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Abstract: - A mechanical calibration rig has been used to calibrate shear stress-sensitive liquid crystals and to
use this calibration for the measurement of the shear stress around a protuberance on the floor of a Mach 4 wind
tunnel. The protuberance is of an equilateral triangular planform with a side dimension of 5.5mm, and with the
apex pointing upstream. Two heights of protuberances were investigated, one being 1.5mm in height, and the
other 3.0mm in height. The resulting bow shock and the trailing wake have been identified and the result shows
how the magnitude of the shear stress diminishes immediately behind the bow shock. Furthermore, it is also
shown how the shear stress increases on either side of the shock structure, as well as the rapid changes in the

shear stress magnitude within the wake.
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1 Introduction

The ability to provide a non-intrusive measurement
system for acquiring surface shear stress in high-
velocity flow fields is of paramount importance in
the determination of skin friction forces acting on
air-borne platforms. Furthermore, the capability for
measuring the full-field boundary layer skin friction
in supersonic and hypersonic flow cannot be
overstated. For both supersonic and hypersonic
flows, such measurements for determining the skin
friction distribution (surface shear stress) as a non-
intrusive technique are of importance, particularly
for separating and reattaching flows on planar and
curved surfaces. One such technique that has been
examined over many years is that of using optically
active Liquid Crystals of both the Chiral-Nematic
and Cholesteric types.

Primarily, Liquid Crystals (LC) may be used
both guantitatively and qualitatively on a surface in
aerodynamic testing because of their optical
activity, [1]. These types of crystals have a
molecular structure between that of a crystalline
solid and an isotropic liquid such that they possess
the aero-mechanical properties of liquids but the
optical properties of crystalline solids. This is
advantageous in aerodynamic, aerothermal, and heat
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transfer measurements as compared to point
measurement techniques since full-field or global
distribution of the investigated parameter may be
achieved.

Temperature-sensitive  LC  is  rendered
insensitive to shear by microencapsulation i.e. small

droplets of the LC are contained in transparent
spheres made from a suitable polymer, whereas
‘neat’ unencapsulated LC are sensitive to external
applied shear stress and may be made insensitive to
a particular temperature range by mixing with other
chemicals/substances, [2].

The ability of LC to reflect incident white light
in a highly directional manner makes them ideal as a
non-intrusive global wall shear stress measurement
technique, [3], [4]. Digitized color images may be
converted into a shear stress vector field once
calibrated, with high spatial and temporal resolution
with color information usually stored as separate
red, green, and blue (R, G, and B) components as
represented by the color triangle, Figure 1.

However, color (and hence Shear Stress)

determined directly from these components is
difficult since the values also contain information
about light intensity, which may not be as uniform
as required.
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Fig. 1. A typical color triangle showing the
relationship between R, G,Band H, S, |

A method commonly employed to overcome
this difficulty is to transform the R, G, and B
coordinates into Hue, Saturation, and Intensity (H,
S, 1), [5], for example:

_ _ -1 (F1
H =90 — tan (ﬁ)+Fz Q)
where
_ 2R—G—-B
~ G-B
and
_ (0 G=B
Fz = {180 G<B
with
[ = R+g+B and S=1— mm(l;?,G,B)

Here, the color information is solely integrated
within the value of H in which the results are given
in degrees, illustrating that hue is an angular
representation of color, with the primary colors R,
G, and B taking hue values of 0, 120, and 240
degrees, respectively. It should be noted that there
are a number of versions of these color
transformations and care must be exercised in the
application of them, [6].

One of the challenges of using LC in the
measurement of the magnitude and direction of the
shear stress vector is its calibration, since color play
obtained from LC is highly sensitive to and depends
upon the direction of the shear vector, lighting, and
viewing angles, and thickness of the LC coating.
Typically, there are two methods of calibration; (i)
use of mechanical rigs for calibration [7], [8] and
(if) aerodynamic calibration [9], [10], [11], [12],
[13]; a far more difficult and less -effective
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technique, [14]. Furthermore, the physical properties
of LC also play an important role and the choice of
LC must match the testing program in order that
they remain optically active, have high sensitivity to
shear stress and low sensitivity to temperature, and
have a viscosity that precludes excessive flow that
may cause oil-flow patterns reminiscent of flow
visualization, [15].

Although two types of mechanical calibration
rigs were considered, a planar rig, and a rotational
rig, initial designs, and experiments showed that
even though the rotational rig would be more
complex, it would provide the accuracy and future
developmental capabilities that were required to
calibrate the LC for thickness, shear stress, lighting,
and viewing angles. Consequently, an apparatus was
designed and assembled such that LC could be
placed on an annular ring of known area and
sandwiched between two circular plates with a
fixed, but adjustable, separation distance. This
distance could be varied between 40-150 microns,
with the black anodized plate fixed to a rotational
mechanism and the upper clear plate free, but
restrained from rotation by a force balance, Figure
2.

Sting Balance

Micrometer Shaft >
~ Load Cell

Adjustment

Bearing ___
Clear Disk —

Black Disk

Fig. 2: Initial Design of Calibration Rig and
Assembled Version

Volume 20, 2025



WSEAS TRANSACTIONS on FLUID MECHANICS
DOI: 10.37394/232013.2025.20.1

Furthermore, the lower black anodized disk has
two 2.5 mm radius concentric gullies machined at
27.5 mm and 52.5 mm, and the clear upper disk has
an annulus, with an inner radius of 30mm and an
outer radius of 50mm, of the same area as that of the
black disk. This design ensures that LC may be
applied to the annular surface that is 20mm wide
with any excess LC allowed to escape into the
concentric gullies during the calibration procedure.

An example of how an LC sample is calibrated
is as follows but does not include the details of
illuminating and visualizing the annular surface:

e the upper clear disk is lowered onto the
lower black anodized disk using the vertical
positioning micrometer and adjusted to
zero.

e The clear disk is then raised, allowing a thin
layer of LC to be applied evenly to the
black anodized aluminum disk.

e The micrometer is then used to lower the
clear disk onto the LC at a pre-determined
gap (20 — 150 um), thereby setting the
thickness of the applied liquid crystal layer.

e A stepper motor is used to rotate the lower
black disk at a given rotational speed ()
with the upper disk restrained by an
impinging pin, set to the radial mid position
of the annulus (40 mm), and pressing on a
load cell.

The shear stress (t) the liquid crystal is
undergoing is determined by Newton’s Law of
Viscosity:

T= yZ—; =F/A 2

where dy is the distance between the two disks set
by the micrometer, and du is the rotational speed at
a given radius, F is the restraining force and A is the
area of the annulus. The dynamic viscosity u of the
LC is given by the Manufacturer's Specification.

As previously reported, the importance of
illumination angle and viewing angle cannot be
underestimated especially for measurements taken
on curved surfaces where both illumination and
viewing angles may have strong effects on the
recorded hue value, [15]. However, for a planar
surface, such as for the above calibration technique,
a viewing angle of ‘normal’ to the area of interest,
and an illumination of 45° to the normal, provides a
strong reflectance signal from the LC and thereby a
strong color change with surface shear stress. This is
characterized in the following Figure 3 where the
change in color (hue) is plotted against the applied
shear stress in the calibration rig. Here, two different
thicknesses of LC of BCN165 (having a relative
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viscosity of approximately 1000 CPS as provided by
LCRHallcrest) have been applied (22 um and 112
um) and the results are very similar over the shear
stress range of 40 — 1000 Pa, with a small difference
of about 6% over the range of 40 — 300 Pa. A
calibration curve fit to both sets of data is provided
by a 5" order polynomial, with an R? value of 0.993
thereby showing a good correlation.

Calibeation of BON165 (wrt applied thockness)
E (i = nuesz
e
as i . &w‘,qm!’#
M -.~,-,-.|]

Normailoed e

0 e Mo Mw 00 “§n oo 0 30 e oo 1180
Shear Stress(Fa)

Fig. 3: Typical Calibration curves for BCN165

2 Experimental Facility

A Mach 4 wind tunnel was purposely designed and
constructed for this investigation. Compressed air,
held in a 2,800-litre tank was suddenly released
through a fast-acting regulator valve and dryers to a
large plenum chamber. The air was then discharged
through a 2-D subsonic converging nozzle, mounted
within the chamber, and a sonic nozzle of 1.422cm
X 15.24cm dimensions, through a supersonic
diverging section, designed by the Method of
Characteristics that allowed for a flow of Mach 4 in
the test section. Downstream of the test section, a
supersonic diffuser was designed to reduce the
required start-up time of the pressure ratio that
ensures sonic conditions at the throat, Figure 4.

Fig. 4: Diagram of Mach 4 wind tunnel

The test section begins at the outlet of the
supersonic nozzle and has dimensions of 15.24cm X
15.24cm in cross-section and 0.9m in length. Liquid
Crystal tests were carried out at a location on the
floor of the test section some 685 mm from the
nozzle exit plane, with a Reynolds number of 2.32 x
107. Viewing of the LC and its illumination could be
arranged through the window at the top of the test
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section where a 45 degree -unobstructed line of
sight could be applied, Figure 5. An area of
approximately 40 mm x 60 mm in length
immediately below the center of the viewing
window was chosen for the location of the
protuberances and used for the LC analysis.

4% Unobstructed View

Nozzle L
0“.0' ™ Through Window

Nozzle Throat

|_ 457 e I A57 e

o |
"LYIL mm 1L Tost Aren

Test Section Viewing Window

§ o TN ,A - p
Fig. 5: Location of LC Measurement area in the Test
Section and view of Window

3 Calibrated Liquid Crystal

The measuring site on the bottom of the tunnel was
carefully prepared with Petroleum Ether and
allowed to dry. A mixture of liquid crystal BCN165
and Petroleum Ether was then sprayed onto the
surface and a Chronos 2.1 high-speed color video
camera was installed above the window,
perpendicular to the test area. Illumination of the
test area was arranged with a Halogen spot lamp at
an angle of 45° to the vertical, in the direction of
shear.

Once the wind tunnel is operated, the air is
immediately drawn through the plenum chamber
and supersonic nozzle to the test section, and takes
approximately 3 seconds before the shock passes
through. Once the shock has passed, the tunnel is
operating at its design speed of Mach 4 and this
continues for a further 5 seconds, after which the air
in the storage tank is exhausted.

Figure 6 shows the uniformity of the shear
stress distribution at the test location just before the
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shock passes (t = 3 s), and again at the 5-second
mark (t = 8 s), with Hue values, calculated using
Equation 1, being 0.031 and 0.32 respectively.
Using the calibration from Figure 3, the shear stress
was determined to be 110 Pa over the area with a
variation of less than 3 Pa.

t = 3 s (Camera recording starts M < 1)

t=~8.514 s (Recording ends, M = 4 flow)

Fig. 6: Uniformity of LC at the test domain

By measuring the global shear stress created by
3-D protrusions, our increased understanding of skin
friction may assist the CFD/simulation community,
thereby improving future designs.

4 Shear Stress Distribution Caused by
Wedge Shaped Protrusion

At high speed, where shock waves and turbulent
boundary layers interact, small protuberances may
give rise to changes in the local shear stress that can
affect the drag forces of the platform. Unfortunately,
little is known about the development and
distribution of local shear stresses created by such
small protuberances.

15 m ee wdge 3.0 mm deep wedge
Fig. 7: Two equilateral triangular wedge-shaped
protrusions fabricated on circular plug
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As an example, a small equilateral triangular
wedge-shaped protrusion was fabricated on the
surface of a 6.35 mm diameter plug that can be
inserted into the bottom of the test section, with the
end of the cylinder surface flush with the wall of the
floor. Two protrusion models were tested, one being
1.5 mm in depth, and the other 3.0 mm in depth,
Figure 7.

Each of the protrusions was tested in the Mach 4
facility with the apex of the model pointing
upstream Figure 8 (a) and Figure (b). The result of
using BCN165 liquid crystal as a shear stress
indicator is clearly evident in Figure 8 where the
shear stress distribution close to the protuberances
for the two geometrical heights is observed.

An initial qualitative appraisal of the shear
stress distribution shows that in the case of the
wedge pointing upstream, Figure 8 (a) and Figure
(b), the bow shock appears to be of the same
distribution whereas the wakes are completely
different, with the wake of the 3.0 mm wedge,
Figure 8(b), showing a stronger bifurcated pattern
than that of the 1.5 mm wedge, Figure 8 (a).

To fully understand the difference in these
distributions, the value of the shear stresses within
the bow shocks and the wakes are needed, and only
a full-field analysis, rather than a point measurement
system, will allow this realization.

1.5 mm high triangular wedge

Fig. 8: Liquid Crystal Shear Stress Images showing
Bow Shock and Wake distributions from 1.5mm and
3.0 mm wedge-shaped protuberances at Mach 4
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A more detailed analysis, using software
developed by ESI, has quantified this distribution by
using the calibration curve for BCN165 shown in
Figure 3. This software allows for an examination of
the Hue at any location on the image and, in this
case, provides the Hue value at discrete 1mm x
Imm areas along a predetermined line of finite
length. The shear stress is then calculated from the
Hue value using the calibration curve and the
distribution along a line is determined. Figure 9 is a
diagram of the locations that have been analyzed
with this software at 4 upstream and downstream
positions, and 2 locations on either side of the
wedge models.
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Fig. 9: Locations of the Shear Stress Profiles

4.1 1.5 mm High Wedge Pointing Upstream
Figure 10 provides the shear stress along 4 locations
within the bow shock, at x = -4, -6, -8, and -10 mm
from the center of the triangular wedge (center of
the circular plug), and the wake region at x = 4, 6, 8,
and 10 mm.

It may be observed in Figure 10[A] that the
shear stress at the extremities of the locations is
close to a value of about 130 + 10 Pa, a value a little
above the empty test section of 110 Pa as given by
the distribution in Figure 6, and is probably the
result of the introduction of the model. This value of
approximately 130 Pa is relatively constant along
the entire location at x = - 10mm indicating that the
linear region is outside of the bow shock region;
whereas at x = -8mm, there is a small reduction in
the shear stress to about 70 Pa indicating that the
exploratory line is now within the bow shock. As
this exploratory line becomes closer to the wedge at
X = -6 and -4 mm, the shear stress falls close to zero
and is distributed £12mm on either side of the
center line of the wedge.

Within the wake region, Figure 10[B], close to
the base of the wedge, at x = 4 and 6 mm, the shear
stress is approximately zero over about 6 mm and
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rises rapidly towards a value of about 200 Pa at a ‘y’
location of £ 7mm from the center line of the
wedge, from whence it falls to the shear stress value
for the tunnel of 130 + 10 Pa. Further downstream at
x = 8 and 10 mm, there is a large increase in the
shear stress to about 240 Pa and 300 Pa respectively,
and shows some asymmetry in these particular
results, which can also be observed in Figure 8(a).

Shear stress profile along ¥ ot diffevest locations in the Bow Shoe!
A file ad ffevest | he Bow Shock
of M7, 1.5 mm wedge facing Upstream

Shear Stress (Pa)

[B] Shear stress profile along ¥ at differemt locations in the Wake
of 30%, 1.2 mm wedge fycing Upstream

LR
—a—3 =\ s=Amn  —a—% = Amn  —e—% = S

Fig. 10: Shear stress in the Bow Shock and Wake
region of 1.5 mm high wedge facing upstream

4.2 3.0 mm High Wedge Pointing Upstream

The presence of this larger wedge geometry has a
profound effect on the shear stress distribution as
shown in the results of Figure 11. As with the 1.5
mm wedge, the distribution of the shear stress at the
x = -8 and -10 mm lines are outside of the bow
shock whereas the lines at x = -6 and -4 mm are
within, Figure 11[A]. The image in Figure 8(b)
shows that the bow shock is not completely
symmetrical about the x-axis with the LC depicting
a change in hue in the flow as the boundary layer
approaches the shock. This change results in some
higher values in shear stress between 200 — 250 Pa
for the x = -8 and -10mm lines on the port side of
the wedge, some 12 mm from the center line,
reducing in value across the test section, to the
tunnel value of 130 = 10 Pa on the starboard side.
The results for x = - 6mm case show that the shear
stress falls to zero on the center line and is affected
by the bow shock between y =+ 10mm, with the x =
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-4mm case providing similar results except on the
starboard side where an abrupt change at the edge of
the bow shock has taken place at y = 7mm.

The shear stress in the wake of this wedge
geometry is most striking in that there appears to be
a bifurcation of the wake, created by the sharp
trailing edges of the wedge, Figure 8(b). The
distribution of the shear stress at the locations of x =
4, 6, and 8 mm downstream of the rearward face of
the wedge shows how the twin ‘tails’ of the wake
are evolving. For the x = 4 mm case, the shear stress
between y = £ 2mm is close to zero and rises to a
peak of about 300+ Pa at y = + 5mm and eventually
falls to a value of about 200 £20 Pa at y =+ 13mm.
This is repeated for the x = 6mm case except that
the distribution is wider with the peak rising to
about 300 Pa at y = + 7mm. These two distributions
highlight the strength of the two bifurcation wakes
close to the trailing edge of the wedge. At x =8 mm,
the distribution starts to indicate the change in the
shear stress and provides for two distinct low shear
stress regions at about y = +4 mm, increasing the
width of the wake and reaching a maximum of
about 200 Pa. Further analysis of the x = 10 mm
case demonstrates the evolving ‘tails’ of low shear
stress at y = =4 mm that allows a high shear stress of
some 250 Pa to occur on the center line of the
wedge.

[A] Shear stress profile alosg v at differcot locations in Bow Shock
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Fig. 11: Shear stress in the Bow Shoc
region of 3.0 mm high wedge facing upstream
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The shear stress distribution in the streamwise x
direction at two distinct positions of y = +4 and +8
mm for the 1.5 mm wedge is shown in Figure 12[A]
and Figure [B]. The effect of the bow shock is
clearly observable for the y = +4 mm case where a
surface shear stress of 130 Pa occurs before the bow
shock from x = -20mm to about x = -10mm occurs,
Figure 12[A]. The shear stress then decreases in
magnitude through the bow shock, reaching a
minimum at approximately x = -5mm from the
wedge center, before increasing 6-fold through the
wake of the bow shock, between 230 — 280 Pa,
visibly observable in Figure 8. The shear stress
again reduces to another minimum at approximately
X = +5mm due to the wake structure before
increasing a second time and returning to a more
steady value of about 160 Pa. It is expected that this
value of 160 Pa will persist some distance
downstream before returning to the unobtrusive
value of 130 Pa.

The shear stress further from the sides of the
wedge at y = =8mm shows a distribution similar to
the y = #4mm case but of much lower magnitude,
Figure 12[B]. Although the overall effect on the
distribution is lower, the effect of the bow shock and
wake has increased the full field values upstream
and downstream of the wedge to about 140 Pa.

1.5 mm high wedge facing UPSTREAM

[A] Stresmwise Shear Stress Distribution at different Locations on
chther side of 1.5 mm Wedge Protrusion
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[B] Streamwise Shear Stress Distribution at different Locations on

chther side of 1.5 mm Wedge Protrusion
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Fig. 12: Shear stress on either side of the 1.5 mm
high wedge facing upstream
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The shear stress distributions caused by the bow
shock and the wake from the 3.0mm high wedge are
similar in structure to that of the 1.5 mm wedge but
of much greater magnitude, Figure 13[A] and Figure
[B]. In the case of the distribution for y = +4mm,
much stronger shear stress occurs behind the bow
shock between 280 and 350 Pa (the difference in
these values may be due to a small misalignment of
the ‘y’ data lines on either side of the model). It may
also be noted that the minimum value in the shear
stress is lower in the wake region compared to the
1.5 mm high wedge, and the downstream full field
value, at x = +25mm, is much higher at
approximately 250 Pa. The implications of these
dramatic changes in the shear stress for such a small
change in the height of a protuberance cannot be
overstated.

At the location of y = +8mm, the shear stress
distribution is, again, similar to that for the 1.5mm
wedge but of higher magnitudes, Figure 13[B].
Furthermore, the location of the minimum value of
the shear stress caused by the bow shock and the
wake have both receded downstream for the y =+
8mm case compared to that for the y = =4mm case.

3.0 mm high wedge facing UPSTREAM

[A] Streamwise Shear Stress Distribution at differeat Locations on
cither side of 3.0 mm Wedge Protrusion
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Fig. 13: Shear stress on either side of the 3.0 mm
high wedge facing upstream
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5 Conclusions

A mechanical calibration rig has been used
successfully to calibrate a liquid crystal, BCN165,
supplied by SpotSee. The design and fabrication of
the calibration rig were supplied by Engineering &
Scientific Innovations Inc, along with software for
the calibration and measurement routines.
Measurements of the shear stress distribution caused
by a small equilateral wedge-shaped protuberance in
a Mach 4 flow have been achieved. Two sizes of
wedges were used, one being 1.5mm high with a
base of 5.5mm, the other 3.0mm high with a base of
5.5mm, and an area of 13.1 mm?. An analysis of the
shear stress through the bow shock and wake
formations has shown:-

a) A small protuberance of 13.1 mm? can

affect the surface flow field significantly

b)  The presence of these small protuberances

increases the empty test section full field
shear stress

c)  The shear stress distribution through the

bow shock of the protuberance may be
mapped

d)  The shear stress through the wake region

of the protuberance highlights the wake
structure

e) The shear stress downstream of the

protuberances indicates, as expected, a
strong wake region.

Further studies are needed to quantify the effect
of the height of protuberances in relation to the
boundary layer thickness in high Mach number
flows.

The ability of Liquid Crystals to measure shear
stress has been explored over many years but the
use of them has been mainly for research purposes
whereby the technique has been the subject of the
study. This work highlights the ability to use
calibrated Liquid Crystals to measure the shear
stress generated by small 3-D protrusions, which are
very prevalent on high-speed platforms, including
those that are supersonic and hypersonic in form.
Without a doubt, hypersonic platforms are being
designed and constructed and the CFD/simulation
community responsible for their designs would
benefit from a better understanding of the shear
stress generated around 3-D protuberances. The
present work has highlighted the extent that a small
protuberance has on the local shear stress and
although this has been measured in a Mach 4 flow,
it is expected that a similar result would occur at
lower and higher Mach numbers.
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