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Shear-Stress-Sensitive Liquid Crystals for Hypersonic
Boundary-Layer Transition Detection

D. P. Aeschliman,* R. H. Croll,1 and D. W. Kuntz*
Sandia National Laboratories, Albuquerque, New Mexico 87185

The use of shear-stress-sensitive (SSS) liquid crystals (LCs) has been evaluated as a boundary-layer transition
detection technique for hypersonic flows. Experiments were conducted at Mach 8 in the Sandia National Lab-
oratories Hypersonic Wind lunnel using a flat-plate model at near-0-deg angle of attack over the freestream
unit-Reynolds-number range (1.2-5.8) x!06/ft. Standard 35-mm color photography and Super VHS color video
were used to record LC color changes due to varying surface shear stress during the transition process for a
range of commercial SSS liquid crystals. Visual transition data were compared with an established method using
calorimetric surface heat-transfer measurements to evaluate the LC technique. It is concluded that the use of SSS
LCs can be an inexpensive, safe, and easy-to-use boundary-layer transition detection method for hypersonic flows.
However, a valid interpretation of the visual records requires careful attention to illumination intensity levels and
uniformity and to lighting and viewing angles, some prior understanding of the general character of the flow, and
the selection of the appropriate liquid crystal for the particular flow conditions.

Nomenclature
M = Mach number
P = pressure, psia
q = heat transfer rate, Btu/ft2 • s
Re = unit Reynolds number, ft"1

T - temperature, °R
t = time, s
X = distance from leading edge, in.
a = angle of attack, deg
r = shear stress, lbf/ft2

Subscripts
c = calculated
cw = cold wall
i = initial conditions, t = 0
m = measured
r = recovery
0 = stagnation conditions
oo = freestream conditions

Introduction

BOUNDARY-LAYER transition on flight vehicles or wind-
tunnel models is a critically important fluid-mechanical phe-

nomenon. The occurrence and location of the transition must be
known in order to predict forces and moments, vehicle stability,
heat transfer, etc. Since transition cannot at present be predicted
with acceptable accuracy, it must be determined empirically.

Boundary-layer transition detection on wind-tunnel models has
typically been performed using embedded instrumentation that re-
sponds either to the increased heat transfer or to the shear stress asso-
ciated with transition. Since the functional forms of the heat-transfer
and shear-stress distributions are similar, the choice of which to mea-
sure is largely a matter of experimental convenience. Alternatives to
instrumenting the model include the use of phase- or shape-change
techniques, observing the surface temperature distribution using in-
frared thermography, and studying the boundary layer itself using
optical or mechanical probes.
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Each of these approaches has disadvantages. Instrumented mod-
els are costly and generally yield data only at discrete points. Phase-
and shape-change materials are irreversible, and the observed effects
are integrated over time. Thermographic methods typically require
special model materials and sophisticated infrared equipment and
image analysis techniques. Boundary-layer probe techniques are
complex and generally difficult to implement. These difficulties are
compounded for flight systems, and the usage of some techniques
may be precluded for structural or other reasons.

The use of liquid crystals is based on the change of the color of
white light reflected from a liquid-crystal-coated surface; the color
changes can be associated with a change in shear stress due to transi-
tion. This method has been employed for low-speed (incompressible
to weakly compressible) flows for both wind-tunnel testing1'2 and
flight.3 Smith4 has recently reviewed the use of liquid crystals for
aerodynamic flow visualization. Liquid crystals have the advantage
of providing continuous data over a surface, and the method has
been successful for low-temperature flows at subsonic to low su-
personic Mach numbers, where the primary boundary-layer effect
is mechanical shear. However, for high-enthalpy hypersonic flows
both thermal and shear-stress effects are present and are of compara-
ble magnitude; earlier liquid-crystal formulations sensitive to both
temperature and shear-stress variations were unsuitable because of
the inherent ambiguity of the observed color changes.

Over the past several years, Sandia National Laboratories has been
exploring the use of new shear-stress-sensitive (SSS), temperature-
insensitive liquid crystals (LCs) as a boundary-layer transition
diagnostic5"7 for hypersonic flows in the Sandia Hypersonic Wind
Tunnel. These new LC types respond to shear stress but not to tem-
perature change over a substantial temperature range.

Reference 5 describes the use of a particular liquid crystal, Type
TI-622 (BDH, Ltd., Poole, England) for boundary-layer transition
detection on a 6.5-deg-half-angle cone with blunt and sharp noses
at one hypersonic flow condition (Mach 5, Re^ = 1 x 106/ft,
TQ = 640 R). However, SSS LCs have not been studied over a
range of hypersonic ground-test conditions. Such a demonstration
is necessary if the method is to be developed into a technique with
a broader utility for hypersonic wind-tunnel testing. Also, it has
not been demonstrated that the liquid crystals and the (black) paint
required to achieve color contrast do not alter the boundary-layer
characteristics and/or the transition process. Finally, although purely
qualitative transition information as given in Ref. 5 is useful, a quan-
titative calibration of liquid crystals in terms of the required shear
stress, even if only approximate, to produce a given wavelength
shift (color change) at high Mach number would enhance signifi-
cantly the value of the method. The present work was undertaken
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to address these issues. Our intent was to evaluate several commer-
cially available SSS LCs over a range of Reynolds number at Mach
numbers of 5 and 8. Experimental problems, coupled with budgetary
and schedule constraints, precluded testing at Mach 5. Therefore,
only results for Mach 8 are presented.

Liquid Crystals
General Description

Liquid crystals are viscous organic fluids with some of the op-
tical characteristics of solid crystalline materials. Liquid crystals
have been used for over thirty years as a surface-flow visualization
aid, beginning with the work of Klein.8 The viscous nature of LCs
permits the surface flow direction to be determined, similarly to the
use of oil flow compounds, and the "color play"—the variation in
observed colors under white-light illumination—that results from
the crystalline properties can, in principle, be related to important
flow phenomena (boundary-layer transition, flow separation, and
shock-wave passage or impingement).

As implied above, the use of shear-stress-sensitive, temperature-
insensitive liquid crystals permits a change in the level of shear
stress to be detected in the presence of a varying surface tempera-
ture. Since shear stress due to transition from laminar to turbulent
flow can increase by a factor of 5 or more in hypersonic flow, the
transition zone can be observed if the shear-stress response of the LC
is in the correct range. Added advantages are that the color changes
are completely reversible and response time is very fast (in the range
of a few milliseconds or less). Liquid crystals are therefore applica-
ble to highly transient flows, for example shock-wave passage5 and
flows over oscillating airfoils.9

The LCs are easy and safe to use, and are fairly inexpensive,
$1-10 per square foot of surface area, depending on LC type. How-
ever, there is a potentially serious disadvantage of the SSS LCs in a
hypersonic flow environment. Although the color response does not
vary with temperature per se, the fluid viscosity is a strong function
of temperature, and the LC flow characteristics change as the sur-
face temperature varies. In general, there will be a combination of
surface temperature and shear stress for which the color play will be
lost because of complete disruption of the crystalline structure. This
is a very important consideration in using LCs on uncooled models
in hypersonic wind tunnels, which generally utilize elevated stag-
nation temperatures to prevent flow liquefaction during expansion
to hypersonic Mach numbers.

Molecular Structure and Optical Properties
Liquid crystals consist of long-chain, rodlike organic molecules

organized in certain regular (i.e., crystallike) structures. For a typ-
ical LC coating thicknesses (0.0004-0.0008 in.), the molecular ar-
rangement, after alignment into the planar (also referred to as the
Grandjean) texture, consists of a layer of parallel planes of LCs
with the molecules in each plane aligned parallel to each other. This
alignment can be achieved by using an air gun before tunnel start,
or it can be allowed to occur spontaneously with the wind-tunnel
flow itself. In order to achieve a minimum-energy configuration, the
direction of molecular orientation within a given plane is rotated
by a fixed amount, depending on the particular LC, with respect to
the direction in the adjacent planes above and below. This creates
a helical structure whose pitch spacing (the distance required for
360 deg of rotation) is in the range of visible light wavelengths. The
wavelength scattered in the direction normal to the surface by the
LC is equal to the pitch spacing; any process that alters the spacing
will give rise to a change in observed color. Mechanical shear stress
will in general cause the pitch to decrease, thus scattering light of
lower wavelength.

At some temperature, referred to as the melt or clearing
temperature, the ordered structure is lost and the LCs become trans-
parent. Loss of ordered structure can also arise from excessive shear-
stress, as noted above. [See Ref. 10 for a description of liquid-crystal
types, properties, and behavior. Reference 10 also includes an exten-
sive bibliography (LR-01 A) of liquid-crystal applications for heat-
transfer and flow-visualization studies.]

The fraction of incident white light scattered as a nearly pure
color is much smaller than the fraction transmitted. The transmitted

light must therefore be absorbed at the surface to prevent its reflec-
tion from the surface and subsequent transmission back through the
LC coating to the observer. (LCs on reflective surfaces are essen-
tially invisible.) Typically, the surface is painted flat black to absorb
the transmitted light. Liquid-crystal vendors supply aqueous-based
paints for this purpose. However, because of the harsh environment
and the use of stainless steel models with high surface finish, we
typically use epoxy-based flat-black aircraft paint over an epoxy
primer to spray-paint the model. The epoxy paint is very tough, and
is virtually unaffected by repeated cleaning with typical solvents
(freons, alcohols).

In addition to the color shift due to shear stress, the observed color
is also a function of both the angle of illumination and the viewing
angle. These are substantial effects.11 Variations in viewing angle
of only 10-20 deg can give rise to significant color variations, from
red to orange, for example. A change in viewing angle of 45 deg
or more can produce wavelength shifts from red into the green and
blue. Reda et al.12 discuss techniques that utilize these effects to
optimize color play for particular situations. They have also shown
that the direction of flow at the surface can be deduced by appropriate
choices of illumination and viewing angles.

In order to avoid confusion caused by combinations of colors,
lighting should be from only one direction for each visual record
(still or video camera). If lighting from more than one direction is re-
quired to achieve full illumination of the region of interest, and over-
lapping illumination patterns are unavoidable, the color response for
lighting from each lamp should be recorded independently with the
flow off. Then the lamps should be operated individually during the
test itself. Once the lights have been positioned and the prerun colors
recorded, the relative positions of lighting and cameras should not
be changed. Finally, the intensity level of white-light illumination
should be as low as possible to achieve adequate photographic and
video records. The radiant energy imparted to the liquid-crystal coat
via absorption by the black paint will cause an increase in surface
temperature, with several undesirable consequences. The run time
will be reduced, since the LC will approach the clearing tempera-
ture faster; the viscosity of the LC will decrease, which increases
the likelihood of the LC running or stripping off; and the additional
heat input will lead to an error in measurement of convective heat
transfer, as used here. (The possible effect of the lights on the present
results is discussed later.)

Although the effect is generally not as dramatic, impurities can
also affect the color response. In general, it is necessary to thor-
oughly remove contaminants (such as oils, solvents, and finger-
prints) from the surface before applying the LCs.

Experimental Program
A flat plate at near 0-deg angle of attack was selected for the wind-

tunnel model. There were several justifications for this choice. The
confidence in the predicted heat transfer rate and shear stress is
higher, and the planar geometry provides more nearly constant il-
lumination and viewing angles than, for example, a conical body.
The use of a flat plate also provides a zero pressure gradient, sim-
plifying analysis. (Although it is not in general a significant effect,
LC response can also depend on static pressure.) The change in
heat transfer rate rather than the level of shear stress associated with
transition was chosen as the standard for comparison with the LC-
derived transition location, since it is the easier to measure. In order
to reduce mechanical complexity and cost, the model was designed
as an uncooled, hollow-core, flat-plate calorimeter, using thermo-
couples on the back face of the flat plate to monitor the temporal
increase in plate temperature.

Testing was conducted using the Sandia Hypersonic Wind Tunnel
(HWT), an axisymmetric, electric-resistance-heated blowdown-to-
vacuum facility with Mach 5, 8, and 14 capability. Experience with
the HWT has shown that for sharp and blunt-nosed conical models
of the order of 1 ft in length, natural transition can be achieved eas-
ily at Mach 5 and at the higher attainable unit Reynolds numbers
at Mach 8. (The flow at Mach 14 is laminar for any realistic model
size.) This information was used to help define the model dimen-
sions. However, we had no prior experience in the HWT using a
flat-plate model.
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Prior to detailed design definition, the surface shear stress and heat
transfer rates were calculated using a flat-plate boundary-layer code,
CFPBL. This code uses compressible flow theory and semiempiri-
cal correlations to calculate shear stress and heat transfer rates for
laminar and turbulent boundary layers. Solutions were computed for
a range of achievable flow conditions at Mach 5 and 8. The predic-
tions of the surface shear stress and heat transfer rate were obtained
over a range of freestream unit Reynolds numbers and stagnation
temperatures as a function of distance downstream from the leading
edge for the flat plate at 0-deg and at ±l-deg angle of attack a. The
variation in a permitted the assessment of the effect of small exper-
imental departures from 0-deg angle of attack on heat transfer and
shear stress. Using the results of those calculations and estimates
of the length of the transition zone (which influences the axial gra-
dient in surface heat transfer), and assuming the heat transfer is
one-dimensional, the plate temperature rise as a function of time
was computed for a range of plate thickness (0.0625-0.250 in.) for
several candidate plate materials (e.g., stainless steel, aluminum).

The results were used to specify the dimensions and material for
the flat-plate model. It was important to select a plate thickness low
enough to yield easily measured backface temperatures but not so
high that the clearing temperature (typically, 120°F) would be ex-
ceeded in reasonable run times; and to minimize axial heat-transfer
within the plate, which would violate the one-dimensional heat-
transfer assumption (thin-wall approximation). At the same time,
the plate needed to be thick enough to provide adequate mechanical
strength and rigidity against deformation during testing. A satisfac-
tory compromise was found to be a stainless steel (15-5PH) plate of
0.125-in. thickness. Errors due to nonuniform temperature distribu-
tion normal to the surface and to the axial temperature gradient were
estimated using criteria from Ref. 13. These errors were predicted
to be negligible for the heat-transfer distributions anticipated, and
subsequently observed in the experiment.

Model Design
The flat-plate model is 8.00 in. wide, 16.00 in. long, and 0.500

in. thick. The model is shown schematically in Fig. 1. The opposing
model surfaces are 0.125 ± 0.001 in. thick and are separated by four
0.250-in.-wide by 0.250-in.-deep longitudinal interior ribs and two
0.250-in.-wide x 0.250-in.-deep edge ribs, which provide stiffness
to the model. The leading edge is an asymmetric 10-deg razor-sharp
wedge to minimize shock formation on the instrumented surface.
Shear pins between the plates and the stiffening ribs are used to react
induced shear stress due to bending due to flow loads and thermal
expansion, and to assist in assembly. The 0.250-in. air gap between
the plates provides an approximately adiabatic boundary condition
on the back face of the flat plate. Heat conduction through the ribs
is minimized by 2-mil Mylar insulation strips. Figure 2 shows the
instrumented back face of the model with the backing plate removed.

The heat-transfer instrumentation consisted of an array of 46
type K thermocouples, formed from fiberglass-insulated 36 AWG
extension wire, spot-welded to the back side of the flat plate. The
thermocouples were located at 0.25-in. intervals along the model
centerline from X = 2.25 to 11.50 in., and at various off-centerline
locations to assess heat-transfer nonuniformity across the plate at
several axial stations. The positional accuracy is ±0.01 in. in the ax-
ial direction. The thermocouple junction welds were protected from
stress due to handling and dynamic loads during tunnel start and
shutdown by means of spot-welded tiedown straps. The thermocou-
ple wires were routed through the model sting and tunnel pitching
strut for external connection to the data system.

Flow Visualization Equipment
The visual recording equipment consisted of tripod-mounted 30-

fps S-VHS color video and 35-mm still cameras. One of the video
cameras allowed stop-action exposure times down to ̂  s for each
frame and was used to view the model from the side to monitor
model motion during testing, especially during tunnel start and shut-
down. (Super VHS video equipment, although useful for the higher
spatial resolution available, is not required for implementing the
LC technique.) The cameras used to record the LC color changes
were positioned on the floor below the tunnel and viewed the model
through the bottom tunnel window (8 in. wide x 15 in. long for
the Mach 8 nozzle.) The video camera was centered on the model
surface approximately 7 in. aft of the leading edge and subtended
±17 deg along the plate axis, and 12 deg side to side. The still cam-
era was placed approximately 6 in. upstream of the video camera,
and subtended a viewing angle ranging from —4 to +30 deg along
the plate axis and ±12 deg laterally. Single 500-W quartz-halogen
adjustable-focus photo floodlamps were arranged fore and aft of the
cameras, providing illumination angles for each of approximately
25 deg. Figure 3 shows the light and camera setup, and Fig. 4 is a
schematic of the experimental system.

Test Program
The test program was conducted in two phases. The first phase

was performed to determine whether the paint and/or the liquid crys-
tals had an effect on the boundary-layer transition process or on the
heat-transfer measurements used for comparison. During the sec-
ond phase, various liquid crystals were studied to determine their
response to a range of tunnel freestream and boundary-layer con-
ditions. Also during the second phase, an unsuccessful effort was
made to accelerate boundary-layer transition by using a trip strip
at various locations on the plate. For all runs, the model was ori-
ented with the instrumented face down, with the LC-coated surface
viewed by the cameras from below. The model angle of attack was
set to 0 (±0.01) deg prior to each run. The actual angle of attack
during each run was slightly negative because of a net normal force

6.00"-

-.250 (Typ)

-1.00"

-1.00"

-1.00"

-2.00"

-46 Type K Thermocouples

0.500"

I
Air Gap 0.125"15-5PHS.S.

Section View

Fig. 1 Schematic of flat-plate model.
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Fig. 2 Photograph of thermocouple instrumentation installed in flat-plate model.

Fig. 3 Mach 8 Hypersonic Wind Hmnel with lamp and camera setup.

caused by the asymmetric wedge. Based on a calibration of the
model deflection as a function of static load, the angle of attack
ranged from approximately —0.05 deg to approximately —0.30 deg
over the range of flow conditions used.

Eleven different shear-stress-sensitive, temperature-insensitive
liquid-crystal formulations were used in the study: ten from
Hallcrest, Inc., and one from BDH, Ltd. (See Table 1 for supplier

information.) All of the LCs are unsealed, i.e., nonencapsulated.
(Encapsulated LCs, in which the liquid-crystal compounds are
encased in microspheres, are not usable as shear-stress indica-
tors, since the encapsulating material isolates the molecular struc-
ture of the LC from variations in the shear-stress. However,
encapsulated, temperature-sensitive LC types have been used as a
surface-temperature thermometer for heat-transfer measurement by
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Table 1 Characteristics of shear-stress-sensitive liquid crystals

LC type

TI622
CN/R2
CN/S1
CN/R3
BCN196
BCN195
BCN165
BCN192
BCN194
BCN193
BN/R50C

Mfr.

BDHb

HCC

HC
HC
HC
HC
HC
HC
HC
HC
HC

Color
at r = 0

Red
Red
Infrared
Red
Red
Red-Orange
Red
Red
Infrared-Red
Infrared
Red

Specific
gravity

^••^i
1.006
0.983
0.983

&l
^1
^1
^1
^l
^1
«1

Clearing
temp,°F

120
149
127
122
120
118
129
118
118
118
122

Relative
viscosity at 86°Fa

1-2
20
13
15
10

6-8
4

3-4
3

2-3
1

Approximate shear-
stress range, lbf/ft2

<0.5
>1

0.5-1.0
0.5-1.5
0.5-1.0
0.3-0.8
0.2-0.6
0.2-0.6
0.2-0.6
0.1-0.5

<0.3

aRelative viscosity = 1 corresponds to 235 cp.
bBDH, Ltd., Broom Road, Poole BH12 4NN England; (0202) 745520 [U.S. representative: EM Industries, Hawthorne, NY 10532; (914) 592-4660].
cHallcrest, Inc., 1820 Pickwick Lane, Glenview, IL 60025; (708) 998-8580.

Plan view
Pitching Strut

Floor

Fig. 4 Schematic of experimental system.

Platzer et al.11 The disadvantage of using such LCs for the present
application is that the color observed at a point on the model will
continually vary in time for steady-state heat transfer, whereas for
the SSS LCs the color distribution is invariant in time for a constant
shear stress. An additional advantage of the SSS types is their insen-
sitivity to color variations induced by any heating from the lamps.)

Specifications for the LCs studied here, where available, are
presented in Table 1. The liquid crystals are non-Newtonian flu-
ids; consequently, the relative viscosity data14 are for a particular
viscometer, test sequence, and time. Quantitative values of the shear-
stress sensitivity of the different LCs are not available. Typically,
however, it varies about inversely as the viscosity, with the least
viscous LCs generally the most sensitive.14 Also shown in Table 1
are the clearing temperature, specific gravity, and color at zero shear
(viewed normal to the surface) for each LC used. The clearing tem-
perature is an especially important characteristic for this work, since
this temperature determines the maximum usable plate temperature
before color response is lost. With all other considerations being
equal, the highest-clearing-point LC is the most desirable for hyper-
sonic flow applications using uncooled models. However, clearing
point and viscosity do not correlate well. The utility of the LC may
be degraded at temperatures well below the clearing point, because
of increased fluidity as the temperature of the LC increases.

The LCs were mixed with a solvent, trifluorotrichloroethane
(Freon-113), at a ratio of approximately one part by volume liquid

crystal to 4-5 parts by volume solvent. Although the different LC
types vary greatly in ease of dissolution, the dissolved mixture is
clear and colorless for all LC types.

Prior to applying the LCs, the plate surface was cleaned thor-
oughly with Freon. A hand-held aerosol atomizer (Crown Spra-
Tool, No. 8001) was used for applying the LCs. Each LC type was
mixed with Freon in a Spra-Tool bottle, and the bottle and atomizer
labeled for the particular LC to avoid contamination between types.
After the surface was clean and dry, the LC was applied by sweeping
the atomizer across the surface in a steady back-and-forth motion
while maintaining the spray normal to the surface and the spray
nozzle 6-8 in. from it. To avoid the deposition of large droplets,
the spray was started away from the surface. We have found that
for the Spra-Tool atomizers, three to six passes at a sweep rate of
about 1 ft/s will yield a coating of acceptable thickness, generally
presumed to be 0.0004-0.0008 in. We know of no simple way to
gauge the coating thickness except by trial and error. If the coat
is too thin, it will lack sufficient color play; if it is too thick, it
will be more apt to run and strip off during testing. Stripping of
the LC coating will also occur if the surface temperature gets too
high, or if the shear stress is simply too high for the LC, regardless
of thickness. The undiluted LCs and the LC-Freon mixtures can
be stored in sealed containers for extended periods at room tem-
perature and out of direct sunlight (the LCs can be damaged by
exposure to uv light).
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The liquid crystals are not hazardous; however, Freon is an irri-
tant, and it is prudent to take care during the preparation and spray-
ing processes to avoid unnecessary exposure. It is recommended that
latex gloves be worn when handling the LCs or LC-coated parts, and
during mixing and cleanup. In addition, use of gloves, a painter's
mask, and a face shield is recommended during the spraying
operation. Also, Freon-113 is a known upper-atmosphere ozone de-
pleter and will be phased out of production. Several of the nonchlo-
rinated fluorocarbons and petroleum ether (unfortunately, highly
flammable) are alternative solvents.14

In order to maximize the amount of information obtained from
each tunnel run, up to five LCs were tested at a time. The differ-
ent LCs were applied individually using a metal template with five
slots, arranged parallel to the model centerline. Only one slot was
uncovered during the spray application of each LC in order to avoid
contamination between LC types. Reference tabs on one edge and
one end of the template provided positioning of the template on the
model during spraying. Self-sticking plastic foam strips attached
to the back side of the template provided a seal to confine each
LC to the desired area. Since the model was tested facing down,
it was convenient to rotate the plate into a vertical position during
spraying.

Results
Flow Conditions

After a series of Mach 8 shakedown runs, four nominal tunnel
conditions were selected for repeated running for the liquid-crystal
testing. (As noted previously, data were not obtained at Mach 5.) The
nominal Mach 8 conditions were: 1) PQ = 285 psia, TO = 1310 R,
/teoo = 1.3 x 106/ft; 2) PQ = 370 psia, T0 = 1100 R, /?<?«, = 2.3 x
106/ft; 3) P(, = 620 psia, r0 = 1000 R, Re^ =4.3 x 106/ft; 4)
P0 = 930 psia, r0 = 1080 R, Re^ = 5.8 x 106/ft. These values
were then used for final heat-transfer and shear-stress CFPBL code
calculations as a function of distance from the leading edge.

Heat-Transfer Data
Heat-transfer data were used to determine the state of the bound-

ary layer along and laterally across the flat plate. At some time
after tunnel startup and after having achieved steady running condi-
tions, the plate (back face) temperatures were recorded; these data
formed the t = 0 baselines for subsequent increases in plate temper-
ature during each run. (Of course, any given set of temperature data
can be used as a new baseline for still-later times.) This technique
is sensitive to errors in dT/dt, but is insensitive to absolute tem-
perature errors, (which can arise from heat transfer during tunnel
startup), variations in plate temperature across the model at the start
of the run (as much as 25°F, depending on the length of time used to
air-cool the model between runs), and the use of thermocouple ex-
tension wire (which is fabricated to a lower composition standard)
for the thermocouples.

A potential limitation of the calorimeter method is the hot-wall
correction. However, the driving potential (Tr - Tw) is large for
the current conditions, and the hot-wall correction is not significant.
Accuracy of the heat-transfer measurements is subject to a number of
error sources: these are uncertainties in the plate temperature rise as
a function of time, including effects of nonideal thermocouple junc-
tions and heat conduction in the thermocouple wires; inaccuracies in
Tr\ uncertainties in the plate thickness and material properties; and
the extraneous heat input from the lamps. The combined uncertainty
due to the thermocouple and plate errors is estimated to be ±10%.

The radiant heating due to the lamps introduces an error in
absolute heat-transfer measurement. The minimum point in the
heat-transfer distribution is unaffected by this error, however, if
the radiant heating is uniformly distributed. Measurements us-
ing a broadband power meter of the irradiance incident on the
flat plate indicate a radiant heat flux of 0.1-0.2 Btu/ft2 • s. The
flux has a slowly varying nonuniformity over the plate of about
±30%. The range of measured heat transfer rate qm in these ex-
periments is 0.2 < qm < 1.0 Btu/ft2 • s; therefore, the uncer-
tainty contributed by the lamps is 7-33%. Although relatively large
in terms of total heat flux, the slowly varing nature of the light
intensity distribution greatly reduces its effect on determination

of the minimum heat-transfer point. The added uncertainty is
estimated to be < 0.1 in.

An example of a typical plot of flat-plate temperature vs time is
shown in Figs. 5a and 5b for two axial locations (X = 5.00, near
the minimum in the heat-transfer curve, and X = 11.00 in.), for a
freestream Reynolds number of 5.8 x 106/ft. The solid line through
the data in each plot is a least-squares polynomial fit that yields the
equivalent cold-wall heat transfer at T = 7} = 536 R for the mea-
sured temperature distribution, T ̂  7}. The departure from linear-
ity due to increasing plate temperature is discernible in the data at
X — 11 in. Also shown are cold-wall calculations for a = 0 deg,
and corrected to a = —0.3 deg for comparison to the expected
nose-down plate deflection for this run.

The question of whether the presence of the paint and/or liq-
uid crystals alters the state of the boundary layer is crucial. Using
time-dependent plate temperature data, the heat-transfer distribu-
tions were determined over a range of unit freestream Reynolds
number of (1.2-5.8)x!06/ft. Over the region in which transition
from a laminar to a turbulent boundary layer occurred, the heat
transfer experiences a minimum. The minimum, typically referred
to as transition onset in the literature, can be defined with good accu-
racy, except at the lowest Reynolds numbers, and has been used as a
measure of comparison for the effect of flat-plate surface treatment.
This approach has the added advantage that because the heat-transfer
distributions are nearly symmetric about the minimum, this method
virtually eliminates spatial errors due to (the already small) axial
heat conduction within the plate.

Variations tested included: bare flat plate; LCs (low to high vis-
cosity) without paint; painted plate without LCs; and low- to high-
viscosity LCs with paint. Figure 6 shows the results of that study. The
estimated uncertainty in choosing the heat-transfer minimum varies
from ±0.3 in. to ±1.0 in., and increases with decreasing Re^. The
Reynolds number varies slightly, typically a few percent, during the
course of a run; the value of Re^ is the average over the time interval
used for the heat-transfer measurement. The uncertainty in Re^ is
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Fig. 5 Flat plate temperature increase (T — J/) as a function of time
for Reoo = 5.8 x 106/ft: a) X = 5 in. near minimum of heat-transfer curve
and b) X = 11 in. near heat-transfer maximum.
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estimated to be ±5%, which includes errors due to averaging over
the time variation, to estimated uncertainties in the measurements
of PQ and TO, and to the algorithms used to compute the Reynolds
number given the tunnel stagnation conditions.

It is seen in Fig. 6 that there is no apparent dependence of
the minimum point on surface treatment. We have also com-
pared the measured heat transfer rates at various axial positions
on the plate for different surface treatments and the same nominal
flow conditions. These distributions overlie each other to within
run-to-run variations in test conditions. No systematic effect of
the paint or the LCs, regardless of LC viscosity, is discernible.
These results demonstrate that the boundary-layer development
is not affected by the presence of either the paint or the liquid
crystals for hypersonic flow conditions over the freestream unit
Reynolds number range (1.2-5.8)xl06/ft. It is important to note,
however, that the observed insensitivity may not hold for compa-
rable Reynolds numbers at lower Mach numbers, for which the
boundary layer is thinner and more sensitive to surface roughness
effects.
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Fig. 6 Location of heat-transfer minimum as a function of freestream
unit Reynolds number for various flat-plate surface treatments.

Figure 7 shows typical plots of net temperature (T — 7}) vs
axial distance on the plate at several times for two values of Re^,
4.3 x 106/ft and 1.3 x 106/ft. For Re^ = 4.3 x 106/ft, the onset of
natural boundary-layer transition occurred at about X = 5.5 in. The
inflection point in the heat-transfer curve occurs at about X = 10 in.
Transition to a fully turbulent state appears to be still incomplete at
the most rearward thermocouple, X = 11.5 in. Figure 8 shows the
qm distribution (run 36) at the highest Re^ employed, 5.8 x 106/ft.
Here, qm is corrected to the equivalent cold-wall value as previously
described. Near the leading edge, qm exceeds the predicted heat
transfer qc by 40-50%. The minimum in qm occurs at X ~ 4.8 in.,
and the inflection point occurs at about X = 8 in. Transition appears
to be nearly complete for X > 11 in., as evidenced by the apparent
peak at, and subsequent turnover in heat-transfer rate further down-
stream from, X = 11 in. The heat-transfer distribution in Fig. 8 was
highly reproducible. The interpretation of a fully developed turbu-
lent boundary layer downstream of X = 11 in. for these conditions
is not conclusive, however, since relatively small systematic errors
in the outputs from the last few thermocouples could be influencing
the apparent trend of the data. The qc in Fig. 8 are laminar and turbu-
lent cold-wall heat-transfer predictions for the nominal conditions
of run 36, corrected for slight departures from the actual stagnation
conditions of this run.

Returning to Fig. 7, for the low-Reynolds-number case (Re^ =
1.3 x 106/ft), the flow is laminar over most of the plate, with the
minimum in heat transfer apparently occurring at X > 12 in. The
heat transfer at any axial station can be determined (assuming that
T vs Ms linear over the time step chosen) from these plots by
multiplying the temperature increment from one curve to another
by the thermal mass per unit area, 0.577 Btu/ft2 • R, of the flat plate
and dividing by the time between curves in seconds.

The agreement between the measured and predicted heat-transfer
distributions on the flat plate is excellent for regions where the
boundary layer appears to be fully turbulent, i.e., for large X and
high unit Reynolds number. Here, the differences are typically less
than 10%, and well within the combined estimated uncertainties of
the measurements (±15%) and the calculations (10-20%). Wher-
ever the flow is assumed to be laminar (based on the character of
the laminar boundary-layer heat-transfer distribution, q oc X1/2),
the differences generally exceed the combined uncertainties. For
#6?co > 4 x 106/ft, the measured heat transfer typically exceeds the
predicted values by 40% or more at a given X on the forward part of
the flat plate, and by a comparable percentage for Re^ < 2 x 106/ft
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Fig. 7 Flat-plate temperature distributions at two times.
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over the entire instrumented length of the plate. This behavior is not
fully understood, but must in part be due to the heating by the lamps,
and may in addition be related to the effects of the finite (but un-
quantified) freestream turbulence level, and the possible presence of
crossflow due to the slightly negative angle of attack. Freestream tur-
bulence would not be expected to affect the heat transfer for the tur-
bulent boundary layer, and this view is consistent with the observed
trends. However, it is noted in Ref. 15 that averaged macroscopic
variables such as heat transfer or shear stress do not accurately repre-
sent the initial phases of transition. Hence, the differences between
the predicted and measured heat transfer, or related phenomena such
as color change of liquid crystals, near the leading edge may simply
reflect the inadequacy of the measurement technique for the early
stage of the transition process.

Liquid-Crystal Evaluation
Various combinations of liquid crystals were tested, singly and

in combinations of up to five at a time applied using the five-slot
template, for the four nominal tunnel conditions. For each test,
S-VHS and 35-mm still camera records were taken before, during,
and after the test run. For the still photographs, Kodak Kodachrome
ISO 100 film was used throughout.

Figure 9 is a photograph of the model with five liquid crystals
(from top to bottom, Hallcrest Types BCN196, CN/R3, CN/R2,
BCN195, and BCN165), a) before startup, and b) exposed to Mach
8 flow at Reoo = 4.4 x 106/ft. The black paint was applied to the
model starting at X — 0.25 in. For these photos, only the rear lamp
was on. The dark-red colors in Fig. 9a are characteristic of each
of the five LC types under no-shear conditions when illuminated
and viewed approximately normal to the surface. The photograph
in Fig. 9b was taken several seconds after the wind-tunnel electric
heater was turned on and steady flow established.

The three strips, from top to bottom in Fig. 9 at locations 6.5, 8,
and 4.5 in. from the leading edge, are no. 54 mesh carborundum grit
trip strips, approximately 2 in. long by 0.2 in. wide, positioned on
a 1 in. wide by 2 in. long area uncoated with liquid crystals. The
method of Ref. 16 for supersonic flow over a flat plate was used to
estimate the grit size required to trip the boundary layer, recognizing
that a large uncertainty was introduced by the extrapolation to Mach
8. Over the Reynolds-number range of this experiment, the analysis
indicated that grit of No. 25 mesh size or larger was needed to trip
the boundary layer. The no. 54 grit (0.012-in. mean size), which
was the largest on hand at the time, was applied in an attempt to
initiate boundary-layer transition further forward on the plate than
where transition was observed to occur naturally. The grit proved to

———— 6.5
————— 8.0 —————

L.E. Grit Locations, in. Transition Onset (-5.5, in.)

Fig. 9 Photo of five Hallcrest shear-stress-sensitive liquid crystals at
Reoo = 4.4 x 106/ft: a) before tunnel start and b) several seconds after
establishment of steady run conditions.
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be much too small to have any influence on the transition process,
and was simply left in place for subsequent testing. The lack of
effect on stability of the boundary layer due to the grit is consistent
with our conclusion that neither the paint nor the LCs affect the
transition location.

By comparison with the predicted and measured heat-transfer
distributions presented in Fig. 8, the observed color changes can be
interpreted in terms of predicted laminar and turbulent shear stress
distributions on the plate for this test condition (laminar and turbu-
lent curves labeled 3 in Fig. 10). The predicted shear stress is high
near the leading edge, decreases along the laminar-flow curve to a
minimum in the vicinity of X = 5.5 in., increases again over the
transition region, and peaks along the turbulent-flow curve at about
X = 11 in. The pronounced green bands near the leading edge for
the BCN196, CN/R3, and BCN195 LCs, and to a lesser extent the
BCN165 LC, indicate a high-shear-stress, laminar boundary-layer
region. For example, the BCN196 exhibits a blue-green color over
the first inch downstream. From X — 2 to X = 1 in., the shear-stress
is approximately constant and is a minimum, according to a compar-
ison with the measured heat-transfer distribution. Over this region,
the color is red-orange. Green is recovered further downstream for
the BCN196 as transition proceeds and the shear stress again in-
creases. The predicted laminar-flow shear stress near the leading
edge is 0.4-0.6 lbf/ft2. The predicted turbulent-flow shear stress
over the span from X = 1 to 11 in. is 0.6-0.7 lbf/ft2.

Therefore, allowing for uncertainty in the predicted shear stresses,
the poorly characterized effects of radiant heating due to the lamps,
and LC property changes due to the flow, we conclude that the
BCN196 LC is useful in the shear-stress range M).5-1.0 lbf/ft2.
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At later times, the color play is distorted or lost completely. This
is because, as noted above, as the plate heats up and the viscosity
decreases, the LCs become too fluid and the crystalline structure
is altered or destroyed. The lack of a color response of the CN/R2
LC in the present experiments is consistent with the high viscosity
(low shear-stress sensitivity) of that LC. The visual records and the
calculated shear stress distributions have been used to develop rough
estimates for the ranges of shear stress over which each of the LCs
examined will be useful. These estimated ranges of shear stress are
presented in Table 1. It is cautioned that the uncertainty in the ranges
indicated for each LC is at least a factor of 2.

We found that if run times were kept short, so that the LCs did not
get too warm and thus experience excessive flow, one LC application
could be used for several runs, with reproducible results. For the
more viscous LC types especially, up to four runs could be conducted
with a single LC application.

Conclusions
The model performed predictably and provided reasonable heat-

transfer data with a minimum of plate distortion. There appears to
be no effect of the paint and/or liquid crystals on the boundary-layer
development over the plate for the model and test conditions em-
ployed. This result is an important observation, which encourages
further development of the technique for hypersonic boundary-layer
transition detection. A number of commercially available shear-
stress-sensitive, temperature-insensitive liquid crystals were evalu-
ated. The liquid crystals tested in this study appear to provide a range
of shear-stress sensitivities useful over a range of hypersonic flow
conditions at Mach 8, up to high unit Reynolds numbers and shear
stress levels. Efforts to extend the study to Mach 5 were unsuccessful
for reasons unrelated to the characteristics of the liquid crystals.

The utility of the technique depends on a number of variables,
not all of which are easily controlled. Optical access in general, and
lighting in particular, is a problem. Physical constraints may limit
where lamps can be placed relative to the model and to camera sys-
tems, and even small changes in lamp position or viewing angle can
noticeably affect the colors observed. The minimum light intensity
necessary for visual recording is recommended to minimize com-
plications due to radiant heating. The use of strobed light systems
synchronized with the cameras should further mitigate this problem.

The physical properties of the liquid crystals are also very im-
portant to consider for liquid-crystal applications in a hypersonic
flow environment. Unless the model is actively cooled (a difficult
and expensive feature to implement), changes in surface tempera-
ture alter the viscosity of the LC coating. Consequently, not only the
color play but also the "oil flow" properties of the LCs are affected.
In general, the most informative records from heated, intermittent
wind tunnels will be those obtained soon after the establishment of
steady flow conditions. At later times, the change in LC properties
can make interpretation of color changes difficult. Continuous-flow
facilities will almost certainly require a model injection system to
limit exposure time of the LCs to the flow. A careful review of the
available LC characteristics and expected flow conditions is nec-
essary to maximize the information obtainable using the technique
described here.

In summary, the LC flow visualization technique for boundary-
layer transition detection has been demonstrated over a range of
freestream unit Reynolds numbers at Mach 8. The method is easy,
safe, and relatively inexpensive to use. A valid interpretation of
observed color changes, however, requires attention to detail (light-
ing and viewing angle, especially), and a general understanding
of the nature of the flow and of the liquid crystals themselves.
Nevertheless, we anticipate that the use of shear-stress-sensitive,

temperature-insensitive liquid crystals will ultimately become an
accepted boundary-layer transition detection method for hypersonic
wind-tunnel-flows.
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