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USE OF LIQUID CRYSTALS FOR QUALITATIVE AND QUANTITATIVE 2-D STUDIES
OF TRANSITION AND SKIN FRICTION

by
L. Gaudet
T. G. Gell
SUMMARY

The exploitation of the properties of liquid crystals for use in wind tun-
nels to visualise transition and to measure skin friction is described. The
effectiveness of a transition band to trip the laminar boundary layer on a swept
wing is demonstrated by the growth of turbulent wedges with Reynolds number.

The ability of liquid crystals to reveal intricate surface flow structure
is clearly shown by subtle changes of colour on an unswept rectangular wing when
subjected to the combined effects of transition, separation, reattachment and a
normal shock. The time response of liquid crystals to changes in shear stress
is illustrated by the shock pattern on the model surface which was seen to be
oscillating.

A method involving the digitisation of the video image into its three
component colours has the potential for measuring skin friction in great detail.
This invulves using relationships firstly correlating the component colours
with wavelength and secondly correlating shear stress with wavelength.cwr\ NS .
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1. INTRODUCTION

With the need to develop aircraft of high performance combined with maxi-
mum efficiency it is becoming increasingly important that the transition from
laminar to turbulent boundary layer flow on wind tunnel models is well defined.
On the one hand, the visualisation of natural transition is useful for con-
firming, or otherwise, design techniques with the aim of increasing the area of
laminar flow over wings in order to reduce the overall skin-friction drag. Om
the other hand, to simulate flight Reynolds number in the wind tunnel, it is

often necessary to ensure that the boundary layer is turbulent and that its

thickness scales correctly. To achieve the latter requirements, transition

bands are employed in appropriate positions to cause the approaching laminar
boundary layer to become turbulent. The trip must be effective in ensuring the
boundary layer is fully turbulent just downstream of it without excessive
thickening (overfixing). Ideally in order to ensure that these conditions are
satisfied it is desirable that the transition process be viewed as the test

conditions are approached.

The prime interest in using liquid crystals at RAE has been to find an
alternative to oil flow, sublimation and thermal imaging techniques for
verifying transition mainly on steel wind tunnel models. The main advantages,
compared with oil flow and sublimation techniques, is that the crystal response
is reversible so that continuous on-line assessment of the flow conditions is
possible for a single application of liquid crystals. Since liquid crystals can
be chosen to respond to shear by change of colour the sharp wedges of turbulence
can be easily observed. Transition is normally less well defined when employing
techniques relying on the surface temperature change across the transition boun-
dary due to heat conduction in the surface of the metal model (unless it is
thermally insulated). Since the gradation of colour is an indication of the
shear stress level it is possible to quantify the skin friction levels over a
model surface by the use of a video digitisation process and a shear stress

calibration.

RAE interest in the use of liquid crystals for surface-flow visualisation
was initially stimulated by a NASA, Langley report [1] showing a colour photo-
graph of transition visualisation in flight on the winglet of a Gates lLearjet
business transport aeroplane at M = 0.8 and an altitude of = 15000 m .
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2. PROPERTIES OF LIQUID CRYSTALS

Liquid crystals are optically active mixtures of organic compounds which
have the ability to reflect light of a particular wavelength which changes in
response to certain physical stimuli. These stimuli include temperature, shear
stress, pressure, magnetic and electric fields etc. In wind tunnel testing
involving the investigation of the surface flow over models the two stimuli of

interest are temperature and shear stress and the discussion will be limited to
these.

Liquid crystals, as their name implies, are substances which exhibit
-erystalline type properties while still remaining in a liquid state. They have
consistencies varying from that similar to a motor oil (= 0.05 NS/m2) to that of
a viscous paste. Chiral nematics, the least viscous form of liquid c¢rystals,
are produced synthetically while the more viscous material consists of

cholesterol esters which are found naturally in the form of fatty acids etc.

The investigations at RAE have been concerned mainly with the use of
chiral nematics since they have a high response rate and the required film
thickness on a model is small - being typically 10 um . A phase diagram for
these liquid crystals is shown in Fig la for a range of crystal formlations.

In the smectic phase, which is closest to the crystal phase, the crystal struc-
ture is well organised and in its simplest form may consist of layers of mol-
ecules parallel with one another. In response to a stimulus such as temperature
the regular layers are disturbed and the molecular distribution is more random
but with the long axes of the molecules remaining substantially parallel. This
is the nematic phase., Further increase in temperature will 'melt' the liquid

crystal into the isotropic phase.

It is the special classification of nematics known as chiral nematics
which is of particular interest. Chiral nematics consist of layers of molecular
structures, one upon the other, whose physical properties rotate from one layer
to the next forming a helical type structure. Optically, these materials are
highly active with optical rotations in the range of 103 - 105 degrees per mm
for visible light [2].

When viewed with white light, the wavelength Ay of the reflective light
is related to the pitch p of the helix and the mean refractive index n by

Ao = np

ACL7 OT1aW 1wy
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when viewed normally. When viewed obliquely a change in wavelength occurs since
the material acts as a three-~dimensional diffraction grating and exhibits
characteristics similar to those associated with Bragg scattering.

1f, however, the liquid crystal in the nematic phase on a surface is
undisturbed, a colourless focal conic texture may result with the helical struc-
tures out of phase with the incident light. Application of a shear stress will
orientate the liquid crystals to produce a Grandjean texture with the helical
structures perpendicular to the surface as illustrated in Fig lb. This is the

texture.which produces the bright colours normally associated with liquid

crystals. Since the pitch of the helix and hence the wavelength of the

reflected light are influenced by temperature (and shear stress), the colour
exhibited by the liquid crystal systematically follows the visual colour
spectrum. It 1is usual for the colour scale to start at red and pass through the

spectrun to blue with increasing stimulus.

However, since chiral nematics contain up to 10 organic substances, it is
possible to arrange the mixtures to reverse the colour order or arrange the
colour display to start at a specific point in the spectrum. It is also
possible to suppress the response to temperature while retaining the sensitivity

to shear stress, thus providing a shear-stress—only liquid crystal.

3. MODES OF USE

Liquid crystals may be used in three modes each having its own advantages.
These modes are temperature, shear stress and the combination of the two. While
there is considerable interest in the temperature aspect especially in relation
to heat transfer [3,&], the main interest at RAE has centred on the shear stress

response for transition detection and the experimental data relates to this

aspect.

3.1 Temperature measurement

Micro encapsulation in polymer shells allows the 'meat' (unencapsulated)
liquid crystal to be insensitive to shear stress and therefore to be solely tem—
perature sensitive., The micro-encapsulated liquid crystals vary in size, being
typically of 8-15 um diameter and need to be mixed with a binder so that they
may be sprayed or painted onto the surface: experience suggests that the layer
should be about 30 um thick. The process of encapsulation produces a Grandjean
texture ensuring that colours are always visible within the temperature band-

width of the liquid crystal. The temperature profile of a liquid crystal is

—— A T - E—




given by a specification such as R25C1OW which defines the onset of red (R) as

occurring at 25°C with a 10°C colour width (W) to reach blue. Outside of this
range the liquid crystal is colourless.

The difference in surface temperature AT between laminar and turbulent
boundary layers may be used as a means of detecting the position of transition.
For an insulated surface AT = 0.008M2T where M is the Mach number and T
the free-stream static temperature. The crystal specification needs to be

matched to the surface temperature and the temperature jump AT .

‘Values are given in Figs 2 and 3 for some typical wind tunnel and for
-flight conditions for altitudes above the tropopause. It is apparent that, at
subsonic speeds the temperature changes are quite small. At supersonic speeds,
appreciable temperature changes are possible. On thermally conductive surfaces,
where considerable heat transfer may occur, the choice of liquid crystal may be
difficult since the surface temperature may not be known sufficiently well to

ensure that the test temperatures are within the crystal specification.

3.2 Mixed temperature and shear stress mode

Neat liquid crystals normally fall into this category and since they
respond to both temperature and shear stress the resultant colour display will
be largely qualitative unless, for example, isothermal conditions exist or known

temperature characteristics may be subtracted.

The neat liquid crystal may be applied by brushing directly onto the sur-
face or diluted and then sprayed onto the surface. For spraying a 5:1 solution
in 1, 1, 2 trichloro-trifluoro-ethane is suitable provided an impermeable black
surface which does not interact with the solvent is used. A layer of about

10 um appears to be satisfactory.

3.3 Shear stress mode

By suppressing the temperature characteristics, a neat liquid crystal sen-
sitive sviely to shear stress may be produced. Such a formulation has the
advantage of being capable of directly sensing the shear and hence has the

potential to distinguish very fine detail related to shear in the surface flow.

The method of application is similar to that for the mixed mode. 1In

rry

regions of high shear such as in the rounded leading edges of wings a low vis-
cosity liquid crystal may be blown away and in these regions a high viscosity,

perhaps even a cholesterol-ester, liquid crystal may be required.

e~ ATy




4, RESULTS

Most of the results have been obtained in the 2ft x 14ft Transonic Wind
Tunnel at RAE Farnborough. Figs 4 and 5 illustrate the test arrangement. The
models were mounted on a turntable in the roof of the working section. The
models were illuminated by Quartz-Halogen lamps positioned in the plenum chamber
to produce optimum illumination of the model surface without glare. Photography
was by means of both a video camera and a still camera positioned outside of the
tunnel shell. In later tests, two lamps (1200 W each) were employed to improve

the illumination (one upstream and one downstream of the model).

Because of the restriction of the working section window some shadows
occur in the photographs. In addition an out-of-focus image of the sidewall
slots (including the corrugated resistance elements) will be apparent in all

views.

4.1 Mixed mode results

4.1.1 Forced transition on a swept wing*

Fig 6 shows the increasing effectiveness of a transition trip on a swept
wing, formed with ballotini at 10% chord, with increasing Reynolds number. The
wing was painted matt-black downstream of 15% chord. A layer of liquid crystal
R20C15W was sprayed onto the surface. The model was illuminated and photo-
graphed in a position directly above model. The tunnel speed was increased at
atmospheric pressure until the Reynolds number was Rey = 1.2 x 106 and the Mach
number was 0.2 with the total temperature T, = 17°C . At these conditions
there is no colour response due to the low temperature and the liquid crystal is
initially in the smectic phase. With the development of turbulence from the
transition trip with increase of Reynolds number, the liquid crystals are driven

into the nematic phase to produce a Grandjean texture. The turbulence is seen
as wedges of orange and yellow. With increase of Reynolds number the number of

turbulent wedges increases until the area downstream of the transition trip is
fully turbulent. This experiment illustrates the usefulness of this mode for
confirmation of transition fixing provided the liquid crystal and test con-

ditions are matched.

* ARA Ltd, Manton Lane, Bedford, kindly permitted RAE to obtain these results in

their large Transonic Tunnel.
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4.1.2 Laminar separation bubble on stub wing

Fig 7 shows the flow over a 15% thick section rectangular wing (referred
to as a stub wing for convenience hereafter) with chord ¢ = 102 mm and
span 178 mm. A transition trip of 3 mm streamwise width consisting of glass
'spheres (or ballotini) of 0.127 mm diameter was placed at 15% chord from the
leading edge as shown in Fig 7. The test Reynolds number was Re; = 3,4 x 103
at M = 0.5 and all the results shown here are for zero angle of incidence
(a = 0°). The surface was sprayed with liquid crystal specification R15C20W
downstrcan of the transition trip. Initially, only the matt black background
‘was visible. Generally the transition trip was ineffective at the test con-
ditions and a laminar separation bubble developed at the half chord position.
The shear stress in the bubble region is too small to activate the liquid
crystal into a Grandjean texture so leaving a neutral focal conic texture with
the matt black surface showing through. Downstream of the transition trip the
colour changes from green to orange indicating a reduction in shear stress. The
edge of the black zone is tinged with orange indicating the low shear stress at
separation. Reattachment of the boundary layer immediately downstream of the
bubble is indicated by a black line. A flow region of high shear stress (green)
is observed in the reverse flow regions immediately upstream of reattachment,
shear stress reducing further upstream (orange) to a region of negligible shear
stress (black). Two wedges of turbulence, generated by individual roughness

elements, can be seen to have penetrated the bubble and activated the liquid

crystals in the region.

4.2 Results in shear stress mode

4,2,1 Stub wing

Use of liquid crystals in the shear stress mode allows very fine detail of
the flow to be viewed. Fig 8a is a view similar to Fig 7 but at M = 0.25,
Reg = 5 x 105 and the development of turbulent wedges from the transition trip
is increased. The wedges break up the laminar bubble and subtle gradations of
coiour are apparent. The turbulent wedges are green with a background of lami-
nar flow (orange). Under the bubble there are areas of red where the liquid
crystal has been activated by a turbulent vortex structure and presumably the
vortex has lifted from the surface to leave a Grandjean texture indicating a low
shear stress. The nature of the generation of the turbulence from the indi-
vidual elements in the transition trip is illustrated in Fig 8b which is an

enlargement from Fig 8a. It is seen that the turbulent wedge initiates as a

- e - - ean




horseshoe type vortex pair and after a critical distance additional vortices
build up on either side. This process continues until the accumulation of vor-
tices form a turbulence front in the form of a wedge. This structure is simi-
lar to that found by Gregory and Walker [5] when looking at the flow downstreanm

of small cylinders using a china clay technique but on a much larger scale.

Fig 9 shows the result for a Mach number of 0.8. In this case there is an
interaction of a normal shock with the bubble together with a well developed
frount of turbulent wedges. The resultant flow pattern is very complex, indi-
cating vortical structures in the broken-up bubble region. Subtle changes of
.colour in this region varying through red, orange, yellow and green were seen

illustrating the complexity of the shear stress distribution.

4.2.2 Swept wing - transition free

A symmetrical wing of 5.5% thick section with a 55° swept leading edge was
tested at various speeds. A matt-black stove—enamel finish was applied to the
surface. A shear-stress only liquid crystal was sprayed onto the surface and
the surface immediately displayed a rich copper-red colour shown in Fig 10. It
would seem that this surface finish in some way matched the helical structures
in the liquid crystal so that they were aligned into a Grandjean texture. In

addition it seems that there is better adhesion of the crystals to the surface.

Fig lla illustrates the onset of transition for M = 0.6 and Rez = 3 x 106
at zero incidence. The 'scarf' vortex at the wing-body junction shown in the
figure as a dark region (but green in colour), merges with another dark region
near the trailing edge where the flow is turbulent. The green of these regions
contrasts with the orange colour of the laminar flow further upstream. A tur—
bulent wedge has formed near the leading edge. With a change of incidence
to a = -2° (the surface viewed being the upper surface) the transition front
moves forward and a series of sharp spilkes of transition is apparent in Fig llb,

(observed as green).

Extending the speed range to near the maximum for the wind tunnel, it is
possible to obtain a Mach number of 1.2 at about the same mean chord Reynolds
nunber as for the previous case. Results are shown in Fig 12. This model is
rather large for the tunnel and, as a result, shock waves reflected from the
wall interact with flow on the adjacent model surface. It was observed that the
red (low shear stress) region at the XA foot of the shock was oscillatory in a
streamwise direction at a frequency of approximately 2 Hz. A still photograph
is shown in Fig 12a for results at a = 0°., The shock wave oscillations are
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easily detected since the red low shear stress region contrasts with the green
regions immediately upstream and downstream. At about three—-quarter span the
main shock appears to have caused the flow to separate. The surface as a whole
appears as a mottled patchwork of subtle changes of reds and greens with some
sharp dividing lines suggesting shocklets emanating from the leading edge. As
with the results at M = 0.6, a small change of incidence to a = -2° causes
transition to occur and advance from the trailing edge as shown in Fig 12b which

is a still from the video recording.

4.2.3 Swept fin - transition fixed

An example of the effectiveness of a transition trip has been given in
section 4.1. The effect of an alternative form of trip, which offers a con-
sistent method of applying excrescences, is shown in Fig 13. The trip is formed
by using the sprocket holes in punched tape as a mould to form a trip consisting
of short cylinders of epoxy cement. The cylinders were 1.27 mm diameter and
120 um in height and spaced at a pitch of 2.54 mm, The test conditions were
M = 0.3, a=0° Fig 13a shows the onset of turbulent wedges which are widely
spaced and merge near the trailing edge at a Reynolds number Reg = 1.0 x 106,
At the transition trip laminar vortices can be seen trailing downstream and per-
sist at least to 25% of the chord. This vortex trail continues into the tur-
bulent region and the only evidence of transition is the dramatic change in
colour. With increase of Reynolds number to Re_ = 1.2 x 106 the number of
wedges has increased five fold (Fig 13b) while further increase to
Reg = 1.4 x 10 (Fig 13c) indicates a few remnants of laminar flow just
downstream of the transition trip. At Re; = 2 x 106 (Fig 13d) transition
appears to be fully fixed although this close-up view clearly shows the strong
residual vorticity in the flow. Chan [6] has indicated that this form of tran-
sition trip gives favourable results at incidence. It may be that the strong

vorticity seen in Fig 13 assists in keeping the boundary layer attached.

4.2.4 Swept wing - isolated roughness

Having shown that liquid crystals can provide fine detail of the flow
downstream of transition trips, it was decided to use the technique to investi-
gate the flow downstream of a series of isolated roughness elements. It was
hoped that the method might be used to understand more comprehensively the pro-
cess of transition downstream of roughness elements. Four isolated elements of

spherical shape were stuck onto the model at intervals along the 10X chord line

ACL7 OI3V NI
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(470 mm in total length). Starting with the most inboard sphere, the diameters
were 2.54, 1.27, 0.64 and 0.32 mm. Further outboard were placed a short row of
the cylindrical trips, previously discussed in Section 4.2.3.

Fig 14 shows visualisations obtained for M = 0.57, a = 0 and
Reg = 1 x 106, a striking feature here shows the most outboard sphere develop-
ing a2 horse-shoe type vortex pair which continues downstream for approximately a
further 20X chord before developing parallel neighbours to form the conventional
wedge outline. The most outboard cylinder also shows this effect but its

parallel neighbours begin earlier at approximately 10% chord downstream of the

trip. Flow lines can be clearly seen running through both the laminar and tur-

bulent areas. Fig l4a shows that all the spherical excrescences created flow
disturbances along with the most outboard half of the cylinders. A close-up of
the outboard region is illustrated in Fig 14b and an enlargement of the inboard
region is shown in Fig lé4c. The latter figure shows a pronounced upstream and
lateral influence on the flow (= 6 times sphere diameter) of the largest sphere
with a noticeable diminution of the width (or necking) of the wake just
downstream of it. Flows of this type were observed on circular cylinders using
a layer of smoke by Gregory.and Walker [5] employing a larger scale experiment
than the one described in this paper. The fact that such minute flow detail has
been visualised in the present experiment argues well the case for using liquid

crystals.

5. QUANTITATIVE ASPECTS

In order to determine quantitative shear stress data from the colours of
the deformed crystals, a video digitisation technique is being developed at
Surrey University. This system involves decoding the light intensity levels for
each of the three colour guns in the video camera so that the red (R), green (G)
and blue (B) content of the image is known. An example of the response of the
three camera guns through the colour spectrum is shown in Fig 15a. By suitable
manipulation of this information, the wavelength of light A 1pay be expressed
by a relationship such as that shown in Fig 15b with the condition that contri-
butions of the red and blue components cannot exist together for pure colours

with unique values of wavelength A,

In addition, a calibration is required relating the shear stress T with
wavelength A. Previous attempts to calibrate liquid crystals for shear
stress using a rotating viscometer [7] were not completely satisfactory. RAE

have made some provisional measurements using a skin friction balance mounted in
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the roof of the 2ft x 14ft Transonic Wind Tunnel by observing the colour changes
of the liquid crystals on the surface together with the skin friction reading
for a range of Reynolds number. Since the viewing angle is an important para-
meter the liquid crystals on the balance plate were viewed normally by means of
a mirror mounted on the floor of the tunnel. This image is reflected to the
cameras by means of a second mirror mounted at a suitable angle at the junction
of the tunnel roof and the far sidewall (see Fig 3). The form of an initial
calibration is shown in Fig 16 where A has been determined from a relationship
similar to that shown in Fig 15b.

The block diagram of the video digitisaﬁion system is shown in Fig 17. It
is based on a PDP-11/73 minicomputer, linked by a Q-Bus to digital imaging hard-
ware. Images are provided by either a colour camera in real-time or from pre-
recorded video cassettes. True-colour video digitisation is achieved via an
Imaging Technology RGB-512 module which is integrated with three frame buffer
modules (FB-512) to enable rapid image analysis. The RGB-512 board accepts only
separate red, green and blue (R, G, B) video component signals, these being
achieved by decoding a standard PAL composite video signal using an Electrocraft
PD-84 PAL video decoder unit,

The minicomputer software routines may be used to digitise and store an
image in the frame buffers, such that the R, G, B components of each pixel are
available for analysis. Any zoomed rectangular portion of the image can then be

examined to determine the light wavelength of the pixels.

A preliminary analysis has been made of the flow over the swept wing for
M = 0.9 and Reg = 3 x 10 , The flow is illustrated in Fig 18a and the window
area 1s indicated. The area investigated includes a region of green just
downstream of the leading edge changing to orange in the mid-chord region.
Natural transition occurs near the trailing edge indicated by spikes of tur-
bulence (green). Digitisation of this data allows the determination of the
wavelength corresponding to the pixel colours. Fig 18b shows pixel images of
the wavelength A for the larger part of the window. False colours have been
given to the originals to enhance the contrast. Provisional results for the

shear stress distribution is shown in Fig 19.
6. DISCUSSION

The use of liquid crystals on wind-tunnel models has been shown to be

effective in demonstrating the transition process and in illustrating the

OV OTAV 1Y
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ability to sense the complex variations in shear stress which may occur over

some surfaces. There has been a learning process and attention needs to be
given to many factors.

Since the present interest is directed towards the use of shear sensitive
mixtures, which are unsealed, degradation of the liquid crystal is always a
possibility [3] but with care this is not considered a problem. Cleanliness
aside, the colour play response can be affected by the use of a solvent and
colour degradation can result. The finish of the black painted surface may also

influence the colour response as well as affecting the adhesion of the liquid

crystals to the surface. A 'silk' grade black paint or stove enamel has been

found to give good results. Most paints are softened by the solvent used to
spray on the liquid crystal and seem to absorb the liquid crystal. A matt black
stove—-enamelled surface has been found effective in resisting the solvent
attack: the process requires heating the surface to 140°C which is not con-
venient for most wind-tunnel tests. However, carefully painting the liquid
crystal on to the surface with a fine camel-hair brush has proved to be

completely satisfactory, producing bright unadulterated colours.

For optimum results, the lighting and viewing angles need to be carefully
selected. 1t is usual to view the model perpendicularly and to adjust the
lighting position to give maximum colour response without producing glare on the
model surface. It may be better to use more than one light source so that, in
effect, different parts of the model are illuminated from different angles in
such a way as to minimise glare. This procedure is obviously simplified if the
liquid crystal on the model surface has been activated into the Grandjean

te: ture.

For the quantitative measurement of shear stress a self consistent
testing, calibration and analysis procedure needs to be followed. The response
of the three colour guns in the camera needs to be the same as that for the

shear stress calibration. The viewing angle also must be taken into account and

allowed for on contoured models.

The main advantage over alternative methods of flow visualisation is the
ability to provide a continuous assessment of surface flow conditions such as
transition without any special modification to the model other than painting the
surface. This compares favourably with thermal imaging processes which require
thermally insulated surfaces to produce satisfactory images. Sublimation tech-

niques, while often producing some detailed structure of the flow, are 'one-off'
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exercises and the procedure needs to be repeated for different flow conditions.
0il flows generally fall into this latter category. Liquid crystals appear to
be unique since they are capable of detecting and quantifying shear stress with

the added advantage of reversibility.
7. CONCLUSIONS

Liquid crystals have been shown to be effective when painted onto a model
surface for the on-line visualisation of transition. Utilising their sen-
sitivity to shear stress, wedges of turbulence are clearly defined and the

technique provides a rapid means of determining the conditions at which a

-transition trip on a model is effective.

The fine detail of natural and forced transition is clearly seen and the
structure of the transition process is indicated by the initiation of a horse-

shoe type vortex which triggers additional vortices on either side.

A scheme has been developed to determine quantitative values for the shear
stress using a video digitisation process to produce skin friction contours over

a model surface.
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Fig 5

Experimental rig in the
2ft x 13ft Wind Tunnel
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Fig 7

Laminar separation bubble
on stub wing

Fig 7
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Fig 8a Transition wedges with

Fig 8b

remnants of laminar
separation bubble

Enlargement of "a" showing
turbulent wedge construction

Fig 8a&b
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Fig 9

Stub wing M = 0.8

Fig 9
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Wind-off view following initial
application of TI511 shear

sensitive liquid crystal




Fig 1ta  Natural transition plus incidental 6
wedge M = 0.6, o = 0°, Rea = 3 x 10

Fig 11b  Natural transition front moving
upstream with change of incidence
M= 0.6, a=-2° Rez = 3 x 106

Fig t1a&b
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Fig 12a&b

Fig 12a  Oscillating shock M = 1.2,
1

s o pat o 6
a-D,ReC_Bx 0
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Fig 12b  Natural transition front moves
upstream with change of incidegce
M=1.2, a =-2°, ReE *3x10
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Fig 13a

Fig 13b

Cylinder-trip showing regular
spacing of wedges M = 0.3,
a = 0° Rez = 1 x 106

Cylinder-trip showing wedges
increasing with Reynolds number
M=0.3 a=0°, ReE =1.2 x 10
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Fig 13a&b
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Fig 13c&d

Fig 13c Cylinder-trip showing further
increase in number of wedges
with Reynolds number M = 0.3,
a = 0° Rez = 2 x 106

Fig 13d Cylinder-trip close up showing
fully fixed transitign M=0.3,
a = 0°, ReE =2x10
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Fig 14a

General view of isolated roughness
on swept wing showing five spaced
trips M = 0.57, o = 0°, ReE 1.0 x 10
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Fig 14a
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Fig 14b

Fig 14c

Outboard close-up showing horse-
shoe-type vortex pair

Inboard close-up showing field
of influence of spheres
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Fig 14b&c
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Figs 16&17
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Fig 16 Relationship between shear stress
and wavelength
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Fig 17 Block diagram of colour video
digitisation facility
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(a)

(b)

Fig 18

Pixel images within the surface-
flow window

Shear stress measurement on
swept wing
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zoomed window
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