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Sublimating Chemical Technique for Boundary-Layer
Flow Visualization in Flight Testing

Clifford J. Obara*
PRC Kentron, Inc., Hampton, Virginia

With the introduction of modern aircraft utilizing laminar flow, flow visualization has become an important
diagnostic tool in determining aerodynamic characteristics such as surface flow direction and boundary-layer state.
Oil flow and sublimating chemical techniques are discussed, and the use of sublimating chemicals is examined in
detail. Oil is used to visualize boundary-layer transition location, shock-wave location, regions of separated flow, and
surface flow direction. Sublimating chemicals are used to visualize both the location and mode of boundary-layer
transition. The different modes of transition are characterized by different patterns in the developed sublimating
chemical coating. The discussion includes interpretation of these chemical patterns and the temperature and velocity
operating limitations of the chemical substances. Information for selection and application of appropriate chemicals
for a desired set of flight conditions is provided.

Nomenclature
a,b,c = constants used in determining vapor pressure
gs = rate of transfer of mass from unit area of surface,

oz/s-ft2

K = recovery factor
Kg = local mass transfer coefficient
m = molecular weight of a substance
m^ — molecular weight of the freestream
M — Mach number
p = static pressure, mm Hg
ps = absolute vapor pressure, mm Hg
p = freestream static pressure, mm Hg
R = gas constant
R' = unit Reynolds number, ft"1

T = freestream temperature, °C or °F
Taw — adiabatic wall temperature, °C or °F
U = freestream velocity, fps
y = specific heat ratio, y = IA
p = density of diffusing vapor, slugs/ft3

Poo = freestream density, slugs/ft3

\l/ = concentration, p/p^
^oo = concentration in the freestream
\l/s = concentration corresponding to saturation
A = leading-edge sweep angle, deg

Introduction

PAST flight research has made extensive use of flow visuali-
zation for determining aerodynamic characteristics, such

as boundary-layer state (laminar, transitional, turbulent, or
separated), shock wave location, and surface flow direction.
Measurement of these characteristics becomes important to the
aerodynamicist with the introduction of modern smooth air-
craft surfaces which are compatible with laminar flow require-
ments. Flow visualization can be used for determining the
boundary-layer transition characteristics while supplementing
other analytical measurements for validation of aerodynamic
design behavior.
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Several techniques have been developed for in-flight flow
visualization, including sublimating chemicals1-2 and oil flow.3
Each technique has its own advantages and disadvantages. The
oil flow technique can provide information for a wide variety of
flow conditions, from boundary-layer transition to flow sepa-
ration and shock wave location. At the same time, oils can be
very messy and must be viewed during flight. The sublimating
chemical method provides a detailed pattern of boundary-layer
transition that can be examined on the ground following the
flight test. Whereas oil flow can show regions of laminar and
turbulent separation, sublimating chemicals are far more useful
for determining transition modes, including crossflow and
Tollmien-Schlichting types of instabilities, as well as laminar
separation.

The purpose of this paper is to describe the sublimating
chemical technique for flow visualization. A method for select-
ing appropriate chemicals based on a set of flight conditions is
provided. A brief description on the use of oils for flow visual-
ization is included. The advantages of both flow visualization
techniques for testing modern aircraft are discussed.

Sublimating Chemicals

Description of Technique
The chemical sublimation method for indicating boundary-

layer transition was developed at the Royal Aircraft Establish-
ment by W. E. Gray in 1944.1 Originally devised for low-speed
wind tunnel testing, the method was extended to aircraft in
flight with the introduction of more durable coating materials.
The sublimation method has the advantages of simplicity, ra-
pidity, low cost in operation, and ability to provide a very
detailed graphic record of the transition from laminar to turbu-
lent flow over the surface. For many flight applications, the
chemical pattern developed at the desired test condition can be
viewed on the ground following the flight. The method has
been effective at subsonic speeds for temperatures down to
-20°F and altitudes up to about 20,000 ft and at supersonic
speeds up to Mach 2 for temperatures down to -55°C and
altitudes up to 55,000 ft.4

The sublimation method for indicating boundary-layer tran-
sition involves coating the surface to be observed with a very
thin film of a volatile chemical solid. During exposure to a
freestream airflow, areas develop in which the chemical film
sublimates more rapidly due to greater local shear stress within
the boundary layer, as depicted in Fig. 1. Greater rates of
sublimation will occur in regions of high shear stress or skin
friction such as that found in turbulent flow. The regions near
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Fig. 1 How sublimating chemicals indicate boundary-layer transition.

Table 1 Practical sublimating chemicals for transition visualization

Chemical substance

Naphthalene
Biphenyl
Acenaphthene
Fluorene

Chemical formula

C10H8
C6H5C6H5

C10H6-1,8-CH2CH2
C6H4CH2C6H4

Molecular
weight

128.17
154.21
154.21
166.22

stagnation on the surface will also see high shear stresses and
hence greater rates of sublimation. It is the stress-induced heat-
ing that produces the rates of sublimation.

There are several criteria necessary for the coatings to re-
main solid, opaque, and durable at temperatures for which
transition indications are obtained and examined. The chemi-
cals must have high melting points, be resistant to moisture,
have no adverse effects on surface finishes, have low vapor
pressures for aerodynamic use, and be soluble in a fast evapo-
rating carrier. These considerations restrict the possible com-
pounds to solids with melting points above 50°C, of low or
medium molecular weights, and with high hydrogen content.
The types of solid compounds suitable are hydrocarbons,
esters, alcohols, ethers, ketones, acylamines, and azohydrocar-
bons.2 Another consideration for selecting appropriate chemi-
cals is safety from health hazards associated with the use of
such compounds. Four useful compounds which meet these
requirements and provide a practical range of operating char-
acteristics (sublimation rates) are naphthalene, biphenyl,
acenaphthene, and fluorene, listed in Table 1. An added feature
of fluorene is its fluorescent properties, which makes it possible
to obtain high quality photographic transition pattern data by
using ultraviolet lighting.

The solvents used must be of low toxicity, low corrosiveness,
and be highly volatile. Water and the low-volatility alcohols
have insufficient vaporizing characteristics to be used as sol-
vents. Some of the esters which are low in toxicity are corrosive
to metals in long-term use. The solvents found to be most
suitable are acetone and light petroleum fractions, such as
1,1,1 trichloroethane and trichlorotrifluoroethane (Freon TF).
The requirement for a highly volatile solvent is a result of the
process by which the sublimating chemicals are applied to the
surface. A technique called "dry-spraying" is used whereby the
chemical solute is dissolved in the solvent and the solution is
sprayed onto the surface. It is necessary that the solvent be
almost completely evaporated before the spray solution has
time to wet the surface, leaving the sublimating chemical coat-
ing on the surface.

The chemical is applied to the test surface by compressed-air
spraying. A solution of eight parts solvent to one part solute
(by volume) has been found to be nearly optimum for uniform
application. The solution is ready for spraying when the solute
has completely dissolved. When using standard compressed-air
spray equipment, good control in uniform thickness of the
chemical coating is best achieved using a spray gun with a flat
fan nozzle of minimum size orifice and needle (orifice diameter
between 0.030 and 0.040 in.). Spraying is done using about
25 psi air pressure, for either siphon feed or pressure feed
equipment. If pressure feed equipment is used, the reservoir

pressure should be about 5 psi. The spray nozzle should be held
between 10 to 20 in. from the surface being coated for proper
dry-spraying. Proper spray technique will produce a powdery
matt appearance of the chemical coating; when the spray goes
on too wet the coating appears crystalline. After spraying, the
chemical coating is brushed with a large soft bristle brush,
wiped with cheesecloth, or rubbed with a rubber-gloved hand
to loosen chemical particles which can adhere to the coating
and cause turbulent wedges.

A standard rate of chemical solution application is one quart
per 20 to 30 ft2. At the application rate of one quart per 20 ft2,
a very heavy coating will result. Depending on temperature and
airspeed, such a coating thickness has a sufficiently long reac-
tion time to permit ample offcondition flight time for takeoff,
climb, descent, and landing without affecting the chemical pat-
tern developed at the test condition. This feature permits tran-
sition data to be observed and recorded on the ground,
following the flight. Extra thick coatings can be applied by
brushing the surface between repeated applications of a "stan-
dard" thickness. This technique can be useful for thick applica-
tions of rapidly sublimating chemicals to extend the allowable
offcondition time for climb to high altitude test conditions, for
example.

During the test flight, airspeed and altitude should be held as
long as needed to obtain a transition pattern. If the fuel burn
at the test condition changes airplane weight by more than
about 10%, a speed schedule should be worked out to keep the
airplane lift coefficient constant (for conditions where com-
pressibility can be ignored). For high-speed tests where com-
pressibility is a factor, an altitude schedule should be flown to
maintain a constant Mach number at constant indicated air-
speed. For most flight measurements of transition using the
sublimating chemicals, response time is sufficiently rapid that
constant speeds and altitudes can be flown and weight changes
have an insignificant effect on transition location.

An intentional boundary-layer trip, such as a very small
piece of tape located within 6 in. of the leading edge, is useful
for indicating the rate of transition pattern development in the
chemical coating. When the chemical pattern appears mature,
the descent and approach should be flown as near to the indi-
cated test speed and as close in to the landing as is safe. Since
at most test conditions of interest, pattern development times
are greater than 10 min, ample time is usually available for
normal approaches and landings.

In order to provide quality photographic reproduction of the
developed chemical pattern, it is recommended that the test
surface be painted a dark, contrasting color. Flat black works
extremely well as a contrast to the white chemical. When the
surface color cannot be contrasting to the chemical, coloring
can be added to the solution prior to spraying. Food coloring
has worked well to enhance the contrast on white surfaces.
Fuel dyes have also been used; however, they tend to leave a
slight coloring on the test surface.
Selection of Chemicals

Selecting an appropriate chemical for a given flight condition
requires an understanding of the chemical process involved.
The rate of sublimation is simply the rate of transport of a
foreign gas through the boundary layer. Thus, the rate of mass
transfer will depend on the surface concentration of the diffus-
ing gas. The sublimation rates can be approximated by consid-
ering the relationships between diffusion, heat transfer, and
skin friction. This paper covers only the principle equations for
predicting sublimation rates; a more detailed analysis appears
in Ref. 5.

The rate at which mass is transferred across a unit area of the
surface, gs, is given by

where Kg is the local mass transfer coefficient, p^ and U^ are
the freestream density and velocity, and \l/s and \l/^ are the
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foreign gas concentrations at the surface and the freestream,
respectively. The concentrations can be represented by the
general form

(2)

where p is the density of the diffusing vapor. For the sublima-
tion process occurring in air, ij/^ can be taken as zero; however,
determination of \j/s is less obvious. There are two stages for the
sublimation of a substance into a stream of air.5 The first stage
is purely molecular and takes place in a very thin layer near the
surface. It involves a continuous evaporation and recondensa-
tion of gas molecules in the surface layer of chemicals. The
second stage can be represented by the diffusion through the
boundary layer of those molecules which escape from the sur-
face layer. The number of molecules that do escape can be
determined by the difference between the partial pressure of the
vapor at the surface and the saturation pressure. It has been
shown5 that the concentration at the surface corresponds
closely to saturation. This can account for the fact that rela-
tively smaller amounts of molecules are carried away from the
surface, as compared to the larger quantity evaporating and
recondensing in the surface layer. For the sublimation of sub-
stances used for boundary-layer observation, the concentration
at the surface can be approximated by

(3)

where m, m^ are the molecular weights of the substance and
the air, respectively, ps is the absolute vapor pressure, and p^
is the freestream static pressure.

Combining Eqs. (1) and (3) and the assumption that i//^ = 0,
the rate of sublimation can be rewritten as

(4)

(5)

For most liquids and solids, the variation of vapor pressure
with temperature will follow the Clasius-Clapeyron law and is
expressed as

(6)

Using the ideal gas law yields to rearrange Eq. (4).

where ps is the vapor pressure in mm Hg at temperature T^ in
°C and a, b, and c are constants for a particular substance.
Approximate values of a, &, and c for the four solids selected as
suitable boundary-layer transition indicators are taken from
Refs. 6 and 7 and are reproduced in Table 2. It must be men-
tioned here that values of ps for a particular substance are not
always consistent from one source to another. Some of these
differences result from the difficulty of determining very low (at
J7

00<0°C) vapor pressures. Figure 2 shows the relation be-
tween vapor pressure and temperature from Eq. (6) over a
range of temperatures compatible with flight operations.

Table 2 Vapor pressure constants for selected sublimating chemicals

Chemical substance a b c

Naphthalene
Biphenyl
Acenaphthene
Fluorene

30.759
53.942
54.279
56.615

187.22
273.10-
273.10
273.10

6.846
8.221
8.033
8.059
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Fig. 2 Vapor pressures of sublimable solids.
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Fig. 3 Temperature operating ranges for selecting sublimating
chemicals.
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Fig. 4 Velocity operating ranges for selecting sublimating chemicals.

For first approximations, the local mass transfer coefficient
Kg is proportional to the local skin friction. In regions of high
skin friction, such as near the stagnation or attachment line, or
in the turbulent boundary layer, values of the local mass trans-
fer coefficient will also be high. A complete description and
analysis of this mechanism is available in Ref. 5.

Based on past flight experiments, a practical summary is
provided in Figs. 3 and 4 to guide selection of suitable chemi-
cals for given test conditions. These recommendations will
allow reasonable times for chemical pattern development at the
test conditions and still provide adequate time for offcondition
(climb and descent) portions of a flight profile. As given in Eq.
(5), the rate of sublimation is proportional to ambient temper-
ature, freestream velocity, and local skin friction.

Figure 3 presents the operating temperature ranges of the
four chemicals. Each solid bar represents typical limits; the
dashed ends suggest variability resulting from coating thick-
ness. For the fastest sublimating solid, naphthalene, the useful
temperature range at subsonic speeds is from — 50° < T^ <
32°F. Biphenyl and acenaphthene have subsonic temperature
ranges of -20°C < T^ < 80°F and 32° < T^ < 100°F, respec-
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tively. A subsonic temperature range for fluorene would be
60° < T^ < 120°F. The additional data point for fluorene at
the low temperature was for a supersonic aircraft (M = 2.0)
tested by McTigue et al.4 One of the factors that allows the use
of sublimating chemicals at supersonic speeds is that the adia-
batic wall temperature rises with compressibility. Since the
chemicals are affected by this wall temperature, rates of subli-
mation are higher than what would be considered normal at
the freestream temperature. The relationship between the adia-
batic wall temperature and the freestream is

^ = 7^1
7-1

M2 (7)

where y is taken as 1.4 and K is the recovery factor. For a
laminar boundary layer, the recovery factor is approximately
0.84, whereas for a turbulent boundary layer, the recovery
factor is approximately 0.88. The suggested practical tempera-
ture ranges presented here are based on the experiences of the
author and on other published flight results.

As previously mentioned, the freestream velocity effects the
sublimation rate of a particular chemical. Based on the
author's experience, suggested practical velocity ranges for
each of the selected chemicals are presented in Fig. 4. These
ranges are valid for sea-level standard day conditions. It is
important to remember that the solid bar represents typical
limits with standard coating thicknesses. Naphthalene can be
used up to approximately 150 fps. Biphenyl works well in the
low subsonic range of 100 fps to 500 fps, whereas acenaph-
thene is useful from 250 fps on up to transonic speeds of ap-
proximately 800 fps. A practical velocity range for fluorene
would start from around 500 fps and go up to supersonic
speeds.
Interpretation of Chemical Patterns

The transition mechanism or mode can be determined by
analysis of the chemical patterns which develop. Typical pat-
terns for four modes of transition are shown in Fig. 5. The
developed pattern is shown as white in the laminar region and
black in the turbulent region when the chemical has completely
sublimated. Tollmien-Schlichting instability transition is char-
acterized by a ragged transition line, as shown in the upper
pattern of the figure. A crisp, straight transition front is indica-
tive of the presence of laminar separation. When there are
streamwise striations in the chemical coating followed by a
very jagged transition line, crossflow or Gortler instability is
the transition mechanism. The fourth type of transition pattern
is formed by three-dimensional roughness elements. A typical
shape would be a thin trail behind the element quickly followed
by a turbulent wedge, usually having an included angle of
around 15 dej.
Sublimating Chemical Flow Visualization Examples

Sublimating chemicals have been used extensively in recent
years by NASA Langley personnel to document boundary-
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Fig. 5 Transition mode characteristics in sublimating chemical patterns.

layer transition locations in flight on a variety of aircraft. Com-
plete documentation of the results of the flight tests is presented
in Ref. 8. The sublimating chemical technique has been used
successfully on all surfaces of an aircraft, including wings, fuse-
lages, empennages, and propellers.

Figure 6 shows a chemical pattern on the lower surface of a
wing. The unit Reynolds number for the test was
R' = 1.9 x 106 ft"1,, and the chemical was acenaphthene. The
figure shows the effect of insect strikes, propeller slipstream,
and roughness in the form of inspection cover plates, screws,
and selected tape trips on boundary-layer transition. There
were several additional insect strikes which did not cause tran-
sition, whereas the ones shown did, as indicated by the turbu-
lent wedges in the chemical pattern. The middle inspection
cover had an aft-facing step, which caused boundary-layer
transition. Although it cannot be seen very clearly, the inspec-
tion cover near the wing root caused transition because of the
screw heads holding the plate on, rather than by the step
height. Two additional turbulent wedges appear from inten-
tional tape trips, which served to calibrate the photograph.
Another noticeable effect is that the propeller slipstream
caused the mean transition front to move slightly forward. The
natural transition front shows the smooth, uniform pattern
characteristic of laminar separation.

Another example of how well the sublimating chemicals can
indicate the different modes of transition is illustrated in Fig. 7.
This test was conducted on a business jet winglet at a Mach
number of M = 0.50 and a unit Reynolds number of
R' = 2.1 x 106 ft"1, using acenaphthene. On the upper span of
the winglet, the transition front at x/c = 0.65 is characteristic
of a laminar separation mode of transition. A roughness parti-
cle that prematurely tripped the boundary layer is evident in
the mid-span region. A third mode of transition appears in the
lower-span region. Between 5 and 10% chord, there is a manu-
facturing joint with an aft-facing step and several screw slots.
The screw slots were not smoothed over and, consequently, in
the one region, they caused premature transition. In the lowest

'

Fig. 6 Boundary-layer transition on a wing lower surface indicated
by sublimating chemicals (acenaphthene), R ' - 1.9 x 106 ft"1.8

Fig. 7 Boundary-layer transition on a winglet surface indicated by sub-
limating chemicals (acenapthene), Rr = 2.1 x 106 ft"1, M = 0.50.
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Fig. 8 Boundary-layer transition on the suction side of a propeller
indicated by sublimating chemicals (acenaphthene), R' = 2.77 x 106

ft1.8

Fig. 9 Crossflow vortices indicated by sublimating chemicals (acenaph-
thene), A = 27 deg, R' = 2.4 x 106 ft-1.

region of visible chemicals, the aft-facing step was the cause of
premature transition.

As noted previously, it is possible to measure the extent of
laminar flow on a rotating propeller. Figure 8 shows an exam-
ple of the suction side of a propeller and its boundary-layer
transition location. An example of using sublimating chemicals
for indicating crossflow vortices is shown in Fig. 9. The figure
shows the development of crossflow vortices in the laminar
boundary layer on the lower surface of a 27 deg swept wing at
R' = 2A x 106ft~1. Prior to causing boundary-layer transi-
tion, the vortices were spaced at 8-10 per inch.

Health Hazards
There are several precautions which should be followed iii

order to insure safe use of sublimating chemicals. The chemi-
cals discussed here were selected because of their low health
hazards. However, these chemicals should still be treated with
respect. Persons within close use of the chemicals should wear
an organic-vapor-type respirator (carbon filter). Eye and skin
contact should be avoided whenever possible. Rubber gloves
are recommended for handling, Always provide adequate ven-
tilation when applying the chemicals. Biphenyl and naph-
thalene have been found to have low short-term and low
long-term toxicity. Currently, fluorene and acenaphthene are
known to have low short-term toxicity; long-term toxicity has
not been extensively studied. The American Society for Testing
and Materials, or a materials safety data sheet from the chem-
ical supplier, can provide further health safety information on
these and other chemicals.

A safety alert has been announced regarding the use of 1,1,1-
trichloroethane and other halogenated hydrocarbons in pres-
surized fluid systems having aluminum or galvanized wetted
parts. Under certain circumstances these solvents can corrode
the aluminum or galvanized part. In pressurized spraying sys-
tems, this corrosive action could result in a pressure vessel
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Fig. 10 How oil flows indicate boundary-layer transition.

explosion. Unless a stainless steel canister and spray gun are
used, a siphon cup sprayer should be used when applying the
chemical with a halogenated hydrocarbon solvent. Aluminum
parts should be inspected regularly for corrosion. It is the au-
thor's experience that 1,1,1-trichloroethane does not harm
composite or metal test surfaces. Some paints, namely the low
cost spray enamels or laquers, may soften when cleaned with
the solvent. Acetone can be used as a solvent; however, it does
affect fiberglass and plexiglass and is a greater fire hazard than
1,1,1 trichloroethane. Proper cleaning of any fluid system will
minimize the potential hazard. Further information on poten-
tial corrosion hazards should be obtained from the manufac-
turer of the spray equipment.

Oil Flow
Description of Technique

Oil flows provide a second useful means for visualizing the
state and nature of the flow over a surface. Oils can indicate
regions of laminar and turbulent flow, regions of separated
flow, location of shocks, and the location of laminar separation
bubbles. One advantage of oil flows over sublimating chemicals
is the ability to detect laminar separation bubbles.

The technique of applying and using oils differs somewhat
from that of sublimating chemicals. The oil is brushed onto the
surface to be tested. The aircraft is then flown to the desired
flight conditions and held there until an oil pattern has devel-
oped. The oil will flow in the direction of the surface flow,
collecting in regions of reverse flow, as shown in Fig. 10. Rapid
movement of the oil will occur in regions of high skin friction
and shear. Temperature has a large effect on the flow character-
istics of the oil. The oil becomes less responsive at lower tem-
peratures occurring at higher altitudes. This requires that the
flight test conditions be held longer to insure that the oil pat-
terns have adapted to the flowfield.

Unlike sublimating chemicals, any photographs of the devel-
oped pattern must be taken during flight at the desired test
conditions, since transition patterns in oil coatings are difficult
to preserve through offcondition flight regimes. For this same
reason, the use of a less viscous oil may not help the low-tem-
perature effect, since the climb portion of the flight would gen-
erally remove the thinner oils. Because the oil continuously
responds to the flow conditions, multiple test conditions can be
accomplished during a single flight.

For most flight conditions the use of a 1 : 1 mixture of AMS/
Oil Para-Synthetic and Mobil 1, combined with a pigment to
provide a contrast with the surface, has been recommended.3
Suggested pigments include ferric oxide (FeO2) for visualiza-
tion on lighter surfaces and titanium dioxide (TiO2) for con-
trast on darker surfaces. Useful ratios of pigment to oil are
1 : 10 for ferric oxide and 1 : 1 for titanium dioxide. The pig-
ment should be completely dissolved in the oil before applying
to any surface. Further information on the use of oil flow can
be obtained from Ref. 3.
Oil Flow Visualization Examples

Some of the results of Curry et al.3 in using oils for in-flight
flow visualization are reproduced here. Figure 11 shows an oil
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ilill

Fig. 11 Boundary-layer transition indicated by oil flows, R ' = 0.63

Fig. 12 Shock wave location indicated by oil flows, M = 0.85,
R' =2.9 X 106ft-1.3

flow pattern indicating boundary-layer transition. The unit
Reynolds number for this test was R' = 0.63 x 106 ft"1, and
the oil was the mixture of AMS/Oil and Mobile 1 recom-
mended above. The effect of fixed transition followed further
downstream by a region of flow separation is also shown. An
example of a shock location indicated by oil flow is shown in

Fig. 12. For the faster speed, M = 0.85, R' = 2.9 x 106 ft-1, a
more viscous oil was used.

Conclusions
Combined use of both oil flows and sublimating chemicals

provides extensive boundary-layer data for use in design vali-
dation or certification flight testing. Each method of flow visu-
alization has its advantages and disadvantages. Oil flows can
be used to determine boundary-layer transition, shock wave
locations, regions of separation flow and surface flow direction
for several conditions during the same flight. However, oil
flows must be photographed in flight following pattern devel-
opment, and are somewhat untidy. Sublimating chemicals are
useful for visualizing boundary-layer transition patterns from
several modes of transition, including Tollmien-Schlichting in-
stability, laminar separation, crossflow instability, and transi-
tion due to roughness. With the advent of new aircraft utilizing
laminar flow for drag reduction, flow visualization is a valuable
diagnostic tool to supplement other analytical measurements.

References
'Gray, W. E., "A Chemical Method of Indicating Transition in the

Boundary Layer," Royal Aircraft Establishment TN Aero 1466, June
1944.

2Main-Smith, J. D., "Chemical Solids as Diffusible Coating Films
for Visual Indications of Boundary-Layer Transition in Air and
Water," Royal Aircraft Establishment R & M No. 2755, Feb. 1950.

3Curry, Robert E., Meyer, Robert R., Jr., and Q'Connor, Maureen,
"The Use of Oil for In-flight Flow Visualization," NASA TM 84915,
revised Jan. 1984.

4McTigue, 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 ft," NASA TND-18,
Aug. 1959.

5Owen, P. R. and Ormerod, A. O., "Evaporation from the Surface
of a Body in an Airstream," Royal Aircraft Establishment R & M No.
2875, Sept. 1951.

6Dean, J.A., ed., Lange's Handbook of Chemistry, llth Ed.
McGraw-Hill, New York, 1973.

7Weast, R. C., ed., CRC Handbook of Chemistry and Physics,
65th Ed., CRC Press, Inc., Boca Raton, FL, 1984.

8Holmes, B. J., Obara, C. J., and Yip, L. P., "Natural Laminar
Flow Experiments on Modern Airplane Surfaces," NASA TP-2256,
June 1984.


