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A new nondimensional correlation of convective heat transfer with impinging droplets on a NACA airfoil at

varying angles of attack is presented in this paper.An experimental study is performed todevelop correlations of heat

transfer fromaNACA63-421 airfoil at different angles of attack between 0 to 25 deg anddifferentReynolds numbers

with impinging droplets. AmodifiedHilpert correlation of convective droplet heat transfer from theNACA airfoil at

varying angles of attack is determined with respect to the Reynolds number, Prandtl number, liquid water content,

and angles of attack. The modified Hilpert correlation includes the effects of droplet-air interactions on the effective

heat transfer coefficient at varying angles of attack. Increasing the angles of attack leads to flow separation and

reattachment on the airfoil surface, which affect the structure of the thermal boundary layer and energy exchange,

through kinetic energy of impinging droplets and film flow along the surface. The results show that both average and

local Nusselt numbers vary with angles of attack. This paper indicates that variations of the air velocity, liquid water

content, and angles of attack can be normalized into a modified Hilpert correlation, by using empirical coefficients

that involve the chord dimensions, angles of attack, and nondimensional liquid water content.

Nomenclature

C1, C2 = chord coefficients
c = chord of airfoil, m
cm = moment center, c=4
D1, D2 = arc angle coefficients
�h = average heat transfer coefficient,W=m2K
hi = local convective heat transfer coefficient, W=m2K
k = thermal conductivity, W=mK
Nu = average Nusselt number
Nux = local Nusselt number
Pr = Prandtl number
Rec = Reynolds number (based on a chord reference length)
Tin = inner surface temperature of airfoil, �C
To = outer surface temperature of airfoil, �C
T1 = freestream temperature, �C
W = nondimensional liquid water content
� = angle of attack
� = thickness of airfoil, m
� = dynamic viscosity of air, kg=ms
� = density of air, kg=m3

I. Introduction

A S ONE of the fastest growing sources of renewable energy in
the world, wind power has become an important source of

energy for the future. In cold climate regions, icing of wind turbines
can significantly affect the safety and economics. Numerous wind
farms have been built in northern Europe andNorthAmerica, in areas
that have a cold climate and long icing periods in the winter. As a
result, it is important to accurately predict the heat transfer from a
wind turbine blade in cold climate conditions. Heat transfer
characterization is a key component needed to predict power
requirements for deicing and thermal mitigation strategies.

Impinging droplet heat transfer at varying angles of attack (AOA)
is important to understand icing of wind turbines and airfoil
aerodynamics. Numerous past studies have been conducted on
forced convection heat transfer from cylinders, plates, and other
geometrical configurations. For basic configurations like a flat plate,
analytical expressions can be developed for the Nusselt number, in
terms of the Reynolds and Prandtl numbers. Empirical correlations
based on experimental data are often required for bluff bodies in
external flow. In this paper, convective heat transfer from a NACA
airfoil is examined at various inclination angles. This paper will
develop an extended Hilpert correlation to determine the effects of
impinging droplets on the convective heat transfer rate.

Chen [1] examined the heat transfer between a sphere and vertical
cylinder with isothermal boundary conditions. The results showed
that the average Nusselt number depended on the Raylegh number,
ratio of radii, and the cylinder height. Grine et al. [2] used a group of
short-wavelength infrared lamps with adjustable power and an
infrared camera to measure the heat flux and heat transfer coefficient
along a flat plate in a Plexiglass rectangular duct. The experimental
data agreedwell with analytical predictions, although the authors did
not give a correlation of the Nusselt number with respect to the
Reynolds number. Zhou and Lee [3] performed experimental studies
of heat transfer from a heatedflat platewith an impinging air jet. They
established how to enhance the heat transfer by adjusting the jet
Reynolds number and nozzle-to-plate spacing. Yamamoto et al. [4]
developed a predictivemodel for compressible flow and heat transfer
from aNACA-0012 airfoil. Temperature contours around the airfoil,
as well as the temperature gradient at the airfoil surface were
presented, but the convective heat transfer coefficient was not
obtained. Unlike these past studies, this current paper examines the
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effects of impinging droplets on convective heat transfer from a
NACA airfoil at varying angles of attack.

Past studies have acquired experimental data on flow separation
and reattachment over an airfoil at different AOA. Amitay and
Glezer [5] investigated the reattachment and separation of a flow
over a stalled airfoil in a wind tunnel, using surface-mounted syn-
thetic jet actuators. A negative vorticity associated with the sepa-
rated flow near the leading edge was found in a sequence of smoke
visualization images at different angles of attack. Mish and
Devenport [6] studied experimentally the effects of mean loading of
an airfoil for an unsteady turbulent flow, from 0 to 20 deg angles of
attack. The lift and pressure distributions were compared with theo-
retical results. Hillenherms et al. [7] investigated free and forced
oscillations of aerodynamic and structural forces on a 2-D rectang-
ular wing section, from Re� 1:5 � 106 to 2:2 � 106, between 0 and
2 deg angle of attack. Decaying and self-sustained pitch oscillations
in a forced steady flow were presented and compared at different
Reynolds numbers, AOAs, and pitch frequencies. De Bortoli [8]
developed a finite volume explicit Runge–Kutta multistage scheme,
with a central spatial discretization that combined a multigrid and
preconditioning method to simulate flows over NACA-0012
airfoils, including the effects of shock waves. Numerical
simulations of an active flow control scheme for airfoils at high
Reynolds numbers (Rec > 1:2 � 106) and different angles of attack
(8, 12, 22 deg) were performed by Ekaterinaris [9] for a TAU-0015
airfoil using unsteady Reynolds-averaged Navier–Stokes (RANS)
equations of incompressible flow. The results showed that flow
separation would increase at higher angles of attack. Unlike these
studies, this paper will include the effects of impinging droplets on
the convective heat transfer analysis. Chen et al. [10] used a copper
cylinder head with four 500-W cartridge heaters to investigate the
impact of spray parameters on the critical heat flux (CHF) and heat
transfer coefficient. The phase transition of freezing droplets in a
subzero airstream and freezing time of droplets were presented by
Hindmarsh et al. [11]. In this paper, impinging droplets on a NACA
airfoil without phase change will be investigated.

In past droplet impact studies, some common geometrical
configurations include impinging water droplets on cables and
cylinders (Fortin et al. [12], Naterer [13], and Fu et al. [14]). These
particular studies involved phase change of impinging droplets.
Naterer and Camberos [15] outlined the importance of entropy and
the Second Law in multiphase flow predictions with phase change.
Other past studies have examined the detailed size and spatial
distribution of droplets within spray flows (Hedrih et al. [16], Fuchs
and Schickel [17], and Yoon et al. [18]). A dispersed droplet two-
phaseflow in an icingwind tunnelwas examined byKollár et al. [19].
Phase change of supercooled droplets, mass transfer with
evaporation, and sublimation were studied experimentally by Strub
et al. [20]. Various experimental methods have been developed to
provide detailed insight into the dynamics of droplet motion. Jia and
Qiu [21] studied the heat transfer in spray cooling problems, with an
experimental heating system, spray system, and droplet character-
ization method. Sawyer et al. [22] studied a horizontal flat surface
under the impact of water droplets to obtain the effects of droplet
diameter and collision velocity on the critical heat flux.

Various techniques have been developed to predict coefficients of
convective heat transfer from cylinders, airfoils, and other configura-
tions. In this paper, thermocouples embedded within a hollow airfoil
(heated internally and cooled externally) will be used to study con-
vective heat transfer with impinging droplets. One-dimensional heat
conduction within the thin airfoil surface allows the temperature
difference across the surface to give a close approximation of the
Fourier conduction flux, which balances the convective heat flux in
steady-state conditions. Water droplets are injected into the wind
tunnel by a spray bar with an adjustable flow meter. Experimental
data will be presented in terms of the Nusselt number, multiphase
Reynolds parameter, and modified coefficients of the chord and arc
angle. Heat transfer measurements will be obtained at varying
Reynolds numbers, liquid water contents, surface positions, and
AOAs.

II. Experimental Procedure

The experiments consist of an airflow past a heated NACA-63421
airfoil in a refrigeratedwind tunnel (shown in Fig. 1). The test section
is a square duct, 91.6 cm in width and 91.6 cm in height. The wall of
the test section is transparent, so observations and photographs can
be readily obtained. The airfoil is mounted horizontally within the
tunnel. The velocity within the wind tunnel reaches up to 42 m=s at
temperatures down to �35�C. The velocity is adjusted through an
electrical control panel by varying the frequency of the motor, which
drives the wind-tunnel fan.

Further details regarding the wind-tunnel setup and associated
instrumentation are documented in [23,24]. A prototype airfoil of a
wind turbine blade or aircraft wing was fabricated for the
experimental studies. A 3-D scanner was used to obtain the NACA
profile representation of the airfoil, which was digitized with
Geomagic Studio software. The airfoil center is hollow to reduce
the weight. Figure 2 shows a chord of the airfoil and the test piece
with heater strips and thermocouples. The airfoil chord, span, and
thickness are 500, 187.5, and 100 mm, respectively. The airfoil is
fabricated with fiberglass and mounted in an aluminum frame inside
the test section of the wind tunnel. The thickness of the airfoil
fiberglass wall is 3 mm. T-type thermocouples are embedded at
both inner and outer edges of the airfoil surface. The thermocouple
junctions are mounted flush with each surface at several positions
around the airfoil as shown in Fig. 2b. All thermocouple wires are
assembled internally within the hollow section of the airfoil.
Electrical heater strips are installed along the inner edges of the
airfoil. The dimensions of the heating strips are 40 mm in width and
880 mm in length. The operating voltage of the heating strip is
120 V and the power input is 500 W for the experiments. The heater
can be adjusted by a variable transformer over a range of voltages

Fig. 1 Top view of refrigerated wind tunnel at the University of
Manitoba.

Fig. 2 a) Distribution of measurement points on the test airfoil

(dimensions in mm) and b) photograph of the instrumented test airfoil.
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from 0 to 120 V. The heater strips are fastened to the inside of the
airfoil with double-sided adhesive tape, after thermocouples are
installed. Figure 3 shows different positions of the airfoil in the
wind tunnel.

The tests are designed to determine the effects of droplet impact on
the convective heat transfer from an airfoil at varyingAOA. To study
these droplet effects, a spray system was constructed and installed
upstream of the test section. The droplet flux from each nozzle was
calibrated by controlling the atomizing airflow. Calibrating the mass
flow to each nozzle required adjustment of control valves until a
uniform flowwas obtained. Droplets were emitted conically from the
spray bar in parallel streams, which overlapped to create a uniform
droplet cloud that impacted on the airfoil surface.

T-type thermocouples are used in a differential connection mode.
A direct-reading temperature sensor is used to measure the
temperature of the reference junction for cold-junction compensa-
tion. The measurement system is controlled by a Labview software
program. The experiment uses a total of 25 thermocouples mounted
at various locations within the airfoil (see Fig. 2b), including 22
thermocouples installed along the inner and outer surfaces of the
airfoil. Temperature differences between inner and outer surfaces are
measured at 11 different locations. The thickness of the airfoil is
3 mm, compared to a 500-mm chord and 62.5-mm span, so heat
transfer is predominantly one dimensional across the wall of the
airfoil. Under steady-state conditions, the heat supplied by the heater
is passed through the airfoil wall and transferred to the airstream by
convection across the airfoil. Heat conduction through the airfoil is
determined from thermocouple measurements within the wall, not
the supply of heat input to the wall from the heater, which could be
erroneous because of losses through the back side of the heater.

The rate of convective heat transfer from the airfoil is determined
by

qcon � h�To � T1� (1)

which can be rearranged to give

h� qcon
�To � T1�

(2)

Heater strips below the airfoil surface provide a source of heat input,
which is transferred through the thin airfoil surface by conduction,
then convection to the external airstream. Heat conduction
perpendicular to the surface is much larger than lateral heat
conduction, due to the high temperature difference across the thin
surface. Thus, the perpendicular Fourier heat flux balances the rate of
convective heat transfer to the surrounding airstream, that is,

qcon � qcd �
k�Tin � To�

�
(3)

Substituting Eq. (2) into Eq. (3), the resulting heat transfer
coefficient can be expressed in the following manner:

h� k�Tin � To�
��To � T1�

(4)

The average coefficient is obtained from spatial averaging around the
airfoil:

�h� 1

s

Z
s

h dx� 1

s

X11
i

hi�si (5)

Then, the average Nusselt number becomes

Nu�
�hc

kair
(6)

The experimental uncertainty of the measured Nusselt number
depends on the uncertainty of the local heat transfer coefficient,
airfoil chord, thermal conductivity, and geometrical factors. The
local heat transfer coefficient depends on the temperature difference
between the surface and freestream, aswell as the net convective heat
loss for each test case. The uncertainty of the measured Reynolds
number is estimated as 0.82%, based on the uncertainty of velocity,
density of air, viscosity, and bias of the chord length. This
measurement uncertainty of the Reynolds number, Re, indirectly
affects the uncertainty of the Nusselt number, through the heat
transfer coefficient which depends on the air velocity and other
parameters. The resulting measurement uncertainty of the Nusselt
number was determined to be 7.34%. A detailed analysis of the
measurement uncertainties (using the method of Kline and
McClintock [25]) is presented in the Appendix.

III. Formulation of Modified Hilpert Correlation

A transition Reynolds number of Rec � 6 � 105 characterizes
transition to turbulence of the boundary layer over the airfoil. This
transition point also occurs for a cylinder, although the transition
number for a cylinder in crossflow occurs at ReD � 2 � 105. In this
section, experimental data are correlated against the following
functional form of the Nusselt number, which is equivalent to the
Hilpert correlation for a cylinder in crossflow [26]:

Nu� cRemPr1=3 (7)

Over a range of temperatures where the Prandtl numbers are nearly
constant, the following reduced form of correlation can be adopted
(Van Fossen et al. [27]):

Nu� AReB (8)

where A and B are coefficients that depend on flow conditions. This
functional form is similar to Nusselt number correlations obtained
previously by Wang et al. [28,29] for convective heat transfer from
an airfoil at 0-deg AOA. The relationships between Reynolds and

Fig. 3 Photos of the testing airfoil at a) 5 deg and b) 25 deg AOA.
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Nusselt number coefficients (c and m) were determined previously
based on a least-squares curve fit of measured data by Wang et al.
[28,29]. The following correlations were obtained for convective
heat transfer from an airfoil at 0-deg angle of attack:

Nu� 0:0943Re0:636Pr1=3 �for Re � 5 � 105� (9)

Nu� 2:483Re0:389Pr1=3 �for Re � 5 � 105� (10)

For different AOA, a similar functional form will be used, but
modified to accommodate varying angles of attack. A modified heat
transfer correlation will be developed according to the following
equations, which are presented for the Nusselt number in low and
high Reynolds number cases, respectively:

Nu� 0:0943�0:75	 0:017��Re0:636Pr1=3 �for Re � 5 � 105�
(11)

Nu� 2:483�0:75	 0:013��Re0:389Pr1=3 �for Re � 5 � 105�
(12)

FromEqs. (9–12), the correlations of the Nusselt number can be used
to calculate the heat transfer coefficients from 0 to 25 AOA for the
airfoil without droplets in the airstream. However, the presence of
droplets can significantly alter the heat transfer rate. Past studies of
convective droplet heat transfer from NACA airfoils were presented
by Wang et al. [30]. Wind-tunnel measurements of the convection
coefficients were obtained at varying Reynolds numbers and liquid
water content (LWC) values ranging between 0–2 g=m3. The results
showed that the Nusselt number can be correlated through a
multiphase Reynolds number. The following equations were
obtained by Wang et al. [31] for convective heat transfer with
impinging droplets:

Nu� 2:483�Re�1	W��0:389Pr1=3 �for Re�1	W� � 6 � 105�
(13)

Nu� 0:0943�Re�1	W��0:636Pr1=3 �for Re�1	W�> 6� 105�
(14)

where

W � LWC

LWC0

(15)

and LWC0 refers to a reference value of the liquid water content. In
the next section, a reference liquid water content of 0.92 and
1:25 g=m3 are used separately when LWC ranges from 0 to
0:99 g=m3 and 1 to 2 g=m3, respectively. Experimental data will be
collected and used to extend Eqs. (11–14) to a suitable correlation for
convective droplet heat transfer from a NACA airfoil at varying
angles of attack.

IV. Results and Discussion

In this section, experimental results will be presented for
convective heat transfer from aNACA-63421 airfoil at varyingAOA
between 0 and 25 deg. The Reynolds number is varied by changing
the air velocity in the icing tunnel and air viscosity (by changing the
air temperature). The liquid water content is also varied through
different spray flow conditions. Within the refrigerated wind tunnel,
air temperatures are varied between�30 and 20�C. The liquid water
content ranges from 0 to 45 liter=h. Data are collected over a range of
temperatures and liquid water contents that yielded uniform
normalization of the Nusselt numbers. For example, normalized data
collapsed onto a single curve fit at different temperatures, which
indicated consistency and provided useful verification that
experimental data were collected accurately.

Particular effort was taken to ensure uniformity of the droplet
distribution. Atomizing nozzles were adjusted iteratively with the air
and water streams to improve the uniformity. This was a time-
consuming process, because they affect each other. Also, particle
image velocimetry (PIV) was used to analyze the uniformity of the
droplet distribution at each step. Furthermore, icing patterns were
observed on the airfoil and the uniformity of ice buildup provided
another way to confirm uniformity of the droplet distribution. These
efforts and others were taken to provide as uniform a droplet
distribution as possible.

From the manufacturer’s specifications of the spray nozzles, the
droplet size is 100 �m. At the nozzle exit, droplet ejection is air
assisted because the airstream drives the emission from the nozzle,
rather than ejection at a particular velocity, so the droplet velocity is
close to the airstream velocity. Droplet sizes are controlled by
variations of air pressure. The air atomizing nozzles can produce a
reliable spray pattern with water mean droplet diameters ranging
between 10 and 1000 �m.

Figure 4 compares the measured data and correlations for both
high and low Reynolds numbers at a 15-deg angle of attack without
LWC. The results illustrate that the average Nusselt number
increases at a higher Reynolds number. Measured data at varying
temperatures (different Prandtl numbers) are illustrated in the figure.
For the low Reynolds number, without the AOA correction factors
developed in the previous section, the zero AOA correlation would
overpredict themeasured data across the range of Reynolds numbers.
The AOA correction [see Eqs. (11) and (12) for high and low
Reynolds number cases, respectively] to the Hilpert correlation was
determined empirically from the curve fit of measured data.

Results of measured data at different values of the liquid water
content are plotted in Fig. 5, together with a correlated curve fit of
experimental data without water droplets, whichwas derived by con-
ducting the experiments at the same operating AOA, but with the

Fig. 4 Measured and predicted Nusselt number at a) high Rec and

b) low Rec at 15 deg AOA (without LWC).
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spray nozzles closed. In Fig. 5, the solid curve represents empirical
correlationswithout dropletswhen��AOA� � 15 deg. Themarkers
correspond to measured data with droplets at 15-deg AOA and the
dotted line illustrates predictions of the Nusselt number with the
multiphase Reynolds parameter, Re�1	W�. The curve of Eq. (15)
in Fig. 5 has a higher Reynolds number, due to the data modification
by (1	W). Neither the correlation of the Nusselt number and the
Reynolds number in Eq. (11), nor Eq. (14), can be used to predict the
heat transfer correlation with liquid water droplets at varying AOA,
although the multiphase Reynolds number can be used to include
effects on the heat transfer coefficient. A new heat transfer correla-
tion is needed in this situation. The experimental data indicate that
the average Nusselt number at a fixed AOA rises about 26.4% for
Rec � 6 � 105, when water droplets are introduced into the air-
stream. Impinging droplets enhance the rate of heat exchange
between the surface and airstream, as they enhance fluid mixing
along the wall, thereby increasing the convective heat exchange and
Nusselt number.

Experimental results show that the angle of attack substantially
affects the heat transfer coefficient, both with and without water
droplets. Figure 6 shows the measured local Nusselt numbers, Nux,
at different positions with a LWC of 0.58 and 0:75 g=m3 at high and
low Reynolds numbers. The stagnation point is located at x=C� 0.
The curve with AOA� 0 shows that the Nusselt number decreases
after the stagnation point, due to the thickening boundary layer along
the top and bottom surfaces. It falls to the lowest point at the position
of 0:2c along the chord of the airfoil, and then it increases thereafter.
Although both surfaces of the airfoil have the same trends near the
leading edge of the airfoil, the lowest value of Nux occurs along the
bottom surface.

The surface would have the same local Nusselt number if the air-
foil was symmetric in shape and orientation with respect to the free-
stream, but nonsymmetry leads to different Nusselt number results
on each side of the stagnation point. The thickness of the laminar
boundary layer increases when x increases from the leading edge to
the trailing edge. At some point along each surface, the boundary
layer transition occurs and the boundary layer becomes turbulent. In
the laminar region, the heat transfer coefficient decreases when the
thickness of the boundary layer increases. The heat transfer
coefficient increases when the boundary layer becomes turbulent.

In Fig. 6a, it can be observed how the local Nusselt number
changes withAOA atLWC� 0:75 g=m3, for cases of lowReynolds
numbers. At the stagnation point, the Nusselt number changes with
LWC.Without droplets in the airstream, it remains nearly uniform at
different values of AOA, whereas the Nusselt number increases
higher than AOA� 0 with a nonzero LWC, although it does not
depend on the angle of attack. It also changes significantlywithAOA
along the chord of the airfoil. The Nusselt number decreases at

0:1c, �0:4c, 0:6c and it significantly increases at �0:2c, �0:6c
and 	0:4c and 	0:8c. Figure 6b shows the Nusselt number results
for cases of high Reynolds numbers at various AOA and
LWC� 0:51 g=m3. At angles of attack of 5 deg, the local Nusselt

number at the stagnation point is lower than the case for 20 and
25 deg, but higher than the case for 10 and 15 deg.

Also, all values of the Nusselt number at the stagnation point are
higher than the case for 0-deg AOA. Values of the Nusselt number at
�0:1c, 	0:1c, and 	0:6c change depending on the AOA at those
points. The values at �0:2c, �0:6c, 	0:2c, and 	0:4c are higher
than an AOA of zero at the same points. As AOA increase, the
changes of the local Nusselt number with AOA become more
pronounced at higher Reynolds numbers. The Nusselt number at the
stagnation point is higher than the value of Nu at the stagnation point,
when the angle of attack is 0 deg. Also, no points of the local Nusselt
number along the chord of the airfoil have lower values than the
Nusselt number at 0 deg for the same points. Furthermore, Nux for
the other points along the chord of the airfoil are larger than the values
at the same points for 0 deg. The average Nusselt number is expected
to have similar trends at high multiphase Reynolds numbers.

The movement of the point of separation depends on the adverse
pressure gradient, angle of attack, and Reynolds number [32]. When
the Reynolds number increases, the separation point moves toward
the leading edge. Higher turbulence over the airfoil will enhance the
heat transfer at higher Reynolds numbers. Okong’o and Knight [33]
predicted 2-D laminar flow over a pitched airfoil, by using a second-
order discretization with Roe’s method. At a larger Reynolds
number, a primary recirculation region forms closer to the leading
edge at Mach numbers of 0.2 and 0.5. When the AOA varies from
14.5 to 22.5 deg, the air motion over a NACA-0012 airfoil generated
a flow reversal at 14.5 deg. The primary recirculation region formed
at 16.5 deg. The primary recirculation region with critical points
formed at 19.5 deg, while the secondary recirculation region with
critical points and primary recirculation occurred at 21 deg.A tertiary
recirculation region with secondary recirculation and critical points
occurred at 22.5 deg. This implies that a recirculation region
developed and moved toward the leading edge, when the angle of
attack increased.

The results also showed that a higher Reynolds numberwill lead to
a circulation region at the smaller angle of attack, while the center of
recirculation moves forward to the leading edge. These mechanisms

Fig. 5 Comparison of measured data with LWC and Nusselt number

correlations without LWC at 15 deg AOA, as well as the predicted
Nusselt number correlation with LWC at 0 deg AOA.

Fig. 6 Nusselt number at a) low and b) high Reynolds numbers with

LWC at varying AOA.
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of the recirculation zone affect the convective heat exchange, so the
Nusselt correlation requires a suitable dependence on AOA, which
reflects the physical processes in the boundary layer. A modified
Hilpert correlation is used to fit measured data obtained from the
experiments according to Eqs. (11–14) as follows:

Nu� 2:483�C1 	D1���Re�1	W��0:389Pr1=3;
for Re�1	W� � 6 � 105

(16)

and

Nu� 0:0943�C2 	D2���Re�1	W��0:636Pr1=3;
for Re�1	W� � 6 � 105

(17)

where �, C1, C2, D1, and D2 refer to the angle of attack and
coefficients used as correction factors for the correlations developed
in the limiting case of zero angle of attack. The normalized chord of
the airfoil c and dynamic center cm are used to define the first
coefficient, C1 � 1 � cm=c� 1 � 0:25=1� 0:75. The remaining
coefficients are found from a unit angle and exchange factor from
1 deg to the maximum arclength: �=180� 0:017 and
D1 � C2

1 � 0:017� 0:01. These coefficients aim to provide a
functional expression that accounts for movement of the point of
separation along the airfoil surface, due to the varying angle of attack.
By including the AOA correction factor based on this movement, the
expected Nusselt number trends for varying angles of attack can be
established for the heat transfer correlation.

The coefficientD2 must be modified differently byD1 andC1, for
cases of higher turbulence to decrease the effect of the angle of attack
under conditions of impinging droplets. Movement of the transition
point changes at high Reynolds numbers, so D2 � C1 �D1�
0:007. The other coefficient is C2 � c=c� 1. Higher turbulence
increases the heat transfer coefficient in droplet flow conditions,
regardless of the angle of attack. Using the resulting factors in
Eqs. (16) and (17), the following correlations are obtained for the
Nusselt number in low and high Reynolds number cases,
respectively,

Nu� 2:483�0:75	 0:01���Re�1	W��0:389Pr1=3

for Re�1	W� � 6 � 105
(18)

Nu� 0:0943�1	 0:007���Re�1	W��0:636Pr1=3

for Re�1	W� � 6 � 105
(19)

Figure 7 compares the measured data and predictions at
AOA� 15 deg, when the above corrections factors are applied to
the Nusselt number correlation. Measured data at varying
temperatures (different Prandtl numbers) are illustrated in Fig. 7 by
using the multiphase Reynolds parameter. Without the previous
correction factors, the zero AOA correlation would overpredict the
measured data across the range of Reynolds numbers. For the results
in Fig. 7, the curve regression coefficient isR2 � 0:961. Without the
multiphase Reynolds parameter, a consistent trend could not be
observed with the data. But the definition of Re�1	W� and
modification for the angles of attack allow an effective normalization
of measured data. The correlation incorporates effects of both
Reynolds number and LWC, thereby reducing the number of
independent variables in plotted figures.

Figure 8 shows additional results for other angles of attack: 5, 10,
15, 20, and 25 deg at the higher Reynolds number. In each case, the
correction factors for Nusselt number correlations have yielded good
agreement between the predicted and measured data. The Nusselt
number increases at higher angles of attack, because the separation
point moves upstream, induces turbulence, and enhances heat
exchange between the surface andfluid.At lowerReynolds numbers,
close agreement is also achieved, both at 15 deg in Fig. 9 and higher
angles of attack in Fig. 10. As observed previously for higher
Reynolds numbers, the Nusselt number increases at higher angles of

attack. The results indicate that a standardHilpert form of convection
correlation can be used to predict heat transfer from aNACAairfoil at
varying angles of attack. A correction factor on a standard Hilpert
correlation has yielded relatively close agreement with measured
data of the Nusselt number. In Eq. (18), we find the factor to modify
the correlation is 0:75	 0:01�. The value is 1 when �� 25.
Equation (13) (published in [31]) is presented for AOA� 0. Heat
transfer from the airfoil varies with AOA, so when �� 25, Eq. (18)
becomes the same as Eq. (13).

Fig. 7 Predicted and measured Nusselt number with droplets for

Re�1�W� � 600; 000 at 15� AOA.

Fig. 8 Measured date and predicted Nusselt number with droplets at

varying AOA for high Re�1�W�.

Fig. 9 Predicted and measured Nusselt number with droplets for

Re�1�W�< 600; 000 at 15 deg AOA.
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Despite experimental variability of measured data, the correlated
results indicate that the correction factor (1	 0:007�) provides a
useful improvement over the zero AOA correlation. In Figs. 5–8, the
experimental data exhibited a significant difference with the zero
AOA correlation, wherein the measured values are notably larger
than correlated values at zero AOA. The modified correlation with a
dependence on AOA was shown to demonstrate the proper trends at
varying AOA. The empirical factor in themodified correlation varies
with AOA, unlike previous correlations with a constant value. The
results have shown close agreement between the experimental and
correlated Nusselt number values over a range of multiphase
Reynolds numbers.

V. Conclusions

This article has presented an experimental study of heat transfer
coefficients for forced convection with droplet impact on a NACA-
63421 airfoil at varying angles of attack from 0 to 25 deg. Wind-
tunnel studies were conducted at varying wind speeds and LWC
values ranging between 0–2 g=m3. The experimental data were
correlated with respect to the Nusselt number, angle of attack, and a
newly defined multiphase Reynolds number. Both average and local
Nusselt numbers are obtained and nondimensionalized in a modified
Hilpert correlation. The modifications of AOA are (0:75	 0:01�)
and (1	 0:007�) separately for low and high multiphase Reynolds
numbers, respectively. An uncertainty analysis yielded an
experimental uncertainty of 7.34% for the measured Nusselt
numbers. It was shown that the functional form of the Hilpert
correlation can effectively accommodate measured data for the
NACA airfoil over a range of Reynolds numbers at various AOA.

Appendix: Measurement Uncertainties

In thisAppendix, themethod ofKline andMcClintock [25] is used
to estimate the measurement uncertainties in the reported
experiments. From Eq. (4), the heat transfer coefficient was
determined as follows:

h� k�Tin � To�
��To � T1�

(A1)

In the experiments, the parameters To, Tin, T1, and �weremeasured.
The total uncertaintyUh includes a precision uncertainty Ph, and Bh
(precision and bias limits for each variable and parameter
contribution to the uncertainty), where

Uh �
������������������
P2
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q
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The precision contribution can be calculated from the following
equation:
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Equation (A3) is divided by Eq. (A1) and rearranged as follows:�
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where �T1 � Tin � To, and �T2 � To � T1.
Using a similar analysis, the bias contribution can be obtained as�
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where B0Tin, B
0
To and B0T1 are the portions of BTin, BTo and BT1,

respectively, which arise from an identical error source, so they are
assumed to be perfectly correlated. The bias contribution to the
uncertainty is reduced to�
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The total uncertainty of the heat transfer coefficient becomes

Uh
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In this paper, temperatures were measured 100 times per second and
10-s average values were calculated, so PTin � PTo � PT1�
0:64 K. Additional variables are �T1 � 10:25 K, �T2 � 42:42 K,
P� � 0:095 mm, �� 2:999 mm, and B� � 0:005 mm. It was
assumed that Ph=k� 0 and Bk=k� 0. Hence, the uncertainty of the
heat transfer coefficient becomes Uh � 7:23%.

For the Nusselt number in the experiments, Nu� �hc=k, and the
total uncertainty can be expressed in the following manner:
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where it has been assumed that Bk=k� 0:5%.
The measurement uncertainty of the average freestream velocity

was
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Fig. 10 Predicted and measured Nussulet number with droplets for
Re�1�W�< 600; 000 at varying AOA.
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which yields an uncertainty of 0.397%. The uncertainties of the
tabulated density of air and manometer fluid for the pitot tube
measurements of velocity are

U�l
�l
�
U�air
�air
� 0:5% (A11)

The uncertainties of Reynolds and Nusselt numbers become 0.818
and 7.34%, respectively, based on the uncertainty of velocity,
density of air, viscosity, and bias of chord length.
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