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Abstract
Aim of the project is to propose a methodology to retrieve the heat flux through a finned heat exchanger placed downstream the

fan of a turbine jet engine. The core of the Ph.D. study is the solution of the so called Inverse Heat Conduction Problem (IHCP).
To solve the IHCP the surface temperature of the heat conducting body has to be used as boundary condition of the problem. The
Infra Red thermography is used to measure the heat exchanger surface temperature. The experiments are performed at low speed
and at high subsonic speed. These latter are performed in a blow-down wind tunnel capable to reach Mach numbers of the order of
0.75. The flow field in the blow-down wind tunnel test section is characterized exploiting the Constant Temperature Anemometry
(C.T.A.) technique. To be able to perform multi-point measurements an ’ad-hoc’ hot-wire probes support has been conceived and
manufactured.
Keywords: Inverse Heat Conduction Problem, High Subsonic Speed, Infra Red Thermography, Constant Temperature Anemom-
etry, hot-wire probes support

Introduction

The improvements in the manufacturing techniques as
well as in the available materials push the aero-thermal en-
gineers to find better solutions in order to improve engine
performances. Indeed, improving turbine engine perfor-
mances for military and civil purposes has a deep impact
on thermal efficiency, fuel consumption, life-time and con-
sequently on the achievement of the working standards re-
quired by the new laws in matter of environment such as
noise and pollutant emissions.
Aim of the project is to study the heat transfer from a hot
surface to a cold flow under conditions similar to those
encountered by aircraft turbine engines, hence using the
main flow of the engine to study a heat exchanger placed
just downstream the fan. The main part of the research
project deals with the solution of the ”inverse heat con-
duction problem” which consists in imposing the object
surface temperature as boundary condition and computing
via numerical methods the resulting heat flux. The heat
transfer coefficient is to be studied both locally and glob-
ally, since a global study of h is fundamental in the pre-
liminary design phase while a local study of h is useful to
understand the effects of the geometry on the local flow
conditions (i.e. the turbulence intensity level) and on the
achievable heat exchange.
We should remind that in a forced convection the flow is
influenced by the amount of heat injected and that the flow
rate versus the heat power injected is one of the major trig-
gers for the flow that develops. On top of this the conduc-
tion within the plate adds up with the heat convection from
the surface.

It should also be clear that to deepen the understanding of
the heat transfer occurring in installations as finned heat
exchangers one has always to consider that a simple super-
position of the heat exchange phenomena is not enough.
Indeed one should rather talk of ”conjugate” heat trans-
fer this latter being the actual coupled interaction of con-
duction and convection. For instance neglecting the effect
of the wall conduction which greatly affects the tempera-
ture distribution will result in imposing unrealistic thermal
boundary conditions at the solid-fluid interface leading to
wrong heat transfer rates and coefficients.
For all these reasons the characterization of the wind tun-
nel test section flow field is a crucial issue. This is why the
C.T.A. technique is chosen to characterize the flow field
obtainable in the wind tunnel. The scheme in Figure 1
shows and summarizes the approach proposed to study the
problem under analysis.

Figure 1 Proposed Study Approach

MeasTechSymp 2012 1



1 Conjugate Heat Transfer Concept
Since the studies conducted by Perelman[16] it is well

known the importance of imposing correct boundary con-
ditions when dealing with heat transfer problems involving
a solid submerged in a flowing fluid. Indeed it is proven
that in presence of large thermal gradient (in space) and
if the fluid encounters obstacles (rib, fin, etc..) the ther-
mal boundary conditions imposed (uniform Tsurf , uni-
form heat flux) in the classical study (purely convective)
are unrealistic. For this it is of crucial importance im-
pose the correct boundary conditions at the solid-fluid in-
terface. Therefore the conjugate heat transfer theory is the
one to be used, being based on the concept that the ef-
fects of the solid domain conduction have to be coupled
with the convection phenomenon happening over the solid
surface. The idea is to perform surface temperature mea-
surements of the finned heat exchanger under analysis with
the I.R. thermography technique after having characterized
the wind tunnel test section flow field exploiting the C.T.A.
technique and/or the P.I.V. technique in order to be able to
impose the correct boundary conditions for computing the
surface heat flux distribution (via commercial FEM solvers
or as proposed hereafter via a numerical solution of the so
obtained Inverse Heat Conduction Problem)[10, 12, 15].

2 Transient Inverse Heat Conduction Prob-
lem

Determining local convection coefficients accurately or
perform accurate local heat flux measurements is a hard
and expensive task but for many cases the heat flux dis-
tribution is an indispensable parameter. For finned heat
exchangers this task is particularly challenging [9, 11, 19].
Indeed heat transfer measurements at the fin base would
introduce a thermal resistance between the primary sur-
face and the fin due to the presence of the measurement
device. Therefore the heat fluxes at the fin base have to be
determined indirectly by measuring the heat fluxes through
the extended surface and the primary surface. Among the
available techniques to perform such measurements (heat
flux sensors, local temperature measurements) the inverse
heat conduction technique is probably the most suitable for
our study. It is mainly used to estimate temperatures or
heat fluxes at surfaces that are inaccessible for measure-
ments. The advantage of this method is that the experi-
mental studies can be performed under similar conditions
and environment as during the operation. To solve an in-
verse heat conduction problem, a mathematical optimiza-
tion method is required, which uses temperature measure-
ments as input. Based on surface temperatures of a solid
object, heat fluxes on one or more surfaces of the object
can be estimated. So the need for internal temperature
measurements can be omitted. Depending on the temper-
ature measurement technique, the disturbance of the local
temperature fields and heat flux distribution is limited or
even absent. It also has the advantage that the tempera-
ture field in the whole object can be reconstructed based on
surface temperature measurements, together with the cou-
pled heat flux distribution. The proposed code allows the

determination of the local convective heat exchange coef-
ficient h(x,y,t), taking into account for the conductive flux
in the heated plate. In general the heat flux can rise and
fall abruptly and can be both positive and negative where
negative values indicate heat losses from the surface. Ac-
cording to Beck, Blackwell and St.Clair [6] the source of
heating is immaterial to the IHCP procedures. Mathemat-
ically the IHCP (for the 1-D case) can be described as in
the set of equations 1 to 4.

∂

∂x

(
k
∂T

∂x

)
= ρc

∂T

∂t
(1)

Where the thermal conductivity k, the density ρ and
the specific heat c are postulated to be known functions of
temperature.

T (x, 0) = T0 (x) (2)

∂T

∂x
= 0 at x = L (3)

T (x1, ti) = Yi (4)

The objective is to estimate the surface heat flux at dis-
crete times, ti, from

q (ti) = −k ∂T (x, ti)

∂x

∣∣∣∣
x=0

(5)

After the paper by Beck, Blackwell and Haji-Sheikh [5]
where can be found a review of some inverse heat conduc-
tion methods the method chosen to solve the IHCP is the
so called ’function specification method’ (FSM). The FSM
has the advantage to be simple in concept and to not change
the physics of the problem since the intrinsic parabolic na-
ture of the problem is unchanged. The FSM is sequential
in nature and thus computationally efficient and moreover
the measurements in the distant future do not affect the
’present’ estimates as for other methods [5]. The FSM can
be used for linear and nonlinear problems and finite dif-
ferences, finite elements or numerical convolution can be
used. The method itself consists in minimizing, with re-
spect to the heat flux qM the sum of squares function as
described by Eq. 6[5]. The equations 6 to 11 refer to
measurements acquired by one sensor over multiple time
steps.

SM =

r∑
i=1

= (YM+i−1 − TM+i−1)
2 (6)

which involves the times tM , tM+1, . . . , tM+r−1.
Hence ’future’ information is used to obtain qM . Some
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functional form for q (t) for tM to tM+r−1 is selected, the
simplest being

qM+1 = qM , i = 1, 2, . . . , r (7)

The calculated temperature TM+i−1 is expanded in a
Taylor series for qM obtaining

TM+i−1 = TM+i−1|q̂M +XM+i−1,M (qM − q̂M ) (8)

where XM+i−1,M is the sensitivity coefficient defined
by

XM+i−1,M =
∂TM+i−1,M

∂qM
(9)

the resulting algorithm after minimizing Eq. 6 with
respect to qM is

q̂M = q̂M−1 +

+

∑r
i=1

[
YM+i−1 − TM+i−1|qM=···'q̂M

]
XM+i−1,M∑r

i=1X
2
M+i−1,M

(10)

Only q̂M is retained for time tM , and M is increased
by one and the procedure is repeated. The iterative regu-
larization method minimizes the whole domain function

SM =

I∑
i=1

= (Yi − Ti)2 (11)

where I is the total number of measurements. It should
be noticed that in our analysis we use multiple sensors
(i.e. surface temperature cartography T (x, y, t) measured
by the I.R. camera). Anyway this does not affect the ex-
posed solution methodology but just the mathematical for-
malism.

2.1 IHCP Solution Validation
One can validate the proposed solution methodology for
a flat plate of very thin thickness in a laminar flow. The
validity of the proposed solution can be checked solving
twice the direct model via a CFD software (Fluent c© in
our case). We compute first the heating phase with equa-
tions 17 to 22. In Eq. 17 the heat transfer coefficent h is
computed from the Nusselt correlation (see equations 12
to 16).

Nu = 0.332 ·Re1/2 · Pr1/3 (12)

Equation 12 can be rewritten as follows to take into
account for the Nusselt number evolution along the plate:

Nu(x) =
0.332 ·Re(x)1/2 · Pr1/3[

1−
(
x0

x

)3/4]1/3 (13)

If we take x0 = 0 then the equation 13 reduces to:

Nu(x) = 0.332 ·Re(x)1/2 · Pr1/3 (14)

Since fluid properties (such as viscosity, diffusivity,
etc.) can vary significantly with temperature, there can
be some ambiguity as to which temperature one should
use to select property values. The recommended approach
is the use of the average of the wall and free-stream
temperatures, defined as the film temperature Tfilm =
Tsurface + Tair

2
.

Now recalling that the Nusselt number can be also ex-
pressed as reported in equation 15 we will be able, once
Nu(x) is known, to compute h(x) as from equation 16.

Nu(x) =
h(x) · x
kair

(15)

h(x) =
Nu(x) · kair

x
(16)

The equation 12 holds for a laminar, isothermal, local
situation with Pr > 0.6 which is the situation we will deal
with imposing a flow velocity (U∞) of 10 m/s and a flow
bulk temperature (T∞) of 18◦ C.

(dzdxdy)λ

(
∂2T

∂x2
+
∂2T

∂y2

)
+ P (dzdxdy) =

ρcp
∂T

∂t
(dzdxdy) + hdxdy (T − T∞) (17)

with as initial condition

T (x, y, 0) = T0 (18)

and as boundary conditions

−λ ∂T

∂x

∣∣∣∣
x=0

= 0 (19)

−λ ∂T

∂x

∣∣∣∣
x=L

= 0 (20)

−λ ∂T

∂y

∣∣∣∣
y=0

= 0 (21)

MeasTechSymp 2012 3



−λ ∂T

∂y

∣∣∣∣
y=H

= 0 (22)

The result of this first direct simulation is the surface
’hot’ reference temperature cartography T (x, y, t1) = T1.
The second direct simulation is performed to compute the
cooling phase and therefore retrieve the surface ’cold’ ref-
erence temperature cartography T (x, y, t2) = T2 (exploit-
ing Eq. 23 and equations 18 to 22).

(dzdxdy)λ

(
∂2T

∂x2
+
∂2T

∂y2

)
=

ρcp
∂T

∂t
(dzdxdy) + hdxdy (T − T∞) (23)

It is now possible to use T1 and T2 as boundary con-
ditions for the solution of the IHCP. The obtained result is
reported in Figure 2.

Figure 2 Theory - IHCP solution Comparison

3 Experimental Facilities and Set-up
The facility used for the high speed experiments is a

blow-down wind tunnel where the air coming from a pres-
surized tank can be heated.
A velocity Umean ≈ 30-230 m/s with a flow temperature
Tmean ≈ 290-320 K are flow conditions that can be con-
sidered satisfying the similarity rules to those appearing at
the inlet of an aircraft engine during various flight condi-
tions. See Figure 3 for the working scheme of the instal-
lation. The test section sketch and the installation of the
measuring tools are sketched in Figure 4.

The experimental set-up for the low speed experiments
is pictured in Figure 5. In the picture it is possible to see
the I.R. camera used to acquire the surface thermographs,
a hot-wire rake used to check the test section velocity and
the heating resistance together with its power supply.

4 Experimental Campaigns and Data Anal-
ysis

The following sections summarize the sets of experi-
mental campaigns that have been conducted in order to
characterize the high speed wind tunnel test section flow
field and to validate the inverse heat conduction problem
solution method.

Figure 3 Facility Working Principle Diagram (Courtesy of
ULB)

Figure 4 Test Section and Measuring Tools Installation
Sketch (Courtesy of ULB)

Figure 5 I.R. Low Speed Experiments Set-up

4.1 High Speed Experimental Campaign
Aim of the high speed experimental campaign is to charac-
terize the blow-down wind tunnel flow field via the C.T.A.
technique. Using hot-wire probes five different regimes of
interest are investigated. A second experimental campaign
is performed to measure the velocity profile and the effect
of the presence of a finned heat exchanger in the section.
A third series of experiments is performed to test the capa-
bilities of a manufactured hot-wire probes rake.

4.1.1 Mean Flow Field Measurements

The test are performed with a plane bottom wall. The five
investigated regimes classified according to the velocity
and the mean total temperature of the fluid in the test sec-
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tion are summarized in table 1.

Regime # Umean Ttotal
1 230 m/s 315 K
2 160 m/s 305 K
3 130 m/s 300 K
4 60 m/s 295 K
5 30 m/s 295 K

Table 1 Tested Regimes

4.1.2 Traverses Experiments

This experimental campaign is performed with the finned
heat exchanger placed in the test section but with no heat
injection (i.e. no heat exchange between the finned surface
and the flow) during the measurements. The experiments
consist in hot-wire probe traverses in order to measure the
velocity profiles before and after the prototype. The sketch
in Figure 6 shows the positions and the locations where the
experiments are performed.

Figure 6 H-W. Traverses Experiments

According to the frame of reference shown in Figure 6
the positions analyzed for the two locations are: y = 6-11-
16-26-36-46-56 mm. The measurements in the two loca-
tions are performed during two different experiments.

4.1.3 Hot-wire Rakes

A major issue while performing the traverses experiments
is to keep perfectly constant the flow conditions in order to
let the moving probe facing the same flow field. To over-
come this problem a design for a hot-wire probes rake is
proposed, so that the velocity could be measured in differ-
ent positions at once. The designed support is based on a
well known NACA 4 digits symmetrical wing. The manu-
factured 3 probes support installed in the test section can
be seen in Figure 7.

The reasons why after some preliminary studies a sym-
metrical wing based on a NACA-0025 airfoil is chosen are
reported next. The support has to be inserted in a high

Figure 7 Manufactured 3 Probes Support

velocity environment this means that big forces could oc-
cur. Therefore to greatly reduce the forces acting on the
rake and consequently the need for stout holders any kind
of shape creating important drag forces should be avoided.
The area facing the flow should be as little as possible to re-
duce the blockage and consequently the interference with
the free flow. Additionally when dealing with velocities of
the order of 230 m/s reducing the vibrations of the support
becomes also very important. The adopted solution besides
satisfying the abovementioned requirements allows also to
minimize the wake size drastically reducing the interfer-
ence effects on other measuring tools installed behind the
rake itself. After the validation of the 3 probes support we
decided to manufacture a 5 probes support that could grant
the vertical velocity profile measurement of the whole test
section at once. The rake is pictured in Figure 8, the probes
are installed at a distance of 12.5 mm from each other. In
Figure 9 we can see the last version of the H.W. rake, pre-
pared with molding plaster and where two thermocouples
have been embedded in the support. This probe support
has been tested only at low speed.

Figure 8 Manufactured 5 Probes Support

Figure 9 Manufactured 5 Probes Support (Plaster)
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4.2 C.T.A. Data Analysis
When dealing with signals like those obtainable with the
C.T.A. one can perform mainly three kind of analysis:

1. Descriptive static statistic analysis:

• averaged values

• skewness, kurtosis

• variance, standard deviation

2. Spectral analysis

3. Signal correlation analysis

• autocorrelation

• cross-correlation

Since the C.T.A. technique is an indirect measurement
technique a calibration law is required. Calibration units
are available for this purpose, letting us associate to a
known velocity the voltage measured by the hot-wire probe
[18]. But this procedure cannot be exploited to analyze
the data when the temperature varies during the measure-
ments. Since the environment in which the hot–wire probe
is placed is characterized by rather significant temperature
variations, 6/7 K during the same regime and from 320
K to 295 K from the beginning to the end of a complete
run, rather than a calibration curve a calibration surface
with the temperature as additional variable would be re-
quired. The biggest issue to obtain such a calibration sur-
face is that a dedicated wind tunnel is needed, where both
the velocity and the flow temperature can be controlled.
The one available at the Royal Military School can reach a
maximum velocity of 30 m/s under controlled temperature
conditions but during the experiments the velocity ranges
between 40 m/s and 230 m/s. Therefore an alternative cali-
bration procedure is needed. The ”in-situ” calibration pro-
posed consists in extracting the measured voltage, velocity
and temperature for each investigated flow regime. The
raw voltages are then corrected in temperature according
to equation 25 and an iterative procedure implemented in
Matlab c© computes simultaneously the ”reference King’s
Law coefficients”. The basic idea is to retrieve a ”unique”
calibration law that can be used even if the temperature is
changing, the scheme in Figure 10 summarizes the strategy
to obtain the proposed calibration curve.

In this way it is possible to perform experiments and
exploit the acquired data to obtain a calibration law that
is corrected in temperature. Equation 24 shows the King’s
Law while in equation 25 is reported the correction applied
prior to linearize the data [14].

E2
corr = Aref +Bref · Unref (24)

Ecorr = Emeas ·
(
Tw − Tref
Tw − Ta

)0.5·(1±m)

(25)

Figure 10 Unique Calibration Law Procedure Logical
Scheme

where Tw is the wire temperature, Tref is the reference
temperature (in this case the temperature in the test sec-
tion immediately before the experiment), Ta is the ambient
temperature, measured by the facility mounted instrumen-
tation. The parameter m is called ”Temperature Loading
Factor” and is suggested by Dantec for temperature cor-
rection purposes, it should be kept between 0.2 and 0.3
and added or subtracted depending on whether Ta is big-
ger or smaller than Tref respectively. An example of the
resulting ”unique” calibration law is reported in Figure 11.

Figure 11 Unique Calibration Law Example

4.2.1 Correction for Fluid Temperature Drift

To obtain the actual velocities the reference King’s law co-
efficients are ”tuned” accordingly to the measured fluid
temperature. The corrected King’s law coefficients are
computed as described by the set of equations 26.



Acorr =

(
Tw − Ta
Tw − T0

)(1±m)

· Kfa

Kf0

·
(
Prfa
Prf0

)0.2

·Aref

Bcorr =

(
Tw − Ta
Tw − T0

)(1±m)

· Kfa

Kf0

·
(
Prfa
Prf0

)0.33

·

·
(
ρfa
ρf0

)n

·
(
µfa

µf0

)−n
Bref

(26)

The air physical properties in equation 26 are computed
at the temperatures Tfa and Tf0 respectively the ambient
and reference film temperatures obtainable as follows:
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Tfa =

Tw + Ta
2

Tfref =
Tw + Tref

2

(27)

So after the correction the King’s calibration law
should be rewritten as follows:

E2 = Acorr +Bcorr · Un (28)

Eventually the velocity in the wind tunnel test section
is computed as reported by the expression in equation 29.

U =

(
E2 −Acorr

Bcorr

) 1

n (29)

4.3 Low Speed Experimental Campaign:
I.R. Analysis

Aim of the low speed experimental campaign is to vali-
date the methodology and the tools to be used to solve the
IHCP In a low speed wind tunnel a quasi-2D heating resis-
tance has been placed in the test section and surface ther-
mographs are recorded ([8]) in order to exploit a numerical
procedure capable to compute the heat conduction coeffi-
cient. The analysis of the requirements and of the con-
straints led to the conception of the experimental model as
sketched in Figure 12.

Figure 12 Experimental Model Conception Sketch

The real heat exchanger is reproduced by means of a
central fin, made of copper and acting as heating resistance.
On the two sides of this central fin is placed a set of two
fins made of I.R. transparent material (CaF2 for instance).
The idea is to exploit the prototype symmetry in order to
simplify its testing model. Additionally using a heating
resistance as central fin allows us to know and control the
heat injected.
According to the mentioned needs the proposed procedure
to perform the experiments can be summarized as follows:

1. Heat the central fin up to the maximum allowed tem-
perature

2. Open the facility valve in order to reach a stabilized
velocity

3. Increase the heating power injected in the fin accord-
ingly to the velocity increase in order to keep the heat-
ing resistance at a constant temperature

4. Once the velocity and the fin Tsurf are stabilized ac-
quire a reference surface thermograph (hot surface)

5. Switch off the heating resistance

6. Record the fin Tsurf evolution with the I.R. camera
(cold surface)

7. Solve the IHCP via the numerical calculation

For what concerns the experiments presented in this
work one should remind that the configuration proposed
in Figure 12 has been replaced by a stand alone very thin
(0.25mm) but with a bigger surface (170x 450mm) heat-
ing resistance for a sake of simplicity. The heating resis-
tance is of the order of 20Ω and it is fed with 12V olts. The
flow velocity in the wind tunnel test section is 10m/s. The
above mentioned procedure is then applied as described.

4.4 I.R. Experiments Data Analysis
The code exploited to solve the IHCP needs to be fed with
a matrix of data representing the thermograph acquired by
the I.R. camera. Therefore once recorded, the images must
be prepared in order to be used as boundary conditions for
the numerical method proposed. The rebuilding procedure
could be summarized as follows:

1. An I.R. image where the color map palette is present
is needed in order to be able to know the color levels
to be linked to the temperature levels (see Figure 13).

2. Retrieve a vector able to translate the R(ed)-G(reen)-
B(lue) data contained in the I.R. images into a matrix
containing the surface temperature.

3. Pick up conveniently a frame from the recorded I.R.
video, this will be the cold surface and fix the time
step for the numerical solution (see Figure 14).

4. Translate the image into a Matlab c© exploitable ma-
trix.

5. Crop the image in order to contain only the surface of
interest (i.e. only the flat plate and not the supports,
etc. . . . ), see Figure 15.

Once prepared the I.R. images for the analysis one
should just insert the right surface dimensions, time step
and material characteristics in the script and feed the script
with the hot surface and the cold surface informations ma-
trices [4].
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Figure 13 Color Vs. Temperature Levels

Figure 14 Cold Surface I.R. Image

Figure 15 Cropped and Translated Image Example

5 CFD Low Speed Simulation
The purpose of these simulations is to check the behav-

ior of the hot-wire probes support when inserted in the flow
field. For this work the calculations have been used also to
define the distance at which should be placed the heating
resistance used for the I.R. experimental campaign. Indeed
it is important to reduce at the maximum the influence of
the wake released by the probe rake so that the recorded
I.R. images depict the actual situation of a “hot” object
submerged by an undisturbed “cold” flow. In Figure 16
is reported the geometry used to perform the simulations,
it is possible to notice that the probe prongs and the wires
are not modeled.

Figure 16 H.W. Rake Model

The model is created with the open source soft-
ware K-3D (http : //www.k − 3d.org/) while

the mesh is produced with the automatic mesher
HEXPRESSTM/Hybrid. The calculations have been
performed with the commercial solver Fluent c©. The
domain reproducing the R.M.A. wind tunnel test section
(60 cm x 60 cm x 120 cm) is of about two millions cells.
The 3-D steady state simulations have been performed us-
ing a standard k − ε turbulence model and the Fluent c©

enhanced wall treatment option enabled. The discretiza-
tion schemes used are the Fluent c© standard scheme for
the pressure and the first order upwind scheme for the mo-
mentum, the turbulent kinetic energy and the turbulent dis-
sipation rate. The velocity used for the simulation is the
same as the one used for the I.R. test, 10 m/s.

6 Results
In this section are presented the obtained results. The

flow field analysis of the blow-down wind tunnel are pre-
sented first. The low speed I.R. analysis experiment are
only partially presented as they are performed for valida-
tion purposes and the whole methodology could not be
fully discussed in this article. Eventually are presented
the numerical simulations of the H.W. rake behavior per-
formed at low speed.

6.1 Mean Flow Field Results
It is of crucial importance to characterize the turbulence in
the testing chamber, the size of the turbulent scales and the
frequency content. In Table 2 are summarized the results of
the static statistic analysis and of the autocorrelation anal-
ysis for each flow regime [1, 2, 7, 13, 17].

Table 2 Experimental Campaign Results

Regime 1 2 3 4 5
Umeas [m/s] (Pitot) 226.29 180.65 126.35 72.33 45.33
Ucomp [m/s] (H.W.) 234.19 170.57 123.10 71.04 47.26

Uncertainty [m/s] ±4.47 ±4.44 ±4.08 ±0.99 ±0.35

Uncertainty % 1.91 2.60 3.32 1.39 0.74
Red 42.25 31.25 22.81 13.31 8.91

Mach number 0.66 0.49 0.35 0.21 0.14
Tmean [K] ≈ 315 ≈ 307 ≈ 301 ≈ 296 ≈ 293

R.M.S. 5.615 3.398 2.846 1.753 1.267
Variance 31.523 11.549 8.098 3.072 1.604

Turbulence Intensity % 2.397 1.992 2.312 2.467 2.680
Skewness -0.695 -0.506 -0.320 -0.314 -0.286
Kurtosis 3.655 3.791 3.483 3.565 3.512

Int. Length Scale [mm] 37.897 38.572 41.617 20.740 19.330
Taylor Micro Scaleλ [mm] 6.795 4.855 4.163 2.739 2.468
Dissipation Rate ε [m2/s3] 283.83 200.56 189.11 163.86 104.82

Kolmogorov Length Scale η [mm] 0.0931 0.1003 0.1010 0.1038 0.1155

The frequency analysis is performed exploiting the
F.F.T. (Fast Fourier Transform) algorithm of Matlab which
uses a special version of the discrete Fourier transform to
filter the data. The error analysis for the presented results
is performed according to the error propagation theory (the
Kline-McClintock approach) always using a confidence in-
terval of the 95%.

6.2 Hot-wire Traverses Results
The measures, coupled with pressure measurements, allow
computing the pressure losses caused by the presence of
the heat exchange. The test conditions repeatability being
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one of the main issues the results presented cannot be re-
tained quantitatively precise. Especially since the traverses
at the two locations have been performed during two differ-
ent test. However the experimental campaign gives mean-
ingful information about the general flow field behavior
[3].

Figure 17 Velocity Profiles - H.W. Measures

Figure 18 Velocity Profiles - Pitot Measures

Figure 19 Velocity Profiles - Location 1, H.W. - Pitot
Comparison

From Figure 19 and Figure 20 we can notice a discrep-
ancy between the measurements performed with the hot-
wire and the Pitot tube that seems to be mainly due to the
fact that the wind tunnel is a blow-down facility. In facts
with such facilities one of the biggest issues is to be certain
to have exactly the same flow conditions for enough time

Figure 20 Velocity Profiles - Location 2, H.W. - Pitot
Comparison

to perform a full traverse analysis. If we compare these
results with the results in table 3 it is clear as performing
multi-point measurements gives much more reliable mea-
surements since we are certain that the flow conditions will
be the same.

6.3 Hot-wire Rake Results

Since the wind tunnel is exploited in parallel by ULB and
some modifications have been performed on it the results
obtained with the hot-wire rakes should not be compared
with above reported results. The main purpose of the per-
formed experiments is to validate the manufactured rakes.

Regime Position Umeas Pitot Umeas H.W.

1
1 ≈ 205.04 m/s ≈ 205.64 m/s
2 ≈ 207.01 m/s ≈ 207.95 m/s
3 ≈ 201.64 m/s ≈ 203.40 m/s
1 ≈ 177.59 m/s ≈ 171.01 m/s

2 2 ≈ 173.34 m/s ≈ 173.70 m/s
3 ≈ 169.77 m/s ≈ 170.78 m/s
1 ≈ 120.89 m/s ≈ 121.88 m/s

3 2 ≈ 124.40 m/s ≈ 125.97 m/s
3 ≈ 119.61 m/s ≈ 124.54 m/s

Table 3 H.W. Rake 3 Probes Vs. Pitot

In table 3 are reported the velocities measured with the
3-probes support and a Pitot tube at the same positions
but at a different distance from the test section inlet dur-
ing the same test. It is easy to understand as the possibil-
ity to simultaneously measure the whole velocity profile
drastically reduce the uncertainty linked to the capacity of
maintaining exactly the same flow conditions for a long
period of time. Therefore the accuracy of the velocity pro-
files measured with the rake is much higher and the profile
shape gives indications on the actual test section flow field
being not linked to the wind tunnel working parameters
controlled by the operator.
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6.4 CFD Simulation Results
In Figure 21 is plotted the computed velocity profile along
the x-axis extracted from the wing trailing edge to the end
of the numerical domain.

Figure 21 X-coordinate Velocity Plot

It is possible to notice that after 35 cm the influence of
the rake wake starts being negligible, this why the heating
resistance used for the I.R. experiment has been placed at
about 40 cm from the probe support.

Figure 22 CFD-computed Velocity Contour Plot

From the contour plot reported in Figure 22 it is pos-
sible to see the influence of the presence of the rake in
the whole domain. The results obtained could be used for
comparison with oil flow visualization. This will be more
interesting when moving to the high velocity case as the oil
visualization allows to clearly see if the transition to super-
sonic occurs and where the flow in case detach from the
wing surface.

6.5 IHCP Solution Results
Hereafter, in Figure 23, we can see a cartography of the
convective heat transfer coefficient obtained exploiting the
numerical solution of the IHCP. The results refer to the ex-
periments performed with a time step of 5 seconds between
two I.R. images and the flow is coming from the right side.
The reason why the highest value of h is not located where
the flow first impact the heated plate is due to the fact that

the plate itself is installed on thick support in order to re-
spect the boundary conditions (see equations 19 to 22) re-
quired by the IHCP solution. One should also notice that a
regularization method is applied for the results presented.

Figure 23 hsurf Cartography

Figure 24 hsurf Plot at the Plate Center Line

7 Conclusions
The analysis performed to check the flow field quality

makes us assume that modifications should be performed
on the wind tunnel. Indeed the very low turbulence level,
together with the almost parabolic velocity profiles mea-
sured, let us assume that flow could probably not be fully
developed when entering the test section. Though the ab-
sence of spectral peaks lets us deduce that the turbulence
in the flow field is homogeneous and no frequency corre-
lated structures are present (no vortex shedding or other
phenomena). This leading to the conviction that perform-
ing minor modifications should be enough to improve the
flow field quality. The coupling of Pitot tube and hot-wire
probe traverse measurements shows that the general behav-
ior of the flow field is maintained almost constant. Never-
theless it also testifies that the wind tunnel is not able to
reproduce exactly the same conditions (ptot profile, U pro-
file, etc..) for two consecutive tests. The test performed
with the hot-wire probes rake show the goodness of the
support chosen design in order to overcome the main issue
affecting a blow-down facility: maintain exactly the same
working conditions for a long period of time. Indeed the
rake allowed us to measure the velocity at five different po-
sitions instantaneously without affecting significantly the
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flow field itself. The obtained results have been taken into
account by the U.L.B. engineers while conceiving a revised
version of the facility that is now under construction. The
flow field of this new wind tunnel will be investigated in
the next months.
For what concerns the numerical solution of the IHCP the
validation test performed gave encouraging results. The
lesson learned from the preliminary test performed is that
one has to carefully prepare the experimental set-up in or-
der to reduce as much as possible the heat losses (very high
thermal insulation on the sides and on the back face of the
fin). Furthermore prepare the experimental set-up to work
with a finned heat exchanger at high subsonic velocity will
be even more challenging. Nevertheless the task to vali-
date the methodology and develop a consistent approach
to this kind of analysis can be considered as accomplished.
The simulations performed over the H.W. probe rake have
been very helpful to correctly prepare the I.R. low veloc-
ity experimental set-up. Additionally the geometry and the
meshing procedure are now well established so that it will
be easier to move to the high subsonic velocity case.

8 Future Developments
One of the main and more imminent task will be to

check the flow field quality in the revised version of the
blow-down wind tunnel. Besides this task the capabilities
of the H.W. rake made in plaster should be validate, indeed
CFD simulations and flow oil visualization at high speed
are scheduled in order to accomplish the task. The set-up
for the I.R. experiments should be modified in order to let
a flat velocity profile reach the heated plated. An enhanced
regularization parameter based on the variation of the heat
flux gradient is under validation and should be included in
the proposed algorithm to solve the IHCP. Additionally the
whole procedure should be optimized for a flow reaching
M ≈ 0.7 where possible issues could be the very small
amount of time to grab I.R. images, the flow stabilization
and the fin temperature stabilization.
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