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Abstract

The effects of nosetip bluntness on cone
frustum boundary layer transition were invest-
igated by conducting hypersonic wind tunnel
experiments., Frustum transition Reynolds numbers
were found to have large variations within the
entropy layer swallowing region. The results from
this investigation indicated that several nosetip
blunting effects were competing for the dominant
role in the frustum transition process and it was
speculated that the large variations in tramsition
Reynolds number were associated with the shifting
of dominant roles. Based upon these studies,
dominant nosetip blunting effects are tentatively
identified with three regions of the entropy layer.
(1) When transition occurred at locations where the
entropy layer was nearly swallowed ( /xst 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. (2) Further forward in the entropy layer
(X./X W 0.1), it appeared that more than one
ef ecg 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 Rey. could be related to the
strength of the favorable pressure gradient. (3) In
the early portion of the entropy layer swallowing
region ( /XS <.03) frustum transition was
dominated by yhe nosetip flow and surface condit-
fons. Low transition Reynolds numbers were obtain-
ed in spite of the existence of a favorable
pressure gradient. There were several character-
istics of tramsition in this region which were
different from the other two regions. Data are
presented to illustrate the transition features of
each of the three regions.
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Nomenclature

Local heat transfer coefficient
(recovery tempergture of 0.9 T
assumed) (Btu/ft” - sec®R) o
Roughness height (inches)

Mach number

Surface pressure (psia)

Heat transfer rate (used in
nondimensional ratio,d/dST)
Radius (inches)
Reynolds number
Transition Reynolds number based upon
conditions at the edge of the boundary
layer and surface distance from the
sharp tip or stagnation point to the
location of transition

Reynolds number based upon conditioms
at the edge of the boundary layer and
the laminar boundary layer momentum
thickness

Time (sec)

Temperature (°R)

Surface distance (inches)

Entropy layer swallowing distance

(see Figure 3) (inches)

Surface distance from the sharp tip or
stagnation point to the onset of tran-
sition (inches)

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)

Base or blumt

Edge of boundary layer
Nose

Reservoir

Sharp

Model ntagnation point
Wall

Free stream



1.0 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 thbility and trgnsition phenomena
(e.g., Morkovin "“’~ and Reshotko ). The
importance of knowing the body location 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 investigat-
ions over the past years, boundary layer transition
prediction remains an area of considerable uncertain-
ty tg vehicle designers. In a recent survey paper,
Pate” 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 capability 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 exper-
imental 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 garly blunting studies
were initiated (e.g., Brinich and Moeckel'),
it was assumed that the frustum transition Reynolds
number remained unchanged as a result of nosetip
bluntness and that the 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
influence the local flow conditions for large
distances downstream on the frustum. Within this
region where the entropy layer is being consumed by
the boundary layer the boundary layer edge condi-
tions reflect the lower Mach numbers and lower
unit Reynolds numbers of the fluid which has gone
through the strong portion of the bow shock. Since
the total pressure losses through a normal shock
increase rapidly with increasing free stream Mach
number, the Reynolds number reduction for a given
configuration is strongly dependent upon frge9
stream Mach number. Experiments by Stetson'’
have shown that the maximum 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
transition Reynolds numbers were approximately the
same in both cases). Reynolds number reduction
information is extremely important in the inter-
pretation of nosetip bluntness effects on frustum
transition; however, this is not the major issue
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

" Henderson "),

boundary layer stability and transition on the
frustum.

In retrospect it may be said that the early
assumption that the local transition Reynolds
number was constant along a cone with nosetip
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 magni-
tude. 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) aTﬂ 300 (based
on mementum thicknesslz(e.g., Stetson”, Ander-
son” and Demetriades “). Based upon the Mach
number independence principle, it would be expected
that transition on such configurations would be
essentially independent of free stream Mach number.
However, on the frustum of a slender, blunt cone,
where the entropy layer produced by the bluat
nosetip has been mostly swallowed by the boundary
layer, significantly larger transition Reynolds
numbers have been observed, with the magnitude
beigg Mach number depigdent (e.g., Berkowitz, et
al™™, Wright and Zoby = and Maddalon and
Local Reynolds numbegs, based on
surface distance, exceeding 50 X 10  have been
obtained. However, this information did not
provide much guidance in regard to the possible
movement of transition on the frustum with increas-
ing free stream 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
tra?gition expfiiments (e.g., Stets?g and Rush-
ton , §° tley ', Muir and Trujillo ~, and
Stetson '”) 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 transition. It is
also known that in some situations one parameter
may dominate and control transition (e.g., rough~
ness). An interesting development resulting from
these present experiments is the apparent multip~
licity of parameters which have dominant roles when
transition occurs within the entropy swallowing
region. There may be as many 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 Reynoldsg
number had large variations throughout the entropy
layer swallowing region and these variations very
likely reflected a shift of dominant roles.

A characteristic feature of hypersonic flow
over a sphere-cone configuration is that the high
Pressure gas generated by the nosetip bow shock
overexpands as it travels down the frustum, requi-
ring a recompression to arrive at the "proper"
pressure at gsome downstream location on the frus-
tum. Thus, an 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/R.) being

" primarily a function of free stream Mach number and

cone angle.

It is known from both stability theory and
experiments that adverse pressure gradients



generally produce early transition 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 transition on
sphere-cone confjigurations is unknown. Although a
number of people have expressed concern about
this problem, this author does not know 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 breakdown of laminar flow and,
alone can provide only limited information regard-
ing the fundamental questions involving the domin-
ant 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 regar-
ding the use of these present data. It was not the
intent of this investigation to generate tramsition
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.

2.0 Experimental Appagatus 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 transi-
tion was obtained from heat transfer measurements.

The FDL Mach 6 tunnel is a blow-down facility
operating at a reservoir temperature of 1100°R and
a reservolr pressure range of 700 to 2100 psia,
correspondigg to a Reynolgs number per foot range
of 9.7 X 10° to 30.3 X 10°. The test core of
approximately 10 inches is produced by a contoured
axisymmetric 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
inches), 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; RH/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) and 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 540°R). Heat transfer rates were
calculated from the increase in the wall tempera-
ture 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 /T was generally in
the range of 0.52 to 0,58, ° '

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

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 over-

expanding, thus providing an axisymmetric
configuration without an adverse pressure gradient.
The nosetip starts with a 0.2 inch spherical radius
(the same as the 102 blunt nosetip on the sphere-
cone model) which extends beyond the sonic point.

Figure 1 18 a sketch of the resulting config-
uration 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 thin-gkin model was instrumented with
thermocouples and surface pressure instrumentation.

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 oyer a Reynolgs number
per foot range from 0.2 X 10° to 50 X 10°. The
test gas was nitrogen. This test was conducted
with the 40-inch exit diameter contoured nozzle at
a nominal free stream Mach number of 9. Because of
the relatively short test time, the model wall
temperature remained essentially invariant from the
initial value of approximately 540°R, thus
T /T = 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 acquisition
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, R /R, = O, 0.01, 0.03, 0.05, 0.07,

0.10, 0.15, and 0.37. 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 model instrumentation can be found
in Reference 20.

Sharp cone transition data from the Mach 6
tunns} were compared with the correlations of
Pate” . Pate made an extensive study of the
relationship between wind tunnel freestream distu-
rbances 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 boun-
dary layer transition on sharp comes in small size
wind tunnels. The excellent agreement of these
present transition data with the results of Pate
indicated that boundary layer transition 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 distur-
bance parameters, such as tunnel free stream
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 simil-
arity in the influence of the combined effect of
disturbance parameters on boundary layer transi-
tion.

The AEDC Tunnel F was one of the tunnels
considered in Pate's study and therefore has



demonstrated a similarity with other tunnels.

Figure 3 is a comparison of blunt cone tran~-
sition data obtained from three facilities. All
data are for an 8-degree half angle cone and the
Mach numbers were nearly the sgge in all three
facilities. Muir and Trujillo = chose an 8-degree
half angle cone and a Mach 6 wind tunnel to repgat
shock tunnel experiments of Stetson and Rushton .
They stated," the experiments 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 figure is the good agreement of data obtained
from different facilities. All 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.

Another potential surface finish problem area
is the joint where two pieces of a model are
attached. The models utilized for this inves-
tigation had interchangeable nosetips which neces-
sitated 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 withzioughness on the
frustum 053a cone (e.g., Boudreau““ and
Stainback™) have found that large roughness, of
the order of the boundary layer thickness, was
required to trip the boundary layer when the free
stream 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 10Z blunt nosetip
configuration between S/R = 12.5 and 17.5 (this
corresponded to the beginning of the adverse
pressure gradient). Data were obtained for two
roughness conditions, approximately 50y inches and
100 u inches (rms). These roughness heights were
small compared to the boundary layer thickness,
which was typically of the order of 0.015 inches,
but were considered to be representative of the
maximum frustum roughness of this experiment. It
was found that the roughness patches did not have
any effect on boundary layer transition location.

Therefore, it was concluded that frustum roughness
should not be an issue in these present experi-
ments,

Additional details of transition comparisons
and transition results obtained in the FDL Mach 6
wind tunnel can be found in Reference 9.

3.0 Results
3.1 Entropy Layer

The nosetip of a sphere-cone configuration in
hypersonic flow generates high entropy fluid
(usually referred to as the entropy layer) which is
subsequently entrained in the boundary layer as the
boundary layer grows on the frustum. The extent of
the frustum boundary layer influenced by high
entropy fluid and the boundary layer edge condi-
tions 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 pyovide such a
relationship Stetson and Rushton”  introduced the
eptropy 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 been swallowed by the boundary 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 on the same
cone with a sharp nosetip (see Figure 4). The
swallowing 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
length as a precise dimension.

It was not considered practical to make
boundary layer calculations for all of the geome-
tric and flow variations of the present investi-
gation. Boundary layer calculations were made for
severig cases (using b029dary layer codes of Hecht
et al™ and Adams et al“’) to obtain the
variation of boundary layer edge Mach number and
unit Reynolds number throughout the entropy layer
swallowing region and to compare with calculated
entrogx swallowing lengths based upon the method of
Rotta™ . Rotta developed a method of obtaining
certain boundary layer parameters as a function of
a similarity parameter based upon swallowing
distance, free stream unitlkeynoldz number, and
nose radius [ Xsw/(Rem/FT) /3 (Ry) 73 1. The curves
of Figure 5 are based upon Rotta*s fesults. It was
found that boundary layer edge Mach number and unit
Reynolds number numerical results for a given free
stream Mach number collapsed into single curves
when the surface distance was normalized with



Rotta's swallowing distance. That is,

M=f x/ XSW)

(Re/FT)e = f(x/xsw)

(Re/FT)s

For this paper the method of Rotta was used to
calculate all of the entropy layer swallowing
distances and boundary layer edge unit Reynolds
numbers were obtained by assuming similar varia-
tions 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 inches in a M, =
5.9 flow. These resggts were obtained with a
boundary layer code™~ based upon integral solut-
ions of the boundary layer equations. Also shown
is the entropy layer swallowing length obtainmed for
this situation by the method of Rotta., The calcul-
ated value of X .. corresponds to a location on
the cone where gﬁe boundary layer code indicated
the local Mach number to be 0.97Ms . Thus,
the calculated value of xs is congéﬁgred to be
compatible with these bounHary layer code results.
For a given cone half angle and free stream Mach
number, thilswallowing4938tance varies as
(Re,, /FT.) and (R.) . Therefore, as the
nose radius or the free-stream unit Reynolds number
is increased, the swallowing distance also increas-
es. The swallowing distance can become large
compared to the length dimension of the configurat-
ion., The entire model is then engulfed with low
Mach number and low unit Reynolds number flow. The
region of local flow properties where the maximum
rearward displacement of tranmsition locgtion
occurred is also indicated on Figure 6. Thus,
maximum displacement of transition location on the
slender sphere-cone was found to be associated with
essentially blunt-body flow. This point will be
discussed in more detail later.

3.2 Mach Number Effects

Figure 7 shows blunting results for four
different Mach numbgrs. The M, = 3.1 data were
obtained by Rogers in a conventional wind
tunnel; the M_ = 5.5 di a are shock tunnel results
of Stetson and Rushton  ; the M“8=95'9 results
are wind tunnel data of Stetson ~'”°; and the M =
9.3 datg gre arc driven Tunnel F facility data of
Stetson °°. 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 1s the transition distance

*Do not relate maximum transition location
displacement with the X-scale, since it does not
pertain to this nose radius; but, instead, think in
terms of X/XSW. For maximum displacement at M, =
5.9, X./X_.. =.04. This was shown on this figure
only to iiYustrate the local conditions that
existed over the entire model with a larger nose~
tip, corresponding to maximum displacement.

normalized by the swallowing distance. The right
side of the figure (XT/Xs > 1) corresponds

to situations where trans¥tion 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 nearly the same as would be
obtained if the cone had a sharp tip. The left
side of the figure (X_/X_, small) corresponds

to locations on the cone just downstream of the
tip. If a different method of calculating X

were used which gave different values, the e§¥ect
would be to shift the data to the right or left and
not alter the basic trends. Data points shown with
an arrow indicate conditions where the entire model
had a laminar boundary layer. Transition would
then occur at some unknown higher value,

The main point to observe from Figure 7 is the
strong dependence of transition location upon free
stream Mach number in the mid portion of the data.
Large Mach numbers produced large rearward displac-
ement of transition, relative to a sharp cone.
Changes in blunt cone transition location relative
to the sharp cone and between blunt cones with
different free-stream Mach numbers can be related
to the corresponding changes in local unit Reynolds
number and changes in local transition Reynolds
number. For these date, the sensitivity with free
stream Mach number is primarily related to the
sensitivity of unit Reynolds number reduction to
free stream Mach number. For example, at the
condition of maximum displacement, the tramsition
Reynolds numbers were approximately the same for
the M, =5.9 wind tunnel data and the Mo = 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/Xs
was small, indicating that the local Mach numger
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.

3.3 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 gree stream Reynolds
number per foot of 5.4 X 10, the cone had a
completely laminar boundary layer. A small incr-
ease in free stream Reynolds number caused transi-~
tion to appear near the cone mid-point at a local
Reynolds number of about 550,000. Further incr-
eases in free stream Reynolds number steadily moved
the transition location to the sphere-cone tangency
point where the local transition Reynolds number
was slightly over 300,000, This forward movement
slowed as it progressed through the increasing
favorable pressure gradient. These events 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 free stream
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 above were calculated by the
finit§7difference boundary layer code developed by
Adams”™’ and co-workers. With the exception of

. the two largest Reynolds number conditions, 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 ray 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 18 not a new observation. This tjansition
pattern was first observed by Stetson and has
been reported by several investigators since that
time,

. The analyses of Herklezg. based upon linear-
ized stability theory combined with nosetip rough-
ness effects, provided an interesting comparison
with this experimentally observed forward movement
of transition. Merkle postulated two unstable
regions on a sphere-cone; one associated with the
tip, and the other with the cone frustum. He
anticipated that transition on the frustum, due to
the second unstable region, would occur at classi-
cal transition Reynolds numbers for cones in the
appropriate Mach number regime. Merkle suggested
that, with increasing free stream unit Reynolds
number (such as a reentry 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 trigger 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 associated with the
tip and decay rapidly, thus being of no consequence
in triggering frustum transition. At some critical
free stream unit Reynolds number, the peak ampli-
tude of disturbances in the unstable region on the
nosetip would surpass the level at which signifi-~
“cant non-linear interactions begin, and transition
would jump discontinuously from the frustum to the
subsonic region of the nosetip.

The experimentally observed rapid forward
movement of transition on the cone frustum at a
free stream unit Reynolds number of 5.7 X 10" and
the resulting low local Reynolds number for transi-
tion at this condition does not seem to be compat-
ible 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 frustum transition.

3.4 Entropy Layer Effects on Transition

Considerably more M, =5.9 data than shown in
Figure 7 were obtained 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 displace-
ment data is shown, as in Figure 7. Presenting the
data in terms of displacement indicates the result-
ant effect of nosetip bluntness; however, it does
not indicate the relative contributions of Reynolds
number reduction 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

* These results appeared in the unclassified
literature in 1959 (Reference 28).

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 disturbances, which have been
growing in a changing boundary layer. Thus, a
transition Reynolds number obtained from an exper-
imentally 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 shortcomings, it
was felt that informative trends could be identifi-
ed by such a presentation of the experimental
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 histories.

For this comparison the transition Reynolds
numbers for the blunt cones were normalized with
the transition Reynolds numbers for a sharp cone,
at corresponding free stream 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,
X, "
_i§.= (RexT)B (Re/FT)eg
X (Re (Re/FT)e
s *ps B

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 congs at a free-stream unit Reynolds
number of 14.3X10°. The adverse pressure grad-
ient and the swallowing distance do not have a
unique relationship, since the adverse pressure
gradient is an inviscid phenomena and the swallo-
wing 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 come 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 recog~
nized 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.



3.4.1 Region 1 (xT/xSW A 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
transition relative to a sharp cone (increasing
thle in Figure 8). This results from an
infreafe in transition Reynolds number (which would
increase X )and small amounts of Reynolds number

reduction {which would increase XT).

3.4,2 Region 2 (XT/Xsw n,10)

As transition occurred at smaller values of

/XSw a large reduction in transition Reynolds
number resulted. This reduction very likely
reflected a shifting of dominant roles of transi-
tion parameters. Even though the transition Reynol-
ds number had been reduced by about a factor of
three, the transition location (relative to the
gsharp cone) steadily moved rearward since the unit
Reynolds number reduction effect was always larger
than the reduction in transition Reynolds number.

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 free-stream with 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 a good example of changes
that occurred with a single nosetip and details are
given in the following table.

Re.o/FT /Xy Re w  E/Mey
e —————
1 */Xsw X7 ®  (Re/FT) g
9.sx1066 11.0 .85 9.9x1og 4.85 .82
11.2x105  10.7 .79 10.3x10°  4.80 .77
12.6x10°  10.3 73 10.1x08 465 .69
15.4X10° 9.4 62 9.1x100 440 .56
18.2X105 8.6 56 7.9K108 415 s
21.0x10° 8.0 A48 7.4X105  3.90 .39
23.8K100 7.6 44 eox10® 380 L3
25.2%100 7.3 41 6.4x100  3.65 .31
28.0X10 6.9 .39 6.3x10° 3.60 .29

*Stability experiments at M_ =8 have demonstrated
that small nosetip bluntness can completely damp
disturbances of all frequencies in a local Reynol-
ds 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 2nd 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 2nd
mode disturbances became larger than corresponding
sharp cone amplification rates.

When Re_ /Ft was increased, became
smaller and X_ . became larger. Transition was
then occurring at smaller values of /Xs . In
this region of the entropy layer changes ¥n
X& Xs result in large changes in local unit
Re;noYds number, with the local unit Reynolds
number reducing as XT/XSw became smaller. The
magnitude of the local unit Reynolds number for a
particular case depended upon two factors; the
free-stream 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 free stream unit Reynolds number was
increased nearly a factor of three, since the
reduction in X_/X_.. lowered the local unit
Reynolds number by a corresponding amount. 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 from stability
theory and experiment that adverse pressure grad-
ients 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 pressure gradie-
nt. 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 discussed
in Section 3.6.

Increasing the nosetip radius produced
transition at smaller values of X./X,.. 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 /Xs became
smaller. Intuitively it would be expecged that
transition Reynolds numbers would increase under
such conditions, and the data did reflect an upward
trend.

The left boundary or Region 2 corresponds to
the maximum rearward displacement 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 seven over what it
would be on a sharp cone). Transition Reynolds
numbers were significantly less than would be
obtained on a sharp cone; however, the unit
Reynolds number reduction was a large effect and
produced the maximum values of X /er. Fgr the
free stream conditions of Re, /Ff = 28X10

(Re,, )
XTB = s (Re/FT)eg
(Re (Re/FT)ep
sz *1)s
[ 6
> 4.8X10 37.8X10,
8.3X10 5.16X10°
> 4.2

It appeared that more than one effect was
important for Region 2. Some unidentified effect
was 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.

3.4.3 Region 3 (xT/xSW <,03)

/X, became smaller the favorable
pressure graggent became increasingly 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 character-
istics of transition in Region 3 which were diffe-
rent from the other regions. First, transition
location was not repeatable. In the other regioms,
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, transi-
tion was found to occur anywhere 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
variations in transition location were obtained at
a = 0°, Sometimes the model would be completely
laminar on one side and have early tramsition 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 obtai-
ned. Fourth, it was observed that frustum transi-
tion was very sensitive to roughness on the nose-
tip. For smaller nosetip bluntness the surface
condition of the nosetip (or the frustum) appeared
to have no effect upon frustum transition. Polis-
hing the 30% 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 additional experiments were conducted with
roughened nosetips and nosetips with higher wall
temperatures. Following is a discussion of these
additional experiments. All of the data shown in
Figure 9 were obtained with solid nosetips. Due to
the mass of the solid tip the surface temperature
increase of the nosetip was small during the
one-half second time used for the heat transfer
data reduction. These nosetips did not contain
thermocouples, so only an estimate of their tempe-
rature could be made. The fact that after the
completion of several seconds of exposure to the
flow, the tips were not too hot to touch indicat-~
ed that the temperature rise during the early
portion of the test was small. Additional data
were obtained with 157 and 30% thin-skin nosetips.
The thin-skin nosetip had a significantly different
temperature history. During the injection of the
model, the stagnation temperature typically increa-
sed from 540°R to about 935°R. Cooling or heating
the tip before injection made only a small change
in the surface temperature at the tunnel center-
line. The frustum surface temperatures were the
same with both the solid and thin-skin nosetips,
typically in the neighborhood of 600°R (for a
laminar boundary layer). Therefore, data were
obtained for the following temperature ratios

(Tw/To):

NOSETIP FRUSTUM

=.55 (Solid) .52 to .58
= .85 (Thin-skin) .52 to .58

For the 30% blunt nosetip with the higher wall
temperature the cone frustum was always laminar,
even at the maximum tunnel conditions. For the 15%
blunt nosetip there was no distinguishable effect
of nosetip temperature upon frustum transition.

Nosetip roughness was increased by grit-
blasting solid 15X and 30% nosetips. The entire
spherical nosecap then contained 45-50 yu inch
roughness. Upon completion of these experiments
the process was repeated with a larger grit-size,
producing 90-100 y inch roughness. The addition of
roughness to the 30% nosetip always produced early
frustum transition for tunnel conditions corres-
ponding to previous tests. The 45-50 yinch rough-
ness on the 157 nosetip had no effect on frustum
transition; whereas, the 90-100 y, inch roughness
produced both cases of early frustum transition and
no effect, depending upon the free stream condi-
tions.

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 transiiion studies and resulted
in the PANT correlation ~~. 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 res-
ults. All of the parameters- are evaluated at the
gsonic 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
@ deviation from the transition curve represented
by the data of Region 2 of Figure 9. Region 3
represents the early transition for the 30Z 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 points in Figure 10 with an
arrow indicate that the critical conditions were
not obtained, and the direction of the arrow
indicates the direction to the threshold conditiou.
It was observed that the trend of the points
followed the same trend as the nosetip transition
data. This was confirmed by shifting the nosetip
transition curve down (to 40% of nosetip tramsi-
tion) 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 instabil-
ities 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 "normal" frustum transi-
tion (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 a=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 experiments provided for con~
venlent data comparisons and will be used to
further discuss the influence of nosetip instabi-
lities on frustum transition. Due to these simi-
larities, Figure 10 should be directly applicable
to the Muir and Trujillo data, and help explain
what otherwise might appear to be an inconsistency
of the two sets of data. Consider first the Muir
and Trujillo regults with the 32% blunt nosetip at
Re oo /FT = 17X10°. Transition was first observed
at a surface distance of approximately 2.3 inches
from the stagnation point (Reg, . ~610,000) and in
sbout 3.6 seconds tramsition had moved completely
off the model, resulting in a completely laminar
boundary layer (Rey, > 3.4X10°). The FDL exper-
iments with a 30%Z blunt nosetip and similar free
stream conditions, similar local flow frustum
conditions, and similar frustum wall temperatures,
always had a cgmpletely laminar boundary layer
(ReX >2.9X107). 1In fact, with a "smooth"
nosetip, the free stream 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 FDL model; with a five inch base diameter,
compared to four inches for the FDL model. There-
fore, the 322 blunt nosetip (RN/ ) had a 0.8
inch radius, compared to 0.6 inchés of the FDL
model. The calculated Rey at the sonic point for
the Muir and Trujillo model was 110. The nosetip
roughness of the model was not known to this
author, so it was not possible to determime the
roughness parameter, (k/6)(T_ /T ). However, it
appears likely that this con§it¥on corresponded to
the edge of the nosetip instability dominated
region of Figure 10. The calculated Rey at the
sonic point for the FDL model at this free stream
condition was 95, falling well below the nosetip
instability region for a smooth nosetip. The
addition of 45-50, inch roughness to the FDL model
nosetip still resulted in a completely laminar
boundary layer on the frustum. However, the 90~100
inch roughness was sufficient to obtain frustum
transition at this free stream condition. For this
condition the roughness parameter was estimated to
be 0.85, which corresponded to the edge of the
nosetip instability dominated regionm.

Muir and Trujillo repeated the experimgnt at a
free stream unit Reynolds number of 23.6X10°.
For this condition, transition was initially at
approximately 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 Re 5 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; there~
fore, with a "smooth" nosetip [(k/e) (T_/T.)~ 0.1)
this condition was just below the nosetip nstabil-
ity dominated region. With 45-50 uinch roughness
on the nosetip [(k/e) (T /T) = 0.461 early
frustum transition was initYated at

this free stream condition.

Therefore, on the basis of a comparison of
frustum 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.

3.5 Transition Movement with Time

An interesting characteristic of the nosetip
instability dominated frustum transition was thgt
generally the transition location was unsteady.

In a number of tests, transition location vs time
data were obtained and the transition location was
alwvays found to move downstream with time, varying
in the amount of movement and the rapidity of
movement. It appeared as though the greatest
movement occurred with a choice of nosetip
conditions corresponding to a location near the
threshold line identifying the nosetip instability
dominated region. Moving further above the thres—
hold line produced slower transition movement and a
more limited change. It was not possible to inves-
tigate 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 remain-
ed after the polishing, but the surface was compat-
ible to the nominal surface finish of most of the
tests. The test conditions were selected such that
the nosetip parameters on the rough side of the
nogetip corresponded closely to the threshold line
of Figure 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 early transi-
tion., 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 sens-
itive to what is happening on the nosetip.

*A number of checks on the steadiness of transition
location when "normal" frustum transition occurred
found no evidence of unsteadiness.



Looking further at Figure 13 it can be seen that
the transition locatiog was unsteady on the side
with early transition. Before 2.5 seconds had
elapsed, both sides of the model had a completely
laminar boundary layer.

The movement of transition location with time
is not a new observation. The,NACA/Lewis Labora-
tory transition reversal data are probably the
most well known results and this phfgomenon was
later observed by Muir and Trujillo . It was
felt to be of interest to relate these past transi-
tion 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 conditiomns were very
close to the nosetip instability dominated thres-
hold line of Figure 10. This suggests the possib-
ility that these transition data were not really a
transition reversal resulting from frustum surface
temperature changes, but may, in fact, have
resulted from nosetip instabilisies. The
Muir and Trujillo experiments were very
similar to this present program. Their tests were
conducted with an 8-degree half angle cone in the
NOL hypersonic wind tunnel at a free stream Mach
number of 6. They observed that for the 32% blunt
nosetip, transition moved rearward with time,
similar to the NACA results. 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.

3.6 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 conditions. (R, = 0,2
inches). The adverse pressure gradient was elimin-
ated and much of the model (where transitfon occ-
urred) had a zero pressure gradient.

*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 1s indicated. t = 0 is the time when the
model arrived at the tunnel centerline.

** This comment applies only to the blunt config-
uration. The transition reversal results for a
sharp cone are a separate consideration.
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Figure 15 compares boundary layer transition
Reynolds numbers with results from the sphere-cone
configuration. Elimination of the adverse 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 a minor
role and the dominant effect was some upstream
phenomena; perhaps related to the changes in the
favorable pressure gradient. These findings have
some similarity to previous shock tube transition
results. In Reference 10 it was found that transi-
tion on a hemisphere configuration first occurred
near the sonic point. 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 configur-
ation, such as ellipse, which had the sonic point
located closer to the stagnation point. Such a
configuration would have a lower Reynolds number at
the sonic point than a corresponding hemisphere at
the same free-stream 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 super-
sonic 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. ‘It was found that the cylinder
preceded by an ellipse always had a lower transi-
tion Reynolds number than the cylinder preceded by
a hemisphere. It was concluded from these results
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 check 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 on the aft-body. There are
several documented cases of a strong favorable
pressure gradient producing some relaminarization
of a turbu{gTs boundary layer (first reported by
Sternberg » indicating that a favorable pres-
sure gradient can exert considerable control over
the state of the boundary layer. In the process of
eliminating the adverse pressure gradient, the
upstream favorable pressure gradient became less
than that of a sphere-cone. With the acceptance of
the dominant role of the favorable pressure grad-
ient and the ability of a strong gradient to
relaminarize a boundary layer, it would seem reas-
onable 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 data curve parallel to
Region 3 of the sphere-cone data, which show a
sharp reduction in Rey_) suggests that the flow
downstream of the sonic¢ point is also very
important in the establishment of the threshold
conditions for early frustum trans.tion. 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 10Z blunt sphere-cone was never obtained
for the conditions of this experiment, yet the
threshold conditions for the special model was
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 a sphere-cone configuration; however, the
general phenomena of early frustum transition is
one which would be expected to exist for other
configurations and other flow conditioms. Another
comment regarding Figure 10 is appropriate. The
data shown in this figure are not meant to be
interpreted as a general transition correlation,
since the generality of these results is unknown.
The intent was to use this data format to illust-
rate the phenomenon of nosetip instability
dominated frustum transition.

4.0 Conclusions

1. 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.

2, The rearward displacement of transition on the
cone frustum due to nosetip bluntness was found to
be quite sensitive to free stream Mach number as
well as to bluntness. At M, = 9.3 transition was
displaced rearward up to nine times the tramsition
length for a sharp cone.

3. 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 transition Reynolds numbers
on a nosetip.

4. 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.

3. It appeared that several nosetip blunting
effects were competing for the dominant role when
transition occurred in the entropy layer swallowing
region, and the large changes in transition Reynol-
ds number were believed to be associated with the
shifting of dominant roles. Dominant nosetip
blunting effects on frustum transition were tenta-
tively identified with three regions of the entropy
layer. (a) When transition occurred at location
where the entropy layer was nearly swallowed

(X./X,, ~ 1), the nosetip apparently had a
stabiining 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 ( /Xs "~ 0.1), it appeared

that more than one effeft 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 th: nosetip was
significant. Some variations in the magnitude .of
Rey, could be related to the strength of the
favorable pressure gradient. (c) 1In the early

portion of the entropy layer swallowing region
(XT/Xs < .03), frustum transition was

dominaged by the nosetip flow and surface
conditions. Low tramnsition Reynolds numbers were
obtained in spite of the existence of a favorable
pressure gradient. There were several characteris-
tics of transition in this region which were
different from the other two regions.

6. The adverse pressure gradient on a sphere-cone
configuration is not believed to play a dominant
role in frustum transition.

7. 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,

8. The downstream movement of frustum transition
location with time was believed to be controlled by
the nosetip region and not by changes in the
frustum surface temperature.

5.0 Referenceg

1. Morkovin, M.V., "Critical Evaluation of Transi-
tion from Laminar to Turbulent Shear Layers with
Emphasis on Hypervelocity Traveling Bodies",
AFFDL~TR-68-149 (March 1969)

2. Morkovin, M.V. and Mack, L., "High Speed
Boundary Layer Stability and Transition", ATAA
Recorded Lecture Series, (1969)

3. Morkovin, M.V., "Instability, Transition to
Turbulence and Predictability”, AGARDograph No. 236
(May 1977)

4. Reshotko, E. "Boundary-Layer Stability and
Transition", Annual Review of Fluid Mechanics, Vol
8, pp. 311-349 (1976)

5. Pate, S.R., "Effects of Wind Tunnel Disturb-
ances on Boundary Layer Transition with Emphasis on
Radiated Noise: A Review", AIAA Preprint No.
80-0431 (March 1980)

6. Brinich, P.F., "Effect of Leading-Edge Geometry
on Boundary-Layer Transition at Mach 3.1", NACA TN
3659 (March 1956)

7. Moeckel, W.E., "Some Effects of Bluntness on
Boundary Layer Transition and Heat Transfer at
Supersonic Speeds", NACA Report 1312 (1957)

8. sStetson, K.F., "Effect of Bluntness and Angle
of Attack on Boundary Layer Transition on Cones and
Biconic Configuration", AIAA Preprint 79-0269 (Jan.
1979) '

9. Stetson, K.F., "Hypersonic Boundary Layer
Tran;ition Experiments", AFWAL-TR-80-3062, (Oct.
1980

10. Stetson, K.F., "Boundary Layer Transition on
Blunt Bodies with Highly Cooled Boundary Layers",
J.A.8, Vol. 27, pp. 81-91 (Feb 1960)

11. Anderson, A.D., "Interim Report, Passive
Nosetip Technology (PANT) Program, Vol. X, Appen-
dix, Boundary Layer Transition on Nosetips with
Rough Surfaces", SAMSO-TR-74-86 (Jan 1975)



12. Demetriades, A., "Nosetip Transition Experi-
mentation Program, Final Report, Vol II", SAMSO-
TR-76-120 (July 1977)

13. Berkowitz, A.M., Kyriss, C.L., and Martelluei,
A., "Boundary Layer Transition Flight Test Observat-
ions", AIAA Paper No. 77-125 (Jan. 1977)

14. Wright, R.L., and Zoby, E.V., "Flight Boundary
Layer Transition Measurements on a Slender Cone at
Mach 20", AIAA Paper No. 77-719 (June 1977) '

15. Maddalon, D.V. and Henderson, A.,Jr., "Boundary
Layer Transition at Hypersonic Mach Numbers", AIAA
Paper No. 67-130 (Jan 1967)

16. Stetson, K.F. and Rushton, G.H. "Shock Tunnel
Investigation of Boundary Layer Transition at M =
5.5", AIAA Journal, Vol, 5, pp 899-906 (May 1967)

17. Softley, E.J., "Boundary Layer Transition on
Hypersonic Blunt, Slender Cones", AIAA Paper No.
69-705 (June 1969)

18. 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 6", ATAA Paper No. 72-216 (Jan 1972)

19. Fiore, A.W. and Law, C.H., "Aerodynamic
Calibration of the Aerospace Research Laboratories
M = 6 High Reynolds Number Facility", ARL-TR-75-
0028 (Feb 1975)

20. Test Facilities Handbook (Tenth Edition), Von
Karman Gas Dynamics Facility, Vol. 3, Arnold
Engineering Development Center (May 1974)

21. 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 1977)

22. Boudreau, A.H., "Artificially Induced Boundary
Layer Transition on Blunt-Slender Cones at Bypers-
onic Speeds", Jour. of Spacecraft and Rockets, Vol.
16, pp. 245-251 (July-Aug. 1979)

23. Stainback, P.C., "Effect of Unit Reynolds
Number, Nose Bluntness, Angle of Attack, and
Roughness on Transition on a §° Half~Angle Cone at
Mach 8", NASA TN D-4961 (Jan. 1969)

24. Rotta, N.R., "Effects of Nose Bluntness on the
Boundary Layer Characteristics of Conical Bodies at
Hypersonic Speeds", NYU-AA-66-66 (Nov 1966)

25. Hecht, A.M. and Nestler, D.E., "A Three-
Dimensional Boundary Layer Computer Program for
Sphere~Cone Type Reentry Vehicles, Vol. 1, Engine-
ering Analysis and Code Description”, AFFDL-TR-
78-67 (June 1978)

26. Rogers, R.H., "Boundary Layer Development in
Supersonic Shear Flow", Boundary Layer Research
Meeting of the AGARD Fluid Dynamics Panel, London,
England, AGARD Report No. 269 (April 25-29, 1960)

27, Adams, J.C.,Jr., Martindale, W.R., Mayne,
A.W.,Jr., and Marchand, E.O0., "Real Gas Scale
Effects on Shuttle Oribter Laminar Boundary Layer
Parameters", Journal of Spacecraft and Rockets,
Vol. 14, pp. 273-279 (May 1977)

12

28, Stetsonm, K.F., "Boundary Layer Transition on
Blunt Bodies with Highly Cooled Boundary Layers",
IAS Report No. 59-36 (Jan 1959)

29, Merkel, C.L., "Stability and Transition in
Boundary Layers on Reentry Vehicle Nosetips”,
AFOSR-TR-76-1107 (June 1976)

30. Diaconis, N.S,, Wisniewski, R.J., and Jack,
J.R., "Heat Transfer and Boundary Layer Transition
on Two Blunt Bodies at Mach Number 3.12", NACA TN
4099 (Oct 1957)

31.
ent to a Laminar Boundary Layer", Ball. Res.
Report No. 906,

Sternberg, J., "The Transition From a Turbul-
Lab.,

Aberdeen Proving Grounds (May 1954)

0.60
[

(o] 10 20 30 40 50 60 70 80
’ S/Ry
FIGURE 1 Non-adverse Pressure
gradient model
100 x 10°
Re
xT
b
ot
! 1 1 4
: 7x10°
FIGURE 2 Effect of Mach number and unit

Reynolds number on sharp cone
transition for small size wind
tunnels (Re,  1s the end of
transition)



or s e o
: ® M_:59 (STETSONS) "
'y H.'G.O {MUR & TRUALLO')
. M,=55 (STETSON & RUSHTON') '4-. 5°
8 ‘.
4 X e,
(XT)B | . g *,.. . .:,‘:“ |12+
s ¢k Y >
2l g -l.l~ ;z IO -
2 s " =
s e Z .. £y
5E o
o501 GT] or 6 o X & /"\ 70
xj/&sw ; 0}3 sl
€ — g

FIGURE 3 A comparison of nosetip bluntness ' 4 -__—___—““--_§_\|()o
effects on cone frustum transition

in three facilities.

BOUNDARY
LAYER

FIGURE 5 Entropy layer swallowing
distance parameter.

% FLUID AT EDGE OF BOUNDARY
LAYER PASSED THROUGH A
NEARLY CONICAL SHOCK

FIGURE 4 A schematic illustration of

Re/FT
flow over a slender blunt cone e

10X 10°

FIGURE 6 Calculations of local flow
properties on a 8-degree half
angle cone with 2% bluntness
at M, = 5.9.

13



lor Moo #93
L
- .,
-
. *
aT ot te *Mp=9.3 (STETSON®?)
- oS eSS (STETSNAN)
6k * ! B | #*M=59(STETSON*)
o * | «Mco®3.1 (ROGERS™)
el ] BN °
(xrls 8 Mo*5559
4} . 3
* LRd
I RSP 3
& ¢ ¥
.. * M '3" ..‘
2r o® N .m :"
A
L . '0;“ - bt g -
o 1 | 1 J
- 000l ol al 0 10
Xt/ Xgw
FIGURE 7 Effect of nosetip bluntness

and free-stream Mach number
on cone frustum transition
location.

TRANSITION PROGRESSION TO NOSE TIP

T

T T T T L)

Re,/FT=54x10°

L

\J T Y T T

Re o /FT.a121x10%

” l.o N T T 4 T 4 Y o T ¥ T Y T T
Re o0/FT=59x Re o /FT.210.1 x10°
o" | L - .l
°’°'o 4 8 n 6 0 4 8 12 16 8 12 16
S/R
FIGURE 8

Transition movement from cone

frustum to nosetip on a

7-degree half angle cone at

Mo = 9.1,



sz
2k 4
N .
0
18
16| 18
14 |- -7
12 16
¢}
o -5
10
o (Re/FT)g,
(Rexy) & —_®s
=2 g (Re/FTog
(Rex.
T's g da
8+ o
S
£
-3
6+ { LaminaR
T
N s
T
4+ 42
2} 11
ADVERSE PRESSURE GRADIENT
A Re o /FT. =14.3 x106 | .
1 I
0
001 01 ~ a 1.0 10
X1g/Xsw

FIGURE 9 Effect of nosetip bluntness
on cone frustum transition at
M, =5.9.

15



1000 T T
IDEMETRIADES“
—~4
[Reo] EARLY FRUSTUM TRANSITION ON NOSETIP
Somc|  TRANSITION
e PANT"
100" RN
" " S NOSETIP !
NORMAL FRUSTUM ;
TRANSITION SLAMINAR 3
i
40% PANT/DEMETRIADES g
T 10 C oo . 025F
k) L.] :
GRIM -
POINT
020 T
FIGURE 10 Nosetip instability effects on
cone frustum transitionm.
Ko 1] o8 00
; 0°
h o °
o©° ° o
[
Ko [e] of ]
(o)
o o
=]
025 005 o
L
[+]
D20
1 I 1 1 J
° %5 P 6 ) )
x(INCHES)
) o
0I5
h o .
FIGURE 12 An example of nosetip
ook instability dominated frustum
: transition data (a = 0)
[0 -]
) on
005 f600deFgamn
¥
3
0 v ! 1 \ 1 i
o] 2 4 6 8 10 12
‘ x{INCHES)
FIGURE 11 An example of "normal"

cone frustum transition data

16



.029 [
t=0— .33 sec.
. D
o
o
-olo g . D
o
o
Mo
o L 1 y ' J
t=.44 - 76 sec. g Do
o
o o
.0OI0} o
o Ls]
g ©
’ (o]
0 1 1 A 1 J
020 F \
t= 86 ~LI9 sec.
Op
o]
oo f on °
o
goo® o
o L i 1 1 ]
o] 2 4 6 8 10

x(inches)

ozor —
t=1.30 — 1.61 sec.
olor
oo®
W
o ’i i A 1
t=1.72 — 2.05 sec.
h
olor
o Opo0O
o 1 '} i F
t=2.15—247 sec.
OIo}
W
%5 2 4 6 8
x(inches)

FIGURE 13  An example of unsteady
transition location data.

Re./FT.
" D 9.8 x 106
{ o 280 x 106
05 -
P/Pey
0
mji
1 L '] 1 1 1 J
0 10 30 40 S0 60 7 80

FIGURE 14

Surface pressure data for
the non-adverse pressure
gradient model

17

12 x 106 T T T
10 b
s L N
6 | 1
Rqr
4} 4
2 b i
o i i 1
001 o 1 10 10
Xy/Xsw
FIGURE 15 Transition Reynolds numbers

for the non-adverse pressure
gradient model





