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THE USE OF OIL FOR IN-FLIGHT FLOW VISUALIZATON

Robert E. Curry,* Robert R. Meyer, Jr.,* and Maureen O'Connort
NASA Ames Research Center
Dryden Flight Research Facility
Edwards, California

Abstract

0il has been used to visualize in-flight aero-
dynamic characteristics such as boundary-layexr
transition, shock~wave location, regions of sepa-
rated flow, and surface flow direction. The tech-
nique, which is similar to wind-tunnel oil-flow
testing, involves applying an oil mixture to the
test aircraft before takeoff. After takeoff, the
airplane climbs immediately to the test altitude
and photographs are taken. Although this was a
limited study, NASA has galned considerable exper-
ience with the technique under widely varying flight
conditions. Some of this flight testing was con-
ducted specifically to develop the capabilities and
versatility of the in-flight oil-flow technique,
and there was some supplemental laboratory testing.
This developmental experience is summarized, several
examples of in-flight oil-flow photographs are pre-
sented and discussed, and an approach for potential
users of the technique is recommended.

Introduction

Flow visualization is a very useful supple-
ment to other fluid mechanics analytical tech-
niques, such as pressure distribution measurements,
and theoretical studies. Being able to see the
flow characteristics can help determine, for
example, where shock waves occur and whether flows
are laminar, turbulent, or separated. Certain in-
flight flow-visualization techniques have been
developed, including the use tufts,‘ sublimation of
chemicals,2 and oil.

Since the summer of 1980, NASA's Dryden Flight
Research Facility (DFRF) has conducted some limited
tests on a variety of aircraft using oil for in-
flight flow visualization. In these tests, an oil
mixture is applied to the test aircraft just before
takeoff and the aircraft climbs immediately to the
test conditions; photographs of the flow patterns
are taken, either from a chase aircraft or with a
camera aboard the test aircraft.

An F-111 transonic aircraft technology (TACT)
aircraft, which had a portion of the wing fitted
with a natural laminar-flow airfoil section, was
used in the first in~flight oil-flow study at
Dryden. In that study, photographs of oil-flow
patterns were compared, in terms of shock and
boundary~-layer characteristics, with results of
pressure distribution and boundary-layer measure-
ments. The results of that comparison showed that
shock location and surface boundary-layer charac-
teristics could be correctly identified from oil-
flow photographs. Subsequently, oil-flow studies
have been conducted on other airplanes operating at
a variety of speeds and altitudes. As a result of
the experience gained, the oil mixtures used and
the test procedures have been refined, and the
applicability and flexibility of the technique have
been expanded.

*Aerospace Engineer.
tEngineering Student Trainee.

The primary purpose of this paper is to discuss
the design of the test plan and various operational
aspects of this in-flight visualization technique.
Limited details of laboratory and flight develop-
ment tests and a recommended approach for potential
users are included, and examples of agrodynamic
characteristics observed in oil-flow photographs are
discussed.

Description of Test Aircraft

The seven aircraft on which oil-flow studies
were conducted, as well as the oil~-flow test sec-
tions on each, are shown in Fig. 1. Physical
characteristics and specific information on the
PIK-20E motor glider, F-14 fighter, and T-38 super-
sonic trainer are given in Ref. 3. The other
aircraft shown in Fig. 1 were either designed or
modified for flight research purposes; they are
discussed briefly below.

F=-111 TACT/NLF

A natural laminar flow (NLF) supercritical air-
foil was fitted over a portion of the wing panels
of the F~111 TACT aircraft, which is described in
Ref. 4. The NLF sections were constructed using a
fiberglass/foam sandwich technique described in
Ref. 5. The spanwise width of the NLF airfoil sec-
tions was 1.83 m (6 ft) on both the left and right
wings.

AD-1

The AD-1 is a low-speed, oblique~wing research
vehicle.® It has a high-aspect-ratioc oblique wing
which can be pivoted from 0° to 60° sweep. The
airplane has a high-fineness ratio fuselage, twin
turbojet engines mounted on the fuselage aft of the
wing, fixed gear, and is constructed with a fiber-
glass-reinforced sandwich separated by a core of
rigid foam. )

DAST

The drone for aerostructural testing (DAST) is a
modified Firebee II drone; it is. described in Ref. 7.
The primary external modification to the Firebee II
configuration is the substitution of a high-aspect-
ratio, highly swept wing planform with a supercri-
tical airfoil section for the basic wing. The DAST
wing was constructed of fiberglass.

F~104/FTF

A vertical fin, referred to as the flight test
fixture (FTF), was mounted on the lower centerline
of a F~104 single-seat fighter. The fixture is
used for local aerodynamic experiments at high
speeds. This configuration is referred to as the
F-104/FTF and it is described in more detail in
Ref. 8. The results presented in this report were
obtained with the leading edge of the fin modified
with a laminar-flow airfoil, which was constructed
using a fiberglass/foam sandwich technique.



Test Procedures and Conditions

Laboratory Tests

A ground~based environmental chamber was used
to compare the flow rate of six oils at low tem-
pPeratures. In each test, four oil samples were put
in glass tubes, which were held vertically and
plugged at each end. The samples were cold-soaked
to a predetermined temperature in the environmental
chamber. The four tubes were then inverted without
opening the chamber and the relative flow rate of
each sample was recorded. The test setup is shown
in Fig. 2.

Flight Tests

The flight-test procedures were generally the
same for all the experiments discussed in this
report. Significant deviations from the following
procedure are noted in the section entitled
Discussion of Results.

The aircraft surface to be investigated was
prepared before testing by removing dirt and other
substances that could affect the oil patterns. 1In
some cases the surface was smoothed to remove dis-
continuities caused by rivet heads or skin joints.
This was accomplished with automotive body-putty or
fiberglass. To prevent oil from entering flush

static-pressure orifices, the orifices were some-
times covered with tape. It should be noted, how-
ever, that air tvapped in the line between the tape
and the pressure transducer will expand at altitude
and can damage the transducer. As a precaution,
the orifice lines were disconnected during the
flights described here. Also, boundary-layer trip
strips were used in some experiments. The trip
strips consisted of Carborundum grains bonded on
the surface with a spray adhesive. The grain size
used was determined by the method described in

Ref. 9. 1In some instances, reference marks were
drawn on the surface to aid in interpreting the
photographs. These were typically drawn spanwise
across the area of interest at known chord inter-
vals with a wide felt-tip marker. The marks were
made so as not to cause surface discontinuities.

The oil was mixed with a pigment and applied
to the surface with a paintbrush, usually about
30 min before takeoff. The oils and pigments that
were used are summarized in Table 1. After takeoff
the aircraft was flown at test conditions for up to
several minutes. Photographs were then taken,
either from a chase aircraft or with a camera aboard
the test aircraft. The test~flight envelope at which
photographs were obtained is shown in Fig. 3.

Most of the flight tests in this study were
conducted in pursuit of other research objectives;
however, some flights were dedicated to the devel-
opment of the oil-flow technique. On these devel-
opmental flights, different oil solutions were
applied to different sections of the test aircraft
so that performance of the oils could be directly
compared under identical flight conditions.

Discussion of Results

The results from the developmental testing,
along with photographic examples, are presented in
this section. The photographs are typical of oil~
flow patterns seen in flight and can be used an
aid in interpreting future results. Finally, based

on the experience gained from these flight tests,
a recommended procedure for the potential user is
summarized. :

The first oil-flow flights in this study were
conducted on the upper surface of the experimental
alrfolil portion of the F-111 TACT/NLF wing. For
this study Chevron* 80W-90 gear oil was mixed with
powdered black graphite in a ratio of four parts
oil to one part graphite by volume. Flight obser-
vations of the mixture indicated that at altitudes
above 7.6 km (25,000 ft) the olil mixture was no
longer responsive to the flow field of the wing.
This was likely the result of the lower tem-
peratures at high altitude causing an increase in
the viscosity of the oil mixture. Consequently,
the oil-flow studies were conducted at an altitude
of 7.6 km (25,000 ft).

Between takeoff and the time at which the
first test condition was established, most of the
oil near the wing leading edge was moved aft by the
airflow. Sufficient oil remained on the wing
leading edge, however, for boundary-layer tran-
sition identification during the first 30 min of
flight; shock-wave location was observable
during one hour of flight.

Interpretations of the oil-flow photographs,
with regard to shock and boundary-layer charac-
teristics, were compared with results obtained from
pressure-distribution and boundary~layer measure-
ments. The results of that comparison showed that

shock and laminar-to-turbulent boundary-layer tran-
sition could be correctly identified from the photo—
graphs.

In addition to the shock and boundary-layer vis-
ualization, a deformation of the airfoil test section
during flight was discovered in the oil pattern.

The deformation occurred at the location of an under-
lying control surface structure. TFigure 4 is a rep-
resentative oil-flow photograph from the F-111
TACT/NLF study and shows both the structural defor-
mation and a normal shock location.

Laboratory Tests

After the F-111 tests, an attempt to extend
the upper altitude capability of the oil technigue
was made, including laboratory tests to idenﬁify a
more suitable oil. Particular attention was given
to synthetic or parasynthetic oils since the viscos-
ity of these is generally less sensitive to tempera-
ture variation. High viscosity at the higher alti-
tudes (low temperatures) typical of flight testing
can result in poor response of the oil to the flow
field. Purthermore, the lower oil viscosity encoun-
tered at lower altitudes (warmer temperatures) during
takeoff and climbout can result in much of the oil
being removed by'the airflow.

The laboratory tests were intended to compare
Chevron 80W-90 oil, the in-flight characteristics
of which were known from the F-111 TACT/NLF tests,
with other candidate oils. The results of these

*Use of trade names or names of manufacturers in this
report does not constitute an official endorsement of
such products or manufacturers, either expressed or
implied, by the National Aeronautics and Space
Administration.



laboratory tests are summarized in Fig. 5. The
most interesting oils were the AMS 0il Gear Lube
and Mobil 1, since they showed the least flow-rate
variation with temperature change. The Mobil 1

f lowed more rapidly than all other oils tested.

Other characteristics beslides flow rate are of
interest, however, such as coloration, surface prop-
erties, and density. Therefore, in-flight compari-

sons are the preferred method of evaluating the suit-

ability of particular oils.

AD-1

The next set of flight tests was conducted on
the AD~1 airplane. Based on the laboratory test
results, oils were selected to document the flow
characteristics. Also a different darkening agent,
putty black (FeOp), was used in an attempt to pro-

vide more contrast between the oil and wing sur-
face. Observations, as well as photographs from a
chase plane, were used to compare the usefulness of
the oils and darkening agent.

On the first flight, four oils were applied to
the wing in different regions. Mobil 1 was the
most responsive to the flow conditions but was
removed from the wing by the airflow early in the
flight. The AMS/0il Para~Synthetic Engine 0il
(hereinafter AMS/0il Para-Synthetic) was less
responsive, but remained on the wing throughout the
£light. :

On the second flight, a mixture of equal parts
of Mobil 1 and AMS/0il Para-Synthetic was compared
with Mobil 1. The mixture of Mobil 1 and AMS/0il
responded well to the flow conditions and remained
on the wing. This mixture was therefore used on
subsequent flights.

On two flights, the order of the flight-test
points was reversed to investigate the repeatabil-
ity of the oil-flow patterns. The test-point order
had no observable effect on the oil patterns.

Also, a mixture ratio of the lamp black and oil
was varied from 10 parts oil to 1 part putty black
to 20 parts oil and 1 part putty black. The oil
patterns showed little sensitivity to the mixture
ratio; however, a ratio of 15 parts oil to 1 part
putty black was necessary for good visualization.

Oon one flight, a boundary-layer trip strip was
applied to the wing at 10% chord. The photographs
obtained from this flight, in which the location of
boundary~layer transition was known, proved useful
in interpreting results from other flights. an
example of this will be discussed with the PIK-20E
results.

A photograph from the AD-1 oil-flow experi-
ments is shown in Pig. 6. Boundary-layer tran-
sition on the left wing is assumed to occur at the
line of contrast in the oil color which is indi~-
cated in the photograph. The random pattern of oil
over portions of the left aileron is thought to be
an indication of separated flow.

F-14

Three oil~-flow flights were conducted using
the F-14. Before the first flight, a portion of
the left-wing leading-edge slat was smoothed, using
automotive body-putty. O0il was applied to this

region and tested at transonic speeds at altitudes
at up to 7.6 km (25,000 ft). A smooth fiberglass
faring was applied to a somewhat larger area of the
leading edge for the next two flights in an attempt
to extend the laminar boundary~layer region. The
entire left wing was oiled for these flights. Trip
strips were located at 10, 20, and 30% chord for
one flight on small sections of fiberglass.

Because of time constraints it was not possible
to conduct additional oil-mixture studies. There
was a concern that the mixture of Mobil 1 and
AMS/0il Para-Synthetic might be too inviscid for
this speed range, and, therefore, onlyfthe more
viscid AMS/0il Gear Lube was used in these tests.

The AMS/0il gear lube was unresponsive to the
flow conditions at an altitude of 7.6 km (25,000 ft).
Good response was observed at this altitude during
the F~111 TACT/NLF study. Unlike those tests, how-
ever, the F-14 flights were conducted in the winter,
which resulted in lower atmospheric temperatures.
Consequently, most of the F-14 tests were conducted
at 6.1 km (20,000 ft).

In Fig. 7, the oil~flow pattern observed on the
F~14 airplane in high-speed flight (0.84 Mach
number) is shown. The line of oil denoted in the
photograph appears to identify the transonic shock-
wave location. At the time this photograph was
taken, most of the oil had been removed by the air-
flow. Because of this, boundary-~layer transition
is not distinguishable, although the shock location
is still visible. Many oil streaks can be seen in,
the photograph, some of which have been labeled.
These emanate from surface discontinuities, such as
the lap joint at the leading-edge slat where oil
has been trapped. ' The fiberglass faring which was
applied to a portion of the wing leading edge elim-
inated this problem. '

The smoothed portions of the wing surface pro-
vided the best oil-flow visualization, since rivet
and bolt heads, steps, and gaps had been faired
over and did not cause streaking in the oil. The
use of trip strips again provided a useful refer-
ence indication of boundary-layer transition. Tran-
sition and shock location were successfully ident-
ified from the tests.

During the F-14 oil-flow testing some oil
became trapped in the wing flap and spoiler area,
and could not be conveniently cleaned. O0il seeped
out of these areas on subsequent flights. This was
an annoyance to the aircraft maintenance crew due
to the additional cleaning required.

DAST

0il was applied to the upper and lower sur-
faces of the left wing of the DAST vehicle. The
DAST was carried aloft under the right wing of a
B-52. On this flight it was not released from the
B-52 and the oil-flow tests were conducted while
the DAST was mated to the B-52. Of particular
interest for this oil-flow experiment was that the
wing of the DAST is black and therefore a white
pigment was used in the o0il to enhance contrast.
The oil pattern was photographed at Mach 0.4 at an
altitude of 5.5 km (18,000 ft).

A photograph of the DAST oil-flow test is
shown in Fig. 8. The contrast between the oil and
surface is satisfactory for flow visualization. On



examining the wing surface after flight, the
resulting oil pattern appeared to indicate the
streamlines of the airflow at the surface. This
characteristic has not been observed when using
putty black as the oil pigment. The usefulness of
tHhis pigment for identifying shock waves or tran-
gition has not been verified.

F-104/FTF

AMS/0il Gear Lube and the mixture of Mobil 1
and AMS/0il Para-Synthetic were compared in flight
on the F-104/PTF. The two solutions, mixed with
putty black, were painted on opposite sides of the
vertical flight test fixture just before takeoff.
Trip strips were attached to sections on each side
of the test fixture, and tape was placed over
existing flush static pressure orifices. Tests
were conducted over a wide speed range from Mach
0.6 to 1.25 at altitudes up to 7.1 km (23,000 ft).

The oil-flow experiment on the F-104/FTF was
the only attempt at obtaining oil-~flow patterns on
a vertical surface. Of the two oil solutions which
were compared, the mixture of AMS/0il Para-Synthetic
and Mobil 1 was the best for test purposes. Photo~
graphs were taken soon after takeoff at which time
most of the AMS/0il Gear Lube was gone. Although
both solutions were applied at approximately the
game time, it is possible that more of the AMS/0il
Gear Lube ran off the vertical fin before takeoff.
The mixture provided good visualization of boundary-
layer transition and shock-wave location at the
flight~test conditions.

An oil-flow pattern on the F-104/FTF is shown
in Fig. 9 at an altitude of 7.0 km (23,000 ft) and
Mach 1.2. Because of the high dynamic pressure,
much of the oil had been removed from the surface
by the time this photograph was taken; therefore,
boundary~layer transition is not visible. The loca-
tion of an oblique shock wave is visible, however,
as noted in the figure.

PIK~20E

Low=-speed oil-flow visualization flights were
were conducted on the PIK-20E motor-glider. On the
first two flights, four oil solutions were com-
pared. On the next two flights only the mixture of
AMS/0i1l Para-Synthetic Engine Oil and Mobil 1 was
used to obtain a detailed flow survey of part of
the upper surface. Trip strips were used, and the
flight conditions were repeated in reverse order
during the testing.

Of the four oil solutions tested on the first
two flights (Mobil 1, Pennzoil 10-40W, AMS/0Oil gear
lube, and the mixture of AMS/0il Para-Synthetic
Engine 0il and Mobil 1), the mixture was the most
responsive to the aerodynamic flow field. At the
low airspeeds encountered, sufficient quantities of
all four solutions remained on the wing throughout
the flight (about 30 min). 1In the time-sequence
photographs shown in Fig. 10, the flight conditions
changed from near stall to higher airspeeds
(Fig. 10(a) to Fig. 10(c)). As noted in Fig. 10,
the first change in the oil-flow patterns is seen in
the mixture of AMS/0il Para-Synthetic and Mobil 1.
This mixture was successfully used in later flights
to determine the location of boundary-layer tran~
sition as a function of airspeed.

The oil-flow patterns generally weére repeated
when the order of the flight test conditions was
reversed, although in some cases, "ghost" images
from previous conditions were visible. The use of
trip strips on some flights was again useful for
interpreting the boundary-layer characteristics.

In Fig. 11(a), the location of natural boundary~
layer transition on the PIK-20E is denoted by an
arrow. Reference marks were painted on the wing at
10% and 20% chord stations. On the outboard section
of the oil, a trip strip was applied at the 40%
chord location. The contrast in oil color across
the trip strip is the same as the contrast that
occurs at natural transition. At about the midspan
of the oiled test section, a transition wedge
(presumably caused by a surface blemish) is noted.
Aft of the natural transition line, a sharply
defined spanwise line can be seen. This line
occurs at the location of an interior structural
element. It is interesting to note that this
distinct line is not present at the span stations
where forced transition occurred. Post-flight
inspection of the surface revealed no waviness or
discontinuity at the location; however, flight
loads which might distort the surface in flight
were not simulated. Fig. 11(a) shows the pattern at
60 KIAS. At a higher airspeed (Fig. 11(b)), natural
transition is shown to occur slightly farther aft,
close to the location of the structural member.

The buildup of oil at this location is sufficient’
that several streaks of oil have emerged from the
pooling. )

T-38

Two research flights of the T-38 were used to
compare four different oil solutions at high speeds
and altitudes, as well as to investigate the
response of the oil-flow patterns to a dynamic flow
field. On the first flight, four different oil
solutions were painted on separate regions of the
upper surface of the right and left wing. The
flight plan consisted of accelerating from subsonic
to transonic speeds at several altitudes up to
14 km (45,000 ft). The lowest atmospheric tem-
perature encountered was about -60°C. The mixture
of AMS/0il Para-Synthetic and Mobil 1 was applied to
the upper surface of the left wing for the second
flight. The flight plan consisted of wing-rock
maneuvers at 0.9 Mach number and low-speed wing
rock in i~g flight. Photographs were made from the
rear cockpit of the T-38. :

An example of the photographs taken of the
T-38 flight tests is shown in Fig. 12. On the
right wing (Fig. 12(a)), it is seen that most of the
Mobil 1 and Exxon Synesstic 32 has been removed
from the surface, indicating they are not suitable
for flow visualization at these speeds. On the
left wing (Fig. 12(b)), the dark line denoting
shock-wave location is evident in the mixture of
AMS/0il Para-Synthetic and Mobil 1. Unfortunately,
the AMS/0il gear lube oil pattern is greatly
affected by local turbulence near rivet heads and
the flap hinge, and, therefore, a fair comparison
between the two solutions on the left wing was not
possible.

The mixture of AMS/0il Para-Synthetic and
Mobil 1 responded well to the flow field at alti-
tudes up to 6.1 km (20,000 ft). Weather balloon



data indicated that the temperature at that alti-
tude was about =~22.5°C during the testing. At
higher altitudes some variation in the oll pattern
can be seen as a function of flight conditions;
however, it is much less conclusive. Holding flight
conditions longer at the higher altitudes might
itprove the results.

Recommended Approach

The recommendations presented below are based on
limited laboratory and flight experience gained to
date. The technique has been refined (but not opti-
mized) and can be expected to yleld satisfactory
results. This approach includes surface prepara-

tion, flight planning, and postflight considerations.

Smooth surfaces such as those of fiberglass,
which have no skin joints or rivet heads, generally
glve better results since local aerodynamic tur=-
bulence near discontinuities makes the oil patterns
difficult to interpret. Smoothing over depressions
in the skin using fiberglass or putty will improve
the results.

The surface finish should also be inspected
for grease or other substances which might affect
the oil-flow pattern.

For boundary-layer-transition visualization, a
"trip strip" is often recommended for a portion of
the test section to provide a region of known tran-
sition. This can be used as a reference point and
as an aid in interpreting the oil pattern. Also,
identification marks located at known chord or span
locations are useful in analyzing photographs.

The oil mixture can be applied with a paint~
brush to the surface of interest just before take-
off. A mixture of AMS/0il Para-Synthetic and
Mobil 1 was the most successful solution tested.

The two oils are mixed in a 1:1 ratio and combined
with a pigment to provide a contrast with the sur-
face. When applied to white or aluminum surfaces,
ferric oxide (FeOj), which is commercially available

as putty black from crafts or art supply stores, is
used as a black pigment. One part FeOy is mixed

with 10 to 15 parts of the oil mixture. A white
pigment, titanium dioxide (TiO5), can be used to
enhance the contrast with dark surfaces. Titanium
dioxide should be mixed with oil in about a 1:1
ratio., It is important to avoid clumps of undis-
solved pigment in the solution since this can result
in premature boundary-layer transition. This
problem can be avoided by first mixing a small
amount of oil with the pigment to form a smooth
thick paste and then adding the remaining oil.

Since large dirt particles can easily stick in
the oil film causing premature boundary-layer
transition, the oil should be applied just before
takeoff; taxiing airplanes and other sources of
dirt and dust should be avoided.

When designing flight plans it is important to
keep in mind the physical mechanics of the oil-flow
technique in order to obtain satisfactory photo-
graphs. The effects of temperature at altitude and
dynamic pressure must be considered to insure that
the resulting oil pattern is an accurate represen-
tation of the flow field.

At low atmospheric temperatures encountered
at high altitudes, the oil is less responsive to

the airflow. Therefore, the desired flight con-
ditions must be maintained longer to insure that
the oil pattern has adapted to the flow field.
Good results have been obtained at altitudes up to
7.6 km (25,000 ft) after 60 sec at the test~flight
conditions. Tests at higher altitudes have been
less successful although holding test conditions
for longer periods (longer than 60 sec) has not
been tried. The use of a less viscous oil may
improve the results; however, in order to reach

"high altitudes, aircraft generally encounter high

dynamic pressures which would remove thlnner (less
viscous) oils.

In low-speed flight (dynamic pressures less

than 100 lb/ftz), enough oil is left op the sur-
face to identify transition and separation for at
least 30 min of flight time. Observations should
first be made at those flight conditions at which
transition is expected to occur at the aftmost
position. Turbulent and separated flows remove oil
from the surface more rapidly, and, as oil is lost,
less contrast will be seen in the remaining oil
£ilm.

In low-speed flight, maintaining flight con-
ditions for 60 sec appears to be sufficient to
ensure that the oil has responded to the current
flow field. This can be verified by repeating cer-
tain test points at various times during the same
flight and checking that the results are identical.
If a very prominent flow condition occurs at one
flight condition, it may remain in the oil as a
"ghost" pattern and interfere with later results.
It is, therefore, helpful to record the time
sequence in which the photographs are taken.

At higher airspeeds, much less oil is left on
the surface. Although the dynamic pressure on the
oil is higher, the oil film is much thinner and too
sparse to rearrange in grossly different flow pat-
terns on a single flight. As noted earlier, at
least 60 sec should be spent at- test conditions to
ensure that the flow field has been represented.
If prominent flow conditions, such as transition
wedges or shock waves, are present throughout a
significant portion of a flight, indications will
remain in the oil pattern even after- landing.

Boundary-layer transition is visible in oil
patterns during high-speed flight (Mach numbers
above 0.6), but observations should be made within
30 min of takeoff. Because oil is lost from the
leading edge during flight, transition is more dif-
ficult to distinguish near the leading edge. Vis-
ualization of the location of shock-waves requires
less oil and is, therefore, possible after longer
periods of flight time.

The most commonly encountered operational
problems involved obtaining high-quality, in-flight
photographs. When possible, on-board photography
is best. By necessity, however, most of the pic-
tures shown in this report were taken from chase
planes. Typically, large format film (2~1/2 in
square frame) and a 150 mm lens were used. Direct
sunlight is necessary for good contrast and so that
fast shutter speeds can be used.

After testing, most of the excess oil can be
wiped off. Engine degreaser or solvent is used to
clean the remaining surface film. Some parts of
the oiled surfaces (e.g., flap hinges) obviously
cannot. be easily cleaned without disassembly; how-



ever, the problem does not ordinarily interfere with
aircraft operation. The effect of the oil or clean~
ing solution on unusual surface materials or adhe~
sive bonds should be considered, however, for flight
safety purposes. )

Analysis of in-flight oil-flow photographs
must be . conducted on a case-by-case bagis in order
to insure valid conclusions. Besides the aerody-
namic characteristics that are of interest, mis-
leading features are also revealed in the oil~flow
pattern. For example, the location of underlying
structural elements can often be observed in the
oil pattern. Also, if oil builds up or pools in a
certain location owing to local separation or sur-
face discontinuity it may suddenly streak downstream.
Furthermore, a hysteresis in the oil pattern may
occur between flight conditions.

Clearly, some features observed in the oil-
f low photographs are not well understood. Careful
analysis of the photographs, as well as a knowledge
of the oil-flow test setup and flight profile, is
necessary to interpret the aerodynamic characteris-
tics accurately.

Concluding Remarks

The oil-flow technique is a useful tool for in-
flight, steady-state flow visualization. It is
possible to locate boundary-layer transition,
regions of separated flow, and shock-wave position
under a wide variety of flight conditions using
this techniqgue. The technique is simple, requires
no significant vehicle modification, and is inex-
pensive. ‘Moreover, oil~-flow testing is a passive
process and can be performed in conjunction with
other flight experiments. High-quality in-flight
photography is typically the most demanding
requirement.

Based on some developmental testing at the
Dryden Flight Research Facility, a recommended
approach for users has been described. This
includes specific information about the oils used,
application techniques, and flight planning. As a
result of comparative flight testing it was.shown
that certain oil mixtures enhance the results.

Further optimization of this visualization
technique will occur as more experience is obtained.
To make sure that valid conclusions are drawn, oil-
flow photographs must be analyzed carefully. The
oil-flow patterns have many characteristics which
are not well understood and which can be misin-
terpreted. Confidence in the results can be
increased by designing flight plans so that test
conditions are repeated, by using trip strips and
by smoothing test surfaces.

The process has not yet been optimized, and
there are some féatures that are not fully under-
stood; nevertheless, the test technique has been
successful. - Because of the simplicity of the tech-
nique it is an attractive in-flight aerodynamic
analytical tool. Significant improvements in the
method have already been made based on the work
accomplished to date, and further improvements can
be expected as more experience is gained.

References

1crowder, J. P., "Add Fluorescent Minitufts
the Aerodynamicist's Bag of Tricks," Astronaut. &
Aeronaut., vol. 18, pp. 54-56

2McTigue, John G., Overton, John D., and Petty,
Gilbert, Jr., "Two Techniques for Detecting
Boundary layer Transition in Flight at Supersonic
Speeds and at Altitudes Above 20,000 Feet," NASA
TN D-18, 1959.

3Taylor, John W. R. (ed.), Jane's All the
World's Aircraft, Jane's Yearbooks; lLondon; McGraw

Hill Book Co., New York; McGraw-Hill Company of
Canada Ltd., Scarborough, Ontario; 1971-72,
1982-83.

4Painter, Weneth D. and Caw, lLawrence J.,
"Design and pPhysical Characteristics of the
Transonic Aircraft Technology (TACT) Research
Aircraft," NASA TM-56048, 1979.

5Bohn-Meyer, M. and Jiran, Fred, "The Use of
Techniques to Modify Airfoils and Fairings on
Aircraft Using Foam and Fiberglass," AIAA Paper
81-2445, 1981.

6Curry, Robert E. and Sim, Alex G., "The Unique
Flight Characteristics of the AD-1 Oblique Wing
Research Airplane," AIAA Paper 82-1329, 1982.

7Kotsabasis, Alexandros, "The DAST~I Remotely
Piloted Research Vehicle Development and Initial
Plight Testing," NASA CR-163105, 1981.

8Meyer, Robert R., Jr., "A Unique Flight Test
Facility: Description and Results," NASA TM-84900,
1982.

98raslow, Albert L. and Knox, Eugene C.,
"Simplified Method for Determination of Critical
Height of Distributed Roughness Particles for
Boundary Layer Transition at Mach Numbers from 0 to
5," NACA TN-4363, 1958.



Table 1 Summary of flight experiments.

Aircraft

Flight~-test period

Number of
flights

0il solutions tested Pigment

F-111 TACT/NLF

AD-1

F-14
DAST

F~104/FTF

PIK-20E

Aug,

Jan.
Feb.,

Mar.

Apr.

May

1980

May-June, 1982

1983

1983

1983

1983

1983

4

Chevron 80W-90

AMS/0il Synthetic Gear
AMS /0il Para-Synthetic
Chevron 80W-90

Mobil 1

Mixtured

AMS/0il Synthetic Gear
AMS/0il Synthetic Gear

AMS /01l Synthetic Gear
Mixtured )
AMS/0il Synthetic Gear
Mobil 1

Mixtured

Pennzoil (10-40W)
Exxon Synesstic 32

Mixture?
AMS/0il Synthetic Gear
Mobil 1

Graphite

Lube (EP) FeOgy
Engine 0il

Lube (EP) FeOq
Lube (EP) Ti0y

Lube (EP) FeOy

Lube - (EP) FeOy

FeOZI

Lube (EP)

aMixture of AMS/0il Para-Synthetic Engine 0il and Mobil (1:1),

ZZZ Areas oiled

(a) PIK=-20E.

Fig. 1

<&

ZZZ Areas oiled

(b) F-l14.

Alircraft used and oil-flow test sections.



222 Areas oiled

(c) T=38.

ZZZ Areas oiled

(d) F-111/NLF.

ZZ% Areas oiled

{e) AD-~l.

4\/§

Upper and
lower
surface

(f) DAST.

Fig. 1 Concluded.

(g) F-104/FTF.



Fig. 2 Laboratory test setup.
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Fig. 3 Flight conditions at which oil-flow patterns were photographed .



Structural defmgtin

Fige. 4 F-111 TACT/NLF oil-flow experiment: Mach 0.85, 26° wing sweep,
altitude 7.6 km (25,000 ft).

Temperature,®F
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AMS/Oil /
Para-synthetic
Engine Oil — \~ Chevron 80W90
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[ I | |
= 40 —30 ~20 -10 0

Temperature, °C

Fig. 5 Experimental oil-flow rate data.
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. - .
Fig. 6 AD-1 oil-flow experiment: Indicated Fig. 7 F-14 oil-flow experiment: Mach 0.84, 20°

airspeed 45.3 m/sec (87.9 knots), 30° wing wing sweep, altitude 6.1 km (20,000 ft).
sweep.

Fig. 8 DAST oil-flow testing using white pigment. Fig. 9 F-104/FTF oil-flow experiment: Mach 1.2,
altitude 7.0 km (23,000 ft).
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(a) Indicated airspeed 23.2 m/sec (45 knots).

(b) Indicated airspeed 25.7 m/sec (50 knots).

Fig. 10 Time-sequence of PIK-20E oil-flow experiment at increasing airspeeds.
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(c) Indicated airspeed 30.9 m/sec (60 knots).

Fig. 10 Concluded.

(a) Indicated airspeed 30.9 m/sec (60 knots). (b) Indicated airspeed 48.9 m/sec (95 knots).

Fig. 11 PIK-20E oil-flow experiment.
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(a) Right wing.

o
<

.
.

(b) Left wing.

Fig. 12 T=-38 oil-flow experiments: Mach 0.95, altitude 7.6 km (25,000 ft).
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