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KEYWORDS Abstract This study proposes a process to obtain an optimal helicopter rotor blade shape for aero-
Airfoil; dynamic performance in hover flight. A new geometry representation algorithm which uses the class
Design optimization; function/shape function transformation (CST) is employed to generate airfoil coordinates. With this
Helicopter design; approach, airfoil shape is considered in terms of design variables. The optimization process is con-
Hover performance; structed by integrating several programs developed by author. The design variables include twist,
Planforms; taper ratio, point of taper initiation, blade root chord, and coefficients of the airfoil distribution func-

Rotor blades design tion. Aerodynamic constraints consist of limits on power available in hover and forward flight. The

trim condition must be attainable. This paper considers rotor blade configuration for the hover flight
condition only, so that the required power in hover is chosen as the objective function of the
optimization problem. Sensitivity analysis of each design variable shows that airfoil shape has an
important role in rotor performance. The optimum rotor blade reduces the required hover power
by 7.4% and increases the figure of merit by 6.5%, which is a good improvement for rotor blade
design.
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1. Introduction blade shape design to optimize the aerodynamic performance
of rotor blades by selecting the point of taper initiation, root
chord, taper ratio, and maximum twist which minimize hover
power without degrading forward flight performance.' This
approach usually deals with integration of several programs
to build an optimization process. Second, some works have

* Corresponding author. Tel.: +82 10 37033461. tried to solve this problem using computational fluid dynamics

E-mail addresses: vna2006@hotmail.com (N.A. Vu), jwlee@konku- (CFD) methods. These CFD methods are reasonable for the
kackr (J.W. Lee). hover case but very time-consuming. Moreover, the applica-
Peer review under responsibility of Editorial Committe of CJA. tion of the CFD method to the flow field passing the blade
in forward flight is very complex. Therefore, the CFD method
is not suitable for the preliminary design phase because of the
need for quick estimation. With the aim of allowing quick esti-
mation in the preliminary design phase, this study follows the

There are two common approaches to blade aerodynamic
performance design. First, most researchers now focus on

&

ELSEVIER Production and hosting by Elsevier

1000-9361 © 2013 CSAA & BUAA. Production and hosting by Elsevier Ltd. Open access under CC BY-NC-ND license.
http://dx.doi.org/10.1016/j.cja.2012.12.008


https://core.ac.uk/display/82691708?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:vna2006@hotmail.com
mailto:jwlee@konkuk.ac.kr
mailto:jwlee@konkuk.ac.kr
http://dx.doi.org/10.1016/j.cja.2012.12.008
http://www.sciencedirect.com/science/journal/10009361
http://dx.doi.org/10.1016/j.cja.2012.12.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

2

N.A. Vu et al.

first approach with advanced improvements. In this study, a
new geometry representation algorithm which uses the class
function/shape function transformation (CST) method is ap-
plied to considering airfoil shape. The advantages of this
CST method are high accuracy and use of few variables in
geometry representation.? Therefore, this work deals with the
same problem of blade aerodynamic performance design as
mentioned above while some additional design variables are
included through consideration of airfoil shape.

Satisfactory aerodynamic performance design has been de-
fined by the following requirements which must be met for any
flight condition: the required power must be less than the
power available and the rotor blade must be trimmed.'

The design process is represented in Fig. 1. This process also
includes a sizing module. After setting the size of the helicopter,
the helicopter rotor blade shape optimization process is per-
formed as the next step of the design process. Following this pro-
cess, a set of initial values for design variables is chosen from the
sizing module. The airfoil baseline, which is airfoil NACA0012,
was chosen for the first step of the design process. Then, blade
shape variables such as chord distribution, twist distribution,
and airfoil point coordinates are generated. The required power
for hover is computed by the program Konkuk Helicopter De-
sign Program (KHDP), and the trim condition is checked. Air-
foil analysis is performed by the program 2KFoil to generate
airfoil aerodynamic characteristics in C81 format. Some others
additional codes to generate airfoil coordinates, chord distribu-
tion, and twist distribution are implemented in order to build a
full framework for the optimization process in ModelCenter
software. ModelCenter is a powerful tool for automating and
integrating design codes. Once a model has been constructed,
trade studies such as parametric studies, optimization studies,
and design of experiment (DOE) studies may be performed.’

The required power in hover analysis is determined by
using the blade element method, which considers the airfoil
characteristics.

2. Design process

2.1. Design considerations

Helicopter hover performance is expressed in terms of power
loading or figure of merit (FM). In this study we assume that
the rotor thrust and helicopter weight are equal. Therefore, the
required hover power should be made as small as possible. The
hover power required to drive the main rotor is formed by two
components: induced power and profile power (to overcome
viscous losses at the rotor). The induced power and the profile
power primarily influence the blade aerodynamics perfor-
mance design.*

The conventional approach to blade aerodynamics per-
formance design starts with the selection of the airfoils
which could be applied over various regions of the blade ra-
dius. The choice of airfoils is controlled by the need to
avoid exceeding the section drag divergence Mach number
on the advancing side of the rotor disc or exceeding the
maximum section lift coefficients on the retreating side of
the rotor disc.'

The present work considers the effect of blade airfoil
shape on required power. Therefore, a baseline airfoil
NACAO0012 was chosen as a unique airfoil for the blade
to simplify the process of optimum design. Moreover, this
approach can deal with various helicopters which operate
in various velocity ranges. The considerations of selection
of the baseline airfoil are skipped. The airfoil shape is rep-
resented by CST function coefficients. These coefficients
are also the design variables of the examined optimization
problem.

Considering the above-mentioned factors, this approach
gives the induced and profile power as functions of twist, ta-
per ratio, point of taper initiation, blade root chord, and
coefficients of the airfoil distribution function. Satisfactory

i * “““““ S
sizing (1" ionrootchord. 11| - S et
KHDP- [1| Taper f;';:gg%rcmg; Pl 4 variables Airfoil coordinates | | 't
izi rist, , | ; i ) airfoil
SIANE 11 number of blade element ! ! des_;l%_n_]of iﬁ?;rgg]g na g;g,ﬁ?;;& ::
| airtor — o
I ! :. } : : Optimizer
I T s ettt -
| ! . ] 1 ]
: Chord, twist, radius 1 } Airfoil analysis ! Objective
| distribution generation | | 2KFoil 1 function
! CONF ! ! | i
[y m——— e e e e [ I J
i 1 H
' l * : } ' ::
') Chord, twist, radius 1 ’ o I 1 ) .
i distribution | . Tnm AOA., chord Aufoil } Airfoil :: Design variables
' ; analysis > characteristic 5 ' tairfoil sh
‘ : = ‘ T characteristic [ airfoil shape
ol 1| KHDP-trin |Mach number| subroutine [ h " +blade planfi
Ve e e s el o | CL.CD.CM) I library i ade planform
: A r (CL.LCD, } C81 format :: shape
5 CL,CD, CM | : H
' Geometry b | R
] data | prommmmmgomoosseessesssmspesssssesoooooooos e =
i Flight Required H
: condition power :
E Rerformances analysis :
: KHDP-performance :
i T H
e e S 4 B R A A SR S B T SR e m e e e e A B RRE R R TP { ’
| Required hover power Jl

Fig. 1

Design synthesis process.
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aerodynamics performance is defined by the following
requirements’:

(1) The required power must be less than the power
available.

(2) The helicopter must be able to trim at hover flight
condition.

2.2. Design synthesis process

The design synthesis process is shown in Fig. 1. Four modules
are implemented in this optimization framework: (A) the
chord, twist, and radius distribution generation module; (B)
the airfoil point coordinates generation module; (C) the airfoil
characteristics library with C81 format module; (D) and the
sizing, trim, and performance analysis module. The chord,
twist, and radius distributions are generated by a code in which
the geometry representation can be changed; for example it
can be a linear or nonlinear function. In this study, chord dis-
tribution is generated based on the root chord, the point of ta-
per initiation, and the taper ratio. Twist distribution is
assumed to vary as a linear function along the blade. Radius
distribution was divided by the equal annulus area of the rotor
disk. These distributions are the input data for the trim code in
the trimming process.

2.2.1. Geometry representation CST method

The procedure of the CST representation method is shown in
Fig. 2. This method is based on analytical expressions to rep-
resent and modify the various shapes.” The components of this
function are ““shape function” and “class function”.

Using the CST method, the curve coordinates are distrib-
uted by the following equation:

y(x/e) = Cy(x/e)S(x/c) (1)

where CY?(x/c) = (x/e)" (1 = x/c)™ represen}gs class func-
tion, N; and N, are exponents; S(x/c)= > [4:(x/c)] is
shape function, x non-dimensional values from 0 to 1, and ¢
curve length (if the shape is like an airfoil upper curve, ¢ is
the chord length).

For the formulation of the CST method, Bernstein polyno-
mials are used as a shape function.

Si(x) = Kix'(1 — x)" (2)

where K = (n) = nil represents binomial coefficients, n
i il(n—1i)!

is the order of Bernstein polynomial, and i the numbers 0 to n.

The CST method follows the process shown in Fig. 2. First,
the given data points are converted to non-dimensional values.
Second, the class function exponents and the degree of the
shape function are defined. Then, shape function coefficients
are calculated by the fitting process. Finally, by multiplying

Given data Class function Shape function
points exponents selection degree selection

1]
Output data Rep]‘esemation
points function

Fitting process: shape
Fig. 2

function coefficients
calculation

Representation procedure using CST method.

the shape function and the class function, the distribution
function is obtained.

Fig. 3 shows the airfoil geometry represented using the CST
method and non-uniform rational basis B-spline (NURBS). In
this case, the control variables are the coordinates of control
points (five variables for the upper curve and five for the lower
curve). The CST method with four control variables fits the
existing airfoil better than NURBS, which uses ten control
variables.’
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Fig. 3 RAE2822 airfoil representation.

Fig. 4 shows the absolute errors ¢ of airfoil generation using
CST and NURBS (five control points for each curve, fourth
order blending functions). Generation by NURBS gives bigger
errors at the tail part of the airfoil.

The advantage of the CST method in comparison with
other methods such as Spline, B-Splines, or NURBS is that
it can represent curves and shapes very accurately using few
scalar control parameters.

In this study, the airfoil baseline was chosen as NACA0012.
With the given data coordinate points in Cartesian coordinate
space, a curve fitting was generated using fourth order Bern-
stein polynomials.

The class function for the airfoils is

C(x) = x"(1 — x) (3)
The airfoil distribution functions defined as upper and low-
er curves are presented sequentially as
Y (x) = C(x)[Ap(1 — x)* + Apdx(1 — x)° + Ap6x>(1 — x)°
+A4x3(1 = x) + Aux?]
Yo (x) = C(x)[Auw(1 = x)* + Aydx(1 — x)* + A4,6x3(1 — x)°
+ 43433 (1 = x) + Awx?]
(4)
where 4,9 = 0.1718; 4, = 0.15; Ay, = 0.1624; 4,3 = 0.1211;

Au4 = 01671, A10 = —01718, AU = —0.]5; A12 = —01624,
Az = —0.1211; 44 = —0.1671.
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Fig. 4 Absolute errors in airfoil generation.
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Changes in the coefficients 4y and A4 in the CST method
are sufficient for airfoil shape modification.? These coefficients
are also the design variables of the examined optimization
problem.

Four coefficients of the airfoil distribution function are
defined as the initial input data of the design process after
obtaining the fitting curve of the airfoil baseline NACA0012.
Then, airfoil coordinate points are generated by the CST
function.

2.2.2. 2KFoil program

2KFoil, an airfoil analysis program for subsonic isolated
airfoils, was adapted from the well-known XFOIL
program to be suitable for the present study. The main algo-
rithm of this code is a combination of high-order panel meth-
ods with a fully coupled viscous/inviscid interaction method.®

The inviscid formulation of 2KFoil is a linear vorticity
stream function panel method. A Karman-Tsien compressibil-
ity correction is incorporated, allowing good compressible pre-
dictions all the way to sonic conditions.®

The viscous formulations come from the boundary layers
and wake which are described with a two-equation lagged dis-
sipation integral boundary layer and an envelope en transition
criterion.®

A sequence of angle of attack (AoA) from —20° to 20° is
calculated for each Mach number Ma., from 0.05 to 0.70.
The starting AoA of each calculation is set to 0°, and the
AO0A step is set to 0.5°, thereby ensuring that the Newton solu-
tion method using the last available solution as a starting guess
for a new solution works well.® Moreover, an algorithm has
been implemented in order to recognize any impossible predic-
tions such as a very high AoA in the stall condition. Detected
errors are handled by halting the calculation and proceeding to
the next calculation at another Ma,,. Therefore, the algorithm

ensures good predictions and always completes sequence cal-
culations automatically.

The airfoil to be analyzed will be input into 2KFoil as air-
foil coordinate points, and then 2KFoil will generate the lift,
drag, and moment coefficients C;, Cp, and C,, corresponding
to a specific angle of attack, Ma,, (from 0.05 to 0.70), and
Reynolds number.

2.2.3. Konkuk helicopter design program (KHDP)

KHDP is a helicopter sizing, performance analysis, and trim
analysis program that was developed at Konkuk University.
These codes were developed for use in the conceptual design
phase and hence they used empirical formulas to reduce com-
puting times.” The sizing process was based on graphical de-
sign techniques method called the fuel ratio or Rg method
developed during the 1950s and 1960s and initially utilized
with nomographs.®®

To quickly understand and image the helicopter behavior,
the performance analysis module was developed. An analytical
method was used to provide the designer with a reliable tool of
sufficient fidelity to assist in the design process. The module is
based on an energy approach and it has been written to yield
results quickly and inexpensively.*!°

Blade element theory was implemented to calculate the re-
quired power in different helicopter operations, namely hover,
climb, cruise, descent, and autorotation.'®!!

Fig. 5 shows an integrated algorithm that was developed to
predict the performance behavior of a helicopter by momen-
tum theory and blade element theory (BET). BET needs to call
trim module analysis to obtain the required power. Therefore,
the required power is a function of the airfoil shape, and the
blade planform.

The program KHDP with the performance analysis module
provides many options for the objective function. The objec-
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Fig. 5 KHDP program process.
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tive function of this study is chosen as the required hover
power. Helicopter data are analyzed by the performance code
obtained from either the sizing module or user inputs.
The KHDP program process using BET is shown in Fig. 5.
Validated results of each module are shown in Ref. '* The dif-
ferences between calculated results and the existing data are within
5% in general, hence acceptable for preliminary design phase.
After achieving the trim condition, meaning that the trim
condition is attainable, the required power is evaluated in order
to proceed to the next loop of the optimization process. So, a
new set of initial data (root chord, the point of taper initiation,
taper ratio, pretwist, and Ay and A4 of the airfoil distribution
function) is generated depending on the optimization algorithm.
This loop continues until the convergence condition is satisfied.
The harmonic balance method was used in the trim code
module to calculate trim angles’ (collective pitch, cyclic pitch,
etc.) forces and moments. Required power is then calculated
using below equations:

PH = PHyg + PHig (5)
PHMR = Mumr X QMR/746 (6)
PHTR = MTR X QTR/746 (7)

where PH is helicopter required hover horsepower, PHyr
main rotor horsepower, PHry tail rotor horsepower, Myr
main rotor moment, Mrg tail rotor moment, Qg rotational
frequency of main rotor, and Qrg rotational frequency of tail
rotor

3. Optimization formulation and method

3.1. Design variables

The design variables are maximum pretwist, taper ratio, point
of taper initiation, blade root chord, and Ay and A4 of the air-
foil distribution function. The blade is rectangular until the
station of the point of taper initiation and then tapers linearly
to the tip."* The twist varies linearly from the root to the tip.
NACAO0012 was chosen as the baseline airfoil, and A, and
Ay are the design variables of the airfoil shape.

3.2. Constraints

The required power in hover must be less than the power avail-
able. The trim constraint in hover is implemented by express-
ing the constraint in terms of the number of trim iterations,
iter, and the maximum number of trim iterations allowed,
Itermax-

iter < itermay )

The other constraint is used to ensure that the blade tip
chord does not become too small.

Ct < Ctmin (9)

where ¢ is the tip chord and cy;, the minimum tip chord
allowed.

This constraint can be described in terms of the taper ratio
range shown in Table 1. The magnitudes of the 4y and A4 of
the airfoil distribution function are less than 1.

g = |40, A4 =1 <0 (10)

Table 1 Design variables and constraints.

Parameter Lower bound Upper bound

Design variable Ao 0.05 0.5
Aya 0.05 0.5
Ay —0.5 —0.05
Ay —0.5 —0.05
Tapr 0.2 1
Potap 0.5 1
Chord (m) 0.2 0.35
Twist (°) —16 =5

Constraint FM 0.69 1
IT™M 1 15

Where Tapr is taper ratio, Potap position of taper initiation, Chord
chord length, FM figure of merit, ITM number of trim iterations;
Auo, Aus, Arg, and Ay, are coefficients of airfoil shape distribution
function.

3.3. Objective function and optimization tool

The performance module allows the objective function of the
optimization problem to be varied. In this study, the required
power in hover was chosen as the objective function.

All modules were wrapped in the program modelcenter,
which is a powerful tool for automating and integrating design
codes. The Design Explorer tool was used to perform the opti-
mization search using modelcenter. Design Explorer’s key
technologies are the systematic and efficient sampling of the
design space using design of experiments (DOE) methods
and the intelligent use of “‘surrogate’” models for problem anal-
ysis and optimization. The smooth surrogate models serve as
substitutes for potentially expensive and ‘“‘noisy”’ computer
simulations and make global analysis and optimization of
complex systems practical.

The surrogate models used by Design Explorer are Kriging
interpolation models.!* To create a surrogate model, Design
Explorer executes the analysis code (ModelCenter model) mul-
tiple times and stores the results of each run in a table. The in-
put variable values for this series of runs are chosen to
efficiently canvas the design space (using an orthogonal array).

The aim of Kriging interpolation is to estimate the value of
an unknown function, £, at a point x~ using weighted linear
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Fig. 6 Process of using surrogate model in Design Explorer
option of ModelCenter.’
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combinations of given the values of the function at some other
points, xi, X, ..., x, the predicted value f{x*) is expressed as:
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The weights w; are solutions of a system linear equations
which is obtained by calculating the partial first derivatives
of the error variance and setting the results to zeros. The error
of prediction &(x) is expressed as

qumfiwwm (12)

The process of using surrogate model in design explorer
tool is shown in Fig. 6. The surrogate models are selectively
updated and refined as the optimization process progresses.
Global search mechanisms are implemented to avoid local
minima. A final pattern search guarantees that the best design
found is at least a local minimum.
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A gradient based optimization algorithm (sequential qua-
dratic programming) is used in conjunction with the surrogate
models to predict the optimum design for the design problem.?

The lower and upper bounds of each design variable are
summarized in Table 1.

Table 2 Optimization results.

Parameter Baseline Optimization Improvement

0.1718 0.2803

Design variable 4,0

Aua 0.1671 0.2293
Ay —0.1718 —0.0755
A —0.1671 —0.1256
Tapr 1 0.2
Potap 1 0.5
Chord (m) 0.27 0.24
Twist (°) -8 —15.3
Constraint FM 0.72 0.77 6.5%
IT™ 6 12
Objective function Power (HP) 687.44 636.22 7.4%
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Fig. 8 Optimum results.
4. Results

Fig. 7 shows the sensitivity analysis of the effect of each design
variable on the objective function. These analyses reveal that
the coefficients obtained by the airfoil distribution function
have an important role in the performance of the rotor. There-
fore, this study has demonstrated that airfoil shape should be
considered as a design variable. This optimization problem is
applied to the rotor blade of a Bo 105 LS helicopter.

Table 2 and Fig. 8 shows the optimum results in which the
objective function decreases by 7.4% and FM increases by
6.5%.

5. Conclusion and future works

This study is performed for the hover case only. We can see
that the optimum taper ratio and position of the taper are
on the boundary of these design variables. These results match
the optimum hovering rotor described in Leishman’s textbook
which requires a local chord distribution over the blade to be
given by

c(r) =2 (13)

r

The local blade chord must vary hyperbolically with span
and can be adequately approximated by a linear taper over
the outer part of the blade.* Therefore, each section of the
blade operates at optimum lift-to-drag ratio.

The optimum blade shape has smaller solidity in compari-
son with the baseline. In this case, the twist decreases from
—8° to —15.3° in order to compensate lift reduction due to
smaller solidity. The optimum blade planform could generate
uniform inflow from taper position to tip, hence minimize
induced power. The optimum airfoil shape has higher thick-
ness and camber compared to baseline, thereby increasing
maximum lift of the airfoil. We can easily see that with the
optimum taper, twist and airfoil shape, values of local lift
coefficient reduce at the blade root and increase at the tip. This
reduces the profile power component, so the rotor can be oper-
ated at the same thrust but with an improvement of FM. The
optimum results in which the required hover power decreases
by 7.4% and FM increases by 6.5% are good values for rotor
blade design.

For any airfoil baseline case, the airfoil shape represented
by two coefficients for the upper curve, 4,0 and 4,4, and
two coefficients for the lower curve, Ajy and Ay, always plays
an important role in the effective performance of the rotor. By
using the CST method, we can represent the airfoil curve with
few coefficients, which is reasonable for the performance of an
optimization problem.

A further study on rotor blade design in forward flight and
maneuver flight also needs to consider airfoil shape. The
requirements are that the airfoil section must not stall in for-
ward flight and the drag divergence Mach number must be
avoided. The airfoil analysis performed by 2KFoil using the
panel method with viscous and compressibility correction is
suitable for subsonic flow analysis only. An additional effort
to create transonic and supersonic flow analysis code needs
to be performed for optimum blade design including airfoil
shape in forward flight.
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