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Abstract

A new technique for dynamic heat transfer coefficient measurements and flow visualization is described. This technique uses a

surface with a low thermal mass (a thin tissue) embedded with thermochromic liquid crystals (TLCs) and heated uniformly with

infrared radiation. For air heat transfer coefficient measurements, the frequency response is estimated at 0.3–0.5Hz. Depending

on the local heat transfer coefficient and the magnitude of its fluctuations, it is estimated that surface temperature fluctuations

can be detected to 100Hz. These surface temperature fluctuations are driven by changes in local heat transfer coefficients, caused

by dynamic flow behavior such as vortex shedding, and are captured by video recordings of the hue of the liquid crystals. The video

images provide time-dependent heat transfer coefficient distribution and time-dependent surface flow visualization. Two applica-

tions are used to illustrate this technique: flow on a surface downstream of a protruding cylinder in cross-flow with vortex shedding,

and flow downstream of a shallow cylindrical surface dimple. Images of the time-dependent surface temperature distribution down-

stream of the protruding cylinder are presented. They show the fluctuations in the surface heat transfer coefficient due to vortex

shedding. The temperature distributions downstream of the cylindrical dimple were found to be relatively steady within the fre-

quency limits of this technique. Heat transfer coefficient contours are presented for this case.

� 2004 Elsevier Inc. All rights reserved.
1. Introduction and background

The objective of this research was to establish a new

dynamic heat transfer coefficient measurement and sur-

face flow visualization technique capable of measuring

time-dependent fluctuations in heat transfer coefficients

using liquid crystal (TLC) thermography. Two applica-

tions of this technique are presented: the flow behavior
on a surface downstream of a protruding cylinder in

cross-flow and that downstream of a shallow cylindrical

dimple.
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1.1. Heat transfer measurement techniques

Thermochromic liquid crystals (TLC�s) change color

with temperature due to a change in their molecular

structure. The liquid crystals change from transparent

at low temperatures, to red, yellow, green, blue and vio-

let as the temperature is increased. At higher tempera-

tures the liquid crystals return to the transparent state.
Microencapsulation of the crystals by polymer spheres

is used to make them more robust. By capturing RGB

images of a surface coated with TLC�s, it is possible to

determine the surface temperature distribution from

the hue distribution where the hue for each pixel is de-

fined by

Hue ¼ 1

2p
arctan
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p
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Nomenclature

A area of surface (m2)

Cp specific heat (J/kgK)
d cylinder diameter (m)

D dimple diameter (m)

f shedding frequency (Hz)

h convective heat transfer coefficient (W/

m2K)

HSV Hue, Saturation, Value color space

k thermal conductivity (W/mK)

L length of aluminum slug calorimeter (m)
Pr Prandtl number

q
00

heat flux (W/m2)

Re Reynolds number

RGB Red, Green, Blue color space

RxCyW liquid crystals having a red start tempera-

ture of x �C, with a bandwidth of y �C
x characteristic length used for Nu, Re calcula-

tions (m)
St Strouhal number for a cylinder (fd/V)

t time (s)

T temperature (�C)
DT minimum discernable temperature change

(�C)
V freestream velocity (m/s)

Greeks

d film, paint and liquid crystal thickness (m)
e emissivity of surface

r Stefan–Boltzmann constant (5.67 · 10�8W/

m2K4)

n ratio defined by Eq. (10)

q density (kg/m3)

x frequency (rad/s)

s time constant (s)

Subscripts

1 free stream air property

cond conduction

conv convection

cyl cylinder

d cylinder diameter

D dimple diameter

f final value
i initial value

LC liquid crystal

0 reference or average value

rad radiation

s surface

x distance from leading edge
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By their nature, TLC�s reflect at wavelengths that are re-
lated to their temperature, and a temperature versus hue

calibration may be done. Baughn (1995a) reviews heat

transfer coefficient measurement methods using TLC�s
including the heated-coating method, variations of the

transient method, and a uniform coating method.

The heated coating method can be used to measure

heat transfer coefficients under steady state conditions.
A nearly uniform heat flux is provided by covering an

insulated surface with a thin conductive film which is

electrically heated. When this film is coated with liquid

crystals, lines of constant color indicate isotherms and

the corresponding heat transfer coefficients. Heat flux

is determined by electrical power measurement, with

minor corrections for conduction and radiation losses.

This technique was used by Mayhew et al. (2003) to
establish the effect of freestream turbulence and blowing

ratio on film cooling. The thermal mass of the substrate

limited the rate at which a changing heat transfer coeffi-

cient can be measured with this technique.

The transient method, pioneered by Jones (1977), and

also described by Baughn (1995a), is another method

used to measure local heat transfer coefficients. This

process uses a video recording to provide both time
and location of the color play on a surface when it is ex-

posed to a step change in the fluid temperature. The time

that a surface takes to reach the temperature of the
selected liquid crystal color play is used to calculate

the local heat transfer coefficient. This method generally

assumes that the local heat transfer coefficients are con-

stant with time.

1.2. Flow visualization techniques

Flow visualization is useful for understanding flow
nature and may provide both qualitative and quantita-

tive information about 2D or 3D flow fields. Visualiza-

tion techniques are especially important for validation

and comparison to computational fluid dynamic

(CFD) calculations. Van Dyke (1982) provides a collec-

tion of different types of flow visualization examples for

many interesting applications. Three-dimensional flow

visualization includes a variety of techniques including
smoke methods (for air), dye methods (for water) and

PIV and LDV methods. Surface flow visualization has

most commonly been done with various types of tufts

or chemical coatings. Tufts have a long history in flow

studies, and can be as simple as attaching a piece of

string to an aerodynamic surface. More recently, the

development of thermal tufts has been used as a non-

intrusive means of determining flow direction and
separation as described by Baughn et al. (1995b). The

method of thermal tufts involves producing a hot or

cold (i.e., Byerley et al., 2002) spot on a surface that
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has been coated with liquid crystal microcapsules. When

exposed to a flow, the temperature distribution, dis-

played by the liquid crystals, appears as a tear drop

shape pointing in the direction of the flow. Baughn et

al. (1995b) used a laser thermal tuft, which was patented

by the USAF (Rivir et al., 1999), to study flow separa-
tion on the suction side of a turbine blade. In the present

research, the steady and the fluctuating surface heat

coefficients provide a form of surface flow visualization.
2. New dynamic method for measuring heat transfer

A new technique for dynamic surface flow visualiza-
tion and heat transfer coefficient (h) measurement is

developed and described in this paper. This technique

uses a surface with a low thermal mass substrate (a thin

tissue stretched on a flat plate) which is embedded with

thermochromic liquid crystals (TLCs) and is uniformly

heated with incident infrared radiation. The surface tem-

perature response, measured by the liquid crystals, is

dependent on the thermal mass of the surface, h, and
the percentage change in h. Surface temperature fluctu-

ations are driven by changes in heat transfer coefficients,

caused by dynamic flow behavior such as vortex shed-

ding. Video recordings capture these fluctuations pro-

viding time-dependent surface flow visualization and

the heat transfer coefficient distribution.

2.1. Model design and fabrication

The model base is machined from Plexiglas acrylic

with a leading edge sanded to an elliptical nose. A

1cm deep rectangular cavity with dimensions

12.7cm · 15.24cm is removed from the Plexiglas 10cm

from the elliptical leading edge. ‘‘Japanese tissue paper’’

(weight = 11.6g/m2) covers the model surface; it is
Fig. 1. Diagram of
folded over the edges of the model and secured with tape

and glue. The model surface is then lightly sprayed with

black paint (Hallcrest BB-G1, diluted 2:1 with water,

added weight = 2.3g per unit area). The black paint pro-

vides a high absorptivity (greater than 0.95) on the dif-

fuse surface so that it will absorb most of the incident
radiation. Spraying is done with multiple passes of the

airbrush to ensure an even coating. When dry, microen-

capsulated thermochromic liquid crystals (added

weight = 7.2g per unit area) are airbrushed onto the sur-

face using the same dilution ratio. As the model surface

dries, the tissue shrinks leaving a taut, flat surface.

Although no roughness measurements were made, the

surface appears and feels smooth. High humidity causes
the tissue to loosen and become wrinkled, however when

heated it shrinks back to a taut surface.

The thin tissue provides a low mass per unit area and

corresponding high response when insulated on the

back. Air has a low thermal conductivity of 0.0263W/

mK and with a 1cm deep cavity can be considered to

have negligible free convection (Fig. 1).

For these measurements, a wind tunnel was used with
a test section of 30cm by 30cm with a contraction ratio

of 9.5:1. Tests were conducted at speeds of 3, 5, and

10m/s.

Lighting and camera angle are important with liquid

crystal measurements for repeatability in the tempera-

ture hue calibration. Fluorescent (cool white) lamps

with ultraviolet filters were used in order to reduce UV

damage to the liquid crystals.

2.2. Surface heating with infrared lamps

Heating is done with two infrared quartz lamps

(38cm long, 1.3cm diameter) placed 10cm from the

model surface with 10cm spacing from each other. They

are located inside the test section of the wind tunnel. The
acrylic model.
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lamps and holders produce approximately 3% blockage.

Velocity measurements are made near the surface with

the heaters in place. The 10cm distance from the surface

is far enough from the model to prevent flow interfer-

ence over the length of the models. Infrared heating

has been shown by Critoph et al. (1999) to be an effec-
tive way of providing a uniform heat flux without dis-

turbing the flow field. They describe the technique of

using radiative heat flux and liquid crystal thermogra-

phy to measure local heat transfer coefficients using

both steady state, and transient methods. Conclusions

from their study were that using infrared heating gave

heat transfer coefficient uncertainties within 10%, and

that the steady state technique was preferred since it
provided more accurate data.

Before heat transfer coefficients can be calculated the

heat flux incident on the surface must be known. In the

present study, a radiant lamp voltage squared (propor-

tional to lamp power) versus incident heat flux calibra-

tion was performed using slug calorimetry. This was

compared with predictions using laminar flow theory

(in a test described later) and compares well as seen in
Fig. 2. For the slug calorimetry, a piece of metal was in-

serted into the model with known dimensions and

weight and a thermocouple attached. An aluminum

shield was used to protect the slug from the radiant heat-

ing until quickly removed providing a step change in

incident radiant heat flux. The absorbed heat flux is

given by Eq. (2)

q00absorbed ¼ q00incident � q00transmitted � q00reflected ð2Þ
Since the surface of the aluminum slug was covered with

a flat black coating (graphite powder) with an absorptiv-

ity estimated at >0.95, the reflected radiant heat flux is

neglected. However because the tissue paper is slightly

transparent, we must account for the transmitted radia-

tion. This is done by measuring the heat flux directly
incident on the blackened slug, followed by a measure-
0

200

400

600

800

1000

1200

20 520 1020 1

Voltage 

H
ea

t f
lu

x(
W

/m
2 K

)

Fig. 2. Calibration of the slug calorimeter radia
ment in which the slug is placed behind a layer of tissue

paper thereby measuring the transmitted radiant energy.

The heat flux for both cases is found by conservation of

energy at the surface:

q00 ¼ q � L � Cp
dT
dt

ð3Þ

aluminum was chosen as the material for the slug.

With the heat flux known, the heat transfer coeffi-

cient, h, can be determined using the surface tempera-

ture given by the liquid crystals. The local heat
transfer coefficient is given at a particular time for each

location by

h ¼ q00conv
T s � T1

ð4Þ

where q00conv is the absorbed incident radiation by two

quartz heat lamps with corrections for radiation emis-

sion from the surface.

Infrared heating is uniquely suited to this application

since no additional heating material is added to the ther-

mal mass of the surface for electrically heating. The heat

flux is regulated by controlling the voltage on the radi-

ant lamps with a variant power supply. Because the
infrared lamps were located inside the wind tunnel test

section for these experiments, care was taken to ensure

that the lamps themselves did not disturb the flow near

the test surface. Also, because the output of the lamps

could be affected by the convective cooling of the flow,

both lamps were encased inside Pyrex tubes. With strong

lighting conditions the infrared lamps do not signifi-

cantly affect the reflected Red component of the TLC�s.

2.3. Calculated frequency response

This new method provides both transient heat trans-

fer data and flow visualization. For the heat transfer

data the method can best be characterized by a
520 2020 2520 3020
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Table 1

Time constant and frequency response for various values of h

h s (s) x (rad/s)

5 5.32 0.19

10 2.66 0.38

20 1.33 0.75

50 0.53 1.88

100 0.27 3.76

150 0.18 5.64
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Fig. 3. Tissue paper temperature versus time for fluctuating h

coefficient.
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frequency response. For flow visualization there is a

maximum observable frequency for flow fluctuations.

Estimates of these frequencies are made below.

For heat transfer measurements, frequency response

is dependent on the value of h and its percentage fluctu-

ation, the range of the TLC selected, and the thermal
mass of the substrate. The TLC�s themselves have an

estimated time constant of approximately 2ms (see Ire-

land and Jones, 1986) which is not a factor here. For

air, the maximum observable frequency due to flow fluc-

tuations is estimated in the following analysis to be up to

100Hz. The Nyquist sampling criteria, however, dictates

the frequency response to be no more than half of the

sampling rate. In this case a sampling rate of 30 frames
per second limits the maximum frequency response to

below 15Hz. Though 15Hz is the maximum, a more rea-

sonable limit for the frequency response would 5Hz (six

frames per cycle).

To evaluate the dynamic response we start with an

energy balance for an elemental tissue volume:

q00net ¼ qdCp
dT
dt

¼ q00r � hðT � T1Þ ð5Þ

This assumes a lumped capacitance. Using h = 150W/

m2K, with an estimate of d = 0.05mm and k = 0.18W/

mK, the Biot number is approximately 0.04, thus this

is a good assumption.
Eq. (5) has the general form of a first order instru-

ment with a time constant s given by

s ¼ qdCp

h
ð6Þ

Analytically, the time constant and frequency response

(x ¼ 1
2�p�s) are a function of only the substrate density,

properties, and h. If h is constant, Eq. (5) can be easily

solved giving:

T f ¼
q
h
þ T1 ð7Þ

which leads to:

T ¼ e�t=sðT i � T fÞ þ T f ð8Þ
The tissue surface weighs 21.1g/m2 after both paint and

liquid crystal have been applied. The specific heat Cp is

estimated as 1.3J/gK. The time constant can then be cal-

culated using Eq. (6) for various h values as shown in

Table 1.

In dynamic flow, h is not constant and may fluctuate

cyclically due to vortex shedding as in the case of a cyl-

inder in cross-flow. In this case we can assign h an oscil-
lating nature:

h ¼ h0 þ Dh cosðxtÞ ð9Þ
Solving Eq. (5) becomes more difficult now since h can-

not be factored out of the integral so we used MatLab�s
ordinary differential equation solver. Using values corre-

sponding to our tissue weight, estimated specific heat,
and a free stream temperature of 20 �C, the temperature

versus time solution is shown in Fig. 3.

From this analysis, we may approximate the maxi-

mum observable frequency that the method can detect.
To do this, the percent fluctuation of h is iteratively

changed along with the minimum required temperature

difference, DT, that will provide visualization. This may

be determined by the color play range of the liquid crys-

tal (1 �C is chosen for the present model). Thus, if the

flow causes a 1 �C fluctuation of surface temperature,

the liquid crystal will have gone through its entire color

play. TLC�s however, may resolve temperature differ-
ences much smaller, than its full color range when cap-

tured frames are converted into hue (i.e., as small as

0.1�C for a 1 �C color play).

The parameter n is defined by Eq. (10).

n ¼ DT
T LC � T1

ð10Þ

where DT is the minimum discernable temperature

change for the liquid crystal. By accepting a smaller sur-

face temperature change, we can detect higher frequen-
cies. For the minimum detectable temperature

difference of 0.1 �C, a liquid crystal activation tempera-

ture of 35 �C and a freestream temperature of 20 �C, n
is equal to 0.0067. Fig. 4 shows that for an 80% fluctu-
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ation in h, the maximum observable frequency is

approximately 100Hz. Note that this is not affected by

the actual value of h0.

By the same iterative process, the frequency response
for heat transfer coefficient measurements can also be

determined. The attenuation of a first order system is

given by Eq. (11).

Attenuation ¼ DTmeasured

DT input

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x2s2

p ð11Þ

The frequency response x (rad/sec), is usually defined as
the value that makes Eq. (11) equal to 1ffiffi

2
p , which occurs

when x ¼ 1
s. This gives the system a standard 3dB of

attenuation (Note: in Fig. 3 the attenuation is approxi-

mately 50% or 6dB). Using Matlab once again to deter-

mine the frequency response for a cyclical h, the
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maximum frequency response for 3dB of attenuation

can be found.

Fig. 5 depicts the frequency response where the tem-

perature fluctuation attenuation is equal to 1ffiffi
2

p (3dB) as a
function of percent change in h. Measurements at higher

frequencies may still be made with this technique, how-

ever the attenuation must be known for corrections to

the data.

2.4. Demonstration of observable frequencies

To test the observable frequency of the method, a
disturbance to the flow at a known rate is applied. A

paddle wheel was inserted just upstream of the cavity

(it was rotated with a shaft through the center of the

dimple) and rotated at a speed to produce fluctuations
.27 0.32 0.37 0.42 0.47 0.52
h/ho

ion on tissue paper frequency response (3dB).
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at the desired frequency. Rotating the paddle to pro-

duce surface fluctuations of 3.3Hz, well within the sam-

pling limits set by Nyquist, surface fluctuations were

observed. Due to symmetry, two cycles are provided

for every rotation, where a cycle is the paddle moving

from its maximum blocking position to its minimum.
The results of one cycle, equivalent to approximately 9

frames, are shown in Fig. 6. The circle in the images

indicates one end of the paddle. The images were repeat-

able when the paddle returned to the same position in

each cycle.

By inspection of Fig. 6 the individual paddle rotation

frames do not show variation apparent to the human eye

(though it is apparent in video). However by examining
the hue of a single pixel or line of pixels, motion is evi-

dent between successive frames.

The fluctuation in the hue value for a single pixel

(taken frame by frame) is shown in Fig. 7. These values

are taken from above set of nine frames, and nine sub-

sequent frames for a full rotation of the paddle (two
Fig. 6. Paddle wheel successive f
complete cycles). The pixel observed was chosen at a

location 0.57m downstream from the center of the pad-

dle, and is in the approximate location where the liquid

crystals are yellow in color.

The magnitude of the hue change in Fig. 7 corre-

sponds to an estimated 0.1� change in the surface tem-
perature. Referring to Fig. 4, at a frequency of 3.3Hz

a 0.1� change in surface temperature, corresponds to a

5% variation in the heat transfer coefficient at this

location.

2.5. Laminar boundary layer theory

In heat transfer measurements such as these, both
hydrodynamic and thermal boundary layers are impor-

tant factors. With infrared heating over the entire sur-

face of the model, both the hydrodynamic and thermal

boundary layers begin at the leading edge. The Nusselt

number for a uniform heat flux boundary condition is

given by (Incropera and DeWitt, 2002):
rames represented in Hue.
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Nu ¼ 0:453 � Re0:5 � Pr1=3 ð12Þ
with h coefficients based on laminar flow theory (Eq.

(12), Fig. 8), it is possible to obtain heat flux values

by rearranging Eq. (4) and solving for q00. Using the

same flat plate with a dimple, data can be collected

far enough away that the dimple should have no effect.
The surface temperature, Ts, is found by noting the x

location (and corresponding voltage applied to the heat

lamps) where a line of constant yellow color is present

spanwise along the model. This color represents the re-

ported activation temperature of the liquid crystals

(35 �C).
Because a surface also radiates energy (conductive

losses are neglected due to insulation provided by the
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air filled cavity), a radiation heat transfer coefficient,

hr, is needed. The energy balance on the surface

becomes:

q00 ¼ qconv þ qrad ¼ ðhþ hrÞ � ðT LC � T1Þ ð13Þ

where radiation heat transfer coefficient is:

hr ¼ erðT LC þ T1Þ � ðT 2
LC þ T 2

1Þ ð14Þ

The results showed a linear heat flux versus voltage

squared correlation as shown in Fig. 9.

Though this correlation is based on laminar flow the-
ory, heat flux results from the slug calorimetry described

above agree well with this assumption (as shown in

Fig. 2).
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2.6. Data acquisition

Video is taken at 30 frames per second using a

Sony model XC-003 3-Chip RGB video camera.

Images are captured through Red, Blue, and Green fil-

ters at 480 · 640 resolution. The camera signal is fed

into a video capture card and converted into digital

format. Once in digital format, the video may have

individual frames extracted to a variety of file types.
To capture the dynamic heat transfer into digital video

(DV) for frame extraction, efficient and convenient

storage on compact disc, and for frame by frame

or slow motion playback, we used the uncompressed

AVI format. For viewing dynamic fluctuations of

the flow MPEG2 was used because of its smaller file

sizes.

2.7. Data reduction—image processing

Once frame sequences were successfully extracted

(into TIFF or PNG format), Matlab was used for

image processing using a liquid Crystal Image Process-

ing Toolbox developed at University of California,

Davis. The RGB image is converted into Hue, Satura-

tion, and Value (HSV) by a Matlab subroutine. It is
then possible to sample a profile from the hue

image and obtain numerical values of hue along that

profile.

For h contour plots, an image is converted to hue

using Paint Shop Pro and other image editing software.

Within the same software, the image is resized (main-

taining the original height to width ratio) and a coordi-

nate system drawn on the figure itself. Using a drawing
tool, the yellow line, indicating the activation tempera-

ture, was traced onto the image. The image was then re-

moved, and another image loaded for another heat

transfer contour line.
3. Application to a protruding cylinder in cross-flow

A cylinder in cross-flow is a very common aerody-

namic application and is therefore a well studied flow.

For a cylinder in cross-flow, the vortex shedding fre-

quency has been determined as a function of Reynolds

number in terms of the Strouhal number (St = fd/V).

For the cylinder in cross-flow, the Karman vortex street

sheds with a nearly constant Strouhal number of 0.21
for Reynolds numbers between 4000 and 10,000.

3.1. Protruding cylinder in cross-flow images and

results

Fig. 10 shows the hue of three sequential images on a

surface downstream of a protruding 5cm cylinder in

cross-flow. The Strouhal number for these test condi-
tions, suggests a shedding frequency of approximately

40Hz, a value too high to capture with the current frame

rate. The images do however, show distinct fluctuations

from frame to frame and provide a demonstration of the

ability to view the presence of dynamic behavior.

In Fig. 10 the entire surface is incident with a uniform

heat flux and flow goes from left to right. The protrud-

ing cylinder acts as a bluff body to the flow and cooling
is reduced in the wake of the cylinder. The blue color be-

hind the cylinder indicates higher temperature as a result

of lower heat transfer coefficients.
4. Application to flow downstream of a shallow

surface cavity

Surface cavities, or dimples, have been recognized as

a means of providing both passive flow control and heat

transfer enhancements. Bearman and Harvey (1976) de-

scribe one of the most famous examples of spherical



Fig. 10. Hue images from successive frames of a 5cm protruding cylinder in cross-flow ReD = 38,330 (flow left to right).
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dimple applications which is a drag coefficient reduction

on a dimpled golf ball compared to a smooth one. Im-

proved aerodynamics is the result of energizing the

boundary layer which delays flow separation. More re-

cently, dimples are being considered for applications to
low pressure turbine blades that suffer from reduced en-

gine efficiency due to separation at low Reynolds condi-

tions. Different dimple shapes, including an asymmetric

dimple have been studied. Rouser (2002) has investi-

gated local and average pressure drops for both a spher-

ical and asymmetric dimple (a semi-circular spherical

indention with a stream wise straight edge) on a modi-

fied Pak-B blade in a linear cascade wind tunnel for
ReD = 25K, 45K and 100K. He found both types of

shallow cavities to transitioning a laminar boundary

layer and thereby preserving an attached flow condition

to the turbine blade. Ligrani et al. (2001) measured

instantaneous, dynamic and time averaged characteris-

tics of shed vortices due to dimples in a channel. Using

smoke visualization, his team viewed vortices shed peri-

odically from the center of the dimple for varying Reyn-
olds numbers between 6000 and 11,000 (based on

channel height). It was shown that the shedding fre-

quency increased with higher channel heights giving

dimple diameter-based Strouhal numbers between 0.1

and 0.16 (where a factor of 2 is removed for consistency

in units here). Frequencies were less than 10Hz for the

maximum velocities in this investigation.
4.1. Cylindrical dimple images and results

For the present application a shallow cylindrical cav-

ity with a depth to diameter ratio of 0.1 was placed up-

stream of the tissue surface. For all dimple images, flow
is from left to right unless otherwise noted. Fig. 11a

shows the liquid crystal image for ReD = 16,683 at one

heat flux. Fig. 11b shows the corresponding heat trans-

fer coefficients calculated for this Reynolds number

using Eq. (4). The uncertainty in the heat transfer coef-

ficients is estimated to be 12–15%. There were no

observable fluctuations in the heat transfer coefficients

using this method. Hue analysis over a series of frames
also showed no evidence of vortex shedding. This is

not surprising since the Strouhal number of 1–2 re-

ported by Khalatov et al. (2004) would suggest frequen-

cies much higher than the frequency response of 100Hz.

It was interesting however that a slight asymmetry was

apparent at low velocities (ReD = 5186 � 8294), and

continued to develop to a maximum asymmetry at

ReD = 16,683. When the Reynolds number was in-
creased to 18,034, these asymmetries diminished as

shown in Fig. 12a and b. Similar asymmetries were also

observed by Khalatov et al. (2004) in a water tunnel vis-

ualization of spherical and cylindrical dimples. They

also noticed that this occurred over a limited similar

Reynolds number range. Note that in Figs. 11b and

12b, the range of heat transfer coefficients is obtained



Fig. 11. (a) Asymmetric flow patterns downstream of a cylindrical

dimple in RGB for ReD = 16,683. (b) Asymmetric heat transfer

coefficient distribution downstream of a cylindrical dimple from Fig.

11a.

Fig. 12. (a) Symmetric flow patterns of a cylindrical dimple in RGB

for ReD = 18,034. (b) Symmetrical heat transfer coefficient distribution

downstream of a cylindrical dimple from Fig. 12a.
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by varying the radiant heat flux. An example of the

change in the liquid crystal images when this is done is

shown in Fig. 13.
5. Conclusions and summary

• A new method of surface flow visualization and tran-
sient heat transfer measurement technique has been

demonstrated for oscillating flow conditions. The

means of visualization is provided by liquid crystal

thermography. Temperature changes are the result

of fluctuating heat transfer coefficients due to vortex

shedding, pulsating or unsteady flows.

• The response of the technique is dependent on the

mass of the substrate, the color play temperatures
of the liquid crystals, and the percent change in h.

Given the mass of our tissue surface, the maximum
Fig. 13. The effect of heat flux setting on the hue images
detectable frequency by this method is 100Hz, where

image processing is required to determine changes in
hue not detectable by the eye, but well within the abil-

ity of the liquid crystals to capture if the video frame

rate is high enough.

• This method was demonstrated for two applications,

a protruding cylinder in cross-flow and a surface with

a cylindrical surface cavity.

– The cylinder shedding frequency is a well studied

phenomenon, For our test conditions; a frequency
of greater than 20Hz would be expected. This is

too high a frequency to capture with our sampling

rate of 30Hz. What was captured however was dis-

tinct and observable dynamic behavior from frame

to frame.

– The cylindrical dimple in cross-flow showed no vis-

ible signs of shedding. Asymmetric behavior was

observed for low Re, and disappeared at higher
velocities as observed by Khalatov et al. (2004).
downstream of a cylindrical dimple ReD = 16,683.
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