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Techniques Used in the F-14 Variable-Sweep Transition
Flight Experiment

Bianca Trujillo Anderson,* Robert R. Meyer Jr.,* and Harry R. Chilest
NASA Ames Research Center, Dryden Flight Research Facility, Edwards, California 93523

This article discusses and evaluates the test measurement techniques used to determine the laminar-to-
turbulent boundary-layer transition location in the F-14 variable-sweep transition flight experiment (VSTFE).
The main objective of the VSTFE was to determine the effects of wing sweep on the laminar-to-turbulent transi-
tion location at conditions representative of transport aircraft. Four methods were used to determine the transi-
tion location: 1) a hot-film anemometer system, 2) two boundary-layer rakes, 3) sarface pitot tubes, and 4) liquid
crystals for flow visualization. Of the four methods, the hot-film anemometer system was the most reliable in-

dicator of transition.

Introduction

ECENTLY, an experiment was devised to determine the

effects of wing sweep on natural boundary-layer transi-
tion location at flight conditions representative of transport
aircraft. Performed on the swing-wing F-14 aircraft, the ex-
periment, referred to as the F-14 variable sweep transition ex-
periment (VSTFE),!* was a joint effort between NASA
Langley Research Center and NASA Ames-Dryden Flight Re-
search Facility. The experiment involved using a foam and
fiberglass technique to fit a smooth contoured surface to the
wing of the aircraft. Two of these devices, called natural
laminar-flow wing gloves, were flight tested. Glove 1 was
flown in the first and second phases of the experiment, and
glove 2, only in the second phase of the experiment. A hot-
film anemometer system, boundary-layer rakes, surface pitot
tubes, and liquid crystals were used to determine the transition
location. The results of these four measurement techniques
will be discussed and compared.

Test Aircraft

The F-14A aircraft (Fig.1) was the carrier vehicle for the ex-
periment. The F-14A has variable-wing-sweep capability, its
flight envelope includes the Mach and Reynolds number range
suitable for testing at conditions representative of modern in-
termediate size transport aircraft.

Both wing panels were modified by bonding an upper sur-
face glove constructed of foam and fiberglass using the tech-
niques described in Ref. 5. Each glove wrapped around the
leading edge and extended back to the spoiler hinge line on the
upper surface (= 60% chord) and covered the majority of the
span. These gloves provided a smooth surface (that is, <
0.002 in. amplitude/2 in.), as well as space to install in-
strumentation, plumbing, and wiring.

Glove 1, a cleanup of the basic F-14A wing, was installed on
the left-wing panel. The basic F-14 airfoil shape (a modified
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NASA 6 series) was used because it could provide pressure dis-
tributions with very favorable pressure gradients near Mach
0.800. Glove 2, installed on the right-wing panel, involved ma-
jor modifications to the F-14 airfoil shape, but it provided a
much broader Mach number range and a variety of pressure dis-
tributions, for which transition data could be obtained. With
the gloves installed, the maximum wing sweep was restricted to
35 deg.

Instrumentation

The F-14A aircraft was instrumented with a standard
NACA noseboom®’ to measure total and static pressure, an-
gle of attack, and angle of sideslip. The cockpit was in-
strumented with an uplink display system, described in Ref. 8,
that was used to assist the pilot in obtaining accurate flight
conditions. The glove instrumentation (Fig. 2) consisted of
surface static pressure orifices, boundary-layer rakes, surface
pitot tubes (glove 1 only), and hot-film anemometers.

Surface Static Pressure Orifices

The surface static pressures were used to examine the glove
pressure distribution and to determine the amount of favor-
able pressure gradient obtained for each test point. Each ori-
fice row was oriented streamwise to the flow for a wing sweep
of 20 deg, as shown in Fig. 2.

Glove 1

Fig. 1 F-14A aircraft with gloves 1 and 2.
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Fig. 3 Diagram of boundary-layer rake.

Boundary-Layer Rakes

Each boundary-layer rake consisted of 20 pressure probes.
These rake probes were mounted along a 4-in. plate that was
skewed 30 deg to a plane normal to the glove surface, as
shown in Fig. 3. Each rake was oriented streamwise to the
flow for a wing sweep of 20 deg.

Surface Pitot Tubes

The surface pitot tubes (Fig. 4) were mounted flush to the
glove surface. For the first half of the glove 1 flights, the tubes
were left rounded. For the second half of the flights, the tubes
were flattened into an oval shape.

Three rows of surface pitot tubes were mounted on glove 1,
with a maximum of 11 tubes/row. As illustrated in Fig. 2,
each row was located along a line oriented at a 30-deg angle to
each orifice row. This was to alleviate interferences between
each tube and the hot films, which were also oriented along
this line. Each individual tube, however, was oriented to be
streamwise to the flow for a wing sweep of 20 deg. The surface
pitot tubes were not installed on glove 2.

Hot-Film Sensors

Five hot-film sensors were operational for glove 1, and 15
were operational for glove 2. The location of the operational
hot-film sensors for both gloves varied from flight to flight.
The glove 1 hot-film system used constant-temperature hot-
film anemometers.”!! Based on the desire for more mea-
surements to reduce the number of flights for acquiring data,
a newly designed temperature-compensated hot-film ane-
mometer system was used for glove 2.12
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Fig. 4 Schematic of surface pitot tube.

The hot-film sensors, as shown in Fig. 2, were mounted
along a line oriented at a 30-deg angle to the leading edge of
the glove to minimize any flow disturbance from one sensor
affecting another sensor (flow is turbulent after each sensor).
The typical hot-film-sensor spacing was 10% chord; however,
some data were obtained with the hot-film sensors spaced
every 5% chord. The hot-film sensors for glove 1 (Fig. 5a)
were oriented streamwise to the flow for a wing sweep angle of
20 deg. Because the hot-film sensors used for the glove 2
system (Fig. 5b) were expected to be more sensitive to flow an-
gle, the hot-film sensor orientation was tilted 5 deg, making
them streamwise to the flow at a wing sweep of 25 deg. Both
types of hot films were able to detect transition to the maxi-
mum sweep angle of 35 deg.

In addition to the normal ac (dynamic) output, the temper-
ature-compensated hot-film anemometer used on glove 2 also
provided a dc (steady-state) output. The frequency response of
the hot-film sensors was 150 kHz, as determined by the manu-
facturer. The tape recorder used, however, had a frequency re-
sponse of 10 kHz, thereby limiting the recorded hot-film data
to a frequency response of 10 kHz,

Test Conditions

Boundary-layer transition data were obtained at the flight
conditions listed in Table 1. Transition data at 15 deg of sweep
were obtained by using a sideslip maneuver, because the mini-
mum wing sweep available was 20 deg. The aircraft would fly
the test point with +5 deg of sideslip to obtain an equivalent
wing sweep of 15 deg for the right and left gloves, respectively.

The maneuvers used to obtain data were steady-state trim
points, windup turns, or pushovers. Using these three maneu-
vers, data at angles of attack other than trim were acquired for
constant Mach, sweep, and altitude.

Results
The four techniques used to determine the transition loca-
tion are discussed in the following sections. The transition
data shown represent typical examples of the data obtained.
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Hot-Film Data

The results obtained from the hot-film anemometers were
based on ac and dc signals. An example of a typical dynamic
signal is shown in Fig. 6a. Dynamic signals originating in areas
of laminar flow were of lower amplitude or ‘‘quieter’’ than
those originating in areas of turbulent flow. Additional indica-
tors were high-amplitude spikes in the output signal; high-
amplitude spikes in a direction of positive voltage indicated a
mostly laminar signal with occasional turbulent bursts,
whereas high-amplitude spikes in a negative direction in-
dicated a mostly turbulent signal with occasional laminar
bursts. These two types of signals were indicators of the begin-
ning and ending of the transition region. Maximum occur-
rence of these high-amplitude spikes was at peak transition,
the region where the flow is most unstable. The transition

a) Sensor used on glove 1

b) Sensors used on glove 2
Fig. 5 Hot-film sensors.
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location was defined as the location where peak transition oc-
curred. In many cases, the hot-film sensors were not spaced
close enough to always define the transition region. In cases
where one sensor was laminar and the next was fully turbu-
lent, transition was defined at the midpoint. The real-time
ground station dynamic signal plots were generally acceptable
for determining transition location; however, in some cases
the postflight high-frequency response plots were needed for
clarification.

An example of a typical steady-state signal is shown in Fig.
6b. Steady-state signals originating in areas of laminar flow
were of a lower level than those originating in areas of turbu-
lent flow. In general, instantaneous changes in the steady-state
level indicated peak transition. The instantaneous changes or
oscillations in the steady-state signal level occurred because
the steady-state signal had a frequency response of 500 Hz..
This allowed some of the dynamic signal to be picked up by
the steady-state signal. The real-time ground station steady-
state-signal time histories were usually acceptable; however, in
areas at or nearing peak transition, the postflight dynamic sig-
nal plots were sometimes necessary to aid in interpreting the
steady-state output data.

Figures 7 present examples of anomalies encountered in the
steady-state signal. A comparison is made between two steady-

Table 1 Test conditions?

Sweep, deg Sideslip, deg
20 0,5,-5
25 0
30 0
35 0

aMach: 0.600, 0.650, 0.700, 0.750, 0.800, 0.825;
altitude: 10,000, 20,000, 25,000, 30,000, 35,000
ft; angle of attack: 0-5 deg.

Transition region

e ™

Time

Laminar Laminar Peak Turbuient Turbulent
with transition with
turbulent laminar
bursts bursts

a) Dynamic, ac, hot-film output signals

Peak

Turbulent transition
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b) Steady-state output signal
Fig. 6 Typical hot-film output signals.
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Fig. 7 Hot-film signal comparisons.

state and dynamic signals at the same time intervals. The
steady-state signal is at a laminar level for each case. The cor-
responding dynamic signal is laminar for the first case (Fig.
7a) and fully turbulent for the second case (Fig. 7b). With
these types of discrepancies existing in the steady-state signal,
in areas at or near the transition location, the dynamic signal
was easier to interpret.

The degee to which transition can be determined is limited
only by the distance between the hot-film sensors and ex-
perience in interpreting the hot-film output signal. For the
VSTFE, the hot-film spacing was generally 10% chord (c) for
glove 1 and most of the glove 2 data; however, some glove 2
data were obtained with a hot-film sensor spacing of 5% c for
better resolution.

Based on the spacing of the hot-film sensors, the five types
of dynamic hot-film outputs, and the experience gained in in-
terpreting data for 2700 test points, the accuracy of the transi-
tion data obtained from the hot-films is estimated at +2.5% ¢
for gloves 1 and 2. The transition data obtained did not define
the entire transition region (that is, the first occurrence of a
turbulent burst to the last occurrence of a laminar burst).
Defining the transition region would require closer spacing of
the hot-film sensors.

Boundary-Layer Data .

The boundary-layer-rake data provided a velocity profile of
the boundary-layer and skin-friction-related parameters such
as boundary-layer height 6, displacement thickness 6*, and
momentum thickness ©.!* A typical boundary-layer profile
with the corresponding calculated values of §, 6%, and O is
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Fig. 9 Boundary-layer-rake transition data.

shown in Fig. 8. The skin-friction parameters were available
only from the boundary-layer-rake data.

Determining the transition location from the boundary-
layer-rake data required a calibration of the boundary-layer
thickness as a function of chordwise transition location. Cali-
bration of the rake data was achieved by forcing the boundary
layer to transition at various chord locations, using a Y%-in.-
wide transition strip of Carborundum grit. The grit was sized
using the method described in Ref. 14. When the flow is
forced to transition at known locations, 6, 6*, and © can be
obtained as a function of the chordwise transition location
and the angle of attack.

When the rake calibration was completed, the location of
natural transition for the glove could be determined. An ex-
ample of a calibration plot with naturally transitioning data is
shown in Fig. 9. Figure 9 is a plot of momentum thickness as a
function of angle of attack for data obtained at the same flight
condition as the data shown in Fig. 8. Each line indicates
values of O obtained when the boundary layer was forced to
transition using the transition strips at the indicated chordwise
locations, 10, 30, and 40% c. The © value for the velocity pro-
file in Fig. 8 is plotted in Fig. 9, along with the rest of the
natural transitioning data at the same flight condition, and is
represented by a solid circle. Based on Fig. 9, natural transi-
tion occurs aft of 40% c and begins to move forward as the an-
gle of attack « increases.
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A comparison of the transition results from the boundary-
layer-rake data and the hot-film data is presented in Fig. 10.
The boundary-layer-rake data agreed to within +5% c with
the hot-film data. For the majority of the cases, the transition
location indicated by the boundary-layer-rake data agreed
with the transition location indicated by the hot films. It is in-
teresting to note that the boundary-layer-rake data generally
indicated transition just aft of the hot-film data. This is con-
sistent with the definition of transition location for both the
hot films and the boundary-layer rakes. For the hot films,
transition location was picked at peak transition location, and
for the rakes, the calibration of transition location was based
on fully turbulent flow.

Surface Pitot Tube Data

The third method used to determine the transition location
was the surface pitot tubes. The local total pressure value mea-
sured from the surface pitot tube was subtracted from the
total pressure measured from the aircraft noseboom and
denoted as AP. This AP was plotted as a function of the ratio
of chordwise distance from leading-edge to local chord length
(x/c), as shown in Fig. 11. Interpretation of the surface pitot
tube data was based on previous experiments using pitot tubes
to determine the transition location.!*-!7 Using this method, if
a pitot tube is outside the boundary-layer, AP will be essen-
tially zero, equal to the aircraft total pressure, because the
pitot tube is in freestream flow. If the flow is in the boundary
layer, AP is not equal to zero. If the flow is laminar, or transi-
tion occurs at the leading edge, AP increases uniformly in the
direction of the flow and may level off (Fig. 12). If the flow
transitions at some point aft of the leading edge, there will be a

O Hot-film data
a Boundary-layer
60 — data

so |- 0O q;&i

Transition 49 }—

location,
percent 30 |— %
c
20 p—
O
10 p—
. | 1
1 2 3 4
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Fig. 10 Comparison of hot-film and boundary-layer data.
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Fig. 11 Typical surface pitot tube data.
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local decrease in AP at that location, and then AP will con-
tinue to increase uniformly and may level off (Fig. 11).

Figures 13a and 13b are typical cases where transition could
easily be determined from the surface pitot tube data. In both
of these cases, the transition location is indicated by the local
decrease in AP. Figures 14a and 14b are typical cases where
transition location could not be easily determined from the
surface pitot tube data. These figures have more than one area
where AP decreases locally.

Figures 15a and 15b show transition location determined
from the surface pitot tube data compared to transition loca-

600 [—
- o0
500 OO
O
AP 00
, | O
ibift2 300 ®)
O
300 — -
@)
200 ] | | ] ] J
0 1 2 3 4 5 6
x/c

Fig. 12 Laminar or fully turbulent surface pitot tube data.
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Fig. 13 Typical surface pitot tube transition data.
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tion determined from the hot films. For the cases where two
local decreases in AP were observed in the surface pitot tube
data, two apparent transition locations were plotted. The sec-
ond apparent transition location is indicated by the dotted
square symbols. Figures 15 also contain surface pitot tube
data with tubes in round and flattened configurations and dis-
tinguished by squares and triangles, respectively.

A large amount of scatter in the surface pitot tube data is
evident in Figs. 15. In general, there is no difference between
the transition location indicated by the round tube configura-
tion and the flat tube transition. The hot-film data agree with
some of the pitot tube data however. For case a (Fig. 15a), the
first transition location indicated by the surface pitot tubes
agreed with the hot-film data. For case b (Fig. 15b), the sec-
ond transition location indicated by the surface pitot tubes
agreed with the hot-film data.

The general trend of the surface pitot tube data is that at
higher dynamic pressures the first transition location indicated
by the surface pitot tubes agrees with the hot-film data; at
higher altitudes, the hot-film data agree with the second tran-
sition location indicated by the surface pitot tube data.

A preliminary look at the trends and anomalies in the sur-
face pitot tube data shows that some of the decreases in AP
correspond to sudden changes in the pressure distribution.
However, there were many anomalies of this type noted in the
surface pitot tube data that have not been accounted for. The
surface pitot tubes may have picked up local adverse changes
in total pressure that did not, in all cases, cause transition and

not at the same x/c or span locations. Laminar flow is capable
of withstanding a small level of adverse pressure gradients in
some cases and, therefore, a small level of increased local total
pressure may not always be the result of laminar-to-turbulent
transition.

Because of the many anomalies, the criteria used to deter-
mine transition from the surface pitot tube data were not
always successful. Although the surface pitot method used in
this experiment was not entirely successful, previous experi-
ments have used surface pitot tubes successfully to indicate
transition. Past experiments,!3-17 however, have used a higher
probe density or a traversing probe, producing higher resolu-
tion data. More surface pitot tubes would have increased the
resolution of the AP as a function of x/c curves. However,
with the glove 1 instrumentation configuration, adding more
surface pitot tubes was not feasible.

Flow Visualization Data

The fourth method used to determine the transition location
was flow visualization using pressure-sensitive liquid crystals.
This technique is similar to that used in Ref. 18. The middle
test section of glove 1 and all of glove 2 were painted black to
provide contrast for the liquid crystals. The liquid crystal mix-
ture was applied to the glove surface before takeoff.

Both still and video photography of the liquid crystal pat-
terns were obtained. Figures 16 show examples of liquid crys-
tal patterns. Transition is indicated by a change in color in the
liquid crystal pattern. The colors themselves are not important
because they change with viewing angle as well as with the
transition location. .

Figures 17 present a comparison of liquid crystal and hot-
film transition data obtained at the same time intervals. Data
are included for glove 1 and glove 2. These figures show that
the transition location indicated by the liquid crystal pattern
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agreed to within = 5% c with the hot-film indication of transi-
tion location at the same time interval. Based on the good
agreement between the liquid crystal patterns and the hot-film
data for the same time interval, the hot-film sensors were used
to indicate transition locations with liquid crystals on the sur-
face for test points where photographs were not taken.
Figures 18 show a comparison of transition data obtained
with and without liquid crystals on the glove surface. The
transition location is plotted as a function of angle of attack.
At the lower altitude, all of the transition data obtained with

~Turbulent
region

Laminar
region P

a) Sawtooth transition front

b) Uniform transition froht N
Fig. 16 Examples of liquid crystal patterns.
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liquid crystals on the glove surface fall below the transition
data obtained without the liquid crystals on the glove surface.

In the high-altitude plot of Fig. 18, there is only a 5% c vari-
ation in the transition location for all of the data obtained.
The transition location does not appear to be affected by the
presence of the liquid crystals.

The use of liquid crystals for flow visualization produced
mixed results. The advantage of the liquid crystal patterns is
that transition is obtained globally, as opposed to several dis-
crete locations. The flow visualization method is relatively
easy to use and requires only a camera for documentation.
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Fig. 17 Comparison of hot-film and liquid crystal data.
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Fig. 18 Comparison of transition data with and without liquid crystals on the glove surface.
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Several drawbacks were noted, however. First, insects and
dust tend to adhere to the glove surface in greater amounts
with the presence of the liquid crystals. The insect impacts and
dust particles produce discontinuities that can cause localized
transition. The localized turbulent region appears as a wedge
in the liquid crystal pattern, such as those found in Fig. 16a.

Second, an uneven thickness in the liquid crystal coat can
cause changes of the color in the liquid crystal pattern, inter-
fering with the interpretation of the pattern. Therefore, care
must be taken in applying the liquid crystal coat evenly. Third,
at lower altitudes (that is, < 25,000 ft) or higher unit Reynolds
numbers, the presence of the liquid crystals was observed to af-
fect the transition location, as illustrated in Figs. 18.

Comparing the four techniques, the hot-film data were the
easiest to interpret. Transition was indicated in real time by
the hot films, whereas the data obtained from all the other
methods had to be analyzed postflight. In addition, the
boundary-layer data needed to be calibrated, which required
several flights. The boundary-layer rakes produced repeatable
data, however, and were used as a secondary method. The sur-
face pitot tube data did not consistently indicate transition,
although they have been successfully used in previous experi-
ments. The liquid crystals were the easiest to use. At altitudes
above 25,000 ft, the transition location indicated by the liquid
crystal patterns agreed with the hot-film and boundary-layer
data. However, the liquid crystals caused transition to occur
further forward at altitudes below 25,000 ft.

Conclusions

Presented in this article were the results of using four tech-
niques to determine the laminar-to-turbulent boundary-layer
transition location in the variable-sweep transition flight ex-
periment (VSTFE). The four techniques were 1) a hot-film
anemometer system, 2) boundary-layer rakes, 3) surface pitot
tubes, and 4) liquid crystals for flow visualization.

The hot-film anemometer system provided the most ac-
curate indication of the transition location and was the pri-
mary method used in the VSTFE to determine the transition
location. Transition was determined from both dynamic and
steady-state hot-film signals in real time. Of the two types of
hot-film output signals, the dynamic signal was a better in-
dicator of the transition location when the transition occurred
at or near the hot-film sensor. The accuracy of the data ob-
tained with the hot-film anemometer system used in the
VSTFE was approximately +2.5% chord (c¢). Closer spacing
of the hot films would be required, however, to define the en-
tire transition region.

The boundary-layer rakes served as a good secondary in-
dicator of the transition location. The boundary-layer-rake
data agreed to within =5% c with the hot-film data. One ad-
vantage of the boundary-layer-rake method is that it provided
skin-friction-related parameters in addition to an indication of
the transition location.

The surface pitot tube method used in the VSTFE did not
consistently indicate transition. There were many cases where
more than one apparent transition location was indicated by
the surface pitot tube data. The first transition location in-
dicated by the surface pitot tube data generally agreed with the
hot-film data for the lower altitude cases, whereas the second
transition location indicated by the surface pitot tube data
agreed with the hot-film data for the higher altitude cases.
Some of the decreases in the difference between aircraft total
pressure and local total pressure, measured from the surface
pitot tubes (AP) did correspond to sudden changes in the
pressure distributions; however, not all of the anomalies can
be accounted for. One improveinent in the surface pitot tube
configuration would have been closer spacing of the surface
pitot tubes. Unfortunately, this was not a feasible alternative
for the VSTFE.

The liquid crystals were very useful as a tool for flow vis-
ualization. The liquid crystal method provides a global view of
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the transition location. This method is easiest to use because
no instrumentation is required, only a camera. However, there
were certain drawbacks. With the presence of the liquid crys-
tals on the glove surface, an increase in the amount of insect
impacts was noted. Color changes occurred in the liquid crys-
tal patterns as a result of uneven thicknesses in the liquid crys-
tal coats. Last, the transition location had a tendency to move
forward at lower altitudes or higher unit Reynolds numbers
with the presence of the liquid crystals on the glove surface.
Overall, the test techniques used were successful in in-
dicating the transition location and can be useful for
boundary-layer and fluid dynamics-related experiments.
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