The present data are consistent with other angle of attack trans{tion
-invéstigations in that the general trend of sharp cone transition movement
with ‘angle of attack was a rearward movement 2¢ transitian on the windward ray
@nd>a forward movement on the leeward ray.

2) Transition location was sensitive o small changes in angle of attack
for both sharp and blunt-tipped con®igurations. Small angles of attack were
found to produce large asymmetries in the frustum transition pattern.

3) Most of the frustum transition asymmetry for blunt nosetips occurred
between ¢ =60 and 120 degq. )

4) Data obtained with simulated laminar ablated nosetips were generally
representative of what would be expected with a larger spherically blunt

nosetip.

70



REFERENCES

DiCristina, V., "Three Dimensional Laminar Boundary Transition on a
| Sharp 8 deg Cone at Mach 10," AIAA Journal, Vol 8, May 1970, pp.
852-856.
Ward, L.K., "Influence of Boundaryv (ayer Transition on Dynamic
Stability at Hypersonic Speeds."” Transactions of the Second Technical
Workshop on Dynamic Stability Testing, Vol. II, AEDC, April 1965.
llolden, M.S., "Studies of the Effects of Transitional and Turbulent
Boundary Layers on the Aerodynamic Performance of Hypersonic Re-entry
Vehicles in High Reynolds Mumber Flows," AFOSR-TR-79-0125, Dec 1978.
Krogmann, P., "An Experimental Study of Boundafy Layer Transition on a
Slender Cone at Mach 5," AGARD Symposium on Laminar Turbulent
Transition, Technical University of Denmark, Copenhégen, Denmark, May
1977.
Mateer, G.C., "Effects of Wall Cooling and Angle of Attack on
Boundary Layer Transition on Sharp Cones at M_=7.4," NACA TN
D;6908, Aug. 1972,
Muir, J.F. and Trujillo, A.A., "Experimental Investigation of the
Effects of Nose Bluntness, Free-Stream Unit Reynolds Number, and
Angle of Attack on Cone Boundary Layer Transition at a Mach Number of
€," AlAA Paper 72-216, Jan.1972.
Stetson,_K.F. and Rushton, G.H., "Shock Tunnel Investigation of
Boundary Layer Transition at M=5.,5," AIAA Journal, Vol. 5, May 1967,
pp.899-906.
Stetson, K.F., "Effect of Bluntness and Angle df Attack on Boundary
Layer Transition on Cones and Biconic Configurations," AIAA Paper

79-0269, Jan.1979.

71



10.

110

12.

13.

...............................

Stetson, K.F., "Hypersonic Boundary Layer Transition Experiments,”
AFWAL-TR-80-3062. Oct 1980.

Moore, F.K., "Laminar Boundary Layer on a Circular Cone in
Supersonic Flow at Small Angle of Attack," NACA TN 2521, Oct 1951.
Fiore, A.N. and Law, C.H., "Aerodynamic Calibrations of the
Aerospace Research Laboratories M=6 High Reynolds Number Facility,"
ARL-TR-75-0028, Feb 1975.

Pate, S.R., "Dominance of Radiated Aerodynamic Noise on Boundary
Layer Transition in Supersonic Hypersonic Wind Tunnels, Theory and
Application,” AEDC-TR-77-107, March 1978.

Hecht, A.M. and Nestle,r D.E., "A Three-Dimensional Boundary Layer
Computer Program for Sphere-Cone Type Reentry Vehicles," Vol.1,
Engineering Analysis and Code Description,” AFFDL-TR-78-67, June
1978.

72



suoravandijuod dY39SON paivIqy rrujue polevnuly |
goL-|ocy [62L [6L2 |1%S!
Zii-loge | 980° | 9vL” [1%01L
960" |oviL | evo [ €20 [1%S
KB A | X

*Otd

73




.‘"

- T,

R Tl LA T A R WA TP Il e it Tl S e Ao b S h

I T TN T W T T VYT YUY TR LTYY

Ly
“(wvlifsura] jo pua oyl sy oY) slduuny purM azis [leus 103

uogpirsura] atHn daeys uo laquny sp[ousay 1u) pue laquny yoepy jo 3233317 ¢ 9Id

NI/ %oy

JOLX2Z o't L°0

™ r—Tr T m —«-T<< T ¥ F

9="W a4 e
2, 31vd —

9y

1

1

1

dd 1 1

Ot X 001




SHARP CONE
l CURVE source |e. |M.| FaciiTy | TECHNIOUE
- 1
| 1 DICRISTINAT 8° | 10 lwino TUNNEL sg:z?“w
‘, =1 T SHADOW ]
‘ 2 WARD 10°] 5 |WIND TUNNEL ssmm
0 SHOCK A ANSFER
3 HOLDEN | 6" |13.3] y NNEL SCHLIEREN
' o LUDWIEG |[SURFACE HEAT
4 | KROGMANN | 5§ 5 TUBE
5 STETSON | gol¢ & SHOCK [SURFACE HEAT
RUSHTON . TUNNEL TRANSFER
° PRESENT o SURFACE HEAT
e DATA 8° | 5.9 | WIND TUNNEL|®" o ANSFER
Xy
(ka=oo
@ 1-6-1"
[ )
® °
©) .24
Lﬁ Z — = : — - %0,
6@ . 2 N 2 4 6
.8+
. 41 \\ (5
1 SIS @
0O
WINDWARD ol LEEWARD
Fite, 3 Comnaricon of the Movement ot Jransition on a Sharp
Coaeoat o Ansle ot Attact.,




FoPIIY JO 3[Ruy v duon
JIPLS B 10 SUOTIP[NO[R) 1aquny SPTOUAdY (eSO w 914

4

("NI) X
1 4 43 ol 8 o

(M)_¥(M),Z o9

AV Mm3a3l) »
21 | AvY auvmaz) » 009
(]
X o0 o
o °z oy
v
L01X9t (AVY GUVMONIM), 008
p
NOLLISNVYL @
LOLXL B2 Ldte gy (AVY QHYM33T) om 0001
8= °0 + .0
(X Fiad ] « oZ
INOD dUVHS (AVY GHVMONIM) ¥ oozt




EX X R ~ il o .Ic - o Jn \_ - O e i p o P N A Jw‘l P . .\..pﬁ\.\,\.. . PR s
A p, , - A e e - WNEEXXEA N 7 r LAY N
~!\ r&m\u .“'\l‘ \ . -fl‘f d \.- - -.b-a‘ .f-l* — b.I \..V Ld ﬂ\‘lv . -‘..J;.)-. \‘M‘u\.wﬂ . .-a .-1 -f o’h’h : 55! -R-iln!Ilh wwl*.. ) P n\.!. w ." \J& »% -o.u.“W\ ' -fb i\f —f. ...s. *'a N

.
~
SN
LN
oY

Se W N
‘:\.': "\.

A v g
N

NAPTIV 10 AT3UY YITM JUSUAAOK uotrjisuevay ¢ ‘914

b
At

(TN EER] 0/ QHVMANIM

NS

)

. "..‘.- -“_.' o te Tt ". * o X -.. -
LI I AN G W S ALY

o'l TN 0s’ ST’ 0 §¢’ 0§’ Sl° o'l

/
/'/
o

./.
\l.

9OLX8'PZ  SI°
gOLX¥'6L  OF
90LX¥'6L SO
9O0LXP'6L  ZTO
gOLXL'6

o
14y ®ufNy

.80
Sz "N

ovBo <
-
»
$
®
l'
¢
\

4
>
|
«
\
L
\
0
S AT s

o .d'.: ERE 5

"
ALl

f~l~l.. .'.\ .'\




SHARP CONE
oc=1/2°

-

WAV P A Pl N W T, S S e e T e e N ™ et et
hfbwu.«d«ct-t«‘aa{:-:-.e..-:\ﬁ.f\-ht-.t-.-:s{c_..-_-.i\-:-.-_\

-

ole .,

- "9 "

120

60 80 100
® (DEG.)
Transition Parttern on

40

Cone ,

a Shar;

6h.y

FlcG.




!

180

< %~

SHARP CONE
oO
160

4

1

R T e I L A S PR SIS L
kA.'.r.M\'_\l_'-':‘f-'-(.("o .'0’.'! S A RS AL VAU

140

R

120
CR
oy
VA A
5'5'5’

100
¢ (DEG.)
B

oh

Y

Yo
A,

F XA
"

hA A Tl

Flu
s
"-‘o

80

e

60
Lok
ASAY

2

L LN IS

40
TR
AR
AR

20

12
10

.’0.'- -’ c:"




o

PP

os!t

o9l

ori

Sy

oct

('93Q)
00}

u

o8

oC/b1z )0

INOD JdUVHS

09

ov

0c

0] ¢

ct

vi

~

P PYPRY -\';'-._ .o -.A'p.;'-

KA ]
At

e e

«*
La

SRR SR

. -
-t a. a®a

PN

h

-
L
3
.




pEp A A ; onl  TTAINK A BT N DR AN AANARD
-~ T a » TN e e - LA ' O] - PR 4 4 e o . (A . - <
el B ...n.n...., % .Wun-.... SORS RASELS .J : ......q... hJ | AR 3 RN DOAADIYY (ot 1 7 mm
-’ LS b ! a he ° g n-.\a.-tk-’ ' Il. e / ..\-\.\o\-\ ¢ .-1"»’-‘4-’-'- by .bv-‘.-!ofo*l - vt Jn’-» [N S Y g (el 2a )

('930) 0

-
atta N N

- |.
ALY

Cu
ARV PY

< Lo
AT AN

“VVI-'JQ'-'-‘.
A AP

NS

“
"nd

JRASILNUE A S G
2a ‘afe a¥ad

K

P,

. LN LA
i alelatar.

R ...-‘_..
L alalans

at e

e AT
. e

c el
tata

- - -« - . LI -
SRR NN

ke



T TS W

‘3ag (= 99 "914

oti

('930) ¢
00l

o8

09

0 €20
INOD dUVHS

ov

oc

ot

(4

1 4

...'..\,. 5

L] .'f~""l'



180

160
%)

o= 4°

SHARP CONE




OCLERE N 150007

auo) duae
10 Nov 4 e e
} XoEIV g0 a1duy yitm A1ldwwisy uoyltsueayl g 014 :

°0/0

0081
00S1i

oONP 4

006

009
8

do°1 :

T 8270
Rty r 4 ¢ [
ANOD dHVHS .,.....

vl

°
e 0O




Jﬁﬂ A»‘: .4 . .A -... v-...\\.... . .....
“,u\\\\\»_\\\s\\ _ac:a.v: ?}J;vav h.n;:::.,:fz::n:.rsfvvve
SN AR | (MVAONCL ) | RS [XXARAAY  SRRRRR R |

Uuﬁ.n.ﬂrw tﬁ%ﬁul
......r AN .f.. e ree ¢ -\

P fal e s,

ul,
N

W

“~

CAT) '.-
N

A N

(.
3 I )

cda( Cty = o *ssauluniyg

TUIemlL o) U b Ue ud 3 ivg UoTlrsurar vy ol

('93Q) 0

osL 09! orL 021t O0I 08 09 ov e 14 o
1

. g

o

N e
P IE
NASYLWAITAY o N

N

h
. -
>
o
~

o/
SS3INLNNTE %S

1 4




e Aa St e S 0t Ath Al 2t na Slha S febe S dre B R Sn B 20 B

o8iL 09! ud o
1

o¢ZL 00l 08 09 oy 0¢ 0

o— s o
S$S3INLNNTIE %S

1 4




SRR LA S S SA RS

o8k 091F OVl

ocli

EAY SACENTREN

(‘930) o
00!l

08

09

oy

(04

,Z/he=>
SSINLNNIE %S

ol

4

1 4

T G




£

8d

FI16.

.‘
] . “‘I-‘!J\)v"u\.ﬁ AR RE YL WETORPYRPUL I WA WL R WA S



008 44
¥ T 0 ®ou
SSINLNNTE %S "




5S3UjuUN[g d13IISON %G
103 jdelly jo a18uy yipm Ki1lawmdsy uoylfsuell ¢ ‘914

°Q/
‘o 'o Qo 8 “o Po °
1\0
-
. 081
,0S1
'.
,0T!
..
.08 0= LX) ¢
1x
.
09 |
o¢
o o ¥
Onwu"OAv OAV .llllllllllllllllllllllr
6°S =*W
SSINLNNTE %S ’ Tl

| A




o wm

‘830 ¢'0 = © ‘ssaujunyg
Q«MNOOZ 20T Y3TAm 3U0D ° U0 u1alleg UOJIFSURI] eBOT °9H14

('93q) ¢

o8l 09! ovL OTL 001 08 09 oy 0¢ 0o 0
1

ot

R 748 =)o
SS3INLNNTIE %01

1 42

Y

)

v % 1N

TR0

T

3]

L P WA LW RTR I TR INTAT BT T T T %

-

v
&
a
®
L]






]

100 120 140 160 180

80

40

20

® (DEG.)

T+ = 1.5 Deg.

10c

FIC.




‘8330 7 = v pOl ‘914

('o3a) ¢

0oL OvL OTL 001 08 09 oy
1




R T TR R T B e N, U B S et B BXR] | TBLAii | | GREGA
St O IR M.Aunhtf#..z RL T A7 Al sNM EREIE a..a..r”..a\d..s. XA .-«HH.' ”.. e ..a-..wuvov. ?
e e - Bkt i | (RRREPEE  mannsdy ! CRARKRARY [SACERET | | NSV | ATV,

‘8aq v = 201 °"91d

("930) &
o8t O09F O¥L o0OC2F¢ 00! 08 09 ov (¢4 0

o
el

s
Wty

"-°-\‘_-r -"..‘-

SN

~

2)

95

("NI)

AR

LT
3 . 3PS .‘

»

ot

LaTaTataly

-

cl

I

/
f SIRLY,

L4

Aoy

> =50 008
SSINLNNTE %01 O, vi

‘b'r ’3”,(’“,‘.

»




L 9

dinhedededobedhindiat Aok dhc da S 7o _di _t2 220" 73 /0 of ¢ Al oh S T4 P AL SRR hh Vag

ssoulun|y
d133soN 70 49§ Aowdly jo ARUY 4Im Ladawwhsy wopIpsurs 1] o914

°0/ 50
g v e

(2 L 0

.08 .08}
0%}

.06

SS3INLNNTE %01

PREA - | YARAP

/

e

ﬁ.
’,
Pd

?
’

o
I's




1.0

SPHERICAL
78

— NOSETIPS
LEEWARD

.50

.25 .25
/0.

.50

Transition Movement with Angle of Attack for Simulated

Laminar Ablated Nosetips.
‘rle
o

WINDWARD

.78
1
Y




11.’ * - \\v‘
Y o a f.fo fm- m\f\r <
LR LMY Prfl_f .s.\

*830 2 = » ‘d]19SON PaIv|qYy

:
w 1eUlwe] paleinuIs yor e yirm auo) e 40} uaalled uvoryfsuvl] ¢ "Hl4

] ('93Q) ¢ .

m O8L 0L O¥L o0ZL o001 08 09 oy 14 0

io

’

‘2

»

)

.

i

z s

.

tb

2

v 5

”..

@ cscccccccccccccecnee,, y
g %o, $
[ J .-..

&

’

("N1) %

748.06)1/60714
«f g

PAAIA

e HJ

o2 Y
‘HdS%O0L cceeo
%0 B ©

ol
»> "2 0

RO
o

»?

1 4

cp e
A

U S Government Br.ating Otfice 1987
-~
~ s

I«;.m




DISCLAIMER NOTICE

" THIS DOCUMENT IS BEST QUALITY

. PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



