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Effects of Pressure-Sensitive Paint on Experimentally
Measured Wing Forces and Pressures

Edward T. Schairer,* Rabindra D. Mehta," and Michael E. Olsen*
NASA Ames Research Center, Moffett Field, California 94035

Recent experiences with pressure-sensitive paint have shown that very thin paint layers on wind-tunnel models
tested athigh Reynolds numbers can significantly alter the pressure distributions, and thus the forces and moments,
on the models. This was observed during two tests of transport-like wings: a “clean” supercritical wing at transonic
cruise conditions in the NASA Ames High Reynolds Number Channel 2 and a high-lift wing, complete with slats
and flaps, at landing conditionsin the NASA Ames 12-Foot Pressure Wind Tunnel. The effect of paint on the cruise
wing was to displace the shock wave slightly upstream from its no-paint position. Smoothing the paint, and even
removing it entirely from the leading edge, decreased this displacement slightly. Applying paint to only the slats
of the high-lift wing caused the wing to stall prematurely at the highest Reynolds number. This effect could be
eliminated by smoothing the paint. Adding paint to other parts of the model had little effect. Paint intrusiveness
was much smaller and more ambiguous at lower Reynolds numbers. In both tests, paint intrusiveness occurred
because the model surfaces were rougher when they were painted than when they were not, and this additional
roughness altered the development of the turbulent boundary layers.
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model span

skin-friction coefficient

lift coefficient

pressure coefficient

chord length

mean aerodynamic chord

paint thickness

roughness height

equivalent sand grain roughness height

kyu, /v equal to k,R,/(C;/2)

Mach number

total pressure

Reynolds number, U - ¢y, /v

unit Reynolds number, U /v

U-x/v

average roughness

airfoil thickness

freestream velocity

streamwise velocity at height k in boundary layer
streamwise velocity at the edge of the boundary layer
friction velocity, (t,,/p)'/?

streamwise distance from leading edge

spanwise distance or distance perpendicularto surface
angle of attack, deg

kinematic viscosity

density

skin friction
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Introduction

HE pressure-sensitive paint (PSP) technique for measuring

pressure distributions on wind-tunnel models requires coating
the surface of the model with special paint that luminesces when
it is exposed to light of appropriate frequency. Because the inten-
sity of the luminescence varies inversely with pressure, the pressure
distribution can be inferred from the paint intensity distribution,
which can be measured by imaging the model.!"> The technique has
the potential to eliminate the need for pressure taps in wind-tunnel
models while yielding pressure measurements over entire surfaces
rather than just at discrete points. The success of the method de-
pends, however, on the paint layer being thin and smooth enough
that it does not alter the flow over the model, that is, the paint must
not be intrusive.

Paint coatings can alter the airflow over a model and thus, become
intrusive by 1) changing the actual shape of the model, for example,
by adding local thickness, and 2) changing the effective shape of
the model, for example, by altering the boundary-layerdevelopment
and, thus, changing the shape of the inviscid stream surfaces. The
first effect can be caused by perfectly smooth coatings; the second
is likely to be caused by changing the roughness of the model, for
example, by prematurely tripping a laminar boundary layer or by
thickening an already turbulent boundary layer. Pressure taps may
give a false indication of intrusivenessif the paint alters the surface
topology near the taps, for example, by rounding corners of the tap’s
profile or forming a volcano around the tap.

Surface roughness does not affect the developmentof a fully tur-
bulent boundary layer, that is, the surface is hydraulically smooth,
unless the roughness elements protrude through the viscous sub-
layer. Schlichting* showed that this first occurs when the “equivalent
sand-grainroughness”heightexpressedin boundary-layerunits, k},
is about 5. Skin friction begins to show a dependence on roughness
diameter in the “transitional” roughness regime 5 < k" <70, and it
depends on roughness height alone, independentof Reynolds num-
ber, in the “completely rough” regime (k" > 70). Schlichting also
defined a simple “admissible roughness” criterion based solely on
R, . Similarly, the roughnesslikely to “trip” a laminar boundary layer
can be estimated from an equivalentroughnessReynoldsnumber.>~°

Some early PSP reports included observations about differences
between paint-offand paint-on pressure data,'°~!* but none of these
offered more than conjecture about the causes of these differences.
More recent studies have attempted to explain intrusiveness using
measurements of paint roughness and thickness. Vanhoutte et al.'*
found that, in low-speed tests of a swept wing, paint roughness
altered or eliminated a separation bubble and, thus, reduced the
drag. Also, in transonictests of a supercriticalairfoil, drag increased
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with paint roughness, as would be expected if the paint roughness
thickened the boundarylayer. Mebarkietal.!> observedthat pressure
painton a swept, high-aspect-ratiowing at transonic Mach numbers
triggered premature transitionto turbulenceof the laminarboundary
layer. In another test, Mebarki et al.!® found that, at high Reynolds
number and lift, the shock wave on an unswept wing was farther
upstream for smoother paints than for rougher paints. Amer et al.'”
measured negligible effect of pressure paint on integrated forces
and moments in two tests: a delta-wing model tested at Mach 0.2,
andasemispanarrow-wing model testedat Mach 2.4. The paintused
in these tests, however, was actually smoother than the unpainted
model.

Other studies of wing contamination and surface finish are ger-
mane to the problem of pressure-paint intrusiveness. A British
experiment'® before World War II showed a marked decrease in
maximum lift and increase in drag of two-dimensional airfoils
contaminated by grit at Reynolds numbers where the contamina-
tion exceeded Schlichting’s admissible roughness criterion. In a
wartime British experiment,'® the drag of an airfoil coated with
camouflage paint increased significantly when the paint was rough.
Many studies?®~3! have shown that blade surface roughness lim-
its the performance of turbomachinery at high Reynolds numbers.
Icing research®?=3% has shown that the maximum lift of wings de-
creaseseven at the smallest roughnessscales typical of accumulated
ice. Icing roughness scales, however, are much greater than what is
typical for pressure paints. Another class of wing-contamination
research’® deals with tripping laminar boundary layers, that is,
prematurely forcing transition to turbulence. As with the icing re-
search, such trips are typically much coarser than the roughnessdue
to pressure paint.

This paper is a substantially revised version of Ref. 36. It reports
two recent tests in which the intrusiveness of pressure paint was
studied.Inbothtests, the models were swept, semispan wings typical
of commercial transport aircraft, and both tests were conducted in
pressurized wind tunnels at high Reynolds numbers. In the first
test, paint intrusiveness was measured on a single-element wing at
transonic cruise and cruise-buffet conditions. The second test was
conducted on a high-lift, multielement model at landing conditions.
Although the data reported here are identical to those presented in
the original paper, we believe that this paper interprets the paint
roughness measurements more correctly, resulting in substantially
different conclusions than those of the original paper.

Apparatus
Cruise Wing

The cruise wing®’ was tested in the NASA Ames Research Cen-
ter High Reynolds Number Channel 2 (Ref. 38). This is a tran-
sonic, blowdown wind tunnel capable of operating at total pressures
of up to about 6.9 bar. All four walls of the test section (0.61 m
high x 0.51 m wide x 3 mlong) are solid, straight,and rigid. The top
and bottom walls each diverge from the tunnel centerlineby 0.2 deg
to compensate for the displacementeffect of boundary layers on all
four walls. The model was supported on a turntable mounted in one
sidewall. Mach number is controlled by the height of speed flaps
that form a choked throat between the test section and the diffuser.

Airis supplied to the wind tunnel from the NASA Ames Research
Center 207-bar (3000-psi) air system. Typical runs at Mach 0.8 and
P, = 6.9 bar lasted 60-90 s before the supply pressure became too
low to maintain the P, setpoint. The total temperature of the flow
was typically about 255 K (460°R) and decreased slowly through-
out each run. The unit Reynolds number at these conditions was
R, =108 x 10%/m (33 x 10%/ft).

The model (Fig. 1) was a semispanwing designedto produce pres-
sure distributions typical of advanced supercritical transport wings
at transonic cruise. Thickness-to-chord ratio f/c was about 0.15,
the wing was constructed of stainless steel, and its surfaces were
highly polished. The model was instrumented with 28 pressure taps
arranged in five chordwise rows on the upper surface. Taps circled
and numbered in Fig. 1 will be referred to subsequently.

The tap pressures were measured by electronicallyscanned differ-
ential pressure transducers [PSI, +3.10 bar (£45 psid)]. The range
of samples for which flow conditions were steady was identified af-

x bad tap

Fig. 1 Planform of cruise wing showing locations of pressure taps:
span=0.3048 m, ¢jyac =0.127 m, and LE sweep =36.9 deg.
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ter each run by analyzing time histories of total and static pressure
measurements. Statistical quantities for each tap (mean, variance,
and 95% range) were computed from samples within this range.
At maximum mass-flow rates, reduced pressures were based on
100-140 samples from each tap.

PSP data were acquired by imaging the painted model through a
window in the top wall of the test section with a 14-bit scientific-
grade digital camera. The model was illuminated by ultraviolet
lamps through the same window.

Flow over the cruise wing was also simulated numerically using
aReynoldsaveraged Navier-Stokes (RANS) code with the Spalart-
Allmaras turbulence model (see Ref. 37).

Fig. 2 Schematic of high-lift
wing: b=1.18 m, cyac =0.353 m,
and sweep ~ 35 deg.

High-Lift Wing

The high-liftwing was tested in the NASA Ames Research Center
12-Foot Pressure Wind Tunnel (URL: http:/windtunnels.arc.nasa.
gov). This is a closed-return wind tunnel capable of operating at
subsonic Mach numbers and total pressures of up to 6.1 bar. The
circular test section is 3.65 m (12 ft) in diameter, and all walls
are solid. For the present semispan model test, a horizontal splitter
plate was installed above the floor of the test section and served as
an image plane. Flaps at the downstream end of the splitter plate
were set to minimize the streamwise Mach gradient in the channel
above the plate.

The model was a low-wing-transport, wing-body configuration.
Full details cannot be presented because the design is proprietary.
The wing was swept, tapered, and twisted and was equipped with
leading-edgeslats, two-element trailing-edge flaps, ailerons, and an
enginepylon and flow-throughnacelle.For the presenttests, the slats
and flaps were set for a landing configuration (shown schematically
in Fig. 2). The model was constructed from a variety of materials
including brass, magnesium, steel, and aluminum. It was a veteran
of many tests, and none of its surfaces was particularly smooth.

The model was supported by a force-and-moment balance with
26.7 kN (6000 1bf) normal-force capacity. The wing, slats, and flaps
were instrumented with over 200 pressure taps arranged in chord-
wise rows at four span stations. These were connected to +1.03 bar
(£15 psid) PSI differential pressure transducerslocated in the body
of the model. Signals from strain gauges in the balance and pres-
sure transducers were input to a 16-bit analog-to-digital converter
and were sampled at a rate of approximately 3000 samples/s. Each
measurement was averaged over 3000-6000 samples. No PSP data
were acquired during the paint-intrusivenessphase of this test.

Paint

The models were painted with pressure paint developed at the
University of Washington® Two coats of paint are normally ap-
plied: a white base coat and a top coat that carries the active light-
and pressure-sensitive molecule. The binder for both coats is a
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proprietary polymer called FIB. Both coats are mixed with solvents
that allow them to be applied with a spray gun and also promote a
smooth finish. While the paints were being sprayed, air was very
gently blown through the model pressure taps to prevent the paint
from clogging the taps. The paints dried to a hard surface within a
few minutes.

Paint thickness was measured using a PosiTector 6000-FN2
coating-thicknessgauge that uses the magnetic principle to measure
the thicknesses of nonmagnetic coatings on ferrous materials, for
example, the cruise wing. This gauge can also measure thickness
of paint on nonferrous surfaces (various elements of the high-lift
wing) using the eddy current principle. The average paint rough-
ness was measured with a Surtronic 10 surface-roughness gauge.
This gauge drags a stylus across a surface and determines the aver-
age absolute value of the normal deviation from the mean deviation
over the evaluation length, Ra. The radius of the stylus was 5 pm.
The specified resolutionis 0.1 gm (4 win.). In some cases the paints
were smoothed using a 3M 9-um-grade Micro Finishing film.

Results

Paint intrusiveness was measured by comparing data from runs
with and without paint at the same conditions. For the cruise wing,
only pressure-tapmeasurementscould be compared; for the high-lift
wing, balance data were available as well. Because the data for the
high-lift wing are proprietary, they are shown without scales on the
graphs. Test conditionsfor the two wings are summarizedin Table 1.

Cruise Wing

The upper surface of the cruise wing was painted with both base
and top coats. Several runs were made before anything was done to

Table1 Test conditions for cruise and high-lift models

Parameter Cruise wing High-lift wing
M 0.80° 0.23

R x 10° 7.3,11.3,13.6 3.4,5.2,6.7
a, deg 1.7522.25,2.75,3.75 0-stall

4For design point.

reduce the intrusiveness of the paint (rough paint). Then, the paint
along the leading edge of the model was lightly polished. Next,
the paint was entirely polished away from the leading edge (LE)
(stripped LE) to a line just aft of the most-upstream pressure taps,
x /c = 0.03. Finally, the entire upper surface of the model was vigor-
ously polished until there was no further improvement in measured
smoothness (smooth or maximum buff paint). This left just enough
top coat to allow acquisitionof PSP data. Paint thicknessand surface
roughness data for the cruise wing are summarized in Table 2.

At the design cruise condition (M =0.80, « =1.75 deg, and
R=13.6 x 10°), there was a strong shock wave on the upper sur-
face of the model at about midchord. As angle of attack increased,
the shock wave moved upstream, and the magnitude of the suction
peakupstreamof the shockincreased. At = 2.25 deg, theboundary
layer on the upper surface was just beginningto separate, and at the
two highest angles it was fully separated downstream of the shock
wave. These trends are evidentin the pressure-paintimages (Fig. 3).

We expected the flow to be most sensitive to the presence of paint
along the LE of the model because of the thin boundary layer in that
region.InFig. 3, the painthad been polished away from the LE: Note
that the most-upstream pressure taps (the taps are shown as white
dots) are just upstream of the paint line. When the LE was painted,
it soon became pitted, and these pits, being in a supersonic region
of flow, generated Mach waves. These are evident as cross hatching
in Fig. 4, a PSP image at the design cruise condition where the gray
scale has been expanded (C,, range ~ 0.2) to make the Mach waves
more visible.

Most runs (19) were at the design cruise condition. Fewer runs
were made when either Reynolds number R or « was offdesign (5-6
per condition). Only two runs (one paint-off and one paint-on run)

Table2 Summary of paint configurations on cruise wing

Configuration Ra, pm h, pm x/c
No paint 0.05-0.1 0

Paint rough (unbuffed) 1.0-1.5 10-20 >0
Paint rough (stripped LE) 1.0-1.5 10-20 >0.03
Paint smoothed (maximum buff) 0.5-0.76 10-15 >0.03

Fig.3 PSP images of cruise wing: M =0.80, R = 13.6 X 10°, and paint smoothed and stripped from LE.
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were made at each condition where both Reynolds number R and «
were offdesign.

Design Cruise Condition

There was considerable scatter in the pressure-tap data from one
run to the next, which made it difficult to identify small changes due
to the presence of paint. For example, Fig. 5 shows pressure coeffi-
cients for two paint-off and two paint-onruns at nominally the same
design cruise condition. Error bars indicate the range of 95% of the
samples from eachrun. Differencesbetween the paint-off and paint-
on data are not much larger than differences between data from the
two paint-off runs. The scatter and error bars were especially large
at pressure taps near the shock wave. Several factors contributed
to this scatter. The model never fully reached static equilibrium
even after steady freestream conditions had been established, prob-
ably because of thermal warping. This warping was apparent from
measurements of the deflection of the wingtip,*® which increased
very slowly throughout each run, and from time histories of pres-
sures from pressure taps near the shock wave (taps 3, 15, and 23
in Figs. 1 and 3), which increased monotonically throughout each
run, indicating that the shock wave was creeping upstream. This
shock movement was also independently observed in sequences of
pressure-paintimages acquired during paint-on runs. The effects of
thermal warping were smaller when the model was already cold.
Therefore, our standard run procedure was to precool the model by
precedingeach datarun with two short coolingruns. The data shown
in Fig. 5 were acquired after precooling the model.

Another factor affecting the repeatability of the data was small
differencesin Mach number from one run to the next. The standard
deviation of average freestream Mach numbers from 19 runs at the

Fig. 4 PSP image of cruise wing showing Mach waves generated by
pits in paint along the LE.

design cruise condition was 0.001. This is more than 10 times as
large as the statistical variationpredicted from the standarddeviation
of Mach number during each run (typically 0.0007) and the number
of samples per run (at least 100). Run-to-run differences in Mach
number were unpredictable and occurred even when the settings
of the speed flaps had not been changed between runs. Note the
differences in Mach number among the runs shown in Fig. 5.

To separate the effects of paint intrusiveness from those due to
variations in Mach number, we plotted the pressure data from each
tap vs freestream Mach number for all paint-off and paint-on runs.
Figure 6 shows typical plots for nine taps: three at each of three span
stations, y/b =0.20, 0.55, and 0.70. (Taps are circled and numbered
in Fig. 1, and numbered in Fig. 3. Note that the C, range of the
middle row of plots is double that of the top and bottom rows.)
Error bars, indicating the range of 95% of the samples, are shown
for both Mach number and pressure coefficient. Upstream (Fig. 6a)
and downstream (Fig. 6¢) of the shock wave, the paint-offdata show
no correlation with Mach number, and the data repeat withina C,
range of about £0.01. Furthermore, at the downstream taps there is
no apparent difference between the paint-off and paint-on data. At
the two upstream, inboard taps, however, the paint-on pressures are
consistentlylower than the paint-off pressures. Smoothing the paint
appears to have had little effect on the data.

Differences between the paint-off and paint-on data are much
larger near the shock wave: The paint-on pressures are systemat-
ically higher, indicating a slightly more upstream position of the
shock wave. There is no clear separation between the smooth and
rough paint data, except perhaps at y/b = 0.70. Finally, at all three
span stations, both the paint-offand paint-ondata show a correlation
with Mach number: The pressureis lower at higher Mach numbers,
indicating a more downstream shock-wave position.

Averagepaint-offand paint-onpressures were computedby fitting
the C, vs Mach data at each tap by a straight line (shown as broken
lines in Fig. 6) and then determining from each line the pressure at
the (arbitrary) reference Mach number. At taps where there was no
correlation with Mach number, that is, nearly all taps except those
near the shock wave, this was equivalent to simply averaging the
data. Resulting paint-offand paint-onaverage pressuredistributions
are compared in Fig. 7. The error bars show the standard deviation
of the data about the curve fit at each tap. Smooth and rough paint-
on data are shown separately. The biggest effect of the paint was to
move the shock wave slightly upstream. Adding paint also appears
to have slightly increased the suction upstream of the shock wave.
Recovery pressures downstream of the shock wave were unaffected
by the paint.

The rms scatterin C,, of the paint-off data from all 23 taps relative
to the paint-off C,, vs Mach trend lines was 0.013. This decreased
to 0.006 when data from the three taps nearest the shock wave
were excluded. Local differences between the paint-off and paint-
on pressures at each tap were quantified by computing the mean
difference between each paint-on data point and the linear best fit
of the paint-off data (broken lines in Fig. 6). A global measure of
the difference was then determined by computing the rms of the
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Fig.5 Paint-off vs paint-on pressures on cruise wing at design cruise conditions.
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Fig. 6 Pressure coefficients vs Mach number for selected taps; cruise wing at design cruise conditions.
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Fig. 7 Paint-off vs paint-on pressures corrected for Mach variations: M = 0.8067 and cruise wing at design cruise conditions.

average differences at all taps. This method yields zero for data
randomly scattered about the paint-off trends and a positive number
for data that differ systematically from the paint-off trends. By this
metric, the differencein C, between the paint-offand paint-on data
at the design cruise condition was about 0.05 including data from
all useable taps; excluding data from the three taps near the shock
wave, where differences were much larger, yielded a difference in
C, of about 0.015.

Off-Design Conditions

The trends at lower (off-design) Reynolds numbers were very
much the same as those at the design condition: The largest differ-
ences between the paint-off and paint-on data occurred at taps near
the shock wave where the paint-on pressures were slightly higher,
indicating a more-forward shock position; there was a slight in-
crease in the suction upstream of the shock wave. When data from
the three pressure taps near the shock wave were excluded, the paint-

intrusiveness metric already described was approximately the same
at the lower Reynolds numbers as it was at the design Reynolds
number (AC, ~0.015).

The magnitude of paint intrusiveness was about the same at off-
design angles of attack. However, trends were less clear for these
more complex, nearly and fully separated flows. In addition, detect-
ing trends was more difficult because fewer runs were made at these
conditions.

High-Lift Wing

The test strategy for the high-lift wing was to add paint to various
elements of the model in incremental steps, and, after each step, test
the model over the full range of test conditions (Table 1). Table 3
summarizes this sequence,including paint thickness and roughness.
Two sets of runs were made after paint (base coat only) was added
to the slats (cases b and c¢) and wing-box LEs (cases d and e for
lower surface and cases f and g for upper surface): the first with
the paintin its rough, untreated form and the second after the most
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Table3 Summary of paint configurations on high-lift wing

Case Legend Configuration Comment Ra, pm h, um
a None No paint 0.5 0
b Slats (R) Base coat on slats upper Rough 1.0-1.5 13
c Slats (S) surface Smoothed 0.5-1.0 13
d +lower wle (R) Base coat added to wing-box Rough 1.0-1.5 13
e +lower wle (S) lower surface LE (x /¢ < 0.03) Smoothed 0.5-1.0 13
f +upper wle (R) Base coat added to wing-box Rough 1.0-1.5 13
g ~+upper wle (S) upper surface LE (x /c < 0.05) Smoothed 0.5-1.0 13
h +flaps (R) Base coat added to upper Rough 1.0-1.5 13
and lower surfaces of flaps
i —slats Base coat removed from slats
1 None All paint removed 0.5 0
j All (slats/le R) Fully painted wing (base + top Rough 1.0-1.5 25
k All (slats/le S) coats) Smoothed on slats 0.5-0.75 25
and wing box LE
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Fig. 8 Paint-off vs paint-on lift curves for high-lift wing: M =0.23 and R = 6.7 X 10°.

recently applied paint had been smoothed. For the final two steps
(casesj and k), all exposed aerodynamic surfaces were painted with
both base coat and top coat. The paint was rough for case j, and the
paint on the slats and wing-box LE had been smoothed for case k.

Balance Data

Figure 8 shows lift coefficient (normalized by paint-off maximum
lift) vs angle of attack (normalized by paint-off stall angle) data
from the balance for the full sequence of paint configurations at the
highest Reynolds number. Each plot compares data for a different
paint configuration (Table 3) to paint-off data. The first (curve a)
and last (curve 1) curves compare the reference paint-off run to other
paint-offruns made at the beginningand end of the sequence. Rough
painton the slats alone resulted in a small but significant decreasein
the stall angle (curveb). After this paint was smoothed, however, the
lift curve was almost indistinguishablefrom the paint-off curve (c).
Subsequent addition of paint to the wing-box LEs (upper and lower
surfaces, rough and smooth) and to the flaps (rough) had very little
effecton the lift curves d-h. Likewise, removing the smoothed paint
from the slats had little effect (curve i). Finally, after the model
was stripped and fully repainted, but before the paint on the slats
and wing-box LEs was smoothed, the stall angle again decreased
(curve j) in much the same way as it did when only the slats were
painted (curve b). Smoothing the paint on the slats and wing-box
LEs restored the lift curve to its paint-offform (curve k). The effects
of painting the model were inconclusiveat lower Reynolds numbers

because stall occurred more abruptly and was less repeatable than
at the highest Reynolds number.

There were no significant differencesin drag or pitching moment
measurements between paint-off and paint-on runs below the stall
angle.

Pressure Data

Figure 9 is a comparison of paint-off and paint-on pressure-tap
data at a condition near the stall angle, where there were signifi-
cant differences in the balance data. Pressure coefficients C, are
shown vs chordwise position for the upper and lower surfaces of the
slats, wing box, and flaps/ailerons at four span stations. (The relative
chords of the wing elements are not shown to scale.) The condition
shown (R=6.7 x 10°, o/ = 1.09) correspondsto lift curve b in
Fig. 8, where only the slats were painted and the paint was rough.
Compared to the paint-off data, the paint-on data show significantly
lower suction on the upper surfaces of the slat and wing box at
y/b=0.37, which is just outboard of the pylon and nacelle. There
were much smaller reductionsin suction at span stations farther out-
board and inboard. The paint-on pressures are similar to paint-off
pressures at a slightly higher angle of attack. Thus, the paint caused
premature stalling but did not alter the nature of the stall. After the
painton the slats was polished, the paint-off and paint-on pressures
were virtually indistinguishable.

Differences between paint-off and paint-on pressure-tap data at
lower Reynolds numbers were about as large as differencesbetween
repeated paint-off runs.
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Fig.9 Paint-off vs paint-on pressure coefficients near stall angle for high-lift wing: M =0.23 and R=6.7 X 10°.

Discussion

Differences between paint-on and paint-off data in both tests are
clear indications of paintintrusiveness. If these had been false indi-
cations (due, for example, to local topological changes at pressure
taps) there would have been systematic differences between paint-
off and paint-ondata at all conditions. This was not the case in either
test. Therefore, we must consider thickness and roughness effects.

Thickness Effects

For the cruise wing, the paint increased the thickness-to-chord
ratio t/c of the mean aerodynamic chord by less than 0.1%. Nu-
merical simulation indicated that this thickness increase had a neg-
ligible effect on the pressure distributionsat cruise and cruise-buffet
conditions. For the high-liftwing, the increasein f /c of the wing box
was much smaller; however, increasesin f /c of the high-liftdevices
were about the same as for the cruise wing, and paint on the LEs
of the wing box and flap elements reduced gaps between elements
by up to 1%. No computational fluid dynamics simulation of the
high-lift wing was available to assess the effects of these thickness
changes. However, because paint intrusiveness could be eliminated
by polishing the paint without appreciably affectingits thickness, it
is unlikely that the additional thickness of paint was responsible for
the change in the wing’s performance.

Roughness Effects

The measured, average geometric roughness of a surface, Ra, is,
in general, quite different than the equivalentsand-grain roughness
k, defined by Schlichting. Several investigators have tried to estab-
lish general relationshipsbetween Ra, k, and k;. Young19 estimated
k,/k =1.6 for camouflage paint, and Koch and Smith?* pointed out
that, for a surface with a profile that lies between a sinusoid and
saw-toothed, this corresponds to 5.0 < &k, /Ra < 6.4. Based on their
own fluid dynamic and profilometer measurements of standard sand
papers, Koch and Smith estimated thatk, /k = 1.5 and k; /Ra = 6.2,
in good agreement with Young’s result. Measurements by other re-
searchers, however, have shown greater variations: Schaffler** esti-
matedk, /Ra = 8.9, and Acharyaetal.* measured4.2 <k, /Ra < 10
for various types of roughness. Vanhoutte et al.'* found that , is
greater than Ra but less than the maximum roughness height, which
in their experiments was 10-50 times Ra. Lacking better informa-
tion, we adopt Koch and Smith’s result, k; /Ra = 6.2, in this paper.

We first consider if the paint forced premature transition to tur-
bulence of a laminar boundary layer. The roughness required to
trip a laminar boundary can be estimated®~® from a roughness
Reynoldsnumber,R, =k -u/v=k-R, - (u/u,) - (u,/U)=600. An
upper bound on R; for a given k and R, can be determined by as-
suming maximum values for the remaining two terms, u /u, and
u,/U. The maximum value of u/u, is 1.0, and the maximum
value of u,/U can be estimated from freestream conditions and

k,=9.4 um
R = 13.6 million

Fig.10 Contour plot of k] for cruise wing at design cruise conditions:
ks=9.4 pm and R =13.6 x 10°.

C, at the point of minimum pressure (where u, is greatest). If, fol-
lowing Koch and Smith,?> we assume k/Ra = (k;/Ra)/(k;/k) =
6.2/1.5=4.133, then, for rough paint at the maximum
Reynolds numbers (Rj)max ~ 1166 > 600 for the cruise wing and
(Ri)max =~ 377 < 600 for the high-lift wing.

These estimates indicate that the unpolished paint was rough
enough to force transition on the cruise wing but not on the high-lift
wing. It is unlikely, however, that there was significant laminar flow
in either case at the conditions where intrusiveness was observed.
Oil-film skin-friction measurements on the unpainted cruise wing
indicated that the boundary layer was fully turbulentvirtually all the
way to the LE.*” This conclusionis supported by the very small ef-
fects that polishing the paint, and even stripping it from the LE, had
on the pressure distributions. For the high-lift wing at angles near
stall (the only condition where intrusiveness was evident), the very
steep adverse pressure gradient near the LE of the slats (Fig. 9) most
likely would have resulted in boundary-layer transition regardless
of the presence of paint.

‘We next consider the effects of surface roughness on a fully de-
veloped,turbulentboundary layer. The equivalentsand-grainrough-
ness height in boundary-layerunits is given by k- = k,R,/(C; /2).
For the cruise wing, we used the C distribution computed by the
RANS code, which was for a smooth surface and was in good
agreement with oil-flow interferometry measurements®’ When
k, = 6.2 - Ra was assumed, the entire upper surface of the unpainted
wing was hydraulically smooth (k" <5) even at the highest unit
Reynolds number R,. The k} distribution for the painted wing at
the design cruise conditionis shown in Fig. 10. This result is based
on k, for rough paint and C, for a smooth surface (RANS solu-
tion). Therefore, it is a low estimate because it ignores the higher
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Fig. 11 Distribution of kI along y/b=0.55 of cruise wing at design
cruise conditions, rough paint.
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Fig.12 Distribution of k] along a flat plate at test conditions of high-lift
wing.

C on surfaces that are not hydraulically smooth. At design cruise
conditions, the entire wing is in the intermediate regime between
hydraulicallysmooth and completelyrough (5 < k} < 70). Smooth-
ing the paintreduced Ra (and, thus, k; and k") by about half, but the
surface was still in the intermediateregime. To first order, k' is also
proportional to unit Reynolds number R,. Therefore, for smooth
paint at the lowest unit Reynolds number (R, = 57.4 x 10°/m), the
k distributionin Fig. 10 would be reduced by a factor of about four
(two each for reductions in roughness and Reynolds number). At
this condition the paint was still not hydraulically smooth.

Figure 11 shows the chordwisedistributionof k;" at aboutmidspan
of the cruise wing (y/b =0.55) for the same conditions as Fig. 10
(Ra=1.5 um and R=13.6 x 10°). A large decrease in k¥ occurs
at the shock wave, corresponding to a reduction in skin friction.
Figure 11 includes an estimate of k) for fully turbulent flow
over a smooth flat plate at the same conditions computed using
Schlichting’s empirical equation* C; = (2log R, — 0.65)72*. This
much simpler estimate is in good agreement with the general levels
of k" computed from the RANS solution.

Because a RANS solution of flow over the much more com-
plex high-lift wing was not available, the k} distribution for rough
paint along the mean aerodynamic chord was estimated using k; of
the paint and C, for a smooth flat plate determined as described
earlier. These estimates indicate that, at the highest Reynolds num-
ber (R=6.7 x 10%), the unpolished paint was slightly rougher than
a hydraulically smooth surface (Fig. 12). Smoothing the paint re-
duced & by half and brought nearly the entire surface below the
hydraulically smooth threshold. At the lowest Reynolds number
(R=3.4 x 10°), even the rough paint was hydraulically smooth, ex-
cept perhaps very near the LE. The bare wing, which was about
three times as smooth as the rough paint, was hydraulically smooth
at all Reynolds numbers.

Schlichting’s admissible roughness criterion,* k,, = 100/R,, is
an even simpler way to assess surface roughness. (Without expla-
nation, Schlichting drops the distinction between k and k; in his
discussion of admissible roughness. Consistency with the concept
of hydraulic smoothness, however, requires that admissible rough-
ness refers to equivalent sand-grain roughness k;.) This criterion is
independentof the streamwise length of an object and amounts to a
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Fig. 13 Admissible roughness vs unit Reynolds number: solid line,
ks =100/R, ; open symbols, high-lift wing; closed symbols, cruise wing;
triangles, rough paint; diamonds, smooth paint; and circles, no paint.

critical roughness Reynolds number of 100. (Koch and Smith?* and
Schaffler** found that, for turbomachinery, the critical roughness
Reynolds number, where losses begin to depend on k;, is about 90.
When the uncertainty in the relationship between k; and Ra is con-
sidered, this is quite close to Schlichting’s value of 100.) Figure 13
is a comparison of roughnessesof the high-lift (open symbols) and
cruise (filled symbols) wings to the admissible roughness (solid
line). For the cruise wing, both the unpolished (triangles) and pol-
ished (diamonds) paint exceeded the admissible roughness at all
Reynolds numbers, whereas the roughness of the unpainted wing
(circles) was always less than the admissible roughness. Unpolished
painton the high-lift wing exceeded the admissible roughnessat the
two highest Reynolds numbers and was just below the threshold
at the lowest Reynolds number. Polishing the paint brought k; be-
low the admissibleroughnessat all Reynolds numbers. Even though
the unpainted surface of the high-lift wing was much rougher than
that of the cruise wing, it was still smoother than the admissible
roughness at all conditions.

The hydraulicsmoothness and admissibleroughnessanalyses are
consistent with each other and with the paint intrusivenessobserved
in both tests. Both wings were hydraulically smooth without paint,
but were in the intermediateroughnessregime when they were cov-
ered with unpolishedpaint (exceptat the lowest Reynolds number of
the high-lifttest, where the paint was hydraulically smooth). Polish-
ing the paint did little to reduce the intrusivenesson the cruise wing
because the polished paint was still not hydraulically smooth, even
at the lowest Reynolds number. This conclusionholds even if the k;
levels areincreasedor decreasedby 50%. At the lower unitReynolds
numbers of the high-wing test, boundary layers were thicker, and
the paint was much closer to being hydraulically smooth. At the
highest Reynolds number of that test, polishing the paint brought
the surfaces from just above to just below the hydraulically smooth
threshold. The resultingchange in boundary-layerdevelopmentwas
important only on the slats near the critical condition of stall. The
effect was small at the lowest Reynolds number because the unpol-
ished paint was already hydraulicallysmooth. Conclusionsaboutthe
high-lift wing are more sensitive to the uncertainty in the roughness
measurements than for the cruise wing because the measured rough-
ness was more nearly equal to the admissible roughness (Fig. 13).

In both tests, paint intrusiveness was not large and was only ev-
ident by measuring quantities that are very sensitive to boundary-
layer development: shock-wave position for the supercritical cruise
model and stall angle for the high-lift model. Nonetheless, intru-
siveness was large enough to obscure the true effects of Reynolds
number on important aerodynamic characteristics of the models.
This is a serious problem that must be considered in all PSP appli-
cations, particularly those at high unit Reynolds numbers.

Conclusions
The presence of pressure paint on the cruise wing caused the po-
sition of the shock wave (an extremely sensitive indicator of small
changes between runs for a supercritical wing) to shift slightly
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upstream from its paint-off position over the range of Reynolds
numbers tested. This effect persisted even after the paint was first
smoothed and then removed entirely from the LE. This probably
occurred because the painted surface was not hydraulically smooth,
whereas the unpainted model was. The stall angle of the high-lift
wing at the highestReynolds number decreasedslightly when rough
paint was applied only to the LE slats and returned to its paint-off
value after this painthad been smoothed. This probably occurred be-
causesmoothingthe paintbroughtthe surfaceroughnessfrom above
tobelow the hydraulicallysmooth threshold. Paintintrusiveness was
lower at the lowest Reynolds number because even the unsmoothed
paintwas hydraulicallysmooth. These results show that, when pres-
sure paint is used at high unit Reynolds numbers, the true effect of
Reynolds number may be obscured by paint intrusiveness if the
roughness of the painted surface is different from that of the model,
except if both the painted and unpainted surfaces are hydraulically
smooth.
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