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Abstract

Optical methods for measuring local heat transfer coefficients using thermochromic liquid crystals are discussed. Two
techniques using radiative steady state and transient heating have been used to measure local heat transfer on the fin of
a plate fin-tube heat exchanger. It is estimated that the errors in the steady state technique should be no more than
+10% and the results are given. The mean value of the heat transfer coefficient over the whole surface is 35 W m 2
K !, rising to 73 W m~2 K~ ! at the leading edge. The transient method does not give results consistent with the steady
state method when heat transfer coefficients are based on the fluid inlet temperature. It is suggested that the steady state
method is preferable since it yields numerical values that are closer to those based on local temperature and hence easier
to interpret when observing the effects of changing the local surface geometry. © 1998 Published by Elsevier Science
Ltd. All rights reserved.

Nomenclature s distance along a streamline from the leading edge [m]
¢, specific heat of glass [J kg7 'K '] ¢t time taken to reach transition temperature [s]

h heat transfer coefficient based on inlet temperature T temperature [K]

[Wm=2K™] x,y directions in the plane of the glass sheet [m]

ho.a heat transfer coefficient based on local bulk tem- z thickness of glass sheet [m].

perature [Wm 2 K]

H nominal heat transfer coefficient defined by equation Greek symbols

G)[Wm=2K™] & emissivity

k thermal conductivity of glass sheet [W m 2K ~'] p density of glass sheet [kg m~?]

g heat flux [W m~?] o Stephen-Boltzmann constant, 56.7x107° W m™?
¢., radiation heat flux absorbed by upper liquid crystal K4

layer [W m™?]
geong- heat flux conducted through middle glass sheet

. Subscripts
[Wm™] . a air inlet
Jeonaxy heat flux conducted along middle glass sheet [W bot lower liquid crystal surface
m’] conv convective
k liquid crystal surface
g glass
rad net radiative
* Corresponding author. Tel.: 0044 1203 523 523; fax: 0044 tot total
1203 418922 wall  wall.

0017-9310/98/$—see front matter © 1998 Published by Elsevier Science Ltd. All rights reserved
PI1: S0017-9310(98)00207-5



2 R.E. Critoph et al./Int. J. Heat Mass Transfer 42 (1999) 1-12

1. Introduction

Many methods that have been used to determine local
heat transfer coefficients on surfaces, including the use of
thermally sensitive paints, volatile solids, etc. Our par-
ticular interest in the performance of plate fins found in
plate fin-tube heat exchangers used as air conditioning
condensers or evaporators. A typical condenser uses 10
mm o0/d(3/8 inch) tubes in a 25.4 mm (1 inch) equilateral
triangular pitch. The fins are normally pressed from 0.12
mm aluminium coil and the air passageways between
them can be as little as 1.2 mm wide. We require a means
of easily observing the local heat transfer and of com-
paring the mechanisms and effect of surface modifications
such as vortex generators.

The two main methods that have been used to deter-
mine local heat transfer are:

e Constant heat flux surfaces with thermocouple arrays
in a steady state condition, as reported by Eibeck and
Eaton [1], Yanagihara and Torii [2] and Pauley and
Eaton [3].

e The use of thermochromic liquid crystals in transient
heating, as reported by Jones [4], Tiggelbeck et al. [5,
6] etc.Their method subjects a test surface to a step
change in fluid flow temperature. The length of time
taken for the liquid crystals at a certain location to
reach a particular temperature(denoted by a colour
change) is related to the heat transfer at that location.

The use of an optical technique offers advantages of
flexibility, it being comparatively easy to alter the
geometry of the surface being studied and so liquid crystal
thermography was chosen as best suited to our needs.
The following three ways in which liquid crystals may be
used to obtain heat transfer coefficients were selected for
comparison.

(1) Transient heat transfer with a thick wall.
(2) Transient heat transfer with a thin wall.
(3) Steady state heat transfer.

The first two methods are compared by Valencia et al.
[7]. Both methods subject the surface being studied to a
step change in fluid flow temperature and analyse the
transient response, but in the first method the surface is
considered to be the boundary between the flow and a
wall of semi-infinite thickness, whilst in the second
method the wall is assumed thin enough that it may
be considered isothermal in the direction normal to its
surface. The latter method is show to have certain advan-
tages.

Steady state heat transfer with a constant flux density
is conceptually simple and easy to analyse but the pro-
vision of a constant flux surface poses experimental
difficulties. The use of electrically heated foils is possible,
but uniform flux density can be difficult to achieve in

practice. This work examines the practicability of using
a radiative source to heat the surface.This has the advan-
tage that it is easy to change the surface geometry so that
many different tests may be carried out in a comparatively
short time. After using the steady state radiative heating
approach described in detail below, a transient radiative
heating method was used which, it was hoped, would
reduce the test time.

2. Steady state measurement technique and theory

The method developed employs a powerful uniform
light source to heat the surface directly by absorption.
The liquid crystals are on a black substrate (absorptivity
estimated to be 0.95) and the absorbed flux density is
calculated from the measured transmissivity of the top
glass sheet and incident radiation. The configuration
chosen for evaluation is shown in Fig. 1.

Two air flow channels are used rather than one, since
in the steady state the total radiative heat flux is known
to be dissipated in the two air streams rather than to the
surrounding ambient air. (If one flow channel were used
it would be difficult to correlate the heat flux and air flow
at any single point due to heat losses). If the fin geometry
is flat then the heat transfer coefficient can be assumed
equal on the top and bottom surface of the centre fin at
a particular location. The heat transfer coefficient can
be calculated there, given the heat flux, the fin thermal
resistance, the local fin temperature and reference tem-
perature such as that of the inlet air. The liquid crystals
on the top surface of the centre fin indicate when the
local fin temperature is in the transition range. A test at
a particular flux density gives rise to a particular colour
contour on the surface, which corresponds to a particular
heat transfer coefficient. A series of such tests at different
flux densities reveal the heat transfer coefficient at a range
of locations.

In the case of an asymmetric geometry, such as a wavy
fin, with differing top and bottom heat transfer
coefficients, both the top and bottom surfaces of the
central fin need to be covered with the liquid crystals.
Temperatures can be measured on both surfaces for a
range of heating flux densities, and the separate top and
bottom coefficients can be derived as a function of the
normal top and bottom coefficients. The experiments
reported here have all been carried out with flat fins. In
these experiments the thermal resistance in the fin in
the z-direction is only a few percent of the convective
resistance. This would make it very difficult to differ-
entiate between the top and bottom heat transfer
coefficients of a wavy fin with any accuracy.

With reference to Fig. 1., the energy flows are all cal-
culable. The radiant energy absorbed by the upper liquid
crystal layer is g,, W m™% An energy balance for the
upper surface is:
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Fig. 1. Energy flows in test section.
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The energy balance for the lower surface is:
2

The top and bottom surface convective heat fluxes are
given by a heat transfer coefficient based on the difference
between the air inlet and surface temperatures:

Geonv = h(T_ T\)

Gcondz = Yconvbot + Grad bot

(©)

The net low temperature radiation exchange between the
middle and top or middle and bottom sheets respectively
is given by:

o(T*—T)

1/ge+1/e,—1 @)

Grad =
In order to calculate /i, or /1, at a location the radiation
fluxes and conductive flux in the plane of the sheet need
to be known. They are both typically an order of mag-
nitude or more below the convective fluxes and so they
do not need to be known with great precision.

The conduction term was estimated using a computer
model of the system which took as its input parameters
the local heat transfer coefficients corrected for radiation
loss but not for conduction, the radiation boundary con-
ditions, the glass thickness and conductivity. Using a
simple two-dimensional model of conduction in the glass
an estimate of the error was derived. Typical values are
reported with the results below.

Evaluation of the radiation terms require a knowledge
of the emissivities of both the glass and liquid crystal
surfaces and of their temperatures. The appropriate
liquid crystal temperature is that of the chosen colour

band. The red band chosen had a temperature of 35.1°C.
Any drift in the properties of the crystals was monitored
by two 5 um thick K-type foil thermocouples on the
upper and lower surfaces, bonded between the liquid
crystal layer and glass. The thermocouples had in turn
been calibrated to within 0.1°C against a standard mer-
cury-in-glass thermometer. The temperature of the lower
surface liquid crystal will not be equal to that of the
upper, but is typically only 0.3°C cooler, resulting in little
error of the radiation flux. The emissivity of the glass was
taken as 0.93[10]. That of the liquid crystal was measured
approximately using an infra-red thermometer with an
emissivity calibration adjustment. The measurements
implied an emissivity of 0.97 when apparently black and
0.95 when apparently red. The latter value was used. The
temperature of the top glass sheet was estimated as being
a weighted average of 2/3 the liquid crystal temperature
and 1/3 the ambient temperature. This estimate was
checked with a single fine wire thermocouple stretched
across the top glass surface with its junction in contact
with the glass. With an incident radiation of 550 W m~?
the measured glass temperature was 28.4°C compared
with an estimated value of 31.3°C. The error in the esti-
mated radiation exchange between the top and central
sheets was 3% of the incident radiation. Later exper-
iments will measure the temperature with a non-contact
thermometer. The radiation heat transfer between the
surfaces is typically 30 W m™>.

These ‘loss’ terms are deducted from ¢, to give the
convection flux from both top and bottom surfaces
Geonvio- The calculation of the coefficients varies depend-
ing upon whether the fin is symmetrical with the same
coefficient expected on both top and bottom surfaces. It
also depends upon whether the thermal resistance
through the middle sheet is significant. Suppose the resist-
ance to be significant and the top and bottom surfaces to
have a different /. Two sets of contours are obtained, one
from the top layer of liquid crystals and one from the
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bottom layer. Two nominal heat transfer coefficients
based on the air inlet temperature are calculated,being
defined by:

qconv tot
H =
Ta - Tlc
qéonv tot
H = 5
T,-T, ©

The use of a prime (‘) indicates the use of contours on
the bottom surface. In obtaining both sets of contours
radiant heating is applied to the top surface only.

Analysis of the thermal resistance networks applying
to both cases at the same location gives the heat transfer
coefficients at the top and bottom surfaces, based on inlet
temperature, as a function of the properties of the middle
glass sheet, H andH":

k(H k(H
hﬁop:H+;<H/_l>! hbut=;<ﬁ_l> (6)

In the experiments reported here both flow channels are
identical also /,, and h, are equal. This enables the
solution of /4 either as a function of H and H’, in which
case the thermal resistance of the glass is not needed or
as a function of H and k/z in which case only the top set
of contours need to be measured:

1 1 1

h_H+H’

™

LAMINAR FLOW
ELEMENT

PLENUM

2000 W LIGHT
SOURCE —

H k kK\* (HY
A <;>+<5> ®)

The latter method was chosen both for convenience and
because the results are not a strong function of k/z. Equa-
tion (8) may be expressed implicity as:

H
h=—F7——+ ©)

1
1+ 1 I
Tk
In the case of the 0.7 mm glass used an error of 10% in
k/z with a typical h of 40 W m~2 K~ only changes / by
0.2%. If the thermal resistance of the central plate is
small then /i tends to H/2. In our experiments, where the
top and bottom heat transfer coefficients are equal, and
if transverse conduction effects are neglected:

Gab— Grad top Grad bot
H=—F—"—T/"+"+—"" 10
Ta - T‘lc ( )

3. Experimental equipment
The experimental equipment used is illustrated in Fig.

2. The fin under investigation is enclosed between two
similar fins, providing two airflow channels 2 mm in

VIDEO CAMERA

\ | AIRFLOW

Fig. 2. Experimental apparatus.
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height and 44 mm deep.This is the full size of the air
channels in a particular commercial two row air con-
ditioning condenser. The three fins are constructed from
0.7 mm thick glass sheets. The centre fin has a layer of
liquid crystals applied to both surfaces. The crystals used
had a full visible spectrum range of 1°C and the red band
used had a range of about 0.1°C. The three layers are
held together with spacers ensuring the correct fin spacing
is maintained. Extensions of these spacers are used to
support the three fin assembly in front of the aperture in
the aluminium manifold. The outer surfaces are held very
close to the manifold and the gap is sealed with adhesive
tape. The aluminium manifold chamber is connected via
a length of pipe to the laminar flow element, which in
turn is connected to a fan plenum chamber. A laminar
flow element is employed to measure the cooling air flow
rate and provides a linear pressure drop signal increasing
with volumetric flow. Air is drawn through the assembly
by the fan connected to the plenum chamber. The air
speed in the core was maintained at 2 m s~' in all tests,
this being the speed used in the commercial heat
exchanger being modelled. The corresponding Reynolds
number based on the channel height is 265.

The uppermost liquid crystal layer on the central glass
sheet is heated by absorbing the light which passes
through the upper glass sheet. The light used is a 2000 W
tungsten photographic flood lamp selected for its high
output and even distribution. The light is equipped with
an electronic unit to control its brightness and a ground
glass diffuser that absorbs the great majority of the infra
red. The light source is calibrated with a Kipp and Zonen
CMS5 solarimeter, using a covering sheet of glass fin
material to correct for the transmission losses due to the
top glass fin. The area of interest exhibited a variation of
radiation flux across it of less than +1%. This compares
favourably with electric surface heaters investigated by
Jambunathan et al. [8]. They reported a +4.5% variation
for carbon sheet heaters, +12% for gold foil and +30%
for stainless steel. The incident heat flux has to be mul-
tiplied by the liquid crystal absorptivity to yield the heat
flux at the surface.Reflected light is assumed to leave the
system without further absorption by the top glass sheet.
The absorptivity is estimated as 0.95 which means that
the likely levels of absorption in the top sheet will not
lead to significant errors.

A Cannon EX2 Hi8 camcorder equipped with a CL8-
120 mm zoom lens is used to photograph the crystals
as they change colour due to temperature change.

The liquid crystals used are supplied by Hallcrest in
the form of self adhesive 125 micron polyester sheets,
with a pressure sensitive adhesive backing. this is easily
applied to the flat fin surfaces, but the more typical spray
application would be required for alternative geometries.
The crystal range selected (R35CIW) undergoes a full
colour transition over the range of 35-36°C. The initial
black to red transition at 35.1°C was selected to mark the
isotherms since it is the most easily recognised by eye.

The pictures of the liquid crystals are converted from
the Hi8 camcorder tape to a high definition 736 x 560
pixel 256 colour GIF by using a frame grabber card
installed in a P.C. In order to select the required isotherm,
and correct the image due to the offset camera position
the following method has been devised.

(1) The GIF is imported into a graphical manipulation
package, such as Corel draw.

(2) Ellipses are drawn around the ends of the tubes, the
sizes and positions of these ellipses are measured and
recorded.

(3) The geometric translations required to correct the
equilateral triangular pitch of these tube ends is cal-
culated.

(4) The isothermal line is traced by eye and a line is
drawn over the image using the graphics package.

(5) The calculated geometric translations are applied to
the whole image.

(6) The applied translations are checked by ensuring that
the ellipses are now circular and the tube pitch
geometry is correct.

(7) A rectangle representing the region of interest is
drawn onto the image.

(8) The original GIF image and drawn ellipses/circles are
deleted.

(9) The remaining isotherm and rectangle are saved to
disc as a GIF.

In order to calculate the heat transfer coefficients at all
points on the surface of the fin, a Matlab program has
been written which imports the GIF files previously saved
to disk.Each GIF file has one isotherm stored in it.
Using Matlab a matrix is set up to represent the region
of interest of the fin surface to a specified resolution. The
imported GIF isotherms and their associated nominal
heat transfer coefficients, are then combined using the
GRIDDATA function in Matlab. This function uses an
inverse distance method to interpolate between the
differently spaced isotherms, producing a value of the
nominal heat transfer coefficient for each point on the
regularly spaced grid at the specified resolution.

4. Steady state results

The results presented here are obtained using the ste-
ady state method described above. The actual GIF (256
colour reduced to black and white for reproduction in
this paper) produced from the frame grabber card is
shown in Fig. 3. The actual resolution of this image is
736 x 560 pixels. The corresponding reduced colour GIF
containing the isotherm and the test section outline with
ellipses is shown in Fig. 4. The original GIF image is then
deleted leaving the distorted outline, ellipses and isotherm
as shown in Fig. 5. After applying the correct geometric
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Fig. 4. GIF with ellipses, region of interest and isotherm added.

Fig. 5. Distorted isotherm and region of interest.

transformations the rectangular region of interest evolves
with the true shape of the isotherm and the ellipses are
transformed to circles as shown in Fig. 6. Deleting the
circles leaves only the region of interest and isotherm to
be imported into Matlab with the corresponding nominal
heat transfer coefficient (Fig. 7).

Figure 8 shows some of the original GIFs for different
flux densities. Figure 9 shows a 3D plot of the heat trans-

0
o|¢

Fig. 6. Corrected isotherm and outline.

(

Fig. 7. GIF ready for import into Matlab.

fer coefficients over the surface of the fin. The very high
coefficient at the leading edge demonstrates the effect of
the very thin developing boundary layer in this region.
The mean value of the heat transfer coefficient over the
whole surface is 35.1 W m~? K ', This may be compared
with the experimental result of 45.4 Wm=2K~' [8] on a
condenser core with the same geometry. The boundary
conditions are of course different, since the experimental
results were for condensing (isothermal) refrigerant
within the tubes, and the present results are for a uniform
radiative heat flux on the fins.

4.1. Estimate of accuracy

As will all liquid crystal thermography methods it is
quite difficult to determine the actual position of the
relevant isotherm/colour fringe. Using a controllable
intensity light source to heat the surface results in the
apparent colours of the crystals changing during the
experiment even though the temperature may remain
constant. This effect can be minimised by using the edge
of the black to red transition as the isotherm, but even
then it makes automatic selection of the isotherm using
computational techniques difficult. Thus a manual tech-
nique has been applied in order to select the isotherms.
The uncertainty of the actual fringe position and the
geometric compensation required for the camera viewing
angle gives rise to a possible positional error for the fringe
in the order of 0.5 mm. The light intensity itself is not
perfectly uniform and varies by +1% over the fin area
considered. The main source of inaccuracy however is
the determination of the temperature to be used to cal-
culate the temperature difference on which the nominal
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g = 653.4 W/m? g = 819 W/m2

q = 1034.5 W/m?

Fig. 8. Contours obtained in steady state tests.
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Fig. 9. Local heat transfer coefficients measured using steady state technique.

heat transfer coefficient is to be based. With temperature
differences of approximately 8-10°C errors in the order
of +0.5°C result in errors of +5-6% in the deter-
mination of the heat transfer coefficient. Errors in the
estimation of radiation losses (discussed above) may add
a further 1% uncertainty. The tangential conduction was
calculated using a two-dimensional conduction model of
the glass sheet and assuming the measured local
coefficients to be correct. The proportional difference
made to the local heat transfer coefficients depends upon
the local value of the second derivative of the glass tem-
perature with respect to distance. This is greatest near the
leading edge. The overall effect of tangential conduction
is to smooth out any local variations in heat transfer
coefficient and so its effect is also a function of the res-
olution used. Table 1 illustrates the effect of tangential
conduction on the calculated local heat transfer
coefficient for three locations and two resolutions. For
locations more than one or two mm from the leading edge
and a resolution of 0.4 mm the error is less than 2%.

5. Transient measurement technique
The steady state technique requires the recording of up

to ten contours, each of which may need 20 min to estab-
lish. An alternative approach is to try to use the infor-

mation contained within the results of a single transient
test using the same apparatus. The fan is switched on and
adjusted until the desired flow velocity is obtained. Then
the light source is suddenly applied at a high flux density.
A continuous video recording of the moving colour con-
tours is made as they progress from the ‘hot spots’ in
areas of poor heat transfer outwards until they sweep up
to the leading edge where the heat transfer is highest. In
principle the time taken for the colour change to reach
any location is related to the local heat transfer
coeflicient.

The middle glass sheet is a ‘thin” wall in that its Biot
number is 0.02 when the local heat transfer coefficient is
100 W m~2 K~'. This allows it to be treated as an iso-
thermal lumped system in the z direction. Radiation was
treated in the same way as for the steady state tests. No
correction was made for transient tangential conduction.

The solution to the transient heat flow equation with
the lumped system approximation with equal top and
bottom heat transfer coefficients based on inlet air tem-
perature is:

— 21
h= gjvzln<1— ’m—m) (11)

qconv tot

This equation may be solved iteratively.
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Table 1

Variation in conduction correction factor with position and resolution

Distance from leading Percentage correction factor for

Percentage correction factor for

Corrected heat transfer coefficient

edge (mm) 0.2 mm x 0.2 mm resolution 0.4 mm x 0.4 mm resolution Wm—2K™"
1 18.3 4.0 73.3
2.5 2.9 — 59.8

15.4 5.5 1.4 37.0

24.3 1.0 0.4 37.0

6. Transient test results and comparison with steady
state results

A set of transient contours were recorded using the
same experimental apparatus and are shown in Fig. 10.
They appear significantly different in shape to those of
the steady state tests. Figure 11 shows the plot of local
heat transfer coefficients calculated using equation (11).
They are very different to those of the steady state tests
and in particular show a rising heat transfer coefficient
towards the trailing edge, which is physically most
unlikely. Upon investigation it appeared that the differ-
ences between the two were greater towards the trailing
edge (up to 50%) and that they were due to differing
local bulk air temperatures in the two tests. The actual
convective heat flux at a location is a function of the flow
temperature gradient normal to the wall at that location.
In the steady and transient tests, which had the same flow
fields, the local air temperatures are very different when
the wall temperatures reach the colour transition level.

When defining the heat transfer coefficient using the
steady state technique the air inlet temperature is used.
The total power input from the fin to the air up to some
location s along a streamline is:

qconv(s) = JJI7[Tw’all - Td(o)] ds (12)

The power input to s can also be given by a heat transfer
coefficient /., based on the locally varying value of the
bulk air temperature:

qconv(s) = J‘ hlocal[ Twull - Td(‘s)] ds (1 3)
0

When the same radiant flux and location are being con-
sidered, the integrals must have the same values but the
numerical values of /., will all be higher than /4 since
the temperature difference is less. It is usual to use the
coefficient based on inlet temperature since the bulk tem-
perature is in general not known. Using the steady state
technique in this experiment does not give large differ-
ences in the numerical value of /# and A, because the

rise in temperature of the air passing through the heat
exchanger is not large. When obtaining contours for
regions of low heat transfer at the trailing edge, low heat
fluxes are used and the rise in temperature might be 5°C
(averaged over the test section) when there is a 15°C
difference between the wall and inlet temperatures. The
hypothesis is that in the transient tests the local bulk
temperature at the trailing edge at transition is less than
that in the steady state, giving a higher heat transfer
coeflicient based on inlet temperature. This hypothesis
could be tested by analysis of a stream tube flowing from
the leading to the trailing edge. Knowing /4 and ¢.py o @an
energy balance on the air in the tube between the leading
edge and some distance s along it would enable the bulk
air temperature to be calculated at s. The heat transfer
coefficient based on the local bulk air temperature /i,
could then be calculated. This should be consistent with
a similar analysis carried out on the transient data to
determine /.. Unfortunately, the flow pattern in the
plate fin-tube test piece is not known and so the analysis
cannot be carried out. As an alternative test, the ‘tubes’
were removed so that simple dimensional channel flow
resulted. Steady state and transient tests were repeated
and the values of /.., compared.

7. Technique comparison with 2D channel flow

The local heat transfer coefficient based on inlet tem-
perature using steady state measurement is shown in Fig.
12, together with a theoretical curve taken from Kays
and Crawford [9]. A simple finite difference computer
program was used to determine the local bulk tempera-
ture, which was in turn used to calculate the local heat
transfer coefficient based on that temperature. They
diverge as the heated length increases. The local
coefficient obtained from the steady state test is then used
to predict the local coefficients based on inlet temperature
and times to transition in a transient test. The simulated
time and actual times are shown in Fig. 13. The agreement
is good near to the leading edge but diverges towards the
trailing edge as integrated errors accumulate.
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Fig. 10. Contours obtained in transient tests.
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Fig. 13. Predicted and actual transition times in channel flow transient test.

8. Conclusions

A novel method of using radiant heating with liquid
crustal thermography to measure local heat transfer
coefficients has been described. Either steady state or
transient tests may be used to derive coefficients but they
are not comparable when based on inlet air temperatures.
Whilst basing the heat transfer coefficients on local tem-
peratures does not totally reconcile the results of transient
and steady state tests it is seen to provide a satisfactory
explanation for most of the discrepancy. The steady state
method is preferred since it yields numerical values that
are closer to those based on local temperature and hence
easier to interpret when observing the effects of changing
the local surface geometry.
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