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Abstract:

The flow visualization technique using shearsensitive liquid crystal is applied to the investr

gation of a Mach 2 internal supersonic flow with pseudo shock wave (PSW) in a pressure vacuum super

sonic wind tunnel. It provides qualitative information mainly concerning the overall flow structure, such

as the turbulent boundary layer separation, reattachment locations and the dimensionalities of the flow.

Besides, it can also give understanding of the surface streamlines, vortices in separation region and the

corner effect of duct flow. Two kinds of crystals with different viscosities are used in experiments to ana

ly ze the viscosity effect. Results are compared with schlieren picture, confirming the effect iveness of liq

uid crystal in flow- visualization.

Key words:

surface flow visualization; turbulent boundary layer separation; pseudo shock wave; shock

w ave/ turbulent boundary layer interaction; shearsensitive liquid crystal; corner effect

( ), 2005, 18(2): 102- 107.
2 ( pseudo shock wave)
: 1000-9361(2005)02 0102 06

T he use of the liquid crystal flow visualization
technique has increased greatly over the past few
years. Selective reflection of a particular wave
length is one of the most significant characteristics
of liquid crystals. When a beam of white light is
incident on the liquid crystal material, changes in
the color of the reflected light are seen as the result
of heating or shear stress advanced.

The shearsensitive liquid crystal coating
(SSLCC) method can provide area visualizations of
instantaneous shear stress distributions on surfaces
in dynamic flow fields'". Tt is useful for visualizing
subtle flow features of boundary layer separation,

which are otherwise difficult to detect.
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In the early 1980’ s, scientists at NASA Lan-
gley investigated the use of liquid crystals for quali-
tative illustration of surface flow features. Since
then, many researches have been done, but obtain-
ing satisfactory results at high dynamic pressure re-
mains one of the significant challenges to be re-

21 More

solved for the liquidcrystal technique!
over, most of the researches done mainly is on the
outer flow field, and not on the internal flow
field ).

flow visualizations of

So far, the research paper about surface

the pseudo-shock wave

(PSW) by liquid crystal has seldom appeared.
When a supersonic flow is decelerated to sub-

sonic in a confined channel, PSW appears due to
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the interaction between a boundary layer and a
shock wave. T he PSW significantly affects the per
formance and efficiency of various flow devices,
such as scramjet engine, supersonic wind tunnel
diffuser and supersonic ejector. Its most important
feature is the interaction of shock waves with
boundary layer. The present understanding of the
complex boundary layer flows of PSW is rather
limited and many physical aspects are not well ur
derstood. T herefore, a careful study of this phe
nomenon is of practical and fundamental v alue.

T he purpose of the present investigation is to
obtain qualitative information concerning the
boundary layer flow in Mach 2 with PSW super
sonic wind tunnel experiment by using shear sensr
tive liquid crystal. It provides information concerm
ing the turbulent boundary layer separation, reat
tachment locations and the dimensionalities of the
flow. Besides, it can also give an understanding of

the surface streamlines, vortices and the comer ef

fect of the duct flow.

1 Experimental Apparatus

T he experiments are carried out in a pressure
vacuum supersonic wind tunnel of Muroran Instr
tute of Technology of Japan.

By adjusting the size of the second throat
(shock generator), the PSW is positioned at the
desired locations. The structure of the PSW is vr
sualized via a high speed color schlieren system,
and the light source is a nanospark flash ( 30 ns).

Experimental condition: free stream Mach
number Ma  =2. 0; Reynolds number based on
nit length Rew/m = 2.5% 10”; the ratio of the
undisturbed boundary layer thickness to the duct
half height 8/ h= 0. 25.

When the liquid crystal experiments are done,
one sidewall window of the tunnel is removed and
replaced with a solid metal insert as the experimerr
tal surface. It has the size of 300 mm long and 80
mm high, and is positioned directly on one side of
the of - centerline window ports and can thus be «
niformly illuminated from the light outside the turr

nel.

T he liquid crystal coating is illuminated with a
white light source mounted outside of the tunnel.
Digital video and higlr resolution camera are used to
record the liquid crystal color change while the tun-
nel runs. When determining the shear stress
change from the color changes of liquid crystals,
the lighting and viewing angles are important.
These angles are chosen on the basis of that they
give the greatest color change in this experiment as
shown in Fig. 1. By comparison, a shallow lighting
angle and nearly perpendicular viewing angle pro-
duce intense color change, which is agreed with the

result of Ref. [2].

wurd cryaial coanling

Fig. 1 Diagrammatic sketch of the light ing
and view ing angles
The run time of the tunnel is approximately

10. 5s. The experiment is done presence and ab-

sence of PSW.

2  Flow Visualization M ethod

Liquid crystals have properties of both liquid-
phase and solid phase materials. Although appear-
ing fluid-like, liquid crystals exhibit optical proper
ties of solid crystals. T he chemical structure of the
liquid crystals is not affected, so the liquid crystal
coating can respond rapidly and reversibly and be
repeatable to these external effects. Many different
experimental conditions can be studied with one ap-

plication, which is an advantage over other tech-
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niques such as oil film method, which must be re
applied after each experimental condition.

T he viscosity of the liquid crystal is very im-
portant. Two different shear sensitive liquid crys
tals, CN/R7 and BCN/192 are used. BCN/ 192 has
a viscosity of 1000 cps and the CN/R7 has a much
higher viscosity of 11500 cps.

The 15%-20% SSLCC solution ( acetone sok
vent) is coated on the experimental section unr
formly. The solvent evaporates, leaving a uniform
thin film of liquid crystal whose thickness, based
on mass conservation and estimated spray losses, is
approximately 10-20 Hm. If the thickness is not
adequately, the clear color change cannot be olr
served, which is assured many times in the experr

ment.

3 Experimental Results and Discussions

Rapid response of the liquid crystal coating is
observed during the experiment. The color of the
liquid crystal typically goes from red or yellow at
the smaller shear stress through to blue at the larg-
er shear stress. Several important features of the
surface shear field are made visible by these SSLCC
color change responses.

3.1 Effect of liquid crystal viscosity

Fig. 2 shows the com parison of the experimerr
tal result of two kinds of liquid crystals in the Mach
2 supersonic flow, and the flow is from left to
right. Fig.2(a) is the experimental result of CN/
R7. Fig. 2(b) is the result of BCN/192.

Fig.2 Comparson of the different liquid crystals

T he viscosity of BCN/192 is lower so that the
liquid crystal flows while the tunnel is running.
The separation region in the boundary layer can be
observed. In the separation region, the liquid crys
tal flows towards the upstream and culminates in an
accumulation of crystals at the zero stress location.
The accumulation line indicates separation and the
attenuation line indicates reattachment. The sur
face flow of liquid crystal gives a good indication of
the flow directions. The viscosity of CN/R7 is
higher so that the liquid crystal does not flow dur-
ing the experiment. T he separation line is observed
with the color change from blue to red. The reat-
tachment line is not observed.

Comparing the two photos, the conclusion

from the Fig.2(b) is better. Although the differ-
ent stress magnitudes can be expressed, the stress
direction cannot be indicated by CN/R7. BCN/ 192
can express not only the stress magnitude but also
the stress direction. Moreover, boundary layer
flow features such as two vortices in the reverse re-
gion and the corner effect can be observed in BCD/
192. Therefore, BCN/192 is better than CN/R7
in Mach 2 flow.

Based on the above mentioned, the following
conclusions can be made: flowing liquid crystal can
show flowing direction and many tiny flow charac-
teristics. It is better to make the liquid crystal flow
slowly. However, if the viscosity of the liquid
crystal is too low, as the rate of gas flow increases,
the liquid crystals flow too quickly and result in a
reduction of its surface thickness to spurious color
indication.

In the present experiments with the liquid
crystals, the run time of the tunnel is 10. 5s. T his
relatively short run time allows the crystals not on-
ly to undergo changes in color but also to move in
the direction of the shear without causing a dra-
matic loss in the quantity of crystal at any location.

In reaktime observation, the liquid crystal
flows quickly during the experiment. Therefore,
the viscosity of the liquid crystal BCN/ 192 is lower
for Mach 2 flow. It is better to use higher viscosity
liquid crystal. However, the viscosity of CN/R7 is
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higher for Mach 2. For a particular experiment, a
certain extent of experimentation will be required
to get appropriate viscosity liquid crystal.
3.2 Liquid crystal time response

The liquid crystals have sufficient frequency
response to reflect tunnel flow unsteadiness. T he
time response of the liquid crystal coating is in the
order of 1 millisecond, namely 1000 Hz, and the
PSW fluctuates about at 250 Hz'. Therefore, the
liquid crystal can respond to the fluctuation of
PSW. From the higlr speed color video, the fluctur
ations in the instantaneous surface shear stress
magnitude are found to be present in the core re
gion of this flow. At the photo of the 0.25 s/ one
piece of camera, the instantaneous change of the
liquid crystal color cannot be observed. The liquid
crystal changes at different time can be observed as

showed in Fig. 3.

(e) T=10.0 %

Fig. 3 Liquid crystal time changes
Fig. 3 shows the liquid crystal color responses

at different time during the tunnel running. After

the ventilation begins 2.5 s, the flow becomes in
steady condition and the liquid crystal pattern be-
comes steady. As the time goes, the shape of the
separation region can be observed to have a little
change. It seems more circular at the time of 4.0
s, but it becomes ellipse as the time goes, which
may be caused by the shock wave fluctuating.
Moreover, the color before the separation becomes
redder than before as the time goes. The reason
may be that the viscosity of BCN/192 is lower for
the M ach 2 flow, so that the liquid crystal quantity
decreases as the time goes. If the higher viscosity is
used, it may be better.

3.3 Comparison of liquid crystal experimental
results with corresponding schlieren experi-
mental results

It is very important to use other method to
confirm the accuracy of liquid crystal experiment.
The schlieren photograph shows the flow situation
in the center plane of the duct from the side view.
The structure of PSW and the corresponding
boundary layer flow can be observed. Liquid crystal
visualization from side view shows the boundary
flow on the sidewall of the duct, while the one
from top view shows the flow on the bottom wall of
the duct.

Fig. 4 is the comparison of Mach 2 liquid crys
tal experimental results with the corresponding
schlieren experimental result, and the flow is from
left to right.

Fig.4(a) and Fig. 4( ¢) are the photos of typr
cal flow patterns with the shock wave present for
BCN/192 and observed from side view and top
view respectively. Fig. 4(b) is the corresponding
schlieren photo of Mach 2 pseudo-shock from side
view.

A symmetric Xtype oblique shock wave can
be observed from schlieren photo. T he boundary
layer separations are observed to exist on the bot-
tom wall beneath the shock wave/ boundary-layer
interaction region and the corresponding top wall
respectively. The boundary layer separation region
begins from the wall at the foot of the front leg of

the first shock wave.
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Fig.4 Comparison of liquid crystal and schlieren expert

ments

Two distinct vortices exist in the separation
region on the sidewall. The separation region is in
the middle of the duct and appears as the strong
three dimensional reverse flow. T he shape of the
separation region is circular. The color in front of
the separation region is purple, which should be
due to the large stress in the main flow. T he color
is light green in the separation region, which
means that the stress is smaller and the flow is re
verse one. After the flow reattaches, the color of
the liquid crystal becomes dark blue from light
blue, while the stress becomes larger and larger.
Around the reattachment line, the color is green,
which means that the liquid crystal is in attenuation

as shown in Fig. 5. The color is light blue around

Fig.5 Detailed photo of side wall separation region

the separation line, where the liquid crystal is in
accumulation.

On the bottom wall, a fairly straight separa-
tion line occurs at the same position as the circular
separation line on the sidewall. The separation can
be observed with the color of the liquid crystal
changing from blue to green. Ahead of the separa-
tion, the color is blue, which means that it is in
the main flow area and has larger stress. Separation
flow is reverse flow and the liquid crystal color is
green with yellow color in some area where the
stress is smaller. The liquid crystal accumulation
can be seen around the separation line, which ap-
pears licht blue. The reattachment line cannot be
clearly observed. Again, the effects of the corner
flow formed by sidewall and bottom walls can be
observed on the side and bottom walls, as shown in
Fig. 5. The separation happens in the middle of the
duct on the side and bottom walls, where the flow
near the corner heads away from the sidewall so
that the the liquid crystal is accumulated on the
edge of boundary layer with only the middle section
of the flow being tw o dimensional. The flows near
the corners are three dimensional. A corner effect
develops behind the sidewall separation region and
continues to grow with downstream distance,
which grows in size at a faster rate on the bottom
wall than on the sidewall. The similar tendency
was observed by oil film method in Ref. [ 5]. The
phenomena of the corner effect were explained in
Ref.[ 6] .

T he liquid crystal results show that the bound-
ary layer flow s are symmetric and the separation in
the boundary layer can be observed clearly below
the first oblique shock on both the sidew all and the
bottom wall, which is the same as the result of the
schlieren photo. However, it is difficult to compare
the separation region with the schlieren photo, and

more research is required in the future.

4  Concdusions

(1) The use of liquid crystals to visualize
boundary-layer flow has been well established, and

may be considered as an available technique. It
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provides information concerning as the turbulent
boundary layer separation, reattachment locations
and dimensionalities of the flow. It also provides
the information concerning the surface flow direc
tion, vortices in the separation region and corner
effect.

(2) Because the running time of the high
M ach number wind tunnel is so short that it is bet
ter to make the liquid crystal flow slowly during
the experiment without causing a dramatic loss in
the quantity of crystal, so as to express the infor
mation concerning the stress magnitude and stress
direction. For a particular experiment, a certain
extent of experimentation will be required to get an
appropriate viscosity liquid crystal.

(3) T he liquid crystal BCN/ 192 is better than
CN/R7 in the present experiment. However, the
viscosity of the BCN/192 is lower. It is better to
choose the higher viscosity than that of BCN/192
for Mach 2 flow.

(4) The liquid crystal flow visualization
method is compared with schlieren experiment.
T he liquid crystal results show that the boundary
layer flows are symmetric and the separations in the
boundary layers can be observed clearly below the
first oblique shock on both the sidew all and bottom
wall, which are the same as the results of the
schlieren photo.

(5) The thickness of the liquid crystal is very
important. If the thickness is not adequate, the
clear color change cannot be observed, which is as

sured many times in the experiment.
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