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Abstract

The paper presents practical aspects of determining the amount of heat flow by
measuring the distribution of surface temperature using the Temperature Sensitive Paint
(TSP) method. The quantity measured directly with TSP is the intensity of the excited
radiation, which is then converted to surface temperature. The article briefly presents three
different methods for determining the heat transfer coefficient. Each of these methods is
based on a separate set of assumptions and significantly influences the construction of the
measuring station. The advantages of each of the presented methods are their individual
properties, allowing to improve accuracy, reduce the cost of testing or the possibility of
using them in tests of highly complex objects. For each method a mathematical model used
to calculate the heat transfer coefficient is presented. For the steady state heat transfer test
method that uses a heater of constant and known thermal power, examples of the results of
our own research are presented, together with a comparison of the results with available
data and a discussion of the accuracy of the results obtained.

Keywords: temperature sensitive paint, TSP, temperature measurement, heat transfer
coefficient, HTC.

1. INTRODUCTION

The method of measurement with temperature sensitive paint consists in
determining the surface temperature by measuring the radiation emitted by excited
temperature sensitive paint [1, 2]. The excitation is performed by means of LEDs,
lamps emitting specific wavelengths or laser [3]. This method requires calibration,
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which is carried out in calibration chambers with strictly controlled temperature
[4, 5]. Due to the much higher resolution than the measurement techniques used in
the past and the lack of instrumentation of the tested object, this technique is perfectly
suited to examine objects that have been difficult to test so far. A good example may
be rotating elements of flow machines, such as rotors of compressors, similarly as
propellers, windmills and ducted fans [6, 7, 8]. Temperature measurements are of
great importance in experimental aerodynamics, as they are perfect for determining
the place of the boundary layer transition [9, 10]. Another area of application of this
method are measurements of heat exchange intensity on the surface of hypersonic
airplanes, rockets, space capsules [11]. Temperature sensitive paint was also widely
used in the study of machine parts cooling, both by means of a cooling film [12, 13],
as well as by means of jets impinging the cooled surface [14, 15].

The technique of measuring the surface temperature of solids with the use of
temperature sensitive paint has already become a standard technique used on an
equal footing with infrared thermography [16, 17]. Temperature sensitive paint can
be used wherever an infrared camera is unable to reach, due to the use of materials
such as glass or acrylic glass, which are opaque to infrared rays in the model
construction. The temperature is then measured by a high quality RGB camera that
captures visible light, perfectly permeable through window glass or acrylic glass.

In heat flow studies, which are essential for the design of thermal devices,
temperature measurement is not the most important parameter to be determined. Much
more important than this is the measurement of the amount of heat flowing (heat flux)
through the boundary of solid and gaseous phases. This measurement boils down to the
determination of the heat transfer coefficient, or, more generally, to the determination
of the Nusselt number for the flow described by the dimensionless quantities.

2. DETERMINATION OF THE HEAT TRANSFER COEFFICIENT

2.1 Method using a surface heat source

In the method using a surface heat source, the surface temperature is measured
on a very thin layer of conductive material, but with a relatively high specific
resistance [18] (e.g. Inconel alloys). The current flow causes the release of heat
depending on the surface material resistance and current intensity. This method
can be applied to very well for flat surfaces, where with a very low error rate it can
be considered that a thin foil is evenly heated by the current flow.

Cooling of such heated surface will lead to a state in which on each infinitively
small piece of surface the stream of heat emitted and taken over by the flow
will be equal. In this state, the lower the heat transfer coefficient, the higher the
temperature will be and vice versa
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The formula for Nusselt’s number in this case is in the form (21):

Ny = n-u-l-d (1)
A'(Tsurface_Tflow)'k

where:

A [m2] — heating foil area

d [m] — reference dimension

k [W/m-K] — thermal conductivity of the cooling medium (e.g. air)

1[A] — electric current, flowing in the heater circuit

T ;.. [K] — solid surface temperature

T, [K]  — flow temperature, measured at the outlet from the nozzle
U[V] — voltage between the edge of the heating foil

N [-] — electric efficiency of the heater

Fig. 1 shows the temperature distribution in the test model.
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Fig. 1 Temperature distribution in a test model equipped with a heating foil

2.2 Method using a high thermal conductivity core

In the method using a core with high thermal conductivity, temperature
measurement is carried out on a relatively thin layer of insulator, which covers
the core of the model with very high thermal conductivity [19]. This method can
be successfully used for testing objects of complex shapes, e.g. tests of various
objects in a wind tunnel.

Assuming that the core of the model with high thermal conductivity has a
constant temperature, the distribution of temperature on the surface of the insulator
is correlated with the heat flux per unit area according to relation (2):
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. k;

9= (Tsurface - Tcore) 2)
where:
1 [m] — thickness of insulator layer

ki [W/mK] — thermal conductivity of the insulator
q [W/m2] — heat flux density

The Nusselt’s number for this model can be expressed by the formula (3):

Nu = ak; (Tsurface=Tcore) 3)
l'kp (Tsurface—Tflow)
where:
kp [W/mK] — thermal conductivity of the cooling medium (e.g. air)
e Kl — temperature of the core with a high thermal conductivity

Fig. 2 shows the temperature distribution in a test model with a core of high
thermal conductivity.
a solid with high thermal conductivity
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Fig. 2. Temperature distribution in a test model with a high thermal conductivity
core covered with an insulator layer

2.3 Method of measuring the time-varying surface temperature

The method of measuring the temperature of the surface variable in time is
called Cook-Feldermann [20]. A one-dimensional case of heat conduction for
a semi-finite solid is shown in Fig. 3. At its boundary, at the point of contact with
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a gaseous or liquid phase, the body exchanges heat with a fixed temperature
medium T with a heat transfer coefficient h. The initial temperature of the solid is
T, and its density and specific heat are p and c, respectively.

Gas Semi-Infinite solid

=]/

x=0

Fig. 3. Semi-finite solid exchanging heat with the gaseous medium.

The analytical solution for semi-finite solid surface temperature is in the
form (4):

h2-a-t
Ty (£) = To + (Too — To) - (1 —e ® -erfc (hT)> 4
where:
h [W/m2-K] — heat transfer coefficient
t [s] — time counted from the beginning of solid heating,
T, [K] — solid initial temperature
T [K] — solid surface temperature
T, [K] — temperature of flow, that is heating the solid

a= ﬁ[mZ/s] — thermal diffusivity of the solid
erfe(x) = % e e—t? ¢+ —a complementary error function.

The solution to the time-dependent temperature distribution in the semi-
finite solid can also be determined using a simple numerical model. Using the
FTCS diagram (Forward-Time Central-Space), we obtain a numerical differential
formula for temperature (5), (6):

Tin+1 = Tin = ( itll-l - 2 - Tin + Ti"il) (5)
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where:
T!* [K] — temperature in the i-th mesh node at time step n

For:r = “'_Azt < 1 (von Neumann's stability condition) (6)

Ax 2

The temperature distribution obtained and the variation in surface temperature
over time are illustrated by the following diagrams shown in Figure 4 and Figure
5. Figure 4 shows the temperature isolines in the semi-finite solid, where the body
boundary is on the left and the isolines are plotted every 30 seconds. Fig. 5 shows
the time dependency of the surface temperature at the point of jet impact (at the
semi-infinite solid boundary). It is an analytical solution, marked in green in the
graph and numerical solutions marked in red.
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Fig. 4. Temperature isolines in a semi-finite solid
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Fig. 4. Temperature at the point of impact of the jet, at the boundary of a semi-finite solid
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The above presented physical model for a semi-finished medium is unrealisable
in laboratory practice, because the real elements have a finite thickness. In fact,
measurements of Nusselt’s number and heat conduction coefficient are possible
during the time shorter than the so-called penetration time. This is the time after
which the temperature on the other side of the wall changes by 1K in relation to
the ambient temperature. For example, for an acrylic glass wall with a thickness
of 20 mm and a thermal conductivity of k=0.18 W/m?-K, the penetration time is
approximately 4.5 minutes.

The use of this method in laboratory practice requires using material with low
thermal conductivity, so that the increase in surface temperature over time can be
accurately measured. Materials such as acrylic glass, polyamide or polyacetal are
well suited for this purpose.

3. TEST RESULTS USING THE SURFACE HEATING SOURCE
METHOD

3.1 Description of the test bench

Within the project entitled “Development of TSP methodology (Temperature
Sensitive Paint) and the potential of laboratory tests related to it”. [21], which
was designed to familiarize with the TSP measurement technique, a series of
tests was carried out to cool the heating film using 25 air streams (arranged in a
square matrix of 5x5). The test took place at atmospheric pressure. The test stand
consisted of a perforated plate in which 25 holes of 6.25 mm diameter were drilled
and a heating foil placed above the plate, which was hit by the air jets produced
by the plate. The air flow was from the bottom to the top. The heating foil could
be supported from above with an acrylic screen (transmitting visible light),
it could also be unsupported. On its upper side it was painted with a thin layer
of temperature sensitive paint. The perforated plate was supplied with air from
underneath (the whole plate was placed on a universal air supply vessel, equipped
with honeycomb mesh ensuring uniformity of the flow. The schematic diagram of
the test stand is shown in Fig. 6. Fig. 7 shows a picture of a perforated plate with
cooling holes mounted on a universal air supply vessel.

The quantity determined in the experiment is the surface temperature, which
was determined on the basis of the brightness of light emitted by temperature
sensitive paint.
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Fig. 6. Schematic diagram of the most important functional elements of the test stand

Fig. 7. Picture of a perforated plate mounted on a universal air supply vessel.
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3.2 Mathematical model used to describe the phenomenon of heat
transfer AT THE TEST STAND

In order to determine the intensity of heat transfer, it is necessary to assume
the physical heat exchange model that takes place in the case under consideration
and to determine the dependence on the heat transfer coefficient. If a known
heat release occurs in the tested object (e.g. due to the flow of electric current),
then the temperature of the object rises to a level at which the heat transfer to
the environment by means of convection, caused by temperature differences, will
balance the heat source of a capacitive nature. Fig. 8 shows a heat transfer model
for the heating foil. Cooling with impinging air jets takes place on the upper surface
of the presented section with the heat transfer coefficient HTC, while on the lower
side of the section the heat transfer takes place as a result of free convection with
the heat transfer coefficient a.

z Qz+ = -HTC+(T-Teool)-dx-dy

aT
Qy+ = ).-a—y-dx-dz

A

‘ Qx+ = l-g-dy-dz

dz
P
Qy-= -1—2—;-dx-dzy
| dx

dy

Qz- = -a+(T-Tams)-dx-dy

Fig. 8. Heat fluxes through a small segment of heating foil

In the steady state, the algebraic sum of all heat fluxes must be zero. Neglecting
the influence of radiation (relatively low temperatures of the test objects and
separation of the test stand from the ambient radiation), the energy balance for a
flat heating foil segment is (7):

Q(X+)+ Q(x’)—i_ Q(Y+)+ Q(Y*)—i_ Q(z+)+ Q(zf)—‘r Q =0 (7)
After the synthesis of the equation we obtain a formula for the heat transfer

coefficient (8):

~ n1-U

- (Tsurface_Tflow)'A

HTC 3
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It follows from the above dependence that the key to determine HTC is to
know the exact temperature distribution of the foil surface. Since it was assumed
that the foil is thin and the temperature at a given point in the foil is constant along
its thickness, the temperature can be measured both on the one side of the foil and
on the other side, as 0T/0z = 0.

The example test was carried out on an unsupported foil (heater) for a mass
flow rate of 23.0 g/s, which corresponded to approximately 1150 SLPM (standard
litres per minute). For this flow, the Reynolds number was 10000, the dew point
was —40°C, and the reference temperature in the laboratory was 23.4°C. The
thermal conductivity of the air at the reference temperature is 0.0264 W/m-K. The
distance between the perforated plate and the test surface was Z/D = 5, which
with the diameter of the supply holes D=6.35 mm corresponded to the distance
Z =31.75 mm. The test was performed for four different values of electric heater
power (200W, 300W, 400W and 550W). This allowed to obtain sample temperature
in the range of temperature sensitive paint operation (20-90°C). In order to determine
the temperature, we used our own calibration curve of the TSP paint.

Fig. 9. shows an example of temperature and the Nusselt number distributions for 200 W
heater power.

Fig. 9. Temperature (a) and the Nusselt number (b) distribution, heater power P =200 W.

3.4 Discussion of the results obtained. Measurement uncertainty.

Each measurement result should be accompanied by an uncertainty of
measurement analysis in order to determine the correctness of the data obtained
and to evaluate the method used. The heat transfer coefficient has been determined
using following formula (9):
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_ n-I-R?
== A(T-Tamp) (9)
where:
HTC [W/m2-K] — heat transfer coefficient
1[A] — electric current, flowing in a circuit
R [Q] — heating system resistance
A [m?] — heating foil area
T [°C] — surface temperature
T . [°C] — Cooling air temperature, equal to ambient temperature
AX — the predicted error of measurement of the X quantity
N [-] — heat efficiency of the heating system

The uncertainty in determining the heat transfer coefficient is (10):

AHTC= 10
J(aﬂ AA) G An) (o AR) o A’) o AT) b AT“mb>2

0

The surface area of heater A and the electrical efficiency n have been
determined with very high accuracy. For this reason, dependence (10) can be
simplified to form (11):

AHTC = \/("g’l AR)” + (€. ar) 4 (IE. 7)) + (s MTams) 11

Since the surface temperature varies depending on the location on the foil,
the measurement uncertainty can only be determined as the surface distribution.
An example of such a distribution is shown in Fig. 10:

Fig. 10. Uncertainty distribution of the heat transfer coefficient (the Nusselt number) for a.)
200 W, b.) 300 W, c.) 400 W and d.) 550 W.
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The presented distribution of uncertainty of heat transfer coefficient
determination includes all uncertainties related to both the uncertainty of
measurement of the heat flux supplied by the electric heater to the measuring
station as well as all temperature errors related to the TSP methodology. Fig. 10
shows that the greater the uncertainty, the smaller the temperature differences are
measured. Therefore, in order to achieve high accuracy, the entire measuring range
of temperature sensitive paint should be used. The error rate for determining the
heat transfer coefficient varies between 20-25% for the maximum permissible
temperature differences.

Equation (9) assumes that there is no heat conduction on the inside of the
heating foil (adiabatic wall). Taking into account the heat exchange due to natural
convection, the additional error in determining the heat transfer coefficient is equal
to the free convection heat transfer coefficient. This value is about 5-7 W/m?-K,
which with measured values of 200-250 W/m2-K is about 2-3% the error.

4. CONCLUSIONS

By measuring the surface temperature distribution it is possible to determine
the heat transfer coefficient with good accuracy. The obtained results are within
the range obtained by other researchers. The measurement uncertainty also does
not differ from the values provided by other researchers, which in the case of the
new measurement technique proves both the accuracy of the method as well as its
good mastery by the laboratory team.

In the future, research on a technique using measurements of transient heat
conduction is planned. If this measurement technique is also mastered, it will be
possible to study internal flows in a very wide range, due to the easy availability
of an RGB camera that records visible light to the subject of the study (the inside
of the channel), as well as the possibility of using commonly available and cheap
materials for building models. Such tests would be very useful in determining
the cooling efficiency of flow machines’ channels as well as in checking for the
presence of the boundary layer separation.

The high conductive core method can be used for heat flow through the
surface of flying objects. Growing interest in rockets, which can be carriers for
microsatellites, may be a stimulus to undertake this type of research in the future.
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PRZEPLYW CIEPLA WYZNACZANY METODA
FARBY TERMOCZULEJ

Streszczenie

Artykut przedstawia praktyczne aspekty wyznaczania ilosci przeptywajacego cie-
pta za pomoca pomiaru rozktadu temperatury powierzchniowej metodg farby termoczu-
lej (ang. Thermal Sensitive Paint — TSP). Wielkoscia mierzong bezposrednio przy uzyciu
TSP jest intensywnos$¢ wzbudzonego promieniowania, ktora nastgpnie jest przeliczana na
temperatur¢ powierzchni. Artykul przedstawia pokrétce trzy rézne metody wyznaczania
wspoélczynnika przejmowania ciepta. Kazda z tych metod bazuje na osobnym zestawie
zatozen i znamiennie wplywa na konstrukcje stanowiska pomiarowego. Zaletami kazdej
z przedstawionych metod sg ich wlasnosci indywidualne, pozwalajace na poprawienie do-
ktadnos$ci, zmniejszenie kosztu badan lub mozliwo$¢ zastosowania w testach obiektow
o duzym stopniu skomplikowania. Dla kazdej metody przedstawiono model matematycz-
ny uzyty do wyliczania wspotczynnika przejmowania ciepta. Dla metody testowej w wa-
runkach ustalonego przewodzenia ciepta i uzyciu grzatki o stalej i znanej wydajnosci
cieplnej przedstawiono przyktadowe wyniki badan wlasnych wraz z poréwnaniem wyni-
kéw z dostepnymi danymi oraz dyskusja doktadnosci uzyskanych wynikow.

Stowa kluczowe: farba termoczuta, TSP, pomiar temperatury, wspotczynnik przejmowania
ciepta, HTC.
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