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Abstract

This study uses infrared thermography to focus on local separation phenomena affecting the laminar boundary layer on aerodynamic
bodies operating at low Reynolds numbers, and particularly on the laminar separation bubble that occurs, for instance, in applications such
as gliders, microplanes and small windfarm turbines. The work was organized into several stages. First the reliability of the wind tunnel
available at the Energetics Department of the “Universita Politecnica delle Marche” was tested by comparing the results obtained on an
Eppler 387 profile with data provided by other, similar tunnels for the same profile. Then the presence of a laminar bubble was ascertained
using classic measuring methods, e.g., the spring balance and pressure distribution analysis. The thermographic apparatus was set up a
recordings were made and compared with the trend of the pressure coefficient: coupling the data showed an excellent consistency in the
identification of the bubble and confirmed the feasibility of using thermography for the non-invasive measurement of this phenomenon. The
final phase of the study involved a preliminary attempt to obtain quantitative information from the thermographic images too: two quantities,
Ls andBg, were defined for this purpose and enabled a preliminary characterization of the behavior of the laminar bubble according to the
angle of attack.

0 2003 Elsevier SAS. All rights reserved.
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1. Introduction 1.1. The phenomenon studied

The aim of this study was to analyze the separation of the ~ 1h€ laminar separation bubble (LSB) phenomenon can
laminar boundary layer on aerodynamic bodies operating atoccur in numerous fields of application, such as gliders,
low Reynolds numbers by means of infrared thermography. _mlcrop_lanes, sma_ll windfarm turbines and, more in general,
There are numerous studies in the literature on the topic, butl" Profiles operating at low Reynolds numbers. This flow
the majority of them are dedicated to systems that work at 2nomaly can occur on the surface of the body in the
high Mach and Reynolds numbers [17], while few papers following conditions:
focus on the aerodynamics of low Reynolds numbers [8—10] . .
and this prompted us to fine adjust an experimental method(1) @ separation of the laminar boundary_ layer due to the
presence of an adverse pressure gradient,

[11-14] capable of detecting and quantitatively assessing lo- o

cal separation phenomena affecting the boundary layer, such(z) a transition of the separated boundary layer, .
as the laminar bubble. This phenomenon is conventionally 3) a tgrbulent reattachment downstream from the transition
assessable using techniques such as the dynamometric mea- point.

surement of aerodynamic actions, the analysis of the pres-
sure distribution on the body and, possibly, also flow visual-
izations using tracers.

In this case, a localized zone of virtually stationary recircu-
lating flow forms on the surface of the body, which goes by
the name of LSB (Fig. 1) and which modifies the pressure
distribution around the wing profile, generating an increase
* Corresponding author. in the aerodynamic resistance and a potential reduction in
E-mail addresss.montelpare@ing.univpm.it (S. Montelpare). the wing's lift component.
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Nomenclature

Bg bubble lengthwise dimension Rt bubble turbulent reattachment point

c airfoilchord length ....................... m S wing section planformarea............... ’m
C section lift coefficient St bubble laminar separation point

CL wing lift coefficient Pr Prandtl number

Cy section drag coefficient ThBL thermal boundary layer

Cp wing drag coefficient TBL  turbulent boundary layer

Cum,c/4 Section pitching moment coefficient

i L o Greek symbols
Cum.c/4 Wing pitching moment coefficient

c, airfoil pressure coefficient o a_nglg of attack......... EERTERPRES °.degrees
D Arag. ..o N Skin Kinetic boundary layer th|c_kness
h convective heat transfer Stherm  thermal boundary layer thickness
coefficient . .................... wWh2.K-1 A thermal conductivity ............ wn~ LK
L Moo N oK dynamicvISCoSity ... ol
Lg separation point distance from the leading edge "'”e”."'a“c VISCOSILY . oo 2n$_3
Ly bubble transition length density.......o.oiiii kg
Lg bubble start point Subscripts
LBL  laminar boundary layer 00 conditions of the free stream
KBL  kinematic boundary layer m mean value
M moment............ooiiiiiiiiiiinnnn N .
Nu Nusselt number Superscripts
goo free stream dynamic pressure ! value referred to the airfoil section
Re Reynolds number w conditions on the wall
Recirculating -

Laminar Flow Zone -1 "—’{

Separation el o

Point / ]

Turbulent
Rattachment Point

Fig. 1. Laminar bubble diagram.

At this stage of the research, our attention was focuseduntil a critical value is reached, below which the bubble
on the laminar bubbles located on the extrados of a profile will become larger and the two curves will overlap again.
beyond 10% of the chord from the leading edge. If these Observing the Eiffel polar (Fig. 2b), we can see that there
LSB are situated around the midline of the extrados of a is an increase in the drag coefficient and a reduction in the
profile, they can induce a pre-stall type of hysteresis (Fig. 2): aerodynamic efficiency in the area occupied by the bubble
in fact, the laminar bubble initially forming at the midline of  due to the effect of the hysteresis.
the chord where: ~ 0° will subsequently grow towards the
trailing edge as the angle of attack increases and will induce
bending in the curv€’; —« similar to the case of a stall from
the trailing edge (Fig. 2a). Beyond a certain angle, the bubble
will become smaller and will move towards the leading edge,
increasing the lift coefficient. Finally, as diminishes, the All the tests were performed at the open-circuit wind
value of C; will remain higher than the ascending curve tunnel installed at the Department of Energetics of the

2. Experimental setup
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Fig. 2. Pre-stall hysteresis.

“Universita Politecnica delle Marche” (Fig. 3). This tunnel
is divided into three main parts:

Aerodynamic measurements were taken using a 6-axis
spring balance and a Scanivalve 45-sensor pressure scanner:
the former enables the measurement of [ifg §, drag Cp)
and momentum @y, ¢/4); the latter is for the sequential
analysis of the pressure distribution around the profile for
a subsequent calculation of the lift, drag and momentum
coefficients.

Thermographic measurements were taken using an
AGEMA THV900 LW infrared camera (Fig. 5a) with a tem-
perature resolution of 0.08C operating in a wavelength
range between 8 and 12 micron. The profile is observed
through an IR-transparent window provided on the top of the
test chamber (Fig. 5b); the IR window is made of a sheet of
polyethylene 10 micron thick with a transmission coefficient
of 0.86 in the IR camera wavelengths.

The wing section is achieved by combining two fiber half-
shells prepared in a mold; profiling of the molds is done with

(1) aconvergentsection, which has an area contraction ratioa cutting machine (Fig. 6a) that follows two profile templates

of 4.65,

(2) a closed test chamber 1.5 m long, 0.62 m wide and

0.38 m high,

(3) a divergent section, situated downstream from the test

chamber, containing a 10-blade suction fan controlled
by means of an inverter.

The maximum air velocity (Fig. 4a) at the vacuum test
chamber’s inlet is 30 [m3sl] and the mean turbulence
factor at the center of the section (Fig. 4b) is 0.3%. Both

obtained using numerical control.

The wing section for the thermographic and spring bal-
ance tests was metalized with a sheet of adhesive aluminium
25 micron thick and was subsequently coated with matte
black paint; the layer of paint guarantees a lower reflection
coefficient in the IR range than the polished aluminium and
enables a measured emissivity of 0.94. A metal conductor
was chosen for the surface coating because it enables the
passage of electric current and the generation of a constant

measurements, velocity and turbulence, are taken using aheating capacity due to the Joule effect; the input capacity is

Dantec hot wire anemometric system.

monitored using an adjustable current generator.

Fig. 3. Wind tunnel at the Energetics Department of the “Universita Politecnica delle Marche”.
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Fig. 4. Velocity (a) and turbulence (b) in the vacuum test section.

Fig. 5. Thermographic machine (a); IR window (b).



S. Montelpare, R. Ricci / International Journal of Thermal Sciences 43 (2004) 315-329 319

() (b)

Fig. 6. Machine for cutting the molds (a); Metalized wing profile (b).

3. Experimental results as the angle of attack increases up to approxX. e
plateau shifts onto the extrados of the profile as the flow’s
Tests were performed on an Eppler 387 profile, which angle of incidence varies and simultaneously modifies its
was chosen for two main reasons: first, because it revealdongitudinal extension. Referring to the information in the
LSB phenomena at low Reynolds numbers; second, becausditerature, this anomaly can be brought down to a laminar
numerous results are available for comparison in the liter- bubble that induces a constant internal pressure due to the
ature, obtained in wind tunnels similar to the one used in virtually stationary recirculation.
the present case. To be precise, data obtained by the Aero- Fig. 9 shows the trends of the curv€s—« and C;—«
dynamic and Gas Dynamics Institute of the University of obtained by integrating the pressure distribution around the
Stuttgart and by the Department of Aeronautics and Astro- profile at the various angles of attack. The first item worthy
nautics Engineering of the University of lllinois were taken of note is the null lift angle of-3°, consistent with what
for reference. The wing profile parameter considered for the we know about the E387 from the literature. Secondly, there

comparison was the trend of the lift coefficient. is a change of gradient in the cur¢g—« for an angle of
approx.—1°. Based on the above considerations, this might
3.1. Pressure sensor findings be due to a large laminar bubble inducing bending in the

lift curve with a pre-stall type of hysteresis. Observing the
Pressure coefficient analyses were performed at two curveC,—a apparently provides no information concerning
different Reynolds numbers, 100k and 200k, and for ang|esthe presence of a bubble, as in the case of lift, though it does
of attack varying between-5° and 14. The pressure  showaninflexion for an angle of approx.&ith an increase
readings were taken on 30 static sensors along the mediann the drag in the range’37°.
section of the profile (Fig. 7). The change of gradient and the inflexion, together with
Fig. 8 shows the trends of the pressure coeffic@&nbn the constant pressure zones, seem to confirm the presence of
the extrados and intrados of the profile at the two Reynolds a laminar bubble on the tested profile.
numbers considered. The findings show an increase in the There is a further point to note on the lift diagram
suction peak on the nose of the profile as the angle of in relation to the anomalies in the stall zone: there are
attack increases; for values greater tharf 6however, there oscillations probably attributable to the limited number of
is a reduction in the area affected by said peak (Fig. 8a), sensors in the nose zone, or to problems relating to the way
with a probable consequent reduction in the maximom the test section was fixed.
achievable. There is clearly (Figs. 8b—8c) also a constant The graphs in Fig. 10 show the results for the lift co-
pressure zone within the pressure recovery: this anomalyefficient (obtained from the distribution of th€,) com-
develops already for small negative angles and persistsbined with the findings recorded at the other, previously-
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Fig. 7. Arrangement of the static pressure sensors.

mentioned wind tunnels and with the results obtained us-  On the other hand, the lift curve confirms the change of
ing two numerical models widely used in aerodynamics, i.e., gradient for an angle of approx1° and a maximuntC;
Xfoil and Visualfoil: these data confirmed the validity of the value of the same order as in the analysis with ¢he In
wind tunnel used in our study: the null lift angle ef3° was this case, the Eiffel polar provides more information on the
consistent with the value for the Stuttgart tunnel and only potential presence of a laminar bubble: in fact, there is a
slightly lower than the findings at the University of lllinois marked increase in the drag in the rangf to 9°.
and the numerical simulations-8° vs.—3.75°). In addition, Both conditions, i.e., the bending of the cuWg—« and
the gradient of the lift curve was the same for all the data and the increase in th&p, are signs of the presence of an
substantial differences were only observable in the region in LSB and, referring to the results obtained previously with
the vicinity of the stall, which could not be unequivocally the analysis of theC,, the presence of such a separation
determined from the available data anyway. Further compar-phenomenon on the profile in question is therefore con-
isons using the other Reynolds number we tested producedirmed.
similar results, so the findings obtained at the “Universita
Politecnica delle Marche” wind tunnel can be considered re- 3.3. Thermographic findings
liable, at least up to the angles prior to stalling.
Once the reliability of the wind tunnel and the presence

3.2. Spring balance findings of an LSB on the wing profile in question had been verified,

thermographic measurements were performed.

Spring balance tests were also conducted on the E387 Before going on to analyze the results, it is worth
profile at the same Reynolds numbers and at the sameexplaining the hypotheses adopted and what should happen
angles (Fig. 11). In this case, the cur¢g showed a  thermographically in the event of a local separation of the
slightly different null lift angle, i.e.,—2.5°, due to the boundary layer. Exploiting the Reynolds analogy, we can
relative sensitivity of the spring balance for small angles of see first of all that, in forced air convection conditions, the
attack, where the absolute drag and lift values are low andbehavior of the thermal boundary layer (ThBL) is closely
the error in their assessment is consequently high; indirectrelated to that of the kinematic boundary layer (KBL),
confirmation of this comes from the observation of the and their thickness increases in the same way; the most
error bands, that drop dramatically when higher Reynolds immediate consequence of this close relationship is that
numbers and greater forces are considered. an anomaly in the KBL, e.g., a laminar bubble, must
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Eppler 387; Reynolds 200k
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Fig. 8. Pressure trends around the wing profile: extrados Re200k (a); intrados Re200k (b); extrados Re100k (c).

be reflected in a corresponding anomaly in the ThBL. In (Fig. 12a). If there is an LSB, however, the near-stationary
constant and unseparated boundary layer conditions, therecirculation of the air it contains would induce a marked
trend of the surface temperature will rise in the direction drop in the convective heat exchange coefficient and a
of the flow and there will only be a discontinuity in the consequentlocal increase in temperature; in the longitudinal
vicinity of the passage from laminar to turbulent flow, with  distribution of the latter quantity, we would therefore see
the temperature suddenly dropping and then rising againan initial discontinuity at the point of laminar separation,
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Eppler 387; Reynolds 100k
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Fig. 8. Continued.
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where the free shear layer forms, and a second discontinuitytemperature gradient at the higher Reynolds number that
at the point of turbulent reattachment, corresponding to a jet becomes greater the higher the value of the convective heat
impingement (Figs. 12b—12c). exchange coefficient.

The thermographic images obtained at both Reynolds In both cases, the images show zones with a higher local
numbers are shown in Figs. 13 and 14. The electrical temperature on the extrados of the profile that change in
energy delivered to the aluminium sheet is the same andlengthwise dimension and position as the angle of attack
there is an immediately apparent reduction in the surfacevaries; beyond an angle of there is also a change in
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Fig. 12. Temperature trends on the wing profile: in the unseparated case (a); in the case of a bubble (b,c).

the crosswise dimension of the warmer zone that finally  Fig. 15 superimposes these data for both negative and
disappears for an angle of 10 positive angles; there is obviously a good consistency
Referring to our previous considerations, the warmer between the numerical data produced by Xfoil and the
area can be explained by the presence of an LSB; this isexperimental findings obtained by the pressure sensors.
confirmed by superimposing the findings of the pressure It is also clear that the constant pressure plateau zones
sensors and the results obtained with the Xfoil software corresponding to a laminar bubble coincide with the locally
on the thermographic data acquired at the same angles andvarmer areas. This correspondence persists at the various
Reynolds numbers. angles of attack considered and at both Reynolds numbers,
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Fig. 13. Eppler 387 thermographic images at Reynolds 100k.

thus confirming the validity of the thermographic system in the first derivative of the second order at 5 points on the
identifying the LSB phenomenon. temperature profiles in the direction of the flow (Fig. 16),
The point of turbulent reattachment is fairly easy to thereby further emphasizing the discontinuities from the
identify already from a qualitative standpoint, since the maximum, minimum and zero points.
surface temperature undergoes an abrupt reduction due to Having identified said points, we can define two quanti-
jet impingement. Conversely, the laminar separation zone isties: the position where the bubble staitg) and its length-
more difficult to pinpoint because the rise in temperature wise dimension Bg). The first quantity, expressed as a per-
caused by the formation of the free shear layer is not so centage of the chord, is defined as the distance between the
great. This made it necessary to perform a quantitative leading edge of the profile and the point of laminar sepa-
analysis to enable a more objective assessment of the laminaration of the boundary layer; the second quantity, which is
bubble’s characteristic points (laminar separation, transition again expressed as a percentage of the chord, is the distance
and turbulent reattachment). This was done by analyzing between said point of separation and the point of turbulent
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Fig. 14. Eppler 387 thermographic images at Reynolds 200k.
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reattachment. These two quantities enable us to describe theero. Unlike the situation for the separation point, however,
behavior of the bubble according to the angle of attack and the dimension of the bubble presents a constant stretch for
the Reynolds number. angles coming betwee#3°® and+6°; this means that the
Fig. 17 shows the trends d@fs and B obtained both by ~ bubble merely moves towards the leading edge in this alpha
thermography and by the Xfoil numerical model at various range, whereas at the other angles of attack the displacement
angles of attack. Clearly, the point of laminar separation is accompanied by a reduction in its size.
remains around 50% of the chord up to an angle ©f 0 Theoretically, the counterflow displacement of the point
and then shifts continuously towards the leading edge of of separation can be correlated with the fact that it depends
the profile; at the same time, the dimension of the bubble strictly on the adverse pressure gradient and the latter shifts
seems to remain the same for negative angles and beginsowards the leading edge as the angle of attack increases.
to diminish as soon as we reach alpha values greater thariThe trend of the quantityg is not so easy to explain, how-
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Fig. 15. Experimental and numeriodl, superimposed on the thermographic results.

ever, since it depends strictly on two parameters, i.e., the lo- Fig. 17 also shows a good consistency between the nu-
cal Reynolds number and the adverse pressure gradient. Wenerical data produced by Xfoil and the thermographic test
can safely say that the increase in the local Reynolds numberfindings in relation to the behavior of the laminar separation
induces an earlier transition of the separated boundary layerpoint; vice versa, there is a significant difference in the ab-
and an earlier turbulent reattachment, with a consequent re-solute values of the dimensidBy, though the trend is the
duction in the dimensions of the bubble, but it is impossible same. This is because the Xfoil software uses the en method
to say how the local Reynolds humber correlates with the ad- to identify the separated boundary layer’s point of transition
verse pressure gradient, so it is also impossible to predict theand the values predicted by the numerical model are system-
exact behavior of the quantityg. atically higher than the thermographic measurements, with
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Fig. 16. Study of the first derivative of the temperature in a direction parallel to the flow.

a consequent displacement further downstream of the turbu-Energetics of the “Universita Politecnica delle Marche”.

lent reattachment and an increase in the longitudinal dimen-The first tests performed on the E387 profile, using a

sion of the bubble. spring balance and a pressure scanning system confirmed the
presence of a sizable LSB situated around the midline of the
profile for angles of attack nearing;0as alpha increased,

4. Conclusions the bubble seemed to persist and the pressure distribution
indicates its displacement towards the leading edge.

The aim of the present study was to use IR thermography =~ Thermographic measurements of the heated profile
to evaluate the laminar separation bubble phenomenon onshowed locally warmer zones on the extrados; superimpos-
aerodynamic bodies operating at low Reynolds numbers.ing the pressure trends on the thermographic data showed
The experimental findings obtained on this wing profile that said zones corresponded to the laminar bubble, which
validate the equipment available at the Department of induces a lower convective heat exchange coefficient. As
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Fig. 17. Bubble behavior according to angle of attack.

a result, IR thermography was shown to represent a valid
non-invasive measuring system capable of accurately iden- Cp = —qoo S
tifying local boundary layer separation phenomena in real

time.

Quantitative information from the thermographic images
by means of a study of the first derivative of the temperature
on the extrados of the profile enabled us to identify the points
characterizing the bubble (i.e., the points of laminar separa-
tion, transition and turbulent reattachment). We defined two
guantitiesLs and Bg, that respectively represent the dis-
tance of the separation point from the leading edge and the
longitudinal dimension of the bubble. Observing these quan-
tities it is possible to notice that the bubble shifted gradually
towards the leading edge, simultaneously diminishing in size
the higher the value of alpha.
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Appendix
L/
C=—— section lift coefficient
gooC
D/
Cy= section drag coefficient
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U
Cicja= 5 section pitching moment coefficient
ooC
L L -
CL=—— wing lift coefficient
qooS

D . -
wing drag coefficient

CM,cja= wing pitching moment coefficient
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