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Surface thin film gages have been used to determine the extent of the transition region, intermittency
distribution, and disturbance convection velocities in the boundary layer on a sharp 5° half angle cone at
M^ = 7.4 in the Ames 3.5-ft Hypersonic Wind Tunnel. In addition, extensive hot wire space-time correlation
measurements have been obtained in the wind-tunnel freestream and in the transitional hypersonic boundary
layer on a cone-ogive-cylinder in the same facility. Disturbance convection velocities have been obtained from the
longitudinal cross correlation measurements as a function of fluctuation scale and distance from the wall. The
results of normal cross correlation measurements are also discussed.

Nomenclature
/ = frequency
M = Mach number
p — pressure
Re = Reynolds number
t = time
T = temperature
U = velocity
V = rms voltage fluctuations
x = distance from model cone apex, along model centerline
Ax = separation distance in x direction
y = distance normal to model surface

= lateral distance around model
= disturbance inclination angle
= intermittency
= boundary-layer thickness determined from Pilot pressure profiles
= turbulence scale, U/2nf

Subscripts
c = convection
e = boundary-layer edge
/ - local
o = total
w = wall
oo = freestream
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Introduction

IN spite of the extensive experimental and analytical work
which has been conducted in supersonic and hypersonic

transitional boundary layers in recent years, there is still much
speculation regarding the detailed structure of and mechanisms
influencing boundary-layer transition.

Morkovin1 and Laufef2 have pointed out that, at high free^
stream Mach numbers, the sound field which radiates from the
turbulent boundary layers on the wind tunnel walls is a major
source of freestream disturbances and must be considered in all
transition experiments. Recently Pate and Schueler3 have shown
that the effects of aerodynamic noise on boundary^layer transi-
tion may be related to a number of wind-tunnel parameters
including Mach number and unit Reynolds number. However,
the conclusions of Pate and Schueler cannot be extended to all
wind-tunnel transition data. For example, the transition data of
Mateer and Larson4 show little unit Reynolds number depen-
dence which would not be expected if the effects of aerodynamic
noise were dominant. In particular, noise cannot explain the unit
Reynolds number effect observed in the ballistic range experi-
ments of Potter5 where, in the absence of significant freestream
disturbances the variation of transition Reynolds number with
unit Reynolds number was comparable to those observed in
noise-contaminated wind tunnels. It is apparent that more data
are needed to determine the effect of freestream disturbances on
boundary-layer transition.

A better understanding of the transition mechanism could be
obtained if experiments were designed to obtain a more complete
picture of the structure and extent of the transition region
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together with fluctuation measurements in the freestream rather
than the mere determination of a single transition "point" from
mean surface measurements, which has usually been the case.
Indeed Laufer6 has pointed out the general failure of experi-
menters to exploit the advantages of hot wire anemometry for
fluctuation measurements. Consequently, very little is known
about the structure of hypersonic transitional boundary layers.

Since turbulent flows vary not only in time but also in space,
their investigation must involve an examination of both the
spatial and temporal statistical structure. Space-time correlations
can contribute to this study since they give evidence of the heredity
and structure of turbulence, as well as the convection velocities
of the vorticity and entropy modes relative to the average mass
transport velocities. Such measurements have been made in
incompressible turbulent boundary layers (e.g., Favre et al.7) but,
to^the authors' knowledge, no such measurements have been
reported in hypersonic transitional boundary layers.

The purpose of this investigation was to provide detailed
measurements of the structure of hypersonic transitional
boundary layers. Data on the intermittency distribution, distur-
bance convection velocities, and extent of the transition region
are presented. Extensive hot wire correlation measurements are
also presented. Freestream fluctuation measurements have also
been made in an attempt to determine the influence of freestream
disturbance level on boundary-layer transition.

Experimental Details
Wind Tunnel

The investigation was conducted in the Ames 3.5-ft Hypersonic
Wind Tunnel. In this facility, high-pressure air heated in a
pebble-bed heater flows through the 1.067 m-diam test section
to low-pressure spheres. Using the nominal Mach 7 contoured
nozzle, the test conditions were T0 = 835°K, p0 = 13-122 atm,
Mw = 7.4 for the 5° half angle cone experiments and T0 = 667°K,
p0 = 14-28 atm, M^ = 7.4 for the cone-ogive-cylinder experi-
ments. The test core diameter was approximately 0.70 m with
axial Mach number gradients less than 0.12/m. The nozzle had
an annular injection slot in its subsonic portion through which
helium or air was injected to provide thermal insulation
between the nozzle wall and the hot airstream.

Test Models
All the surface thin film gage measurements were made on a

sharp 5° half angle cone at a wall to freestream temperature
ratio of approximately 0.4. Five thin film gages were mounted
flush with the model surface at distances between 20.3 and 61 cm
from the cone apex. The 5° cone transition experiments were
conducted using a quick insert mechanism so that the model
was never exposed to the hot airstream for more than 15 sec.
Thus changes in wall temperature ratio during the tests were
negligible.

The hot wire fluctuation measurements were made in the
transitional boundary layer on the cylindrical portion of an
axisymmetric 10° sharp cone-ogive-cylinder. This test model was
300 cm long and 20.3 cm in diameter. During a typical one
minute test the model wall temperature increased a maximum
of 20°K on the cone portion of the model and 5°K on the
cylindrical portion. The average wall to freestream temperature
ratio was 0.45. Details of the two test models are shown in Fig. 1.

Fluctuation Measurements
The measurements were made with constant temperature

anemometer systems. The a.c. component of the hot wire and
hot film signals, representing the turbulent fluctuations (see
appendix), was recorded on the FM system of a multichannel
tape recorder. For the correlation measurements, the signals
from two anemometers were recorded simultaneously on two
tape recorder channels which had been previously checked for
phase differences. The autocorrelation and cross correlation were
then obtained by playing back the tapes through an analogue
correlator. The filtered correlations were obtained using matched
| octave filters.

Cross correlation measurements involve the correlation of
signals from two spatially separated measuring positions, with
varying positive or negative time delay of one signal with
respect to the other. Thus if Vl(x1,y1,zl,Q) denotes the signal
received at one point at time t = 0 and V2(x2,y2,z2,t) denotes
the signal received at a second point at time t their cross
correlation may be defined as

The space correlation, which involves the comparison of the
instantaneous signal received at two spatially separated points is
therefore the cross correlation at zero time delay, while the auto-
correlation, which involves the comparison of a signal received at
one measuring station with the signal received at the same point
at time r, is therefore the cross correlation for zero separation.

The upper frequency limits ( — 3 db) of the surface hot film and
hot wire probe systems, as determined by a standard square-
wave technique were found to be 30 kHz and 40 kHz,
respectively, at the lowest mass flow rates. This enabled fluctua-
tion scales down to one half of the boundary-layer thickness to
be recorded and correlated during the turbulent structure
experiments.

Discussion of Results
Transition Measurements

Typical variations of the root mean square thin film voltage
fluctuations for a range of unit Reynolds numbers are shown
in Fig. 2. The curves clearly show a rise from the laminar to the
turbulent level with an intermediate peak. Of particular impor-
tance is the fact that three distinct points in the transition
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Fig. 2 Surface hot film fluctuation measurements through the transition
region on a sharp 5° cone.
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Fig. 3 Intermittency distribution through the transitional region on a
sharp 5° cone.

region can be accurately located: 1) the start of transition, defined
as the point where the rms signal begins to increase from its
laminar value, i.e., where intermittency begins; 2) the peak rms
signal which coincides with the point where the turbulent burst
frequency is a maximum (Owen8); and 3) the end of transition.

Intermittency measurements in the transition region, obtained
by passing the a.c. components of the hot film signals through
a Schmidt trigger circuit, are shown in Figs. 3a and b. There is a
close similarity between the intermittency variations in subsonic
and hypersonic transitional boundary layers as shown by the
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Fig. 4 Variation of transition Reynolds number with unit Reynolds
number on a sharp 5° cone.
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Fig. 5 Velocity profiles through the transition region on the cone-ogive-
cylinder, x = 115 cm.

good agreement between the present data and the incompressible
data of Dhawan and Narashima.9

The influence of unit Reynolds number on the magnitude of
the transition Reynolds number and the extent of the transition
region is presented in Fig. 4. Also shown are previous heat-
transfer transition onset data obtained on an "identical" model
in the same facility.4 The onset of transition as defined by the
heat transfer measurements is much less sensitive than the thin film
gage technique, especially at low unit Reynolds numbers. It is
also apparent from Fig. 4 that the heat-transfer technique does
not provide consistent transition "point" data since the onset of
transition is detected at different values of intermittency
depending on the unit Reynolds number.

The authors feel that a lot of the scatter in transition data
could be attributed to the inconsistent choice of the transition
"point" indicated by the many different techniques which are and
have been used. A more complete picture of transition depen-
dence on the various parameters can only be obtained from
experiments in which the positions of the beginning and end of
transition are accurately determined. It is of interest to note that
transition data reported for supersonic and hypersonic flows are
not generally based on observations of turbulent spots but rather
some macroscopic quantity such as skin friction, heat transfer, or
surface Pitot pressure, whose departure from laminar values can
be detected only when the intermittency is appreciably greater
than zero.

Structure of the Transitional Boundary Layer
Using a hot wire mounted close to the cone-ogive-cylinder

model surface (y/6 a 0.05) 115 cm from the apex, the beginning
and end of transition were determined to occur at tunnel total
pressures of 12 and 30 atm, respectively. For reference, the mean
velocity profiles obtained from total temperature and Pitot
pressure surveys at this location are shown in Fig. 5. The
theoretical laminar and turbulent profiles shown in Fig. 5 were
obtained from the finite-difference program of Dwyer et al.10

using actual boundary-layer edge conditions.
Figure 6a shows the autocorrelation of the fluctuation signals

midway through transition (p0 = 21 atm) at several positions
across the boundary layer. It can be seen from these curves that
there is a marked variation of energy distribution with frequency
across the boundary layer. The power spectral density variations
across the boundary layer obtained by Fourier transformation
of the autocorrelation curves are shown in Fig. 6b. It can be
seen that the maximum fluctuation energy occurs near the
boundary-layer edge and decreases as the wall is approached.
But, close to the wall there is proportionately more energy
associated with the smaller scale disturbances. This "movement"
of the relative energy to the smaller scales is believed to be due
to the large rates of shear in the wall region. Similar results
were also obtained at the two other tunnel total pressures. A



772 F K. OWEN AND C. C. HORSTMAN AIAA JOURNAL

i.o

.9

I- Qz -8
UJ

i.7u_
UJ

8 .6

I-5
<_1 .
UJ .4
o:o:
8 .3

.2

.1

y/s
o 0.02
A 0.12
a 0.24
v 0.47
o 0.9.6

1.44

x = 50.8 cm

2 3
t, msec

a) Autocorrelation

Po. atm

27 ONSET
54 PEAK
68 END

2.0

a) Autocorrelation

10-3

(v1) v2

10 100 1,000 10,000 100,000
f , H Z

b) Power-spectral-density

Fig. 6 Fluctuating energy distributions through the boundary layer on
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Fig. 7 Fluctuating energy distributions through the transition region
on the surface of the 5° cone, x = 50.8 cm.

typical noise level reading is also indicated on Fig.~6b. It can be
seen that even at the higher frequencies the noise is still sub-
stantially lower than the signal. At the lower frequencies the
noise spectrum was practically undetectable.

The variations of the autocorrelation and power spectral
density through the transition region obtained by a surface
thin film gage on the cone model are shown in Figs. 7a and b.
The very pronounced change in the autocorrelation after the peak
(i.e., p0 = 61 atm) was observed at all gage locations. Again it can
be seen that there are significant changes in power level and
distribution with a pronounced energy concentration at the lower
frequencies in the transition region. This energy concentration in
the transition region is caused by the turbulent bursts passing
over the film that change the mean voltage across the film from
the laminar to the turbulent level (Owen8). The apparent non-
monotonic behavior of the autocorrelation coefficient at 61 atm
(after the peak) is due to the intermittency in the fluctuating
signal.8

The peaks of the cross correlations obtained for various values
of wire separation distance represent the autocorrelation in a
reference frame moving with the disturbances or the Lagrangian
autocorrelation coefficient. It is therefore a measure of the lifetime
of the disturbance pattern as it is swept along with the mean
flow. The variation of longitudinal correlation coefficient of the
total fluctuation field measured at optimum time delay is shown
in Fig. 8. The optimum correlation decreases as the space
separation increases. In the case of the filtered turbulent field
(Fig. 9) the influence of frequency combines with the influence
of separation distance and y/d. When the separation distance is

fixed, the higher the frequency the more the optimum correlation
coefficient decreases. This indicates that the smaller scale distur-
bances are decaying at a faster rate than the larger ones. This
more rapid decay of the small-scale disturbances explains the
selective part played by the longitudinal separation, which
reduces their contribution to the correlation coefficient of the
total turbulent field as the wire separation increases.

The results of a series of filtered cross correlation measure-
ments at two positions across the boundary layer are shown in
Fig. 10. Each cross correlation curve reaches a maximum at
some value of the time delay other than zero, clearly indicating
the presence of convection. A convection velocity of these

i.o

.4
0.25

10 20 30
WIRE SPACING, AX/8

50

Fig. 8 Optimum space-time correlation coefficients—total turbulent
field.
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Fig. 11 Effect of disturbance scale on convection velocity.

disturbances may be determined by dividing the separation
distance by the time delay at which the maximum of a particular
cross correlation occurs. No significant variations of convection
velocity with wire spacing were observed. This was also the case
for the over-all and other filtered disturbance convection
velocities.

The variation of the disturbance convection velocity relative
to the local velocity as a function of disturbance scale is shown
for one wire spacing in Fig. 11. The ratio, Vc/Ult tends towards
unity as the scale (/.e = Ue/2nf) decreases. Thus the small-scale
fluctuations are convected close to the local mean velocity. How-
ever, as the scale increases the more Uc/Ul differs from unity. Near
the wall (y/6 = 0.25) the propagation velocities of the disturbances
are close to the local velocity whereas they are significantly lower
than the local velocity in the outer half of the boundary layer.

The variation of the over-all and filtered convection velocity
profiles compared to the mean velocity profile is shown in Fig. 12.
At a distance from the wall y/6 % 0.25 the convection velocities
corresponding to the various scales are close to the local fluid
velocity (Uc % 0.72 Ue). At greater values of y/6 the differences
increase with the scale. In the outer portion of the boundary
layer the large-scale disturbances are convected much more
slowly than the mean velocity. The transitional surface measure-
ments on the 5° cone (for all disturbance scales) are also shown
and can be seen to be in good agreement with the hot wire
boundary layer measurements. Since the variations of convection
velocity with scale and y/6 are so significant, it is important
that they are taken into account in any attempt to relate the
frequency spectrum of boundary-layer turbulence to its wave
number spectrum.

The values of the cross correlation coefficient have also been
determined for various separation distances normal to the wall as
a function of the time delay. Figure 13 shows an example of the
resulting filtered correlation coefficients. It can be seen that the
correlation reaches a maximum value for an optimum time delay

= 11.5 y/S=0.25

42

Fig. 10 Examples of filtered
space-time correlation coeffi-

cients—4 kHz.

f applied to the fluctuations sensed by the probe located farthest
from the wall. This optimum time delay, which is a function of the
normal separation distance, has been observed previously in an
incompressible turbulent boundary layer.7 These space-time
correlations may be interpreted in terms of a disturbance inclina-
tion angle to the wall. This angle may be determined by dividing
the normal wire separation distance by the product of the
observed time delay and the disturbance convection velocity at
that point in the boundary layer. The results (Fig. 14) show that
this angle is smallest close to the wall, and increases with increas-
ing distance from the wall. Similar results obtained in the fully
developed turbulent boundary layer on the same model11 are
represented by the solid curve on Fig. 14.

It is apparent that there is some variation of the propagation
angles through the transition region (i.e., as the total pressure
changes). Towards the end of transition (p0 = 28 atm) these angles
approach the fully turbulent values. The propagation angle of
about 20° measured close to the wall may be compared with the
incompressible experiments of Kline et al.12 where ejected streaks
were observed to leave the wall layer at an angle of about

Freestream Fluctuation Measurements
Freestream fluctuation measurements have also been made in

an attempt to determine if turbulence generation and transition in
the model boundary layer are driven by the freestream distur-
bances. By changing the nozzle wall gas injection it is possible to
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Fig. 12 Distribution of disturbance convection velocities across the
boundary layer.
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alter the state of the tunnel side wall boundary layer, and
consequently, the freestream disturbance level without appreci-
ably changing the unit Reynolds number. Thus it is possible to
isolate the effects of changes in the freestream disturbance level
without associated changes in unit Reynolds number.

The undisturbed freestream power spectra, obtained without a
model in the flow, are presented in Fig. 15 and show com-
parable changes in magnitude with variations in either unit
Reynolds number or tunnel wall boundary layer gas injection.
However, transition data obtained with air injection showed no
significant differences from the helium injection data (see Fig. 4).
If changes in freestream power spectra are important to the
transition process one would expect comparable changes in
transition location with gas injection as was found for changes
in unit Reynolds number. This is not the case.J

The undisturbed over-all freestream disturbance convection
velocity, obtained by cross correlation of the signals from two
wires displaced in the stream direction, has also been
measured and, as shown in Fig. 16, is in good agreement with
the extrapolation of the data taken from Laufer.13 Also shown
are the over-all disturbance convection velocities in the transi-
tional and turbulent boundary layers on the 5° cone and cone-
ogive-cylinder models. Although the convection velocities are
somewhat faster in the fully turbulent than in the transitional
boundary layer, they are all close to the freestream disturbance
convection velocity. It is also apparent that the boundary layer
and freestream disturbance convection velocities are traveling
supersonically relative to the freestream.

The freestream convection velocities did not vary with scale.
Since the disturbance velocities in the transitional boundary
layer vary significantly with scale and y/d, it is not obvious that
the freestream disturbances are related to the boundary-layer
disturbances.

Concluding Remarks
The surface hot film results show that a more complete picture

of transition dependence on various parameters could be

n-3
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f

Fig. 15 Freestream power-spectra.

obtained if the onset and extent of the transition region are
accurately and consistently determined. Since changes in free-
stream disturbance level did not influence the location of
boundary-layer transition in the present tests, it is not obvious
that differences in freestream power spectra can be blamed for all
discrepancies in wind-tunnel transition data.

The longitudinal space-time correlations have shown that there
are significant variations in the disturbance convection velocities
which depend on both the scale of the disturbance and position
in the boundary layer.

Normal space-time correlations have shown that the boundary-
layer disturbances are inclined to the wall. This inclination angle
varies across the boundary layer. It is smallest close to the wall
where the measured angles are in good agreement with previous
incompressible measurements.

Appendix: Hot Wire Correlation Measurements
To determine the space-time correlation coefficient in incom-

pressible flows we consider two hot wires A and B in the flow
at some distance apart in the same perpendicular plane normal
to the instantaneous velocity fluctuation (U) which is to be
correlated.

Then the voltage signals of the wires A and B are
= SA UA at time t

and
eB = SB UB at time t'

where SA and SB are the hot wire sensitivities.
The correlation UA UB can then be calculated from

\_(eA + eB}2 - (eA - eB)2]/[_(eA + eB)2 + (eA - ej2] = _
2eAeB/(eA

2 + eB
2) (Al)

provided that the wires are sufficiently alike to assume SA = SB.

100 r

80 -

P0, dtm
o 14
n 21
O 28
i KLINE 6t dl, 1967 /

Fig. 14 Disturbance inclination angle.

J The authors' recent experiments (to be reported separately) in the
Ames 3.5-ft Hypersonic Wind Tunnel and the Langley Variable Density
Wind Tunnel confirm this.
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Fig. 16 Comparison of disturbance convection velocities.
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Or, if ̂  is adjusted to equal
correlation coefficient

R = e / ^ * =

1, Eq. (Al) reduces to the

(A2)

where ' denotes root mean square values. In this case it is not
necessary to have SA = SB since the quantities cancel.

Now in compressible flows let m be the instantaneous value of
mass flow fluctuation in the direction of the mean flow and 9 the
temperature fluctuation, then the voltage response of wire A at
time t is

eA = *AmA + PA0A (A3)
and the response of wire B at time t' is

_eB=_*BmB + pB0B (A4)
Again if we adjust eA

2 = eB
2 and substitute (A3) and (A4) in

Eq. (A2) we obtain

ReAeB - l + 2rAmA0A-
(A5)

where

and

However, when the two hot wires A and B are made of the
same material and are operated at the same overheat ratio
(aVAJ172 * («B/A»)1/2 so that C * 0 and rA

2 = r\
Further, as the overheat ratio tends to zero a//?-» 0 and Eq. ( A5)

reduces to the temperature-temperature correlation (0A 0B/0A 9 B ) .
At high overheat ratios a/j8 -> 1.0 so that when 9 <^ m Eq. (A5)

reduces to the mass flux-mass flux correlation (mA mB/mAmB).
Between these two limits a combination of temperature and mass
flux correlations will be measured.

In the present experiment the correlation measurements were
obtained at high overheat ratios and in the boundary layer
where the normal total temperature gradients were much less
than the normal mean mass flux gradients. Since the fluctuations
scale with their respective mean gradients it can be assumed that

9 ^ m so that the present measurements represent predominantly
mass flux space-time correlations.
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