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SUMMARY

\XQBoundary-layer transition experiments were conducted on sharp,
slender cones in an aeroballistics range as part of the coordinated
program for transition research recommended by the U.S. Transition
Study Group. The present report documents all phases of this
research program. R

This research was jointly sponsored by the Naval Air Systems
Command, Mr. William C. Volz (AIR-320C), monitor, and the Naval
Sea Systems Command, Mr. Lionel Pasiuk (SEA-03513), monitor.

Because the references in this report are numerous, they
have been listed in a reference list at the back rather than footnoted
on the page where first cited. Microfilm readers are encouraged
to make a print of this list to refer to while reading the report.
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Boundary-layer transition, aside from being one of the
classical unsolved problems of basic fluid physics, remains a
real-world problem to designers of advanced flight systems.
Accurate predictions of viscous flow fields around high-speed
aircraft, missiles, and re-entry vehicles are of paramount
importance to each system's design and subsequent flight
verformance. Boundary-layer transition is known to significantly
affect vehicle dynamics, drag, and surface heat-transfer rates.
To date, universally valid empirical and/or semiempirical
correlations for boundary-layer transition onset, location, and
degree of symmetry (or asymmetry), as a function of one or more :
of the many wvariables which influence it, have been lacking.
The great reservoir of experimental data obtained under wind-
tunnel conditions has recently come under critical scrutiny due
to findings which demonstrated that facility Boise can dcminate &
or seriously compromise transition results.’ These facts, and if
many other pertinent, unanswered questions concerning this 'k
phenomenon, have been documented %n the detailed surveys of !
mani3, Morkovin 4-7, and Reshotko®.
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Due to the critical nature of this problem area to both
DOD and NASA, there evolved at the beginnina of the present
decade a national committee, the U.S. Transition Study Group 4
(USTSG) . 1Its objectives were "to develop and implement a
program that would do something constructive toward resolving
the many observed anomalies in boundary-layer transition data
and that might provide some basis for future estimation of
transition Reynolds numbers. The group formulated specific
experimental proqgrams emphasizing careful and redundant measure-
ments, documentation of the disturbance environment, and :
elimination, wherever possible, of facility induced transition." :
NASA, Navy, Air Force, and other government laboratories active :
in transition research were asked to send representatives
and to actively participate towards attaining the stated technical
- goals. Dr. Eli Reshotko of Case Western Reserve University was
named Chairman; his recent papergsummarizes the Committee's
recommended research program. Progress has been made on

. several fronts, as witnessed by the six papers following
Reference 9 (i.e., AIAA Journal, Vol. 13, No. 3, March 1975,
ppr. 266-314).
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The "pre-committee" research of Sheetz 10’14, at the
Naval Ordnance Laboratory, and of Potterls, at the Arnold
Engineering and Development Center, had demonstrated the utility
of ballistics ranges for boundary-layer transition research.
This capability for conducting transition experimerits in
quiescent environments resulted in the Committee's formulation A
of additional research tasks to be conducted at both Laboratories?. )

The Arnold Center was to focus on unit Reynolds number ok
effects, while also conducting a series cf sensitivity studies B
on various test-related factors which might influence transition
in ballistics-range environments. This research was conducted
by Dr. J. L. Potter and was reported in References 16 and 17. 11

The Naval Ordnance Laboratory wes to focus on wall-~ :
temperature-ra:io effects on transition. During the first five T

years of USTSG's existence, the NOL gortion of this overall program ¥
was not conducted, due to a lack of fuarding for four years, and,

in the other year, a lack of facility time despite availability of
funding.

In 1974, the Naval Ordnance Laboratory became part of the

newly-formed Naval Surface Weapons Center. In 1975, Dr. W. C.

Lyons, Jr., the original NOL representative to the USTSG, was

reassigned to a high-level managerial position within NSWC and

this author was appointed to USTSG as his replacement. A research -
effort based on USTSG recommendations was formulated in 1975 ’
and jointly funded during the FY 76/TQ/FY 77 period by the .
Naval Air Systems Command and the Naval Sea Systems Command.
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The objective of this research was to experimentally
investigate the influence of wall-to-adiabatic wall temperature
ratio on smooth-wall boundary-layer transition in supersonic
free Elight. In addition to this primary objective, an independent
check on the unit Reynolds number phenomenon, as observed
by Potter in the A.E.D.C. ballistic range, was to be made.
Experimental results concerning both these questions were obtained,
along with information concerning boundary-layer transition
zone asymmetry due to small angles of attack. These results
are presented herein as the Naval Ordnance Laboratory's contribu-
tion to the USTSG's research program.
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At the completion of testing in December, 1976, all i
ballistics range facilities at NSWC were closed.
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II. DEFINITION OF TEST ENVIRONMENTS

Inviscid calculations were undertaken in order to define
free flight test environments wherein (Tw/Taw)e could be varied
over a finite regime as the independent variable, while holding
both Me and (Ue/ve) fixed. A sharp, slender (0. = 5°) cone
geometry was selected as consistent with the nature of USTSG
objectives and compatible with testing in a ballistics range
facility.

For the short flight times encountered in such facilities,
ccone surface temperature (Tw) remains essentially constant at
its initial value (=540°R}, except in the immediate vicinity
of the cone tip (this topic will be discussed in more detail in
subsequent sections). Veariations in (Tw/Taw)e are thus
accomplished through variations in the recovery, or adiabatic-
wall, temperature of the flow. For a sharp cone at zero incidence:

.« Yy -1 2
(Taw)e = Te [? + r (——2——) Me ] (1)

where r = constant (here 0.9) and

e bo (58 2]
e ?

Thus, for a given cone geometry, at a given Mw, (Taw)e varies

in direct proportion to Tw, the static temperature of the range
gas.

A test technique was thereby defined, wherein T« would
be independently varied to achieve the desired variations in
(Tw/Taw)e. 7Tn order to ensure a constant flight Mach number,
cone launch velocity would be properly chosen to match each
To' level (Mo = Uxn/Cew, with Co *vTw ). Further, Po would be
independently set for each flight to ensure a constant edge unit
Reynolds number (Ue/ve). Figures 1 and 2 show results of such
calculations in the regime .2 < (Tw/Taw)e < .6 for a 5° half-
angle cone at.M°° = 4.5 (Me = 4.27), for (Ue/ve) = 9,33 and
26.56 x 10° /inch, for flights in nitrogen.
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It will be noted that absolute values of (Ue/ve) chosen
here are higher than those recommended in Reference 9. The Pw
regime of =1 to 1.0 atm. was defined, on the low end, by
requirements to maintain sufficient freestream density to yield
high-quality spark-shadowgraph records of the boundary-layer flow,
and, further, to ensure transition on the cone surface; pressures A ‘
above 1.0 atm. would have complicated the facility modifications ] :
and test procedures for this program and were not pursued.
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Secondary test objectives were to be met by conducting
a series of Mo = 4.5 flights at room temperature conditions,
(Tw/Taw)e = 0.21, with variations in (Ue/Ve) being accomplished
e through variations in freestream static pressure.

RO TP ARNNY

TV

Two additional parameters, Rey, and (Ue2pe)are discussed here,
as pertinent to both the temperature-ratio and unit-Reynolds-
number tests.

veats oYL AE L AN S1An €At

S et -

Cone length was constant for all tests conducted. There-~
fore, for the temperature-ratio tests, Rep = (Ue/ve). Lc was
constant; (Uez/ve} could not be maintained constant, however,
due to variations in Ue, and thus Ue, for tests at constant Me
and (Uefe). (Maximum variability of all test parameters will )
be discussed in Section V.) ’ g
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For the unit-Reynolds-number tests, Rel increased in direct
proportion to (UeWNe) due to use of a constant length cone. An
alternative approach would have been to decrease Lc as (Ue/Vve)
was increased, thereby maintaining Rey, constant. Such additional
experiments have been proposed, and, if conducted, may well
yield some understanding of the unit-Reynolds-number phenomenon
(i.e., does the forward or upstream progression of a transition
zone with increasing Reynolds number depend on the percentage
of total vehicle surface area already covered by turbulent flow,
and, is the mechanism for this "upstream influence" associated
with the propagation of self-radiated noise through the subsonic
portions of the laminar boundary layer?). Variations in
(Ue2/ve) Quring the urnit-Reynolds-number tests occurred also,
in direct proportion to variations in (Ue/ve).
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Details of how these test environments were created, and
how the tests were conducted, are discussed in the following
section.
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IIT. EXPERIMENTAL APPARATUS AND TEST TECHNIQUES

A. BALLISTICS RANGE FACILITY

All tests were conducted in the Naval Surface Weapcens
Center/White Oak Laboratory 300-foot Pressurized Ballistics
Range (PBR). A simplified schematic is shown in Figure 3.
Principal components of this facility will ke discussed brielliy,
in the sequence they occur along the model flight path. Suhrections
B and C will provide more detailed information concerning #h~
environmental chamber and the model.,

All models were launched from a single-stage, powdesr-~
driven, smooth~bore (76/40) gun, 1.625" I.D. nominal. A
photograph of this launcher is shown in Figure 4. tThe
model/sabot package, shown in Figure 5, incoxporated the hollow-
base/bore-size model design used by Potterl6,17; in this
design, propellant gases act on the model airectly, and are
contained by a lexan seal ring at the model base. The smooth
launcher bore z2l1lowed all models to be launched without spin.

Once the package clears the muzzle, it is exponsed to the
static pressure environment within the blast tank. Here, the
sabot, comprised of four separate/inter-~locking lexan fingers,
is aerodynamically stripped from the model. The model traverses
the blast tank and enters the range tube through a 4" I1.D.
entrance pipe, while the sabot sections diverge from the model
flight path due to aerodynamic lift and are destroyed on impact
with a series of metal "witness" plates.

In the present program, the blast tank was always operated
at the same static pressure level as the range tube, thereby
avoiding any flow of the test gas between range compartments.

The rubber-bellows coupling between blast tank and range tube
served to acoustically isolate the walls of the range tube from
disturbances propagated through the blast tank bulkhead due to
sabot impact. Further, since the model always traveled
supersonically relative to the freestream, it outran all
acoustic disturbances propagated through the test gas due to
gun blast.
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A series of electronic timing devices and single-spark/
split-beam shadowgraph optics, were used to define the model's
trajectory and angle of attack history within the range tube,
both uprange and down range of the environmental chamber.

Figure 6 shows a photograph of the environmental chamber,
a 2l1-foot long, 5-foot diameter compartment within which the
various (Tw/Taw)e environments were created. Its entrance was

located 146'3" from the qun muzzle, sufficiently distant to
isolate its interior from liciit and blast wave contaminants

associated with launch,
Reference 18 provides a state-of-the-art summary of

ballistics-range technology, as it existed at the start of this
decade, for those desiring additional information.

B. ENVIKONMENTAL CHAMBER

TR R R e ORI

Figure 7 schematically shows internal details of the
environmental chamber. 1Its primary purpose was to create
various test environments by establishing uniform - temperature-
level regions of gas (=200.< T, < 540.° ) through which the
conical models could be flown. A series of cryogenic-coil
panels were mounted on the external surfaces of a wood-frame ;
structure, centered about the flight-path axis. This coil- '
support structure was itself supported within a metal cylinder, :
or inner bulkhead. All voids between the coil-support
structure and the inner bulkhead and between the inner and
ovter bulkhead (range-tube walls) were filled with thermal
insulation. Pin-supported, collapsable, thermal barriers were posi-
tioned over the model entrance and ¢ xit holes to complete the thermal
containment of the test gas within the chamber.
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Three pairs of spark-source/single-pass shadowgraphs were used
to optically record flowfields about the free flight models within ‘
the chamber. These shadowgraph stations were located 3% feet apart,
2 centered on the longitudinal axis of the chamber; each pair was
arranged in a dual-plane mode so as to provide simultaneous per-
pendicular views of the model. Spark firing was properly sequenced
for each station based on signals from a proportional-timer/delay-
circuit, whose inputs were defined by measured model traversal times
between two light-screen stations located immediately uprange of the 7
chamber entrance. Spark firing times were 0.2 usec. in duration.
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A 14" x 24" sheet of Kodack Tri-X Ortho film was
positioned on the lower internal surface of the coil-support ’
structure directly across from each spark source and held
flat by a protective overlay of optical glass. This film was t
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selected for its compatibility with spark intensity/duration v :
and excellent resolution over the entire temperature regime
experienced.
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{ Two survey wires were strung through the chamber, positioned :
T left and right of range center, so as to cut across the outer
limit of each optical path, thereby providing a reference line :
for truve horizontal on exposed film sheets, from which model '
orientation could be determined.

Test environments were created in the following manner.

After the model/sabot package was loaded into the gun, and

' film sheets were positioned in the environmental chamber, the
entire range facility was sealed and evacuated to a pressure
level of = 1 mm Hg, absolute. This served to remove all air
and associated moisture. Liquid nitrogen, stored in a cryogenic .
tank located outside the range building, was pumped to a manifold
adjacent to the environmental chamber, then circulated through
the coils internal to the chamber. Spray nozzles were located
at several positions along these internal coolant lines and were
remotely activated from outside the chamber. This arrangement i
allowed for a portion of the liquid nitrogen to be expanded :
and vaporized within the chamber, providing dry nitrogen as i
the test gas itself, as well as providing additional cooling
via the liquid-to-gas phase change. Liquid nitrogen not used
in this manner was vented outside the chamber.

R T S TSI\ ras s
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By properly controlling liquid nitrogen flow rates through ,
the coils and nozzles, required static temperature and pressure :
levels within the chamber could be achieved. The remainder of
the range tube external to the chamber was also filled with
dry gaseous nitrogen at room temperature, at the same static :
pressure level maintained within the chamber.

A procedure was established whereby the volume of test
gas within the chamber was always cooled below the desired )
static temperature, at a pressure level slightly above that
required for a given shot. Liquid nitrogen circulation was
then terminated and gaseous nitrogen within the chamber was
allowed to settle for approximately 15 to 20 wminutes while
Tw approached the desired level from belecw. During actual :
testing, centerline static temperatures were monitored by a ' ;
series of retractable thermocouples. Once the desired uniform !
temperature level was achieved within the chamber, the static ;
pressure level was adjusted, via suction, to match the desired :
test condition, thermocouples were withdrawn, the thermal :
barriers were dropped, and the gun fired. Model traversal of ;
the test chamber was always complete within two seconds after '
the signal was given to drop the thermal barriers.

Figures 8 and 9 show static temperature distributions
measured by a fixed array of thermocouples during thermal
. calibration of the envircnmental chamber. Horizontal centerline
distributions, for all tewperature levels, were found to be
quite uniform, particularly within the data acquisition region
of the chamber. Some nonuniformities were noted in the vertical
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centerline distributions for the lowest temperature levels utilized,
but variations across the maximum flight-path core (+2." from

range centerline) were always within =10% of centerline values;
variations of (Tw/Taw)e between the four photograprhed model rays
were, for any given flight, considerably less since boundary-
layer~edge streamlines originated from static gas which passed
through the model shock wave in the immediate vicinity of the cone
tip.

Figure 10 shows transient thermal response data also obtained
during initial thermal calibration of the chamber. The main point
here is that the volume of test gas was sufficiently large, and
the shadowgraph stations were sufficiently removed from the chamber
ends, such that no appreciable rise in the static temperature
level occurred prior to model passage.

Noise measurements were also made within the chamber
using a 1/8" D. Bruel and Kjaer condenser microphone. This
instrument was similar to that utilized by Potter,16,17 put
with an expanded frequency range (5 Hz to 160 K Hz). Signals
from this instrument, both amplified and unamplified, were
recorded on a milti~channel tape recorder during several
firing sequences. Results are summarized below.

Freestream static pressure fluctuations of =6.4 x 10~%mm Ha
abs., peak-to-valley, were measured. For a minimum freestream
static pressure level of 76. mm Hg abs, (8/p.)pax  =8-4 X 1076,
peak-to-valley; this corresponds to an rms range for (B/pw)max
from 2.1 to 2.8 x 10-6, essentially identical to that reported
by Potter 16,17, such levels are three to four orders of magnitude
below levels associated with wind-tunnel facilitiesl9.

Noise associated with the falling of the two thermal
barriers was measured and found to decay to background levels
within 0.7 seconds after its inception. No noise above the
stated background level was recorded between this event and
model passage.

c. MODEL

Figure 11 shows a schematic of the model, which, as
noted previously, was based on model designs used by Potterl6,17,
This model also possessed the same basic external geometry as the
one used by Dougherty2,20 in his studies of transition in a
wide variety of wind-tunnel facilities. (Under USTSG qguidance,
a joint AEDC/NASA flight-test program will be conducted during
FY 78 at the NASA Dryden Flight Research Center, wherein this
same 50 half-angle cone geometry will be boom-mounted ahead of an
F-15 aircraft and flown over a wide Mach number/altitude regime;
transition data so generated should prove most interestino in
comparison with both ballistics-range and wind-tunnel results).
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Each model was fabricated from an integral piece of
titanium, and, as a result, possessed no surface discontinuities.
Internal ballast was used to provide a relatively high static
margin (11.3%), required for stability in free flight.

Potterl6,17 investigated various features of ballistics-
range testing which might influence transition results measured
in such facilities: model vibrations, surface roughness, non-
uniform surface temperature distributions, and angle-of-attack.
In summary of Potter's sensitivity studies, none of the first
three model-related factors was found to compromise his reported
transition results; further, his findings concerning these
factors can justifiably be applied to present experiments,
conducted at similar test conditions, wherein such sensitivitg
studies were outside the scope of the recommended NOL program”.
Model surface roughness and surface thermal effects will be
discussed below, however, as they relate to the present model
design and environments to which these models were subjected.
Effects of nose bluntness on departures from the sharp-cone
flow regime will also be discussed, as pertinent to present
test conditions. Discussions of angle-of-attack effects will
be deferred until Sections IV and V.

1. SURFACE ROUGHNESS AND WAVINESS. Model surface
roughness and waviness were measured with a Taylor-Hobson
"Talysurf" profilometer possessing a stylus tip of ,.0001"
radius. Measurements were made on four of the twenty-two
models fabricated. Traces were obtained on each of two rays,
both near the cone mid-point and near the model base. Maximum
surface roughness values ranged from 5.8 to 8.3u -~ inches, rms;
since peak-to-valley roughness heights can be approximated by
(4 x rms), maximum peak-to-valley dimensions were =23 to 33u -~
inches. Surface waviness was measured at .00006 to .,00018
inches maximum amplitude, peak-to-valley, with wavelengths ranging
from 0.22 to 0.35 inches, peak-to-peak, which translates into
amplitude-to-wavelength ratios of =.0003 to .0005. Internal
sabot surfaces in contact with the model were machined to
surface roughness finishes of 28u-inches, rms, or better,

Admittedly, surface roughness measurements with a
stylus whose tip radius is approximately three times the
maximum peak-to-valley roughness dimension being traversed is
not precise. However, Potter's sensitivity study showed that
surface roughness of =300u-inches rms (=1200. u~inches, peak-to-
valley) were required before measured transition locations,
at Mo = 5., (Tw/Taw)e = .19, were influenced. Such roughness
dimensions are accurately measureable with profilometer techniques.
Further, all present experiments were conducted at wall-temperature
ratios above those of Potter, which translates into relatively
thicker boundary layers and thus even less sensitivity to surface
roughness.




R AT B L T R SRR ¢ TR o T R e i R R T R T IR TR T TS T TR
N d g 3 B T !

L=

NSWC/WOL TR 77-59

W v W e WA Y F N

[

Prior to launch, the external surface of each model was
cleaned with pure grain alcohol, which served to remove any
possible surface deposits and which, upon evaporation, left no
residue of its own.
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2. SURFACE THERMAL EFFECTS. Surface thermal effects N j
which might influence boundary-layer transition data obtained ' :
in a ballistics range are: nonuniform wall-temperature -k
distributions, tip to afterbody; tip melting or ablation; and o
time variations of the afterbody temperature level itself.

Potteri6:17 conducted an analysis concerning possible %
hot-tip effects on boundary-layer transition for slender cones at H
Mach five, based on the work of Rhudy?l. His conclusions were that s
nonuniform temperature distributions, resulting from differential il
aerodynamic heating of the model tip versus model afterbody, 1
were "not an obvious factor" on transition data measured under
stated test conditions. Further, since present models were ?
fabricated from titanium, with a melt temperature of =3200°R, 3
tip melting was not possible (maximum stagnation temperature for
present experiments was =25700 to 27300R, depending on whether
or not real gas effects are accounted for).
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The third point listed above concerns increases in Tw :
with time, and whether or not such increases were sufficient v
to alter the stability of the laminar boundary layer over the .
duration of any given flight. Based on methods of References i
22-24, calculations of Tw(t) were made for the most severe “
heating trajectory experienced (U, = 5200. ft/sec,P, = 1 atm §
To = 5400R). In-depth thermal conduction was modeled in a one- i
dimensional sense. Results for this case showed a maximum
A Tw of =400R during flight from muzzle exit to environmental S
i chamber, corresponding to =7% increase (.215 to .23) in the :
; primary independent variable (Tw/Taw)e. Thermal penetration ‘
|

depths were found to be less than the model wall thickness, ;
justifying the one-dimensional assumption. Such maximum varia- §
; tions in the primary independent variable during any flight were
! not sufficient to alter trends observed, and conclusions
reached, during the present program. Figure 12 adds experimental ;
credence to this statement. Measured transition run
lengths, for the three most severe heating trajectories flown,
; are shown as a function of flight time. Combined range-tube
: and environmental-chamber data for these room-temperature shots :
, demonstrates that no consistent increasing, or decreasing, trend in
"é Xppras a function of time, was observed.
!
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3: BLUNTNESS EFFECTS. Present models were machined
to a hemlsphgr%cally—blunt tip, .005" in radius, identical to :
the value utilized by Potterl6,17, Fach model was viewed ;

with'ap op@ical comparator to ensure that such nosetip
specifications were met.
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It is a well established fact that small amounts
of tip bluntness significantly influence transition behavior
on slender cones at supersonic and hypersonic speeds (e.q.,
the work of Stetson and Rushton?%). In the "small-bluntness
regime," as nosetip radius is increased, transition is observed
to move rearward. Further, the degree of rearward movement
has been shown to correlate with the entropy-swallowing distance,
i.e., that wetted length which must be traversed by the laminar |
boundary layer before it entrains essentially all mass which passed
through the blunt (non-conical) portions of the model bow shock.
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For a given blunt-cone geometry at a given freestream ‘
Mach number, it has been shown26 that all flowfields become i
self-similar when viewed in terms of the non-dimensional
parameter S, where

P

. !

§ = (S/RN) (ReN,t>-1/3 (3)

ab 30 yo o b e 2

and,

e W s A sty 4

_ [oc
Rey ¢ = (T )t - Ry (4) ‘

i.e., variations of boundary-layer edge conditions along ‘the cone
surface are defined by a single curve for all combinations of

nose radius and Reynolds number. In the regime 1<S<10, for 05 =59,
edge conditions vary rapidly as the flow adjusts from blunt-body
conditions to sharp cone limits; it is in this regime that
essentially all entropy swallowing occurs.
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To ensure that boundary-layer transition would occur,
for test conditions of present interest, solely within the sharp-
cone regime, a series of calculations was made using egs. (3)
and (4), to define the downstream limit (§ = 10) of the entropy
swallowing region as a function of nosetip radius. Results are
shown in Figure 13. 1In all cases, for Ry = .005", entropy
swallowing was calculated to be complete within = 1.0" of
the tip, while measured XrR values were always >z 2.5",
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IV. DATA REDUCTION PROCEDURES L

: As noted earlier, dual-plane spark-shadowgraph stations
S were used to provide simultaneous, perpendicular views of the
. model flow field, yielding transitior data on each of four

% conical rays, located every 90° around the body. Examples of

ﬁ‘ photographs obtained in this manner are shown in Figures 14 and
3 15. In Figure 14, the entire body is covered with laminar flow,
b with transition occurring in the recompression region of the

near wake. In Figure 15, transition occurs on the body near its
e mid-point.

. Transition location, Xpr, was defined (and read) as

i that run length along each conical ray to the station where break-
& down to turbulence was complete, i.e., downstream of this location,
e , no further regions of intermittent laminar flow were observed.

This definition of XpRr corresponds to locations near the middle-
% to-end of a transition zone as defined by conventional surface

; heat-transfer and/or surface pitot-probe techniques2 . It should
i be further noted that shadowgraphs provide an instantaneous

3 record of a basically unsteady flow phenomenon and that a
distribution of Xqp values is expected, even for nominally steady-
flow conditions (e.g., Figure 3 of Reference 27), Data scatter associated
with such a measurement technique is best illustrated in SectionV,

wherein all results of the present effort will be presented.

Perpendicular views of the model silhouette at each station
allows the total model angle of attack, the plane in which it
occurs, and the circumferential orientation of each photographed
ray relative to the true windward ray, to be determined.

Measured in~-plane angles of attack,(xH and oy, were converted?28
to total model angle of attack, and ray orientation angles
relative to true windward, in the following manner: (Note that
"horizontal” and "vertical" are arbitrary designations for "~
range-left and range~right views; recall Figure 7)
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. 2 2\ ¥ (5) ;
a = (FH + ay, ) §
-1{ %n (6)

' = — H
¢' = tan a v
o (7)

¢v, wind ¢ :
= 180° - o' (8)

¢v, lee 180 ¢ :
= 900 - ¢°' (9) i

¢H, wind 90 ¢ :
%

o (10) ;

¢H, lee 307 + o }
i

> .

Since ay ¢ ¢,, 00 < ¢'< 90°, and the primary ray, or ray
closest to true windward, is defined by the smaller of ¢y, wind
and ¢, wind: the primary ray alwayspossesses a ¢ value <450,

Having defined an XTR value on the primary ray, it
remains to correct this measured value for angle of attack
effects. Figure 16 presents the set of curves used by Potterl6,17
for this purpose. These curves give a description of transition~
zone asymmetry on sharp, slender cones as a function of non~
dimensional angle of attack (o/0.) and are based on transition
zone location data, measured via shadowgraph and/or surface
heat-transfer techniques, in the wind-tunnel experiments of
Ward29, DiCristina30, and Mateer3l. Implicit in this figure
is the assumption that, while noise, unit Reynolds number, wall-
temperature ratio, etc. influence transition zone location on :
a cone at zero incidence, once this run length (XpRr, a = 0°) is
determined for any particular set of test conditions, then the
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development of transition zone asymmetry with increasing angle

of attack is solely a function of (0/0c). As noted in Figure 16,
corrections to present primary-ray data (4<45°), for ¢>0°,

a >0°, were obtained by linear interpolation between the

$=0° and $=60° curves, 0< (0/0c)X.6, and, as a result, were
generally small. (Sensitivity of present results to the correction
procedure used will be discussed in SectionV, C.)

All boundary-layer edge parameters were calculated for
a sharp cone at zero incidence, assumlng 1dea1-gas relations
(vy=1.4; gas constant for N, of 1776. t2/sec? -OR), and a laminar-
flow recovery factor of 0.9. Viscosity for nltrogen was
calculated, based on Sutherland's law, by

7.042 x 1077 I-(Te)l'5

Mo =
[(Te + 198.6)

, #m/ft-sec (11)
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V. RESULTS

During the present program, 22 models were fabricated,
20 were successfully launched into the range tube, and 18 of
these flights yielded acceptable primary-ray data (a /0,<.60 at
shadowgraph stations within the environmental chamber). Table I
summarizes all primary-~ray data, subdivided into three sequential
sets: wall-temperature-ratio data at high (ue/ve); wall-
temperature-ratio data at low (ug/Ve); and unit-Reynolds-
number data. Repeatability of results is demonstrated by
shots 6717 and 6720. Table II summari.zes average values and
maximum variability of principal test parameters, as achieved.

Subsections A, B, and C present plots and discussions of
wall-temperature-ratio data, unit-Reynolds-number data and
transition-zone-asymmetry data, respectively. Selected compari-
sons with existing data will also be shown. (Initial compari-
sons of these results with data presented at the AGARD Symposium
on Laminar-Turbulent Transition, May, 1977, were made by this
author32 serving in the role of commentator.)

a. WALL~TEMPERATURE~RATIO RESULTS

Effects of wall cooling on stability and transition of
compressible laminar boundary layers have been investigated in
a significant number of wind-tunnel experiments, with widely
varying results being documented (e.g., Figure 1 of Richards
and Stollery33 and Figure 3 of Morkovin®).

Based on theoretical work of Lees and Reshotko34,
Reshotko35, and Mack36, Reshotko37 discussed effects of wall
cooling on the stabilization of 1lst and 2nd mode
disturbances. He noted, in concurrencewith Reference 33,
that observed differences in transition behavior with wall cooling
could not be explained by differing measurement techniques, but
rather were a result of differing dominating frequencies in the
disturbance spectra associated with the various facilities
utilized. Further, depending on the (Ue2/ve) regime, variations
in (Tw/Taw)e could have a differing influence on stabilization
of the various disturbance modes; the higher the value of
(Ue?/ve), the less the importance of the higher modes, and
the more likely that a given disturbance frequency would

15
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correspond to the lowest mode. Transition reversals
with increased cooling could thus be reasonably expected
based on linear stability arguments.

Mack38 recently applied linear stability theory in an
attempt to explain wall-cooling effects on transition in the A
presence of various wind-tunnel-generated disturbance spectra;
cooling in the (Tw/Taw)e regime from 1.0 to 0.7, at Me = 2.7,
was noted to be stabilizing, in agreement with reported data
of Van Driest and Blumer39 and Van Driest and Boison40. Extension
to very cold walls was not attempted.
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: The only controlled, ground-based experiments into

o wall-coollng effects on transition, in the absence of radiated noise
2 and freestream turbulence, are thoseballistics-range experiments

4 of Sheetzll,13 and the present effort. Such free flight
experlments have an advantage associated with data acquisition

in truly dquiescent environments. However, by their very nature,
barring significant breakthroughs in physical integrity and %
cost of telemetry-tvpe instrumentation, such experlments are

llmlted to macroscopic oObservations of the phenomenon in

question. The exact nature of transition - promoting disturbances
and how they are amplified by the laminar boundary layer, leading
to its eventual breakdown to turbulence, cannot be ascertained
from range testing alone. Detailed microscopic experiments such
as those conducted by Kendall l, are a necessary complement to
this. work as called for in the USTSG recommended program for
tran51tlon research?.
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Figure 17 shows & plot of transition Reynolds number
versus wall-to-adiabatic wall temperature ratio, for each of two
distinct edge unit Reynolds numbers, as méasured during the
presént experiment. At high unit Reynolds number (2.8 x 106/in)
transition data weré obtained over the (Tw/Taw)e regime from
.51 to .23; ¢ooling was noted to be destabilizing from .51
to =.35, and stab%11z1ng from =.35 to .23. At low unit Reynolds i
number (0.94 x 10°/in), transition data were obtained over a
slightly less-expanded (Tw/Taw)e regime, from .45 to .22; here, {
no established trend was noted with cooling from .45 to =.3, 3
i whereas a definite stabilizing influence was evident from =.3 to
i .22, just as in the higher unit Reynolds number case.
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A destabilizing influence (decreasing Repr), followed
by a stabilizing influence (increasing ReqRr), is here referred
to as a "transition reversal®, If one speculates on the functional
depénidence of Repr on (Tw/Taw)e from 1.0 to =.5 (thé maximum
value of the present experiment), based, say, on résults of ‘
References38 39 and 40, then this observed behavior might also {
be referred to as a "tran51tlon re-reversal"., The potential for ;
multiple-reversals must be acknowledged, based on the gun- * .
3 tunnel/flat-plate transition results 6f Richards and Stollery33
; and the shock-tube/wall-boundary~layer transition studies of Boison2,
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Reversals in Repgp with cooling also tend to further discount
any plausible arguments concerning surface roughness effects on
transition under present test conditions; since the laminar
boundary layer tends to thin with increased cooling, surface
roughness, if a dominant factor, would tend to further decrease
observed transition Reynolds nnumbers, counter to observed
behavior.

Figures 18 and 19 show comparisons of Eresent results
with data from four other sources: Potterl6,17, sheetzl3,
Stetson?5 and Krogmann43., 1In all cases, transition measurements
were made on sharp, slender cones in the edge Mach number
regime from four to five.

In Figure 18, comparisons are made solely with other
ballistics-range data. Sheetzl3 varied the wall temperature
ratio by use of an environmental chamber, employing a test
procedure similar to thé one used here; in Reference 13,
data at (Tw/Taw)e <.2, for M«=5, were obtained by heatin%
the volume of test gas above room temperature. Potter's1®,17
two values of (Tw/Taw)e resulted solely from the fact that
tests were conducted at two different Mach numbers, with
T»~540°R. Two points are noted here. First, Potter's
Me=4.3 and 2.1 data are seen to be in nominal agreement with
transition Reynolds numbers measured here. The collapse of
his two separate Mach number data sets in transition-Reynolds-
number versus unit-Reynolds-number coordinates may be due to the fact
that these data sets apparently bracket a region of transition reversal.
Second, Sheetz's observation of a transition reversal at colder-wall
conditions than those of the present experiment represents another
demonstration of the potential for multiple reversals of Repg with
wall cooling (recall References 33 and 42).

In Figure 19, comparisons are made with two data sets
obtained in facilities other thanconventional wind tunnels: the
shock-tunnel results of Stetson23 and the Ludwieg - tube
results of Krogmann®*?, Wall-temperature-ratio variations were
accomplished, in the first case, through variations in shock
strength and, in the second case, through variations in reservoir
total temperature. These data sets provide interesting comparisons
for two reasons: first, maximum (Ue/ve) and (Uue2/vé) values
for these experiments are of the same order as minimum values
experienced in the present effort; second, although not
documented, disturbance environments associated with these two
facility types may be significantly different from those
experienced in conventional/long-run~-time wind tunnels (along
these lines, no unit-Reynolds-numrber intluence on transition
was observed in either facility, as will be illustrated in the
next subsection).
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Krogméhn43 found no dependence of ReTR oh-'wall cooling
in the regime .98> (Tw/Taw)e > .5. Stetson's25 data showed
a définite destabilizing 1nf1uence (decreasing ReTR) as
(Tw/Taw)e was varied from .5 to =.2, at which poéint a slight
indication of a stablllzlng 1nf1uence (or possible reversal)
was noted. Considering the nearly identical Me, (Ue/vé) and

(Ue2/ve) values of these two experiments, it is perhaps more than coinci-

dental that the resulting data sets merge, in good agreement with one
another, at their point of overlap, (Tw/Taw)e =.5.

Transition Reynolds numbers measured at low (Ue/ve) in
the present experiment were noted to be in qood quantitative
agreement with values measured by Stetson, in the wall~-
temperature-ratio regime =.45 to =.3. Trends with increased
cooling, however, were noted to be somewhat different, with a
transition reversal clearly ‘indicated at (Tw/Taw)e =.3 in
the present case, versus a possible reversal at =.2 in the
Stetson experiment.

B. UNIT-REYNOLDS-NUMBER EFFECTS

Technical backgroundconcerning this most perplexing
issue is well summarized in the discussions of Reshotko8,37
and the most recent reviews of Whitfield and Dougherty20 and
Morkovin’, Reshotko8:37 presented a mathematical argument based
on dimensional analysis and linear stability theory which
dic;ates a power~-law dependence between transition Reynolds

m?er and either a non-dimensional frequency proportional to
‘/ve), or a non-dimensional wavelength proportional to
(Ue/ve), depending on whéether the disturbance spectrum is
best characterized by a ghy51ca1 frequency or wavelength.
Whitfield and Dougherty2 , reiterating and extending the work
of Pate and Schuelerl, further demonstrated that acoustic
disturbances, radlafed by turbulent wall boundary layers, play
‘a dominant role on boundary-layer transition as measured
in wind~tunnel facilities. Since such disturbances scale with
unit Reynolds number, at least a partial explanation for this
phenomenon as observed in wind-tunnel experiments, has been
afforded. Morkov1n7 has stated that the unit-Reynolds-number
éffect on transition is more likely attributable to a combined
response of the laminar boundary layer to a superposition of
several or more (usually unknown) disturbance factors; a
single, unique dependence of transition Reynolds number on unit
Reynolds number should not, therefore, be expected.

Figure 20 shows a plot of transition Reynolds number versus
unit Reynolds number; present data are_shown in comparison with
the ballistiés-range data of Potterl6,17 ang Sheetzl13, Except
for the addition of Potter's Mach two data, all results were
obtained for Me=4.5 and (Tw/Taw)e =.2, In all cases, unit-
Reynolds-number variations were obtained through variations
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it v 5

- in the freestream static pressure level, at constant freestream
a2 ‘velocity and static temperature (=540°R). The dimensional

k- frequency (Ue2/ve) thus varied proportioénately with unit

: Reynolds number.

Within the unit-Reynolds-number range =1.5 to
=3.0 x 106/inch, present data were found to support the strong
unit-Reynolds-number influence on transition observed by
Potter. A least-squares fit of present results in this ol
stated regime, for Repr proportional to (Ue/ve)®, yielded RY
a value for the exponent n of 0.71, approximately ten percent :
above the 0.63 value dictated by the combined data sets of :
Potter. Since all unit-Reynolds-number tests were conducted -
at room temperature, supplemental shadowgraph pictures were !
also obtained from the split-beam stations within the range
tube itself (recall Figure 12); these data,although not
plotted with the primary-ray data of Figure 20. further confirmed
the stated 0.71 value.

N . .
N L L N Y

T O R

o s vl 2

Transition Reynolds numbers measured on those two

flights at unit Reynolds numbers below 106/inch were noted to

be less consistent with Potter's data. During the higher
unit-Reynolds-nunber test of these two, transition was complete
onlyonthe leeward side; indications of turbulent bursts were

clearly evident on the primary ray, but they occurred too

near the end of the test surface to allow a conclusive

statement concerning complete breakdown to turbulence. The

lowest unit-Reynolds-number flight was completely laminar on

all rays, with transition being observed in the recompression
region of the near wake. Therefore, while no decisive

statement can be made concerning unit-Reynolds-number

influence on transition in this regime, these data, when viewed versus
~an extension of the least-squares-fit to data above 106/inch, :
appear to indicate a lessening (Ue/ve) influence on Repr as %
unit Reynolds number is decreased. )
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Transition Reynolds numbers measured at high and low :
unit Reynolds numbers, as plotted in Figure 17, were paired %
at nominal wall-temperature-ratio values ¢f .30, .35, .40 and
.45 and plotted in Rerr versus (Ue/ve) cocrdinates. The
so-called unit-Reynolds-number effect was seen to persist;
while no systematic dependency of the exponent n on
(Tw/Taw)e was noted, its value remained in the 0.4 to 0.7
regime.
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Figure 20 also shows transition Reynolds numbers measured g
. by Sheetzl3, at (Tw/Taw)e =.2, as replotted from Figure 18.
His data were noted to be in close quantitative agreement with
both present data and Potter's results, but were too limited
; in scope to define any trend with unit Reynolds number, at
stated test conditions. Sheetzl4 did, however, conduct a
limited test series wherein (Ue/ve) was the primary independent
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variable; results obtained on sharp slender cones at Me =7,,
for =106< (Ue Ae)<=107/inch, defined an exponent n =.2l.

This finding, when viewed in combination with the Mex4.5
results, illustrates a potential Mach number influence on the
phenomenon in question.

» !

b In summary, combined ballistics-range results have shown gh
a unit-Reynolds-number influence on transition of equal or i
greater magnitude than found in wind-tunnel experiments. .

Further, the physical mechanism(s) for this influence,

3 for flights through quiescent environments, has yet to be

i defined. Additional range tests at constant body-length

3 Reynolds number (recall Section II), and flight-test experiments
3 of the AEDC transition cond?0 (recall Section III, C), may

well provide further insight.

¥ Figure 21 shows a comgarison of present unit-Reynolds-number
: data with results of Stetsoné5 and Krogmann43. 1In Stetson's
experiment, unit-Reynolds-number variations resulted from
variations in initial shock-tube static pressure and shock
strength; in Krogmann's experiment, they resulted from variations
in the reservoir stagnation pressure.

b Krogmann observed no unit-Reynolds-number influence

on transition over the wall-temperature-ratio regime .67 to .79.
b Similarly, if one subdivides Stetson's data into discrete sets,
2 with (Tw/Taw)e = constant, as was done in Figure 21, then the

4 absence of any unit-Reynolds-number influence on transition

in bhis experiment is also clearly illustrated.

As was noted in discussions concerning Figure 20, present
3 data showed a strong unit-~Reynolds-number influence on transition
3 above =106/inch, but appeared to indicate a lessening influence

. as (Ue/ve) was decreased below =106/inch.

In his discussions of linear stability theory and its
relationggip to unit-Reynolds-number influence on transition,
Reshotko?/ has postulated that, for a given disturbance environ-
ment, Rerr is proportional to (Ue/ve)n, where the exponent n
may be a function of Me, (Tw/Taw)e, and possibly even (Ue/ve)
itself, to allow for deviations from a strict power-law
dependence. Present data taken by themselves, or when
viewed in comparison with lower (Ue/ve) results of Stetson and
2 Krogmann, may provide an example of this postulated behavior,

: i.e., unit-Reynolds-number influence on transition depending
on the unit-Reynolds-number regime experienced.

_
% T
R

" ] cC. JTRANSITION-ZONE-ASYMMETRY RESULTS

i Experimental information concerning the three-dimensional,
. § or asymmetric, nature of transition on slender bcdies at angle
’ of attack is important for two reasons. First, as discussed in
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Section IV, a procedure must be available for correcting
ballistics-range (¢>0°9, o >00) transition data to zero_ angle.

of attack. As noted, Figure 16 was used by Potterl6,17, aud
herein, for this purpose. Such a family of curves, by itself,
provides no insight as to why transition asymmetries develop

at (a/ O¢) >0 , rather it provides an empirical description

of these asymmetries at test conditions close to those of the twog
ballistics range experiments under discussion.

The second reason for providing a valid model for
transition-zone asymmetry stems from design requirements to
accurately predict asymmetric heat-transfer distributions, and
asymmetric forces/moments (both shear and induced-pressure
components), on slender freeflight bodies at angle of attack.
For example, the strategic-systems community has defined the
importance of these requirements as they relate to predictions
of frustum-transition-induced contributions to reentry-body
dispersions (e.g., References 44, 45 and 46). Of course,
transition-zone-asymmetry data on sharp, slender cones represent
a limiting case, in that actual flight bodies always possess some
finite degree of bluntness.

Having focused attention on the need for experimental
information in this area, Figures 22, a-h, 23 and 24 are
presented, which show comparisons of present data with Potter's
curves, and comparisons of both these items with other Mach ‘
five data. Implications of these results to ballistics-range !
data-reduction procedures will then be reviewed. Finally,
some brief comments will be offered on the apparent state-of-the- ’
art for modeling transition-zone contours around slender vehicles
at angle of attack.

Figures 22 (a~h) show comparisons of 211 transition run-
length data measured .Juring the present program with curves reported
by Potterl6,17, Results are plotted in terms of non-dimensioral
transition run length (Xpgr/XpRp, ¢ = 00) versus circumferential
body angle ¢, from windward (0°) to leeward (1800); non- :
dimensional angle of attack, (0/@;), is the parameter, with )
deta being divided into eight discrete bands, vp to a maximum 5
value of 0.63. §

Since primary-ray Xpr values were corrected, via linear
interpolation between Potter's ¢ = 00 and 600 curves, in oxder
to define Xpgr, 0= 09, agreement between present data and Potter's
curves is "forced" for ¢ < 459, However, having defined
XPR, 0= 0° for each station of each trajectory, it was then used
to non-dimensionalize measured Xpr values on the three non-
primary rays (45° < ¢ < 18709), No attempt was made here to
categorize data in terms of wall-temperature ratio, unit Reynolds
number, etc., consistent with the principal assumption behind Figure 16,
i.e., that transition zone asymmetry on sharp, slender cones is a function
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solely of (a/0c). The only labeling notes the number of shots and
the number of individual measurement stations which yielded data
in each (@/0,) regime.

Several observations were made. First, at a= 0°
(Figure 22,a), present data exhibited a +20% axial variation about
the nominal value of 1.0, for all circumferential locations.
Such variations are a direct result of taking a finite number
of "instantaneous" dataiﬁpples of a basically unsteady (time-
varying) £low phenomenon As angle of attack increased
(Figures 22, b-h), transition was noted to move increasingly
forward on the cones leeward rays. Non-primary-ray data
(6 3 450) remained within an approximate +20 to 25% band
about Potter's curves. Based on these comparisons alone, the
assumption of transition~zone asymmetry depending solely on
(a/0,) appears, to first order, to be justified.

Figures 23 and 24 show comnarisons of present data and
Potter's curvei with other Mach-five transition-zone-asymmetrg
data: Krogmann 3, Korsia and Marcillat47, Stetson and Rushton 5,
and Whitfield and Dougherty20 (Figure 24 only). Coordinates
are those used in Figure 22,

At a non-dimensional angle of attack of =0.4 (Figure 23),
all data, save the windward-ray data of Krogmann, were noted
to be self-consistent. At a nominal (@ /0¢) value of =0.2
(Figure 24), fairly wide variations between the various
data sets were observed.

Transition~zone asymmetry on snarp, slender cones may
not, in fact, be adequately described by a singular dependence
on (0 /0¢). Flow parameters such as Mach number, wall-
temperature ratio, unit Reynolds number, etc., may influence
observed asymmetries; other potential sources of influence which
must be considered are the disturbance environments associated
with the particular facility utilized, and the measurement
technique (s) incorporated. In any case, combined results of
Figures 23 and 24 raise a question concerning the sensitivity
of conclusions reached in Sections V, A. and B., and in
References 16 and 17, to the correction procedure for
($>00, o >0°) utilized.

A review of available data shows that Potter's windward-
ray curve (faired through data of Ward29) represents the
minimum observed rearward movement of transition with increasing
(@ /0.), while the windward-ray data of Krogmani'3 represent
the maximum rearward movement observed (See Figure 25). As noted,
all (¢>0°, a>0°) corrections to present XpgR values were applied only to
primary-ray data ($<45°), via linear interpolation between the
¢ = 0° and 60° curves of Potter. It was decided to re-reduce

22

S LS

oS A s b e ny

5. o 7 2 oG R st
e

Tyt TRV 23 NI 10

f
H
&
bs
!
¢
¢
A
3
P
B
i
4
i
Ny
4

Sents rew B b ads s arh carbtatetie 3 un dary s 4




3
Ny &,

4

G

TR AR S

e

W RO RSO I Y N L

IRy SO ek

« o~ N - e A At i 4t e

NSWC/WOL TR 77-59

these data, correcting for (¢>00; a>0°) based on linear interpolation
between Krogmann's ¢=0° and Potter's ¢=60° curves. Primary-ray data,

ggrrected to 0=00 by both techniques, are shown in Figures 26 and

Although absolute values for Reqp were, for most flights,
slightly reduced through use of Krogmann's curve, trends
observed and conclusions reached in Sections V, A and B,
concerning wall~-temperature-ratio and unit-Reynolds-number effects,
remained unchanged.

Having addressed this sensitivity question, some final
comments are offered concerning transition-zone-asymmetry on
sharp, slender cones at angle of attack. If one reviews the
individual data sets 29,30,31 averaged by Potterl6,17 to
establish the family of curves shown in Figure 16, significant
variations, similar to those witnessed in Figure 24, become
evident (Figure 18 of Reference 16 shows a detailed comparison
of these three data sets). _In particular, the hypersonic
(Ms=10) data of Dicristina30 show a local maximum in
(Xpr/XpR, @= 09) near ¢=90°4 while the lower Mach number
data (Mw<8) of Martellucci4 and Mateer3l show a monotonic
decay in this parameter as ¢ increases from 0° to 180°. The
point is that, while it is generally accepted that transition
moves rearward on the windward ray, and forward on the leeward
ray, as angle of attack is increased, a complete understanding or
description of the shape of the transition front between these
extremes does not appear to be in hand.
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VI. CONCLUSIONS

Boundary-layer transition experiments were. conducted
on sharp, slender cones in an aeroballistics range as part
of the coordinated program for transition research recommended
by the U.S. Transition Study Group. These tests were conducted
at a nominal freestream Mach number of 4.5, on polished, five-
degree half-angle cones; data acquisition was accomplished
with dual-plane spark shadowgraphs. The primary independent
variable was the wall-to-adiabatic wall temperature ratio,
(w /Taw.)e, which was varied from =.5 to =.2 at each of two
distinct edge unit Reynolds numbers, (Ue/ve) = 0.94 and
2.82 x 106/inch. 1In addition, unit-Reynoldsr-number influence
on tranSLtion was investigated, at (Tw/Taw)e =.22, over the
regime 0.48 < (Ue/fve) < 2.84 x 106/inch. TranSition—zone— '
asymmetry data, as a function of cone angle of attack, were
also generated. The following ohservations were made:

1. Transition reversals with increased wall cooling

were observed at both unit Reynolds numbers tested. At
2.82 x 108/inch, cooling was noted to be destabilizing in the
reqime %,5 > (Tw/Taw)e > =,35, and stabilizinq for

35>(Tw/Taw)e>~ 23. AT 0.94 x 106/inch, cooling in the
regime =.45 > (Tw/Taw)e > =,3 vielded no discernable
trends, whereas a definite stabilizing influence was evident
for =.3 > (Tw/Taw)e > =,22,

2. Data obtained at (Ue/ve) > =106/inch showed a
strong unit-Reynolds-number influence on transition, consistent
with results observed by Potter, while data obtained at
tUe/ve) < =10 /1nch1nd1catedaalessenlng influence of unit
Reynolds number on transition.

3. Pairing of tran51tion Reynolds numbers measured
at 0.94 and 2.82 x 10 /1nch for each nominal wall temperature
ratio tested, showed a unit-Reynolds-number influence on
transition to exist over the entire (Tw/Taw)e regime tested.

4, Observed trends of transition Reynolds number with
(Tw/Taw)e and (Ue/ve), as measured on the cone's most-windward
ray, were found, via a sensitivity study, to be unaffected
by the angle-of-attack correction procedure utilized.
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5. Transition-zone-asymmetry data in the regime
0 ¢ (0/0g) < .63, as measured on the cone's three most-
leeward rays, were found to be consistent with an empirical
model reported by Potter. As angle of attack increased,
leeward-ray transition locations were noted to move
increasingly forward. However, comparisons of present
data and Potter's curves with other Mach five data illustrated
that transition-zone-asymmetry may not be adequately described
by a singular dependence on (a/0g).
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LIST OF SYMROLS

speed of sound

non-dimensional center of pressure, gravity,
measured from cone tip

cone length

Mach numbur
exponent of unit Reynolds number

pressure

fluctuating pressure
transition Reynolds number, Pe Ue xTR
ne

L

cone-length Reynolds number, Ue Lo

e
e

nose-radius Revnolds number, Pr Ct RN

He

.

nosetip radius

recovery factor

L

arc length along surface, measured from stag. point
non-dimensional arc length, defined by eq. (3)

i i = - CG
static margin CPN C’N

temperature
temperature change

time
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U velocity
XmRr transition run length
X range horizontal coordinate é
Y range vertical coordinate E
o angle of attack f
Y ratio of specific heats %
9 cone half-angle §
u viscosity é
v kinematic viscosity, u/p
o) density
b circumferential angle, measured from windward ray
¢’ angle defined by eq. (6)
. Subscripts
§ aw adiabatic wall
;% e at edge.of boundary layer, or based on edge
> properties
H in "horizontal" plane é
i initial ;
: lee on leeward side | é
% t based on stagnation-point p:;operties
é ) v in "vertical" plane ! ;
‘ 1 at wall, or based on wall properties % §
{ wind on windward side ‘ é
) o= 0° at zero angle of attack %
. © freestream é
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