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Heat Transfer Coef� cient Measurement on Iced Airfoil
in Small Icing Wind Tunnel

Robert C. Henry,¤ Didier Guffond,¤ François Garnier, ¤ and André Bouveret†

ONERA, 92322 Châtillon Cedex, France

The local convective heat transfer coef� cient distribution is measured on an iced airfoil in a small closed-loop
icing tunnel at the Centre d’Essais des Propulseurs, the French engine test center. The airfoil surface is heated
with a modulated laser source, and the heat � ux variation of the ice is recorded with an infrared camera. The
method is validated on a cylinder in dry air and in icing conditions. The method is then applied to a 145-mm-chord
airfoil covered with typical rime, glaze, and mixed ice shapes. The effect of air velocity is studied by performing
tests at airspeeds from 80 to 123 m/s (Reynolds numbers from 1:25 £ £ 106 to 1:9 £ £ 106 ). It was found that the heat
transfer coef� cient strongly depends on the surface condition of the ice. In relatively smooth zones, values are
approximately equal to 400 W/m2±C, whereas values greater than 1000 W/m2±C are observed in nonuniform and
rough areas. Results and limitations of the method are discussed and compared to numerical results obtained on
similar ice shapes.

Nomenclature
b = ice surface effusivity, W m ¡ 2 K ¡ 1 s ¡ 1/ 2

C p = air speci� c heat
d = cylinder diameter
Frd = Frössling number based on cylinder diameter
f = frequency of laser modulation
h = global heat transfer coef� cient
hconv = convective heat transfer coef� cient
hr = radiative heat transfer coef� cient
Iconv = convective heat � ux at surface of ice
Iinc = incoming laser heat � ux
Ir = radiative heat loss � ux at surface of ice
Iv = evaporative heat � ux at surface of ice
I0 = maximum laser heat � ux
k = thermal conductivityof altuglass cylinder
L evap = evaporative latent heat � ux
Nud = Nusselt number based on cylinder diameter
Ps = saturation vapor pressure
P1 = air freestream pressure
Red = Reynolds number based on cylinder diameter
Ts = ice surface temperature
Tw = wind-tunnel wall temperature
T1 = freestream temperature
a = incidence of the pro� le
e = emissivity
h (x , t ) = enhancement of ice surface temperature

due to laser modulation
h 0 = amplitude of temperature modulation
r = Stefan constant
} = phase lag
W = angle position of the cylinder
x = pulsation of laser modulation

Introduction

I CE accretion on a surface wing of aircraft poses a serious threat
to � ight safety. In particular, glaze ice deposit can affect dra-

matically the � ight performance. If ice accretion effects are to be
minimized, a predictionmethod for its formationis required.There-
fore, two-dimensionaland three-dimensionalmodels have been de-
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veloped to predict and reproduce ice accretion shapes on pro� les.
However, severeglaze ice shapecannot be predictedwith a good ac-
curacy due to limitationsof heat transfermodels taking into account
the ice roughness.

The convectiveheat transferdistributionon icedsurfaceshasbeen
identi� ed as a determinant parameter for ice accretion simulation.
Heat transfer analysis used in current models is based on equivalent
sand-grain correlations developed by Nikuradse1 and Schlichting,2

which cannot be always representative of complex geometry and
surface roughness of ice shape.

Consequently, various experimental methods have been used to
measure the local heat transfer coef� cient and to determine the in-
� uence of surface roughness. Most of these methods are based on
measurements on casted iced airfoil models covered with arti� cial
roughness.Achenbach3 and Arimilli et al.4 used cylinderswith sim-
ulated wooden ice shapes and Poinsatte et al.5 arranged heat � ux
gaugesonanairfoilcoveredwith hemisphericalroughnesselements.

Recently, an improvement of the frozen ice shape casting tech-
nique allowed Dukhane et al.6 to measure the heat transfer of more
representative ice surface models in a dry wind tunnel. However,
the heat transfer measurements have always been performed on the
ice model rather than on the ice shape itself.

At the same time, an infrared technique, used by Hansman and
Yamaguchi7 to investigate laminar/turbulent transition on an iced
surface was adapted to the heat transfer characterizationof rough-
ness elements by Henry8 and was applied to measurements on an
airfoil with simulated ice roughness by Bragg et al.9

This paper presentsa furtherapplicationof the infraredtechnique
to map out the heat transfer coef� cient on a real ice shape, formed
on an airfoil in an icing wind tunnel.

Experimental Method
The experimental approach involves measurement of the local

heat transfer coef� cient on an ice accretion during a dry air se-
quence following icing conditions. The ice surface is heated with a
modulated laser source, and temperature enhancement is monitored
with an infrared camera. The heat transfer coef� cient is then calcu-
lated from the temperatureoscillation.An advantageof this method
is that the result is independentof the initial temperatureand outside
conditions.

Thermal Analysis

During these measurements, the iced airfoil is kept in the cold
air� ow and is heated by the laser modulated heat � ux:

Iinc( x , t ) = I0a + I0m sin x t (1)
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Fig. 1 Ice surface heat � ux balance during heat transfer coef� cient
measurement.

where I0a and I0m are the mean and the modulated components
of the laser heat � ux, respectively. The heat � ux losses at the ice
surface can be de� ned by the three following terms (Fig. 1).

The convective heat � ux Iconv is given by

Iconv = hconv (TS ¡ T1 ) (2)

The evaporativeheat � ux Iv is related to convectiveheat transfer
coef� cient by the relationship10

Iv = 0.694hconv L evap[PS (TS ) ¡ PS (T1 )]/ C p P1 (3)

The radiative loss Ir is given by

Ir = e r
¡
T 4

s ¡ T 4
w

¢
(4)

At the ice surface, h (x , t), the temperature enhancement induced
by the laser modulation can be described by the one-dimensional
energy equation

j
@2h

@x2
=

@h

@t
(5)

Boundary conditions at the ice surface are given by

k

³
@h

@x

´
= Iconv(h ) + Iv (h ) + Ir (h ) ¡ m I0 sin x t (6)

h (x = 1 , t ) = 0 (7)

h (x , 0) = 0 (8)

Equation (6) gives the heat � ux at the ice surface and can be written
as

k

³
@h

@x

´
= h h (0, t) ¡ m I0 sin x t (9)

where h is the global heat transfer coef� cient, includingconvective,
evaporative, and radiative losses:

h = (1 + qv )hconv + hr (10)

where qv = a + b h (0, t ) is a correctionterm for the evaporative� ux
and a and b are coef� cients depending on the total temperature.
For example, a =0.557 and b =0.06 for a total temperature of
263 K. Furthermore, the radiative heat transfer coef� cient hr can
be expressed by the following expression: hr ¼ 4e r T 3

s . This term
is small in comparison to hconv and can, therefore, be neglected
(hr / hconv ¼ 0.5%).

Heat Transfer Coef� cient Calculation

A solutionof Eq. (5) is given by the fundamentalsinusoidal tem-
perature oscillation11

h (x , t) = h 0 exp( ¡
p

x / 2j x) sin( x t + } ) (11)

Theoretically, the value of h can be extracted from either the am-
plitude or the phase. Calculation from the phase simply requires the
value of x , whereas calculation from the amplitude further necessi-
tates the value of the power density m I0 . Thus, in present analysis,

h is calculated from the phase and can be written by introducing the
ice effusivity b and the frequencyof the modulated laser source, f ,

h = ¡ b
p

p f [1/ tan } (x = 0) + 1] (12)

and, � nally, h can be expressedas a functionof measured phase lag,

h = b
p

p f
2 tan

¡
} mes ¡ } mes

0

¢

1 ¡ tan
¡
} mes ¡ } mes

0

¢ (13)

where } mes is the phase lag measured by the infrared camera on
each pixel of the ice surface during tunnel test runs with air� ow and
} mes

0 is a reference phase lag due to components measured without
air� ow.

The infrared picture of the phase lag is deduced from a syn-
chronous detection method commonly used in nondestructiveeval-
uationofmaterials.12 This method is basedon the storageof infrared
frames whose starting times coincide with a particular phase of the
modulated heat signals.

Limitation and Accuracy of Method

Theoretically, the accuracy of the heat transfer coef� cient mea-
surementdependsdirectlyon theaccuracyof the phasedetemination
} mes . A sensibility value of 10 ¡ 4 on the phase value conducts to a
good predictionof the heat transfer accuracy ( D h / h »= 1%). How-
ever, the followinghypotheseshave to be applied for the calculation
of h, which can reduce the � nal accuracy on the method on the or-
der of 15%: 1) Heat transfer is supposed normal to the surface (one
dimensional). 2) Ice is considereda semi-in� nite wall. 3) Heat radi-
ation is supposedabsorbedby the surface, that is, a 3-mm minimum
ice thickness is required.

Experimental Procedure
Model and Wind Tunnel

Heat transfermeasurementsare performed in a closed-loop icing
wind tunnel at the Centre d’Essais des Propulseurs (CEPr) (Propul-
sion Test Center). The design of PAG is shown in Fig. 2.

Measurements are conducted on a 30-mm-diam cylinder and a
145-mm-chordairfoil, 17 mm in thickness.Both are mounted verti-
cally in the 20 £ 20 cm test section.A 100-mm-diam ZnSe window,
transparent to infrared radiation, is centered on one of the glass
sidewalls of the wind tunnel.

Laser and Optical Apparatus

The 10.6-l m wavelength CO2 laser beam is especially appropri-
ate for the present test because ice propertiesare very close to those
of a blackbodyat this wavelength.The nominal laser power is 17 W,
and the laser beam is homogenized in a cavity. The power density
is approximately 0.15 W cm ¡ 2 in a 5 £ 5 cm � eld. Modulation of
the laser signal is obtained by two rotating disk blades, spinning at
a 0.1-Hz frequency.

Fig. 2 Scheme of the icing test facility.
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Infrared Camera

A 3–5-l m infrared(IR) camera is used.The relative low response
of the camera at low temperatures is compensated for by its high
sensitivity, due to its 128 £ 128 sensor matrix. The typical noise
level is 0.007 K on a pixel.

Becausethe IRcameraviewand laserbeampathsare seen through
the same ZnSe window (Fig. 3), the camera is placed close to the
laser and perpendicularto the � ow direction,viewing the test model
from the side.

Fig. 3 General view of test setup.

Fig. 4 Frossling numbers on a cylinder (Re = 1:41 ££ 105); comparison
between IR measurements, theoretical values, and Achenbach data.15

Fig. 5a Flat rime ice accretion tracing on a cylinder: V = 70 m/s,
T 1 = ¡¡ 25±C, and t = 270 s.

Fig. 5b Rime ice on a cylinder (lower side view): V = 70 m/s,
T1 = ¡¡ 25±C, and t = 270 s.

Fig. 5c Heat transfer coef� cient IR map: V = 70 m/s, T1 = ¡ ¡ 25±C,
and t = 270 s.

Fig. 5d Convective heat transfer pro� le on a cylinder; rime ice case:
V = 70 m/s, T1 = ¡ ¡ 25±C, and t = 270 s.

Test Procedure

After the ice shape forms on the test model, the water spray is
stopped while the airspeed is kept constant and the temperature
is kept cold. The modulated laser source is powered, and the IR
signal is recorded for approximately30 s, increasing the ice surface
temperature amplitude less than 2±C to avoid melting the ice. The
air� ow is then stopped, and a sequence is recorded to determine the
reference phase signal. Phase maps are generated and heat transfer
coef� cient values are calculated from Eq. (13).
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Experimental Results and Discussion
Validation on Smooth Cylinder

The test method is � rst validatedonan altuglasscylinder in dry air
at an airspeed of 70 m/s. Values of the local heat transfer coef� cient
obtained with this method are compared with theroretical values
fromFrossling,13 empiricalvalues,14 andexperimentaldataobtained
by Achenbach.15 Heat transfer coef� cient values are reduced to the
Frössling number based on the 30-mm-cylinder diameter:

Frd = Nud /
p

Red (14)

The Nusselt number is related to the local heat transfer coef� cient
h through the relationship

Nud = hd / k (15)

The Reynolds number, related to the cylinder diameter, is
1.41 £ 105. Frossling number is plotted vs the angle position of
the cylinder in Fig. 4. Values decrease with increasing angle un-
til � ow separation occurs and increases thereafter (90-deg value is
normal to the � ow� eld). IR measurements are inside a 15% error
bar. A larger discrepancy between the present experiment and the
other data is noticed close to the leading edge (angle 0–30 deg).
This is because the incoming heat � ux is lower at the leading edge
because the laser � ux is perpendicularto the test model and because
the one-dimensional heat transfer model is not very appropriate in
this area.

Measurements on Iced Cylinder

In the present study, rime ice shapes are obtained on the cylinder
at a static temperatureof ¡ 25±C, a velocityof 70 m/s, a liquid water
content (LWC) of 1 g/m3 , and a mean volume diameter (MVD) of
20 l m.

A tracing of the ice shape at t =270 s is shown in Fig. 5a. The ice
deposit is 15 mm thick, and the front surface is � at. A lateral view
of the ice shape (Fig. 5b) shows a relatively smooth surface.

An IR picture taken from the same view is shown in Fig. 5c.
The stagnationline of the cylinderand ice limit extensionsare high-
lighted.The imageis calibratedby theglobalheattransfercoef� cient
before applying the evaporativecorrection.Note that the values are
not uniform, especially in the vertical direction. The spot located at
the center of picture is an optical anomaly due to a re� ection.

The convectiveheat transfer distributionis plotted vs the abscissa
in Fig. 5d. This pro� le is obtained from an IR picture by averaging
values in the vertical zone delimited by the horizontal lines repre-
sented in Fig. 5c. The abscissa x = 0 is referenced as the cylinder
stagnation point, and ice extends approximately from x = ¡ 5 to

Fig. 6a Mixed ice accretion tracing on a cylinder: V = 75 m/s,
T 1 = ¡¡ 25±C, and t = 240 s.

Fig. 6b Mixed ice on a cylinder (lower side view): V = 75 m/s, T1 =
¡ 25±C, and t = 240 s.

Fig. 6c Heat transfer coef� cient IR map: V = 75 m/s, T1 = ¡ ¡ 25±C,
and t = 240 s.

Fig. 6d Convective heat transfer pro� le on a cylinder; mixed ice case:
V = 75 m/s, T1 = ¡ ¡ 25±C, and t = 240 s.

+15 mm. Values of the convective heat transfer coef� cient extend
from 400 to 600 W/m2±C after the evaporativecorrectionis applied.

At the same temperature, an airspeed of 75 m/s, and a shorter
ice accretion time (240 s), a mixed ice shape with beginning horn
formationis obtained (Figs. 6a and 6b). The heat transfer coef� cient
is shown in Fig. 6c, and theconvectivecoef� cientpro� le is plottedin
Fig. 6d. Compared to the rime ice case, a peak value of 800 W/m2±C
is seen at the location of the developmentof the horns.
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Measurements on Iced Airfoil

Similar measurements are made on a 145-mm-chord airfoil at
4-deg angle of attack, for rime and glaze ice accretions. The rime
ice accretion is formedat a static temperatureof ¡ 23±C, an airspeed
of 80 m/s, LWC =1 g/m3, MVD =20 l m, and an accretion time of
180 s.

An ice shape tracing is plotted in Fig. 7a. A closeup view of the
lower side of the airfoil (Fig. 7b) shows three different ice zones:
upstream, a uniform smooth zone 10 mm wide; then a rough zone
15 mm wide; and � nally a regioncoveredwith scatteredice feathers.

These different zones can be identi� ed on the heat transfer IR
picture of the lower side of the airfoil (Fig. 7c). In the smooth zone,
the heat transfer coef� cient is uniform in both directions and has a

Fig. 7a Rime ice shape tracing on an airfoil: V = 80 m/s, T1 = ¡¡ 23±C,
t = 180 s, and ® = 4 deg.

Fig. 7b Rime ice picture on an airfoil (lower side view): V = 80 m/s,
T 1 = ¡¡ 23±C, t = 180 s, and ® = 4 deg.

Fig. 7c Heat transfer coef� cient IR map: V = 123 m/s, T1 = ¡¡ 23±C,
t = 180 s, and ® = 4 deg.

Fig. 7d Convective heat transfer pro� le on an airfoil; rime ice case:
V = 80 and 123 m/s, T 1 = ¡ ¡ 23±C, t = 180 s, and ® = 4 deg.

value approximately400 W/m2±C. The values increase and become
less uniformdue to increasingroughness.Downstream, in the feath-
ers region, values increase to a value of 2000 W/m2±C. Note that
measurementis less accurate in this region because the ice thickness
can be smaller than the minimum value required by the IR method.

In� uence of airspeed on the heat transfer coef� cient is investi-
gated by conducting a second measurement at 123 m/s. Convective
heat transfer coef� cient pro� les are plotted vs the abscissa of the
lower side in Fig. 7d for both airspeed values. In the smooth zone
located upstream of the airfoil leading edge, the convective coef-
� cient value is 400 W/m2±C for both airspeed conditions, which
can be related to laminar air � ow conditions. In the rough zone, the
values increase to reach 800 W/m2±C for the lower airspeed and
1200 W/m2±C for the higher airspeed. This can be explainedby the
development of air� ow transition in the rough zone.

The heat transfer coef� cient is measured on a glaze ice shape
shown in Figs. 8a and 8b. This ice shape with double horns is
obtained at a temperature of ¡ 19±C, at an airspeed of 130 m/s,
LWC =1 g/m3 , MVD =20 l m, and at an accretion time of 180 s.
The horns are 25 mm thick, and the surface is clear and smooth.
Downstream, small feathers cover the airfoil up to the accretion
limit.

The upperhorn is seen at the right edge of the IR picture (Fig. 8c).
Heat transfer is enhanced at this location. Downstream, a dark band
correspondsto the stagnationregion,which is not lightedby the heat
source due to the shadow of the lower horn. Then, heat transfer val-
ues increase sharply on the second horn and decrease downstream.
Maximum values are 1000 W/m2±C at the horn location and de-
crease to 400 W/m2±C downstream (Fig. 8d). Speculation is that a
� ow� eld separation occurs behind the horns.

Comparison with Numerical Results

These experimental results are compared with calculations com-
putedwith the ONERA two-dimensionalice accretioncode.7 Based
on a potential � ow, the heat transfer coef� cient is calculated by
using an integral boundary-layer approach including Makonnen
correlation16 for the ice roughnesseffect.The Reynolds number rel-
ative to a normalized (divided by the chord) equivalent sand-grain
roughness height equal to 0.001 is computed. For local Reynolds
number less than 600, the local heat transfer coef� cient is supposed
laminar and is not dependent on the local roughness. For Reynolds
greater than 600, the heat transfer coef� cient is directly dependent
on the roughnessand is calculatedusinga turbulent� ow approach.17

For the rime ice case on the airfoil described earlier (Figs. 7a–

7d), comparison shows good agreement downstream of the leading
edge (Fig. 9). At the stagnation point, located approximately at
x = 4 mm, a jump can be noticed on the numerical curve due to a
laminar/turbulent transition that is not observedon the experimental
curve. At the ice tip (x =7 mm), the calculated values increase
sharply,unlike the experimental results. These resultsare thought to
be overestimateddue to a sharp geometry, conducting to a � ow� eld
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Fig. 8a Glaze ice shape tracing on an airfoil: V = 130 m/s, T1 =
¡ ¡ 19±C, t = 180 s, and ® = 4 deg.

Fig. 8b Glaze ice on an airfoil (lower side view), V = 130 m/s, T1 =
¡ ¡ 19±C, t = 180 s, and ® = 4 deg.

Fig. 8c Heat transfer coef� cient IR map: V = 130 m/s, T1 = ¡¡ 19±C,
t = 180 s, and ® = 4 deg.

separation. However, the reliability of the experiment is also lower
in this region because of the grazing angle of view and the one-
dimensional heat transfer hypothesis for the convective coef� cient
determination.

The heat transferpro� le of glazeice shapeplottedin Fig. 10 shows
differences between the curves. Discrepancies can be explained by
limitationsof thepotential� ow method. In the hornregion,a separa-
tion/reattachmentoccursand is not taken into account by the model.
Consequently,calculated � ow velocity and heat transfer coef� cient
at the horn location may be larger than the actual values.18 Present
measurements con� rm this behavior.

Fig. 8d Convective heat transfer pro� le on an airfoil; glaze ice case:
V = 130 m/s, T1 = ¡¡ 19±C, t = 180 s, and ® = 4 deg.

Fig. 9 Comparison between measured and calculated heat transfer
coef� cient pro� le on a rime ice accretion on an airfoil: V = 80 m/s,
T1 = ¡¡ 23±C, t = 180 s, and ® = 4 deg.

Fig. 10 Comparison between measured heat transfer coef� cient and
calculated pro� le on glaze ice accretion on an airfoil: V = 130 m/s,
T1 = ¡¡ 19±C, t = 180 s, and ® = 4 deg.

Conclusion
The local heat transfer distribution was successfully measured

on a real ice shape in a small wind tunnel. The method used a
modulated laser source for heating the lower side of a test model.
A heat transfer coef� cient map was calculated from a temperature
oscillation signal. The method is � rst validated on a cylinder in dry
air and then applied to ice shapes formed on the cylinder.

1)On rime ice shapes,heat transfervaluesare foundto be constant
and approximately equal to 400 W/m2±C.
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2) On mixed ice shapes, enhancement is observed at the edge of
the ice shape where horns start growing.

3) This behavior is con� rmed on the iced airfoil. Convectiveheat
transfer coef� cient values are low and constant on smooth and uni-
form iced surface areas and increase in regions covered with rough-
ness and ice feathers. Peak values are also observed at the horn tips
of glaze ice shapes.

4) Comparison with results computed by the ONERA icing code
based on a potential � ow shows relatively good agreement on
smooth surfaces and con� rms overestimation of the calculation of
heat transfercoef� cient in the horn region. Enhancementof the heat
transfer in regions covered with ice feathers is not well predicted.

5) More accurateresults can be obtainedin the futureby applying
thismethod to a full-scaletest model in a largewind tunnel, allowing
a better optical resolution at the leading edge.
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