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Abstract 

Three-dimensional (3D) solid finite element analysis (FEA) is developed to perform a high precision aeroelastic 

analysis of a rotor blade. This study is focus on geometrically nonlinear problems with linear elastic material 

properties. The 3D finite element (FE) formulation is based on updated Lagragian approach to estimate the 

large rotations and displacements. The 20-nodes solid element with eight Gaussian integration points is em-

ployed to construct the FE model of rotor blade to prevent the element locking and hourglass modes. Moreover, 

the method to calculate the sectional loads of structure is presented based on force balance method. To do 

this, the internal force is adopted. For high-precision aeroelastic analysis, the 3D FEA is coupled with source-

doublet panel method and vortex particle hybrid method using loosely coupling method to predict the aeroe-

lastic behavior and blade sectional loads. The multi-purpose unmanned helicopter (MPUH) blade developed 

by Korea Aerospace Research Institute (KARI) is employed as a validation of the present analysis results. 

Herein, sectional load observation from experiments and aeroelastic analysis in hover flight condition using 

CAMRAD II are considered. Accuracy of the present high-precision analysis is evaluated by comparing pre-

diction of performance, structural behaviors, and sectional load results. 

 

1. INTRODUCTION1 

The aeroelastic analysis of rotorcraft system involves 

the interacting elastic components such as blades 

and rotors etc. and they exhibit nonlinear structural 

behavior during flight operations due to the rotating 

inertial force and aerodynamic loads. Therefore, it is 

essential to accurately predict rotor blade vibration 

and structural loads. 

Typically, the comprehensive analysis in rotorcraft in-

volves two-dimensional cross section finite analysis, 

to calculate the spanwise structural properties of the 

blade, and one-dimensional (1D) beam element or 1D 

geometrically exact beam analysis (Ref. 1-2). The 

method is efficient and accurate as long as the cross- 

sections are small compared to the wavelength of 
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scope of rotor blade modeling, enabling the prediction 

of 3D stresses and strains in various flight conditions. 

Yeo and Truong (Ref. 4-5) performed 3D finite ele-

ment analysis of rotating beams and blades. Kee and 

Shin (Ref. 6) analyzed the dynamic characteristics of 

rotating blades using a shell-solid element, which is 

same nodes and degree of freedom configuration of 

solid element, but shell-like behavior in the thickness 

direction is taken into consideration. In their works, 

they compared natural frequencies predicted by 3D 

analysis to those from beam analysis. For next gen-

eration 3D rotor structural dynamic analysis, X3D was 

developed by the US Army Aviation Development Di-

rectorate and the University of Maryland, College of 

Park, which is a 3D solid finite element analysis- and 

multibody dynamics-based rotor structural solver 

(Ref. 7). It has been employed to predict the dynamic 

characteristics of various rotor blades such as single 

rotor (Ref. 8), coaxial rotor (Ref. 9), and tilt rotor (Ref. 

10). 

Zhu et al. employed the panel/vortex particle hybrid 

method to the blade unsteady aerodynamic loads. In 

their work, the hybrid method was coupled with the 

multibody dynamic code MBDyn (Ref. 12), and the re-

sults matched well with experimental data and CFD 

results both in the hover and forward flight conditions 

(Ref. 13). In this study, the aerodynamic forces on a 

rotor are predicted using source-doublet panel 

method coupled with vortex particle method (VPM). 

This method, in which the airfoil involved in the rotor 

blade is divided into upper and lower panels, can pre-

dict airloads for complex blade geometry due to con-

sider the thickness and chordwise effect of the rotor 

blade. Additionally, compared to computational fluid 

dynamics (CFD) analysis, it has the advantage of 

providing rapid results with reasonable fidelity, alt-

hough it has limitations in considering viscous and 

compressible effects (Ref. 11).  

Moreover, the 3D solid finite element analysis (FEA) 

including the computation of sectional blade loads 

from 3D structural analysis is developed for rotorcraft 

dynamics with emphasis on the geometrical nonline-

arity of rotor blades. Comparisons between multi-pur-

pose unmanned helicopter (MPUH) data developed 

by Korea Aerospace Research Institute (KARI) and 

results of aeroelastic analysis coupling panel/vortex 

hybrid method with 3D FEA are presented.  

2. METHODOLOGY 

2.1. 3D finite element formulation 

The 3D finite element formulation is based on well-

established procedures (Ref. 15-16). In this study, the 

updated Lagrangian description of the motion of solid 

bodies undergoing the geometrical nonlinear behav-

ior is adopted. Therefore, the current configuration is 

used as reference frame to measure the physical 

properties, and the Cauchy stress and engineering 

strain should be used. The three configurations of 

body are considered: undeformed configuration C0, 

the last known configuration C1, and the deformed 

current configuration C2. 

The updated Lagrangian formulation is based on vir-

tual work per unit deformed volume. The strain en-

ergy of the deformed structure can be calculated us-

ing the engineering strain and Cauchy stress with in-

tegration over deformed volume is simply as 

𝛿𝑈 = ∫ 𝜎𝑖𝑗𝛿𝜀𝑖𝑗𝑑𝑉
⬚

𝑉

 (1) 

It is noted that the configuration C2 is a function of 

displacement, and the nonlinear analysis will be diffi-

cult because the configuration C2 is not known. 

Therefore, the updated Lagrangian formulation could 

be easily derived using the strain and stress meas-

ured in the configuration C0. 

The deformed coordinates of a material point at any 

instant are 

𝑥𝑖 = 𝑥𝑖
0 + 𝑢𝑖(𝑥𝑖

0) (2) 

where 𝑥𝑖
0 and 𝑢𝑖 denote the undeformed coordinates 

and the displacement, respectively. The deformation 

gradient of the point with respect to its undeformed 

configuration is 

𝐹𝑖𝑗 =
𝜕𝑥𝑖

𝜕𝑥𝑗
0 (3) 

The element of Green-Lagrange strain tensor in the 

configuration C2 is defined by 

𝜖𝑖𝑗 =
1

2
(𝐹𝑘𝑖

𝑇 𝐹𝑘𝑗 − 1)

=
1

2
(

𝜕𝑢𝑖
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0 +

𝜕𝑢𝑗
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0 +

𝜕𝑢𝑘

𝜕𝑥𝑖
0

𝜕𝑢𝑘

𝜕𝑥𝑗
0) 

(4) 

 where 𝑥𝑖
0 and 𝑢𝑖  are the Cartesian coordinates and 

displacement components, respectively. 

The strain energy for elastic structure with integration 

over the undeformed volume is given by 

𝛿𝑈 = ∫ 𝑆𝑖𝑗𝛿𝜖𝑖𝑗𝑑𝑉0

⬚

𝑉0

 (5) 



where 𝑆𝑖𝑗 denotes the 2nd Piola-Kirchhoff stress and 

𝛿𝜖𝑖𝑗 is the variation of Green-Lagrange strain tensor. 

Both are physical quantities corresponding to the con-

figuration C2 but referred to the configuration C0.  

For nonlinear analysis, the incremental procedure is 

followed. The variation in the strain energy is ex-

pressed in terms of incremental deformations meas-

ured in configuration C1. The Green-Lagrange strain 

increment tensor are defined as 

𝛥𝜖𝑖𝑗 =
1

2
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1
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0

= Δ𝑒𝑖𝑗 + Δ𝜂𝑖𝑗 

(6) 

where the linear and nonlinear strains are separately 

denoted as 𝑒𝑖𝑗 and 𝜂𝑖𝑗. The variations follow 

𝛿Δ𝜖𝑖𝑗 = 𝛿Δ𝑒𝑖𝑗 + 𝛿Δ𝜂𝑖𝑗 (7) 

where  
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1

2
(

𝜕𝛿Δ𝑢𝑖

𝜕𝑥𝑗
0 +

𝜕𝛿Δ𝑢𝑗

𝜕𝑥𝑖
0 +

𝜕𝑢𝑘

𝜕𝑥𝑖
0

𝜕𝛿Δ𝑢𝑘

𝜕𝑥𝑗
0

+
𝜕𝛿Δ𝑢𝑘

𝜕𝑥𝑖
0

𝜕𝑢𝑘

𝜕𝑥𝑗
0) 

(8) 

𝛿Δ𝜂𝑖𝑗 =
1

2
(

𝜕Δ𝑢𝑘

𝜕𝑥𝑖
0
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The strain-stress relationship could be described us-

ing the constitutive equation as shown in Eq 00. 

where 𝐶𝑖𝑗𝑘𝑙 is the material constitutive tensor in con-

figuration C0, and Δ𝑆𝑖𝑗 is the incremental 2nd Piola-

Kirchhoff stress. 

Δ𝑆𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙Δ𝜖𝑘𝑙 (10) 

Using the Eq. (8), (9), and (10), the variation in strain 

energy is written as 

𝛿𝑈 = ∫ 𝐶𝑖𝑗𝑘𝑙Δ𝜖𝑘𝑙𝛿Δ𝜖𝑖𝑗𝑑𝑉0

⬚

𝑉0

+ ∫ 𝑆𝑖𝑗𝛿Δ𝜖𝑖𝑗𝑑𝑉0

⬚

𝑉0

 (11) 

The Eq. 00 include the nonlinearity involved in the dis-

placement, which makes the equation of motion de-

scribed later difficult to solve directly. By employing 

the assumption Δ𝜖𝑖𝑗 ≅ Δ𝑒𝑖𝑗, the variation in strain en-

ergy can be written as 

𝛿𝑈 = ∫ (𝐶𝑖𝑗𝑟𝑠𝑒𝑟𝑠𝛿𝑒𝑖𝑗 + 𝑆𝑖𝑗𝛿𝜂𝑖𝑗 + 𝑆𝑖𝑗𝛿𝑒𝑖𝑗)𝑑𝑉0

⬚

𝑉0

 (12) 

To calculate the strain energy in configuration C2, the 

strain and stress are measured at the configuration 

C2. Therefore, the linearized strain energy formulation 

should be converted into a formulation using engi-

neering strain and Cauchy stress. The relationship 

between engineering strain and Green-Lagrange 

strain is obtained from Equation 00 and is written as 

𝜖𝑖𝑗 = 𝐹𝑘𝑖𝜀𝑘𝑙𝐹𝑙𝑗 (13) 

Moreover, the Cauchy stress is obtained using the re-

lationship between 1st Piola-Kirchhoff stress and 2nd 

Piola-Kirchhoff stress and is written by 

𝜎𝑖𝑗 =
1

𝐽
𝐹𝑆𝐹𝑇 (14) 

where J is the determinant of deformation gradient 𝐹𝑖𝑗. 

Substituting Equations 00 and 00 into the Equation 00, 

the variation in strain energy is 

𝛿𝑈 = ∫ (𝑐𝑖𝑗𝑟𝑠𝑒𝑟𝑠𝛿𝑒𝑖𝑗 + 𝜎𝑖𝑗𝛿𝜂𝑖𝑗 + 𝜎𝑖𝑗𝛿𝑒𝑖𝑗)𝑑𝑉
⬚

𝑉

 (16) 

where 

𝛿Δ𝜂𝑖𝑗 =
1

2
(

𝜕Δ𝑢𝑘

𝜕𝑥𝑖

𝜕𝛿Δ𝑢𝑘

𝜕𝑥𝑗

+
𝜕𝛿Δ𝑢𝑘

𝜕𝑥𝑖

𝜕Δ𝑢𝑖

𝜕𝑥𝑗

) 
(17) 

𝑐𝑖𝑗𝑘𝑙 =
1

𝐽
𝐹𝑖𝑟𝐹𝑗𝑠𝐹𝑘𝑚𝐹𝑙𝑛𝐶𝑟𝑠𝑚𝑛 

(18) 

The 𝑐𝑖𝑗𝑘𝑙 is the 4th-order constitutive tensor in config-

uration C2. 

The kinetic energy of rotating blades affects stiffness 

and inertial force, known as spin softening and cen-

trifugal force. The kinetic energy can are expressed 

as 

𝑇 = ∫ 𝜌𝑣𝑖
2𝑑𝑉

⬚

𝑉

 (19) 

where 𝑟̈ and 𝛿𝑟 are the acceleration and virtual dis-

placement of a material point on the blade relative to 

an inertial frame. The position vector 𝑟 from origin of 

the inertial frame to deformed geometry is  

𝑟 = ℎ + 𝑥 + 𝑢 (20) 

where ℎ is the translational offsets of the global frame 

(non-inertial frame) evaluated from the inertial frame, 

which is considered as the rotating center of blade. 𝑥 

and 𝑢 are position vector and displacement vector, 

respectively, relative to inertial frame. 

Therefore, the components of the time derivative of 

position vector 𝑟 relative to inertial frame are 

𝑣 = 𝑟̇ + 𝜔̃𝑟 (21) 

𝑎 = 𝑟̈ + 𝜔̃𝑟̇ + 𝜔̇̃𝑟 + 𝜔̃𝜔̃𝑟 (22) 



where 𝑣  and 𝑎  are velocity vector and acceleration 

vector of an arbitrary point relative to inertial frame. 𝜔 

is a rotating velocity of inertial frame. The variational 

form of kinetic energy can be written as 

𝛿𝑇 = ∫ 𝜌𝛿𝑢(𝐷𝑢𝑢̈ + 𝐷𝑣𝑢̇ + 𝐷𝑤𝑢 + 𝐷𝑓)𝑑𝑉
⬚

𝑉

 (23) 

where the third and fourth terms on the right-hand 

side are the spin softening effect and centrifugal 

force, respectively. The details of coefficients 𝐷𝑢, 𝐷𝑣, 

and 𝐷𝑤 associated with 𝑢̈, 𝑢̇, and 𝑢 are described in 

Ref. 6.  

For a static problem of rotating blade, given a pre-

scribed, deformation independent external loading, 

the equation of motion can be written as Eq. 00, and 

then solved using the Newton-Raphson method. 

𝛿𝑈 − 𝛿𝑇 = 𝛿𝑊𝐸 (24) 

where 𝛿𝑊𝐸 is the work done by external forces, and 

the time-variant terms in 𝛿𝑇 are equal to zeros. 

The analysis of rotor blades dominated by bending 

motion involving thin structures using 3D elements 

suffers from severe stiffening known as element lock-

ing. Moreover, the lower-order element with reduced 

integration method for computational cost efficiency 

may leads to element distortions that have zero strain 

energy known hourglass modes. A simple and effec-

tive way to prevent these problems is to use higher 

order elements and reduced integration method. 

Therefore, the twenty nodes solid element and eight 

integration points are considered in this study as 

shown in Figure 1. 

 

Figure 1: 20-nodes solid element with eight Gaussian 
integration points 

2.2. Sectional loads  

Because 3D FEA generates detailed strain and stress 

distribution over the entire rotor blade, the way to cal-

culate the sectional loads can be considered by inte-

grating sectional stresses. However, fine mesh gen-

eration at pre-processing are required to accurately 

predict stress over the entire blade and causes an in-

crease in computational cost. In this study, a more ef-

ficient approach based on force balance method is 

proposed to validate the prediction of proposed struc-

tural solver. This method obtains sectional loads be-

tween applied forces and inertial forces acting on the 

segment to one side of 𝑥𝐿. 

First, the internal forces calculated during the struc-

tural analysis could be used, which are applied to 

each node in the global frame as shown in Eq. (5). 

𝐹𝑖𝑛𝑡 = ∫ 𝜎𝑖𝑗,𝑖𝑑𝑉
⬚

𝑉

 (26) 

They need to be transformed from global frame to 

bent cross section frame using the rotational operator 

(Ref. 17). The section loads calculated using the in-

ternal forces on inboard and outboard of 𝑥𝐿 are 

𝐹 = 𝐶𝐵𝐴 ∑ 𝑊𝐹𝑖𝑛𝑡

𝑥≤𝐿

 (27) 

𝑀 = 𝐶𝐵𝐴 ∑ 𝑊(𝑥 − 𝑟) × 𝐹𝑖𝑛𝑡

𝑥≤𝐿

 (28) 

where 𝐶𝐵𝐴 is a rotation operator mapping from global 

frame to bent cross section frame, and notation A and 

B are global coordinate and cross section coordinate, 

respectively. 𝑥 and 𝑟 are the position vector of node 

and the position vector to evaluate moments. 𝑊 is a 

weighting function to gives at the blade tip the same 

result as the nodal reaction. 

𝑊 = {
𝑥𝐿 𝐿⁄ , 𝑥 > 𝑥𝐿

𝑥𝐿 𝐿⁄ − 1, 𝑥 ≤ 𝑥𝐿
 (29) 

2.3. Panel/Vortex particle hybrid method 

In this study, the aerodynamic analysis employs the 

panel/vortex particle hybrid method, where the panel 

method is employed to simulate the rotor blade sur-

faces and close wakes, and VPM is used to model the 

far wake. The panel method divides the blade surface 

and close wakes into quadrilateral panels with con-

stant strength. The sum of velocity potential is equal 

to the sum of constant strength of source σ and dou-

blet μ. Considering the potential influence coefficients 

on the source and doublet between each discretized 

panel and wakes, the linear system of equations is as 

∑ 𝐶𝑘𝜇𝑘

𝑁

𝑘=1

+ ∑ 𝐶𝑗𝜇𝑊,𝑗

𝑁𝑊

𝑗=1

− ∑ 𝐵𝑘𝜇𝑘

𝑁

𝑘=1

= 0 (30) 

where the 𝐶𝑘 , 𝐶𝑗 , and 𝐵𝑘  are the potential influence 

coefficients of body doublet, wake doublet, and body 

source, respectively. However, due to a large 



influence of wake for rotorcraft aerodynamics (Ref. 

18), the wake model is essential to accurately predict 

the aerodynamic performance of rotor blades. In this 

study, the wakes are modeled by Lagrangian descrip-

tion of Navier-Stokes equation, and the vorticity field 

is as 

𝜔(𝑥, 𝑡) = ∑ 𝜉𝜎(𝑥 − 𝑥𝑗)𝛼𝑗

𝑁

𝑗=1

= ∑ 𝜉𝜎(𝑥 − 𝑥𝑗)𝜔𝑗𝑉𝑗

𝑁

𝑗=1

 

(31) 

where 𝑥𝑗 and 𝛼𝑗 are the position of particle and total 

vorticity inside the vortex particle, respectively. 𝑉𝑗 is 

the particle volume. The position of particles will be 

updated using convection velocity over all the parti-

cles. In the hybrid method, the particle influence is 

added into the freestream conditions to solve for the 

strength of source for each panel (Ref. 13). 

 

Figure 3: Surface and wake panel arrangements on 
the blade (Ref. 11) 

As shown in Figure 3, the panel method is used to 

simulate the rotor blade surfaces and near wake, and 

vortex particle method is used to model the far wake. 

2.4. Aeroelastic coupling method 

In this study, the aeroelastic analysis is performed by 

applying the loose coupling method. The following 

process iterates until structural nonlinear behavior is 

converged. 

First, the aerodynamic solver predicts pressure distri-

butions upon the blade surface, and they are trans-

formed into normal, chordwise, and axial surface trac-

tions in the global frame. The aerodynamic forces are 

then distributed over the surface nodes of structural 

mesh. Next, the structural solver predicts the nonlin-

ear displacement field according to the aerodynamic 

force and inertial force. And the displacements are 

distributed over the surface nodes of aerodynamic 

penal. To transfer the aerodynamic forces or 

displacements between each solver, the interface is 

implemented by using a radial basis function interpo-

lation (Ref. 19). 

In aerodynamic solver, the trim is controlled via col-

lective pitch input to satisfy the target thrust, rolling 

moment, and pitching moments of rotor blades in 

hover flight condition using the Newton-Raphson 

method (Ref. 20). 

 
(a) internal structure 

 

(b) FE model of MPUH blade 

Figure 4: Configuration of MPUH blade 

3. NUMERICAL RESULTS 

3.1. MPUH 

The MPUH blade developed by KARI is used to vali-

date the structural solver. Figure 4 shows the blade 

internal structure and finite element (FE) modeling of 

MPUH rotor blade, respectively. The internal struc-

ture is composed of the nose spar, torsion box, skin, 

foam core, and trailing edge stiffener. The spar and 

trailing edge stiffener are applied to the unidirectional 

glass fiber, and the skin and torsion box are applied 

to the carbon fabric to include the proper stack angle 

of laminas, respectively. The number of elements and 

nodes from the FE discretization of MPUH blade are 

6,645 and 30,489, respectively. Moreover, the total 

problem size is approximately 91,500 degrees of free-

dom. 

To represent composite materials without increasing 

the degrees of freedom due to modeling of each lam-

ina, the classical laminate plate theory (CLPT) 

method is employed. It calculates an anisotropic 



constitutive matrix for a composite laminate com-

posed of multiple plies of orthotropic material. 

The prediction presented in this paper is compared to 

experimental data for sectional load tests and aeroe-

lastic analysis results using CAMRAD II (Ref. 21). 

The sectional load tests evaluate the flap and lag mo-

ments of blades according to static loads. The aeroe-

lastic analysis results are for hover flight conditions, 

with the trim target being thrust and zero rolling and 

pitching moments. 

 

Figure 5: Rotating frequencies for MPUH blade 

3.2. Dynamic characteristics of rotor blade 

Figure 5 shows rotating frequencies in a vacuum for 

MPUH according to the rotating speed from 𝛺 𝛺𝑟𝑒𝑓⁄ =

0.1  to 𝛺 ⁄ 𝛺𝑟𝑒𝑓 = 1.1 . The present results solver is 

compared with those obtained by CAMRAD II. Below 

the third mode, the results show good agreement 

compared with both CAMRAD II, though there are 

discrepancies from CAMRAD II for modes above the 

fourth. 

Difference between CAMRAD II and present solver is 

due to the nature of structural models. The beam-

based solver tunes the equivalent root spring with 

empirically determined stiffness all the root compo-

nents, whereas the present model considers each 

part of root components. Moreover, due to the ab-

sence of torsion bearing in our FE modeling, the 

fourth modes according to rotating speed show dis-

crepancies compared to CAMRAD II. 

 

3.3. Sectional load tests 

For verification of the sectional loads calculated by 

force balance method employed in this study, they 

are compared with experimental data (Ref. 14). For 

sectional load tests, MPUH blade with clamped 

boundary condition has arbitrary rotation angle to de-

couple the flap and lag moments of cross section to 

be evaluated. It is subject to static loads of up to 6 kgf, 

i.e., flap and lag bending moments, and three cross 

sections are considered. 

 

Figure 6: Description of static analysis and FE model 
to evaluate the flap moment 

 

(a) Flap moment 

 

(b) Lag moment 

Figure 7: Comparison of flap and lag moment under 
various static loads at r/R=0.125, 0.2, and 0.52 



The blade model without hub is considered to depict 

the experiment environment. It is discretized with 20-

nodes elements and the number of elements and 

nodes are 6,560 and 29,989, respectively. It is sup-

ported at the root surface and is subjected to a trans-

verse static load at r/R=0.72. Moreover, to evaluate 

the positive and negative moment direction, the static 

loads is applied to transverse static loads in the posi-

tive and negative z-direction. The radial location 

r/R=0.125, 0.2, and 0.52. is considered to verify the 

method. The relevant configuration and boundary 

conditions are shown in Figure 6.  

The flap and lag moments are calculated at the elastic 

center of cross sections. Figure 7 compares the ex-

periment data (black dashed line) to calculated sec-

tional loads using the internal forces at each node 

(red solid line). It shows that the results show good 

agreement within a relative error of 3.2%. 

3.4. Aeroelastic analysis 

In this study, the aeroelastic analysis in hover flight 

condition is performed and compared to CAMRAD II 

results for MPUH blade. The blade surface interacting 

between structural and aerodynamic solver is defined 

in range of r/R=0.3~1. The rotor blade is trimmed to 

reach the target thrust using the Newton-Raphson it-

eration method. Four thrust conditions are considered 

from high to low thrust condition. The trimmed param-

eters are collective, longitudinal, and lateral angles 

and the target thrusts are listed in Table 1. 

Table 1: Target thrust and trimmed collective angle 

No. Thrust (N) 
Trimmed collective (°) 

Present CAMRAD II 

1 500 2.75 2.23 

2 1,000 5.06 5.41 

3 1,500 7.06 7.08 

4 2,000 8.97 9.01 

Prediction of lift and drag distributions are shown in 

Figure 8. There are discrepancies between the pre-

sent aerodynamic solver and CAMRAD II results at 

the inboard of blade. It is because of the modeling of 

blade hub and root. Specifically, the downwash in-

duced by rotor wake near the inboard of blade affect 

the effective angle of attack, which causes the de-

crease of lift and drag coefficients. Thus, it can be 

found that the lift coefficients near the inboard of 

blade (r/R = 0.2~0.5) decrease more when lower 

thrust condition is considered.  

The displacements evaluated at r/R=0.95 are shown 

in Figure 9, and those are compared with the 

CAMRAD II results. The results show discrepancies 

for each case, but they capture similar trends as the 

thrust increases. 

The blade sectional loads referred to each directional 

force, bending and torsion moments are examined. 

Figure 10 shows the sectional forces and moments at 

r/R=0.125, 0.2, and 0.52. The solid line and dash line 

are the present and CAMRAD II results, respectively. 

The black (case 1), red (case 2), blue (case 3), and 

magenta (case 4) lines represent each trimmed case. 

Figure 11 shows the sectional forces and moments 

along the spanwise direction for the highest thrust 

case (5,000N). The present results show similar 

trends along to the spanwise direction when com-

pared to the CAMRAD II results. 

 

(a) Lift coefficient 

 

(b) Drag coefficient 

Figure 8: 𝐶𝑙 and 𝐶𝑑 coefficients along the spanwise 
for MPUH blade for the highest thrust condition 

Moreover, one of the benefits of 3D FEM-based anal-

ysis is the prediction of stress distribution with respect 

to the blade components such as spar and torsion 

box. The axial stress ( 𝜎11 ) and equivalent stress 

(𝜎𝑣𝑜𝑛) distribution within the blade in hover flight con-

dition are shown in Figure 12 and 13.  



   

(a) Axial displacement (b) Flap displacement (c)  Lag displacement 

Figure 9: Comparison of the tip deflection according to the thrust condition 

 
Figure 10: Comparison of sectional loads according to the thrust condition 

 
Figure 11: Comparison of spanwise sectional loads (T = 2,000N) 



 

(a) axial stress, 𝜎11 

 

(b) Equivalent stress 𝜎𝑣𝑜𝑛 

Figure 11: Blade axial stress 𝜎11 and equivalent 

stress 𝜎𝑣𝑜𝑛 at the highest thrust case (T = 2,000N) 

Examination of the cross sections reveals that the 

blade spar significantly takes the centrifugal and aer-

odynamic loads, but there appears to be some stress 

carried by the blade torsion box. Moreover, there ap-

pears to be stress concentration near the bolted joint 

of blade. Since the behavior of the blade dominates 

the flap motion, the tensile stress and compressive 

stress appear near upper and lower surface of blade, 

respectively. 

4. CONCLUSIONS 

This study presents the aeroelastic analysis of single 

rotor blade by coupling 3D finite element analysis with 

panel/vortex particle hybrid method. The updated La-

grangian formulation is used to describe the nonlinear 

behavior of blade and the rotating effect such as spin-

softening and centrifugal effect are considered. More-

over, the force balance method is used to calculate 

the sectional loads of rotor blade. 

 

 

(a) axial stress, 𝜎11 

 

(b) Equivalent stress 𝜎𝑣𝑜𝑛 

Figure 12: Blade axial stress 𝜎11 and equivalent 

stress 𝜎𝑣𝑜𝑛 at the lowest thrust case (T = 500N) 

The FE model of MPUH blade is developed and is 

used to perform sectional loads tests and aeroelastic 

analysis. The static loads were applied to consider 

the flap and lag moments, and the results matched 

well compared with the experimental data. Through 

the loose coupling method, the aeroelastic analysis 

coupled with panel/vortex particle hybrid method was 

performed to predict the performance of blades in 

hovering condition. The prediction of airloads, dis-

placement and sectional loads show discrepancies 

compared with CAMRAD II results, but can capture 

the similar trends along the spanwise direction. More-

over, predictions of the distributed 3D stress field are 

presented. 

In the future, the flexible multibody dynamics will be 

applied to model the control system including the 

pitch bearing and pitch link etc. Moreover, the aero-

mechanical analysis in forward flight condition will be 

performed. 
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