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The optimum rotor blade planform of helicopters required to 

minimize power, maximize rotor thrust, and maximize lift-to-drag 

ratio in forward flight, using a numerical optimization approach, is 

investigated. Here, the traditional approach is modified by Central 

Composite Design (CCD) and a flight dynamic simulation program 

coupled with a desirability optimization technique implemented in the 

process of blade optimization. The optimum blade planform 

parameters (i.e, root chord, taper ratio, taper offset, two-per 

revolution (2/rev) harmonic control, and 2/rev blade dynamic twist) 

for different gross weights and flight speeds are therefore obtained by 

this modified procedure.  In addition, the main effects and the 

interaction of all parameters on helicopter performance are assessed. 

The results of optimization in case 1 confirm that the appropriate 

2/rev harmonic control and twist of the partially tapered blades 

improve the helicopter required power by 2.6% and lift-to-drag ratio 

up to about 20% at a baseline gross weight. In case 2 of optimization, 

tapering the blade to 60% from 0.9R with an appropriately phased 

1/rev and 2/ rev twist and 2/rev harmonic control increases the rotor 

thrust coefficient by 23%, and the lift-to-drag-ratio by about 15%.  

The helicopter's gross weight is declared to influence on the thrust 

increment achieved by the 2/rev twist and 2/rev harmonic control. 

Overall, 2/rev harmonic control can be incorporated into existing 

helicopters by a modification of the swashplate, and control inputs 

can be transmitted to the rotor using a fixed outer member with a track 

linked to a conventional swashplate. 

Nomenclature 

𝐴 Disc area 𝑊 Gross weight, lb 

𝐴0 
Magnitude of the 0/rev 

twist, deg 
𝛼 Local blade angle of attack, deg 

𝐴𝑛 
Magnitude of the n/rev 

twist, deg 
𝜃 Blade pitch, deg 

𝑐0 Root chord, ft 𝜃0 Collective pitch, deg 
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𝑐1 Tip chord, ft 𝜃1 Blade twist, deg 

𝐶𝑑 Local drag coefficient 𝜃1𝑐 , 𝜃1𝑠 
One-per-revolution lateral and longitudinal cyclic 

pitch, deg 

𝑐𝑒 Equivalent chord, ft 𝜃2𝑐, 𝜃2𝑠 
Two-per revolution lateral and longitudinal cyclic 

pitch, deg 

𝐶𝑃 
Power coefficient, = 𝑃/
(𝜌𝐴𝑣𝑡

3) 
𝜌 Air density, slug/ft3 

𝐶𝑇 
Rotor thrust coefficient, =
𝑇/(𝜌𝐴𝑣𝑡

2) 
𝜎 Rotor equivalent solidity, = 𝑏𝑐𝑒/𝜋𝑅 

𝑑𝑖 
Individual desirability 

function 
𝜙𝑛 Phase of n/rev twist, deg 

𝐷 Desirability function 𝜓 Blade azimuth angle, deg 

𝑘 
Central composite design 

points 
Ω Rotor speed, rad/s 

𝑘𝑐 Center points   

𝑛 Number of harmonics   

𝑟 Radial distance, ft   

𝑅 Blade radius, ft   

𝑡𝑟 Taper ratio, = 𝑐1/𝑐0   

𝑡𝑟𝑠𝑡 
Taper ratio start point on the 

blade 
  

𝑉∞ Flight speed, knots   

𝑣𝑡 Blade tip speed, = 𝑅Ω   

𝑤𝑖  Weighting factor   

Introduction 

Higher Harmonic Control (HHC) of helicopter rotor 

blades has received growing attention, particularly 

for relieving vibratory loads and lessening noise. To 

this end, different actuator designs have been 

introduced, including high-frequency actuators, 

active pitch links, trailing-edge flaps, spoilers, and 

leading-edge elevons. The detailed reviews have 

been documented by [1-3]. The studies show that 

HHC can be extended to the concept of Higher 

Harmonic Stall Control (HHSC) where the principal 

interest is to mitigate the thrust distribution and 

eliminate retreating blade stall [4-7]. The HHSC 

differs from HHC because fundamental frequencies 

of HHC are (n − 1)Ω, nΩ, and (n + 1)Ω in the hub-

rotating coordinate system and nΩ in the body-fixed 

coordinate system. Here, n is the number of blades, 

and Ω is the rotor rotational speed. In contrast to 

HHC, HHSC uses the usual 2Ω or second harmonic 

frequency, but more recent evidence also proposes 

the 3Ω frequency for HHSC. For example, Field [8-

13] studies showed the inherent effectiveness of 

HHC in relieving retreating blade stall. For example, 

Cheng reveals that treating 2/rev inputs (2P input) 

improves the performance of a four-bladed 

articulated rotor helicopter [11]. The goal was to 

examine the physical devices by which a 2/rev input 

alters the power required by the rotor and rotor 

thrust. This was achieved by simulating a helicopter 

in trimmed flight for different weights, flight speeds, 

and amplitude and phase of the two-per-revolution 

input. In addition, an extensive examination on the 

use of HHC employed through the Individual Blade 

Control (IBC) was performed by [14] required for 

stall alleviation and performance improvement. 

The primary function of the blade twist in improving 

helicopter rotor efficiency in hover and forward 

flight is very evident [15]. The passive twist is 

applied to the blade span and cannot actively change 

with the blade azimuth. To provide the asymmetric 

aerodynamic environment of the blade at the 

retreating and advancing sides in forward flight, a 

change of the spanwise and azimuthal twist 

distributions is required. However, actively 

changing blade twist has yet to be employed in 

helicopter rotor design. This is slightly due to 

challenges with the necessary equipment for the 

twist change and the construction of this new class 

of rotor blades. Yeo studied different active controls 

for rotor performance improvement. The one-per-

revolution active blade twist had a modest influence 
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on the rotor performance, and the two-per-

revolution harmonic control was pronounced to 

increase the rotor lift-to-drag ratio [16]. The benefit 

studies of an active twist rotor conducted by Zhang 

using a weak fluid-structure coupling method 

resulted in power reduction of about 14% [17]. 

Boyd used a coupled CFD/CSD (computational 

fluid dynamics/computational structural dynamics) 

approach to examine the aerodynamic and acoustic 

performance of an active twist rotor [18]. Kang 

studied several rotor morphing technologies for 

helicopter performance enhancement [19]. The 

quasi-steady blade twist resulted in 2% gains in the 

rotor power in forward flight. Jain reviewed three-

rotor morphing concepts for performance 

improvement [20], particularly trailing-edge, 

leading-edge deflection, and active twist. The 

predictions by the CFD and CSD for the UH-60A 

rotor confirmed that the active twist degraded the 

power in high-speed flight by about 3.3%, and 

therefore no loss was achieved for the high thrust 

flight. The analyses of on-blade active controls 

conducted by Jain revealed that the 2/rev input with 

the 4 degrees amplitude of active twist could 

decrease the rotor power required by 3.3% in a high-

speed forward flight [21]. 

The previous analyses focus on rotor performance 

improvements by changing the blade static twist 

(pre-twist) and have no attention to blade dynamic 

twist. However, the blade twist can be static, active, 

and elastic components, and all three elements can 

affect rotor performance. Typically, the blade twist 

is a sum of the static, active, and elastic twists, and 

it can be represented as a sum of the elements from 

0/rev to +∞/rev. Thus, we can determine the 

harmonic twist commands, the performance 

improvement, and active blade twist that can be 

designed for optimized performance. 

Recent attention has also focused on helicopter rotor 

blade design optimization problems for better 

performance in hover and low-speed forward flight 

[2, 22-32]. The optimization plans are frequently 

conducted by combining different packages to build 

the optimization process. Some researchers have 

tried to obtain proper results using computational 

fluid dynamics (CFD) [33, 34]. However, severe 

criticism of CFD relates to its complexity and time-

consuming task, especially when forward flight 

optimization is a problem. For instance, in hover 

flight, CFD evaluations are essentially confined to 

one design variable which is the blade twist. 

Consequently, the CFD is not suited for the 

rotorcraft preliminary design phase because of the 

need for a rapid and rough estimated design. To 

speed up the computations in the preliminary design 

phase, the current work extends the first strategy 

without CFD and effectively describes the process 

improvements with particular steps.  

Accordingly, this paper addresses the use of blade 

design planform parameters, 2/rev pitch inputs, 0-

2/rev blade dynamic twist magnitudes, and 

corresponding phases at the different flight 

conditions to advance the performance of a four-

bladed articulated rotor helicopter. The paper's main 

goal is to explore the optimum rotor blade planform 

through which a 2/rev input and 2/rev twist affect 

the power required by the rotor, lift-to-drag ratio, 

and, to a more limited extent, rotor thrust. This will 

be accomplished by the design of experiment of the 

experiment, simulating a helicopter in trimmed 

flight for various combinations of weight, flight 

speed, 2/rev input, and amplitude and phase of the 

2/rev twist, and by desirability approach and 

numerical optimization technique. 

Design Optimization Process 

The overall view of the design optimization process 

is shown in Figure 1. In the first step, the Central 

Composite Design (CCD) test plan is designed 

based on blade planform parameters, 2/rev blade 

dynamic twist magnitudes and phases, and 2/rev 

input for various flight condition parameters, and 

then CCD coupled with flight dynamic simulation 

program (FDSP) to calculate helicopter 

performance responses. The main score of this 

process is the CCD application, which is necessary 

to explore the optimum data, and this is rarely used 

in previous works, particularly in CFD optimization. 

Accordingly, the CCD test plan (Appendix A) is 

designed with 91 runs where the corresponding 

design space involves factorial, axial (star), and 

center points required for error estimation. The 

second step includes the validity of response models 

obtained from the non-linear least square method 

fitted to CCD data. The model validation is carried 

out by analysis of variance method (ANOVA) and 

p-value calculations. The optimization problems 

such as maximum rotor thrust, minimum power 

required, and maximum lift-to-drag ratio, are 

ultimately solved using the non-gradient-based 

optimization method [35]. 
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Figure 1. Rotor blade design optimization process 

Flight Dynamic Simulation Program (FDSP) 

FDSP is a general flight dynamic program 

developed by the authors to analyze the helicopter 

dynamic responses [36, 37]. In this program, the 

rotor model is obtained by blade element theory 

(BET) and then numerically trimmed in three loops. 

The first loop is the collective pitch trim, the second 

loop includes the first harmonic cyclic pitch trim, 

and ultimately collective pitch is trimmed in the 

third loop. The BET and three state Pitt-Peters 

inflow model are applied to the rotor blade with 20 

equally spaced elements [38] [39]. The Pitt-Peters 

model consists of uniform, sine, and cosine terms 

with a first harmonic azimuthal and a linear radial 

distribution. In the first and third loops, the value of 

the collective pitch is changed to achieve the 

required rotor thrust. However, in the second loop, 

the cyclic trim is obtained by calculating the initial 

thrust moment using cyclic pitch determined by 

collective trim. The process is therefore repeated 

when the first harmonic is removed from the thrust 

moment. Divergence of collective and cyclic pitch 

points that the blade is in the stall condition. Figure 

2 and Figure 3 compare the results of FDSP against 

the existing flight test data for the UH-60A 

helicopter [40]. 
 

 
(a) Blade azimuth 𝜓 = 0o 

 

(b) Blade azimuth  𝜓 = 90o 

 
(c) Blade azimuth 𝜓 = 180o 

0

1000

2000

3000

4000

5000

0 0.5 1

T
h
ru

st
 p

er
 u

n
it

 l
en

g
th

 (
N

/m
)

Blade position, x

Flight test

FDSP

0

1000

2000

3000

4000

5000

0 0.5 1

T
h
ru

st
 p

er
 u

n
it

 l
en

g
th

 (
N

/m
)

Blade position, x

Flight test

FDSP

0

1000

2000

3000

4000

5000

0 0.5 1

T
h
ru

st
 p

er
 u

n
it

 l
en

g
th

 (
N

/m
)

Blade position, x

Flight test

FDSP



  

 

 /99 

 

Effects of harmonic control and dynamic twist on helicopter rotor 

performance in forward flight 

 

Journal of  Aerospace Science and Technology 

Vol. 16/ No. 2/ Summer- Fall 2023 

 

(d) Blade azimuth 𝜓 = 270o 

Figure 2. UH-60A thrust distribution over the blade in 

hover . 

 
Figure 3. UH-60A power required vs. flight speed at sea 

level standard. 

The geometric pitch angle 𝜃 of the blade is given by 

[41]: 

𝜃(𝜓) = 𝜃0 + 𝜃1𝑐  cos(𝜓 + Δ𝑠𝑝)

+ 𝜃1𝑠 sin(𝜓 + Δ𝑠𝑝)

+ 𝜃2(𝜓) + 𝜃𝑑𝑦𝑛(𝜓) 

(1) 

where 𝜃0 is the collective pitch, 𝜃1𝑐 is the lateral 

cyclic pitch, 𝜃1𝑠 is the longitudinal cyclic pitch, Δ𝑠𝑝 

is the swashplate phasing angle Δ𝑠𝑝 = −9.7°, 𝜃2(𝜓) 

is the 2/rev pitch input, and 𝜃𝑑𝑦𝑛(𝜓) is the 2/rev 

blade twist, respectively, defined as: 

𝜃2(𝜓) = 𝜃2𝑐 cos(2𝜓 + Δ𝑠𝑝)

+ 𝜃2𝑠 sin(2𝜓 + Δ𝑠𝑝) 

(2) 

and 

𝜃𝑑𝑦𝑛(𝜓) =
 𝑟 

 𝑅 
[ 𝐴0

+ 𝐴𝑛 cos(𝑛𝜓 + Δ𝑠𝑝 − 𝜙𝑛)] 

(3) 

where θ2c and θ2s in Eq. (2) denotes 2P cosine and 

2P sine inputs, respectively. In Eq. (3),  A0 presents 

the magnitude of the 0/rev twist, and (An, ϕn) are the 

magnitude and corresponding phase of the n/rev 

twist.  

Here, the lateral and longitudinal cyclic pitches are 

determined by FDSP using the first harmonic trim 

routine, and the 2P sine and cosine inputs, Eq. (2), 

are user-defined approximations. In the current 

work, the 2P sine input in Eq. (2) was assumed to be 

zero because 2P sine values increase the blade stall 

region at the retreating sides of the rotor disc. It 

should be noted that effective results were also 

obtained by 3P inputs, particularly in experimental 

analyses. Still, these terms were also set to zero 

because, in most cases, the trim solutions were not 

available by FDSP. 

Design Parameters 

The different rotor blade design parameters, root 

chord, taper ratio, taper point on the blade, 2P cosine 

input, magnitudes, and phases of the blade dynamic 

twist within flight speed and gross weight were all 

chosen for our optimization problems (Table 1). The 

intervals were specified based on the power required 

less than the power available and the equivalent 

blade loading bounded to blade stall value. The 

upper limit of the gross weight was required to 

examine directly the impacts of the above-

mentioned parameters on the maximum rotor thrust. 

In this research, the maximum gross weight was 

determined based on the maximum trimmable 

weight of the UH-60A helicopter at the upper and 

lower level of forward flight speed. Therefore, for 

each level of speed, the weight was increased in 500-

lb increments from 17,665 lb (baseline), till the 

helicopter could no longer be trimmed. Overall, 

17,500 and 22,000 lb values were employed for the 

whole study. 

In this work, the blade was supposed to be 

rectangular up to the given taper point and then 

tapered to the tip from 0.6 to 0.9R. The taper ratio is 

defined as 𝑐1/𝑐0, where 𝑐1 is the tip chord and 𝑐0 

denotes the root chord. The blade taper ratio was 

changed from 0.4 to 0.6 at which the values of 

equivalent blade loadings were all less than 0.14. In 

this case, the rotor mean lift coefficient was lower 

than the maximum lift coefficient of SC1095R8 

airfoil, and thus the rotor blade stall was sufficiently 

avoided. The magnitudes of blade dynamic twist 
(𝐴1, 𝐴2) were defined between zero to 1o, and their 

corresponding phases (𝜙1, 𝜙2) were considered in 

the range of zero to 360o. The 0/rev or static twist 

was changed between -20o to -10o. To modify the 

rotor blade stall pattern, the 2P cosine input was 
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therefore increased from 1o to 2o. This range was 

used and ensured that the trim conditions for the 

whole platform are available. 

Table 1.  Rotor blade design parameters. 

Design parameters Units 
Coded 

value 

Lower 

value 
Baseline 

Upper 

value 

Flight speed, 𝑉∞ knots A 80 80 140 

Gross weight, 𝑊 lbs B 17,500 17,665 22,000 

Root chord, 𝑐0 ft C 1.5 1.73 3.5 

Taper ratio, 𝑡𝑟  D 0.4 1 0.6 

Taper offset, 𝑡𝑟𝑠𝑡  E 0.6R 0 0.9R 

0/rev twist, 𝐴0 deg F − 20 -18 − 10 

1/rev twist, 𝐴1 deg G 0 0 1 

2/rev twist, 𝐴2 deg H 0 0 1 

1st  twist phase, 𝜙1 
 deg J 0 0 360 

2nd twist phase, 𝜙2
 deg K 0 0 360 

2/rev cosine input, 2𝑃 deg M 1 0 2 

 

 
Figure 4. Blade Geometry Parameters. 

Data Sampling and Modeling 

Experimental design is required for a precise 

performance evaluation and is conducted before 

data gathering in this paper. Audet and Tribes 

showed that CCD is better designed than Box–

Behnken, Dohert, and three-level factorial methods 

because the axial points make it rotatable and 5-level 

design in CCD points is evident [42]  [43]. 

Consequently, of the different design methods, in 

the first step, CCD with 2𝑘  +  2𝑘 +  𝑘𝑐 points were 

chosen for the data collection with 𝑘 =  11 and a 

center point 𝑘𝑐 = 1 but the total number of runs was 

2071. We received a great challenge to continue 

with these lots of experiments. To avoid this, the 

“Min-Run Res V” was ultimately used as a reduced 

form of rotatable CCD and the number of runs was 

significantly decreased to 91 samples (Appendix A). 

From the data given in Appendix A, the normalized 

performance models are derived and shown in 

Figure 5 to Figure 7. 

 
Figure 5. Rotor thrust model coefficients of UH-60A 

helicopter in standard sea-level. 

 

Figure 6. Power model coefficients of UH-60A 

helicopter in standard sea-level. 

 

Figure 7. Lift-to-drag ratio model coefficients of UH-

60A helicopter in standard sea-level. 

As seen in the figures, these normalized (coded) 

forms of parameters are adequate to compare the 

main effects and interactions on each response. The 

analysis of variance (ANOVA) of the developed 

models is shown in Table 2  where the models are 

significant in 95% confidence level (p-value < 0.05). 
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Table 2. Results of ANOVA for the developed models 

Model Sum of square Mean square p-value 

Thrust coefficient 2.411E-005 8.930E-007 < 0.0001 

Power  coefficient 4.138E-006 1.118E-007 < 0.0001 

Lift-to-drag ratio 18.82 0.51 <0.0001 

The most critical parameters, affecting the main 

rotor thrust coefficient are given in Error! 

Reference source not found.. In this figure, the 

steep slopes confirm the dominant effect, and zero 

slope lines show the least impact affected rotor 

thrust coefficient in forward flight. Note that these 

lines are achieved by changing a selected parameter 

in a given range [-1 1] while the other factors are 

constant. Accordingly, the notable variations in the 

thrust coefficient through changes in gross weight 

and forward flight speed are evident. Contrary to 

expectations, other parameters (i.e., blade 

planforms, 0-2/rev blade dynamic twist, and 2P 

cosine input) do not affect the rotor thrust coefficient 

in medium to high-speed forward flight. This result 

is also confirmed by the response surfaces given in 

Figure 9.  

 
Figure 8 .Sensitivity of  rotor thrust coefficient of  UH-

60A helicopter to rotor blade design parameters. 
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e) f) 

Figure 9. Representation of UH-60A rotor thrust variations versus blade design parameters. 

The response surfaces in Figure 9)a( are in line with 

the results shown in Error! Reference source not 

found.. The dominant effect of gross weight on rotor 

thrust coefficient is evident for the UH-60A 

helicopter in forward flight. Also, flight speed is the 

second significant factor affecting the rotor thrust. 

Surprisingly, the rotor thrust coefficient is 

insensitive to the other blade planform parameters 

(see Figure 9(b) to Figure 9 (f)). The flat response 

surfaces confirm the insensitivity of the rotor thrust 

coefficient to the root chord, taper ratio, taper point 

on the blade, 2/rev blade dynamic twist, and 2P 

cosine input. Overall, the importance of the 

helicopter's gross weight on rotor thrust is 

emphasized too much in this section. 

The main factors, influencing the helicopter power 

coefficient, are illustrated in Figure 10. As shown in 

Figure 10, among all chosen design parameters, 

flight speed, gross weight, and blade root chord on 

power coefficient are respectively significant. 

However, very slight variations of power required 

are taken by the 0-2/rev blade twists, 2P cosine 

input, and taper ratio.  Surprisingly, other parameters 

do not have tremendous effects on the amount of 

helicopter power required, and thus their slope of 

lines is approximately close to zero.    

Unlike other research carried out in this area, we did 

not find a negative effect of 2P cosine input on the 

power required of the UH-60A. The main reason for 

this is notable interactions between 2P cosine input 

with blade root chord, 1/rev twist phase, and 2/rev 

blade twist that have not been modeled in the 

previous literature. This result is also further proved 

by the response surfaces illustrated in Figure 11.   

 
Figure 10. Sensitivity of rotor power coefficient of UH-

60A helicopter to rotor blade design parameters. 
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a) b) 

  

c) d) 

 

e) 

Figure 11. Representation of UH-60A rotor power variations versus blade design parameters 
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The effects of forward flight speed, blade root chord, 

gross weight, and 2/rev blade twist on helicopter 

power coefficient are presented in Figure 11(a) to 

11(e). The notable increase of power coefficient 

with increasing helicopter flight speed is obvious in 

Figure 11 )a(. The main reason for this is the increase 

of parasite power which is proportional to the cube 

of flight speed. The increase of the power coefficient 

with the blade root chord is attributed to the 

equivalent rotor solidity that is a prime cause for the 

growth of the rotor profile power in forward flight. 

The obtained results indicate that the taper ratio and 

taper starting point on the blade compared with 

forward flight speed, blade root chord, and 2/rev 

blade twist are insignificant factors affecting the 

power required in forward flight.  

The effects of forward flight speed, blade root chord, 

gross weight, and 2/rev blade twist on helicopter 

power coefficient are presented in Figure 11 (a) to 

11 (e). The notable increase of power coefficient 

with increasing helicopter flight speed is obvious in 

Figure 11(a). The main reason for this is the increase 

of parasite power which is proportional to the cube 

of flight speed. The increase of the power coefficient 

with the blade root chord is attributed to the 

equivalent rotor solidity that is a prime cause for the 

growth of the rotor profile power in forward flight. 

The obtained results indicate that the taper ratio and 

taper stating point on the blade compared with 

forward flight speed, blade root chord, and 2/rev 

blade twist are Figure 11 (b) compares the effects of 

2/rev blade twist and forward flight speed and 

Figure 11(c) highlights the role of the blade root 

chord and 2/rev blade twist on UH-60A helicopter 

power required. A significant difference between 

the flight speed and the 2/rev blade twist on the 

power coefficient is realized in Figure 11(b). 

Although not shown in the paper, a one-factor plot 

proves that the flight speed presents greater effects 

on helicopter power coefficient than the 2/rev blade 

twist.  
The results in Figure 11(c) confirm that, with 

decreasing blade root chord and 2/rev twist, the 

power coefficient is partially saved in forward flight. 

Also, the variations of power to the root chord are 

more significant than the 2/rev twist and this result 

approves the previous results given in Figure 10. 

Figure 11 (d) shows that tapering the blade from 

0.6R leads to helicopter power loss, which contrasts 

with the tapered tip starting point of 0.9R. This 

figure also reveals that the helicopter power 

coefficient is independent of the blade taper ratio 

when the taper starting point is about 0.75R. 

Accordingly, the minimum power coefficient is 

obtained by either a taper starting point of 0.6R at 

the lowest taper ratio or a taper starting point of 0.9R 

at the highest taper ratio. 

Figure 11(e) presents the effects of the blade static 

twist (0/rev twist) and 2P cosine input on the power 

required of the UH-60A helicopter. As can be seen 

in Figure 11(e), the 2P input and 0/rev twist do not 

significantly affect the power coefficient in forward 

flight. Although not presented, the one-factor plot 

highlights a slight increase of power required 

obtained by increasing the 2P cosine input. This 

result contrasts with the results published by [11] 

because, in the current paper, the interaction of 2P 

cosine input, 0/rev, and 2/rev twist parameters on the 

power coefficient model is effectively considered. 

Thus, the 2P cosine input significantly increases the 

helicopter power coefficient in forward flight. 

Figure 12 exhibits the results of forward flight 

efficiency to blade design planform parameters and 

confirms that the most significant parameter is the 

blade root chord. The reason for this is due to an 

increase in rotor solidity that leads to a high profile 

drag and a low blade loading resulting in the 

reduction of the rotor mean lift coefficient and a 

higher lift-to-drag ratio. Figure 12 also compares the 

impacts of flight speed and gross weight on 

aerodynamic efficiency, which are approximately 

the same. This figure shows the positive influences 

of flight speed and the adverse effects of gross 

weight. In addition, the 2/rev twist is considered the 

main effect on the lift-to-drag ratio. However, due to 

the interaction effects between the 2/rev and 0/rev 

twist, it is a bit difficult to interpret the outcomes of 

the 2/rev twist and its effectiveness on the lift-to-

drag response. 

Moreover, the interaction between the 2/rev twist 

and 2P cosine input on the lift-to-drag ratio is 

significant. Although not shown, the interaction plot 

points that at 0/rev twist of -13° and 2P cosine input 

of 1.6°, the lift-to-drag ratio is independent of the 

2/rev twist. Furthermore, the result also reveals that 

lift-to-drag strongly depends on the interaction 

between 2/rev and 1/rev twists. Interestingly, at a 

maximum 1/rev of 10°, the lift-to-drag ratio is free 

of the 2/rev twist, while a 2/rev twist is proposed as 

a main effect for the lift-to-drag response. 

As shown in Figure 12, the negative effect of 2P 

cosine input on the lift-to-drag ratio is obvious. The 

main cause for this is increased rotor profile power 

(drag) when 2P cosine input with zero phase is 
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applied. The increase in rotor profile power is 

proved by tracing the peaks in the local torque in the 

outer portions of the front and the rear of the disk. 

What is to be said is that the profile torque peaks are 

primarily caused by increases in drag coefficient, 

where its increments are related to the combined 

effect of angle of attack and Mach number. For 

example, On the front and the rear of the rotor disc, 

the 2P cosine input is maximum, and the drag 

coefficient increases compared with the baseline 

case 2P = 0o. The opposite occurs on the right and 

left sides of the disk, where the 2P cosine input is 

minimum.  

 
Figure 12. Sensitivity of lift-to-drag ratio of UH-60A 

helicopter to rotor blade design parameters. 

  
a) b) 

  
c) d) 

Figure 13. Sensitivity of lift-to-drag ratio of UH-60A helicopter to rotor blade design parameters. 
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The effects of the root chord and forward flight 

variations on lift-to-drag response are shown in 

Figure 13(a). The blade root chord significantly 

influences the lift-to-drag ratio in forward flight 

among all selected parameters. The possible 

explanation for this is that the greater root chord 

leads to the larger equivalent rotor solidity, and thus 

the greater rotor profile power is achieved. This plot 

confirms that with the minimum root chord of 1.5 ft 

and minimum flight speed of 80 knots, the 

maximum aerodynamic efficiency is 5.63. 

Figure 13(b) shows forward flight speed and gross 

weight effects on lift-to-drag variations in medium 

to high-speed forward flight.  For the 22,000 lb case, 

the maximum lift-to-drag ratio of 5.73 is achieved at 

80 knots while compared to the speed of 140 knots, 

its value is 17% higher. 

Figure 13(c) also highlights the effects of the 2/rev 

and 0/rev twists on the efficiency of the UH-60A 

helicopter in forward flight. The results show that 

for the maximum values of 2/rev and 0/rev twist, the 

maximum lift-to-drag ratio of 5.29 is achieved. 

Interestingly, at a 0/rev twist of 12.5o, the amount of 

lift-to-drag ratio does not depend on 2/rev twist 

changes. For 0/rev twist less than 12.5o, the 

maximum lift-to-drag ratio is assessed at a 

maximum value of 2/rev twist and values greater 

than 12.5o; the maximum lift-to-drag ratio is 5.16, 

representing a reduction of 2.6%. 

The interaction between the 2/rev twist and 2P 

cosine input variables is obvious in Figure 13(d). 

Here, the maximum lift-to-drag ratio of 6.18 is 

achieved by a maximum 2/rev twist at minimum 2P 

cosine input. It should be noted that at a 2/rev twist 

of about 5o, the magnitude of lift-to-drag is 

independent of the 2P cosine input. Using a 2/rev 

twist less than 5 degrees for a maximum of 2P cosine 

input, the greatest lift-to-drag is about 5.56. 

However, at a 2/rev twist higher than 5o, the lift-to-

drag ratio 6.18 is achieved for a minimum of 2P 

cosine input.  As expected, the effects of interactions 

do not allow the main effects to play a significant 

role in lift-to-drag ratio changes. Overall, the 

impacts of 2P cosine input compared to 2/rev twist 

are relatively severe but in comparison with other 

variables such as root chord and speed is very 

modest and negligible. 

Results 

 The desirability function approach is suited for 

resolving the conflict among the multiple responses 

based on a dimension reduction strategy. Therefore, 

the desirability method was employed for two 

optimization problems defined in Table 3 of the 

different optimization approaches. To this end, the 

optimum blade planform for the UH-60A helicopter 

in forward flight is sought based on the combination 

of maximum rotor thrust coefficient, minimum 

power required coefficient, and maximum lift-to-

drag ratio listed in Error! Reference source not 

found.. In case 1, the goal is to determine the 

maximum 𝐿/𝐷 and minimum 𝐶𝑝 at a baseline gross 

weight of 17,665 lb. Case 2 includes maximum 𝐿/𝐷, 

minimum 𝐶𝑝, and maximum 𝐶𝑇 in the range of 

17,500 lb to 22,000 lb.  

Table 3.  Definition of design optimization problems 

Case Design goal 

1 Maximize 𝐿/𝐷 and Minimize 𝐶𝑃 

2 
Maximize 𝐿/𝐷, Minimize 𝐶𝑃, and 

Maximize 𝐶𝑇 

Here, the problems were reduced to desirability 

(objective) function as [23]; 

          Maximize   𝐷 = √ 𝑑1𝑑2𝑑3 
3  (4) 

where the individual desirability (𝑑𝑖) corresponding 

to each response is: 

𝑑1 =

{
 
 

 
 0 𝐶𝑇 < 𝐶𝑇

𝑚𝑖𝑛

[
𝐶𝑇 − 𝐶𝑇

𝑚𝑖𝑛

 𝐶𝑇
𝑚𝑎𝑥 − 𝐶𝑇

𝑚𝑖𝑛 
]

𝑤1

𝐶𝑇
𝑚𝑖𝑛 ≤ 𝐶𝑇 ≤ 𝐶𝑇

𝑚𝑎𝑥

1 𝐶𝑇 > 𝐶𝑇
𝑚𝑎𝑥

 

𝑑2 =

{
 
 

 
 1 𝐶𝑃 < 𝐶𝑃

𝑚𝑖𝑛

[
𝐶𝑃
𝑚𝑖𝑛 − 𝐶𝑃

 𝐶𝑃
𝑚𝑎𝑥 − 𝐶𝑃

𝑚𝑖𝑛  
]

𝑤2

𝐶𝑃
𝑚𝑖𝑛 ≤ 𝐶𝑃 ≤ 𝐶𝑃

𝑚𝑎𝑥

0 𝐶𝑃 > 𝐶𝑃
𝑚𝑎𝑥

 

𝑑3

=

{
 
 

 
 0 𝐿/𝐷 < 𝐿/𝐷𝑚𝑖𝑛

[
𝐿/𝐷 − 𝐿/𝐷𝑚𝑖𝑛

 𝐿/𝐷𝑚𝑎𝑥 − 𝐿/𝐷𝑚𝑖𝑛 
]

𝑤3

𝐿/𝐷𝑚𝑖𝑛 ≤ 𝐿/𝐷 ≤ 𝐿/𝐷𝑚𝑎𝑥

1 𝐿/𝐷 > 𝐿/𝐷𝑚𝑎𝑥

 

In the above-mentioned equations, 𝑤𝑖 the weighting 

factor was set to 10 because the authors were 

interested in the maximum emphasis on the aim of 

optimization. Although not shown, this paper 

selected this weighting factor based on 
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supplementary analysis on a different combination 

of weighting factors. 

The results of optimization problems compared with 

the baseline case are summarized in Table 4. The 

maximum lift-to-drag ratio of 5.43 and minimum 

power coefficient of 3.02×10-4 at a baseline gross 

weight of 17,665 lb is evident in case 1. In this case, 

tapering the tip to 57% starting from 0.787R, blade 

dynamic twist amplitudes of 𝐴1 = 1.15° and 𝐴2 =

2.9° and with the corresponding phases of 𝜙1 = 207° 

and 𝜙2 = 203° and also 2P cosine input of 1.07° 
resulted in an improvement in power required and 

lift-to-drag ratio. These gains in forward flight 

efficiency are attributed to small solidity and smaller 

profile power obtained by tapering. What is to be 

said is that the peak of the lift-to-drag ratio is raised 

from baseline 4.51 to 5.34, a 20.4% gain. This value 

corresponds to a 2.6% gain for power coefficient of 

case 1.   

In case 2, the power coefficient is reduced by about 

32% and the static twist increases from -18o to -19.7o 

to compensate for the increment of lift due to smaller 

equivalent rotor solidity (about 11%). It should be 

noted that the improvement in forward flight is also 

due to 2P cosine input of 1.0o and the proper choice 

of amplitudes and phases for the dynamic twist 

(Error! Reference source not found.). The above 

results are concerned with the flight condition  at 

which the gross weight is 22,000 lb. However, in 

this case where the gross weight is larger than 

baseline weight the rotor thrust coefficient is 

increased by 23%. Moreover, the optimum blade 

planform leads to uniform inflow over the rotor disc 

from 0.9R to the tip, and thus the reduction in 

induced power for the new tapered blade is obvious.  

Table 5. Optimum solution of multi-response 

optimization  problems. 

Design parameter Case 1 Case 2 Baseline 

Flight speed, knots 93 94 80 

Gross weight, lbs 17,665 22,000 17,665 

Root chord, ft 1.53 1.5 1.73 

Taper ratio 0.43 0.401 1 

Taper offset 0.787 0.9 0 

0/rev twist, deg -16 -19.7 -18 

1/rev twist, deg 1.15 1.03 0 

2/rev twist, deg 2.9 1 0 

1st harmonic phase, deg 207 355 0 

2nd harmonic phase, deg 203 173 0 

2P cosine input, deg 1.07 1 0 

Thrust coefficient 0.006 0.00741 0.006 

Power coefficient 0.000302 0.00041 0.00031 

Lift-to-drag ratio 5.43 5.21 4.51 

 

As mentioned earlier, the main reason for using 2P 

cosine input is to improve the aerodynamic 

efficiency of the rotor by shifting and changing the 

rotor stall region. Accordingly, Error! Reference 

source not found. and Figure 14 were chosen 

because the stall patterns are directly related to the 

angle of attack distribution. 
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a) Baseline  

 
b) Case 1 

 
c) Case 2 

Figure 14. Two-per revolution input and dynamic twist 

effects on angle of attack distribution. 

Three-dimensional thrust distribution graphs were 

drawn to further verify the effects of the higher 

harmonic inputs and blade dynamic twist. The plots 

are compared to baseline thrust distributions in 

Figure 15(a) to 16(c). 

 
a) Baseline  

 
a) Case 1 

 
b) Case 2 

Figure 15. Baseline 1/rev thrust distribution (top) 

compared to 2/rev and blade dynamic twist thrust 

distribution 

(case 1 and case 2). 
Figure 15(b) and 16(c) show the effects of 2P input 

on the rotor angle of attack distribution. These 

figures highlight that the UH-60A helicopter flies on 

the fore and aft sections of the rotor disc and 

therefore does not rely on the lift of the retreating 

and advancing side of the rotor. Consequently, the 

rotor is no longer attempting to provide propulsive 

and thrust force from the retreating and advancing 
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sides. As a result, this is interpreted as an ability to 

gain forward velocity. 

 
a) Baseline 

 
b) Case 1 

 
c) Case2 

Figure 16. Baseline 1/rev drag distribution (left) 

compared to 2/rev and dynamic twist drag distribution. 

The rotor distributions of local drag coefficients  𝐶𝑑 

are also shown in the Figure 16(a) to 17(c). They 

indicate that the profile power peaks are primarily 

caused by increases in 𝐶𝑑 in the front and aft section 

of rotor disc. 

Conclusions 

A systematic evaluation was carried out to 

determine the optimum rotor blade planform and 

performance improvements using blade dynamic 

twist and higher harmonic control inputs. The 

central composite design was used for data 

exploring using the flight dynamic simulation 

program previously validated against flight test data.  

The predictions of the optimum power required and 

lift-to-drag ratio by desirability approach and 

numerical optimization method are performed and 

confirms that this work is a step towards advancing 

the rotor blade design optimization process and the 

main findings are: 

1) Partially tapered blades, blade dynamic twist, and 

higher harmonic controls can be used to reduce 

helicopter power and improve flight efficiency in 

medium to high-speed forward flight. 

2) The interaction of rotor design parameters can be 

a severe challenge to identify the main effects 

influencing helicopter performance.   

3) In case 1, tapering the tip to 57% initiating from 

0.78R with a properly phased 1/rev and 2/ rev twist 

and  2/rev cyclic pitch input reduces the power 

coefficient by 2.6% and significantly enhances the 

lift-to-drag-ratio by about 20% relative to the 

baseline case. This benefit can be justified by 

smaller equivalent rotor solidity and the lower 

profile power provided by the optimum blade 

planform. 

4) The power reductions by the higher harmonic 

blade dynamic twist and 2/rev cyclic pitch input 

are substantially small. The zero harmonic twist 

presents a better result than the higher harmonic 

twist. The 2/rev cyclic pitch input alleviates the 

retreating blade stall by moving the stall region to 

the fore section of the rotor disc and a 16% 

increase in speed of maximum lift-to-drag ratio is 

evident.  

5) In case 2, tapering the blade to 60% from 0.9R with 

an appropriately phased 1/rev and 2/ rev twist and 

2/rev lateral cyclic pitch input increases the rotor 

thrust coefficient by 23%, and the lift-to-drag-ratio 

by about 15%. In this case, the increment of the 

power loss to baseline power can be justified by 

the addition of local drag coefficient of rotor blade 

at gross weight of 22,000 lb. The helicopter gross 

weight can have a pronounced effect on the power 

reductions achieved using the dynamic blade twist 

and harmonic controls. 
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 Appendix A 

Measured data of UH-60A helicopter in sea-level standard. 

Design Parameters  Performance Response 

𝑽∞ 

(𝑲𝒕𝒔) 

𝑾 

(𝒍𝒃𝒔) 

𝒄𝟎 

(𝒇𝒕) 
𝒕𝒓 

𝒕𝒓𝒔𝒕 
(𝒓/𝑹) 

𝑨𝟎 
(𝒅𝒆𝒈) 

𝑨𝟏 
(𝒅𝒆𝒈) 

𝑨𝟐 
(𝒅𝒆𝒈) 

𝝓𝟏 
(𝒅𝒆𝒈) 

𝝓𝟐 
(𝒅𝒆𝒈) 

𝟐𝑷 

 𝒄𝒐𝒔. 
(𝒅𝒆𝒈) 

 𝑪𝑻 𝑪𝑷 𝑳/𝑫 

140 22000 3.5 0.4 0.9 -10 10 1 360 0 1 
 

0.00701 0.000674 3.79 

80 22000 1.5 0.6 0.6 -10 1 10 0 360 1 
 

0.007535 0.000519 2.81 

140 17500 3.5 0.6 0.6 -20 10 1 360 360 2 
 

0.005463 0.000716 2.83 

140 17500 1.5 0.4 0.6 -20 10 10 360 0 2 
 

0.005427 0.000593 3.42 

140 17500 1.5 0.6 0.6 -10 1 10 0 0 2 
 

0.005421 0.000616 3.29 

110 17500 2.5 0.5 0.75 -15 5.5 5.5 180 180 1.5 
 

0.005709 0.000397 4.02 

80 22000 1.5 0.4 0.6 -20 10 1 360 0 1 
 

No trim available 

80 17500 3.5 0.6 0.9 -10 10 10 0 0 2 
 

No trim available 

80 22000 3.5 0.4 0.9 -10 1 10 0 360 2 
 

0.007537 0.000489 2.98 

110 19750 2.5 0.5 0.75 -15 10 5.5 180 180 1.5 
 

0.006503 0.000429 4.20 

110 19750 1.5 0.5 0.75 -15 5.5 5.5 180 180 1.5 
 

0.006503 0.000392 4.59 

110 19750 2.5 0.5 0.75 -15 5.5 5.5 180 180 1.5 
 

0.006503 0.000417 4.32 

110 19750 2.5 0.5 0.75 -15 5.5 5.5 360 180 1.5 
 

0.006505 0.000422 4.26 

140 17500 3.5 0.6 0.9 -10 10 1 0 360 1 
 

0.005435 0.000665 3.05 

140 22000 1.5 0.4 0.9 -20 1 10 0 0 1 
 

0.007009 0.00065 3.93 

140 22000 1.5 0.4 0.9 -10 1 1 360 360 2 
 

0.007001 0.000641 3.98 

140 22000 1.5 0.6 0.9 -10 10 10 0 360 2 
 

0.007006 0.000807 3.16 

140 17500 1.5 0.4 0.9 -10 1 1 0 360 1 
 

0.005416 0.000503 4.04 

140 22000 3.5 0.6 0.6 -20 10 1 0 0 1 
 

0.007033 0.000744 3.43 

140 22000 3.5 0.4 0.6 -10 1 10 0 360 1 
 

0.00702 0.000712 3.59 

140 17500 1.5 0.4 0.9 -20 10 1 360 360 1 
 

0.005423 0.000532 3.81 

110 22000 2.5 0.5 0.75 -15 5.5 5.5 180 180 1.5 
 

0.0073 0.000441 4.54 

140 17500 3.5 0.6 0.6 -10 10 10 360 0 1 
 

0.005447 0.000722 2.81 

140 17500 1.5 0.4 0.6 -10 1 10 360 360 1 
 

0.00542 0.000577 3.52 

140 17500 3.5 0.4 0.9 -10 10 10 360 360 2 
 

0.005451 0.000763 2.66 

140 17500 3.5 0.4 0.9 -20 1 1 0 360 2 
 

0.005462 0.000714 2.84 

80 22000 3.5 0.4 0.6 -10 10 1 360 360 2 
 

0.007536 0.000436 3.35 
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Design Parameters  Performance Response 

𝑽∞ 

(𝑲𝒕𝒔) 

𝑾 

(𝒍𝒃𝒔) 

𝒄𝟎 

(𝒇𝒕) 
𝒕𝒓 

𝒕𝒓𝒔𝒕 
(𝒓/𝑹) 

𝑨𝟎 
(𝒅𝒆𝒈) 

𝑨𝟏 
(𝒅𝒆𝒈) 

𝑨𝟐 
(𝒅𝒆𝒈) 

𝝓𝟏 
(𝒅𝒆𝒈) 

𝝓𝟐 
(𝒅𝒆𝒈) 

𝟐𝑷 

 𝒄𝒐𝒔. 
(𝒅𝒆𝒈) 

 𝑪𝑻 𝑪𝑷 𝑳/𝑫 

110 19750 2.5 0.5 0.75 -15 5.5 5.5 180 180 1 
 

0.006503 0.000412 4.37 

140 17500 3.5 0.6 0.9 -20 1 10 360 0 2 
 

0.005489 0.000829 2.45 

80 17500 3.5 0.6 0.6 -10 1 1 0 360 2 
 

No trim available 

80 22000 1.5 0.4 0.6 -10 1 1 0 0 2 
 

No trim available 

140 22000 1.5 0.6 0.9 -20 1 1 0 360 1 
 

0.007006 0.000596 4.28 

80 22000 3.5 0.6 0.9 -10 10 1 360 0 1 
 

0.007537 0.000456 3.20 

140 17500 1.5 0.6 0.6 -20 10 10 0 360 1 
 

0.005428 0.000576 3.52 

140 22000 3.5 0.6 0.6 -20 1 10 0 360 2 
 

0.007049 0.000854 2.99 

80 22000 3.5 0.6 0.6 -20 1 1 360 360 1 
 

0.007537 0.000462 3.15 

80 22000 1.5 0.6 0.6 -10 10 1 0 0 2 
 

No trim available 

80 22000 3.5 0.6 0.6 -10 1 10 360 0 2 
 

0.007537 0.000489 2.98 

140 17500 1.5 0.6 0.9 -20 10 1 0 0 2 
 

0.005425 0.000571 3.55 

140 22000 3.5 0.4 0.9 -20 10 10 360 360 2 
 

0.007052 0.00086 2.97 

80 22000 3.5 0.4 0.6 -20 1 10 0 0 1 
 

0.00754 0.000478 3.05 

140 17500 1.5 0.4 0.6 -20 1 1 0 0 1 
 

0.005422 0.000501 4.06 

80 22000 3.5 0.6 0.6 -20 10 10 0 360 1 
 

0.007542 0.000518 2.82 

80 17500 1.5 0.4 0.6 -20 1 1 360 360 2 
 

0.005939 0.000305 3.80 

110 19750 3.5 0.5 0.75 -15 5.5 5.5 180 180 1.5 
 

0.006506 0.000481 3.74 

80 17500 3.5 0.4 0.6 -20 1 10 360 360 2 
 

0.005946 0.000434 2.67 

140 22000 3.5 0.6 0.9 -20 10 10 360 0 1 
 

0.007052 0.000866 2.94 

110 19750 2.5 0.5 0.75 -15 5.5 5.5 0 180 1.5 
 

0.006505 0.000422 4.26 

80 22000 1.5 0.4 0.6 -20 10 10 0 360 2 
 

No trim available 

80 17500 1.5 0.6 0.9 -10 10 1 0 360 2 
 

0.005939 0.000328 3.54 

140 22000 3.5 0.6 0.9 -10 1 1 0 0 2 
 

0.007016 0.000722 3.53 

80 22000 1.5 0.6 0.9 -20 1 10 0 0 2 
 

0.007536 0.000462 3.16 

140 22000 1.5 0.6 0.6 -20 1 1 360 0 2 
 

0.007006 0.000685 3.72 

140 17500 1.5 0.4 0.6 -10 10 1 0 360 2 
 

0.005416 0.000554 3.66 

140 17500 3.5 0.4 0.9 -10 1 10 0 0 1 
 

0.005446 0.000696 2.91 

140 22000 1.5 0.6 0.6 -10 1 1 360 0 1 
 

0.007001 0.00063 4.05 

110 19750 2.5 0.5 0.9 -15 5.5 5.5 180 180 1.5 
 

0.006504 0.000428 4.21 

80 17500 1.5 0.4 0.6 -10 10 10 0 0 1 
 

0.005939 0.000336 3.45 

80 22000 3.5 0.6 0.9 -20 10 1 360 360 2 
 

0.00754 0.000521 2.80 

80 17500 1.5 0.6 0.6 -10 10 10 360 360 2 
 

0.005939 0.000364 3.19 

110 19750 2.5 0.5 0.75 -15 5.5 1 180 180 1.5 
 

0.006505 0.00043 4.18 

80 17500 1.5 0.4 0.9 -20 1 10 0 360 1 
 

0.00594 0.000313 3.70 

110 19750 2.5 0.5 0.6 -15 5.5 5.5 180 180 1.5 
 

0.006503 0.000405 4.45 

80 17500 3.5 0.6 0.9 -20 1 1 0 0 1 
 

No trim available 

80 22000 1.5 0.4 0.9 -10 10 10 360 0 2 
 

0.007535 0.000522 2.79 

80 17500 3.5 0.6 0.9 -10 1 10 360 360 1 
 

No trim available 

80 19750 2.5 0.5 0.75 -15 5.5 5.5 180 180 1.5 
 

0.006737 0.000358 3.66 

110 19750 2.5 0.5 0.75 -15 5.5 10 180 180 1.5 
 

0.006503 0.000418 4.31 
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Design Parameters  Performance Response 

𝑽∞ 

(𝑲𝒕𝒔) 

𝑾 

(𝒍𝒃𝒔) 

𝒄𝟎 

(𝒇𝒕) 
𝒕𝒓 

𝒕𝒓𝒔𝒕 
(𝒓/𝑹) 

𝑨𝟎 
(𝒅𝒆𝒈) 

𝑨𝟏 
(𝒅𝒆𝒈) 

𝑨𝟐 
(𝒅𝒆𝒈) 

𝝓𝟏 
(𝒅𝒆𝒈) 

𝝓𝟐 
(𝒅𝒆𝒈) 

𝟐𝑷 

 𝒄𝒐𝒔. 
(𝒅𝒆𝒈) 

 𝑪𝑻 𝑪𝑷 𝑳/𝑫 

140 19750 2.5 0.5 0.75 -15 5.5 5.5 180 180 1.5 
 

0.006213 0.000576 3.98 

80 17500 3.5 0.4 0.9 -20 10 10 360 0 1 
 

No trim available 

110 19750 2.5 0.5 0.75 -15 5.5 5.5 180 360 1.5 
 

0.006506 0.000452 3.98 

140 17500 1.5 0.6 0.9 -10 10 10 360 0 1 
 

0.005422 0.000593 3.42 

80 17500 3.5 0.4 0.6 -20 10 1 0 360 1 
 

No trim available 

110 19750 2.5 0.5 0.75 -15 5.5 5.5 180 0 1.5 
 

0.006506 0.000452 3.98 

110 19750 2.5 0.5 0.75 -15 1 5.5 180 180 1.5 
 

0.006505 0.000418 4.31 

110 19750 2.5 0.4 0.75 -15 5.5 5.5 180 180 1.5 
 

0.006503 0.000409 4.40 

140 22000 3.5 0.4 0.6 -10 10 10 0 0 2 
 

0.007024 0.00078 3.27 

140 17500 3.5 0.4 0.6 -10 1 1 360 0 2 
 

0.005427 0.00061 3.33 

80 22000 3.5 0.4 0.9 -20 10 1 0 0 1 
 

0.007539 0.000483 3.02 

110 19750 2.5 0.5 0.75 -10 5.5 5.5 180 180 1.5 
 

0.006503 0.000416 4.33 

80 17500 3.5 0.4 0.9 -10 1 1 360 360 1 
 

No trim available 

80 17500 3.5 0.4 0.6 -20 10 1 0 0 2 
 

0.005944 0.000402 2.88 

80 22000 1.5 0.4 0.9 -10 10 10 360 360 1 
 

0.007535 0.000474 3.08 

80 22000 1.5 0.4 0.9 -20 1 1 360 0 1 
 

0.007535 0.000398 3.67 

140 22000 1.5 0.6 0.6 -20 10 1 360 360 1 
 

0.007006 0.000739 3.45 

80 17500 1.5 0.6 0.9 -10 1 1 360 0 2 
 

0.005939 0.000309 3.75 

110 19750 2.5 0.5 0.75 -20 5.5 5.5 180 180 1.5 
 

0.006506 0.000444 4.05 

110 19750 2.5 0.5 0.75 -15 5.5 5.5 180 180 2 
 

0.006505 0.000426 4.23 

110 19750 2.5 0.6 0.75 -15 5.5 5.5 180 180 1.5 
 

0.006504 0.000428 4.21 

140 22000 1.5 0.6 0.9 -20 1 10 360 360 2 
 

0.00701 0.000699 3.65 

80 17500 1.5 0.6 0.6 -20 1 10 360 0 1 
 

0.00594 0.000317 3.65 
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