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When a liquid crystal coating (LCC) is illuminated from the normal direction by white light and observed
from an oblique above-plane view angle, its color-change response to shear depends on both shear stress vector
magnitude and the direction of the applied shear vector relative to the observer’s in-plane line of sight. At any
point, the maximum color change is always measured when the local shear vector is aligned with, and directed
away from, the observer; the magnitude of the color change at this vector/observer aligned orientation scales
directly with shear stress magnitude. Based on this knowledge, a full-surface shear stress vector measurement
methodology was formulated. An image-based system, incorporating a three-chip color video camera, linked to a
frame grabber and computer, was devised to test the method. Full-surface images of LCC color-change response
to a three-dimensional turbulent wall jet flowing over a planar surface were acquired and analyzed to define the
surface shear stress vector field. Comparisons of these first-ever such results to conventional point measurements,
obtained via the oil-drop interferometry technique, yielded very good agreement, corroborating the new method.
Based on present results, it has been shown that the liquid crystal coating technique can be utilized to obtain
areal measurements of surface shear stress vector distributions on planar surfaces with accuracies equivalent to

conventional point-measurement techniques.

Nomenclature

D = jet exit diameter

P = wall jet stagnation pressure on the exit plane centerline

4 = velocity

X = axial coordinate on test surface measured from jet exit
plane

y = transverse coordinate on test surface measured from jet
centerline

a = above-plane view angle, measured positive upward from
zero in plane of test surface

A¢ = spacing between adjacent ¢ angles

o = standard deviation

T = magnitude of surface shear stress vector

T = average shear stress vector magnitude

T = shear stress vector

0] = circumferentialangle in plane of test surface, measured

positive counterclockwise from origin at jet centerline
0. = orientation of surface shear stress vector directed away
from observer with an in-plane line of sight at ¢ = ¢,

d_), = average shear stress vector orientation
Subscripts

C = camera

J =jet

L = light

I. Introduction

HE objectiveof this continuingresearchis todevelopan image-
based instrumentation system for the areal visualization and
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measurement of the instantaneous shear stress vector distribution
acting on any aerodynamic configuration. In the near term, the im-
pactof such a measurementtechnique would be to provide modelers
with detailed data sets for code-validationpurposes. The availability
of continuous surface shear stress vector distributions measured in
fundamental(building-block-type) experiments,especiallythose in-
volvingthree-dimensionalboundary layers, separation,and/or reat-
tachment, would be of great benefit to the developmentof advanced,
viscous-flow computationaltools. In the long term, the application
of such a full-surface visualization/measurement methodology to
aerodynamic testing would significantly improve the productivity
of ground-based facilities. The creation of advanced design codes,
coupled with an increased productivity of large-scale wind tunnels,
would ultimately result in reduced design-cycletimes and increased
performance for new commercial and military aviation products.

The approachhas beento systematicallyexplorethe color-change
responses of shear-stress-sensitive, temperature-insensitive liquid
crystal coatings (LCC) to applied shear stresses of known magni-
tudes and known directions relative to the observer.!-2

The liquid crystal phase of matter is a weakly ordered, viscous,
fluidlike state that exists between the nonuniform liquid phase and
the ordered solid phase of certain organic compounds.? Liquid crys-
tals can exhibit optical properties that are characteristic of solid,
crystalline materials. If a thin film of liquid crystals is applied to
a solid surface and the molecules within the coating are aligned
by frictional forces into the required planar state, then this molec-
ular structure selectively scatters incident white light as a three-
dimensional spectrum or color space.

It has been known for some time that changes in applied shear
stress magnitude cause the liquid crystal molecular structure to
change, reorienting the scattered light spectrum in space.* A fixed
observerthus sees a color change in response to the altered shearing
force. Such color changes are continuous and reversible, with time
response on the order of milliseconds. Based on these characteris-
tics, LCC have been used to obtain qualitative areal visualizations
of shear stress magnitudes acting on aerodynamic surfaces in both
wind-tunnel and flight-test® applications.

Recently, Reda and Muratore’ showed that LCC color-change
response to shear depends on both shear stress magnitude and the
direction of the applied shear relative to the observer’s line of sight.
Under normal white light illumination and for oblique observation,
liquid crystal color-change responses were quantified by subject-
ing a planar coating to a wall-jet shear flow; scattered light spectra
were measuredata pointonthe wall-jetcenterlineusinga fiber-optic
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Fig.1 Shear stress vector measurement methodology.

probe and a spectrophotometer. At any fixed shear stress magnitude,
the maximum color change was always measured when the shear
vector was aligned with and directed away from the observer;
measured color change decreased symmetrically in a Gaussian fash-
ion with changes in the relative in-plane view angle to either side
of this vector/observer aligned position. For this vector/observer
aligned orientation, color change was found to continually increase
with increasing shear stress magnitude over the eightfold range ex-
amined. Based on these point-measurement results, a full-surface
shear stress vector measurement methodology was formulated; the
four-stepprocedureis summarizedin Fig. 1. Figure 2 servesto illus-
trate the geometry referred to in the descriptionof Fig. 1 given later.

For full-surface measurements, a three-chip red-green-blue
(RGB) color video camera, a frame grabber, and a supporting com-
puterare utilized. The coated surface is illuminated from the normal
direction (o, = 90 deg), and the camera is positioned at a constant
above-plane view angle of o¢ _ 30 deg. In step 1, a single cali-
bration curve of color (hue) vs shear magnitude is obtained for the
specific arrangement wherein the calibrationshear vector is aligned
with, and directed away from, the camera. Conventional point-
measurement techniques for shear magnitude can be employed for
this purpose.”-® In step 2, full-surface images of the LCC color-
change response to an unknown shear field are recorded from mul-
tiple in-plane view angles (here, @c1—@c4) encompassingthe vector
directions to be measured. In step 3, for each physical point on the
test surface, a Gaussian curve is fit to the hue vs in-plane view angle
data. The in-plane view angle corresponding to the maximum of
the curvefit determines the vector orientation(¢;). In step 4, the hue
value correspondingto the vector orientation is used along with the
calibration curve of step 1 to define the vector magnitude (7). Steps
3 and 4 are repeated for all surface points to determine the complete
shear vector field.

In the present research, this new measurement methodology was
applied to a turbulent wall-jet flow, yielding, to the authors’ knowl-
edge, the first-ever, full-surface shear stress vector measurements.
As will be shown, these results compared favorably with point mea-
surements obtained using the established oil-drop interferometry
technique®

U.S. patents for the full-surface visualization of reverse-flow
regions’ and for the full-surface measurement of shear stress vector
distributions'® were issued to NASA in 1995, and this technology is
available for transfer. Reference 11 provides a demonstrationof the
newly discovered, expanded flow visualization capabilities of the
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Fig.2 Schematic of experimental arrangement.

LCC technique for simultaneous, full-surface observations of both
transition and separation.

II. Experimental Arrangement and Procedures

A schematic of the experimental arrangement is shown in Fig. 2.
The primary feature of this apparatus is that all of its components
(the two jets, the light, and the camera) can be independentlyrotated
about the center of the test surface.

The removable test surface was a 6-in.-diam aluminum disk, an-
odized flat black, with reference marks machined every 45 deg
around the circumference. A new LCC was appliedto this surface by
spray-paintingtechniquespriorto the acquisitionof each @ image;
coating uniformityand repeatabilityissues were addressed in Ref. 2.
Hallcrest BCN/192 shear-stress-sensitive liquid crystal compound
was used for the measurements. The coatings were illuminated by
a 5600 K white light source directed normal to the test surface; the
spectrum for this light source was reported in Ref. 2.

Linear polarizers were positioned between the light and the test
surface and between the test surface and the color camera; the
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relative orientation of these filters was adjusted to minimize re-
flected glare. The circularly polarized light scattered from the liquid
crystal coating was effectively unaltered by this approach.

Only one of the two jets was used in the present experiments.
The jet was fed with filtered, dry, room temperature air from a
pressurized plenum connected to a compressor. The jet flow issued
to atmospheric pressure from a circular steel tube of outer diameter
= 0.50 in. and inner diameter = 0.33 in. with a beveled, sharp-
edged tip. A notch machined in the beveled wall just upstream of
the exit plane allowed for the accurate realignment of the jet exit
and the disk edge before each experiment. The longitudinal axis of
the jet tube was always parallel to the test surface, and this axis was
aligned with the ¢ = 0 deg reference to within 1 deg.

Pressure control and repeatability were achiéved by utilizing an
electropneumatic proportionalintegral/derivative controller linked
to a high-flow-capacity pressure regulator. The desired total pres-
sure at the exit plane of the jet (0.5 « Py « 5.0 psig) was input to
the controller fromthe lab computer. Systerm feedback was provided
by a miniature pitot probe of tip diameter 0.031 in. that entered the
stream from above, through the outer half of the jet flow. The probe
stagnation pressure was input to a high-accuracy differential pres-
sure transducer, referenced to atmospheric pressure, and the result-
ing output signal provided feedback to the controller. Jet centerline
total pressure at the exit could thus be maintained constant with a
standard deviation of less than or equal to 1% of the setpoint value
over the stated range. Corresponding jet centerline exit velocities
were in the range 250 « V; «790 ft/s.

Fluctuationsin the stiffaceShear stress magnitude were measured
on the wall-jet centerline at the center of the test surface using a
glue-on hot-film sensor (DANTEC probe type 55) linked to a con-
stant temperature anemometer. This sensor was calibrated against
the oil-droptechnique® (to be discussed in a subsequentsection). At
Py = 4 psig, the hot-film data, sampled at both 30 Hz (the camera
samplingrate)and 1 kHz, yieldeda normal probability density func-
tion with a standard deviation of 15%; i.e., significant fluctuations
in the instantaneous surface shear stress magnitude were found to
be present within the core region of this flow. The influence of such
fluctuations on the measured LCC color-change responses will be
discussed later in this section.

The surface streakline pattern produced by this wall-jet flow with
a jetexit pressureof Py = 4 psig is shown in Fig. 3. This pattern was
the result of an oil-flow visualizationexperiment conducted using a
very low viscosity LCC (EM Industries TI511). Note that the higher
viscosity liquid crystals utilized to obtain the color-changekhear-
field measurements did not flow; selection of LCC mixtures is dis-
cussed in Ref. 2. The oil-flow streaks are generally assumed to be
tangent to the local shear stress vector at every point along a given
streak trajectory. Shear vector directions measured from this pattern
are later compared with shear vector directions determined by the
measurement methodology outlined in Fig. 1.

The coating color-changeresponse to the wall-jet shear field was
recorded with a three-chip, co-site sampling, RGB video camera
(SONY XC-007) linked to a frame grabber (MATROX IM-1280)
and computer. The frame grabber was composed of an image pro-
cessing board and a four-channel digitizer (one channel each for
the red, green, and blue data signals plus a video synchronization
signal) with eight bits of resolution per channel. Prior to imaging
the color response, the measured RGB values were checked overall
pixels to ensure proper exposure levels for the image.

For color measurementsit is more usefulto representthe signalin
terms of hue, saturation, and intensity (HSI) rather than RGB. Hue
is associated with the dominant wavelength in a mixture of light
waves, saturation represents the dilution of a pure color by white

Fig.3 Surface streakline pattern for Py = 4 psig.

light, and intensity relates to the brightness of the light.!*!3 Hue
is the quantity of interest in color measurements, and because in
the HSI system intensity is decoupled from hue, such color mea-
surements are insensitive to small nonuniformities in illumination
and to irregular signal gains across charge-coupled device (CCD)
arrays. A real-time color space conversion from RGB to HSI was
performed by the digitizer during image acquisition.

The imaging system (illumination source, CCD camera, digi-
tizer) was calibrated such that color measurements were referenced
to a universal standard illuminant. The calibrationreference was the
Macbeth color checker,!' which is a grid of 18 colors and 6 gray
shades having known tristimulus values when illuminated by the
Commission Internationale d’Eclairage illuminant C. Ten sequen-
tial images, approximately 100 y, 100 pixels square, were captured
of each color square of the Maﬁ)eth chart, and average tristimu-
lus values were determined. A linear mapping was then calculated,
which corrected the measured tristimulus values to their known ref-
erence values. The calibration procedure is fully detailed in Ref. 15
and was implemented here through the use of STANVIEW, a soft-
ware package originally developed for liquid crystalthermography.
This color calibration was applied to all subsequent measurements
through a real-time lookup table on the digitizer board.

The uncertainty in LCC hue measurements was estimated by ex-
amining standard deviationsof time records measured withina 4,4
pixel region located at the center of the test surface. One thou-
sand images were recorded at 30 Hz for both the no-flow condition
(Py = 0) and for flow at P, = 4 psig. The standard deviation of
the hue, expressed as a percent of the time-averaged hue, was less
than 0.6% at Py = 0 and less than 0.9% at P, = 4 psig for each
of the time records corresponding to the 16 pixels of the imaged
region. Clearly, this increase in hue uncertainty (flow vs no flow)
was a direct result of fluctuations in the shear stress magnitude at
the sampling point. The time constant of the LCC, however, has yet
to be quantified, but the hot-film results suggest that the LCC does
not follow the time scales of the local turbulence.

A second approach for estimating the measurement uncertainty
was to examine variations of hue along the centerline core region
of the jet-induced shear field where mean shear magnitude was
spatially uniform. This approach is equivalentto a repeated single-
measurement experiment, with each pixel treated as an individual
sensor. The full test surface was imaged for flow at Py = 4 psig with
the camera aligned with the jetaxis (¢c¢ = ¢; = 0 deg). Five sequen-
tial images were time averaged, and statistics were calculated over
a 3-pixel-wide by 44-pixel-long subregion along the jet centerline
within the constant-shearcore. Results yielded a standard deviation
inhue of 1.0% of the mean value overthis region, a value equivalent
to the temporal standard deviation measured at a single pixel. This
latter approach will be utilized in Sec. V to estimate measurement
uncertainties for shear stress magnitude and vector orientation.

To measurethe complete shear vector field, the LCC color-change
response was imaged from seven different in-plane view angles
(¢c = 0, 410, 425, and 445 deg) so as to encompass all pos-
sible shearvector directions: The camera above-plane view angle
was held constant at o = 30 deg. Flow was established, and five
sequential images were then captured at the rate of 30 frames per
second. Each image (584 «, 286 pixels) of the complete test surface
was color correctedand converted from RGB to HSI, and the result-
ing hue fields were time averaged. Examples of three cropped hue
images, displayed in false colors that simulate actual liquid crystal
color-change responses;? are shown in Fig. 4. Flow is left to right.
The flow condition, Py = 4 psig, was the same as for the oil-flow
visualization shown in Fig. 3. The images have been transformed
to a common coordinate system, placing the images in register and
removing perspective distortions caused by the oblique view angle
oc. The perspective coordinate system transformation (described
later) was correct only for objects on the test surface; hence the jet
nozzle and pitot tube appear distorted.

The ¢c = 0 deg hue image is symmetric about the jet centerline
due to camera alignment with the centerline shear vector direction
and to the symmetry of the shear vector field itself (magnitudesand
directions)relative to the centerline. The ¢ = 445 deghue images
are essentially mirror images, and each appearsslightly asymmetric
relative to the jet centerline. This asymmetry is a direct result of the
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Fig. 4 Five-frame averages of measured hue for Py = 4 psig; images
have been corrected for perspective and registered.

dual dependence of coating color-change response on shear mag-
nitude and shear direction relative to the observer; both quantities
vary across the jet-induced shear field.

III. Shear Calibration

A variation of the fringe imaging skin friction (FISF),® or oil-
drop, technique was used to calibrate and also to validate the liquid
crystal measurement technique. The essence of the FISF method is
that the mean shear magnitude at a point on a surface can be deter-
mined by measuring (post-test) the thickness of a drop of silicon oil
after exposureto a steady flow for a known time period. Under shear,
an oil drop deforms into an elongated thin layer with a well-defined
leadingedge and a linear thickness-vs-distane profile. An extended
coherent light source oriented nearly perpendicular to the surface
will create an interference pattern caused by the reflection of the
light from the top surface of the oil interfering with the light reflected
from the test surface. The distance between the interference bands is
proportionalto the thickness of the oil layer and, by lubricationthe-
ory, is proportionalto the skin friction. If the resolutionof the fringe
imaging system and the visibility of the fringes are sufficient, the ac-
curacy of the shear magnitude measurement is approximately 4 5%.

Using the FISF technique, shear stress magnitude at the center
pointofthedisk (x/ D = 9and y/ D = 0) wasmeasuredoverarange
of jet stagnation pressures, 0.5 « Py « 5.0 psig. The color-change
response of the LCC was measured v§jet stagnation pressure at the
same point over the same P, range. For the LCC color measure-
ments, the in-plane view angle of the camera was ¢¢ = 0 deg and
the above-plane camera angle was - = 30 deg. Combining these
results yielded the LCC hue-vs-shear magnitude calibration curve
shown in Fig. 5. Statistics for hue were acquired only for the Py = 0
and 4 psig conditions, and corresponding standard deviations are
indicated in Fig. 5. Uncertainties in the oil-drop shear magnitude
measurements are shown as 4 5% of each value.

IV. Image Processing and Analysis

Four image-processingand analysis steps were performed to de-
termine the shear stress vector field from the measured color-change
responses of the LCC. The first step, discussed earlier, was the real-
time conversionof the measured RGB signals to hue.

The second step was an optional low-pass filter applied to the
hue images. It was found that the spatial average overa 5 , 5 pixel
neighborhood significantly reduced the local standard deviation of
the hue, from 1.0to 0.2% of the local mean, while preservingthe hue
gradients across the image. Results obtained both with and without
application of this filter will be presented.

Third was a perspective coordinate system transformation that
mapped the image coordinates to physical coordinates on the test
surface and registered the images. This transformation was required
because step 3 of the measurement methodology (see again Fig. 1)
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Fig.5 Hue vs shear magnitude calibration for BCN/192; ¢ = ¢pr = 0
deg.

requires that the hue value for each in-plane view angle used in the
curvefitting procedure be taken from the same physical location on
the test surface.

This overall transformation is defined by the photogrammetric
relations'? and consists of two sequential transformations. The first
removes perspective distortions and depends on the focal length of
the imaging optics and on the geometry of the test surface. The
second represents a three-dimensional coordinate system transfor-
mation between the system attached to the focal plane of the cam-
era and the physical coordinate system attached to the test surface.
Seven parameters are required to specify this transformation: three
translations for camera position, three rotation angles for camera
orientation, and the focal length of the optics. These parameters
were determined for each image by solving the inverse transfor-
mation for the reference marks machined every 45 deg around the
circumference of the test surface, i.e., solving for the parameters
that map the known physical coordinates of the reference marks
onto their respective images. The system of equations was solved
iteratively with a convergencecriterion that the mean difference be-
tween their actual and mapped locations, for all reference points
used, be less than or equalto one pixel (0.01 in., in this case). This
criterion resulted in image alignment to within ;0.2 deg.

After mapping the images onto the physical’coordinate system,
the pixels no longer fall on a rectangular grid. A two-dimensional
linear interpolationwas thus performedto provide a rectangulargrid
of pixelsatthe finest resolutionof'the originalimage (0.01 in./pixel).
Bicubicspline interpolationwas also investigated; however, no mea-
sureable advantages were observed, whereas computation time in-
creased manyfold compared with the linear interpolation.

The hue images shown in Fig. 4 are the results of the perspective
coordinate system transformationand the interpolation, without the
applicationof the low-pass filter. It should be noted that the interpo-
lation procedure acted as a mild low-pass filter, reducing the local
standard deviation of hue by about half.

The final analysis procedure was described earlier as step 3 of
the measurement methodology. At each physical location on the
test surface, the hue value correspondingto that location was taken
fromeach @c image. Two example data sets of hue vs ¢ are shown in
Fig. 6, one set taken from the jet centerline (x/ D = 9and y/ D = 0)
and the second set taken from the edge of the jet (x/ D = 9 and
y/ D = 0.9). In the latter case, shear stress magnitude was near the
lower limit of the calibrated range. A Gaussian curve was then fit
to the hue vs ¢ data using a nonlinear least-squares method (the
Levenburg-Marquardt method'®). The angular location of the peak
of the Gaussian curve gave ¢, the shear stress vector orientationas
indicated on each curve of Fig. 6. The value of the hue at the peak of
the Gaussiancurve was then used in the hue vs 7 calibrationcurve of
Fig. 5 to determine the shear stress vector magnitude. The Gaussian
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Fig. 6 Hue vs in-plane view angle at x/D = 9; data from seven images
with Gaussian curvefits.

curvefit and the hue vs 7 lookup were performed at every pixel in
the image set to produce the full-surface shear stress vector field.

V. Results

Figure 7 shows two representationsof the wall-jet-induced shear
stress vector distribution as measured by the LCC technique. This
data set was generated by analyzing seven low-pass-filtered hue
images, and it contains approximately 10° measured vector values.

Both images shown in Fig. 7 use false color levels to represent
the shear stress magnitude distributions. Vector orientations are il-
lustrated by streaklines in Fig. 7a and by vector profiles in Fig. 7b.
These streaklines, drawn tangent to the local shear stress vector at
every point along their trajectories, were generated from the vector
data set using the flow analysis software toolkit (FAST).!” The vec-
tor profiles are drawn every 1.23 D (every 40th profile) starting at
the axial location of x/ D = 5. For clarity, only every fourth vector
is shown in each profile. Qualitatively, these results show a strong
correlation to the combined features of the @¢ = 0 deg hue image
of Fig. 4 and the oil-flow pattern of Fig. 3, namely, a symmetric
magnitude distribution and similar streakline patterns.

Quantitative comparisons with point measurements taken across
the jet at a single axial station (x/ D = 9) are shown in Fig. 8. The
point measurementsof magnitude were made usingthe FISF method
as described in the section on shear calibration. Vector directions
across this axial station were determined by measuring the tangent
angle of the streaklines in the oil-flow visualizationof Fig. 3. These
comparisons show good overall agreement between the LCC mea-
surements and the point measurements across the entire shear field.
Note that the vector directions across the core region of the shear
field (_0.3 < y < 0.3 in.) all fell between 410 deg and that the
LCC technique measured these directions to"within 1-2 deg even
thoughno hue images were recorded between ¢ = 0 and 10 deg.
This is a clear indication of the robustness of the variation of hue
vs ¢ and of the Gaussian curvefitting procedure used in the LCC
methodology.

Uncertainty estimates for the LCC-defined shear magnitudes and
vector orientations were determined by first examining the standard
deviations of the data within the constant-shear core region of the
jet-induced shear field. The statistics were calculated over a 3
20 pixel region centered about the y = 0 axis and having its long
dimension aligned with the flow. This region covered a physical
extent of 0.03y,0.2 in., or 0.09D , 0.6 D. Within this core region,
the mean valués and standard deviations were T = 0.61 psf 46.2%
and ¢, = _1.5 4 2.1 deg, for the unfiltered data set, and 7 = 0.62
psf 41.0% and @7 = _1.9 ;0.3 deg, for the low-pass-filtered data
set. As expected, smoothing the original hue images resulted in less
noisein the final shear stress vector field. Notice that the mean vector
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Fig. 7 Measured surface shear stress vector field for wall-jet flow at
Py = 4 psig; color contours show vector magnitudes: a) vector ori-
entations shown by streaklines originating from x/D = 5 and 10 and
b) vector cross-stream profiles starting at x/D = 5 every A x/D = 1.23.
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Fig.8 Cross-stream profiles of wall-jet shear field at x/D = 9 for Py = 4
psig vs point measurements of magnitude and direction.

orientation was on the order of _2 deg, whereas an orientation of
0 deg was expected in this region due to the symmetry of the flow.
Notice also that the 1-2 deg difference between LCC-measured
and point-measured vector orientations (see Fig. 8b) was relatively
constant across the central profile of the jet. Taken together, these
facts indicate that the apparent skew of _1 to _2 deg in the mean
orientation of the LCC measurements was most probably a result of
limitations in aligning the jet tube axis with the principal diameter
of the test surface. At best, this alignment was accurate to within
1 deg, estimated from flow visualization.

The procedure described earlier was also used to estimate LCC
measurementuncertaintiesoutside of the constant-shearcore region,
although a smaller, 3 y, 9 pixel, sampling area was used. This area
covered a physical extent of 0.03 y, 0.09 in., or 0.09D ,0.27D.
Figure 9 shows the standard deviation profiles for 7 and ¢ at the
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Fig. 9 Cross-stream profiles of measured standard deviations for
results of Fig. 8: a) shear vector magnitude uncertainty, non-
dimensionalized by local shear magnitude (percent) and b) shear vector
orientation uncertainty (deg).

x/ D=9 axial station. At each point along the cross-cut profile,
the mean values and the standard deviations were calculated using
the 3y, 9 pixel region centered around each point. Comparisons
between the data values (7 and ¢;) at each point and mean values
showed that the shear field was sufficiently constantacross this 3,9
pixel region for the standard deviations to reasonably estimate the
measurement uncertainties. Furthermore, the statisticsat y = 0 are
consistent with those, quoted earlier, calculated using the 3 X 20
pixel region. This fact indicates that a sufficient number of samples
have been used to estimate the standard deviation of the data.

Across the main extent of the shear field, _0.3 < y < 0.3 in.,
the standard deviations calculated from the unfiltered data were in
the range of 4-6% of the local shear magnitude, with corresponding
uncertaintiesof 1-2 deg in ¢.. Standard deviations calculated from
the filtered data sets were about half these levels, namely 2-4% of
local shear magnitude and less than 1 deg in vector orientation.

At the edges of the shear field, for IJ > 0.3 in. ( /Di > 0.9),
the local shear magnitude decreases sig ificantly, and the ability of
the LCC technique to resolve vector orientations, and thus vector
magnitudes, is degraded. In this low-shear limit, standard deviations
of the orientation data were as high as 6 deg with corresponding
shear magnitude uncertainties on the order of 10%.

This low-shear limitation is defined in the present methodology
by four factors: 1) the low-shear response of the LCC mixture,
2) the resolution of the imaging system, 3) the total number of hue
images acquired and the A @¢ spacing between images, and 4) the
analysis methods applied to these hue images.

Proper selection of LCC materials was discussed in Ref. 2. To
measure a very wide range of shear magnitudes beneath a single
flowfield, multiple experiments, incorporating first high and then
low viscosity mixtures, may have to be performed. Imaging system
resolution is governed by tradeoffs between accuracy requirements
and cost.

Having more images with a smaller A ¢c spacingbetween images
may aid in localizing the peak in the hue vs ¢ data (recall Fig. 6);
however, the tradeoffs here are an increase in analysis time and in
required image data storage.

Finally, the analysis methods, particularly the Gaussian curve-
fitting procedure, contribute to the low-shear sensitivity limit of
the technique. To fit a Gaussian curve to hue vs ¢ data, a peak
must be present in the data, there must be at least one datum to
either side of this peak, and there must be a minimum of four data

points. These criteria are difficult to satisfy as the magnitude of the
shear vector approaches zero; in this limit, the shear-induced color
change varies little from the no-shear background color, even for
the optimum viewing orientation of ¢ = ¢,. Again, employing a
higher-resolutionimaging system and/or capturing more images at
smaller A¢e spacings could help, to some extent, to satisfy these
criteria. Employing smarter analysis techniques geared toward de-
tecting peaks within noisy signals holds promise for improving the
low-shear resolution of this technique.

Extension of this methodology to curved surfaces will require
an understanding of the sensitivities of the observed color-change
responses to variations in illumination angle and above-plane view
angle, both measured relative to the local tangent plane at each
surface point. A family of calibration curves (of hue vs shear mag-
nitude), with camera above-plane view angle as the parameter, may
be required to accomplish this next step.

VI. Conclusions

Based on presentresults, it has been shown that the liquid crystal
coating technique can be utilized to obtain areal measurements of
surface shear stress vector distributions on planar surfaces with ac-
curacies equivalent to conventional point-measurementtechniques.

This full-surfacetechniquerequires an image-based instrumenta-
tion system that incorporates white light illumination normal to the
coatedtest surface and allows for oblique observations with an RGB
colorcamera. Multiple in-plane view anglesencompassingthe shear
vector directionsto be measured are required while maintaining the
same above-plane view angle (.30 deg) for each image.

The approach includes an illuminant-invariant color calibration
procedurepreviously validatedin researchusing thermochromiclig-
uid crystal coatings for measurements of surface temperature dis-
tributions. A single calibration of color (hue) vs shear magnitude is
required for the specific arrangement wherein the calibration shear
vector is aligned with and directed away from the camera. Existing
point-measurementtechniques,such as oil-drop interferometry,can
be utilized for this purpose.

Once color and shear calibrations have been accomplished, full-
surfacehue images are acquiredas a functionof in-plane view angle.
For each physical point on the test surface,a Gaussian curve is fit to
the hue vs in-plane view angle data. The in-plane view angle corre-
sponding to the maximum hue value of the curvefit determines the
vector orientation. This maximum hue value is then input to the hue
vs shear magnitude calibration to determine the vector magnitude.
This data analysis procedure is repeated for all surface points to
determine the complete shear vector field.

Measurementsof surface shear stress vector distributionsbeneath
highly three-dimensionalflows, including flows with regions of re-
versal, are now possible on planar surfaces, limited solely by optical
access.
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