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Boundary-Layer Transition on a Cone and Flat Plate at Mach 3.5

F.-J. Chen* and M. R. Malikt
High Technology Corporation, Hampton, Virginia

and
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NASA Langley Research Center, Hampton, Virginia

Boundary-layer transition data on a cone and flat plate obtained in the Mach 3.5 Pilot Low-Disturbance Tun-
nel at NASA Langley are presented. Measured flat-plate transition Reynolds numbers in this tunnel are an order
of magnitude higher than previous results obtained in conventional noisy supersonic wind tunnels. Transition
predictions based on compressible linear stability theory and the eN method with 7V= 10 are in excellent agree-
ment with the measured locations of transition onset for both the cone and flat plate under low-noise conditions
in this tunnel. This investigation has resolved the discrepancies between the results of linear stability theory and
the data from conventional supersonic wind tunnels regarding the ratio of cone-to-flat-plate transition Reynolds
numbers.

Nomenclature
b - flat-plate leading-edge bluntness
F — dimensionless frequency, 2irfve/ul
f - frequency
M = Mach number
N = exponential factor in amplification ratio e^

from linear stability theory
P = pressure
Pr - Prandtl number
R = reference Reynolds number, (UgS/ve)l/2

Rw =freestream unit Reynolds number, p^u^/^
Re = local unit Reynolds number, peue/iie
ReT = local transition Reynolds number based on

flow distance to transition
r = recovery factor defined by

(Taw-Te)/(T0-Te)
rms = root mean square
s = surface distance from cone tip or leading edge

of flap plate
T = temperature
u — streamwise velocity
X — axial distance from nozzle throat or from

cone tip
AA^AYjAZ = axial, vertical, and horizontal dimensions of

quiet test core (see Fig. 1)
/3 = Mach angle
H = dynamic viscosity
v - kinematic viscosity, p/p
p = mass density
a = spatial amplification rate

Subscripts
aw — adiabatic wall
e - local values at boundary-layer edge
L = laminar
o = stagnation; also onset of instability
p — surface pitot tube
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s = cone tip or flat-plate leading edge
T — transition onset
Tu = turbulent
/ = pitot
w = wall
oo = freestream

Superscripts
(~) = root mean square
(") = mean value

Introduction
A FTER more than 30 years of experimental and

JLmtheoretical investigations related to differences between
cone and flat-plate transition (see Refs. 1-3, for exam-
ple), some uncertainties are still to be found. Almost two
decades ago, Pate4 concluded that valid comparisons between
cone and flat-plate transition were possible only if the data
were obtained in the same test facility under identical test con-
ditions and by using equivalent methods of transition detec-
tion. Pate's correlations for end-of-transition data from five
test facilities showed that the ratio of cone-to-flat-plate transi-
tion Reynolds numbers decreased from about 2.5 at Mach 3 to
about 1 at Mach 8. The data4 also indicated that for a given
Mach number in the range of 3-5, this ratio tended to decrease
with increasing tunnel size. This effect may have been caused
by reductions in the test section noise levels with increasing
tunnel size that have been measured.5'7 These early results can
therefore be taken as a hint of different responses (or recep-
tivities) to tunnel noise by the cone and flat-plate boundary
layers. That is, if the tunnel noise could be reduced further,
would the cone-to-flat-plate transition Reynolds number
ratios also be reduced further to 1 or less? Linear stability cal-
culations using the e1* method would suggest that to be the
case.8-9 It has been shown9'17 that when all input disturbances
are small and when the dominant physical effects are properly
accounted for in the stability equations, the ̂  method pro-
vides reliable predictions of transition when Nis in the range
of 9-11.

The development and successful operation at NASA
Langley of the Mach 3.5 Pilot Low-Disturbance Tunnel18'19

offered the opportunity to provide some answers to the above-
noted uncertainties on cone and flat-plate transition. This new
facility provides stream disturbance levels that can be ex-
tremely low in the upstream part of the test rhombus. The pre-
viously dominant facility disturbances now can be essentially
eliminated in the upstream sensitive regions of the cone and
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flat-plate boundary layers. Since the noise levels and onset lo-
cations can be varied inside the test rhombus of this tunnel,18

opportunities are also available to start experimental investi-
gations into the possible different receptivities of the cone and
flat-plate boundary layers. However, this paper will be limited
to the consideration of the new experimental and theoretical
results for transition at Mach 3.5.

The effects of leading-edge bluntness on flat-plate
boundary-layer transition at supersonic speeds have been in-
vestigated previously.6'20"23 The bluntness effects impact the
heat-transfer problems on high-speed flight vehicles.
Moeckel21 showed that the delay of boundary-layer transition
on blunted plates was caused by the reduction of the
boundary-layer edge unit Reynolds number due to blunting.
However, Reshotko and Khan22 pointed out that Moeckel*s
hypothesis could not explain the systematic displacement of
the transition location and its reversal behavior that were ob-
served in wind-tunnel tests.23'25 In order to properly
characterize the progressive swallowing of streamlines in the
entropy layer by the developing boundary layer, Reshotko and
Kahn22 adopted the method of multiple scales to analyze the
inner- and outer-layer flows on an insulated blunt plate and
found some stabilizing and destabilizing effects on the first-
and second-mode disturbances due to streamline swallowing.
Besides the complexity of the streamline swallowing process,
Pate's data7 indicated that the increase of transition Reynolds
numbers due to increased blunting could be augmented by in-
creases in Mach or unit Reynolds numbers. This observation
suggests that the wind-tunnel noise has a predominant influ-
ence over the leading-edge bluntness effects on boundary-layer
transition. The effects of a limited range of small leading-edge
bluntness values on flat-plate transition are included in this in-
vestigation for the unique conditions of variable freestream
noise levels in the Mach 3.5 Pilot Low-Disturbance Tunnel.

Experimental Conditions
Facility

Wind Tunnel

The Mach 3.5 Pilot Low-Disturbance Tunnel is located in
the Gas Dynamics Laboratory at the NASA Langley Research
Center. It is a blowdown wind tunnel that uses the large-
capacity, high-pressure air and vacuum systems in the labora-
tory. The air is dried to a dewpoint temperature of - 47 °C and
is then reduced in pressure by control valves located some dis-
tance upstream of the settling chamber. Before entering the
settling chamber, the supply air passes through a filter26 that
has nominal and absolute removal ratings of 0.4 and 1 /*, re-
spectively.

Settling Chamber
The settling chamber is approximately 6.5 m long by 0.6 m

inside diameter; it contains a honeycomb, seven turbulence
screens, and several dense porous plates that function as
acoustic baffles to attenuate the high-level noise (rms pressure)
caused by the control valves and piping system from about
0.2% of stagnation pressure down to about 0.01 %. More
details on the facility including the settling chamber and the 1
\L air filter are given in Refs. 19, 26, and 27.

Nozzle
Configuration

A sketch of the nozzle wall cross sections in vertical and
horizontal center planes is shown in Fig. 1. Details of the noz-
zle geometry and dimensions are given in a previous report.1S

The boundary-layer bleed slots located upstream of the throat
on both the contour and side walls also are shown in Fig. 1.
The boundary-layer bleed flow can be cut off by closing a
valve downstream of the bleed plenum. Thus, with this bleed
valve closed, the boundary layer in the subsonic approach
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Fig. 1 Mach 3.5 two-dimensional nozzle and quiet test core in the
Pilot Low-Disturbance Tunnel.

spills around the slot leading edges and the nozzle wall bound-
ary layers are completely turbulent except at the lowest values
of R^. With the bleed valve open, the entire boundary layers
on both the contour and side walls of the subsonic approach
are removed. The wall boundary layers on the upstream re-
gions of the supersonic nozzle are then laminar and the opti-
mum low-noise conditions in the test rhombus are obtained
when the contour walls are very clean and highly polished.
Due to increasing problems in maintaining the surface finish
on the original contour-wall blocks, a new set of blocks were
fabricated and polished. The current surface finish on the new
blocks has maximum peak-to-valley roughness defects in the
throat regions of about 0.5 /*. A discussion on the problems of
surface finish and nozzle noise is given in Ref. 28. During the
present investigation, the new nozzle blocks were installed in
the tunnel.

Quiet Test Core
The dominant source of test section disturbances in conven-

tional supersonic/hypersonic tunnels is the acoustic radiation
from eddies in the turbulent boundary layers on the nozzle
walls.4'6 In supersonic flow, this noise is in the form of finite-
strength wavelets that are propagated along Mach lines.
Hence, as illustrated in Fig. 1, the location of transition onset
in the wall boundary layers can be sensed with a hot-wire
probe at any point along a Mach line extended downstream
from that location, which is then the "acoustic origin" for the
onset of radiated noise in the nozzle flowfield. As the unit
Reynolds number is increased, the transition moves upstream
along the contoured walls in this nozzle. The quiet test core re-
gion then becomes smaller and tends to approach some mini-
mum size of streamwise length AX and height A Y. When the
nozzle walls are very clean and highly polished, the minimum
value of AX is about 12 cm. At high Reynolds numbers, the
sidewall boundary layers are generally turbulent. For these
conditions, radiation from the side walls is minimized by the
large width of the nozzle (see lower part of Fig. 1) and the
small local Mach numbers (Me <2.5) at the upstream acoustic
origin locations. The large width of the quiet test core AZ
allows the testing of swept wings and models at large angle of
attack.

Effect of Unit Reynolds Number on Noise in Pilot Nozzle
The rms static pressures (normalized by the mean pressures)

obtained from hot-wire data on the nozzle centerline are plot-
ted vs distance from the nozzle throat in Fig. 2. Since acoustic
noise is propagated along Mach lines in supersonic flow, the
noise levels in the test rhombus are extremely low (within the
instrument noise range) when the boundary layers at the up-
stream acoustic origin regions are laminar. From the acoustic
origin location at transition on the nozzle wall, the corre-
sponding locus of the increased noise levels can be traced



JUNE 1989 BOUNDARY-LAYER TRANSITION AT MACH 3.5 689

along a Mach line downstream of the centerline. When the
probe is traversed through this centerline station, the increased
noise is sensed by the hot-wire anemometer.

Fig. 2a illustrates how the values of AX varied with R^ dur-
ing the present tests with the bleed valve open. These values of
AX were consistent and repeatable as verified from hot-wire
surveys made before, during, and after the present transition
data were obtained. The tip of the cone or the leading edge of
the flat plate was located at either Xs = 12.7 or 20.3 cm during
these tests. The values of AX listed in the figure are measured
from X- 12.7 cm (the upstream tip of the uniform flow test
rhombus18) to thejocation where a line faired through the rms
data crosses the P^/P^ =0.1% line that is used as a nominal
definition of transition at the nozzle wall acoustic origins.
These values of AA^are greater than those reportedlis'19'26 pre-
viously and are also obtained at higher unit Reynolds numbers
due to the improved surface finish of the present nozzle blocks
and the improved surface cleaning technique used.

Since, at a given unit Reynolds number, the upstream
boundary of the increasing noise region is fixed within the
nozzle flowfield, the noise level and onset locations on the test
model can be varied, as desired, by simply moving the test
model downstream within the uniform test flow rhombus. Ob-
viously, the noise onset regions and levels can also be varied by
changing the unit Reynolds number.

Another technique that has been used extensively to increase
the noise levels18 is to cut off the subsonic boundary-layer re-
moval flow by closing the bleed valve. The bleed valve closed
data shown in Fig. 2b indicates that the boundary layer on the
nozzle walls then is completely turbulent except when
/?00/m<l.lxl07 .

Models and Transition Detection Techniques
Two 5 deg half-angle cone models were tested previ-

ously18'26 in this tunnel with the original nozzle blocks. Both
models were fabricated of stainless steel and were 38.1 cm
long. Two rows of thermocouples were installed in the 0.076
cm thick skin on opposite sides of the models. The models,
designated as cones 1 and 2 in Ref. 26, are nearly identical ex-
cept for the thermocouple installation techniques. The model
used in this investigation is cone 2. All construction details and
the method of transition detection from measured recovery
temperatures are discussed in Refs. 18 and 26. The cone tips
were maintained as sharp as possible to a radius of less than
0.0025 cm.

The flat-plate model is 45.7 cm long by 17.5 cm wide and is
the same model used by Johnson and Kaufman29 for heat-
transfer tests in the Mach 6 High Reynolds Number Tunnel at
NASA Langley. The leading edge has a bevel angle of 15 deg
and thicknesses that were varied from £« 0.0025 to 0.023 mm.
Thermocouples were installed on a thin-skin 1.9 cm wide strip
in the center of the model. However, heat conduction to the
adjacent support structure rendered the measurement of re-
covery temperatures unreliable. Therefore, a surface pitot
tube was used to detect transition. Morrisette and Creel30 have
verified that the surface pitot pressure and recovery tempera-
ture techniques give similar onset and end-of-transition loca-
tions on cones in this tunnel over the range of test conditions.
At M00 = 3.5 and zero angle of attack, the maximum
interference-free test length along the center of this plate is
only 29.3 cm because of its relatively small width of 17.5 cm.
Therefore, the surface pitot tube tip was set at sp<27.9 cm
from the leading edge. Detail dimensions of the probe tip are
given in the inset of Fig. 5 below.

Transition on the Sharp Cone
As discussed above, the noise incident upon the cone

boundary layer was varied by operating the pilot tunnel with
the bleed valve open or closed and with the cone tip set at
Xs = 12.7 or 20.3 cm from the nozzle throat. The cone axis was
aligned with the nozzle centerline. Figure 3 shows typical vari-
ations of the recovery factor r plotted against the axial dis-
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tance along the cone for bleed valve open and for the cone tip
located a.tXs = 12.7 cm from the nozzle throat. Note that stag-
gered scales are used for the ordinate in order to display the
data from a single run obtained over the range of Re. The
dashed_Jmes are drawn at the theoretical laminar factor of
rL = VPr~ 0.843. The solid lines are for the turbulent recovery
factor taken as rTu = (Pr)l/3«0.892. The onset of transition
was determined as the intersection of two straight lines faired
through the laminar and transitional data, as indicated in the
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figure. The flagged symbols indicate data obtained from the
thermocouple row on the opposite side of the main row.

All of the present transition data were determined from the
main thermocouple row. Local Reynolds numbers at transi-
tion onset ReT are plotted vs local unit Reynolds number Re in
Fig. 4. For comparison, two shaded bands representing flight
and conventional wind-tunnel data also are shown in Fig. 4
(sources of these flight and conventional wind-tunnel data are
given in Ref. 18). The present data, with the bleed valve open,
are higher than conventional wind-tunnel data by a factor of
about 3. For values of Re/m<4x 107, with the bleed valve
open and the cone tip at Xs = 12.7 cm from the throat, some of
the present data are in the range of atmospheric flight data.
When the bleed valve is closed, the present data are compara-
ble to conventional wind-tunnel data. The high transition
Reynolds numbers of the present data, with the bleed valve
open, are attributed to the low noise that is incident on the
sensitive upstream regions of the cone boundary layer within
the quiet test core. Analysis and correlation of previous
results18'31 indicated that the cone boundary layer is much
more sensitive to wind-tunnel noise in the vicinity of the neu-
tral stability point than farther downstream. Thus, when the
cone is moved downstream, lower transition Reynolds
numbers are generally measured because the onset of the inci-
dent noise moves upstream on the cone toward the location of
the lower branch of the neutral stability curve. This situation
is shown in Fig. 4 by comparison of the data with the cone tip
located at Xs = 12.7 and 20.3 cm from the throat for the bleed
valve open. The low transition Reynolds numbers for conven-
tional wind-tunnel data and the present data with the bleed
valve closed are caused by the high wind-tunnel noise incident
on the entire boundary layer.

Transition on the Flat Plate
The flat plate has been tested in the pilot tunnel under run

conditions similar to those with the cone. The plate surface
was aligned in the AX and AZ directions (see Fig. 1) with its
center line coinciding with the nozzle centerline. The surface
pitot tube, which has a height of about 0.25 mm (see inset in
Fig, 5), was located in the center of the plate at a fixed distance
from the leading edge. The tunnel stagnation pressure then
was gradually increased to about 1.4xl06 N/m2, which is
close to the upper limit imposed by existing valves and pipe
sizes. To verify the general trends, the stagnation pressure was
then reduced gradually until the supersonic flow broke down.
Figure 5 shows typical values of the measured surface pitot
pressures normalized by the stagnation pressure Pt/P$ plotted
against the unit Reynolds number, with the tip of the pitot
tube at 27.9 cm from the leading edge. In the figure, the de-
creasing trends in Pt/PQ with increasing Re are caused by the
decrease in boundary-layer thickness and the corresponding
increases in average Mach number over the tube height. The
point just before the abrupt increase in Pt/PQ (indicating a
change to a transitional or turbulent profile) is taken as transi-
tion onset.

All flat-plate transition onset data under different condi-
tions are plotted in Figs. 6 and 7. Because of the heat conduc-
tion problem, the wall temperature generally decreased during
the run when the stagnation temperature was held nearly con-
stant. For reference, the ratios of the mean wall temperature
to the adiabatic wall temperature fw/Taw (in terms of absolute
temperatures) are included in the figures. Three different
thicknesses of the plate leading edge were tested. The thickness
b is the nominal mean leading-edge bluntness as determined
with a 70 power microscope. A sketch of the plate leading-
edge geometry is shown on the inset of Fig. 7.

The flat-plate transition onset data, with 5=0.0025 mm,
are plotted in Fig. 6. Two 45 deg faired lines indicate data ob-
tained by the pitot tube at two different locations of 20.3 and
27.9 cm from the plate leading edge. For the higher unit
Reynolds number, the wall temperature ratios are lower be-
cause longer run times were used during the standard wind-
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rĵ PJi—
1.03

1.04

A 1.04

„ 1.06
V 1 .08

l 1 i
15

b,mm

5A9,

4.U_

4.02

1.62

1.01
0.92

j

20

4^
b T

Vaw
£[ — 1.02
^~~1.03

O ^.04

-^ 1.04

-V 1.08

25x10"3

m
15°
Re/m
X107

6.42
6.28
4.31

1.72

1.01

Fig. 7 Variations of transition onset Reynolds number with leading-
edge bluntness (inset shows leading-edge geometry).



JUNE 1989 BOUNDARY-LAYER TRANSITION AT MACH 3.5 691

tunnel operating procedures. Usually, under similar tunnel
conditions, the supersonic data with a lower wall temperature
ratio has a higher transition Reynolds number. When the
wind-tunnel noise incident on the plate is increased by either
moving the plate downstream or closing the bleed valve, the
transition Reynolds number is decreased. When the pitot tube
location sp is changed from 27.9 to 20.3 cm, the unit Reynolds
number is increased to only a slightly higher value in order to
observe transition. With this slight increase of unit Reynolds
number, there are only small changes in the wind-tunnel noise
conditions and hence the transition Reynolds numbers are not
much different.

Figure 7 shows the effects of the plate leading-edge blunt-
ness on the transition onset Reynolds numbers. In addition to
the wall temperature ratios, the unit Reynolds numbers are
also indicated for each data point in the plot. Data from
similar run conditions are connected by solid lines and extra-
polated to zero leading-edge thickness by dashed lines. The
upper solid lines, for higher unit Reynolds numbers and lower
noise conditions, show steeper slopes when compared to the
lower solid lines. That is, the bluntness effects are more prom-
inent for conditions of low noise and high unit Reynolds
number. Pate's data6 also indicated an increase of transition
Reynolds numbers with increased leading-edge bluntness and
increasing values of unit Reynolds number. Obviously, before
the extreme sensitivity of transition to these parameters can be
understood, a detailed analysis of the boundary-layer stability
is required, including the effects of leading-edge thickness, the
swallowing distance of the high entropy layer by the growing
boundary layer, and the boundary-layer receptivity to external
disturbances.

Comparisons of Cone and Flat-Plate Transition
The cone and flat-plate transition (with b = 0.0025 mm)

onset data from Figs. 4 and 6, under the optimum low-
disturbance conditions of the pilot tunnel (i.e., Xs- 12.7 cm
with the bleed valve open), are plotted in Fig. 8. Faired lines
representing flat-plate data from Arnold Engineering Devel-
opment Center tunnels5 A and D and from the Jet Propulsion
Laboratory 20 in. tunnel1'32 are included for comparison.
These data have all been corrected to the onset of transition
and for sharp leading edges according to the best available
results given in the references. The flat-plate transition
Reynolds numbers from the Low-Disturbance Pilot Tunnel
are about an order of magnitude higher than in the other tun-
nels. Also, comparison of the present cone and flat-plate data
shows that the cone data are considerably lower than the flat-
plate data. These data are in excellent agreement with the pre-
dictions of the eN method (N= 10) using compressible linear
stability theory. The theoretical predictions will be discussed
in the next section.

Figure 9 is taken from Pate's correlation for the ratios of
cone-to-flat-plate transition Reynolds numbers.4'6 The upper
shaded band represents Pate's results for the end of transition
from five different wind tunnels. The present results for the
onset of transition at Mw = 3.5 from Figs. 4 and 7 (with b ex-
trapolated to 0) are included for comparison. Although the
onset of transition is better suited for comparison with stabil-
ity theory, since the length of the transition region varies con-
siderably in different tunnels and has already been shown to
depend on,noise intensities (see Fig. 9 and Ref. 31), the ratios
of cone-to-flat-plate transition Reynolds numbers obtained
from the present data are not much different for transition
onset or transition end. Therefore, Pate's data are not cor-
rected to transition onset in this figure. Since the present cone
data are for Tw = Taw and the flat-plate data are for Tw > Taw,
ratios of the cone-to-flat-plate transition Reynolds numbers
would have been somewhat lower than those shown in Fig. 9 if
Tw = Taw during the test on the plate. To illustrate the effects
of slight changes in Tw/Taw on these ratios, predictions of the
eN method with N= 10 are shown in Table 1. A discussion of
the theoretical predictions is presented in the next section. No
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Fig. 9 Ratios of cone-to-flat-plate transition Reynolds numbers
from Pate4*6 compared with the present data and the prediction from
linear stability theory.

Table 1 Predictions of e" method flV= 10)
ReT /ReT,_____1 cone * plate

On sharp leading-edge flat plate

1.00 12.3 xlO6

1.03 11.9X106

1.07 10.8 XlO6

On sharp tip 5 deg half-angle cone

1.00 8.34 xlO6

0.68
0.70
0.77

corrections of the present flat-plate data to adiabatic wall con-
ditions have been attempted in this report.

Depending on nozzle noise conditions, the present data for
MO, = 3.5 show the ratios of cone-to-flat-plate transition
Reynolds numbers varied from about 0.8 up to about 1.2,
which are much less than Pate's data. The prediction for
M00 = 3.5 and N= 10, for adiabatic wall conditions, is very
close to the present data under the optimum low-disturbance
conditions of the pilot tunnel. The reason for these results is
that, under the optimum low-disturbance conditions, the
acoustic energy radiated to the upstream sensitive regions of
the cone and flat-plate boundary layers is extremely small at
all frequencies. The higher ratios of cone-to-flat-plate transi-
tion Reynolds numbers of the present data under higher noise
conditions may be due to faster growth of the boundary-layer
thickness on the flat plate than on the cone and, thus, stronger
receptivity of the flat-plate boundary layer to the incident
acoustic field. The even higher ratios of Pate's data are caused
by the facts that the most amplified frequencies on the flat
plate are lower than those on the cone (see next section) and
that the thick turbulent boundary layers on the nozzle walls of
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Fig. 10 TV -factor envelope curves at Af» = 3.5.

conventional wind tunnels radiate more acoustic energy at low
frequencies than at high frequencies. These results emphasize
dramatically the importance of using quiet tunnels for high-
speed transition studies.

Transition Predictions for a Cone and Flat Plate
at Moo = 3.5

Compressible three-dimensional linear stability equations
with the assumptions of parallel flow and variable Prandtl
number were solved (using a modified version of the COSAL
code33) to obtain the disturbance amplification rate a (s)
needed for computation of the N factor, which is defined as

N=] a(s) ds
so

where s is the distance along the cone or flat plate from the tip
or the leading edge and s0 the location of the onset of instabil-
ity. Calculations were made for various disturbance frequen-
cies and the N factor curves for the adiabatic wall cone and

flat plate are plotted separately in Figs. lOa and lOb. Figure
lOc shows the variation of N and R for only those frequencies
that first reached the value N= 10. At this value of N, the pre-
dicted transition of Reynolds numbers for a cone and flat
plate are in excellent agreement with the observed transition
Reynolds numbers (Figs. 8 and 9). Malik15 previously made
complete stability calculations for cones applicable to flight
data and selected data from the Mach 3.5 Pilot Low-
Disturbance Tunnel. The values of N computed at the
measured onset locations of transition varied about 9-11.
Thus, it is concluded that similar values of N are also ap-
plicable to the flat-plate data when the tunnel disturbances in-
cident upon the upstream sensitive regions of the boundary
layer are small.

Figure lOc shows that the most amplified dimensionless fre-
quencies for the cone and flat plate for N= 10 are Fx 105 = 2.5
and 1.25, respectively (where F=2irfve/u^). The higher fre-
quencies for the cone are due to the smaller boundary-layer
thickness on the cone. Hence, for amplification to N= 10, the
flat-plate boundary layer is more sensitive to low frequencies
than the cone boundary layer. Figures lOa and lOb also show
the same relative sensitivities to frequencies for small values of
R near the neutral stability region. These results could account
for the lower transition Reynolds numbers usually measured
on flat plates than on cones in conventional tunnels where the
thick turbulent boundary layers on the nozzle walls radiate
more energy at low frequencies than at high frequencies.

Conclusions
1) Transition Reynolds numbers on a flat plate under low-

noise conditions in the Mach 3.5 Pilot Low-Disturbance
Tunnel are nearly an order of magnitude higher than from
previous investigations in conventional noisy tunnels.

2) The ratios of cone-to-flat-plate transition Reynolds
numbers vary from about 0.8 under low-noise conditions up
to 1.2 under high-noise conditions in the Mach 3.5 Pilot Low-
Disturbance Tunnel, as compared to values of about 2.2-2.5
for this ratio in conventional noisy tunnels. This result implies
that flat-plate boundary layers are much more receptive to
wind-tunnel noise than cone boundary layers.

3) The stability calculations indicate that, for low-noise con-
ditions, the most amplified frequencies leading to transition
are considerably higher on the cone than the flat plate.

4) Calculations based on compressible linear stability theory
in conjunction with the e1* method are in excellent agreement
with transition data on both the cone and flat plate for N= 10
when the upstream regions of the models are in the quiet flow
test region. The present results under low-disturbance condi-
tion therefore have resolved the discrepancies that have existed
between linear stability theory results and transition data from
conventional supersonic wind tunnels.

Summarizing the above conclusions, this investigation dem-
onstrates that transition results obtained in conventional noisy
wind tunnels generally do not simulate flight conditions cor-
rectly, including the relative locations of transition on two-
dimensional and axisymmetric configurations.
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