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Abstract 
 
The importance of using Agriculture unmanned helicopters (AUHs), especially for spraying pesticides and fertilizers on any terrain 

type to ensure crop yields, has been recently acknowledged. Apart from flying these helicopters at a super-low altitude and low speed, 
using an efficient and optimum rotor blade ensures a uniform and deep penetration of pesticide and fertilizers over a specified area. Ac-
cordingly, this work attempts to optimize the rotor blade of an AUH by using coupling statistics and several numerical techniques, in-
cluding design of experiments, response surface method, and computational fluid dynamics. The experiments are designed using the 
central composite design method and by selecting the geometric variables that affect the aerodynamic performance of the rotor blade, 
including the root chord, tip chord, and angle of attack. The angle at the root and tip is optimized in order for the resulting twist to pro-
duce a uniform blade loading, achieve maximum lift, and minimize the required hover power. The required aerodynamic forces and lim-
ited availability of engine power are identified as constraints. The blade is optimized only when the helicopter is hovering at a persistent 
rotational speed, and the hover efficiency of the rotor blade with an optimal twist distribution is significantly higher than the baseline.  
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1. Introduction 

The application of airborne systems in agriculture, espe-
cially unmanned helicopters, has flourished in recent years [1, 
2]. Agriculture unmanned helicopters (AUHs) greatly outper-
form fixed-wing aircrafts in terms of hovering, vertical take-
off and landing, low runway requirements, and ability to fly at 
low speed and altitude, thereby making these helicopters suit-
able tools for agricultural production. These helicopters have 
also been identified as viable, economical, and potential tools 
for remote sensing and high-resolution photography that can 
help improve the existing agricultural practices and make 
agriculture-related decisions [3]. Accordingly, farmers have 
begun to use AUHs in applying precise amounts of seed, wa-
ter, herbicide, and pesticide to ensure favorable crop yields. 

In addition to their remote sensing applications, AUHs have 
also been used for spraying chemicals [4, 5], which is consid-
ered a harmful and labor-intensive task in agriculture. In this 
way, AUHs can significantly address those concerns related to 
farming labor, health, and environment. AUHs also ensure a 
timely and accurate application of these chemicals, thereby 

minimizing incidents of drift loss and evaporation. The 
downwash from the helicopter rotor also ensures the uniform 
and deep penetration of pesticides. 

AUHs are generally smaller than full-scale commercial 
manned helicopters yet have the same main parts, among 
which the main rotor produces the aerodynamic forces. Thus, 
the rotor blade must be carefully designed to ensure the opti-
mal performance of AUHs in all flight conditions, especially 
when hovering.  

However, rotorcraft design and optimization are challenging 
tasks. Rotor blades are also surrounded by an unsteady flow 
resulting from the different flow conditions that they encoun-
ter per blade revolution. Different flight regimes also impose 
various design requirements that make the optimization prob-
lem multi-objective and multidisciplinary. All these aspects 
must be considered concurrently such as in Refs. [6, 7]. 

As an efficient and robust tool, the Response surface meth-
odology (RSM) has been extensively applied in the optimiza-
tion process [8-11]. RSM comprises a group of mathematical 
and statistical techniques that are useful for design and optimi-
zation processes, experiments, regression analyses, and analy-
ses of variance [12]. 

This paper aims to describe an optimization process where 
RMS is applied to the rotor blade of an existing AUH to im-
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prove its aerodynamic performance. To obtain an optimum 
blade, the twist angle is optimized by varying the pitch angles 
at the root and tip, changing the tip chord length, and keeping 
the root chord length unchanged. A Computational fluid dy-
namics (CFD) analysis is performed using a 3D Navier-Stokes 
solver. The hover flight condition is considered for blade op-
timization because the AUH spends most of its time hovering 
at a relatively low speed (approximately 4 m/s to 7 m/s) at an 
altitude of 2 m to 4 m [5, 13].  

 
2. Computational methodology  

Fig. 1 shows the AUH employed in this study, AgroHeli-
4G (AH-4G), which comprises two rectangular blades with a 
root cut-out, a parabolic tip shape (see Fig. 2), and an angular 
rotating speed of 890 rpm [14, 15]. AH-4G has a 1176 N 
maximum lift capacity, 25 kW engine rated power, and 650 N 
total dead weight, while its blades have an aspect ratio of 
11.185 with a linear twist of -5°. These blades are based on 
two airfoil sections, namely, V1505A and V2008B, which are 
located at the root and tip, respectively. The inboard profile 
(V1505A) is a relatively thick airfoil section with a blunt nose, 
while the outboard profile (V2008B) is a relatively thin airfoil 
section with a drooped leading edge. V1505A is suitable for 
the inboard section and is aerodynamically more stable than 
V2008B because of its gradual stall, while V2008B is suitable 
for the outboard section and shows a relatively higher dy-
namic efficiency than V1505A. The airfoil sections are super-
imposed in Fig. 3. The blade geometry is modeled parametri-

cally by varying the design variables, namely, the angles at the 
root and tip and the chord length of the tip.  

The computational domain for the CFD analysis of the rotor 
blade involves a half cylinder (stationary fluid zone) and a 
single blade contained in a circular disk (moving fluid zone). 
Only one blade is considered due to rotational periodicity. Fig. 
4 shows the computational domain with boundary extents and 
the corresponding boundary conditions. The speed of the 
moving fluid zone at the clockwise direction of the negative y-
axis is fixed at 890 rpm. The far-field boundary condition with 
ambient properties is imposed on the outer boundary of the 
stationary fluid zone, while the no-slip boundary condition is 
applied to the blade surface. An interface is also defined be-
tween the moving and stationary fluid zones. An unstructured 
mesh is generated for the whole fluid domain and blade sur-
faces. Unstructured meshing provides flexibility in grid gen-
eration and is widely used in helicopter rotor blade simula-
tions [16]. 

In this study, the Reynolds-averaged Navier-Stokes equa-
tions are solved in conjunction with the multiple reference 
frame method for an isolated rotor blade. The computations 
are performed using Ansys Fluent solver [17]. The isolated 
rotor in hovering flight exhibits a steady-state flow in the 
moving reference frame. The realizable k-epsilon turbulence 
model is employed with an enhanced wall treatment. 

A grid sensitivity test is also performed to obtain a grid-
independent solution. Three grids of 1.2, 2.4 and 4.8 million 
elements are considered. The rotor blade tested by Caradonna 
and Tung [18] is utilized for examining grid independence, 
and the same methodology is applied to the rotor blade in 
question. Fig. 5 compares the computed chordwise pressure 
distribution with the experimental data for various grid sizes. 
All grids agree well with one another and with the experiment 
results, thereby validating the applied method. A grid size of 
2.4 million is used for the subsequent analysis. 

 
3. Response surface optimization 

3.1 RSM 

RSM consists of mathematical and statistical techniques for 

 
Fig. 1. AUH employed in this study (AgroHeli-4G). 

 

 
 
Fig. 2. Rotor blade geometry (R is the blade radius). 
 

 
 
Fig. 3. Rotor blade airfoil sections. 

 

 
 
Fig. 4. Computational domain with boundary conditions. 
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approximating modeling problems [12]. In the RSM frame-
work, single or multiple response (output) variables are de-
scribed in terms of several independent (input) variables in the 
form of a polynomial fit or a neural network. The design of 
experiments method is employed to build the response func-
tions and to rapidly provide the approximated values of the 
response variables in the computed design space without hav-
ing to provide a complete solution. The relationship among 
the response variables can be linearly expressed as follows: 

 

0
1
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y b b x e
=

= + +å , (1) 

 
where N is the number of variables, b0 is a constant term, bi 

denotes the coefficients of the linear variables, and ε repre-
sents the residual related to the experiments which are often 
assumed to have a normal distribution with a zero mean. To 
model the second-order interactions among the variables, the 
empirical model is expressed in a quadratic form as follows 
based on RSM:  
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where bij denotes the coefficients of the interaction variables 
which are usually computed via least-square regression analy-
sis. The quadratic empirical model can be expressed in matrix 
notation as follows: 
 

y b e= +X .  (3) 
 
The coefficients are obtained by minimizing the least square 

error as follows: 
 

( ) 1T Tb̂ y
-

= X X X .  (4) 

 
The fitted regression model is eventually obtained as fol-

lows: 

ˆŷ Xb= .  (5) 

 
3.2 Sensitivity analysis 

The variables and their interactions are then subjected to a 
sensitivity analysis. The signs of the effects are not significant 
for the comparison, but their magnitude drives the response of 
the system. The effect of a variable is computed as follows: 

 

1

ContrastEffect of variable = 
2kn -

,  (6) 

 
where n is a replication of the results (n = 1, k-1 = 2).  

The design variables considered in this study include the 
pitch angle at the root section, x1, the pitch angle at the tip 
section, x2, and the tip chord length, x3. These parameters are 
varied within the prescribed upper and lower bounds pre-
sented in Table 1. Given that the level of pitch angles at both 
sections are constrained, the combination of both may produce 
a negative twist.  

Figs. 6 and 7 show that thrust and torque are highly sensi-

          (a) / 0.68r R =                 (b) / 0.89r R =  
 
Fig. 5. Comparison of the numerically computed chordwise pressure 
distribution for various grids with the experimental data [18]. 

 

Table 1. Levels of design variables with the corresponding coded and 
physical symbols. 
 

Levels Design variables 
(coded) 

Symbols 
(physical) -1 0 1 

x1 (deg) θr 5 15 25 

x2 (deg) θt -5 5 15 

x3 (m) ct 0.1000 0.1175 0.1350 

 

 
 
Fig. 6. Effect of the design variables and their interaction on thrust.  

 

 
 
Fig. 7. Effect of the design variables and their interaction on torque.  
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tive to tip angle. Pitch angle has the second most significant 
effect on the response parameters, whereas tip chord shows a 
minimal effect on the performance variables. The interaction 
among the design variables reflects the significance of the 
torque computation, especially the product of the pitch angles 
at the root and tip, whereas thrust shows limited sensitivity to 
such interactions.  

 
3.3 Optimization problem 

This study aims to obtain an optimum rotor blade with a 
maximum hover efficiency. The Figure of merit (FM) can be 
obtained either by maximizing the thrust (T) or minimizing the 
torque (Q).  

This multi-objective problem can be expressed as follows: 
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3.4 Generation of response surface 

Using the helicopter computational analysis, the objective 
functions T and Q are evaluated in the design space corre-
sponding to a face-centered central composite design (CCF) in 
which α = 1, where α is the distance of each axial point (also 
called star point) from the center of a central composite design. 
The CCF consists of one center point, 2N points located at the 
-α and +α positions on each axis of the selected input variable, 
and 2N+f factorial points (f = 0) located at the -1 and +1 posi-
tions along the diagonals of the input variables. To simplify 
the calculations, the independent variables are coded to the 
usual (-α, α) interval. Table 2 presents the results for thrust 
and torque with the coded values of the design variables x1, x2 
and x3. Fig. 8 shows the relation of each response variable for 
the whole design space.  

By minimizing the square of the error, the resulting re-
sponse surface models for thrust and torque in physical units 
are computed as follows: 

 
1 2 3

1 2 2 3
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- +

.  (8) 

 
The accuracy of the response surface must be estimated be-

cause the model is based on an approximation of the computa-
tional results. Therefore, Table 3 examines the goodness of fit 
of thrust and torque. In this way, the variation in the blade 
performance parameters resulting from the changes in the 

design variables can be predicted accurately. 
 

3.5 Optimization results 

Multi-objective optimization is conducted using the re-
sponse surface model. An exhaustive search is conducted in 
the design space to maximize the thrust and minimize the 
torque. The combination of these two parameters eventually 
increases FM. Some excellent designs are obtained using the 
response surface approximation. The design point 1 (x1 = 
24.2°, x2 = 11.09° and x3 = 0.134) is the best design obtained 
through multi-objective optimization that increases FM by 
12 %. Table 9 compares the design points with the baseline, 
while Figs. 9 and 10 show the thrust and torque in the re-

Table 2. Design of experiments table generated using CCF with the 
corresponding response values. 
 

Run x1 x2 x3 T (N) Q (N. m) 

1 -1 -1 -1 2.633 30.596 

2 1 -1 -1 402.655 60.740 

3 -1 1 -1 790.953 144.401 

4 1 1 -1 985.188 256.297 

5 -1 -1 1 14.096 35.637 

6 1 -1 1 338.832 58.605 

7 -1 1 1 933.440 183.639 

8 1 1 1 1204.520 288.343 

9 -1 0 0 382.544 58.878 

10 1 0 0 822.298 123.655 

11 0 -1 0 165.376 40.030 

12 0 1 0 1065.920 210.484 

13 0 0 -1 584.292 81.041 

14 0 0 1 614.017 89.902 

15 0 0 0 603.253 85.536 

 
Table 3. Goodness of fit in rotor blade design. 
 

Response variables R2 R2
adj 

Thrust (N) 0.993 0.983 

Torque (N. m) 1.000 1.000 

 

 
 
Fig. 8. Matrix plot of the response parameters.  
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sponse surfaces.  
Table 4 shows that FM varies from 0.46 to 0.52 for the 

baseline and optimum design, respectively. However, these 
values are relatively lower than the FM of modern commercial 
full-scale helicopters (0.7 or higher). AUHs have a high in-
duced power because they operate at a very low speed (ap-
proximately 4 m/s to 7 m/s) and maintain a hovering flight. 
Lee et al. [19] observed the similar problem, where the value 
of FM is approximately 0.60 with a large induced power fac-
tor (1.35 to 1.42) that is higher than that of a full-scale heli-

copter (1.15). By contrast, the induced power factor recorded 
in this study was 1.5.  

Fig. 11 compares the spanwise variation of the thrust and 
torque of the baseline design to the blades that are obtained 
through response surface optimization. The blade loading for 
the optimized design is in a quadratic form because the twist is 
linearly distributed. However, a highly uniform torque distri-
bution is observed in the optimized blade with an improved 
hover efficiency. Fig. 11 shows a reduction in tip loading and 
a significant improvement in the design.  

 
4. Conclusions 

A parametric study was performed to improve the hover ef-
ficiency of an AUH. The effect of the rotor blade design vari-
ables on hover efficiency was analyzed. Using the design of 
experiments technique, 15 experiments were designed based 
on three variables through the CCD approach. Reynolds-
averaged Navier-Stokes equations with a multiple reference 
frame were solved to simulate the designs. The statistical 
analysis reveals that the angles at the root and pitch were 
highly sensitive to thrust and torque and that chord length had 
a minimal effect on the response variables. Some excellent 
designs were obtained by employing RSM. Among these de-
signs, an optimized rotor blade with a twist of -13.11° showed 
a 3.5 % improvement in thrust, 6.5 % reduction in torque, and 
12 % improvement in hover efficiency or FM. The FM value 
varied from 0.46 to 0.52 for the baseline and optimum design, 
but this value is relatively lower than that of modern commer-
cial full-scale helicopters (0.7 or higher). This study only 
analyzed a small-scale two-bladed agricultural helicopter rotor, 
and the reference efficiency and performance of similar heli-
copters designs remain unexplored in the literature to the best 
of the knowledge of the authors.  
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Table 4. Comparison of the baseline with the design points obtained 
through the response surface method using multi-objective optimiza-
tion. 
 

Parameters Baseline Design  
point 1 

Design  
point 2 

Design  
point 3 

x1 (deg) 18 24.20 19.75 19.68 

x2 (deg) 13 11.09 11.66 12.60 

x3 (m) 0.135 0.134 0.135 0.135 

Twist (deg) -5.00 -13.11 -8.09 -7.08 

T (N) 1090 1128 
(3.5 %) ↑ 

1063 
(2.5 %) ↓ 

1103 
(1.2 %)↑ 

Q (N.m) 199 186 
(6.5 %) ↓ 

181 
(9.1 %) ↓ 

192 
(3.5 %) ↓ 

P (kW) 18.60 17.42 16.86 17.90 

0.5191 0.4931 0.4890 
FM 0.4628 

(12 %) ↑ (6.5 %) ↑ (5.6 %) ↑ 

 

 
 
Fig. 9. Variation of thrust with respect to pitch angle at the root and tip 
with the tip chord held constant at the design value.  
 

  
 
Fig. 10. Variation of torque with respect to pitch angle at the root and 
tip with the tip chord held constant at the design value.  

 
                 (a)                          (b) 
 
Fig. 11. Comparison of the spanwise aerodynamic loading of the base-
line and optimal design: (a) Sectional thrust per unit span; (b) sectional 
torque per unit span. 
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