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Abstract: A flow transition prediction method for calculating effects of Reynolds numbers on aerodynamic
characteristics of airfoil is developed, and the accuracy of the method is verified by wind tunnel experiment data and
other calculation results. On these basics, the infrared thermal imager experiment results of the flow transition in low-
speed wind tunnel and the aerodynamic characteristics experiment results with variable Reynolds number in high-
speed wind tunnel are carried out respectively, and compared with the numerical results of helicopter rotor airfoil.
Specially, effects of Reynolds numbers on airfoil aerodynamic characteristics by means of flow transition under
different working conditions are researched and some meaningful conclusions are obtained. The calculation method,
experiment method and results as well as the flow transition analysis conclusions for aerodynamic characteristics can

be used for the design of helicopter rotor airfoil, especially for the helicopters under the high altitude and low Reynolds

Vol.43 No. 1

number working conditions.

Key words: helicopter rotor airfoil; Reynolds number; flow transition; aerodynamic characteristics

CLC number: V221.3 Document code: A

0 Introduction

Thanks to the capability of vertical takeoff and
landing, the helicopter can be used at high-altitude
regions and in the areas with complex topography,
such as Qinghai Tibet Plateau in southwest China.
Known as the roof of the world, Qinghai Tibet Pla-
teau has an average altitude above 4 000 m and even
above 6 000 m for some ridges. For helicopters spe-
cially used on such regions, the required high-alti-
tude performance is more stringent than the other
ones in plain areas.

As the key rotating part of a helicopter, the ro-
tor needs to provide thrust and control force in full
flight envelope. As the basis of rotor blade aerody-
namic layout design, airfoil aerodynamic characteris-

tics, especially the drag characteristic, have a great
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impact on the performance of the rotor, which deter-
mines the useful payload and flight speed. As point-
ed out in Ref.[1], one factor determining the suc-
cess of a new lifting rotor is the utilization of espe-
cially designed airfoils with aerodynamic features
that well meet conditions of flow over the blade. Be-
sides, with the increase of altitude, the engine pow-
er decreases significantly. Reducing rotor drag by
maintaining laminar flow over a large portion of a ro-
tor blade is a research hotspot. The difficulty of this
research is the position prediction of airfoil flow tran-
sition.

Flow transition is one of the most important
frontier problems in aerodynamics. Since the transi-
tion process is also affected by the turbulence of the
flow, the Mach number, the pressure gradient and

[23]

many other factors”', there is a lack of unified un-
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derstanding of the transition mechanism. As a re-
sult, it is difficult to accurately predict flow transi-
tion through numerical calculation or to capture tran-
sition through experiments. Under varying alti-
tudes, the blade profile has different Reynolds num-
bers, and the airfoil flow transition will be different.
Therefore, it is necessary to establish the numerical
method and experimental techniques for the calcula-
tion and capturing of flow transition, which consider
the effects of Reynolds numbers. And the airfoil
aerodynamic characteristics at low Reynolds num-
bers should be studied.

In Ref.[4], the relationship between helicopter
flight performance and airfoil laminar flow is ana-
lyzed and the high-altitude airfoil is designed for the
compound helicopter. Based on the example perfor-
mance calculations, the high-altitude airfoil design
requirements are estimated and the airfoils are de-
signed. The design of a highly reflexed inboard air-
foil enables the use of more camber over outboard
sections. This allowed the working section airfoil to
be designed for significant runs of laminar flow. The
tip airfoil was designed for low drag at zero lift. Re-
sults were compared with existing rotorcraft airfoils
over the high-altitude design space. In Refl.[5], the
ability of three different methods to predict the lift,
drag, and pitching moment coefficients of rotorcraft
airfoils at the onset of dynamic stall is explored. It is
quite widely understood that the proper prediction of
transition is essential for an accurate prediction of
the drag and the maximum lift coefficient. The aero-
dynamic characteristics of NACAOO012 airfoil under
different turbulence intensities and Reynolds num-
bers are simulated and compared with the experi-
mental data. It shows that the flow characteristics of
the airfoil with high turbulence or Reynolds number
are more stable, and the separation bubble size is

smaller'”

. Kong et al.'” established a computational
method suitable for analyzing dynamic stall of rotor
airfoils in low-speed flow fields. They conducted
computational analyses of the flow field characteris-
tics of deep stall at different Mach numbers in low-
speed conditions, demonstrating that the Mach num-
ber has a significant and regular influence on the hys-
teresis characteristics of dynamic stall.

The experimental data are summarized to study

the effects of Reynolds number on airfoils with dif-
ferent thick'®. Universal scaling laws and easily im-
plemented methods are developed to account for
Reynolds number effects in helicopter rotor analyses.

A variety of techniques have been developed
for the detection of boundary layer transition but the
applicability of these techniques varies with the ex-
perimental environment. A disadvantage of these
techniques is that they all require surface coatings or
electrical sensors, and these requirements can only
be fulfilled in dedicated measurement campaigns
with specially prepared blades'"'".

In 2014, high-speed infrared thermography
was applied to measure the boundary layer transition
on the upper side of BO-105 helicopter rotors''.
The measured transition characteristics are present-
ed and compared with two-dimensional numerical
simulations, and a good consistency is shown. The
transition characteristics of EC135 helicopter rotor
are measured by the same method and the effects of
the contamination of the rotor blade leading edge on
the laminar flow are discussed'"”’. The differential in-
frared thermography was applied to detect the un-
steady laminar/turbulent boundary layer transition
of the NACA0012 airfoil in Ref.[ 13]. The measure-
ments are compared with the numerical results,
which are calculated by the DLR-TAU code with
the Spalart-Allmaras turbulence model™*' together
with the " transition prediction method"".

Different from the previous researches, by
combining numerical methods and wind tunnel ex-
periments, the effects of Reynolds numbers on rotor
airfoil flow transition are studied at low-speed and
high-speed flow conditions. The mechanism of
Reynolds number’s effects on airfoil” s aerodynamic
characteristics is obtained, and it will support the
theoretical analyses and technical design of rotor air-
foil to meet the special environmental requirements

of high plateau.

1 Establishment and Verification of
Transition Numerical Simulation
Method

In order to accurately carry out the research of

airfoil flow transition calculation, a numerical simu-
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lation method which can accurately simulate flow
transition needs to be established and verified.
The Navier-Stokes equation considering viscos-

ity and flow separation caused by viscosity is used as

117 and the Gauss theorem

the governing equation’
is used to conduct space integration on control body

element V', shown as

a%ﬂfvczdv+ﬂsf.nds:o (1)

where Q represents the conserved quantities, f the
flux through the surface S with normal vector =,
and V the volume surrounded by S.

The finite volume method is used to discretize
the equations. The MUSCL scheme"® is used to
solve the interpolation of state variables on the inter-
face of elements, and the implicit approximate fac-
torization method 1s used for time-marching. In or-
der to better simulate flow separation, a k-w shear
stress transport (SST) two-equation model with
transition and shear models is introduced"'"”.

Factors affecting airfoil aerodynamic character-
istics are various and the influencing mechanism is
complex. One of the mainly influence factors is the
air flow state surrounding the airfoil, which can be
divided into the laminar flow and the turbulence
flow. Due to the significantly different friction drag,
laminar or turbulent flow has significant influence on
the drag. As a result, in the numerical calculation,
the flow transition must be considered, and the flow
transition regions must be accurately judged. At
present, the main methods for predicting transitions
in engineering include the transition empirical rela-
tion, the ¢Y¥ method and the transition model method
based on turbulence model theory. In order to im-
prove the calculation accuracy, Langtry et al.’*”*"
jointly proposed a transition model based on the lo-
cal variables of the flow field in the SST turbulence
model. The model combines the advantages of tran-
sition empirical relation and low Reynolds number
turbulence model, and can predict transition more
accurately.

Considering both grid generation efficiency and
computational accuracy, a C-type mesh is employed
in the computation, as shown in Fig.1, where ¢ is
the blade chord length.

Wall BC: - 159,

e 81 poiﬁtsat B s
+ airfoil’s surface | |

Lower surface

S Tailing

Fig.1 Structured grid of NACA 0012 airfoil

First, the grid independence was verified by
comparing numerical and experimental aerodynamic
results for the NACA 0012 airfoil at Ma=0.3 and
Re=3.7X10° with varying grid resolutions. The

grid resolutions are given in Table 1.

Table 1 Varying grid resolutions

Grid resolution Number of grid points

Coarse 248 X 95
Medium 306 X 112
Fine 421 X 142

Fig.2 shows the comparison of the lift coeffi-
cient C, and drag coefficient C, under varying grid
resolution @. As can be seen from Fig.2, the estab-
lished aerodynamic analysis method demonstrates

good agreement with experimental data in predicting

1.6
o Experimental result
—— Numerical result
12k (coarse grid) o
° g
U 0.8 "o =t
---- Numerical result
04 (medium grid)
------ Numerical result
(fine grid)
0.0 . L L
0 5 10 15 20
al/(°)
(a) Comparison of lift coefficient
03 o Experimental result
0.2  — Numerical result
(coarse grid)
& 0.1} ---- Numerical result
(medium grid)
0.0 prm==Bsh
---- Numerical result (fine grid)
0'10 5 10 15 20
al/(°)
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Fig.2 Comparison of computational results under varying

grid resolution
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both the stall angle of attack and the linear region of
lift. Additionally, the computed drag and pitching
moment before stall exhibit excellent consistency
with experimental measurements. Furthermore, the
results obtained from different grid resolutions are
nearly identical, indicating satisfactory grid conver-
gence. The medium grid resolution is used in the fol-
lowing computations.

In order to test the accuracy of the numerical
simulation method established in this paper for tran-
sition position prediction of airfoil flow, the transi-
tion position of NACAO0012 airfoil is simulated. The
simulation condition is the same with the experimen-
tal state of NACAO0012 airfoil in Ref.[ 22 ], which is
Ma=0.15 and Re=3X10°. The calculated transi-
tion position, experimental results and numerical re-
sults in Ref.[16] are listed in Table 2. It can be seen
that compared to the calculation results in Refl.[16],
the calculation results in this paper are closer to the
experimental results. The transition positions of
both the upper and lower surfaces of airfoil are in
better agreement with the experimental values, es-

pecially at the condition of high angle of attack.

Table 2 Transition position prediction of NACA0012

airfoil
a/ Upper surface of airfoil ~ Lower surface of airfoil
) Exp. Ref[16] Cal. Exp. Ref[l6] Cal.
0 0.450  0.43 0.46 045 0.43 0.46
3 0.200  0.21 0.23  0.66 0.72 0.65
5 0.085 0.13 0.13  0.79 0.88 0.79
8 0.024  0.07 0.04  0.92 1.00 0.98

10 0.013 0.04 0.02  1.00 1.00 1.00

In order to compare and analyze accuracy of the
present calculation results in detail, Fig.3 shows the
comparison between the calculated friction drag co-
efficient C; in Ref.[16] and in this paper at @ = 3°,
where x is the distance from the airfoil leading edge
on chord. From Table 2, both the calculated results
in Refl.[16] and in this paper are in good agreement
with the experiment values at @ = 3°. It can be seen
that the calculation result curves in this paper are
completely consistent with the distribution shape,

numerical value and variation trend of friction drag

in Ref.[16]. The correctness of the method in this
paper is further confirmed. It can also be seen from
Fig.3 that compared to the full turbulence calcula-
tion results, the friction by transition model is much
smaller, especially on the lower surface. The flow
on lower surface maintains a long laminar flow
state, and the friction drag is significantly smaller
than the results by full turbulence model. There-
fore, it is important to consider flow transition to im-

prove the calculation accuracy of airfoil drag.
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Fig.3 Friction drag comparison between Ref.[16] and pres-

ent paper(a = 3°)

Through comparative analysis, it can be con-
cluded that the numerical simulation method in this
paper can well simulate the transition of airfoil flow.
The prediction of transition position and the friction

drag values are highly accurate and reliable.

2 Flow Transition Calculation and
Experimental Research for Spe-
cial Rotor Airfoil

2.1 Transition experiment in low-speed wind

tunnel

It is difficult to accurately capture the airfoil
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flow transition position by experiment. In this pa-
per, the infrared thermal imager is used to measure
the flow transition position, by which the surface
temperature of airfoil is measured. The measuring
principle of the infrared thermal imager method is
that the heat exchange generated by irregular pulsa-
tion in turbulence boundary layer is one order of
magnitude higher than that in laminar boundary lay-
er. If the surface temperature of an airfoil model has
an obvious difference from the atmospheric tempera-
ture, it will step in flow transition region when the
air flows through it. At the same time, for low
speed incompressible flow, the surface temperature
step can only be caused by the flow transition of the
boundary layer. Therefore, the position of {low tran-
sition can be obtained by measuring the position of
the temperature step on the airfoil surface using an
infrared thermal imager. Due to the complexity of
the experimental devices and the operation in the ex-
periment process, this experiment is only suitable
for the open-throat low-speed wind tunnel.

The experiment processes are as follows:

(1) Heat the surface of a special rotor airfoil
model in the wind tunnel using a high-power electric
heating plate, until the temperature reaches the ex-
pected value.

(2) Turn off the heating device power and re-
move it. Then, drive the wind tunnel at the same
time.

(3) Collect the temperature field data of the air-
foil model after the wind speed is stabilized.

(4) Determin the transition region through the
images captured by the infrared thermal imager.

Two states of the airfoil at Ma=0.2, a =2°
and Ma=0.2, a =3" (Re=2.26X10°) are experi-
mentally measured, as shown in Figs.4, 5. And the
results in Fig.4(a) and Fig.5(a) show that: at a=
2°, the transition starting position is x/c=0.22, and
the transition ending position is x/c=0.27. The di-
mensionless length of the transition region is 0.05.
At a=3", the transition starting position is x/c=
0.18, and the transition ending position is x/c=
0.23. The dimensionless length of the transition re-

gion is also 0.05.

Fig.4

Fig.5
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The experimental results show that the turbu-
lent flow of the airfoil model has been fully devel-
oped at low speed and low angle of attack, such as
at Ma=0.2, a=2" and 3°. With the increase of an-
gle of attack, the transition region moves forward as
a whole, but the length of the transition region re-

mains essentially unchanged.
2.2 Calculation and experiment results

Because the friction drag of the laminar bound-
ary layer is much smaller than that of the turbulent
boundary layer, the transition position can be pre-
dicted by monitoring the step change point of fric-
tion drag on the airfoil surface during the numerical
simulation of the airfoil flow.

The calculation states are the same as the air-
foil infrared thermal imager experiment states men-
tioned above. The calculation results in Fig.4(b)
and Fig.5(b) show that: at @ =2°, the transition
starting position is x/¢=0.22 and the ending posi-
tion is x/c=0.27. The dimensionless length of the
transition region is 0.06. At @ =3°, the transition
starting position is about x/¢=0.185 and the ending
position is x/c=0.23. The dimensionless length of
the transition region is 0.05.

Comparing the calculation results and the ex-
perimental results, it is found that the calculation re-
sults of the transition region are slightly ahead of ex-
perimental results by 2% chord length, and the
lengths of the transition regions are similar. The cal-
culation results and the wind tunnel experiment re-
sults can be used to confirm each other. It is fully
proved that the infrared thermal imager experiment
method for the low-speed flow transition is reliable

and the calculation method in this paper is accurate.

2.3 Calculation and analysis of the Reynolds

number effect on low-speed flow transition

Based on the accurate numerical simulation and
wind tunnel experimental research of the airfoil flow
transition, the comparative analysis of effects of the
angle of attack and the Reynolds number on airfoil
flow transition is carried out by the established meth-

od. Fig.6 shows the surface friction drag of the air-
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Fig.6 Comparison of friction drag of a helicopter rotor air-
foil under different Reynolds numbers at different an-

gles of attack

foil at different angles of attack under Re=1.13X
10° and Re=2.26 X 10°, respectively. Similarly, the
flow transition region can be predicted by comparing
and analyzing the step of friction drag on airfoil sur-
face.

Table 3 shows the specific transition starting
positions, the ending positions, and the length of
the transition regions obtained by identifying the
step of airfoil surface friction drag from Fig.6. The
calculation results are analyzed as follows.

Table 3 Transition region prediction (x/c) of a helicopter

rotor airfoil

Re=2.26X10°
Region  Start  End

a/ Re=1.13X10°
(°)  Start End
0 043  0.57 0.14 0.250  0.320  0.070
2 0.26  0.37 0.11 0.200 0.260  0.060
4 0.18  0.25 0.07 0.140  0.190  0.050
6
8

Region

0.12  0.17 0.05 0.100  0.130  0.030
0.07  0.11 0.04 0.052  0.077  0.025
10 0.04 0.07 0.03 0.013 0.023  0.010
12 0.01  0.03 0.02 0.008 0.016  0.008
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(1) Influence of different angles of attack at the
same Reynolds number

At the same Reynolds number, with the in-
crease of the angle of attack, the transition starting
position gradually moves to the leading edge of the
airfoil. Under the condition of low angle of attack,
the transition region is wider and the turbulence is
not fully developed. With the increase of angle of at-
tack, the transition region gradually decreases. That
is, the transition region is compressed and gradually
moves forward. The laminar flow area gradually
shrinks, and the turbulence region gradually ex-
pands until it diffuses to the leading edge of the air-
foil, fully covering the airfoil surface.

(2) Influence of different Reynolds numbers at
the same angle of attack

Compared to the results under Re=1.13X10°,
the flow transition position moves forward obvious-
ly and the transition region shrinks under Re=—
2.26X10° with the same angle of attack. Moreover,
even at the state of low angle of attack, the transi-
tion from laminar flow to turbulence can also be

achieved.

2.4 Comparative research on high-speed wind

tunnel experiment and calculation

For the high-speed wind tunnel experiment of a
special rotor airfoil, it should be carried out in the
transonic wind tunnel. Experiments on the effects of
Reynolds numbers on airfoil aerodynamic character-
istics are conducted at atmospheric pressure (one at-
mospheric pressure) and pressurization (two atmo-
spheric pressures), respectively. For this airfoil,
the experiment conditions are Ma=0.7 and Re =
2.6X10°, 5.2X10°, respectively. The experimental
results and the corresponding numerical calculation
results of C, and C, at different Reynolds numbers
are shown in Figs.7, 8.

In wind tunnel experiments, lift coefficients are
obtained by measuring the pressure distribution on
the airfoil surface. It can be seen that the lift coeffi-
cients in the linear segment are very consistent un-
der different Reynolds numbers. However, at the
condition of high angle of attack, the lift curve slope

under the pressurized state is slightly larger. In addi-
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Fig.8 Drag coefficient at different Reynolds numbers

tion, according to the calculation results, the airfoil
under the pressurized state has a larger stall angle of
attack and a larger maximum lift coefficient. The ex-

periment and calculation results of the lift coefficient
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show good consistency and conform to the general
law of the influence of the Reynolds number on aero-
dynamic characteristics. And, the drag coefficients
of the airfoil are obtained by measuring the total
pressure loss in the wake area of the airfoil flow field
and converting it into momentum loss, expressed as
Eqs.(2, 3). The total pressure loss in the wake is
measured by a wake row-tube, on which 53 total
pressure measuring tubes and four static pressure
measuring tubes are arranged.

h/2 d
=] amn@-c. (2)
—h2

C

1- — (3)

()

where 4 is the height of wake row-tube, P, the to-

tal pressure measured at the wake, P, the average
value of static pressure measured by the static pres-
sure tubes on the wake row-tube, C,,, the drag coef-
ficient caused by the flow loss of wind tunnel, and
y=1.4.

Analyzing the wind tunnel experiment and cal-
culation results of drag coefficient, it is found that
both of them show the general law'*’ that the drag
decreases when the Reynolds number increases at a
small angle of attack ( —2°—+42"). The correspond-
ing physical meaning is that the increased Reynolds
number decreases effects of the viscosity and the
friction drag. However, as the angle of attack in-
creases, the drag coefficient under the pressurization
state gradually exceeds that under the atmospheric
pressure state, namely, with the increase of the
Reynolds number, the drag increases. In addition,
experimental results and numerical calculation re-
sults of the wind tunnel show the same phenome-

non, which is different from the general influence

trend of the Reynolds number on drag. And, a more
detailed analysis is conducted.

In order to further analyze the reasons for the
increase of drag when the Reynolds number is in-
creased, Fig.9 shows the comparisons of pressure
coefficient C, on airfoil surface at a=1.17", 2.54°,
and 3.90° under the atmospheric pressure (Re=
2.6X10°) and pressurization wind tunnel experi-
ments (Re=5.2X10°). For a=1.17", the pressure
distribution on the airfoil surface is basically the
same at atmospheric pressure and pressurization con-
dition, and the negative pressure peak of the airfoil
leading edge 1s slightly wider under pressurization
condition. For a=2.54°, the basic pattern of the air-
foil surface pressure distribution remains unchanged
for both atmospheric pressure and pressurization
condition, while the negative pressure peak of the
airfoil leading edge remains longer under pressurized
condition. For a=3.90°, the airfoil surface pressure
distribution of atmospheric basic pattern still re-
mains unchanged. The negative pressure peak on
airfoil leading edge under pressurization condition
becomes narrow, and a decrease phenomenon of
pressure drop gradient appears, which means the
speed reduction rate decreases.

Fig.10 shows the comparison of drag coeffi-
cient distributions at Ma=0.7,a=1.17", 2.54°, and
3.90° at the atmospheric pressure and pressurization
by wake measurement. At different angles of at-
tack, the drag peaks in atmospheric pressure and
pressurized state are basically the same. The differ-
ence is that the drag distribution pattern measured in
pressurized state is “fatter” than that in atmospheric
pressure state when a=2.54" and 3.90°. Since the
drag distribution measured by the wake is a compre-
hensive performance of various factors, the wind
tunnel experiment can only find the abnormal phe-
nomenon that the drag at a high Reynolds number is
larger than that at a low Reynolds number in some
states of the airfoil, but the specific reasons cannot
be given from the flow details or flow mechanism.

Further, the distribution diagrams of friction
drag on the airfoil surface are obtained by calculation
and presented in Fig.11. From Fig.11, we can draw

the following conclusions.
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Fig.9 Airfoil surface pressure distribution at different Reynolds numbers
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Fig.11 Friction drag distribution on airfoil surface at different Reynolds numbers

(1) When a=1.17"and Re=2.6X10°, a very
small separation bubble appears near x/c=0.175
and then rapidly reattaches to the airfoil surface,
and flow transitions appear at the same time. How-
ever, at Re=5.2X10°, no flow separation bubbles
appear, although flow transition also occurs on the
upper surface of the airfoil at almost the same posi-
tion. Because the flow separation occurs at a low
Reynolds number, the friction drag at a low Reyn-
olds number is relatively greater in both laminar
flow section and turbulence section. And thus, at
this angle of attack, the drag of airfoil at a low Reyn-

olds number is greater.

(2) When a=2.54", at both Reynolds num-
bers, flow separation bubbles appear on the airfoil
upper surface near x/c=0.285, and then rapidly at-
tach to the airfoil surface, followed by flow transi-
tion. On the airfoil’s lower surface, flow transition
occurs later at Re=2.6X10°, and most of the flow
area is laminar. At Re=5.2X10°, flow transition on
the lower surface occurs earlier, almost at the same
x/c station position as on the upper surface. There-
fore, at a high Reynolds number, the airfoil is cov-
ered by turbulence in a larger area than at a low
Reynolds number, resulting in a larger airfoil drag

at high Reynolds number.
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(3) At a=3.90° and Re=5.2<X10°, on the air-
foil upper surface, flow transition takes place firstly
near x/c=0.284, followed by the formation of sepa-
ration bubbles near x/c=0.38. At Re=2.6X10°, a
relatively larger separation bubble is generated in a
slightly forward position. After bubble separation,
flow transitions occur under both Reynolds num-
bers. On the lower surface of airfoil, flow transition
occurs later at Re=2.6X10%, and most of the area
is laminar flow. At Re=5.2X10°, flow transition
occurs earlier, almost at the same x/c station as the
upper surface. At a high Reynolds number, flow
transition occurs first and then flow separates on the
upper surface of the airfoil. And the transition posi-
tion of the lower surface is earlier than that at the
lower Reynolds number. These two factors together
lead to greater drag of the airfoil at a high Reynolds
number. The corresponding airfoil flow field distri-
bution is shown in Fig.12, where y is the local air-

foil thickness.

Pressure coefficient
1.728

1.509
1.291
1.072
0.854
0.635

0.417

-

Fig.12 Airfoil flow field distribution

3 Conclusions

In this paper, a high precision numerical meth-
od for airfoil aerodynamic characteristics calcula-
tion, which considers the flow transition effect, is
established and verified. The results show that the
numerical method can accurately calculate airfoil
drag and capture flow transition. Based on the meth-
od, comparative research on the effects of Reynolds
numbers on the aerodynamic characteristics of spe-
cial rotor airfoils at low-speed and high-speed is car-
ried out by numerical calculation and wind tunnel ex-

periment. Some significant results are obtained for

the personalized airfoil design of the helicopter used
in special environments. The main conclusions are
as follows:

(1) Comparative analysis of numerical calcula-
tion results and infrared thermal imager experiment
results proves the feasibility and accuracy of flow
transition measurement by infrared thermal imager
experiment method in low-speed flow, effectively
solving the problem of flow transition measurement.

(2) The margin of error of flow transition posi-
tion between experiment and numerical prediction is
within 2% chord.

(3) In low-speed flow, Reynolds number has a
significant effect on the airfoil transition position.
For the working environment of the helicopter rotor
airfoil, the inner section of the blade basically works
in the state of low-speed flow and large angle of at-
tack. Therefore, it is necessary to pay special atten-
tion to the changes in transition position and transi-
tion region caused by the Reynolds number, so as to
accurately improve the rotor performance.

(4) The aerodynamic characteristics of the air-
foil, especially the drag characteristics, do not al-
ways conform to the general law that the drag de-
creases with the increase of the Reynolds number.
In some states, due to the influence of the Reynolds
number on transition or flow separation, the drag
may increase with the increase of the Reynolds num-
ber.

(5) The results show that the design of helicop-
ter airfoils should not only consider the aerodynamic
characteristics of airfoils at standard atmosphere and
sea level, but also should examine the aerodynamic
characteristics at high altitude and low Reynolds
number conditions. Especially for China’ s unique
high plateau operating environment, it is necessary
to carry out research and design of plateau rotor air-
foils based on high plateau and low Reynolds num-

ber design points.
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