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Abstract. A computerized infrared (IR) scanning radiometer is em-
ployed to characterize the boundary layer development over a mod-
el wing, having a Gottingen 797 cross-section, by measuring the
temperature distribution over its heated surface. The Reynolds anal-
ogy is used to relate heat transfer measurements to skin friction. The
results show that IR thermography is capable of rapidly detecting
location and extent of transition and separation regions of the
boundary laycr over the whole surface of the tested model wing,
Thus, the IR technique appears to be a suitable and effective diag-
nostic tool for aerodynamic research in wind tunnels.

List of symbols

¢ airfoil chord

¢ local skin friction coefficient = 2 /(g V'?)

<, specific heat coefficient at constant pressurc
h local convective heat transfer coefficient

Nu  Nusselt number = hx//

Nu,  Nusselt number based on airfoil chord = h¢/2
Pr Prandtl number ¢, /4

Q; wall heat flux due to Joule heating

Q, heat flux loss

Re Reynolds number ¢ V x/u

Re.  Reynolds number based on airfoil chord = o V ¢/u

¢

St Stanton number = h/gc, V

T, wall temperature

T,, adiabatic wall temperature

Vv velocity of the free stream

X chordwise spatial coordinate

o angle of attack

A thermal conductivity coefficient
u dynamic viscosity coefficient

9 mass density

T wall shear stress

1 Introduction

The performance of an airfoil, and in particular its effective-
ness as a low-drag lift generating device, is strongly affected
by the development of the boundary layer over its surface.
Therefore, it is very important that experimental investiga-
tion tools be available for a quick detection of the location
and extent of the regions where transition between laminar

and turbulent flow, or separation of the boundary layer, take
place for different values of the angle of attack and Reynolds
number.

Transition and separation are often detected by means of
mtrusive probes in wind tunnel facilities. The interference
effects induced in the flow field by the probes are one of the
major causes which may invalidate the accuracy of the ex-
perimental measurements. This problem becomes particu-
larly critical in low Reynolds number testing, due to the
extreme sensitivity of the boundary layer to Reynolds num-
ber, pressure gradient and disturbance environment
(Mueller et al. 1983). Hot film systems are also used for
detecting transition (Bobbitt et al. 1985), whereas the loca-
tion of separation is often determined from pressure distri-
bution measurements (Ostowari 1987).

Surface flow visualization techniques can be a useful
means for estimating the interaction of a fluid flow with the
surface of a solid body (Merzkirch 1987). In general, the
surface is coated with a thin layer of a “foreign” material
which, upon interaction with the fluid flow, develops a cer-
tain visible pattern. Three different interaction processes are
known which deliver different kinds of information: (i) me-
chanical interaction, which visualizes the surface flow and
permits an evaluation of skin friction or, at least, of the
direction of the wall tangential stresses. Various techniques
are available: smoke wire (Batill and Mueller 1981) or direct
injection (Freymuth et al. 1985; Mueller et al. 1987); oil film
(Settles and Teng 1983); wall tufts; ii) surface mass transfer,
which measures the mass transfer of a sublimating substance
(Tien and Sparrow 1979; Marchman and Abtahi 1985); (iii)
thermal interaction, which measures the heat transfer or sur-
face temperature. Temperature-sensitive paints (e.g. for high
enthalpy flows, Ceresuela etal. 1965) or liquid crystals
(Cooper et al. 1975) have been used.

It is believed that the observed pattern can indicate the
positions of transition in the wall boundary layer and of flow
separation and reattachment. The question arises as to the
interpretation and reliability of these observations, because
the presence of the foreign material affects the boundary
conditions for the air flow near the solid wall.
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The Infrared Scanning Radiometer (IRSR) represents an
effective investigation tool in convective heat transfer, in
both steady state and transient techniques. Carlomagno and
de Luca (1987, 1989) discussed the possibility of applying a
computerized IR imaging system to measure convective heat
transfer coefficients in a variety of physical situations where
different data reduction methods may be used.

In principle the use of IRSR may be assigned to the class
of techniques measuring the thermal interaction between a
stream and a solid surface, although a foreign material is not
present in this case. The essential features of the IR camera
method are: it is non-intrusive; it yields a complete two-di-
mensional mapping of the surface to be tested; the video
signal output may be treated by digital image processing.

As far as the application of the IRSR in boundary layer
diagnostics is concerned, it is relatively simpler when the
kinetic heating is large (Bynum et al. 1976; Carlomagno et al.
1989), i.e. when the stream Mach number is high (passive
heating mode). Conversely, at low Mach numbers the kinetic
heating is not sufficiently large to achieve a good thermal
sensitivity, so that an active heating technique must be used.
Monti and Zuppardi (1987) and Heath et al. (1987) em-
ployed transient techniques, by heating the model before
testing and by using a CO, laser beam, respectively. Quast
(1987) applied the infrared technique to qualitatively detect
transition in different wind tunnels and in free flight experi-
ments.

In the present work the potential of IR thermography for
the experimental evaluation in a subsonic wind tunnel of the
boundary layer development over model wings is analysed
with the aid of a steady state procedure referred to as heated
thin foil.

2 Thermal model

The possibility of evaluating the behaviour of the boundary
layer over the surface of a body immersed in a flow by means
of heat transfer measurements derives from the close relation
existing between skin friction and heat flux at the wall. In the
very simple case of a flat plate at zero incidence, under the
assumption of laminar flow, constant wall temperature and
unit Prandtl number, the classical Reynolds analogy yields

c, =28t (1)
where

¢, =21/ V? @)
is the wall friction coefficient and

St =hf(oc, V)= Nuf(Re Pr) (3)

is the Stanton number. Nu, Re and Pr are the Nusselt,
Reynolds and Prandtl numbers, respectively.

In more general cases, such as compressible and incom-
pressible flows around shaped bodies, and laminar and tur-
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bulent boundary layers, the validity of the Reynolds analogy
may be open to criticism, particularly for flows at high Mach
number (Fernholz and Finley 1980). Nevertheless, a “Rey-
nolds analogy factor”

s=c /(281 (4)

may be introduced, and its value is found to be approximate-
ly constant and sufficiently close to unity for a wide variety
of conditions, especially in the case of subsonic flows.

In contrast to the decreasing trend typical of attached
laminar or turbulent flow, the regions of separated flow are
characterized by a practically constant value of ¢, whereas
the transition from laminar to turbulent boundary layer is ac-
companied by a significant increase in the wall friction coef-
ficient. Therefore, the knowledge of the surface distribution
of the convective heat transfer coefficient can certainly be
utilized to obtain a rapid qualitative analysis of the state of
the boundary layer over the body surface. Quantitative esti-
mates of the skin friction coefficient may also be made, pro-
vided the necessary caution is exerted when applying the
Reynolds analogy to the particular case under investigation.

In order to evaluate the convective heat transfer coeffi-
cient by means of an IR camera, a convenient procedure
under steady state conditions is the heated thin foil tech-
nique. This method consists of heating by Joule effect a thin
metallic foil coating the model surface and measuring the
convective heat transfer coefficient, defined as

h=(Q,~ Q)T, - T,,) (5)

where Q; is the Joule heating per unit area, @, is the heat loss
(including radiation and internal conduction), T,, is the tem-
perature of the wall and T,,, is the adiabatic wall tempera-
ture of the flow.

Radiation may be minimized if the foil is heated at rela-
tively low temperatures, which may be achieved if an IR
scanner with a good thermal sensitivity is used. Low heat
fluxes are also mandatory in order to avoid disturbances of
the boundary layer structure over the body surface. Conduc-
tion from the foil to the inside of the model is negligible if the
model itself is constructed with a thin layer of a low thermal
conductivity material, such as epoxy, backed up by a ther-
mal insulator. Being these conditions fulfilled, even the tan-
gential conduction errors are very small due to the thinness
of the foil.

By using an IRSR, the map of constant temperature lines
may be recorded, and the heat flux distribution over the foil
computed. In particular, if a boundary condition of constant
heat flux (including heat losses) is achieved, each isotherm
corresponds to a locus of constant heat transfer coefficient.

3 Experimental procedure

Tests are carried out in the subsonic wind tunnel of the
Department of Aerospace Engineering of the University of
Pisa, which is a Gottingen type, closed-return tunnel, with a
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circular open test section 1.1 m in diameter and 1.48 m in
length. The velocity of the flow may be continuously varied
between 10 and 35 m/s. The model is vertically placed above
a plate and connected with a six-component balance which
is placed beneath the plate and sheltered by a NACA 0018
fairing. The balance is mounted on a rotatable base, which
allows the model to be positioned at different angles of at-
tack relative to the flow. The turbulence level of the stream,
which is approximately 0.9%, is relatively high and corre-
sponds to a Reynolds magnification factor of 1.75.

A low aspect ratio rectangular model wing, with a chord
and a span of 0.18 m and 0.32m, respectively, and a
Gottingen 797 constant cross-section, is used in performing
the tests. In order to improve the two-dimensional character
of the flow around the airfoil, a 0.25 m wide, 0.5 m long, end
plate, supported by the probe traversing mechanism of the
wind tunnel, is placed at a distance of less than 1 mm from
the model tip.

Two versions of the model are tested. The first one is
made of solid Ureol 450, an easily-machinable synthetic
resin with density similar to wood; the other one is made of
a 3 mm thick layer of fiberglass epoxy over a polyurethane
foam so as to check the influence of the internal conduction
effect. Both models have 5 mm thick copper ribs at their tips.
The leeside surface of each model is coated with a stainless
steel foil, glued to the surface by means of epoxy resin. The
coating foil (155 mm wide and 0.030 mm thick) starts 13 mm
from the leading edge, covers the whole span of the models
and is welded to the copper ribs in order to assure a low local
electrical resistance. To enhance the thermal image detection
by the IR camera and to reduce the effects of reflection from
neighboring surfaces, the coating foil is blackened by means
of a very thin film of black paint so as to achieve an emissiv-
ity coefficient approximately equal to 0.95.

With regard to the measurement of the adiabatic wall
temperature, this latter is assumed to coincide with the tem-
perature exhibited by the foil when Joule heating is sup-
pressed. Hence, each test run consists of two parts. In the
first one, the cold image of the foil is recorded to obtain T, ;
the surface temperature distribution T, is then measured
from the hot image which is obtained when the electrical
current is heating the foil. The distribution of the tempera-
ture difference T,, — T,,, is directly computed by subtracting
the two digitized data matrices corresponding to these two
thermal images. Due to the very low Mach number, in the
present case T,,, practically coincides with the free stream
static temperature. Typical heat fluxes are of the order of
7x1072 W/cm?.

The models are normally tested at a Reynolds number
based on the wing chord Re, = 2.59 x 10°, and at angles of
attack o ranging from — 12° to 20°. For an angle of attack
of —4°, tests are also performed at Reynolds numbers of
1.52, 3.0 and 3.56 x 10°. A few tests are also carried out with
a transition trip (a 1 mm wide strip of grit N. 60 emery cloth)
placed all along the wing span at approximately 28% of the
chord from the leading edge.

The employed IR imaging system includes an AGEMA 782
Thermovision camera, an A/D converter Data Link, a BMC
IF 800 computer with colour display, and a calibration unit.
The acquisition and preliminary handling of the colour ther-
mal image is carried out by means of a system software.
Applicative software is developed to correlate measured
temperatures to heat transfer coefficients and to present final
results in graphic form. IR data are generally processed after
proper numerical filtering and averaging. The digitized ther-
mogram consists of a matrix of 128 x 128 pixels and the
modulation transfer function is such that a temperature step
on the viewed surface is completely resolved within about 5
pixels.

4 Results

No significant differences in detecting transition and separa-
tion locations are found between the results obtained with
the two models of different material. However, as far as the
measured values of the heat transfer coefficient are con-
cerned, the ones obtained with the Ureol model are on the
average 20% higher than the ones relative to the fiberglass
epoxy model, which will be generally reported herein. This
finding confirms that the thin wall epoxy model is the best
choice, since it allows to minimize the effects of internal heat
conduction. Tests carried out with the transition trip are,
however, performed with the Ureol model.

4.1 Flow visualizations

A series of thermograms referring to the hot image of the
model upper surface recorded for a chord Reynolds number
equal to 2.59 x 10° and different angles of attack is reported
in Fig. 1a—d. The chordwise direction is the horizontal one
and wind comes from the right side. The surface shown in
each picture is approximately 170 x 170 mm?>. The image is
detected by using a 7° x 7° IR lens at a viewing distance of
about 1.5 m, thus obtaining a spatial resolution on the com-
puter displayed image of the order of 0.75 pixels/mm. The
measurement is carried out by setting the thermal range of
the scanner to the value of R = 10, which corresponds to a
range of measured temperatures of about 15°C.

In particular, Fig. 1 a shows the temperature field in the
central region of the airfoil upper surface at an angle of
attack of — 4°. Free stream temperature is equal to 17.4°C.
The chordwise temperature variation is visualized by the
sequence of vertical bands of different colour. The
boundaries between the sky-blue and dark-green bands, on
both sides, correspond approximately to the edges of the
heated foil. The sky-blue band, where temperature ranges
from 18.7° to 19.8 °C, shows that, even in the portion of the
airfoil which is not heated, the surface temperature is slightly
higher than the free stream one. However, the heating up-
stream of the foil, mainly due to internal conduction within
the epoxy layer, is much less than the one downstream of the
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Fig. 1a—d. Thermograms referring to the hot image of the airfoil leeside (Re, = 2.59 x 10°): a« = — 4°, centerspan region, natural transition;
b o= —4°, centerspan region, with transition trip; e o = 0°, airfoil upper tip, natural transition; d o = 20°, centerspan region, natural
transition

foil which is also affected by the hot boundary layer which
is present before it.

The good two-dimensional character of the boundary
layer in the present testing conditions is practically con-
firmed by the visualization of Fig. 1 a. The highest tempera-
ture level (i.e. lowest heat transfer coefficient) is attained in
correspondence with the yellow zone. Downstream of the
latter, the temperature decreases since transition to turbu-
lent flow regime occurs in the boundary layer. As the cold
image (not reported herein) shows a uniform surface temper-
ature distribution, qualitative information on heat transfer
coefficient (and then on flow conditions) may be directly
drawn from this hot image. This occurrence practically ap-
plies to all the angles of attack tested.

Figure 1b shows the thermogram obtained by placing a
transition trip at 28% of the chord in the same testing con-
ditions of the previous figure, except for the free stream

temperature which is 18.5 °C. In this case the edges of the foil
correspond approximately to the boundaries between the
light green and violet bands. The position of the trip on the
thermogram is indicated by the black line in the yellow zone
which corresponds to the highest temperature, ie. to the
lowest heat transfer coefficient.

The transition induced by the trip is immediate and poses
a severe challenge to the spatial resolution of the IR camera.
In fact, downstream of the trip the temperature rapidly de-
creases as a consequence of the larger momentum and ener-
gy exchanges in the turbulent regime. The very high temper-
ature gradient is visualized by the chordwise sequence of
very narrow bands of different colour, from the yellow to the
violet. Afterwards, the thickening of the boundary layer in
the fully developed turbulent flow produces an increase of
the temperature toward the trailing edge. Downstream of the
minimum of temperature (located in the violet band), the
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wide bands of uniform colour indicate a small change of the
heat transfer coefficient there. The decrease of temperature
in the very narrow pink and violet bands toward the trailing
edge, corresponding to the foil edge adjacent to the unheated
part of the model, is clearly due to conduction losses through
the Ureol material. The comparison between Fig. 1a and b
gives an immediate appraisal of the abrupt change of the
map of the lines of constant heat transfer coefficient when
passing from natural to induced transition.

A thermogram recorded at zero angle of attack is report-
ed in Fig. 1c, where the region of the airfoil close to its upper
tip is analysed in detail. Free stream temperature is 17.7 °C
and the transition zone, which is present downstream of the
yellow band, appears to be moved upstream with respect to
the case of « = —4° (Fig. 1a). It may be noted that the
expected edge effects are limited within a very narrow region
close to the model tip. This indicates that, even there, the
constant heat flux boundary condition is achieved at a good
level of accuracy; on the other hand, this same occurrence
shows the relatively good two-dimensional character of the
flow under these testing conditions.

On the contrary, the thermogram of Fig. 1d, which is
relative to the highest tested angle of attack (x = 20°), shows
a definite three-dimensional nature of the flow even in the
airfoil centerspan region. The edges of the foil are located
- between the light green and violet bands. The latter is barely
visible toward the trailing edge.

This picture clearly demonstrates the potential of IR ther-
mography to evaluate the stalling characteristics of a wing in
a complex three-dimensional situation. In the centerspan
portion of the wing downward of the pink band, because of
the fully turbulent boundary layer developing on the airfoil,
the thermogram shows a chordwise continuous increasing of
the temperature (except toward the foil trailing edge); ac-
cordingly, even at this large angle of attack the flow should
be described as completely attached over the leeside, with the
exception of the end of the foil. On the contrary, the upper
and lower regions of tlie thermogram (i.e. toward the model
tips) exhibit smaller changes of colour in a relatively wide
region upstream of the trailing edge, indicating zones of
practically constant temperature, i.e. constant heat transfer
coefficient. By appealing to Reynolds analogy, this evidence
means that a practically constant value of the skin friction
occurs and therefore a separated flow regime is present.

4.2 Quantitative data

Fig. 2a and b depict the chordwise centerspan variation of
the Stanton number over the airfoil upper surface (leeside)
for several angles of attack. For each x/c, the curves are
obtained by averaging in the spanwise direction the data of
the regions where the flow appears to be two-dimensional.
The curves are defined over an interval of the chordwise
abscissa x which is slightly shorter than the heated foil width
because data referring to foil edges are cut off, being more
influenced by the tangential conduction in the model wall.
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Fig. 2. a Chordwise distributions of local Stanton number over the
leeside for several angles of attack (Re, = 2.59 x 10°); b Chordwise
distributions of local Stanton number over the leeside for several
angles of attack (Re, = 2.59 x 10°)

Within this interval, the evolution of the boundary layer
from completely laminar to transitional and finally fully
turbulent flow regimes as « is increased from — 12° to 20° is
clearly apparent. In particular, the curve relative to
o = — 12° exhibits (except at high values of x/c) a monoton-
ically decreasing trend of Stanton number which uncovers
the similar behaviour of the wall friction coefficient in a
laminar boundary layer with increasing distance from the
forward stagnation point.

Around the minimum St value a plateau seems to occur
in each curve. According to the description of Mueller et al.
(1987), the location of the beginning of the plateau may be
interpreted as the point of laminar separation and the
plateau itself could be correlated to the laminar portion of a
bubble, where the fluid moves very slowly. The end of the
plateau instead may correspond to the beginning of transi-
tion in the separated shear layer. The subsequent rise of the
Stanton number may be attributed to the turbulent flow
regime developing in the so called turbulent portion of the
bubble, where the flow vigorously moves in a recirculating
pattern.
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Fig. 3. Comparison between chordwise distributions of local Stan-
ton number at centerspan and near the airfoil upper tip (x = 20°;
Re, = 2.59 x 10%)

As « is progressively increased, the minimum St value
moves upstream in agreement with the upstream movement
of the laminar separation point which is exhibited by an
airfoil as a consequence of the increase of the adverse pres-
sure gradient on its leeside.

Starting from o = 4° a maximum St value is also clearly
evident; this maximum may be correlated with the reattach-
ment point (downstream edge of the separation bubble).
Downstream of this maximum the beginning of a fully tur-
bulent boundary layer, which is again characterized by a
decrease of Stanton number (i.e. of the wall friction coeffi-
cient) along the chord, occurs.

In agreement with the typical characteristics of a separa-
tion bubble described by Arena and Mueller (1980), as the
angle of attack increases the whole bubble moves toward the
stagnation point and becomes shorter in length. Moreover,
the extension of the laminar portion of the separated shear
shortens, the St plateau practically disappearing at the
highest « values. However, it has to be pointed out that in
these cases the effects of a higher tangential conduction in
the model wall (especially due to the steeper ascent of St in
the turbulent portion of the bubble) and of the modulation
transfer function of the IR scanner (MTF, which defines its
spatial resolution) contribute to round off the curves around
their minima and maxima.

The present data are in qualitative agreement with those
of Render et al. (1986) which performed tests at Re, = 3 x 10°
However, from a quantitative point of view, in the present
finding the length of the bubble is longer and its location
appears shifted downstream with respect to the data of Ren-
der et al. (1986). Furthermore, Render et al. find that turbu-
lent separation occurs at high incidences. These discrepan-
cies can be attributed, among other effects (such as a certain
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Fig. 4. Comparison between Stanton number distributions for nat-
ural transition and transition induced by a trip at 28% of the chord
(¢ =12°; Re, = 2.59 x 10°)

three-dimensionality of the flow and the small step on the
airfoil surface due to the presence of the heating foil), to the
relatively high turbulence level of the free stream.

For o = 20° present data show (except at the beginning of
the foil and at very high values of x/c) a monotonic decrease
of the wall heat transfer coefficient (fully turbulent boundary
layer development) almost all over the metallic foil. It has to
be pointed out that no significant plateau of constant Stan-
ton number is noted upstream while St seems to be constant
at the end of the foil. This latter finding may suggest the
onset of a trailing edge turbulent separation at about 80%
of the chord. It should be remembered that, as already point-
ed out, only some of the plots of Fig.2 refer to spanwise
averaged data. Although the two-dimensional character of
the flow is enhanced by placing an end plate at the model
upper tip, the thermograms reveal that the low aspect ratio
of the wing has a significant effect on the aerodynamic field
at high angles of attack (a > 14°). This fact is proven in Fig. 3
where the St number distributions along the centerspan
(curve a) and near the upper airfoil tip (curve b) are shown.
As may be noted, in the zone near the wing tip St is practi-
cally constant downstream 67% of the chord, so that the
turbulent boundary layer appears to be separated there.

The effect of artificially inducing transition by means of a
trip placed on the leeside at 28% of the chord is shown in
Fig. 4, where the distributions of the Stanton number ob-
tained with (curve b) and without the transition trip (curve a)
for o = 12° are reported. In these curves data are taken on
the solid Ureol 450 model. Although the rapid rise of the
Stanton number is affected by errors due to both conduction
effects (which are greater for the solid model) and to the
MTF of the system, it is evident that the triggering of tran-
sition is immediate. This result is confirmed by all the tests
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Fig. 5. Correlation of local chord Nusselt number distributions
with chord Reynolds number (x= —4°): a Re,=1.52x105%
b Re,= 2.59 x10% ¢ Re,=3.0 x 10% d Re¢,=3.56 x 10°

performed in the range of incidences — 12° < « < 12°, where
the onset of transition from laminar to turbulent flow is
remarkably independent of the angle of attack.

The influence of the Reynolds number is shown in Fig. 5
where, for « = — 4°, the expected movement upstream of the
transition point location is recovered. In agreement with the
classical result of the laminar boundary layer theory, the
quantity Nu, Re; ®-° appears to be essentjally independent of
Re, and, before the separation bubble, it results within an
acceptable approximation that:

Nu, Re "3 oc (x/c) ™03 (6)

5 Conclusions

Experimental tests are carried out which confirm the capa-
bility of an IR imaging system to investigate the boundary
layer behaviour over a wing model tested in a subsonic wind
tunnel at different flow conditions.

The heated thin foil technique is used to measure the
convective heat transfer coefficient and the Reynolds analo-
gy is used to relate measured convective heat transfer data to
wall skin friction. The beginning and the extent of the lami-
nar separation bubble and the location of turbulent reat-
tachment points, as well as the regions where the turbulent
boundary layer is separated, are quickly identified all over
the leeside surface of the tested model wing even for the case
of highly three-dimensional flow. However it is believed that,
in order to detect the laminar separation bubble and the
onset of the turbulent separation more precisely, a model
having a thinner wall should be used so as to minimize the
influence of the tangential heat flux.

The remarkable effectiveness of a strip of emery cloth in
triggering transition in a very wide range of angles of attack
is also clearly evident. Finally, by varying the Reynolds num-
ber, a confirmation is found of the expected upstream move-
ment of the position of the boundary layer transition region
and the law of laminar boundary layer development is recov-
ered as well.

The soundness of the predictions yielded by the IRSR
technique is corroborated by the results of flow visualiza-
tions with wall tufts. However, it has to be pointed out that,
especially for the model made of solid resin, the results are
affected by the tangential conduction effects in the model
wall. This is particularly true for the case of rapidly varying
temperature distributions. In this case attention should also
be paid to the modulation transfer function defining the
spatial resolution of the IR scanner. Anyhow, this latter may
be varied by using a proper optic lens,
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