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A thermographic method to map the local heat transfer
coefficient on the complete surface of a circular cylinder
in an airflow
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Abstract — A constant wall heat flux method was developed to map the transfer coefficient value at the surface of a circular cylinder
whose height to diameter ratio was 3. The cylinder was positioned either cross-flow or sloped at 45° into the flow. Preliminary
experiments showed that the heat flux had to be generated nearly all over the body to avoid surface conduction which meant it
was difficult to make the sample. The surface temperatures were measured by an infrared camera which was located outside the
experimental cell to avoid flow disturbances. Procedures were developed to be able: (i) to the get infrared pictures through a window
and (ii) to rebuild from these pictures and without distortion the complete distribution of the heat transfer coefficient at the surface

of the cylinder. O 2001 Editions scientifiques et médicales Elsevier SAS
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Nomenclature y  distance from the bottom guard heater in
the cross-flow direction . . .. .. ... m

Bi  Biot number = h-L/A
C; constants used inrelation (2) and (3) Greek symbols
D cylinderdiameter . . .. ......... m ¢  emissivity of the cylinder surface
e thicknessinwhich surface conduction ® heatfluxatthewal ........... W-m~—2

OCCUrS(2) . v oo m A difference of temperature between the
H cylinderheight . ............. m guard heaters and the middle line of the
h  heat transfer coefficient . . ....... w-m—2.K-1 measurement area . . . ... ... °C
K  constant used in relation (2) and (3) 0 ang_le from the stagnation point of the
L characteristic dimension of the product . m cylinder . ... ... degree
r  maor to minor axis ratio of an eliptical A thermal conductivity of the product, of the

cylinder sampleor of thewire. . . . .. .. ... w-m—1lk-1
Ts temperature at the surface of the cylinder °Cor K o StefanBoltzmann constant . . . . . . . W-m—2.K—4
T4y artemperature . . ... ......... °CorK Mean
Tu turbulence intensity in the main flow

direction: UEZOZ .............. % ¥ mean of x
u  velocity fluctuationaround U . . . . . . m-s~1
U meanair velocity in the flow direction . m-s~1
X curvilinear distance along the cylinder 1. INTRODUCTION

from the stagnation point . . . . . . .. m

Many industrial processes are based on asimultaneous

T Corrers i heat and water transfer between a solid of complex shape
orrerpondence and reprints. . o

E-mail address: alain kondjoyan@clermont.inrafr and an air flow. Thisis often the case for food processes

(A. Kondjoyan). such as chilling, drying, cooking or freezing. As soon as
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the air velocity is greater than 0.4-0.5 m-s~1, exchanges
by convection are preponderant. Mean fluxes exchange
by convection at the surface of the product can be cal-
culated if the average values of the transfer coefficients
are known. These mean transfer coefficients result from
theintegration of local valueswhich can bevery different
from one point of the body surface to the other. In some
cases, the knowledge of the distribution of the transfer
coefficients can be of direct practical interest. For exam-
ple, it serves to predict the risks of deterioration at the
surface of the product during intense chilling or heating
treatments (very fast chilling, re-heating or cooking). It
is aso interesting to know the distribution of the transfer
coefficient to explain the variation of its average value
which depends on many factors: velocity and turbulence
of the flow, shape, dimensions and position of the prod-
uct. A lot of experiments are needed to take into account
the effect of all these factors. Interpretations based on the
local variations of the transfer coefficient could help re-
ducing the number of experiments.

During a simultaneous heat and water exchange be-
tween a water saturated product and an air flow, the rela-
tion of Lewis applies. The mass transfer coefficient value
is proportional to the heat transfer coefficient. Thus the
distribution of one of these coefficients gives the distrib-
ution of the other. Thisstudy aimsat developingamethod
to map the local heat or mass transfer coefficient value at
the complete surface of a product.

2. BIBLIOGRAPHY

The main methods used in the field of food engineer-
ing to measure the average transfer coefficient value have
been listed by Arce and Sweat [1]. To our knowledge no
work has been performed to list the different methods
used to measure the local transfer coefficient values.

The different methods used in the literature fall into
three categories. those that determine the mass transfer
coefficient alone, others that determine the heat transfer
coefficient alone and those that determine simultaneously
both of them.

Methods that enable the simultaneous determination
of the heat and mass transfer coefficients are mostly
steady-state methods based on the evaporation of sub-
stances such as water [2, 3], benzene [4] or nitroben-
zene [5]. Usually, it is not possible with these methods
to determine the local transfer coefficient values since it
would be necessary to measure the local amount of prod-
uct which evaporates, which is technically very difficult.
However, an adaptation of the “psychrometric” method

has been performed in the laboratory to determine some
of thelocal transfer coefficient values on products of very
complex shapes[2, 6, 7]. But it requiresvery precise mea-
surements of the surface temperatures, it remains punc-
tual and is restricted (for local determinations) to air ve-
locities lower than 1.0 m-s~2,

2.1. Mass transfer coefficient

Methods which enable a local determination of the
mass transfer coefficient in air are mostly based on the
sublimation of a substance, often Naphthalene, which
covers the surface of the sample. The substance to be
sublimated should be applied regularly on the surface,
which is already difficult when the shape of the sample
iselementary and is particularly laboriousif the shapeis
alittle more complex.

During the experiment, weight losses and variationsin
the thickness of the substance are very small. This leads
to large uncertainties in determining the results. For ex-
ample, Kestin and Wood [8] mentioned a +8% error in
determining the coefficient due to the precision of the
measurements. This 8% error is probably the minimum
that one can expect using this type of method. If these
experiments are repeated, the local differencesin thick-
ness of the sublimated substance change progressively
the shape of the sample [9]. Thus the sample has to be
frequently rebuilt [10], which isin practice very cumber-
some.

Because of al these difficulties, such methods cannot
be easily used to map the transfer coefficient value at
the complete surface of samples whose shape is not
elementary. Moreover, because of the large number of
potential biases, such methods are commonly considered
less accurate than those based on the determination of the
heat transfer coefficient [9].

2.2. Heat transfer coefficients

Transient methods

The different methods used to determine the heat
transfer coefficient can be divided into steady-state meth-
ods and transient methods, depending on their conditions
of application.

Transient methods consist in heating or cooling asam-
ple whose heat conductivity is known perfectly. The heat
transfer coefficient values are determined by measuring
the temperature kinetics at the surface of the product.
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When the Biot number isvery small Bi < 0.1 (sample
of small dimensions and high heat conductivity), the
temperature is uniform everywhere at the surface and
inside the sample. In this case only the average transfer
coefficient can be determined.

Some experimentshave also been performed with Biot
numbers much greater than 0.1 (sample built in avery in-
sulating material) [11-13]. In this case, it is theoretically
possible to obtain the distribution of the transfer coeffi-
cient values if the temperature kinetics at the body sur-
face are measured and if the exchanges by conduction
inside the sample can be calculated under transient con-
ditions. When the shape of the sampleis elementary (flat
plate, infinite circular cylinder, sphere), the exchanges by
conduction can be considered as unidirectional and ana-
Iytical solutions can be found in the literature. When the
shape of the body is not elementary, these analytical so-
[utions cannot be applied directly. In some simple cases,
it is possible to fit them using correcting factors named
“shapefactors’ [11, 13]. In other cases, the exchanges by
conduction inside the product have to be solved numeri-
cally [14, 15]. In these cases, transfer coefficients are not
really calculated but fitted to mimic the evolution of the
surface temperatures. This procedure can become very
difficult to apply if the shape of the sample is complex.

Steady-state methods

These are constant wall heat flux methods. To obtain
thedistribution of the heat transfer coefficient, the heating
element must be positioned at the surface of the sample
and be directly in contact with air. The local value of
the transfer coefficient is very easily calculated from the
power supplied to the heating element (heated most of the
time electrically) and the local difference in temperature
between the body surface and air.

When the shape of the sample is symmetrical, two
types of experimental techniques can be used. For a sphe-
re or an infinite circular cylinder, the heating element
can cover only a tiny part of the surface which is
moved afterwardsto obtain the distribution of thetransfer
coefficient on a line [16]. In the other cases (elliptical
cylinder, etc.) the heating element, usually a ribbon,
coversalarge part of the body surface.

Although it is theoretically ssimple to determine the
distribution of the transfer coefficient by a constant heat
flux method, its application is difficult because of the
exchanges due to conduction.

Exchanges by conduction can take place at the body
surface from the heated area to the non heated area and
when a heating ribbon is used inside the ribbon itself.
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The effects of conduction inside a ribbon have not been
considered in the literature. To decrease the conduction
from the heated to the non heated area, one could con-
sider decreasing considerably the heating power. How-
ever that tends to decrease the accuracy in determining
the heat transfer coefficient [16-18]. The best solutionis
probably to reduce the difference in temperature between
the measurement and non measurement area. The ribbon
can be sandwiched between two guard heaters[19] or, for
tiny heating elements, more complicated devices can be
used [20].

Another simpler solution isto use a very large ribbon
and to determinethetransfer coefficientsonly on the mid-
dleline of the ribbon where the exchanges by conduction
are negligible. However this technique cannot be applied
to map the transfer coefficient value all over the surface
of the body.

Temperature measurements at the
surface of the sample

Temperature measurements at the surface of the sam-
ple are needed to determinethe local heat transfer coeffi-
cients. When the sample shape is elementary, only afew
thermocouples are necessary. As soon as the shape of the
sample is more complex, the number of thermocouples
has to be increased to properly describe the distribution
of the transfer coefficient. For example, Ota et al. [21]
placed 49 thermocouples on the middle line of an ellip-
tical cylinder of axis ratio r = 2. Measuring the temper-
atures on several lines of the body surface using thermo-
couples quickly becomes unfeasible. To cope with this
difficulty, some authors have covered the sample with
liquid crystals which colour changes with temperature
[22, 23]. Surface temperature can also be measured us-
ing infrared pyrometers or a camera [24, 25]. However
this technique is seldom used to determine transfer coef-
ficients[26].

3. THE METHOD AND ITS LIMITS DUE
TO CONDUCTION

3.1. Principle

Following the previous analysis, the heat transfer co-
efficient was determined rather than the mass trans-
fer coefficient. A constant heat flux method which is
amethod of referencewas preferred to atransient method
to avoid numerical calculations of exchanges by conduc-
tion and transfer coefficient fitting. Surface temperatures
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were measured using an infrared camera (type TVS 2100
MKI1 of Nippon Avionics Corporation) which was avail-
able at the laboratory.

The method was tested on a circular cylinder (D =
0.1 m) whose height to diameter ratio H/D was 3.0.
The cylinder was placed either cross-flow or sloped with
a 45° angleinto the flow. The cylinder was supported by
a threaded rod fixed to its bottom end. Apart from this
rod, the ends were left free in the stream.

The aim of the study was to map the heat transfer
coefficient all over the cylinder surface, that is on its
side as well as on its ends (hereafter called tips). In this
case, the classic heating ribbon technique cannot be used
to cover both the side and tips. Thus the ribbon was
replaced on the tips by an oxy-insulated electrical wire
which can be contiguously coiled to cover the whole
surface. Ribbons could have been used on the cylinder
side. However we were not able to find ribbons which
had exactly the same characteristicsasthe wire (electrical
and thermal conductivities, nature of the surface and
thickness). Thus to avoid any bias, we decided to also
coil the side of the cylinder using the same wire as for
thetips.

During the experiments, the sample was located in-
side the experimental cell (0.8 m x 0.8 m x 1.60 m) of
a wind tunnel which has already been described else-
where[2, 6, 7]. Theair velocity ranged from 0.5m-s~1 to
5.0m-s~1 and theair temperaturewas closeto 25°C. The
air temperature was precisely measured near the sample
using PT100 probes.

To avoid flow disturbances, the infrared camera was
located outside the experimental cell. Thus, surface tem-
peratures had to be measured through awindow fixed up
in one of the cell walls.

When a constant heat flux is generated at a solid
surface and when the steady-state period is reached, the
heat transfer coefficient 42 can be directly determined
from the energy balance by:

@ T4 -T2
= — 0= ar D

Ts — Tair Ts — Tair

(M n

Term (1) describes the transfer by convection and (11)
the transfer by radiation. Ts and Ty, are the surface and
air temperature (expressed in Kelvin), respectively; e
is the emissivity of the solid, o the Stefan—Boltzmann
constant.

A quick look at relation (1) provesthat the smaller the

difference Ts — T4y iS, the greater the effect of an error in
the temperature measurementsis on 4. It was difficult to

h

measure the surface temperatures by the infrared camera
with an error less than +0.5°C. Thus the temperature at
the surface of the sample should be at least 35-40°C
higher than the air temperature to ensure a precision of
3% on the determination of the heat transfer coefficient.
Astheair temperature was about 25 ° C, the surface of the
cylinder must be heated to 60°C-75°C.

It is assumed in relation (1) that al the heat flux
is dissipated by convection and radiation and that the
differences in surface temperature are only due to the
local variations of the heat transfer coefficient. This is
never fully verified in practice since there are some
exchanges by conduction: (1) inside the electrical wire
and (2) at the body surface from the heated to the non (or
less) heated area. The conduction from the surface to the
inside of the sample will not be discussed here because
it was found to be negligible as soon as the steady-state
period was reached.

To ensure the accurate determination of the local value
of thetransfer coefficient at the body surface, the previous
exchanges by conduction should be taken into account.

3.2. Temperature equalisation inside
the electrical wire

The electrical conductivity of the wire must be high
enough to be able to heat the surface of the sample.
However high electrical conductivity goes most often
with high thermal conductivity. A wire made in Nickel—
Chrome was used which seemed to be a good com-
promise between good electrical conductivity and low
thermal conductivity (60% Nickel and 15% Chrome,
A =13W-m~L.K~1 wire diameter 0.8 mm). It was oxy-
insulated and could be coiled continuously wire against
wire.

Even if the thermal conductivity of Nickel-Chromeis
small, there is an unavoidable heat exchange by conduc-
tion that tends to homogenise the surface temperature.

As no wire with a lower thermal conductivity than
that of the Nickel-Chrome was available, it was not
possible to study experimentally the effect of conduction
inside the wire on the distribution of the heat transfer
coefficient. Thus the distribution of the heat transfer
coefficients at the surface of a circle covered with awire
was simulated numerically using the software “Fluent”.
The circle was 0.1 m in diameter and the thermal
conductivity and diameter of the wire were those of the
Nickel—-Chrome used during the experiments. No transfer
by conduction existed from the surface toward the centre
of the circle. The amount of heat generated by the wire
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which was dissipated by convection led to differences
in temperature at the body surface comparable with
those which existed under practical conditions. During
caculations, the air velocity was 1.0 m-s™1 and the
turbulence intensity 20%. These conditions were chosen
since they speed up the convergence of calculations
while the resulting transfer coefficient values were close
to the practical ones. However one should not wait
here for a redlistic determination of the effect of the
3-dimensional turbulence on the heat transfers around
awire loop. Some of the difficulties to assess the effect
of turbulence by 2-dimensional calculations have aready
been discussed in a previous paper [27].

During the present calculations, the heat flux wasfixed
in order that the temperature, which varied at the solid
surface due to the local difference in the heat transfer
coefficient, was near 70°C. The air temperature was
20°C. Flow modelling and numerical procedures are not
described here. They were identical to the ones used
previously by Kondjoyan and Boisson [27]. Thermal
calculations were performed under two conditions: with
and without exchanges by conduction inside the wire.

The distributions of the heat transfer coefficient ob-
tained under both types of conditions are compared in
figure 1. The distributions of the coefficient calculated
using “Fluent” were not exact but sufficiently realistic to
be able to quantify the effect of conduction. Conduction
tendsto heat the part of the surface located upstream from
the separation point and to cool the part which is down-
stream. The consequence of this phenomenon is much

hw.m2k" AIR
35 ( )
30
25 | oo o, Separation point
x§§§o§.. |
20 F Xx§§§i A 3
15 p Conduction i %xXXX:Q; 500 ::::miﬁg
inside the wire i ’o. 0600990000

10 p !

5T No conduction

0 . . inside the wire, , X(m)

0.45 0.47 0.49 0.51 0.53 0.55

Figure 1. Distribution of the heat transfer coefficient values
calculated using the software “Fluent” at the surface of a circu-
lar cylinder 0.1 m in diameter, covered by Nickel-Chrome wire.
The distribution was calculated under two conditions: (1) with
conduction inside the wire and (2) without conduction. X cor-
responds to the distance in the flow direction along the surface
of the circle.
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more pronounced in the wake because as the convection
is smaller, the proportion of the total energy exchanged
by conduction is greater. This phenomenon is inherent
to the method and tends to smooth the variations of the
heat transfer coefficient in the regions where flow sepa-
ration and reattachment occur. However when a Nickel—
Chromewireis used, the magnitude of the errorsremains
moderate and cannot question the use of the constant heat
flux method.

3.3. Effects of conduction at the edges
of the heated area

Initially, we had thought of applying the constant heat
flux method by coiling the wire only on areduced area of
the cylinder side and then moving this area at the surface
of the sample. This procedure would have lightened the
technical work of coiling the wire on the cylinder side
and would have enabled the use of cheaper equipment
(inparticular less powerful electrical generators). But the
procedureraised an important question: how much would
the conduction at the edges of the heating area affect the
results? Preliminary experiments were conducted on the
cylinder in cross flow to answer this question.

The cylinder was hollow (0.1 m in diameter), made
in polypropylene (0.8:10~3 m in thickness) and filled
with glass wool. Polypropylene is a thermal insulated
material which resists temperatures up to about 100°C
without deformation. The device was made of three
main pieces which fitted into each other. On the middle
piece, 47 loops of the Nickel-Chrome wire were coiled
continuously which spanned 0.04 m of the cylinder
surface. This measurement areawas sandwiched between
two guard heaters each made of 12 loops of the Nickel—
Chrome wire. Each of the guard heaters has a separate
electrical supply. To prevent short circuits, a loop of
a varnished copper wire—which was not electrically
supplied—separated each of the guard heaters from
the measurement area. This middle piece built was
sandwiched between two hollow polypropylene tubes.
These tubes were filled with glass wool and had alid on.

The last stage in making the sample aims at making
the surface of the cylinder, and particularly the cail, flat,
smooth and as opague as possible (¢ close to 1). Severa
fin coats of cellulose filler were applied with a brush.
Then the surface was sanded down and covered with
three coats of a mat black painting which could resist
high temperatures.

At the beginning of an experiment, the voltage and
electrical intensity through the measurement area were
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fixed according to the experimental conditions (U, Tu) to
reach an average temperature at the surface of the sample
between 60°C and 80°C. Then the voltage and electri-
cal intensity through each of the guard heaters (separate
electrical supplies) were fitted to obtain temperature val-
ues close to the temperature which existed on the mid-
dle line of the measurement area. As on awire loop, the
temperature changed in the flow direction, it was possi-
ble either to fit the temperature at the stagnation point
where the value was minimum or at the separation point
were it was maximum. If the temperatures of the guard
heaters were fitted at the stagnation point, then the mea-
surement area tended to be cooled in the wake. On the
contrary, if the temperatures were fitted at the separa
tion point then the measurement area was heated at the
stagnation point. Heating the measurement area atered
the results in away which was more difficult to quantify.
Thuswe preferred to fit the temperatures at the stagnation
point and then to analyse the effect of conduction on the
distribution of the transfer coefficient in the wake. This
effect was analysed by varying at the stagnation point the
difference in temperature between the guard heaters and
the middle of the measurement area. Five experiments
were performed with an air flow velocity of 0.5 m-s™1,
that isin the case for which the exchanges by conduction
were the greatest. The differences in temperature at the
stagnation point between the guard heaters and the mid-
dle of the measurement area A were: —4.0°C, —2.0°C,
—0.5°C, —1°C, +1°C, +2°C. In the wake, differences
were +-3.0°C to +5.0°C greater.

2
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70 b Calculations
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68

\ Experimental points +/- 0.5°C

These experiments were completed by calculations
based on the resolution of the energy balance at the
cylinder surface. When there is no exchange by radiation
the profile of temperature can be directly determined
using an analytical solution of literature [28]:

Ty — Teir = —[Cae™™ + C3e™] @

with: m = /% and K = 4 - e. y is the distance in the
cross flow direction, 4 the heat transfer coefficient, A the
conductivity of the solid and e the thickness in which
surface conduction exchange occurs.

During our calculations relation (2) was modified in
relation (3) to account for radiation:

_ ®—-C1
Ty — Tar= K m2

— [Cze_my + Cgemy] 3

where C1 is a constant which permit to linearized the
term of radiation in a small range of temperatures.

Details on the determination of C1, C2 and C3 from
the boundary conditions and on the resolution procedure
can be found in publication [29].

The experimental profiles of temperature measured in
the cross-flow direction of the vertical cylinder showed
the increase of temperature from the guard heaters to the
middle line of the measurement area. A typica profile
obtained at the stagnation point for a difference A of
—4°C in temperature between the lower guard heater
and the center of the measurement area is presented
in figure 2. In this figure the distribution appears to

<«——— Guard heater

7A('c)

Y m)

0 0.01 0.02

0.03 0.04 0.05

Figure 2. Preliminary experiments on a small heated measurement area located at mid-height of the side of the cylinder and
sandwiched in between two guard heaters. Cross profiles of the temperature at the stagnation point of the cylinder for a difference
A of 4°C between the guard heaters and the middle of the measurement area. y is the distance in the cross flow direction from the
bottom guard heater to the top. Symbols represent the experimental points, full line results from calculations.
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Figure 3. Preliminary experiments on a small heated measurement area located at mid-height of the side of the cylinder and
sandwiched in between two guard heaters. Distribution of the heat transfer coefficients on the middle line of the measurement
area as a function of the angle from the stagnation point and for various fittings A of the guard heaters’s temperatures.

be non symmetrical. This was not due to radiation
neither to natural convection but to the fact that the
guard heaters were dightly different and supplied by
two different electrical generators. Thus it was very
difficult to fit the two guard heaters exactly at the
same temperature. However the very good agreement
between experimental and calculated results proves that
the experimental profileswere only due to the exchanges
by conduction at the surface of the sample.

The effect of these exchanges by conduction on the
distribution of the transfer coefficient at the middle line
of the measurement area is presented in figure 3. The
greater the surface conduction was (the more negative
the value of A), the lower the surface temperatures were
and thus the greater the measured transfer coefficient
value was. On the contrary, if the temperature of the
guard heaters was greater than the temperature of the
measurement area (A = +1°C to +2°C), then the value
of the transfer coefficient was apparently smaller. The
smaller the transfer coefficient value was, the greater
the errors due to surface conduction were, that is they
were always more pronounced in the wake. However as
soon as the guards were heated and as the difference in
temperature A did not exceed a few degrees, the effects
of surface conduction on the transfer coefficient at the
middle of the measurement areawere small. For example,
it was shown by calculationsthat adifference A of —2°C
intemperatureled to a 1% error of thetheoretical transfer
coefficient value at the stagnation point and a2% error in
thewake.
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Previous results concerned the middle line of the
measurement area. Errors due to surface conduction
could be greater below and above this line, especialy
in the locations of the measurement area in contact with
the guard heaters. These errors in these locations could,
in the wake, reach 10-15% of the transfer coefficient
value. Thus the effect of surface conduction should have
been corrected if one wanted to measure the transfer
coefficient everywhere in the measurement area. When
the cylinder was in cross flow, correction would have
been possible using the calculation procedure described
previously. When the cylinder was sloped into the flow
fitting the guard heaters and correcting the difference due
to surface conduction would have been more difficult
and above al some risks of biasing the results could not
have been excluded. Hence the idea of coiling a small
part of the side of the cylinder and then moving it was
abandoned. Despite technical difficulties, the decision
was taken to coil most of the cylinder surface.

3.4. Making up the final sample

The cylinder (D = 0.108 m, H/D = 3.0) was made
using the same materials and methods as those described
previoudly. It was not totally coiled to lighten the techni-
cal work and to respect the limits of the electrical genera-
tors. The coiled area corresponded to onetip and to a part
of the side of the cylinder (0.20 m in height) adjacent
to this tip (figure 4). This part was limited by a 0.02 m
wide guard heater which has a separate electrical supply.
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Figure 4. How the final sample was made.

Calculations of surface conduction showed its effect was
negligible as soon as the distance from the guard heater
was greater than 0.015 m. To be on the safe side, only
the upper height of the cylinder side (0.150 m from the
tip) was considered. Thus measurements on the side of
the cylinder were always performed at least 0.04 m away
from the guard heater.

The main technical difficulty was continuously coiling
the wire on the tip and connecting this part to the wire
loops located on the side of the cylinder. To completely
cover the tip surface, the wire was coiled in a spiral
from the centre of the polypropylene disk to its edge.
Every loop was pushed and stuck against the previousone
following concentric circlesengraved on the disk. Thanks
to these engraved circles, the coil did not move off centre
and the last loop of the wire matched the edge of the disk
perfectly. At this edge, asmall 0.1 mm thick and 0.8 mm
high ridge (the same height as the diameter of the wire)
in the polypropylene disk maintained the spiral coil in
place (figure 4(b)). This ridge was dit afterwards to let
the wire cross through it and to be able to go on coiling
the side of the cylinder. Then the surface of the cylinder
was covered with mastic and black paint asin the case of
the preliminary sample.

In the last stage 1 mm wide aluminium strips were
stuck at regular interval along the perimeter and height
of the cylinder side (figure 4(c)). These strips had a low
emissivity and were used as markers during the treatment
of the infrared pictures. Seven strips were positioned on
the perimeter of the cylinder and twenty two aong its
height.

4. ACQUIRING AND TREATING THE
INFRARED PICTURES

4.1. Acquiring the infrared pictures

Figure 5 presents the experimental apparatus. To take
theinfrared pictures, one of the walls of the experimental
cell was replaced by a window made of a 10~ m thick
polyethylene film. This material was chosen because
preliminary studies had shown that it was the most
transparent to infrared radiations in the range of wave
lengths capture by the camera (2 pm-10 pm). However
taking pictures through this window of the surface of
asample of unknown emissivity and which was subjected
to a non characterised environment of infrared radiation
made it absolutely necessary to have an in-situ control of
the cameraresponse [25].

To control the response of the camera, a reference
target was built. It was made from an aluminium plate
(0.22 x 0.20 x 0.02 m) covered on its two main sides
by a continuous coil of a varnished copper wire. A flat
PT100 probe was stuck under the coil to measure the
reference temperature. The thermal contact between the
plate and the probe was made using epoxy resin loaded
80% with an aluminium powder. The copper coil was
covered by the same number of coats of mastic and
black paint as the sample. Thusthe target and the sample
had the same emissivity. As the material used to build
the target (aluminium and copper) was very thermally
conductive, the surface temperature around the PT100
probe was uniform at £0.5°C.

Before each set of experiments, the target was po-
sitioned in the experimental cell in place of the sam-
ple and the copper wire was supplied with an electrical
current. Pictures were taken by the camera (emissivity
button tuned to 1.0) in the part of the target surround-
ing the PT100 probe where the temperature was uni-
form. The difference between the average values given
by the PT100 probe and by the camera was recorded.
Results proved that between 50°C and 80°C—which
corresponded to the range of temperature existing at the
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Figure 5. Schematic representation of the experimental apparatus. The infrared camera is located outside the experimental cell and
separated from the inside by a polyethylene window 102 m in thickness.

surface of the sample during the measurement of trans-
fer coefficients—the response of the infrared camerawas
5°C to 7°C lower than the temperature recorded by the
PT100 probe.

Two of the main causes which could explained this
discrepancy were: the unknown surface emissivity of the
sample and the temperature gradient which could exist
through the surface coat made of mastic and paint (athird
cause could bethe absorption of infrared radiationsby the
polypropylene window).

The surface coat of mastic and paint was very thin
0.3 mm to 0.4 mm. The knowledge of the surface heat
flux (about 800 W-m~2) and of the conductivity of the
mastic and paint (A between 0.6 and 1.5 W-m~1.K 1)
led to the conclusion that the difference in temperature
through this coat was less than 0.5 °C and thusfell in the
experimental error. This small difference in temperature
through the coat justified the use of the reference target
to calibrate the camera.

The real emissivity of the sample remained unknown
and its knowledge should have required special experi-
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mental set up and skill that were not available at the lab-
oratory. It was however possible to show from calcula-
tions that the emissivity should have been equal to 0.87
to explain the temperature difference between the read-
ing of the cameraand the PT100 probe. An emissivity of
0.87 was close to values of about 0.92 usually found in
literature. However it was difficult to know if the emis-
sivity value of 0.87 was the right one since the differ-
ence in temperature between the camera reading and the
PT100 probe included some absorption of radiation by
the polypropylene window.

Finaly it was decided that in our case the must
reliable procedurewasto correct the measurements of the
camera using the calibration curve established from the
response of the reference target. This correction of 5°C
to 7°C was a key point of the measurement of surface
temperature and if it had not been taken into account, it
would haveled to an error on the heat transfer coefficient
value greater than 30% of the final result.

During the experiments, the cylinder was positionedin
the experimental cell of the wind tunnel and maintained



A thermographic method to map the local heat transfer coefficient

by a set of rotating rods which were fixed to the bottom
of the cell (figure5). It was possible to direct the cylinder
using thisdevicewith aprecision of +2°. Thewirescom-
ing from the measurement areaand from the guard heater
were connected (through other electrical wires of larger
section and made of copper) to their separate electrical
generators located under the bottom of the cell. During
the experiments, the air temperature and the voltage and
intensity of the electrical current which circulated into
the measurement area were automatically recorded every
two minutes. About six hourswere necessary to reach the
steady-state period. During this period, infrared pictures
were taken.

a) POSITION (I1T) POSITION(I) POSITION (11} POSITION (IV)
\_VIS!JOW' (WINDOW p
b) G
A
AR =p
— = 1
— .
c) POSITION (I) POSITION (II)
G C Bl
H
E D F E
POSITION (I1I) POSITION (IV)
B AP 1 H@
E D F E

Figure 6. Description of how the pictures were taken on
the side of the horizontal cylinder sloped at 45° into the
flow: (a) experimental positions used to take the 4 pictures;
(b) location using letters of the cylinder edges in relation to
the flow direction; (c) pinpointing the previous locations on
the pictures before piecing them together. The symbol “pp”
gives the location of the polypropylene part of the cylinder side
which was not coiled.

To map out the whole surface of the cylinder, it was
necessary to picture the tips and half of the perimeter
of the cylinder side (the distribution of the coefficient
was presumed to be symmetrical on the other half of
the perimeter). Because of the convexity of the surface,
severa pictures were needed to map out the side of the
cylinder. The cylinder was positioned vertically in the
experimental cell only when we had to pictureits side for
across-flow position. In the other cases, that isto picture
the tips or to picture the side when it was sloped into the
flow, the cylinder had to be placed horizontally.

Mapping out the side of the cylinder sloped at 45° in
the flow direction was the most difficult case because
it required associating pictures taken on the cylinder
placed in four different ways in the experimental cell.
Figure 6 describes the procedure followed in this case
to reconstitute the image of the half perimeter “A-G-C-1”
(figure 6 (a) and (b)).

Each of the four positions of the cylinder in the
experimental cell led to a different picture of the cylinder
side (figure 6(a)—(c)). In these pictures, the letters from
A to | represented the location of the cylinder edges
in relation to the flow direction. The letters B and H
separated the heated from the non heated area. As in
each of the four positions of figure 6(a), the physical
edges had different rolesin relation to the flow direction,
the four complementary pieces of the complete image
could be obtained. We simply had to piece together the
pictures (letter by letter) to recongtitute the image “A-G-
C-1” (figure 6(a)—(c)).

4.2. Picture processing

Each picture led to a matrix whose size was 100 by
256 pixels (video format). These pictures were distorted
and incomplete and thus had to be corrected and com-
bined. Correcting the distortions was necessary: (1) to
be able to interpret visually the images and (2) to calcu-
late exactly the average value of the transfer coefficient.
The computer programs used to treat the pictures were
developed using the software matlab (version 5.2) com-
pleted by its specia functionsfor image processing (“im-
age processing toolbox”). Two cases are given here as
examplesto illustrate the treatment procedure: (1) on tips
(2) onthe side of the cylinder sloped at 45° into the flow.

Treatment of the tips

In spite of some specific problems, such as interac-
tions between the temperature of the sample and of the
background, the treatment of the tips was simpler than
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Figure 7. Treatment of the picture of a tip: (@) elliptical
distorted picture of the temperature on the tip; (b) final map
out of the transfer coefficient after correction of the distortion.

the treatment of the side because: (i) the image of atip
came from only one picture, and (ii) the surface of the
tipswas flat. The video format (100 x 256 pixels) of the
picturedistorted the circular shape of thetip into an ellip-
tical shape (figure 7(a)). This distortion (hereafter called
flat distortion) was not only due to the format of the pic-
ture (which would have led to a distortion ratio of 2.56)
but it integrated the optical characteristics of the camera
(external and internal lenses) and the parameterslinked to
the position of the camerain relation to the surface of the
cylinder (distances, view angle). Since the optical char-
acterigtics of the camera were not fully known and since
the cameralcylinder position changed from one experi-
ment to the other, the distortion ratio had to be calculated
for each treatment.

In thefirst stage, the vertices (ABCD) of therectangle
in which the elliptical outline was inscribed were deter-
mined by intersecting the lines which were tangent to the
extreme points of the major and minor axis of the ellipse
(figure 7(a)). The coordinates of these vertices were used
to calculate: (1) the slope of the elliptical outlineinto the
pictureand (2) theratio of theflat distortion (major to mi-
nor ratio of the ellipse) which afterwardsmadeit possible
to restore the circular geometry of thetip.

The temperature measured on the outline of the tip
was subjected to two types of error: (1) the effects of
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treatment during the previous correction of distortion and
(2) the proximity of the background. The error due to the
proximity of the background was due to the fact that the
pixels that were located on the outline of the picture of
the tips were sensitive to the temperature of both the tip
and the background.

The modulation transfer function of the camera could
have been used to localise accurately the border of the
sample and to correct the effect of the background.
Unfortunately this function remained unknown to us as
were some other characteristics of the camera.

Thus pictures were analysed by turning the camera
around its optical axis proved that the treatment did
not affect the result at a distance of 3 pixels from the
outline of the tip. Further than 3 pixels, the effect due
to the proximity of the background also seemed to be
negligible. Thus it was this internal part of the image
which was retained for calculating the heat transfer
coefficientsand for analysing their distribution on thetips
of the cylinder (figure 7(b)).

Treatment of the side

The treatment of the side of the cylinder was more
complex than the treatment of its tips because: (1) pic-
tures were subjected to additional geometric distortions
due to the convexity of the surface and (2) each of the
pictures had to be treated separately and then put together
with the others to obtain the complete image.

Convexity of the cylinder surface introduced a geo-
metric distortion of the picture. However its effect on
the determination of the transfer coefficient was probably
very small. Preliminary experiments had shown that the
measurement of temperatures were not affected by the
surface curvature as long as the angle between this sur-
faceand the optical axisof the cameradid not exceed 45°.
Moreover as the image of the side of the cylinder con-
tained at least 20 000 values the dimension of a pixel was
about 1 mm x1 mm and its curvature very small. Thus
pixel curvature had most probably a negligible effect on
the local determination of the transfer coefficient.

Thedifferent stages of treatment are presented schema-
ticaly in table I. The way the image of the side of the
cylinder sloped at 45° into the flow was rebuilt from the
4 initial pictures taken according to figure 6 is shown in
figure 8(a).

After having checked that the slope of the object in the
picture was nil and after having eliminated most of the
picture background, pictures | and 1V were flipped up-
side down (figure 8(a)). Then the physical markers (alu-
minium strips) had to be located on each of the four pic-
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TABLE |
Schematic representation of the different stages leading to
the complete map out of the heat transfer coefficient on
the side of the cylinder.

Pre-treatment of the pictures
Location of the markers
in the pictures
Calculating the transfer coefficients

Piecing together the different
pictures to build an image

l
.
*

Checking the geometry of the image
Correcting the distortion due to the
convexity of the surface

Obtaining the final image:
- Marker erasing
- image resizing

- Calculations of mean h and h/h
- Smoothing, rotating

tures. Two temperature profiles were established on two
lines (one line in the perimeter direction, the other in the
height direction) intersecting the markers (figure 8(b)).
A computer program automatically researched the coor-
dinates of these markers and provided a precise location
and scaling of the picture in relation to the geometry of
the sample.

Afterwards, transfer coefficients were calculated and
pictures were resized, cut and pieced together to obtain
the complete image of the side of the cylinder. Before
combining the pictures, the transfer coefficient valuesin
the overlapping regions of the 4 pieces were compared to
check that the differences did not exceed the experimen-
tal errors (5% of the transfer coefficient value). The com-
bined image of the transfer coefficient distribution on the

a) 4 Pictures after the first pre-treatements

Picture 2

P Ty

_Plcture1 aﬂer flip

Picture 4 after a fli

Picture 3

b) Scaling each Eicture using the mgrkers

Tee): l
‘ 'Ju‘ |

cent;r of | '
a marker '+ Perimeter 7 markers <€

‘ F

‘ l

Minimum

Distance (pixels)

C) Piecing the 4 pictures. correcting distortions

d) Marker erasing, image resizing and smoothing

Figure 8. Treatment of the pictures on the side of the cylinder
sloped at 45° into the flow: (a) 4 pre-treated initial pictures;
(b) example of a temperature profile used to locate the
markers; (c) complete image after having pieced together the
4 preceding pictures and corrected the distortions due to the
convexity of the surface; (d) image after marker erasing and
geometrical resizing.

side of the cylinder doped at 45° into the flow is shown
in figure 8(c).

The coordinates of the markers were located again on
the combined image to check that everything was normal
and to correct the distortion due to the convexity of the
surface of the cylinder. The projection onto a plane (the
picture) of markers equally distributed on the surface
of half a circle tends to reduce artificially the distance
in between the markers located at the two extremities
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TABLE 11
Distance measured on the image in between the 7 markers
positioned regularly on half the perimeter of the cylinder.

Space between 12 23 34 45 56 67
2 markers
Distancein pixels 7 9 7 6 10 8

of the semicircle. As for the flat distortion, it was
impossible to calculate directly the ratio of distortion
due to the convexity of the surface because severa
optical characteristics of the camera were combined
with geometric principles. Thus the distortion ratios
were determined a posteriori by measuring the distance
between the seven markers on the pictures (table I1).
The greater distances were aways located in between
markers 2 and 3 and between markers 5 and 6 (tableI1).
These spaces corresponded to the middle of each of the 2
images which spanned a quarter of perimeter (figure 8(a),
pictures (1) + (2), and pictures (3) + (4)). On the edges
of these images, distances were smaller. The maximum
differencein the distance between two spaces was about
4 pixels (about 6-10~2 m). The distortion was corrected
by resizing the different parts of the image located in
between two markers to ensure afterwards an equal
distance between them.

The last treatments led to the final map out. Markers
were erased by interpolation between the nearest region
using a specia routine. Then the global image was
resized to restore the real geometrical proportions of
the sample (figure 8(d)). Erasing markers and resizing
the cylinder made it possible to calculate correctly the
mean transfer coefficient value. Mean transfer coefficient
values were obtained by averaging al the local values
(more than 20000 pixel values) corresponding to the
examined part of the sample (either the side or tips). Then
theimage could a so be smoothed and rotated to improve
the visualisation and analysis of the results (figure 9).

The final map out of the side and tips of the cylinder
either doped at 45° into the flow or in cross flow position
are presented in figures 9 and 10, respectively. When
the cylinder was in cross-flow, the distribution of the
transfer coefficient on the line located mid-height could
be compared to the results in the literature obtained
by other experimental methods. On average, present
results did not differ by more than 5% from those in
the literature [29]. Due to the lack of literature, it was
impossible to make such a comparison when the cylinder
was sloped at 45° into the flow. For the same reason,
a direct comparison of the present mapmakings with
resultsin the literature has not been possible.
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Figure 9. Final complete map out of the transfer coefficient
at the surface of the cylinder sloped at 45° into the flow,
U =0.69 m-s™1, Tu=1.5%.

Observing the images shows that they obey a left to
right organisation which is closely linked to the devel op-
ment of the boundary layers at the surface of the cylinder.
However in figure 9(Tip 2) there is also an organisation
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Figure 10. Final complete map out of the transfer coefficient
at the surface of the cylinder in cross flow, U = 3.85 m-s~1,
Tu = 1.5% (in this case, coefficient values are the same on both
tips).

from the top to the bottom of the image which is proba-
bly due to some effects of free convection. This vertical
organisation disappears as soon as forced convection is
greater, that is, as soon as the convective heat transfer
coefficient is greater than about 10 W-m~2.K 1. In prac-
tice, the effect of free convection can easily be decreased
by decreasing the temperature at the surface of the sam-
ple. However these decrease must be reasonable to keep
the result sufficiently precise.

Some other features of the mapmakings can seem
curious as for example the presence on the side of the
cylinder of acentral regionwheretransfer coefficient was

minimum. As this minimum area was seen in the partial
pictures which had been used to obtain the final image
it was not an artefact coming from image processing.
Was it due to a defect of the sample? No it was not,
because it moved when the cylinder was sloped from
45° to a position parallel to the flow direction. Thus the
existence of this minimum wasreally due to the boundary
flow which developed at the cylinder surface. A more
detailed interpretation of figures 9 and 10 would require
a detailed analysis of the development of the boundary
flow. This goes beyond the limits of this paper and will
not be discussed here.

CONCLUSION

The constant wall heat flux method has the advantage
of being based on a smple principle and provides
an accurate reference measurement of the distribution
of the heat transfer coefficient at the surface of the
sample. However this method is difficult to use to map
out completely the transfer coefficient at the surface
of a cylinder. Because of surface conduction, a quasi-
complete coiling of the body surface is required which
is in practice very difficult. Moreover measuring the
temperatures at the surface of a convex body through
awindow using an infrared camerais delicate, especialy
when the body is soped into the flow. In this case, the
complete map out of the transfer coefficient value at the
cylinder surfacerequirescomplex proceduresboth to take
the pictures and afterwards to treat them.
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