
s, the small
ay happen
eventual lift
phenomena.
nce of a
antitative
tudied: the
R3823HL

btained in
of a finite
International Journal of Thermal Sciences 44 (2005) 709–719
www.elsevier.com/locate/ijts

A quantitative IR thermographic method to study
the laminar separation bubble phenomenon

R. Riccia, S. Montelpareb,∗

a University of Chieti, PRICOS, Viale Pindaro 42, Pescara, Italy
b Università Politecnica delle Marche, Department of Energetics, Via Brecce Bianche, 60100 Ancona, Italy

Received 4 November 2004; received in revised form 1 February 2005; accepted 15 February 2005

Available online 14 April 2005

Abstract

The boundary layer separation phenomena are present in many application fields: for example the sailplanes, the micro-vehicle
wind turbines, the airplanes and the cars. On aerodynamic bodies operating at low Reynolds numbers, lesser than one million, it m
a boundary layer local separation defined as: laminar separation bubble. This phenomenon induces a body drag increase and an
decrease; in some situations the cyclical bubble formation and detachment may induce pressure pulses and consequent vibration
In a previous research work [Internat. J. Thermal Sci. 43 (2004) 315] was verified the possibility to show qualitatively the prese
laminar bubble by means of a thermographic observation of the body surface. In this work is verified the possibility to carry out a qu
study of the laminar bubble phenomenon by using the same IR technique. Three characteristic points of the bubble are particularly s
laminar separation point, the transition point and the turbulent reattachment point. The laminar bubble behaviour is analysed on a R
airfoil by varying the angle of attack and the Reynolds number; the adimensional Stanton number, based on the airfoil chord, is o
order to individuate the requested points in a more simple and objective way. This adimensional number is carried out by means
numerical difference approach that makes a balance among the heat fluxes on the airfoil surface.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The laminar bubble phenomenon studied in this rese
is present in many application fields like the sailplanes,
microvehicles, the cars and the small wind turbines; the p
ence of a local boundary layer separation induces an a
aerodynamics drag increase and eventually a lift decre
In some situations the laminar bubble may cyclically det
from the wing surface inducing a pressure pulse; this m
cause a mechanical vibration. It is so necessary to des
or reduce this phenomenon by means of dedicated syst
turbulators, acoustic excitation, vibrational excitation. In t
order, it is useful to know and foresee the laminar bub
behaviour, by varying the angle of attack and the Reyno
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:

number; so the bubble position and dimension should
known as functions of alfa andRe.

The Laminar bubble (Fig. 1) is a local boundary layer s
aration phenomenon that is mainly present at low Reyn
number. The bubble forms under three subsequent co
tions:

• formerly there is a laminar boundary layer separation
presence of an adverse pressure gradient;

• subsequently there is a free shear layer transition;
• finally there is a turbulent reattachment downstream

laminar separation point.

Under these conditions it forms on the body surfa
a three-dimensional zone having a pressure about uni
due to the recirculating flow inside the bubble. The lami

separation bubble (LSB) phenomenon was investigated by
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Nomenclature

A wavelength amplitude. . . . . . . . . . . . . . . . . . . . . m
BS laminar separation point
BT transition point
BR turbulent reattachment point
c airfoil chord length . . . . . . . . . . . . . . . . . . . . . . . m
CL wing lift coefficient
CD wing drag coefficient
CM,c/4 wing pitching moment coefficient
cp airfoil pressure coefficient
D drag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
h convective heat transfer

coefficient . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

H shape factor
L lift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
LE separation point distance from the leading

edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
LT bubble transition length . . . . . . . . . . . . . . . . . . . m
M moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N·m
Nu Nusselt number
q∞ free stream dynamic pressure . . . . . . . . . N·m−2

Re Reynolds number
S wing section planform area . . . . . . . . . . . . . . . m2

Pr Prandtl number

St Stanton number
StUe Stanton number based on theUe velocity
Ue inviscid velocity outside the boundary

layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

U∞ free stream velocity . . . . . . . . . . . . . . . . . . . m·s−1

Greek symbols

α angle of attack . . . . . . . . . . . . . . . . . . . . .◦degrees
δkin kinetic boundary layer thickness . . . . . . . . . . . m
δ∗ thickness displacement . . . . . . . . . . . . . . . . . . . . m
λ thermal conductivity . . . . . . . . . . . . W·m−1·K−1

Λ Polhausen parameter
µ dynamic viscosity . . . . . . . . . . . . . . . kg·s−1·m−1

ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

θ momentum thickness displacement . . . . . . . . . m

Subscripts

∞ conditions of the free stream
m mean value
w conditions on the wall

Superscript

′ value referred to the airfoil section
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several authors [1–3,9–12] and it was widely analysed. S
of the measurement techniques normally used to eva
the bubble presence are the load balance, thecp distribution
analysis and the flow visualizations [1–12]. The load b
ance method reveals the bubble presence as a drag inc
and sometime as aCL − α curve slope variation [13]; by us
ing this technique it is possible to evaluate the alfa (α) range
corresponding to a LSB presence but there is no possib
to carry out information about the bubble length and po
tion. Thecp distribution analysis allows to individuate th
bubble presence from the pressure plateau inside the
sure recovery zones; this method permits an evaluatio
the bubble length and position, but do not give informat
about the transversal bubble dimension and it is not accu

to estimate the laminar separation, the transition and the tur-

Fig. 1. The laminar s
e

-

bulent reattachment points. Finally the flow visualizatio
are good for qualitative investigations but do not offer qu
titative data. This paper meant to present a different mea
technique to qualitatively evaluate the bubble presence
and to obtain quantitative information about its characte
tic points: i.e. the laminar separation, the transition and
turbulent reattachment points. A previous work [14] verifi
the possibility to use a thermographic method to localize
bubble presence; this was carried out also by comparing
thermographic images with thecp distribution analysis. In
the present work is carried out a quantitative analysis of
bubble behaviour; the thermographic data are so implem
ted in a finite difference model and subsequently proce
in order to obtain the Stanton number behaviour along

airfoil chord. The individuation of singular points in the
eparation bubble.
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Stanton distribution allows a determination, more objec
as possible, of the three quantities characterizing the bub
the laminar separation pointBS , the transition pointBT and
the turbulent reattachBR . The study of these three quan
ties by varying the angles of attack and the Reynolds num
allows a greater understand of the laminar bubble phen
enon in order to avoid its presence or to reduce its effe
The thermographic analyses are supported by the com
tional software XFOIL and by theoretical approaches.

2. The experimental setup

The experimental apparatus used in this research is c
posed by different facilities: a subsonic wind tunnel, an
frared camera, a wing section cutting machine, a load
ance and a simultaneous multipressure scanning system

The wind tunnel (Fig. 2) available by the “Dipartimen
di Energetica dell’Università Politecnica della Marche”
an open circuit subsonic gallery having the subsequent m
characteristics:

• the test section dimensions are: 620 (W)× 380 (H) ×
1500 (L) mm;

• the inlet test section area contraction ratio is 4.65;
• the inlet maximum velocity is 38 m·s−1;
• the mean turbulence in the inlet section is 0.3%;
• the fan power has a power of 5.5 kW and the revoluti

number are controlled by an inverter.

The IR camera is a FLIR SC3000 focal plane ar
(Fig. 3(a)) having a thermal resolution of 30 [mK] and a s
sor array of 320× 240 pixel; the thermographic images a
acquired by means of a PCMCIA card that allows to obta
maximum scan rate of 50 Hz. In this work the thermogra

are captured at a frequency of 8 Hz and in number of 50

Fig. 2. The Subsonic Wind Tunnel at the Department of
:

-

-

frames; this allows a post processing of image by mean
a program developed under Matlab (Fig. 4). This cleans
thermographic image from noises due to:

the low temperature difference between the wing sec
surface and the background;
the periodic automatic shutting performed by the
camera to erase the internal offset among the senso
ray.

The thermal noise is reduced by first averaging the
acquired thermal images; successively a further image
nipulation is carried out by means of a specific filter t
removes the temperature spikes lesser than 30 mK bet
two contiguous pixel (i.e. lesser than the IR camera mini
thermal resolution). This Matlab procedure introduces an
ror related to the chord length and so to the positions of
points of interest; this is due to the uncertainty in the de
mination of the first pixel, corresponding to the airfoil lea
ing edge, and of the last pixel, corresponding to the trai
edge, from the thermographic image. This error was ev
ated as the 1% of the chord and so theBS,BT ,BR points are
to be considered with an error of±1% of the chord.

The IR camera is placed over the wind tunnel test s
tion in order to observe the wing section extrados tro
an infrared window (Fig. 3(b)); this is realized with a pol
ethylene foil having a thickness of some ten micron an
transmission coefficient, in the thermal camera wavelen
(8–9 micron), of 0.96.

The load balance (Fig. 3(c)) has 6 axes, but in this w
are used and calibrated only 3 axes relative to the lift,
drag and the pitching moment.

The pressure acquisition system (Fig. 5(a)) is a Scan
8000, that measure 64 pressure taps simultaneously w
piezoresistive sensor array; this acquisition system is u

with a dedicated wing section. The sensors full scale is of
“Energetica” of the University “Politecnica delle Marche”.
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Fig. 3. The IR thermographic camera (a) , the IR window (b) and the 6 axis Load Balance (c).
Fig. 4. Thermal Images Manipulations carried out by using the Matlab procedure.
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2.5 kPa and the static accuracy is of±0.2% FS in the worse
case.

Two different wing sections are realized to carry o
the experimental measures; both the sections are base
the same RR3823HL airfoil, that is used with good res
in hand launching applications and works typically at l
Reynolds numbers. The aerodynamic parameters are u
reported:

• max. Thickness: 8.35%;
• max. Thickness chord position: 22.54%;
• max. Camber: 3.38%;

• max. Camber chord position: 39.12%.
n

r

This airfoil is subjected to the presence of the lami
separation bubble, but the forward max camber and
thickness positions allow an earlier transition at high ang
of attack reducing the drag increase due to the bubble p
ence.

The wing sections are obtained by means of a cut
machine (Fig. 5(b)) that realizes the extrados and intra
moulds following two lateral CNC cutted dimes; this allow
to build different wing sections with a good reproducibil
and a good accuracy in the airfoil nose. The first wing s
tion is used to analyze theCp distribution and so is equippe
with 60 pressure taps placed over the extrados and intr

in the middle section of the wing. The second section is ded-
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Fig. 5. The Multipressure Scan Syste

icated to the load balance measures and to the thermogr
analyses; in order to carry out the thermographic meas
the wing is filled by a thermal insulate and the surface
coated with an adhesive aluminium foil 25 micron thick. T
metallic coating is electrically supplied with an high curre
– low voltage generator; in this way it forms a uniform he
plane by Joule effect and the wing surface is more cle
revealed with respect to the background by the IR cam
This technique is named “heated-thin foil technique” a
was previously tested and verified by other authors [15–

3. The numerical and analytical approach

The points characterizing the laminar buble are es
tially three: the laminar separation point, the free shear la
transition and the turbulent reattachment point.

The laminar separation point, that will be calledBS ,
corresponds to the point with a zero first derivative in
velocity profile near the wall; to individuate this point
is necessary to resolve the equations describing the
field inside the boundary layer. There are two different
proaches for this problem: the similarity solutions and
monoparametric integral methods. In the former case it is
sumed that the velocity profiles have the same shape in
the boundary layer in the streamwise direction; the Falkn
Skan formula (Eq. (1)) describes the inviscid flow ove
wedge having an opening angle ofβπ/2 and is used as
good reference for boundary layers in the presence of p
sure gradients [21,22].

U(x) = Kxm, η = y

√
m + 1

2

Ue(x)

νx

β = 2m

m + 1
(1)

In the latter case the boundary layer equations are r
ited using an integral approach (Eq. (2)) and the velo
profile is directly imposed; in this way there is a unique
rameter that describes the shape and the value of vari
as the thickness displacement, the momentum thicknes
In this research work the analyses are carried out by m

of the Λ Polhausen parameter (Eq. (3)) with a polynomial
and the Airfoil Section cutting machine (b).

c

s
.

velocity profile, that accounts the adverse pressure grad
typical of an airfoil surface and that allows to localize t
separation point for aΛ value of−12 (Fig. 6).

d

dx
(U2

e θ) + δ∗Ue

dUe

dx
= τw

ρ

δ∗ =
δ∫

0

(
1− u

Ue

)
dy

θ =
δ∫

0

u

Ue

(
1− u

Ue

)
dy, H = δ∗

θ
(2)

Λ = δ2

ν

dUe

dx
(3)

To obtain theΛ values along the RR3823HL curvilin
ear abscissa it is used theX foil software, that evaluates th
shape parameterH (Eq. (2)); in fact this is related to theΛ
value by means of the subsequent relation (Eq. (4)):

Λ = a + cH 2 + eH 4

1+ bH 2 + dH 4

a = 104.8826476

b = 0.407940445

c = −40.0527133

d = −0.13216036

e = 3.676751625 (4)

The separation pointsBS corresponding to theΛ = −12
value are so carried out for angles of attack between−5◦
and 12◦ and for all the tested Reynolds numbers.

Once localized the laminar separation point it is also
termined the transition pointBT inside the free shear laye
where the turbulent spots coalesce inducing a fully turbu
flow. The Xfoil software utilizes thee9 criteria introduced
by Michel (1952) and subsequently modified by Smi
Gamberoni (1956), Van Ingen (1956) and Jaffe (1970);
first author observed from the experimental available d
that the transition point corresponds to a total amplifi
tion rate of the Tollmien–Schlichting waves in the order

A/A0 ≈ 104 [23,24]. On this base the other authors have



714 R. Ricci, S. Montelpare / International Journal of Thermal Sciences 44 (2005) 709–719
Fig. 6. Velocity Profiles depending on theΛ Polhausen parameter (a) The turbulent reattachment point individuation (b).
Fig. 7. RR3823HL Load Balance results at Reynolds 200k.
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evaluated the eigenvalues of different boundary layers
have estimated the global growth of waves of given
quency. This has brought to the subsequent result:

A

A0
= exp

[ xr∫
xi

αci dt

]
≈ e9

Smith–Gamberoni–
Van Ingen temporal
amplification

(5)

Together with values obtained by theX foil, theBT points
are also carried out by means of the Horton criteria [23];
allows to quantify the distanceLT between the separatio
point and the transition point inside the free shear layer f
laminar bubble.

LT

θsep
= C × 104

Reθ,sep
3< C < 5 (6)

The turbulent reattachment point is evaluated byX foil
using the Swafford relation and, by a graphical method,
serving the point over which thecp viscous and the inviscid

analysis shows the same trend (Fig. 6(b)).
4. Experimental results

The experimental tests are preliminary conducted by
ing the measurement systems used in the aerodynamic
i.e. the load balance and thecp distribution analysis. Sub
sequently the thermographic analyses are carried out
more accurate laminar bubble study. All the tests were r
ized for angles of attack between−5◦ and 12◦ and for four
different Reynolds numbers: 60k, 100k, 150k, 200k.

Only for simplicity will be reported in this work the re
sults related to the Reynolds 200k test.

In Fig. 7 are reported the Eiffel polar and the Lift vs. an
of attack curve obtained by using the load balance (the e
bar reported in the graph are referred to the 2σ method). The
laminar bubble presence may be deducted for an angle r
between 1◦ and 8◦ by observing theCL–CD curve; this is
because there is an anomalous drag increase underline

different trend concavity in this zone. The possible presence
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of a laminar separation bubble is revealed also by obser
theCL vs. alfa curve; in fact there is a slope change (re
ring to the graph, the dashed line shows the slope before−1◦
and the dash-dot-dot line shows the slope for angles hi

Fig. 8. Comparison on the Pressure Coefficient Distribution between

meric (XFOIL) and experimental (Scandaq) results.

Fig. 9. RR3823HL Thermographic Images at R
than−1◦) normally related to the presence of a large b
ble in the airfoil center zone. This LB early growth towa
the trailing edge and subsequently, by increasing the ang
attack, moves toward the leading edge and reduces its lo
tudinal extension.

Contrarily with the Eiffel polar observation the lamin
bubble seems to be present starting from angles of−1◦ but,
as will be later explained, this results is confirmed by
IR thermography; it is so possible to deduct that for ang
between−1◦ and 1◦ the bubble has a noticeable longitudin
extension but it do not induce an appreciable pressure
increase.

The cp distribution trends obtained by using both t
Scandaq measurement system and by means of theX foil
analysis are reported in Fig. 8; the experimental data a
good agreement with the numerical results but underlin
great difficulty to clearly distinguish the pressure behavi
inside the bubble.

The thermographic images obtained for the Reyno
200k at different angles of attack are reported in Fig. 9;
previously described, every thermogram is carried out
by averaging 50 images acquired at a frequency of 8

then subtracting the resulting thermogram with a reference
e 200k and for angles ranging from−2◦ to 12◦.
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image obtained by observing the heated wing section
the wind tunnel turned off. The bubble presence is qua
tively localized in the thermal IR image as a warmer zo
this happens because the surface heating is kept con
and uniform by regulating the current flux inside the me
lic coating. In this way the surface temperature distribut
is the unique function of the convective heat transfer co
ficient and the presence of a laminar bubble, with a qu
static recirculating flow inside it, induces a local convect
h coefficient decrease and so a temperature increase.
qualitative approach was verified in the previous work [
and for the RR3823HL airfoil shows a range of angles of
tack between−1◦ and 7◦ where a laminar bubble is presen
Particularly for angles between−1◦ and 2◦ the bubble de-
creases its extension but the laminar separation point s
to be stationary; for angles between 3◦ and 7◦ there is a fur-
ther longitudinal extension decrease and theLS point moves
toward the leading edge.

For a quantitative infrared analysis it is necessary to e
orate the temperature data obtained from the thermogr
in order to carry out the trend of the Stanton number;
because theSt adimensional number is directly related
the surface convective heat transfer coefficient but all
also for the velocity distribution influence. As procedu
Fig. 10. The finite difference approach used to correct the temperature map

Fig. 11. View factor
t

s

s

,

first the h values on the central longitudinal wing secti
are evaluated by an energy balance on a surface volume
responding to a pixel; assuming a transversal symmetry
energy balance (Fig. 10) should consider the conductive
transfer in the longitudinal direction, the internal heat g
eration by Joule effect, the radiative thermal dissipation
the convective heat exchange.

T (i + 1, j) − T (i, j)

x

λs
y

+ T (i − 1, j) − T (i, j)

x

λs
y

+ T (i, j + 1) − T (i, j)

y

λs
x

+ T (i, j − 1) − T (i, j)

y

λs
x

+ h
x
y
(
T∞ − T (i, j)

)

+ σ
T 4

surr− T 4(i, j)

1−ε
ε
x
y

+ 1
F12
x
y

+ 1−εsurr
εsurrAsurr

+ G
x
ys = 0 (7)

The IR camera observes the wing section pixels with
ferent view factors due to the airfoil curvature; in additi
the wing section is rotated when the flow angle of attac
changed. To account the error deriving from the airfoil c
vature a comparison with the equivalent flat plate inclin
at the same angle is performed (Fig. 11); the result sho
maximum percent difference of 3% by excluding the airf
nose zone up to the 2% of the chord.

In the h coefficient analysis is evaluated also the vi
factor influence on the IR camera detection with respec
the wing section surface; in Fig. 12 it is possible to obse
that a view factor variation induces a convective heat tran
coefficient change with relation to its absolute value but d
not modify theh trend and consequently theSt trend. So it is
possible to obtain again the positions of theBS , BT andBR

points that are deduced directly from theSt trend.
To enhance with a greater detail the Stanton number v

ations along the longitudinal section it is decided to calcu
the St values with theUe(s) velocity that the flow assume
outward the boundary layer along the curvilinear absciss
stead of theU∞ velocity of the free stream flow. TheUe(s)
.velocity is directly evaluated by using theX foil software
error evaluation.
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Fig. 12. Dependence on the view factor atRe 200k &4◦.

Fig. 13. Stanton number vs airfoil chord.

for an inviscid flow on the tested airfoil; the choice to ev
uate an inviscid flow derives from the consideration that
velocity calculated with this approach is univocally det
mined apart from the software used. Once obtained theStUe

(Fig. 13) trend, the laminar separation pointBS is localized
as the flex point that comes first the absolute minimum;
the laminar separation represents a fluid dynamic singul
and this reflects too in a singularity for the thermal heat
change. TheBT transition point is localized in the absolu
minimum StUe value because it corresponds to the poin
maximum bubble height where the convective heat tran
coefficient reaches a low value. The turbulent reattachm
point is similarly individuated for the maximum heat trans
coefficient because the flow behaves like a jet impingem
that maximizes the thermal dissipation.

On the basis of this approach theStUe trend is carried
out in the central wing section at different angles of atta
as it is possible to observe in Fig. 14, a behaviour sim
to the one previously described is easily recognizable foα

between 2◦ and 6◦, whereas is more difficult to individuat

atα − 1◦ and it is not observable for angles of 9◦ and 11◦.
(a)

(b)

Fig. 14. (a) Stanton distribution at different angles of attack forRe 200k.
(b) St andStUe distribution at different angles of attack forRe 200k.

It is possible to better understand the laminar bubble
haviour both collecting in more graphs (Fig. 15) the char
teristic bubble points positions by varying the angle of att
and the Reynolds number and evaluating indirectly the b
ble longitudinal dimension as difference between theBS and
theBR . The laminar separation point tendentially moves
ward the airfoil leading edge but it is stationary for ang
around 2◦; this behaviour may be due to the movement of
aspiration peak, and so of the adverse pressure gradien
ward the leading edge by increasing the alfa value and is
firmed by the numerical prediction of the integral approa
to the boundary layer solution. Also the transition point a
the turbulent reattachment point move toward the lead
edge by increasing alfa; similarly to the previous case th
is a good correspondence between the experimental re
and the numerical predictions, with a particular referenc
the Horton relation. Globally the laminar bubble reduces
longitudinal extension by increasing alfa and shows a s
stantial independence to the Reynolds number; this is
strictly true for the lower tested Reynolds (60k) where the

bubble is present everywhere with an higher extension.
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Fig. 15. Laminar bubble behaviour varying the airfoil angle of attack.

Table 1
Summary table

Alfa Laminar separation Transition Reattachment Bubble lenght Reδ2(Sep.) Reδ2(Tr.) Reδ2(Tr.) Reδ2(Tr.)

(L = −12) (L = −10) IR Tr.(min) Tr.(max) Tr.(X foil) Tr.(IR) X foil IR Num IR X foil min max

−2 Unsep. Unsep. Unsep. 0.95 0.90 Unsep. Unsep. Unsep. Unsep.
−1 0.52 0.44 0.50 0.64 0.73 0.88 0.74 ? 0.92 ? 0.42 258 354 293 314
10 0.37 0.34 0.39 0.49 0.57 0.71 0.61 0.78 0.88 0.41 0.49 225 343 266 290
1 0.34 0.32 0.29 0.46 0.53 0.62 0.52 0.79 0.77 0.45 0.48 216 300 260 280
2 0.32 0.30 0.26 0.44 0.51 0.53 0.47 0.76 0.70 0.44 0.44 220 288 260 285
3 0.29 0.26 0.29 0.40 0.48 0.48 0.42 0.68 0.65 0.39 0.36 217 281 255 280
4 0.26 0.24 0.26 0.36 0.44 0.44 0.36 0.58 0.58 0.32 0.32 213 274 255 280
5 0.23 0.21 0.22 0.34 0.41 0.40 0.32 0.56 0.53 0.33 0.31 210 274 252 280
6 0.20 0.18 0.18 0.30 0.37 0.36 0.29 0.53 0.50 0.33 0.32 206 270 250 285
7 0.17 0.14 0.13 0.27 0.34 0.29 0.22 0.46 0.44 0.29 0.31 202 260 250 380
ech-
m-

bil-
ion
urs

rag
ssit

rline
ation
iour
hav-
IR

ailed
ub-

nt
5. Conclusions

This research aimed to extend the IR thermographic t
nique for a quantitative study of the laminar bubble pheno
enon. Once in a previous work [14] was verified the possi
ity to use the IR thermography for a qualitative investigat
of the laminar bubble behaviour. This phenomenon occ
mainly at low Reynolds number and induces an airfoil d
increase and sometime a lift decrease; it derives the nece

to localize a bubble presence and to understand its behaviour
y

The standard aerodynamic techniques are able to unde
the possible presence of a local boundary layer separ
but are not able to fully characterize the bubble behav
and sometimes are not so refined to localize phenomena
ing low influence on the lift and drag parameters. The
thermography seems instead able to supply more det
information about the characteristic points of a laminar b
ble: i.e. the laminar separation pointBS , the transition point
in the free shear layerBT , and the turbulent reattachme

.point BR . In order to obtain quantitative information from
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91.
of

s in
ep-
the thermographic data it is necessary to carry out a fur
analysis starting from the surface temperature distribut
first an energy balance on the different heat transfer co
butions is to allow for. A distribution of the adimension
Stanton number is successively to carry out and an ana
of its trend should be performed to localize some ma
matical characteristic points related to the laminar bub
describing points. Finally summarizing all the data ab
the BS , BT , BR , andLB in graphs depending on the a
gle of attack and the Reynolds number it is possible to be
understand the bubble behaviour. For the tested RR382
airfoil the bubble phenomenon shows a movement tow
the leading edge increasing the alfa values and it reduce
longitudinal extension all trough this movement. The la
inar bubble behaviour seems to be lesser dependent o
Reynolds number apart from the lower testedRe of 60k.

Appendix A

CL = L

q∞S
wing lift coefficient

CD = D

q∞S
wing drag coefficient

CM,c/4 = M

q∞Sc
wing pitching moment coefficient

cp = p − p∞
q∞

pressure coefficient
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