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Oil-Film Interferometry Skin-Friction
Measurement Under White Light

Jean-Michel Desse*
ONERA, 59045 Lille Cedex, France

The interference fringes obtained under white light by a thin oil film were used to measure distribution of the
skin-friction coefficient on a flat plate. The model placed in a subsonic flow was illuminated by a 500-W xenon
white light source. The film height and variation over time were measured by analyzing the fringe colors that were
similar to those of Newton’s tints. The use of color shows that very high accuracy can be achieved for interferogram
analysis using a numerical model of the phenomenon based on a nonconstant stress assumption. Experimental
data were compared with those obtained by solving the simplified Navier-Stokes equations and with the solutions
supplied by a boundary-layer code. Experiments showed that the white light interferometry technique was well
suited to determine the transition region and that the stress levels varying from a few pascals up to around a
hundred pascals were measured with an accuracy of a few percent. The main sources of error were identified, and

their effects were quantified.

Nomenclature

ay = amplitude of the incident wave

Cy = friction coefficient

C, = interference fringe visibility coefficient

e = boundary-layerthickness

H = boundary-layershape parameter

h = oil-film height

M = Mach number

n = refractionindex of the medium

P = pressure

Re, = Reynolds number

R\, R, = reflection coefficients on air-oil and oil—Mylar®
interfaces, respectively

T = temperature

T, T, = transmission coefficients on air—oil and oil-Mylar
interfaces, respectively

t = time

ty = wind tunnel starting time

U,V,W = velocity componentson the x, y, and z axes

x’ = oil abscissa

X = oil leading-edge origin

) = optical path difference

&* = displacement thickness

0 = momentum thickness

0; = angle of incidence of the light source

" = dynamic viscosity

v = kinematic viscosity

0 = density

Tp = wall stress

0,x,y,z = Cartesian coordinate system whose origin is the
model leading edge

Subscripts

0,a = for dynamic viscosity, relative to oil and air,

respectively
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0, co for flow coefficients, values of the stagnation flow

and of the freestream flow

I. Introduction

RICTION drag represents nearly 50% of total drag for trans-

port aircraft in cruise flight. Because of its importance, much
work has been devoted in recent years to find a means of reduc-
ing drag, such as hybrid laminar flow control. During wind-tunnel
testing, it is, therefore, necessary to be able to determine the local
skin-friction coefficient with high accuracy. Research underway at
ONERA to develope new methods to do so. There are currently
several techniques for measuring the pressure on the surface of a
model placed in a wind tunnel. They are based, for example, on the
use of pressure sensitive paints or liquid crystals. (Attempts have
been made to establish a relation between the paint degradation or
the change of color of the liquid crystals and the surface pressure.)
Another method, using thin oil films, consists of obtaining the wall
stress directly from the measured oil-film height, thereby giving the
skin-friction coefficient. This paper demonstrate the use of white
light as an illumination source to measure the wall stress using oil
film.

For about25 years, much work has been undertaken,especiallyin
the United States and the United Kingdom, to measure skin friction
by depositing an oil film on the surface of the airfoil to be analyzed.
The spread of the oil film and the variation of its height over time
are observed by optical techniques, mainly based on interferometry.
Identification of the interference fringes yields the oil-film height
at a given time, from which is determined the shear stress on the
airfoil in a given direction.

Note that the oil films to be measured are very thin (a few hundred
nanometers to a few micrometers); thus, we felt it would be inter-
esting to use white light rather than monochromatic interferometry
because it is known that the former is very well suited to measuring
very small optical path differences.

Skin-friction coefficient measurements were made on a flat plate
model in a subsonic two-dimensional flow. The results are com-
pared with those obtained by solving the simplified Navier—Stokes
equationsand with the solutions suppliedby a boundary-layercode.
Surveys of the boundary layer made with a flattened pitot probe at
different abscissas also provide data for comparison.

The initial analysis used a model of the phenomenon based on
the assumption that the wall stress is constant on the flat plate. An
extension of this model is proposed to treat the regions where the
stress is no longer constant. The results obtained show that it is
possible to detect the transition on the wall with great accuracy.



II. Review of the Literature and Modeling
of the Phenomenon

The initial work on the analysis of the movement of thin oil films
subjectedto an external airflow was conductedin 1976 and 1977 by
Tanner and Blows' and Tanner.2 The model of such a phenomenon
can be written as an equation governing the oil-film flow on a sur-
face caused by an external airflow. Note that the following equation
includes external pressure and stress gradients:
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Squire proposed an equation derived from Eq. (1) by applying the
conservation of the oil-film mass on the surface.? The oil-film flow
was assumed to be slow and viscous, and its movement was de-
scribed by the momentum equations (equations obtained from the
Navier-Stokes equations by neglecting the convection terms). The
boundary conditionsare given by the flow external to the oil film, in
particular, those obtained from the boundary-layerequations. At the
air-oil interface, y = h, coupling between the air and oil flows re-
quires the velocity and stress in the air and oil to be the same. It was
hypothesizedthat the oil flow was two dimensional,incompressible,
and slow moving. It was also assumed that the air boundary layer
was much thicker than the oil film and that the pressure normal to
the surface was constant. Note that the oil-film viscosity can be cho-
sen such that the velocity of air at the edge of the boundary layer is
always much higher than that of the oil. In this case, the ratio 1, /4o
is small, and quantities (U /dy), -, and (0W /dy), - are approxi-
mately equal to 7., /u, and t,./u,, respectively.In addition, in the
case of conventionalaerodynamicflows, the pressure gradientterms
are often small and are second order in Eq. (1). Therefore, they can
be neglected. If the shear stress is measured along the x axis, Eq. (1)

simplifies to
oh a | h?
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A particular solution for this partial differential equation is

T, = pox'/ht 3)
This particular solution corresponds to 7, constant with x and at
t =0, h = oo, where x’ is measured from the upstream leading edge
of the oil. To check linearized equation (3), Zilliac calculated the
solutionof Eq. (2) by finite differences* He showed thataftera short
startup period (<10 s in his case), the analytic and finite difference
solutions were in very good agreement. Application of Eq. (3) is
the basis of the fringe imaging skin-frictiontechnique developed by
Monson and Mateer.> With this technique, the skin-friction coeffi-
cient is measured from a single interference fringe image obtained
after stopping the wind tunnel. The blowing time and the fringe spac-
ing are measured, and the stress is determined directly from these
two parameters along with oil properties, computed from measured
temperature. To decrease the sources of error, it is important for
the wind-tunnel transient start up to be negligible compared to the
air-on time. It can be seen that the oil-film thickness & variesas 1/¢
at a given x location, which means that, as the time increases, the
oil-film thicknessratio becomes small, decreasing the measurement
accuracy.

Application of the technique has already been demonstrated in
large wind tunnelsS Very satisfactory results were obtained by
Driver,® with a measurementaccuracy of 5%. Some tests were even
made in flight on full-scale aircraft by Drake and Kennelly.” Their
measurements exhibited some dispersion,but they remained coher-
ent and allowed localization of the boundary layer transition that
develops on the wings of a Bonanza Beech F33C.

A second technique consists of recording interferograms at sev-
eral instants during blowing. This is similar to the surface imaging
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skin-friction (SISF) technique® This is the method we decided to
test because it is more accurate. In fact, in our transonic facility,
the wind-tunnel startup time is not negligible: it takes about 2 min
to obtain the required Mach number. When Eq. (3) is examined, it
can be seen that t varies linearly with the product ht. If #; is the
wind-tunnel starting time, product /(t — t,) must be constant when
t — 1y varies. For each interferogram, it is, therefore, sufficient to
determine #, such that the product i (t —t;) is constant. Naughton
and Brown® analyzed the errors of this technique and showed that
the results were accurate within less than 5%. They also used the
technique to measure skin-friction coefficients in complex flows.!°

A extension of the model was proposed by Tanner and Blows!
and Naughton and Brown!!!? that assumed that 7, was no longer
constant with x. Equation (1) can be rewritten neglecting only the
terms related to the pressure gradients and gravity:

oh L) X0y oy Lo
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When the flow is assumed to be two dimensional, the stress depends
only on the x direction. Equation (4) can then be expanded between
two computationsteps, x; and x; _ |, integratingthe oil-film equation
over time t; — ;. Equation (4) is then written

f
0 T, N
(hy = ho) + — —/ h=dt | =0 (5)
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The integral over time can be approximatedby the producthoh; - At
where ho and h; denote the oil-film thickness at times 7, and t;.
Writing the spatial differences yields

[(z,./2w)hohy); — [(T./2)hohy]; —

(x; —x; 1)

(hy — ho)i + =0 (6

It is then easy to determine the stress at abscissa i from that calcu-
lated at abscissa (i — 1):

_ [(ho — hy);i/ At + (Thoh /210 AX); _ ]
(hohy /2 Ax);

(M

i

This more complicated method takes into account stress variations
on the airfoil. Equation (7) requires knowing an initial value of t;.
This value is given by assuming 7 to be constant over a very small
part of the model surface. It is obtained from Eq. (3).

A feasibility study of SISF was made in the light of this review
of the literature, using a white light source (xenon, 500 W, high
pressure) to demonstrate the ease of use and improved accuracy of
the measurements.

III. Contribution of Color in the Oil-Film
Thickness Measurement

In monochromatic interferometry, it is well known that the clas-
sical interference pattern is represented by a succession of dark and
brightfringes. For two successivefringes, the optical path difference
is equal to the wavelength of the laser source. When the light source
is a continuous source (500-W xenon), the interference pattern is a
colored fringe pattern in a sequence approximately matching New-
ton’s color scale. This fringe’s diagram allows the measurement of
very small path differences because six or seven different colors
define the interval 0-0.8 um. However, when the path difference is
greaterthan 3 or4 pm, the colorscan no longerbe separated,and the
larger path differences cannotbe correctly measured.!* On the other
hand, the color contribution is interesting to determine directly the
sign of the change in the oil-film thickness from the knowledge of
the color in Newton’s tints scale. Figure 1 shows an example: three
different light sources are used to record the oil-film interference
fringes in the vicinity of the boundary-layer transition region on a
flat plate. The flow is from the left to the right, and the central part
of the interferogram has been isolated to not take into account the
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Fig. 1 Interference fringes obtained with three different light sources.
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Fig. 2 Flat plate model.

testsection lateral boundary layers. Interferograms 1 and 2 show in-
terference fringes recorded with a green and a red line, respectively,
issued from an argon and a krypton laser. The visualization of only
dark and bright fringes does not allow the unambiguous determi-
nation of the evolution of the oil-film thickness. Interferogram 3 is
obtained with a xenon light source, and the knowledge of Newton’s
tints scale allows the determination of the variation of the oil-film
thicknesswithoutany doubt. Moreover,becauseno coloris enclosed
with two identical tints in Newton’s scale, it is easy to detect the ex-
trema of the oil-film thickness profile. This is important because the
gradient changes of the oil-film profile are determined very easily.
Ininterferogram3 of Fig. 1, one can see that the pale green fringe is
enclosed within two fringes having the same red color (first change
in the oil-film thickness slope sign) and that the yellowish fringe is
enclosed within two identically purplish-red colored fringes (sec-
ond change of the slope sign). Analysis of the interferogram colors
indicates that the oil-film thickness is increasing upstream of the
location of the pale green color, then decreasing up to that of the
yellowish color, and then increasing again downstream of it. This
information is very difficult to obtain with a monochromatic light
source. Also note that the oil-film thickness varieslittle downstream.
Better sensitivity is obtained with a white light source because sev-
eral fringes are visible downstream of the central part of the model.

In monochromaticlight (argon or krypton lasers), it is only possible
to distinguish a variation of one fringe.

IV. Experimental Setup

Model and Instrumentation

The model is a flat plate 275 mm long, 42 mm wide, and 10 mm
thick. Figure 2 shows that it consists of an ogive with a cubic profile
to obtainalongerlaminar boundarylayer, a 200-mm flat section fol-
lowed by a final 35-mm-long beveled edge. The model is equipped
with eight pressure taps on the upper surface and four on the lower
surfaceto adjustthe angle of attack.Itis heldin the tunnelside walls.
The tests were conducted in the ONERA-Lille transonic wind tun-
nel, the test section of which is two dimensional and 42 mm wide
by 200 mm high. The freestream Mach number can be varied be-
tween 0.2 and 1, and two values have been chosen for the current
experiment: 0.4 and 0.6. First, static pressures were measured on
the model for both values of the Mach number, so that the angle of
attack could be set at zero. Then, the boundary layer was surveyed
at 60, 110, and 160 mm from the model leading edge. Oil drops
were deposited on the model surface at different locations. The in-
terference fringes photographed using a conventional film camera
(f55 mm, at f11) at the rate of one frame per minute.
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White Light Interferometry Setup

The white light interferometry system is very easy to set up. A
500-W xenon light source is placed on one side of the test section to
illuminate the upper surface of the model at an angle of incidence
0;. A camera placed on the other side of the test section at the
same angle of incidence records the fringe images visualized on the
model. Figure 3 shows an optical diagram of the setup in which a
frosted glass is placed just opposite to the test section on the side of
the incident beam. This greatly improves the quality of the fringe
images because the frosted glass diffuses the light and turns the
lamp into an extended source, which is the desired type of source
for oil-film interferometry.

For each test, millimeter graph paper glued onto the model was
photographedto calculatethe enlargementon the x and y axes and to
determine any distortionsof the image. In all of the tests, a reference
photograph was made at the time when the oil drop was deposited,
to determine its abscissa before wind tunnel start up

Interference Considerations and Oil-Film Thickness Calculation

The light rays path is given in Fig. 4. The two reflected rays (de-
noted ray 1 and ray 2) have an optical path difference of §, which
depends on the thickness of the oil film, the refractive index, the in-
cidence of illumination, and the wavelength. The oil-film thickness
h vs § is given by

1
h=35/2(n2 —n? sin’6;)* ®)
When the denominator of Eq. (8) is denoted as 2 - n¢q, T is written
as
_ Moilx/2 ‘Mg

= ®)

When the viscosity v of the oil is known, t is determined by

’
Poil Voil X neq

=2
r ot

(10

Equation (10) is obtained by assuming that §tp /éx = 0.
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The contrast of the fringe images is defined by a visibility coef-
ficient C, defined from the maximum intensity /,,,, and minimum
intensity Iy, of the interference fringes:

C. = Imax — Imin (11)
v Imax + Imin

When C, is greater than 0.4, the fringe contrastis considered as ac-
ceptable. However, in fact, itis often low becausethe model material
or coating does not have the ideal reflection coefficient to produce
highly contrasted fringes. To overcome this drawback, a Mylar®
film with a higher refractive index than the oil film is deposited on
the model surface. The ideal refractive index for obtaining rays 1
and 2 of equal amplitude has been calculated from the reflection co-
efficients R, and R, and the transmission coefficients, 7, =1 — R,
and T, =1 — R,, at the air—oil and oil-Mylar film interfaces. Be-
cause the refractive index of the silicone oils we used is around 1.4,
the ideal refractive index of the film should be 1.982. Currently, a
20-pum-thick Mylar film is deposited on the model. Its refraction
index is 1.67. The video camera used to digitize the interferograms
has three internal filters with differentspectral attenuationfunctions,
so that different C, are obtained on the three channels (0.63 on the
red channel,0.44 on the green one, and 0.33 on the blue one). These
values provide fringe visibility and contrast for making satisfactory
measurements.

‘We have also checked that the third ray appearingin Fig. 4 (ray 3)
does not generate any spurious fringes. Its amplitude (aq. T}. R,.
R,. R,. T)) is computed at 0.00005%, which makes it absolutely
negligible: There are no spurious fringes.

V. Interference Modeling

The model of the luminous interferences generated by a white
light source (continuous spectrum) is described in Ref. 14. The
principle of the model is based on spectral characterization of the
entire interferometric system with the aim of creating the scale of
experimental colors of the interferometer on a computer equipped
with an image processing card when the optical path difference
varies.

To do so, it is sufficient to make a spectrum analysis of the light
source and use the optical transfer functions related to the interfer-
ometric setup and the three filters, red (R), green (G), and blue (B),
of the camera used to digitize the interferograms. Several configu-
rations can be used for recording and restoring the interferograms.
Recording can be eitherdirectly digitized or done on a photographic
film and digitized offline. For restoration, the image digitizing pro-
cedure requires illuminating the interferogram with the same light
source as used for recording. In our case, we used the spectrum
determined in earlier work for a 150-W high-pressure xenon light
source using a monochromator coupled with a photomultiplier. For
the present work, we used a 500-W halogen lamp.

To processthe interferograms,the software allows the choiceof an
analysis window, the direction of the analysis (normal to the position
of the interference fringes), and the interval between two analysis
lines. For each analysis line, the color of each pixel is soughtin the
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0 1 1 1 1

-0.1 /n/_n\n\
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Fig. 5 Cp distribution on the model.
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chart of experimental colors. When the color is found in the chart,
the analyzed pixel is displayed on the monitor in this color. By use
of the equivalence between the numerical and experimental charts,
it is known that a color corresponds to an optical path difference 8.
This path difference is displayed on the monitor for confirmation.
A curve is obtained for each analyzed abscissa, which relates the
optical path difference to the x abscissa. The search for § is made
with a resolution of 15 nm.

VL

Pressure Distribution and Boundary Layer Surveys

Table 1 gives the locations of the pressure taps equipping the
model in Cartesian x and y and curvilinear s coordinates,as well as
the pressure coefficient measured at Mach 0.4 and 0.6. In Figure 5,

Experimental Results

DESSE

coefficient pressure distribution has been drawn vs the x abscissa.
At Mach 0.4 and 0.6, it can be observed that the pressure gradient
is very weak for 60 < x < 150 mm.

As mentioned, the boundary layer has been surveyed at three dif-
ferent abscissas, in each case with a pitot probe at the location of a
pressure tap. The stagnation pressure was measured in the bound-
ary layer using a probe whose orifice diameter was 0.23 mm. The
surveys were difficult to make because of the small thickness of
the boundary layer, especially at the most upstream location. The
boundary-layer characteristics, that is, displacement thickness and
momentum thickness, are obtained by integrating the probing pro-
files at Mach 0.4 and 0.6 and are given in Table 2. In addition,
the friction coefficient can be calculated according to the logarith-
mic law for the shearing stress given by Squire and Young.!® Finally,
when our modelis assimilated to an actual flat plate, we can estimate

Table 1 Pressure distribution on the model at Mach 0.4 and 0.6

Tap number

Characteristic 1 2 3 5 6 7 8

X, mm 10 20 30 40 60 110 160 210
y, mm 2.89 4.37 04.92 5 5 5 5 5

s, mm 10.42 20.53 30.55 40.55 60.55 110.55 160.55 210.55
Cp Mach 0.4 —0.107 —0.223 —0.188 —0.107 —0.061 —0.048 —0.061 —0.119
Cp Mach 0.6 —0.132 —0.283 —0.236 —0.142 —0.099 —0.076 —0.099 —0.189

Table2 Boundary-layer characteristics and Cy deduced from Reynolds number

Xprobing, mm, Mach 0.4

Xprobing, 1M, Mach 0.6

Characteristic 60 110 160 60 110 160

e, mm 0.76 1.59 2.26 0.95 1.64 2.28

8,* mm 0.163 0.226 0.368 0.160 0.267 0.351

6, mm 0.085 0.152 0.242 0.089 0.175 0.236

H=145"/6 1.93 1.48 1.52 1.81 1.53 1.48

Cy (Squire and Youngls) 0.00480 0.00417 0.00372 0.00430 0.00358 0.00338
Cr=f(Rx) 0.00420 0.00372 0.00345 0.00386 0.00342 0.00317

S— =0 min ! t=0min | t=0min |

min

B

b) Mach 0.4, 7p = f(x)

a) Mach 0.4, 7p = const

4 min |

8 min |

10 min 10 min

¢) Mach 0.6, 7p = f(x)

Fig. 6 Variation with time of the oil film interferences.
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Fig. 9 Linear regression on product d - (¢ — ty).

the friction coefficient according to the classical flat plate results
of C; vs Reynolds number (see Ref. 16). [C; =0.664 - (Re)™'/*in
laminar flow and C ; =0.058 - (Re)~ '/ for a power law profile tur-
bulent boundary layer.] At the probing abscissas (60, 110, and 160
mm), the boundary layer is turbulent for both test conditions, and
the friction coefficients obtained are given in the last line of Table 2.
In some of the figures that follow, the friction coefficient calculated
from the Reynolds number is plotted in laminar state from the lead-

Re,

Fig. 10 Comparison between skin-friction coefficients assuming 7, =
const.

ing edge to 60 mm and in turbulent state from 60 mm to the trailing
edge.

Results Obtained Assuming 7p = Const

In the first tests, a drop of oil was deposited in a location where
the pressure gradient was close to zero (x =110 mm and v =300
cSt), where the assumption of constant friction [z, (x) = const] is
verified. Figure 6a shows five interferogramsrecorded at 1-min time
intervals. Because the photographs have been taken from the right-
hand side of the tunnel, the flow is from right to left in all of the
interferogramsof Fig. 6. The oil film was depositedto havearoughly
constant thickness over the full width of the test section. Time r =0
is the wind-tunnel startup time. It can be seen that the fringe contrast
is very good, which greatly facilitates analysis. The first five or six
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orders of interference in white light can even very clearly be seen,
after which the colors are no longer discernible.

In Fig. 6 the first photograph, it is easy to identify the origin of the
oil drop. All of the results have been obtained by analyzing a single
horizontal line. In the analysis, we measure the oil film thickness
vs the distance x’ downstream of the origin of the oil drop. The
raw measurements of the optical path difference measured between
interfering beams are plotted in Fig. 7 vs time. They vary almost
linearly vs x’, which allows a linear regression to be made for each
time ¢, with correlation coefficients close to 1. The next step of
the analysis consisted of evaluating the wind-tunnel startup time 7.
When Eq. (3) is examined, it can be seen that, for a givenx’, product

42
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framn) ,”
8 35 // SN
0 / et
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£ 33 7
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Fig. 11 Influence of experimental parameters.

DESSE

h -t must be constant for each analysis time. Figure 8 shows the
product§ - (t —ty) vs t — f, for values of ; equal to 12, 30, and 48 s
for six different abscissas x’. It can be seen that for fy equal to 30 s,
all of the curves are horizontal, which indicates the constancy of the
producth - (t — #y). The wind-tunnelstartingtime is, therefore, taken
into account, and this procedure can be applied to any wind tunnel
if the stress is constant on the airfoil. Note that a small error in #; is
mainly perceptibleduring the first minutes of blowing. Therefore, it
is necessary to find a tradeoff between the blowing time and the oil
viscosity to measure #, accurately by the method shown in Fig. 8.

Figure 9 shows the variation of the product § - (f — fy) vs x’ for
to =30 s. Linear regression in § - (f —fy) indicates that the real
abscissa of the oil drop origin is slightly different from the mea-
sured one. This particular point was also observed by Naughton and
Brown, who attributed this offset to oil surface tension effects on
the oil leading edge that were not taken into account in equations.!!
Here, the offset observed was 0.38 mm. We have chosen to use the
measured drop origin for the analysis,not that obtained by the linear
regression.

Figure 10 shows the variationof the skin-frictioncoefficient mea-
sured with the oil film for bothMach numbers. The values of 0.00375
for Mach 0.4 and 0.0035 for Mach 0.6 correspond to wall stresses
of 39 and 75 Pa, respectively. In Figs. 10 we plotted C, calculated
from the Reynolds number for the part assumed to be laminar (front
part of the plate up to 60 mm) and for the turbulent part (60 mm
to the trailing edge). Computation results were also obtained from
the ONERA 3C3D code by use of the pressure tap readings as in-
puts. C is calculated at the location of the taps and interpolated
between them. The black symbols are the C; values obtained from
the boundary-layer surveys. The experimental values agree fairly
well with either estimated value for the turbulent case. There are
some discrepanciesin the most downstream part, which may be at-
tributed to the constant tp assumption, but even then, the overall
levels are in good agreement.

50

45 ii

—~ 40 T

IR E:

§35¢

-9

30

25
WA+

97.4 102 107 112 117 122 127 132 137 142 147

X (mm)

AT/t (%)

O T T T
80 100 120 140 160

X (mm)

Fig. 12 Skin-friction coefficient measurement accuracy.
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Fig. 14 Comparison between skin-friction coefficients assuming

7 = f).

Influence of the Experimental Parameters

Figure 11 shows the influence of the three main experimental
parameters: the wind-tunnel starting time f,, the camera angle of
incidence ¢;, and the oil drop origin x;. Figure 11a was obtained
with an uncertainty of 6 s on f,, Fig. 11b with an uncertainty of
5 deg for the camera angle, and Fig. 11c with an uncertainty of
0.225 mm of the location of the oil drop. For Figs. 11a and 11c, the
uncertainty on the stress decreases very rapidly with the abscissa,
whereas it is practically constant for Fig. 11b.

Note that the oil dynamic viscosity and density are manufacturer
data. We measured the stagnation temperature during the tests, and
the oil viscosity is corrected by taking into account the temperature
in the boundary layer, which varies by a few tenths of a degree and
has a weak influence on the oil viscosity, as has already been found
by Zilliac* and Naughton and Brown,” who suggested to calibrate
the specific oil sample and to carefully measure the temperature.

During the tests, we were able to evaluate the errors of these three
parameters. We found 2 s for 7y, 2.5 deg for the angle of incidence,
and 0.225 mm for the oil droplocation. Figure 12 shows the variation
of the measurement uncertainty and the relative variation of A7/t
as a function of the abscissa x. When all other values are held
constant (oil viscosity, temperature,etc.), it can be seen that the first
measurementpoints have an accuracy of 8% and that the uncertainty
is very rapidly cut in half, reaching 3.8%. This effect can be found
on the first points of experimental values given in Fig. 10, where
the values of the first points are slightly different from values of
the following points. Therefore, it is important to measure correctly
these three parameters.

Results Obtained Assuming 7p = f(x)

It seems interesting to deposit the oil upstream on the model to
measure a larger area of the model. Several tests have been con-
ducted depositing the oil at x =0 or 30 or 40 mm. The viscosity was
selected such that the blowing times were not too long and #, had
little influence (v = 100 and 300 cSt). Figures 6b and 6¢ show six of
the photographs taken for the two Mach numbers. This time, the in-
terferencefringes have an entirely differentappearance.The oil-film
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Fig. 15 Visualization of the transition location from interferograms.

thicknessincreases streamwise along the model, then decreases,and
increasesagainin therear partof the plate. This appearanceis repre-
sentative of boundary-layertransition. It can also be seen that the oil
film thickness is not constant over the full width of the test section.
Transition does not appear to be very two dimensional either.

All of these photographs (Figs. 6) were analyzed on a single hor-
izontal line located at three-quarters of the span on the heel side of
the model. The analysis of the raw optical path difference is given
in Fig. 13a for Mach 0.4. The analysis method is the same for Mach
0.6. The recordingtimes are 15 and 10 min, which minimizes the in-
fluence of 1. Figure 13b shows the profiles obtained after smoothing
the raw data. This yields very clean curves, which allow the wind-
tunnel startup time £, to be determined by the procedure described
earlier. However, this determination may not be very accurate be-
cause, when Eq. (7) is considered, the simple product$ - f fora given
x is not constant. The average value of § - (f — 1) is calculated from
the smootheddifferencedataforabscissasat0.25-mmintervals. The
averaged § - (f — 1) curveis plotted in Fig. 13¢ vs reduced abscissa
x. The oil-film thickness can be recalculated for any time interval
t — 1y, as shown in Fig. 13d. Note that they are similar to the raw
data curves.

The stress was obtained for each step from the stress obtained
for the first computation point, assuming 7, = const The results are
plotted in Fig. 14 for the two Mach numbers. The variation of C,
shows that boundary-layertransitionoccurs between 50 and 80 mm
for Mach 0.4 and between 40 and 60 mm for Mach 0.6. The stress
level varies from 5 to 43 Pa then gradually drops to 37 Pa for the
Mach 0.4 case. At Mach 0.6, levels vary from 8 to 92 Pa then drop
to 75 Pa. At Mach 0.4, an increase of C; at 80 mm is observed.

Finally, Fig. 15 shows two interferograms taken at Mach 0.4 and
0.6 at the instants 12 and 8 min. The correspondingoil-film thickness
and the C, distributionare shown just below the photographs. Two
dotted lines are drawn at the abscissa determined by the change of
sign of the oil-film thickness slope, which can be seen to coincide,in
the interferograms, with the line surrounded by identically colored
fringes and in the C; graphs with the localization of the boundary-
layer transition (important increase of the skin-friction coefficient).
Qualitatively, the visualization of the interference fringes is suffi-
cient to determine the transition zone of the boundary layer.

VII. Conclusions

The skin-frictioncoefficienton a flat plate model placedin a Mach
0.4 or Mach 0.6 flow has been measured using an oil film and white
light interferometry. The model is coated with a Mylar film, which
greatly improves the contrast of the observed interference fringes.
The fringe images have been analyzed to determine the variationin
time of the oil-film thickness on a very large area of the model. The
phenomenon has been modeled with the assumption that the effects
related to both pressure gradients and gravity are negligible. The
results obtained from the oil-film thicknesslead to the determination
of transitionon the airfoiland yield stresslevels thatagreed very well
with those given by the boundary-layer code, with an accuracy of
about3%. The results are conclusive and validate the methodology.

The optical technique based on the use of a white light source
is very easy to set up. Parameters such as the influence of the oil
viscosity, pressure gradients, gravity, and curvature of the airfoil
were not investigated.

The measurements made in white light show that they are limited
to an oil-film thickness of a few micrometers. The technique can be
extended by changing the light source and using a laser source con-
sisting of three different wavelengths (R, G, and B). A trichromatic
laser source would allow measurementof a much greater thickness,
which would reduce the blowing time and increase the measurement
accuracy, especially in the downstream part of the model. Finally,
because of its possibilities and capability, this method should have
many applications.
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