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Heat Transfer Inside and Downstream of Cavities
Using Transient Liquid Crystal Method
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Local heat transfer coefficient distributions are investigated inside and downstream of various cavities
on a flat surface. The effect of cavity size, depth, and shape are studied using a transient liquid crystal
image method. Liquid crystals are sprayed on the test surface and a hot mainstream is imposed, suddenly
causing a color change. The time of color change is obtained using an image processing system. An
increase in cavity size for the same depth increases heat transfer coefficients on the test surface. An
increase hi cavity depth increases downstream heat transfer coefficients. Five cavity shapes are studied
to compare local heat transfer behavior for the effect of various shapes.

Nomenclature
cp = specific heat of test surface material
D = hydraulic diameter of cavity
d = cavity depth
h = local convection heat transfer coefficient with cavity
h0 = local convection heat transfer coefficient without

cavity
k = thermal conductivity of test surface material
Rex = Reynolds number based on axial distance,
Ree = momentum thickness Reynolds number,
T = temperature
Tu = freestream turbulence intensity
t = time of liquid crystal color change
U = mainstream velocity
x = axial distance along the mainstream
z = spanwise distance
a = thermal diffusivity of test surface material
A = temperature step
8 = boundary-layer thickness
8* = displacement thickness
6 = momentum thickness of the boundary layer
IJL = fluid dynamic viscosity
p = fluid density
r = time step

Introduction

MODERN gas-turbine engine components use thermal
barrier coatings (TBC) to protect the metal surfaces

from high-temperature gases in the postcombustion stage. Be-
cause qf thermal stresses, erosion, and corrosion, the coating
surface chips off and exposes the inner metal to the high-
temperature gases. The chipping of the TBC is called spalla-
tion. Spallation is a serious problem that causes loss of pro-
tection to the metal surface from high-temperature gases and
enhances local heat transfer coefficients. This enhancement of
heat transfer on the surface because of spallation could be
detrimental to the overall life and efficiency of the gas-turbine
components. Since in the real turbine, it is difficult to specify
the geometry of the spallation, several sizes, depths, and
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shapes are tested in this study to understand the heat transfer
enhancement caused by the spalding.

This study focuses on the heat transfer augmentation caused
by the TBC spallation. The real TBC coating surface and its
spallation are not used in this study. Instead, the TBC spalla-
tion is modeled by a cavity on a smooth flat surface. Various
sizes, depths, and shapes of cavities are tested on a Plexiglas®
test surface to obtain the heat transfer augmentation.

Flow and heat transfer in rectangular cavities were stud-
ied.1'4 Cavities installed in wind-tunnel walls where the cavity
opened to a well-developed, zero-pressure gradient flow over
an otherwise smooth surface were studied.1"3 Metzger et al.4
studied a narrow slot-type channel where one bounding wall
contained a transverse rectangular cavity. In the present study,
the cavity is part of an otherwise smooth wall. The cavities
are of different shapes rather than the rectangular ones studied
earlier. More detailed heat transfer measurements in and
around the cavity surface are presented compared with other
studies.

The present study employs a transient test on a liquid crys-
tal-coated test surface. Ireland and Jones5 developed a transient
liquid crystal technique to measure local heat transfer coeffi-
cients in blade cooling geometries. Clifford et al.6 and Metzger
and Larson7 used phase-change paints instead of liquid crystals
for transient heat transfer coefficient measurements. Hippen-
steele et al.8 used liquid crystal images and a steady-state tech-
nique to measure local heat transfer coefficients on curved sur-
faces. Camci et al.9 presented a hue-capturing technique for
measuring heat transfer coefficients, using both steady-state
and transient methods and a liquid crystal coating. Baughn and
Yan10 and Hippensteele and Poinsatte11 used a transient tech-
nique with a liquid crystal coating on heated ducts. Camci et
al.12 and Wang et al.13 developed new methods to process liq-
uid crystal color change during a transient test. Ekkad and
Han14 presented a transient liquid crystal technique to measure
local heat transfer coefficients near a sharp 180-deg turn of a
two-pass smooth square channel.

The present study uses the same technique used by Ekkad
and Han.14 The surface is coated with a thin liquid crystal
coating and suddenly exposed to a hot mainstream. The liquid
crystal coating changes color and an image processing system
measures the time of color change. This technique has many
advantages over the classical thermocouple technique. High
resolution data can be obtained for complex geometries.

Test Apparatus
Figure 1 presents the experimental setup. The image pro-

cessing system consists of an RGB camera, a color monitor,
511



512 EKKAD AND HAN

Monitor
Compressed

Air

Mainstream
Flow

Heater

7 \
irface with \ ExitTest Surface with

spallation Turbulence Grid
Spallation
Cavity

Fig. 1 Illustration of the experimental setup.
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Fig. 2 Test plate configuration and spallation geometries.

and a personal computer with a color frame grabber board.
The frame grabber board analyzes the color change using com-
mercially available software that analyzes the surface frame-
by-frame for time of liquid crystal color change from colorless
to green. Figure 1 also shows the flow circuit. The flow circuit
consists of a compressor-based air supply. Compressed air
passes through an orifice meter that measures the flow rate and
then through an in-line heater. The air heater heats the main-
stream to a required temperature. A ball diverter valve routes
the hot air away from the test section. The transient test is
initiated when the valve is flipped and the hot air is let into
the test duct. A thermocouple, connected to a strip chart re-
corder, measures the varying mainstream temperature during
the transient test.

Figure 1 also shows the test tunnel. The test plate is a piece
of 1.27-cm-thick, black Plexiglas. The test section is a 10.16-

X 15.24-cm-rectangular and 44.5-cm-long Plexiglas tunnel. A
nozzle is placed before the rectangular duct for making flow
uniform. A grid placed between the nozzle and the duct gen-
erates higher freestream turbulence. The grid is a biplanar
square-bar grid with 50% porosity at the nozzle exit. A smooth
plate and 12 plates with cavities are fabricated for testing. Up-
stream edges of each cavity are 21.6 cm from the turbulence
grid.

Figure 2 shows the cavity geometries. Five circular shapes
of 1.27, 2.54, 3.81, 5.08, and 6.35 cm diameters, with a similar
depth of 0.51 cm, are tested for the effect of cavity size. Three
different depths of 0.254, 0.51, and 0.76 cm are tested for a
circular cavity of diameter 3.81 cm for the effect of depth.
Five different shapes: square, diamond, rectangle, vertical el-
lipse, and a horizontal ellipse, with the same 0.51 cm depth,
are tested for cavity shape. Table 1 summarizes the geometries
studied.

Theory
The liquid crystal coating is first calibrated to obtain the

actual appearance of green under laboratory light conditions.
A copper bar is coated with liquid crystals and heated. Time-
of-color change on the copper bar is measured and the tem-
perature of the copper bar is monitored on a chart recorder.
Time is correlated on the temperature curve to obtain the actual
temperature of the appearance of green. Color change temper-
ature is different for different liquid crystal formulations.

Local heat transfer coefficient h over a Plexiglas surface
coated with liquid crystals can be obtained by using a one-
dimensional semi-infinite solid assumption for the test surface.
Solving the one-dimensional transient conduction equation
with prescribed initial and boundary conditions, one obtains
the nondimensional temperature at the convective boundary
surface:

(Tw - Tt)/(Tm - Tt) = 1 - (1)

Knowing the initial temperature T{ of the test surface and
the mainstream temperature Tm, and measuring the time t at
which the liquid color change appears on the test surface, the
coefficient h can be calculated from Eq. (1). The duration of
the testing time is kept small so that the semi-infinite solid
assumption is valid and the mainstream is heated to a temper-
ature that produces color change times between 20-80 s. Lat-
eral conduction effects were determined to be small for this
type of solution.15

A chart recorder measures the gradual change of the main-
stream temperature during the transient test. Since the main-
stream temperature now depends on time, the solution has to
include the gradual change of the mainstream temperature. A
time history of Tm is reproduced as a series of step functions.
Figure 3 illustrates a time-temperature history during the tests.
The smooth curve displays the actual temperature behavior.
Step changes are also shown in the figure. Using Duhamers
superposition theorem, the solution in Eq. (1) can be repre-
sented in terms of the changing mainstream as

X erfc (2)

where Arm and TJ are the mainstream temperature and time
steps from the chart recorder output. Equation (2) is solved to
obtain the local heat transfer coefficient at every point on the
measured region (55 X 70 points).
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Table 1 Various cavity configurations presented in this study

Shape Size, cm Depth, cm
Circle Diameters = 1.27, 2.54, 3.81, 5.08, 6.35 0.51
Circle
Square
Diamond
Rectangle (spanwise)
Ellipse (spanwise)
Ellipse (streamwise)

Diameter = 3.08
Side = 3.81
Side = 3.81

Sides = 5.08 X 1.91
Axes = 5.08 X 1.91
Axes =1.91 X 5.08

0.254, 0.51, 0.76
0.51
0.51
0.51
0.51
0.51

——— Chart recorder output
——- Step changes

30 40 50 60

Time (seconds)

Fig. 3 Mainstream temperature dependence on time.
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Procedure
The test surface is sprayed with a thin coating of commer-

cially available encapsulated liquid crystal (Hallcrest, type
BM/R32C5W/C17-10). A primary color display of the liquid
crystals is from an initial colorless to red, green, and blue, and
then colorless again. A color-to-temperature calibration pro-
duced color change temperatures to red, green, and blue at
31.6, 32.7, and 37.2°C, respectively. The coating is a light
spray of thickness in the order of 1-5 ^tm. Ireland and Jones16

showed the response time of the liquid crystals to be only a
few milliseconds. Duration of the transient test is much larger
than the response time of the liquid crystals.

A compressor supplies the mainstream air. Air passes
through an in-line heater that heats the air to a steady temper-
ature. Once the air temperature is steady, a valve is flipped and
the air is sent over the test surface, causing the liquid crystals
to change color. Time of color change to green is measured at
every location and the heat transfer coefficient is calculated
using Eq. (2). Experimental uncertainty in calculating h, esti-
mated by the method of Kline and McClintock,17 is about
±6.5%. Uncertainties in the measurement of the time of color
change t (±3.4%), Tm (±1.5%), color change temperature Tw
(±0.8%), and the wall material properties a and k (±3.0%),
are included in the calculation of the overall uncertainty in the
measurement of h.

Results and Discussion
The mainstream velocity for all of the tests was maintained

at 7.4 m/s. A mainstream Reynolds number based on the lo-
cation of the upstream edge of the cavity from the turbulence
grid was obtained to be 1 X 105. Mainstream flow was tested
for uniformity by measuring velocity profiles parallel and nor-
mal to the test plate. Turbulent boundary-layer velocity was
measured at the upstream edge of the cavity location. Bound-
ary-layer thickness 8 was 1.02 cm, £* was 0.127 cm, 9 was
0.096 cm, and Ree was obtained to be 447. Centerline free-
stream turbulence intensity at the upstream of the cavity was
measured as 8.5%, using a single hot wire. The corresponding
streamwise dissipation length scale was estimated to be 0.5
cm. A four-channel TSI IFA 100 constant temperature ane-
mometer (CTA) was connected to a personal computer through
a data translation DT2831-G A/D board to digitize the hot-
wire signal.

The results are presented as a ratio of heat transfer coeffi-
cients. The coefficient h is normalized with hQ to obtain the

D/d - 7.5 D/d =10.

d/0-5.3

D/d - 12.5

Fig. 4 Effect of cavity size on local h/hQ distributions.

local heat transfer enhancement because of the cavity. This
ratio (h/h0) is presented for the effect of cavity size, depth, and
shape.

Effect of Cavity Size
Effect of size D is tested on a circular cavity of increasing

diameters of 1.27, 2.54, 3.81, 5.08, and 6.35 cm. The depth d
is 0.51 cm for all of the cavity sizes. The d/6 value is 5.3 for
all of the sizes. Figure 4 presents the local heat transfer co-
efficient ratio distributions for all circular cavity sizes. Effect
of the cavity size on heat transfer coefficient augmentation is
typically one diameter downstream of the cavity. With increas-
ing size, the heat transfer enhancement downstream of the cav-
ity increases. Local heat transfer coefficient enhancement im-
mediately downstream of the smallest hole (Did = 2.5) is as
high as 2.2, and it is as high as 4.5 for the largest cavity hole
(Did = 12.5). For a small cavity, the mainstream flow is
trapped inside the cavity, producing low heat transfer (h/h0 <
1). Flow over a large cavity is similar to flow over a back-
step, followed by forward-step at the downstream edge. Main-
stream flow separates at the upstream edge and reattaches in-
side the cavity and is tripped by the downstream edge. Heat
transfer is greatly enhanced at the cavity downstream because
of the formation of a new boundary layer. Heat transfer inside
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Fig. 5 Effect of cavity size on h/h0 distributions.

the cavity is enhanced as the cavity size increases because of
reattachment of flow.

Figure 5 shows the effect of cavity size on spanwise-aver-
aged heat transfer coefficient ratios h/h0. The highest heat
transfer coefficient ratio is obtained immediately downstream
of the downstream edge of the cavity for all sizes. The highest
h/h0 value increases as the cavity size increases. The h/HQ val-
ues inside the cavity show increases as the cavity size in-
creases. For the largest cavity, the ratio is as high as 1.6 inside
the cavity and 2.0 downstream of the cavity.

Effect of Cavity Depth
Effect of d is tested for a circular cavity of D of 3.81 cm.

The depths tested were 0.254, 0.51, and 0.76 cm. Correspond-
ing d/6 ratios are 2.65, 5.3, and 7.92. Figure 6 presents the
local heat transfer coefficient enhancement distributions for the
three cavity depths. As the depth of the cavity hole increases,
the heat transfer coefficient enhancement increases down-
stream of the cavity. The flow is more turbulent near the lead-
ing edge of the cavity hole because of increasing depth. As
the depth increases, the reattachment location inside the cavity
moves towards the downstream edge of the cavity. High heat
transfer coefficients are observed at the reattachment location.
Increasing cavity depth causes more separation at the upstream
leading edge of the cavity causing higher heat transfer coef-
ficient at the downstream edge inside the cavity hole. Heat
transfer coefficient is low near the upstream edge of the cavity
because of recirculation caused by the separation.

Figure 7 shows the effect of depth on h/H0. An increase in
depth of the cavity from 0.254 to 0.76 cm increases heat trans-
fer coefficient enhancement. Increased cavity depth increases
reattachment and separation at the edges of the cavity, and
increases heat transfer coefficients inside and outside the cav-
ity. The highest heat transfer coefficient ratio is obtained im-
mediately downstream of the downstream edge of the cavity.

Effect of Cavity Shape
The effect of cavity shape is studied for five different shapes

other than the circle. These five shapes are square, diamond,
rectangle, spanwise (vertical) ellipse, and streamwise (horizon-
tal) ellipse. The depth for each of the five shapes is 0.51 cm.
The corresponding d/6 value is 5.3. Heat transfer coefficient
ratio distributions for all shapes are presented in Fig. 8.

The effect of the square cavity is similar to a back-step and
forward-step combination. Local heat transfer coefficient en-
hancement immediately downstream of the cavity is as high
as 3.5. Heat transfer coefficient is enhanced one side-length
downstream of the cavity. Heat transfer coefficients within the

h/h0

1 1.5 2 2.5 3

d/6 = 5.3

d/6 = 7.9

Fig. 6 Effect of cavity depth on local h/h0 distributions.
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Fig. 7 Effect of cavity depth on h/h0 distributions.

cavity are also high because of reattachment of the mainstream
following separation at the upstream edge.

The downstream sides of the diamond cavity trip the main-
stream and increase heat transfer coefficients along those sides.
Heat transfer coefficient enhancement is lower at the upstream
and downstream inside tips because of the separation of flow
along the edges. Heat transfer coefficients within the cavity are
not as high as those for the square shape.

The rectangular cavity is not wide enough for the flow to
reattach inside the cavity. Flow is tripped and the heat transfer
coefficient is enhanced downstream of the cavity. The flow is
similar to flow over a two-dimensional cavity. Heat transfer
coefficient enhancement is lower compared with the square
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Fig. 8 Effect of cavity shape on local h/h0 distributions.
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Fig. 9 Effect of cavity shape on h/h9 distributions.

cavity. Heat transfer coefficient enhancement is high immedi-
ately downstream of the cavity, but decreases rapidly down-
stream.

A streamwise ellipse produces longer enhanced regions
downstream because of the length along the mainstream flow
direction. Heat transfer coefficient enhancement is lower than
for the other shapes and is limited to a small region along the
upper and lower sides of the downstream edge. Heat transfer
enhancement is also very low inside the cavity.

Heat transfer coefficient enhancement for the spanwise el-
lipse shape is the lowest compared with the other four shapes.
The effect is small downstream of the cavity. Heat transfer
coefficient enhancement within the cavity is also confined to

a small region in the center of the cavity where the flow reat-
taches after separation at the upstream edge.

Figure 9 shows the effect of cavity shape on h/H0. Higher
H/HQ values are obtained for a square, diamond, and the stream-
wise ellipse whose width along the flow is large. The enhance-
ment is much lower for the spanwise ellipse. Heat transfer
coefficient values are higher immediately downstream of the
rectangular cavity, but decrease rapidly downstream. For larger
widths along the flow, the disturbed boundary layer strongly
increases heat transfer coefficient as for the square, diamond,
and the horizontal ellipse. Ratios h/hQ inside the cavity are also
higher for a cavity with a larger width along the flow.

Conclusions
The effect of cavity on heat transfer coefficients over a flat

surface has been studied using a transient liquid crystal image
method.

1) Detailed heat transfer coefficient distributions for various
cavity depths, sizes, and shapes have been presented.

2) Heat transfer coefficient enhancement inside and down-
stream of the cavity increases with an increase of cavity size.

3) Downstream heat transfer coefficients are enhanced with
an increase in depth of cavity on the entire surface. The reat-
tachment location inside the cavity moves closer to the down-
stream edge with an increase in depth.

4) Heat transfer coefficient enhancement was obtained to be
the highest for the square cavity. In general, cavities with
longer axial length produced higher heat transfer enhancement
on the surface.
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