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Four different boundary-layer transition detection techniques—very thin hot films, liquid crystals, infrared
imaging, and an optical interferometer—were compared using the same flat-plate model for the same tunnel
conditions. The comparisons, conducted at the NASA Langley Research Center, involved not only their sen-
sitivity to transition but also their ease of use. The thin films, as expected, gave excellent quantitative informa-
tion and were used as the standard for evaluating the other techniques. Both the liquid crystals and infrared im-
aging were able to detect transition before the boundary-layer intermittency factor had reached 50%. The optical
interferometer was unsuccessful. Conditions sampled included a range of Mach numbers from 1.5 to 2.5 and

unit Reynolds numbers from 3.3 to 13.1 x 10%/m.

Nomenclature
M =Mach number
R =Reynolds number
T =temperature, K
x =longitudinal position from leading edge of plate, m
I" =boundary-layer intermittency factor

Subscripts

ir =location of transition as measured by infrared imaging
lc =location of transition as measured by liquid crystals

o =stagnation conditions

w =property at wall

o =conditions at freestream

Introduction

HE ability to experimentally determine where boundary-

layer transition occurs over a test configuration is impor-
tant for many reasons. For example, to compare computa-
tional drag predictions with wind-tunnel values, it is necessary
to know where transition actually occurred on the wind-tunnel
model. Also, for high angle-of-attack research, knowing the
state of the boundary layer on the forebody of a configuration
will help determine whether or not the data will have to be cor-
rected before being applicable to full-scale flight.
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The present effort was initiated at the NASA Langley
Research Center to compare four different techniques that
had been previously used!™* to measure transition under
widely varying wind-tunnel and flight conditions. The four
test techniques were very thin hot films in a constant tempera-
ture mode, liquid crystals in a shear sensitive mode, passive in-
frared imaging, and an optical interferometer. The present ob-
jective was to use all four techniques to measure transition
over the same model for the same conditions. The four tech-
niques were to be judged by their sensitivity to transition as
well as their ease of use. An additional objective was to deter-
mine whether the qualitative techniques—Iliquid crystals and
the infrared imaging—were responding to boundary-layer
transition at the beginning, in the middle, or at the end of the
transition process.

Experimental Apparatus
Unitary Plan Wind Tunnel

The Unitary Plan Wind Tunnel® (UPWT) is a closed-circuit
pressure tunnel with two 1.2 X 1.2 X 2.1-m test sections. Test
section no. 1, which was used during the investigation, can
provide a range of freestream Mach number M from 1.46 to
2.86. The actual values of M, used for the experiment were
1.5, 2.0, and 2.5 The total pressure of the tunnel was varied
during the current test to provide a range of unit Reynolds
number R/m from 3.3 to 13.1 x 105 (or R/ft from 1.0 to
4.0 x 10%). The tunnel has the capability of varying its total
temperature 7,, although for the present experiment it was
kept at a value of 325 K.

Flat-Plate Model

The model used for the present tests® had a spatula-shaped
flat upper surface on which there was a removable cavity plate
that could be modified or changed during the course of the ex-
periment; see Fig. 1. The model was constructed with a model
support housing on its bottom side, as seen in Fig. 2. This bot-
tom support housing begins with a slightly blunted 20-deg
half-angle conical fairing. This fairing posed a complication
for the present experiment because the local adiabatic wall
temperature for this fairing was higher than the local adiabatic
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Fig. 1 Schematic of flat-plate model showing removable cavity plate
and location of support structure on hottom surface.

. ,
Fig. 2 Photograph showing bottom of plate. Note conical fairing in
front of model support housing.

wall temperature for the flat-plate surface on the top of the
model. Consequently, heat was conducted from the fairing to
the upper measurement surface and could have triggered pre-
mature boundary-layer transition. Fortunately, as will be dis-
cussed later, the impact of the heat conduction on transition
location is expected to be insignificant,

There was also one configuration difference between the
tests with the liquid crystals and the thin films and the tests us-
ing infrared imaging. That difference was the use of a stain-
less-steel cavity plate for the liquid crystals and the thin films
and the use of a Bakelite (an insulator) cavity plate for the in-
frared measurements. This configuration change to Bakelite
was made to reduce the heat conduction from the lower fair-
ing, which was resulting in larger temperature differences than
the temperature differences due to transition from laminar to
turbulent flow.

Transition Detection Techniques
Thin Films

The constant-temperature thin films used for this study
were vapor-deposited on a stainless-steel cavity plate; see Fig.
3. The 31 hot-film sensors consisted of a pattern of nickel film
(about 0.2 um thick) that was vapor deposited on a dielectric
substrate consisting of parylene C and fused silica (about 8.9
pm thick). The electrical connectors for the driving electronics
were vapor-deposited aluminum leads (about 0.5 um thick).
These surface-deposited electrical leads connected the nickel-
film and model-surface electrical connectors. The entire
system—films, substrate, and aluminum leads—had a total
roughness height of less than 10.2 pm. A more complete
description of the films is contained in Ref. 1. During the pres-
ent experiment, operational gauges extended from 0.28 to 0.57
m from the leading edge of the flat plate.
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Fig. 3 Stainless-steel cavity plate with thin films installed.
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Fig. 4 Averages of signal rms divided by averages of signal mean for
thin films. M_, = 1.5, R/m = 9.8 x 10°,

The row of thin films gave information concerning transi-
tion along the line of gauges. An example of the type of thin
film data, reduced on-line, is shown in Fig. 4. Two averages
were calculated for each film—the average of the root-mean-
square (rms) of the voltage fluctuations and an average of sig-
nal mean voltage. These averages were the result of four dif-
ferent 1-s measurements made at approximately 30-s
intervals—all the gauges were sampled sequentially, each for
1-s, and then the cycle was repeated for three additional times.
A ratio of these averaged quantities, (rms)/(mean), indicative
of local turbulence level, was then plotted as a function of dis-
tance from the leading edge of the flat plate (the cavity plate
begins at a distance 0.24 m from the leading edge of the
model). As seen in the figure, the activity at the gauges varied
in a relatively continuous fashion over the cavity plate.

The shape of this plot is very similar to the shapes recorded
by Owen.” As discussed by Owen, the hump, or peak, in the
midsection of the curve indicates the boundary-layer transi-
tion region. The peak is a result of voltage fluctuations caused
by the passage of turbulent spots® as well as an increase in
overall voltage fluctuation level due to the change in the flow
from laminar to turbulent. Laminar flow, if present, is found
on the plot upstream of the peak region where the (rms)/
(mean) values are low and where the curve has little or no
slope. Fully turbulent flow, if present, is found downstream of
the peak region where the (rms)/(mean) values are moderate
and where the curve again has little or no slope.

The modest scatter in the data for the natural transition re-
gion was due to the movement of the transition region over the
plate (as evidenced earlier by the liquid crystals). Since the thin
films were sampled sequentially, not simultaneously, the ef-
fective location of the transition region could be different
from sample period to sample period. Subsequent tests, not
presented here, where transition was fixed on the same plate,
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exhibited no scatter—verifying that the scatter illustrated in
Fig. 4 was indeed due to the movement of natural transition
and not because of sensitivity differences in the films.

Visual analysis of the individual signal traces from the thin
films found that the location where the intermittency factor T
was 0.5—that is, where the boundary-layer state was turbulent
half of the time and laminar half of the time—corresponded
approximately to the location of the maximum in the plot of
(rms)/(mean). For the conditions of Fig. 4, M,, = 1.5 and
R/m = 9.8 x 10%, T' = 0.5 occurred at a station approxi-
mately 0.50 m from the leading edge.

As mentioned by Owen,’ the location where T' becomes 0.5
is one of three useful and easily measured locations character-
izing the transition process. The other two locations are where
the onset of turbulence fluctuations begin (I' = 0.0) and where
the flow becomes fully turbulent (T = 1.0).

Liquid Crystals

Liquid crystals have properties of both liquid-phase and
solid-phase materials. Although appearing fluid-like, liquid
crystals exhibit optical properties of solid crystals. As illus-
trated in Fig. 5, liquid crystals scatter incident light if that light
corresponds in wavelength to a characteristic pitch length p of
the crystals. Fortunately, the helix pitch lengths are in the
range of visible light. This pitch length can be altered by tem-
perature and shear stress. Thus, liquid crystals selectively re-
flect discrete wavelengths (color) of light in response to differ-
ences in temperature or shear stress. Since the fundamental
chemical structure is unaffected by these differences, a liquid
crystal coating can respond rapidly to changes in temperature
and shear stress.

For the present test, the liquid crystals were employed in a
shear-sensitive mode. That is, the crystals were prepared so
that the temperature range at which their color changed was
above the temperatures seen in the experiment. Consequently,
the crystals were only responding to differences in the applied
shear stress and had sufficient frequency response to reflect
tunnel unsteadiness in turbulent wedges initiated by model
defects or sand grit. As discussed in Ref. 9 for a flight test us-
ing the liquid crystals, the time response of the liquid-crystal
coating was on the order of a fraction of a second; see both
Refs. 2 and 9 for more technical details and for examples of
liquid crystal technology applied to flight research.

The application of the liquid-crystal transition visualization
technique requires care in the preparation of the test surface.
It is important that the surface be painted with a deep-matte,
flat-black paint that is resistant to the solvents used to thin the
liquid crystals. This deep-matte texture provides a surface to
which a very thin liquid crystal coating can best adhere, while
the black paint allows for reflection of all wavelengths of visi-
ble light. Another important factor is the arrangement of ade-
quate lighting to provide clear visual data. Improperly placed
lights and cameras can produce glaring highlights that can
diminish the worth of the experiment. The scattered light also
depends on viewing angle; consequently, for the present test,
the photographic equipment was always aligned normal to the
model surface.

i—— Laminar AJ-— Turbulent —»‘

Fig. 5 Schematic illustrating selective scattering of light by liquid
crystals.
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The liquid crystals were relatively simple to use during the
experimental program. The solution was sprayed onto the
model surface and then smoothed, or aligned, by stroking a
spongelike tool in the flow direction over the liquid crystal
coating. The crystals then would remain on the model until
‘scrubbed’’ off by the aerodynamic shear stresses during tun-
nel operation. The period of useful testing depended on the
tunnel dynamic pressure. If the tunnel was being operated at
low values of unit Reynolds number (low dynamic pressure),
the crystals could be utilized for up to 60 min. If the tunnel
was being operated at the upper range of unit Reynolds
number (high dynamic pressure), the useful lifetime of the lig-
uid crystals was typically 30 min.

Examples of the liquid crystal information at M, = 1.5 for
both artificially tripped turbulent wedges as well as for natural
transition are shown in Fig. 6. In the left photograph, the lig-
uid crystals highlight four turbulent wedges that resulted from
defects in the model surface. As seen, the turbulent wedges,
with their high values of shear stress, appear to have a light
green color whereas the laminar flow region, with its lower
values of shear stress, appears to have a brownish red color.
At this value of Re/m = 3.3 x 109, the flow over the model
would have been entirely laminar were it not for the added
sand grit and the microphones embedded in the surface (not
part of the present test). The glare regions on the top and bot-
tom sections of the flat plate resulted from the lighting used to
illuminate the crystals. The measurement area of interest was
in the middle of the model.

The right photograph in Fig. 6 illustrates an example of de-
tecting natural transition at a higher value of unit Reynolds
number, Re/m = 9.8 x 108. For this example, the sharp gra-
dients in color seen across the edges of the turbulent wedges
are not present for natural transition because of the length
over which the transition process takes place, as was seen in

V=15

Natural Transition,
Rim = 9.8 Milllon

Turbulent Wedges,
R/m = 3.3 Million

Fig. 6 Examples of liquid crystal information.

Fig. 7 Examples of infrared imaging.
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Fig. 4. Nevertheless, the central region of the flat plate is
clearly the brownish red color in front of the longitudinal re-
gion labeled ‘‘unsteady region’’ in the figure. Aft of the
unsteady region, the color has turned greenish, indicative of
turbulent flow with its higher value of shear stress. During
real-time viewing, or on review of the video tape, the unsteady
region fluctuated in color between the brownish red and the
greener colors. This fluctuation was attributed to the apparent
movement in the position of natural transition. For purposes
of this study, the liquid crystals were said to have detected the
onset of transition at the upstream end of the unsteady region.

A significant advantage of this technique was that it permits
visualization of the entire surface over which it is applied. In
other words, at one instant of time, a two-dimensional picture
of the laminar and turbulent regions over the flat plate could
be seen and recorded.

Infrared Imaging

An infrared imaging technique was employed to determine
boundary-layer transition by measuring differences in wall
temperature that result from changes in the recovery factor as
the flow transitions from laminar to turbulent. These differ-
ences are a function of many things including the flow state
and the thermal conductance within the model. The imager
used rotating mirrors for the scanning system, had a tempera-
ture sensitivity of 0.1 K, an 8-12 um passband, and was cooled
with liquid nitrogen. A zinc selenide window was used to per-
mit optimal signal transmission.

In most previous experiments to detect natural transition
with infrared imagers, a low thermal conductance model skin
was used to eliminate thermal conductance from within the
model. The original objective of the present test was to at-
tempt to use a stainless-steel plate (painted black) because of
the use of stainless steel as the material on which the very thin
films were mounted. It was hoped that significant temperature
transients could be introduced into the tunnel circuit in order
to highlight natural transition, as had been employed by
Crowder in low speed and transonic testing.!°

Although the strong temperature gradients associated with
the turbulent wedge were visible on the stainless-steel plate,
the weak temperature gradients associated with natural transi-
tion were not apparent because of lateral heat conduction
within the plate. This lateral heating resulted from conduction
within the metal model of the heat being generated by the con-
ical fairing on the bottom surface. Introducing temperature
transients into the tunnel circuit took longer than the time it
took for the heat conduction within the model to readjust to
the change and, consequently, did not highlight natural transi-
tion. As a result, an unpainted Bakelite plate was fabricated to
the identical dimensions of the original stainless-steel plate
and was used for the data reported herein.

The comparable infrared images for the same two examples
illustrated in Fig. 6 are shown in Fig. 7. In the left photograph,
the heating resulting from a turbulent wedge is clearly seen by
the red and orange colors representing the higher tempera-
tures. (The temperature scale was calculated for the emissivity
of the Bakelite plate, which is outlined by the dotted black
lines, and only applies to the colors within the dotted line
because the emissivity of the painted stainless steel was dif-
ferent. The hot region in front of the Bakelite plate is due to
the heating from the conical fairing.) The example of natural
transition is shown in the right photograph, which shows the
gradual heating of the plate as the colors change from the
blues through the greens and up to the reds and oranges. The
heating is, of course, indicative of the transition process. For
the present experiment, onset of transition was taken to be the
position where the cavity plate wall temperature began to in-
crease along the plate.

Optical Interferometer

The boundary-layer transition detector, developed by Spec-
tron Development Laboratories,* used a differential inter-
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ferometer to nonintrusively measure the frequency of density
fluctuations in the compressible boundary layer as a means of
assessing whether the boundary layer was laminar, transition-
ing, or turbulent. The heart of the device was a highly sensitive
differential interferometer capable of detecting optical path-
length differences on the order of one-thousandth of the wave-
length of the laser light. The sensitivity of the interferometer
was due, in part, to a compensator loop. This loop adjusted
the phase relationship between the two beams of the inter-
ferometer to optimize the performance of the interferometer
and to null out any low-frequency (less than 10 kHz) noise.
Twin photodetectors generated the output voltage signal as
well as the information for controlling the compensator loop.
Electronic signal processing was also essential for real-time
assessments of the boundary-layer activity.

Although this interferometer was successful in measuring
transition in an atmospheric, transonic wind tunnel as re-
ported in Ref. 4, no useful data were obtained in the present
test. The apparent reason for the failure was that the signal to
noise ratio was three times lower in the present test than it was
in the transonic test.

Results and Discussion

Data were taken for each of the four different techniques
for the same model configuration, with the exception of the
cavity plate material, and at the same conditions. Three values
of M_—1.5, 2.0, and 2.5—were examined for values of R/m
between 3.3 x 10° and 13.1 x 109,

The criteria for determining onset was different for all three
of the successful techniques and will be summarized as fol-
lows. For the thin film technique, onsect is described by the
three distinctive locations that can be characterized by thin
films—T = 0.0,T = 0.5, and I" = 1.0. As mentioned, the thin
films only extended from 0.28 to 0.57 m downstream of the
leading edge of the flat plate. For the liquid crystals, the onset
of transition was taken to be the beginning of the unsteady,
fluctuating region between the color associated with the lami-
nar and the color associated with the turbulent region. For the
infrared imaging, onset was taken to be the location at which
the camera detected an increase in 7,. The respective
uncertainties in the measurements of onset by the liquid crystals
and the infrared imaging are +£0.05 and +0.03 m. The uncer-
tainty in the T' locations determined by the thin films is also
+0.03 m.

The data comparisons will be presented in two formats. The
first series of comparisons will illustrate, for each Mach
number tested, comparisons of the thin film output, the liquid
crystal onset points, and the infrared onset points. These com-
parisons will be for R/m = 9.8 x 10%. The second series of
comparisons will summarize as a function of R/m onset loca-
tions forI' = 0.0, I" = 0.5, T = 1.0, the liquid crystals and
the infrared imaging.

Comparison of Onset for R/m = 9.8 X 108

The first series of comparisons are presented in Figs. 8a-8c.
For the M, = 1.5 data, Figs. 8a, the liquid crystal technique
detected onset at x = 0.30 m, which is very close to the loca-
tion where the thin film gauges detected the beginning of tur-
bulent activity. On the other hand, the infrared measurements
detected onset of activity at x = 0.40 m, which is about mid-
way between the T' = 0.0 and I' = 0.5 locations. At this lowest
value of M, the relative performance of the liquid crystals is
superior to the infrared system.

The second comparison is shown in Fig. 8b for M, = 2.0.
For this case, the onset according to liquid crystals appeared
midway between the I' = 0.0 and I' = 0.5 locations. Con-
versely, the infrared onset occurred earlier. Note that the
width of the normalized rms peak is growing smaller and the
magnitude of the peak level is decreasing. For this value of
M., fully turbulent flow, the I' = 1.0 location, occurred at x
= 0.52 m.
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The comparison at a value of M, = 2.5; Fig. 8c, continues
the trend that the magnitude as well as the width of the peak
continues to decrease with increasing M., . In this case, the lig-
uid crystals detected transition at x = 0.25 m and the infrared
technique detected transition at x = 0.26 m. The location of T’
= 0.0 was upstream of the first operational gauge location,
which was at 0.27 m. It is important to note that both the li-
quid crystal and the infrared techniques flagged transition
close to what appears to be the beginning of the peak in the
thin-film plot.

Comparison of Onsets for All Values of R/m

Figures 9a-9¢ summarize the performance of the techniques
over the range of R/m tested for each of the three values of
M., examined. For the M, = 1.5 data, Fig. 9a illustrates that
the liquid crystals changed their color at distances closer to the
location of I' = 0.0than of ' = 0.5. In terms of distance, the
liquid crystals detected onset at least 0.13 m in front of the T
= 0.5 location. In contrast, the infrared imaging was not quite
as sensitive to transition and generally detected it about 0.08
or 0.10 m upstream of the I' = 0.5 location. The sensitivity of
both the liquid crystals and the infrared imaging appeared to
be independent of R/m and both sets of data appear to follow
parallel trends.

For the M, = 2.0 data, Fig. 9b shows that, again, both the
liquid crystals and the infrared instrumentation registered ef-
fects of transition before the I' = 0.5 location. In this case,
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Fig. 8 Comparison of thin film voltages to onset determined by
other techniques. R/m = 9.8 x 109,
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both the liquid crystals and the infrared imaging generally de-
tected transition between 0.05 and 0.08 m upstream of the 0.5
location. In fact, only one line is drawn in Fig. 9b to represent
both the trends of the liquid crystals and the infrared imaging.
At this higher value of M, the infrared imaging is performing
comparably to the liquid crystals.

Finally, Fig. 9¢ shows the data for M, = 2.5. With the ex-
ception of the R/m = 3.3 x 10° data, the liquid crystals and
the infrared are performing equally well and both techniques
appear to detect transition very close to the onset of turbulent
activity in the boundary layer, where I' = 0.0. At R/m = 3.3
x 108, both techniques seem to lack the sensitivity that they
appear to have for values of R/m = 6.6 x 10°. It is unclear
why there appears to be a R/m sensitivity at this value of M.

Another way to compare onset as measured by the three dif-
ferent techniques is to summarize the Reynolds number at
transition. These data are compared in Table 1. As seen in the
table, the Reynolds number corresponding to the location of
transition detection varies from technique to technique. Of
course, the region of transition is itself quite broad, as high-
lighted by the thin film data in Table 1 as well as by Fig. 9.
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Fig. 9 Comparison summary of techniques.
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Table 1 Reynolds numbers (X 106) at given locations

M, R/m Ry Ry  Rp_g Rp_gs Rr_io
1.5 3.3 —_2 — —_— = —
1.5 4.9 n/a® —— 2.6 _ -
1.5 6.6 3.3 —_— 2.9 _— _—
1.5 7.4 3.4 n/a n/a n/a n/a
1.5 8.2 3.3 4.1 2.9 _ —_—
1.5 9.0 2.8 39 2.6 4.8 —_
1.5 9.8 3.0 4.0 2.9 4.9 —_
1.5 11.5 n/a 3.5 _ 4.6 —_
1.5 13.1 2.5 —_ —_ 4.3 6.7
2.0 3.3 —_ —_— —_ _ _—
2.0 4.9 2.9 —_ 2.6 _— _
2.0 6.6 3.2 33 2.8 —_ —_—
2.0 7.4 3.2 n/a n/a n/a n/a
2.0 8.2 3.5 3.4 2.9 4.1 —_
2.0 9.0 3.7 3.4 3.0 3.6 _
2.0 9.8 3.5 3.3 3.0 4.0 5.2
2.0 11.5 n/a 3.4 3.1 4.0 5.2
2.0 13.1 3.7 3.7 —_— 4.3 5.1
2.5 3.3 2.0 1.6 1.4 _

2.5 4.9 n/a 2.0 1.7 2.7 _

. 33
2.5 9.8 2.5 2.6 —_— 3.3 4.5
2.5 11.5 n/a —_ —_— 3.5 4.6
2.5 13.1 2.7 n/a —_— 3.6 4.7

aData outside of instrumentation range. PNot available.

Nonadiabatic Effects

As mentioned, there was a concern during the experiment
that the heat conducted from the conical fairing on the lower
model support structure to the top surface would lead to
reduced transition Reynolds numbers. To estimate this impact
on the transition Reynolds numbers, available infrared mea-
surements were used to determine how much the temperature
of the flat plate was in excess of its adiabatic temperature.
These infrared measurements revealed values of excess tem-
perature on the order of 2.8 K. Using this value of excess wall
temperature, data by Dougherty and Fisher!! suggest that the
reduction in transition Reynolds number would be 7%, based
on flight data from a 10-deg cone.

This estimate of 7% reduction in transition Reynolds
number may, however, be too high due to an observation by
Czarnecki and Sinclair'? that the impact of heating on transi-
tion will be reduced if there are disturbances already in the
flow that result in relatively low transition Reynolds numbers.
A comparison of transition Reynolds numbers by Fisher and
Dougherty!? between the 10-deg cone in flight and the same
cone in the UPWT indicated transition Reynolds numbers in
flight about 2.5 times higher than in the UPWT at values of
M, = 1.6 and 2.0. These findings, as well as noise measure-
ments by Harvey,!* establish that the disturbance level in
UPWT is higher than in the cone flight data. Consequently,
the observation by Czarnecki and Sinclair!? would suggest
that the reduction in transition Reynolds number due to heat-
ing during the current test will be less than the 7%. Conse-
quently, any impact of the nonadiabatic heating with or
without the Bakelite plate will be insignificant, given the ex-
perimental uncertainties in the present experiment.

Comparative Ease of Use and Utility

The techniques used varied greatly in their capabilities as
well as in their ease of use. The very thin hot films required a
rather large amount of supporting instrumentation and
experience! to do the present type of measurements. In this
sense, using thin films required a complicated setup and ex-
perienced personnel. Also, applying the hot films to the metal
cavity plates for the present experiment was a challenge that
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required specialists skilled in microelectronic fabrication tech-
niques. On the other hand, results from this approach are
quantitative in nature and reliable. This technique served as
the yardstick with which to measure the other techniques.
During the present test the simplest technique to employ was
the liquid crystals. The crystals were simply sprayed onto the
model, which had been painted black. Data acquisition took
only as long as it took to take a picture or to record on video
tape. A picture so taken contained data for the entire surface
at one time. Some expertise and judgment are necessary to
choose and mix the liquid crystals. Picking a color whose con-
trast is clear in the tunnel as well as choosing a temperature
reaction range outside those temperatures found during the
experiment are both important. Rapid response of the liquid
crystal coating was observed during the test. The fluctuations
in the tunnel turbulence were observed by the liquid crystals as
fluctuations in the turbulent wedges generated on the model.
The infrared imaging approach was again a relatively simple
installation. Its exciting potential is that the model does not, in
contrast to the liquid crystal technique, have to be accessed
during the test. Thus, data acquisition can be continuous and
uninterrupted as long as the tunnel operates. As advocated by
Quast,’> and confirmed during the present study, an in-
sulating coating should be applied to a metal model to reduce
the internal heat conduction that can mask the adiabatic wall
temperature differences resulting from natural transition.

Conclusions

The present experimental program compared four different
techniques that had previously been used to measure
boundary-layer transition under widely varying conditions.
This comparison was done by applying all four techniques to
the same model at the same conditions. Three of these tech-
niques—thin films, liquid crystals, and infrared imag-
ing—worked well while the fourth technique—an optical in-
terferometer—did not. The thin films, while having the most
complicated installation and requiring the most support in-
strumentation, provided the most reliable and quantitative in-
dicator of the details of the transition process. The liquid crys-
tals and the infrared imaging both gave indications of
boundary-layer transition before the intermittency factor
reached 0.5, as measured by the thin films.
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