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Small-Scale Airfoil Aerodynamic Ef� ciency Improvement
by Surface Temperature and Heat Transfer

Jongmin Kim,¤ Zvi Rusak,† and Nikhil Koratkar‡

Rensselaer Polytechnic Institute, Troy, New York 12180-3590

The improvement of aerodynamic ef� ciency of small-scale airfoils using surface temperature and heat transfer
is investigatedusing numerical simulations, asymptoticanalysis, and experimental work. The basic idea is to take a
direct advantage of heat transfer that dominates microscale systems to enhance lift, reduce drag, and increase the
envelope of operation of airfoils. This is achieved by cooling the upper surface and heating the lower surface of the
airfoil. The numerical simulations show that, although varying surface temperature does not produce signi� cant
impact at the full-scale (Reynolds numbers> 106), because the thickness of the thermal boundary layer is very
small compared to the airfoil chord, its effect is very pronounced at the microscale, where the thermal and velocity
boundary layers are larger. The asymptotic theory demonstrates that most of the effect actually comes from the
heat transfer in the much smaller nose region of the small-scale airfoil. The experimental apparatus consists of a
microrotor system that uses the Peltier effect to produce different temperatures on the surfaces of the blades. The
experimental measurements show good agreement with numerical predictions.

Nomenclature
A = ®=±
Ak = coef� cients of the Fourier series expansion

of the thickness function, t .x=c/
Cd = sectional drag coef� cient
Cl = sectional lift coef� cient
Cp = pressure coef� cient, .p ¡ p1/=.½1U 2

1=2/
c = airfoil chord
F = airfoil shape function
h2 = Rc=.2±2c/
L=D = lift-to-drag ratio
M = upstream � ow Mach number
Rc = airfoil nose radius of curvature
Re = Reynolds number
ReM = modi� ed Reynolds number, Re Rc=c
Pr = Prandtl number
T = temperature
t = airfoil thickness function
V = velocity
wn = coef� cients of the Fourier series expansion

of the airfoil’s camber line, Ca.x=c/
x = axial coordinate
y = vertical coordinate
® = angle of attack
®M = modi� ed angle of attack
¯2 = 1 ¡ M 2

± = airfoil thickness ratio
½ = density

Subscripts

cp = property associated with common part
l = property associated with the lower surface
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u = property associated with the upper surface
wl = property associated with the parabola lower surface
wu = property associated with the parabola upper surface

Superscript

¤ = property associated with the inner solution near the
airfoil’s nose

Introduction

O NE of the key aspects of defense planning in the 21st century
is the use of swarms of unmanned aerial vehicles that operate

in concert with military forces in the battle� eld. These unmanned
� ight vehicles are indispensable for aerial reconnaissance, covert
imaging, battle� eld management, and damage assessment. Small-
scale vehicles can also be used by civil agencies as information
and communication systems, traf� c control systems, and biochem-
ical sensors in the � eld or where regular vehicles do not have the
necessary access.

Recent advances in system miniaturizationalong with emerging
microdigital electronics technology has also generated interest in
development of very small-scale micro-air-vehicles (MAVs) with
maximum wing-span or rotor diameter less than 6 in. (15.24 cm).
Two types of MAV con� gurations have been explored in the lit-
erature: � xed-wing con� gurations such as the Black Widow1 and
rotary-wingdesignssuch as the MICOR,2 Kolibri,3 and the ISTAR.4

Rotary-wing con� gurationsare particularlyattractive for battle� eld
surveillanceand urbanintelligencegatheringbecauseof their ability
to hover and loiter.

The relatively low-Reynolds-number viscous � ow5¡7 encoun-
tered by � ight vehicles at the microscale render them inef� cient and
incapableof sustainedand controllable� ight. This work is aimed at
demonstratingsubstantial improvements in aerodynamicef� ciency
of micro-� ight-vehicles. We propose a novel concept featuring the
control of airfoil surface temperature and heat transfer to improve
performance. The basic idea is to take a direct advantage of heat
transfer that dominates microscale systems to enhance lift, reduce
drag, and increase the envelope of operation of airfoils. This paper
describes a coupled computational and theoretical approach to ex-
plore the mechanism by which surface temperatures and heat trans-
fer improves the aerodynamic performance of small-scale airfoils.

Previous work8 has shown that the aerodynamic ef� ciency of
microscalerotors is an orderofmagnitudelower than their full-scale
counterparts.Spin testingof6-in.(15.24-cm)-diammicrorotorswith
both baselineNACA 0012 as well as advanced geometry Eppler-61
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airfoil sections was conducted. The maximum L=D ratio that was
generated for the rotor with Eppler-61 airfoil was only about 10
(Cl » 0:96 and Cd » 0:1 at Re D 3:3 £ 104), and the performanceof
the baseline NACA 0012 airfoil was even 50% lower at the same
test conditions.These resultsare also consistentwith recent test data
presented by Young et al.9 These performance indices are much
lower than full-scale high-performance airfoils that exhibit L=D
ratios in the range of 50–150. The reason for this being that in � ows
below Reynolds numbers of 5 £ 104 the viscous effects become
dominant, leading to severe drag penalties, � ow separation at very
low sectional angles of attack, and a smaller envelop of operation.

Given the poor aerodynamicef� ciency (L=D < 10), low � gure of
merit (ratio of induced to total power10 <0:5) of microscale rotors
and limitations of current battery technology,11;12 it is not possible
to meet the � ight envelope8 for MAVs due to extreme power re-
quirements. With present ef� ciency levels the maximum endurance
demonstrated by battery powered MAVs has been 22 min (Ref. 1)
[only 35% of the Defense Advanced Research Projects Agency
(DARPA) goal of 60 min autonomous � ight]. Therefore, it is crit-
ical to develop technologies to improve MAV aerodynamic ef� -
ciency to enable ef� cient, sustained, and controllable � ight at the
microscale. This project proposes a novel concept featuring control
of airfoilsurface temperatureand heat transfer to achievesubstantial
improvements in MAV aerodynamicef� ciency.

For microscale aerodynamic lifting surfaces, the thermal
boundary-layerthicknessis substantialcomparedto theairfoilchord
and is capable of in� uencing the potential � ow region beyond the
viscousboundarylayer.Therefore,by coolingthe upper surface and
heating the lower surface of an airfoil section (using, for example,
a thermoelectric device), one could generate lower pressure on the
upper surface and higher pressureon the lower surface of the airfoil
section, speci� cally around the nose of the airfoil. This may lead to
enhanced suction around the airfoil nose, generation of additional
circulation and lift, and reduction in the pressure drag. Low tem-
perature and pressure on the upper surface also means accelerated
� ow over the airfoil upper surface, leading to alleviation of � ow
separation and delay of stall to higher angles of attack.

This paper presents an extensive feasibility study that includes
computational, theoretical, and experimental investigationsand ex-
plores the mechanismsby which surface temperatureand heat trans-
fer improve the aerodynamic performance of small-scale airfoils.
This closecouplingbetweentheoryandnumericalcalculationshelps
to model the physicalphenomenabetter and to develop a prediction
tool that will guide future experiments to explore the conditions for
optimal performance.

Numerical Simulations
Numerical Model

Numerical � ow simulationsusing the commercialNavier–Stokes
� ow solver FLUENT are presented. The airfoil upper and lower
surfaces are described by polynomial interpolationfunctions to the
given airfoil geometry. The far-� eld (outer) control surface is de-
scribed by a parabolic surface of about 20 airfoil chords away from
the airfoil leading edge that is cut by a vertical segment far down-
stream of the airfoil (Fig. 1). A structured computational grid com-
posedof quadrilateralcells is constructedin the � ow controlvolume
between the airfoil and far-� eld surfaceswith K radial grid lines and
L circumferential grid lines (a mesh of K £ L). The cells are clus-
tered near the airfoil such that the cells nearest to the surface have
high aspect ratios to captureaccuratelythe � ow in the very thin ther-
mal and velocity boundary layers. Perfect gas law is used for the
equation of state, speci� c heat is held constant, and the Sutherland
law is used to take into account effect of temperature on viscosity
and thermal conductivity. In this study, temperature gradients are
relatively small such that the model is accurate with the assump-
tion of a constant speci� c heat. The far-� eld conditions model a
freestreamuniform � ow with given freestreamMach number, static
pressure, and temperature. The no penetration and no-slip bound-
ary conditions together with a speci� ed temperature distribution
are imposed along the airfoil surfaces. An implicit and iterative,
second-orderprocedure is used to integrate the continuity,momen-

Fig. 1 Control volume and computational mesh around the airfoil.

tum, and energy equations and calculate the steady-state � elds of
velocity, temperature, density, and pressure. Although the � ow is
predominantly laminar in the � ow regime of interest, laminar � ow
calculations did not result in well-behaved solutions. By the use of
a turbulent � ow (Spalart–Allmaras) model, stable, well-converged
solutions were obtained for the computations.

Numerical Veri� cation
The codewas � rst used to investigatea variety of baselineairfoils

with no surface heating or cooling at low-Reynolds-number� ows.
Predictions of Cl and Cd for these cases show good match with
data in the literature.5¡7 For further numerical veri� cation, sim-
ulations were conducted with varying levels of mesh re� nement.
For this study, the gradients normal to the airfoil surface are much
greater than those tangential to the airfoil, except near the leading
and trailing edges. Consequently, the quadrilateralcells nearest the
surface have very high aspect ratios. To reduce computational time
and stabilize the numerical calculations, we performed initial iter-
ations with a small Courant–Friedrichs–Lewy number (CFL) D 2,
and then, after 200 iterations, the CFL was increased to 20 to speed
up the convergence.

Mesh convergence studies were performed for the case of a uni-
form � ow of air with Mach number 0.0725, pressure 1 atm, and
temperature 300 K around a NACA 0012 airfoil where the upper
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surface temperature is 260 K and the lower surface temperature is
340 K (j1T j D 40 K). The � ow Reynolds number is 3:3 £ 104 . Re-
sults of the computationswith various meshes are shown in Figs. 2
and 3. Figure 2a shows the lift coef� cient as a function of angle
of attack. The results with a mesh of 80 £ 40 (7200 cells) show an
underprediction of the lift coef� cient. However, for � ner mesh of
100 £ 50 (9800 cells) and beyond,no signi� cant change in the solu-
tion is observed at all angles of attack (Fig. 2b). Figure 3 shows the
solutions of the pressure coef� cient along the airfoil surfaces for a
case with 8-deg angle of attack using different meshes. The results
with 7200 cells show an underprediction of the suction peak near
the nose region leading to a corresponding under prediction of lift
coef� cient. However, for re� ned meshes of 100 £ 50 and beyond,
the pressure distributions are nearly identical. We conclude from
Figs. 2 and 3 that a mesh of 100 £ 50 is suf� cient for a converged
(mesh-independent) � ow solution. This mesh is used in all of the
following � ow simulations.

Results of Numerical Simulations
To demonstrate the impact of surface temperature, two cases of a

uniform � ow of dry air with upstream Mach number 0.0725, pres-
sure 1 atm, and temperature 300 K around a NACA 0012 section

a) Computed lift coef� cient vs angle of attack for various meshes

b) Convergence of lift coef� cient at several different angles of attack
with mesh re� nement

Fig. 2 Numerical veri� cation; lift coef� cient of a NACA 0012 airfoil
section with upper surface temperature of 260 K and lower surface tem-
perature of 340K at freestream with Mach number 0.0725,temperature
300 K, pressure 1 atm, Reynolds number 3:3 ££ 104, and various angles
of attack.

Fig. 3 Numerical veri� cation; pressure coef� cient vs nondimensional
chordwise position for NACA 0012 section with upper surface temper-
ature of 260 K and lower surface temperature of 340 K at a freestream
with Mach number 0.0725, temperature 300 K, pressure 1 atm, and
Reynolds number 3:3 ££ 104 , at 8-deg angle of attack.

a) Surface temperature 260 K

b) Surface temperature 400 K

Fig. 4 Pressure contours around a NACA 0012 airfoil in freestream
with Mach number0.0725,temperature 300K, pressure 1atm,Reynolds
number 3:3 ££ 104, at 12-deg angle of attack.

at 12-deg angle of attack are considered, 1) where the surface tem-
perature on both upper and lower surfaces is cooled to 260 K and
2) where the temperature on both surfaces is heated to 400 K. The
Reynolds number in both cases is 3:3 £ 104 (corresponding to an
airfoil chord of 2 cm). Note that the stagnation temperature on the
airfoil surfaces at the regular (no cooling or no heating) case is
300.3 K. Figures 4a and 4b show a comparisonof the static pressure
contours for the heated and cooled NACA 0012 airfoils. Clearly,
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a) Surface temperature 260 K

b) Surface temperature 400 K

Fig. 5 Velocity contours around a NACA 0012 airfoil in freestream
with Machnumber0.0725,temperature 300K, pressure 1atm, Reynolds
number 3:3 ££ 104, at 12-deg angle of attack.

the suction region on the upper surface (indicated by the localized
region of dark contour lines on the upper surface of the airfoil that
appears in Fig. 4a and does not appear in Fig. 4b) has expanded
signi� cantly for the cooled airfoil compared to the heated airfoil,
resulting in enhanced lift. Figure 5a and 5b show the corresponding
velocity pro� les. The heated airfoil is in predominantlystalled � ow
(as is also the base case airfoil) with extensive� ow separationclose
to the leading edge. The cooled airfoil, however, clearly shows sig-
ni� cantly reducedseparation,leadingto increasedlift and reduction
in airfoil drag penalty. These results show that surface temperature
(particularly on the upper surface of the airfoil) can have an im-
portant effect on the aerodynamic ef� ciency of small-scale airfoils
operating at very low Reynolds numbers.

Additional computational results of � ows around a NACA 0012
with full-scale (where the � ow Reynolds number is 1:7 £ 106 and
c D 1 m) and a microscale airfoil (where the � ow Reynolds number
is 3:3 £ 104 and c D 2 cm) are shown in Figs. 6–8 for cases where
1) the surface temperature is 300 K (the base reference case) and
2) the temperature of upper surface is at 200 K and lower surface
is maintained at 400 K (a differential of 200 K). In all cases the
upstream uniform � ow is at Mach number 0.0725, pressure 1 atm,
and temperature300 K. Figure 6 shows the lift coef� cient as a func-
tion of angle of attack for a representativefull-scaleand microscale
airfoil. If surface temperature differenceof 200 K is maintained for
microscale airfoil, an improvement in lift coef� cient is predicted.
(Note that the absolute value of the lift increase is almost the same
up to 10-deg angle of attack.) At 12-deg angle of attack, a much
larger increase in lift coef� cient (from about 0.66 to about 0.96) is
predicted for the microscale airfoil. This is because of alleviation
of � ow separationand delay of stall to higher angle of attack (from
about 11 to about 12 deg) by cooling the upper surface and the re-
sulting heat transfer effect. However, no signi� cant improvement
in lift response is computed for the full-scale airfoil. Figure 7 is a
comparison of results of the drag coef� cient variation for the base

Fig. 6 Lift coef� cient as function of angle of attack of NACA 0012
airfoil in freestream with Mach number 0.0725, temperature 300 K,
pressure 1 atm at various Reynolds numbers and surface temperatures.

Fig. 7 Drag coef� cient as function of lift coef� cient of NACA 0012
airfoil in freestream with Mach number 0.0725, temperature 300 K,
pressure 1 atm at various Reynolds numbers and surface temperatures.

Fig. 8 Lift-to-drag ratio as function of angle of attack of NACA 0012
airfoil in freestream with Mach number 0.0725, temperature 300 K,
pressure 1 atm at various Reynolds numbers and surface temperatures.
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case and with surface temperature difference of 200 K. Signi� cant
decrease of drag coef� cient is observed only for the microscale air-
foil. Note that the drag reduction becomes more signi� cant with
increase in lift coef� cient as the sectional stall angle is approached.
A similar trend is described in Fig. 8 for the sectional L=D ratio. An
improvement in L=D from 5.4 at the base case to 15.5 is predicted
at 12-deg sectional angle of attack for the microscale airfoil.

We attribute the computed improvements of aerodynamic per-
formance demonstrated earlier to the heat transfer at microscale,
speci� cally near the airfoil nose, which enables the inviscid � ow
region beyond the velocity boundary layer to be in� uenced by the
surface temperature and, thereby, affect the pressure distribution
along the airfoil. This is shown in Fig. 9, which shows the thermal
and velocity boundary layers on both the upper (200 K) and lower
(400 K) surfaces of the microscale airfoil at 10% chordwise sta-
tion. The baseline case (where both surfaces are at 300 K) is also
shown for comparison. On the upper surface of the airfoil that is
cooled to 200 K (Fig. 9a), the � ow is accelerated with respect to
the baseline due to exchange of thermal and kinetic energy in the
� ow regionoutsideof the velocityboundarylayer. In this region, the
� ow has signi� cantly higher axial speed compared to the baseline.
This means that the pressure at the edge of the velocity boundary
layer (which is also the airfoil surface pressureat this point) is lower
on the upper cooler surface than in the baseline case. The converse
is true on the lower surface that is heated to 400 K (as shown in
Fig. 9b). This differential pressure is responsible for the generation
of additional lift (Fig. 6). The acceleration of the � ow on the upper
surface also results in delay of � ow separation to higher angles of
attack (Figs. 6–8).

Note that the improvement in performance is realized only at
the microscale. Figure 10 shows the thermal and velocity bound-

a) b)

Fig. 9 Thermal and velocity boundary layers at 10% chordwise sta-
tion of NACA 0012 section in freestream with Mach number 0.0725,
temperature 300 K, pressure 1 atm, and Reynolds number 3:3 ££ 104,
at 0-deg angle of attack: a) upper surface of microscale airfoil; ——,
baseline case (300 K) and – – –, thermally activated (200 K) case; and
b) lower surface of microscale airfoil; ——, baseline case (300 K) and
– – –, thermally activated (400 K) case.

a) b)

Fig. 10 Thermal and viscous boundary layers at 10% chordwise sta-
tion of NACA 0012 section in freestream with Mach number 0.0725,
temperature 300 K, pressure 1 atm, and Reynolds number 1:7 ££ 106 , at
0-deg angle of attack: a) upper surface of full-scale airfoil; ——, base-
line case (300 K) and – – –, thermally activated (200 K) case; and b)
lower surface of full-scale airfoil; ——, baseline case (300 K) and – – –,
thermally activated (400 K) case.

ary layers for the full-scale airfoil (Reynolds number 1:7 £ 106 ) at
10% chordwise station. The upper and lower surface temperatures
are the same as in the microscale airfoil; however, both the thermal
and velocity boundary layers are much thinner (relative to the air-
foil chord) in the higher-Reynolds-number� ow as compared to the
microscale. Because of this, the acceleration (Fig. 10a) of the � ow
on the upper cooler surface (200 K) and deceleration (Fig. 10b) on
the lower warmer surface (400 K) due to heat transfer effects are
quite weak, and as a result, the surface pressure changes from the
base case with no difference in surface temperature are very small.
This shows that, at the larger scales, heat transfer near the airfoil
nose has a much more limited in� uence on the velocity and pres-
sure distributionsdownstreamof the nose region than in the case of
a small-scaleairfoil.The objectiveof our study is to take a direct ad-
vantage of the small scales (associated with micro-� ight-vehicles)
in conductingheat to increase the lift, reduce the drag, and increase
the L=D ratios.

Theoretical Study
To investigate the mechanism by which surface temperature

and heat transfer affect the airfoil’s performance, we developed a
multiscale matched asymptotic analysis for a moderate-Reynolds-
number (Re À 1) compressible � ow of a thermally perfect gas
(dry air) around a small-scale thin airfoil at low and moder-
ate angles of attack (before stall occurs). The airfoil geome-
try is given by y D ±cFu;l .x=c/ for 0 · x · c, where the upper
and lower surface shape functions Fu;l.x=c/ are described by
Fu;l .x=c/ D Ca.x=c/ ¡ Ax=c § t .x=c/ with 0 < ± ¿ 1 and A D ®=±.
Here, Ca.x=c/ is the camber-line function, t .x=c/ is the thickness
function, and the airfoil nose is parabolic. The airfoil is given in
a uniform stream of air with Mach number M , temperature T1,
and pressure p1. The freestream� ow speed is U1 D M

p
.° RT1/,

where ° is ratio of speci� c heats and R is the speci� c gas constant
for air; density is ½1 D p1=.RT1/; viscosity is ¹1 D ¹.T1/; spe-
ci� c heat is C p1; and heat conduction coef� cient is ¸1 D ¸.T1/.
The airfoil’s upper surface temperature is set at Twu and along the
lower surface it is set at Twl . Asymptotic expansions of the velocity
components and the thermodynamic properties are constructed in
an outer region around most of the airfoil and in an inner region
near the nose, in terms of the airfoil small thickness ratio ±. The
analysis extends the work of Rusak13 on the subsonic � ow around a
thin airfoil to include the effect of the surface temperature and heat
transfer on the � ow� eld.

In the outer expansion, we use the reference parameters c, U1,
T1 , p1, ½1 , ¹1, and ¸1 to scale the axial and vertical distances,
velocity components, temperature, pressure, density, viscosity, and
heat conduction coef� cent, respectively.There, the steady-state di-
mensionless equations governing the � ow are

r ¢ .½V/ D 0

½V ¢ rV C .1=° M2/r p

D .1=Re/r ¢
¡¡
¹

©
2[rV C .rV/T ] ¡ 2

3 I.r ¢ V/
ª¢¢

½V ¢ rT ¡ [.° ¡ 1/=° ]V ¢ r p D .1=Re/.1=Pr/r ¢ .¸rT /

C .° ¡ 1/.M2=Re/8

p D ½T (1)

Here V is the dimensionless velocity vector, ½ , p, T , ¹, and ¸ are
the dimensionlessdensity,pressure, temperature,viscosity,and heat
conduction coef� cient, Re D ½1U1c=¹1 , Pr D ¹1C p1=¸1, I is
the unit tensor, and 8 is the dimensionlessdissipationfunction.Typ-
ically Re À 1, and the effects of surface temperature, viscosity,and
heat conduction are localized to the very thin thermal and velocity
boundary layers and play only a secondary (or even smaller) role in
determining the pressure distribution along the airfoil. Except for
the thin boundary layers near the airfoil surfaces and the airfoil’s
nose region, the � ow in the outer region, around most of the airfoil,
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is dominated by the inviscid version of Eqs. (1):

r ¢ .½V/ D 0; ½V ¢ rV C .1=° M2/r p D 0

½V ¢ rT ¡ [.° ¡ 1/=° ]V ¢ r p D 0; p D ½T (2)

Actually, because the upstream � ow is uniform, the � ow is also
irrotational and potential. The solution of Eq. (2) with the no pene-
trationconditionalong the airfoil surfacesand the upstreamuniform
� ow conditions at the far � eld provides the far-� eld conditions for
the boundary layers. Speci� cally, the pressure distribution along
the airfoil surfaces from this inviscid solution is also the pressure
distribution at the edge of the boundary layers.

Moreover, because typically the airfoil’s thickness ratio is small
(0 < ± ¿ 1), it canbe shown (see Rusak13/ that the solutionof Eq. (2)
in the outer region (around most of the airfoil except for the nose
region) is dominated by the classical subsonic linear airfoil theory.
Then, the pressure coef� cient along most of the airfoil’s upper (u)
and lower (l ) surfaces (in the range ± < x=c < 1) may be approxi-
mated in the leading-order terms by

Cpu;l

³
x

c

´
D ¡2

±

¯

(
h.1 C 2 cos µ/ C 2

1X

k D 2

A2k ¡ 1

£
µ

sin.2k ¡ 1/µ ¡ sin µ

sin µ

¶
C 2

1X

k D 2

A2k

µ
sin.2kµ/ ¡ sin.2µ/

sin µ

¶

C .¡1/m A

µ
w0

1 C cos µ

sin µ
¡

1X

n D 1

.¡1/nwn sin.nµ /

¶)
(3)

where

x

c
D 1 ¡ cos µ

2
; 0 < µ < ¼

An D
2n

¼

Z
¼

0

t

³
x

c

´
sin nµ dµ; w0 D 1 ¡

1

¼ A

Z
¼

0

Ca0

³
»

c

´
dµ

wn D 2n

¼ A

Z ¼

0

Ca 0

³
»

c

´
cos nµ dµ

Also, m D 1 for the upper surface and m D ¡1 for the lower
surface. Note that the linear theory solution (3) exhibits a sin-
gular behavior as x=c approaches the leading edge, that is,
Cpu;l .x=c/ » .¡1/m .2® w0

p
.c=x/=¯/ as x=c approaches zero.

In the inner region around the airfoil’s nose (0 · x=c < Rc=c/,
scaled coordinates and � ow parameters are used to describe cor-
rectly the local nonlinear behavior of the � ow and the dominant ef-
fect of heat transfer around the nose. There, we use the nose radius
of curvature Rc D 2±2h2c to scale the axial and vertical coordinates,
x¤ D x=Rc and y¤ D y=Rc . In terms of these dimensionless coordi-
nates, and the scaling parameters U1 , T1 , p1, ½1 , ¹1, and ¸1
for the velocity components, temperature,pressure,density, viscos-
ity, and heat conductioncoef� cient, respectively,the problem in the
nose regionbecomes in the leadingorder the � ow of a compressible,
viscous, and heat conductingstream describedby the dimensionless
equations

r¤ ¢ .½¤V¤/ D 0

½¤V¤ ¢ r¤V¤ C .1=° M 2/r¤ p¤

D .1=ReM /r¤ ¢
³³

¹

»
2[r¤V¤ C .r¤V¤/T ] ¡ 2

3
I .r¤ ¢ V¤/

¼ ´́

½¤V¤ ¢ r¤T ¤ ¡ [.° ¡ 1/=° ]V¤ ¢ r¤ p¤

D .1=ReM /.1=Pr/r¤ ¢ .¸r¤T ¤/ C .° ¡ 1/
¡
M2

¯
ReM

¢
8¤

p¤ D ½¤T ¤ (4)

Equations (4) show that the inner � ow problem is characterized
by the same Prandtl number Pr but with a modi� ed Reynolds num-
ber ReM D ReRc=c, which is much smaller than Reynolds number

Re. In this way, the local viscous and heat transfer effects around
the airfoil nose are correctly accounted for. Moreover, in the inner
region, to the leading orders, the airfoil is described by a canonic
parabola y¤ D

p
.2x¤/. Along the parabola upper surface the tem-

perature is Twu and along the lower surface it is Twl , and the no-
penetration and no-slip conditions are satis� ed. Also, in the inner
region, the upstream � ow is uniform with Mach number M (of the
� ow around the airfoil), modi� ed angle of attack ®M , temperature
T1 , and pressure p1. The inner � ow equations (4) are solved nu-
mericallyusing the commercialcode FLUENT. The solution results
in the distributionof the pressure coef� cient Cp¤.x¤I M; ®M , ReM ,
Pr, Twu=T1; Twl=T1/ along the parabola surfaces that is strongly
affected by modi� ed Reynolds number, ReM and the surface tem-
peratures. Also note that for most relevant applications modi� ed
Reynoldsnumber is suf� cientlylarge(ReM > 100) such that thinve-
locityand thermal boundarylayers form along the parabolasurfaces
as x¤ increases above 10 and the � ow around the parabola and out-
side these boundary layers is approximately inviscid and potential.
Therefore, following Rusak,13 the pressure coef� cient Cp¤.x¤I M ,
®M , ReM , Pr, Twu=T1; Twl =T1/ along the parabola surfaces decays
as .¡1/m [Aw0

p
.2=x¤/=¯h] as x¤ increases.

A matching between the inner and outer asymptotic expansions
for the pressure distribution in an overlap region between the two
regions (Rc < x=c < ±) is established. It is found that the two ex-
pansions have a common part of the pressure distribution along the
airfoil surface, which is approximated by

Cpcp.x=cI M; ±; A/ D .¡1/m
¡
2® w0

p
c=x

¯
¯

¢
(5)

where m D 1 for the uppersurfaceand m D ¡1 for the lower surface.
Note that the common part given by Eq. (5) coincides with the
singular behavior of Cpu;l as x approaches zero and with the decay
of Cp¤ as x¤ increases. The asymptotic matching results also in
a uniformly valid asymptotic composite solution of the pressure
distribution along the entire airfoil chord that can be approximated
by

Cp.x=cI M; ®; ±; Re; Pr; Twn=T1; Twl =T1/

D Cp¤
¡
x¤I M; ®M ; ReM ; Pr; Twn=T1; Twl=T1

¢

C [Cpu;l .x=c/ ¡ Cpcp.x=cI M; ±; A/] V ¤.x¤/½¤.x¤/ (6)

Here,
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¯
2
¢
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(7)

They represent the nondimensionalvelocity and density at the edge
of the thin boundary layers that form in the inner region along the
parabola surfaces and are functions of Cp¤ only. Equations (7)
are derived from the potential (isentropic) � ow relationships be-
tween pressure, density, and velocity. Formula (6) shows that the
pressure distribution along the airfoil is composed of a nonlinear
combination of the linear theory solution and the nose solution. As
the leading edge of the airfoil is approached (x tends to zero and
0 < x=c < Rc=c/ the common part pressure Cpcpcancels the nose
singularity of the outer linear pressure coef� cient solution both on
the upper and lower surfaces of the airfoil. Also, in this region, V ¤

is small and tends to zero near the stagnation point. Therefore, the
dominant term in the leading-edge region is the parabola pressure
coef� cient Cp¤, which is strongly affected by the surface tempera-
turedistributionaroundthenose and the modi� edReynoldsnumber.
As x is increased beyond the leading-edge region, ± < x=c < 1, the
parabola density ½¤ and velocity V ¤ tend to one, and the common
part pressure Cpcp cancels the parabola pressure Cp¤. Therefore,
the dominant term in the outer region is the classical subsonic linear
theory solution Cpu;l . In the intermediate region, Rc=c < x=c < ±,
the pressure changes uniformly from Cp¤ to Cpu;l .
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The presenttheoryexplainsthemechanismbywhich surfacetem-
perature changes improve the aerodynamic performance of small-
scale airfoils.The primary effect is of the surface temperature along
the airfoil’s nose in the range0 < x=c < Rc . There, the reducedmod-
i� ed Reynoldsnumberand surfacetemperaturedistributionstrongly
affect the � ow structureand the pressuredistributionalong the nose.
For example, cooling the upper surface (Twu < T1/, or warming the
lower surface(Twl > T1/, or enforcingbothacceleratesthe � owover
the upper surface of the nose and creates suction and deceleratesthe
� ow along the lower surface of the nose and increases the high-
pressure region around the stagnationpoint. Thereby, the airfoil lift
is increased, and drag is decreased. Note that this effect is strongly
related to the small scale of the airfoil and its nose through the rela-
tively small value of Reynolds number Re and its further decreased
value ReM in the nose region. It is clear that when the scale of the
airfoil is much larger and Reynolds number Re is large (Re > 106/
this effect disappears because ReM is also very large and the heat
transfer from the surface to the � ow is localized even around the
nose and does not signi� cantly affect the nose pressure distribution.

The present analysis also results in a simpli� ed but accurate pre-
diction tool for the distributionof pressurealong the airfoil [Eq. (6)]
and the additional lift resulting from the surface temperatures and
heat transfer. We demonstrate this point in Figs. 11–13. For the

a) Parabola problem and subsonic linear theory without surface tem-
perature difference

b) Numerical and composite simulation without surface temperature
difference

Fig. 11 Pressure coef� cient of NACA 0012 airfoil without surface
temperature difference, Mach number 0.0725 and Reynolds number
3:3 ££ 104 , at 0-deg angle of attack.

a) Numerical simulation with upper surface temperature 260 K and
lower surface temperature 340 K

b) Composite simulation with upper surface temperature 260 K and
lower surface temperature 340 K

Fig. 12 Pressure coef� cient of NACA 0012 airfoil with surface temper-
ature difference, Mach number0.0725and Reynolds number 3:3 ££ 104,
at 0-deg angle of attack.

Fig. 13 Lift coef� cient variation of NACA 0012 airfoil, composite and
numerical simulation, Mach number 0.0725, and Reynolds number
3:3 ££ 104, at 0-deg angle of attack.
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baseline conditions the Mach number is 0.0725, Reynolds number
is 3:3 £ 104 , chord is 2 cm, temperature on both surfaces is 300.3
K (as the far-� eld temperature), and the airfoil is a NACA 0012 at
0 angle of attack. Figure 11a shows results for subsonic linear the-
ory as well as results of the canonic parabola solution. Figure 11b
shows a comparison of the pressure distribution from the numer-
ical solution and the composite solution (based on the multiscale
matched asymptotic analysis using parabola and linear theory so-
lutions). Good correlation is achieved between the theory and nu-
merical solution for the baseline condition. Note that, because the
angle of attack is 0 deg and no temperature differential is imposed
for the baseline case, the pressure distributions for the upper and
lower surfaces are identical, that is, no generationof lift for baseline
condition.

Next, a temperature differential is imposed such that upper sur-
face temperature Twu is 260 K and lower surface temperature Twl is
340 K. Results from the numerical simulation and composite solu-
tionare shown in Figs. 12aand12b, respectively.Both thenumerical
and composite solutions show that the upper surface pressure has
reduced and the lower surface pressure has increased compared to
the baseline condition (Fig. 11b). It is this differential pressure that
is responsiblefor the generationof lift. Both the numericaland com-
posite solutions indicate that the majority of the lift comes from the
nose region (0–20% chord) indicated by the large pressure differ-
ential between the upper and lower airfoil surfaces in this region.
Outside of the nose region, the surface temperatureeffects are small
and the pressure is dominated by the linear-theory solution.

We have also investigated the relationshipbetween the lift incre-
ment and the differential between the airfoil surface temperature
and upstream � ow temperature. Figure 13 shows the increase in
airfoil lift coef� cient due to prescribed temperature differential us-
ing both numerical and composite solutions at an angle of attack
of 0 deg. The boundary conditions are imposed such that the upper
airfoil surface temperature is decreasedby 1T , while the lower sur-
face temperature is increased by 1T . Both numerical simulations
and asymptotic compositemodel show good agreement. The lift in-
crement increaseslinearlywith temperaturedifference.Simulations
were alsoconductedat higheranglesof attack,and it was determined
that, in the attached � ow regime (before the onset of stall), the lift
increment increases linearly with the temperature differential.

Our studies using the asymptotic approach show the relevance
and accuracy of the theory. The prediction tool developed will be
used in the future to identify optimal surface temperature changes
for a maximal increase in lift and L=D ratio, as well a delay of stall
to higher angles of attack. These optimal conditionswill be applied
in the experiments to verify the theoretical predictions as well as
demonstrate that the predicted improvementscan be achieved in the
design of small-scale airfoils and rotors.

Experimental Validation
To generate test data to validate the computationaland theoretical

results, microrotor blades with 6-in. (15.24-cm) diameter are spin
tested. The microrotor blades are fabricated using a commercially
availablethermoelectricalloymaterial that exhibits the Peltiereffect
(see Ref. 14) under electrical activation. The Peltier effect occurs
when any two members of the thermoelectric series are connected
to form a junction.In the presenceof a current,a temperaturediffer-
ence between the junctions is produced. This effect can be used to
cool a system by drawing heat from one side of the junction to the
other throughtheapplicationof a small electricalcharge.In addition,
reversingthe polarityof the applieddc voltagereverses the direction
of the heating and cooling, a feature that makes these devices ideal
for controlling temperature or in processes that require both heat-
ing and cooling of a medium. The microblades are fabricated such
that the thermoelectric junction associated with the Peltier effect is
located at the centerline of the airfoil section. Therefore, applica-
tion of a control voltage across the thickness of the airfoil results
in a temperature differential between the upper and lower airfoil
surfaces. This temperature differential in� uences the rotor aerody-
namic performance, and this can be measured and compared with
the computational results.

Microrotor Test Platform
The experimental setup consists of a highly sensitive load cell

(least count 0.02 g) for measuring rotor thrust, a laser light source
coupled to a frequencycounter to measure rotor speed and a micro-
coreless-dcmotor with associated � xtures that connect the microb-
lades to the motor output spindle. The motor is driven by means
of a dc power supply. Figure 14 shows the microrotor test platform
instrumented with a slip ring to enable electrical activation of ro-
tor blades in the rotating frame. The diameter of the microrotor is
restrictedto a maximumof6 in. (15.24cm) to conformto the speci� -
cation of DARPA’s MAV program. A clearanceof 10 in. (more than
twice the rotor radius) is maintained to eliminate ground effect.15

Figure 15 shows a close up view of the microrotor blades, micro-
dc-motor and hub attachment � xtures. The blades can be connected
to the hub at adjustable collective pitch settings.

The microrotor blades are tested at 1000 rpm in room tem-
perature low-humidity environment. The planform is rectangular
(no taper or sweep), aspect ratio is 2 [7.63-cm (3-in.) radius and
3.81-cm(1.5-in.) cord], camber is 0%, and the blades are untwisted.
For this case the room temperature is 297 K, the Mach number is
0.018, and Reynolds number is 1:67 £ 104. The tests are conducted
for two cases: 1) upper surface temperature is 290 K and lower sur-
face temperatureis 360 K and 2) upper surface temperatureis 360 K
and lower surface temperature is 290 K. We have demonstratedthat
a 3.7-V dc activation results in a 70 K temperature differential be-
tween the upper and lower surfacesof thePeltieralloymaterial.This
enables the required temperatures(290, 360 K) to be maintained on
opposing surfaces of the microblades during the spin test.

Test Results
The microrotor blades are tested at several blade pitch settings

ranging from 9 to 15 deg. For each pitch setting, the rotor thrust
is measured, both with and without control of surface temperature.
The measured rotor thrust is used to estimate the sectional lift at a

Fig. 14 Microrotor test platform (load cell, revolutions per minute
sensor and slip ring).

Fig. 15 Microrotor blade assembly and hub � xtures.
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Fig. 16 Lift coef� cient vs angle of attack with 70 K surface temper-
ature difference with Mach number 0.01786 and Reynolds number
1:6 ££ 104 .

typical section along the blade span using combined blade element
momentum theory16 in hover. Figure 16 shows the measurements
on the lift coef� cient at a typical section (75% radius) both with
and without activation of surface temperature for several different
angles of attacks. The effective angle of attack at the blade section
of interest is estimated from blade element momentum theory by
subtracting the in� ow angle (created by the rotor downwash) from
the blade pitch setting. The angle-of-attack range for the present
testing is between 2 and 7 deg, which is below the onset of airfoil
stall. Blade surface temperature was imposed by the application of
a 3.7-V dc input to the Peltier module. Depending on the polarityof
the voltage connection, two types of tests are conducted: 1) Upper
surface of the blades is cooled and the lower surface is heated. (For
this case we expect increasein airfoil lift.) 2) Upper surface is heated
and lower surface is cooled. (For this case we expect decrease in
lift.) The test results shown in Fig. 16 con� rm that this is indeed the
case. The predictions of the numerical simulations also show good
correlation with the measurements. For example, at an effective
angle of attack of 4.5 deg (corresponding to blade pitch setting of
12 deg), the estimated increase of lift coef� cient is 6.0%, with an
upper surface temperature of 290 K and lower surface temperature
of 360 K, and ¡5.8%, with an upper surface temperature of 360 K
and lower surface temperature of 290 K. The experimental results
show 7.7 and ¡7.7% for each case. The variation of the lift results
from the baseline condition (297.3 K surface temperature) for the
two test cases is quite symmetrical as predicted by the simulations.
Also the absolute value of the lift increase/decrease, 1Cl , is fairly
constant,depends mainly on the temperature differential, and is not
very sensitive to angle of attack (in the attached � ow regime) as
predicted by the numerical simulations and the asymptotic analysis
developed in this paper.

Conclusions
The present simulations and theoretical predictions indicate that

although varying surface temperature does not produce signi� cant
impact at full-scale (Reynolds numbers> 106/, because the thick-
ness of the thermal and velocity boundary layers is very small com-
paredto the airfoil chord, its effect is very pronouncedat microscale.
The asymptotic theory shows that most of the effect actually comes
from the heat transfer in the much smaller nose region of the small-
scale airfoil.We demonstrateour basic idea to take direct advantage
of heat transfer, which dominates microscale systems, to enhance
lift, reduce drag, and increase the envelope of operation of airfoils.
For example, it is predicted that for an airfoil with chord of 2 cm, in
a � ow with Mach number »0:0725, T D 300 K, and Re »3 £ 104,
a reduction of 100 K in airfoil upper surface temperature (200 K)
compared to the � ow temperature,coupledwith a 100 K increase in
lower surface temperature (400 K) may result in delay of stall and

up to 190% improvement in sectional L=D ratios at high angles of
attack (from 5.4 to 15.5 at 12-deg sectional angle of attack).

These results may help to advance the technology closer to the
DARPA goal of uninterruptedMAV � ight of 60 min. Our computa-
tional and theoreticalstudies indicate that control of surface temper-
ature has the potential to lead to very signi� cant improvements in
aerodynamicef� ciency of microscale airfoils. The experimental in-
vestigationsusing a Peltier device that enforces a 70 K temperature
differential between the upper and lower surfaces demonstrate the
validity of the computational studies. For example, at an effective
angle of attack of 4.5 deg, the estimated increase of lift coef� cient
is 6.0% with an upper surface temperature of 290 K and lower
surface temperature of 360 K and ¡5.8% with an upper surface
temperature of 360 K and lower surface temperature of 290 K. The
experimental results show 7.7 and ¡7.7% for each case. The test
data and numerical simulations show good correlationover a range
of sectional angles of attack. The asymptotic model developedalso
provides good approximation to the numerical simulations. This
model will provide further insight into the mechanism of heat trans-
fer to improve aerodynamicperformanceof small-scaleairfoils and
will provide a convenient platform for performing parametric and
design optimization studies.
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