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Abstract 

An inverse design technique is described for improving the aerodynamic characteristics of 2-D rotor sections 

and helicopter rotor blade tip regions. This methodology requires the specification of a target pressure distri-

bution that achieves the design lift coefficient, while reducing the profile drag by delaying transition to turbulent 

flow and mitigating boundary layer growth by reducing the adverse pressure gradients wherever possible. The 

peak local Mach numbers are also kept low enough to delay the formation of shock waves and the attendant 

wave drag and shock noise. This methodology is independent of the flow solver used to predict the surface 

pressure data over the intermediate geometries during the design iterations, allowing a variety of flow solvers 

to be used. Sample 2-D applications are shown for 2-D airfoil design where the present methodology is used 

with an in-house panel method which is used to generate the surface pressures. This methodology is subse-

quently applied to the redesign of the S76 rotor tip region for improved performance at high thrust settings. 

1. 1 INTRODUCTION 

Over the past several decades, considerable pro-

gress has been made on the modeling and design of 

rotor blades for conventional helicopters, as well as 

eVTOL and UAS systems. For example, Johnson and 

his coworkers have developed a series of lifting rotor 

and propeller analyses and accompanying design 

tools [1-3]. These tools have been successfully ap-

plied to a broad class of current and future generation 

civilian rotorcraft and eVTOL concepts [4-7]. In most 

of these approaches, a multidisciplinary approach is 

used, with the properties of the rotor blade (twist, ta-

per, sweep, anhedral, and airfoils) as design varia-

bles. An optimization strategy is often used, where a 

combination of design objectives (low power con-

sumption in hover and vibration, low noise, and low 

hub-load vibration levels) is achieved [8]. In these ap-

proaches, the family of airfoils are chosen a priori, or 

included in the design process using a genetic algo-

rithm that combines the best features of existing air-

foils over multiple evolutions. 

In practice, the rotor tip operates in a highly three-di-

mensional flow environment. A 2-D airfoil that has a 

desirable laminar drag bucket behavior may perform 
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poorly near the tip due to the cross flow induced by 

the tip vortex formation, presence of weak shock 

waves, and secondary trailing vortices that are gen-

erated in regions where the planform is discontinu-

ous. The tip region of the rotor produces a major por-

tion of the desired thrust and consumes a significant 
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ble to reshape the blade contour in these regions to 

improve the rotor performance. Conventional 2-D air-
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FLO22 [10]. This approach has been modified by the 

present authors for a variety of 2-D and 3-D 

applications [11-13].  

The present inverse design approach iteratively 

modifies the rotor surface Z(x,r), where x represents 

the chordwise location of a surface point on the 

section and r represents the radial (or spanwise) 

location. The objective of the iterative process is to 

drive the surface pressure coefficient Cp(x,r) at any 

point on the surface, computed using any convenient 

flow analysis (CFD or panel method, as applicable) 

towards a target pressure coefficient Cp,target(x,r) 

specified by the user by changing the ordinate Z(x,r) 

by a small amount Z(x,r) at each iteration. 

Since the surface pressure distribution is influenced 

by the surface ordinate, its slope, and its curvature (or 

second derivative), the following heuristic equation is 

solved. 

𝐴(∆𝑍) + 𝐵
(𝜕(∆𝑍))

𝜕𝜉
− 𝐶

𝜕2(∆𝑍)

𝜕𝜉2

= 𝐶𝑝(𝑥, 𝑟) − 𝐶𝑝, 𝑡𝑎𝑟𝑔𝑒𝑡(𝑥, 𝑟) 

 

In the above equation,  is the square root of the 

non-dimensional distance along the chord line 

measured from the leading edge: 

𝜉 = √
x

c
 

(1) 

 

 

Here the c is the local chord, and the three constants 

A, B, C are user-specified and drive the changes in 

the surface shape ∆Z to zero as the computed 

surface pressure distribution approaches the target 

values. A large value of the coefficients A, B, and C 

would cause the surface to change very slowly 

between iterations, while smaller values will cause 

larger changes and possibly lead to divergence of the 

iterative process. 

In this approach, it is not necessary to specify the 

target pressure distribution over the entire rotor 

section surface. In some regions, the existing surface 

pressure values may be deemed acceptable by the 

designer and considered equal to “target” values. The 

differences in the pressure coefficient ΔCp, equal to 

Cp(x,r) -Cp,target(x,r) is set to zero in those regions. 

The first and second derivatives are discretized by the 

three points (i, i-1, i+1), giving rise to a set of linear 

algebraic equations at all points (x,r).  

The first derivative is approximated using the current 

point ‘i’ and the downstream point ‘i+1’ as shown 

below: 

 

The second derivative at a point ‘i’ is related to the Z 

values at adjacent points as shown below: 

𝜕2(Δ𝑧)

𝜕𝜉2
=

2

𝜉𝑖+1 − 𝜉𝑖−1

[
Δ𝑧𝑖 − Δ𝑧𝑖+1 

𝜉𝑖 − 𝜉𝑖+1

−
Δ𝑧𝑖 − Δ𝑧𝑖−1

𝜉𝑖 − 𝜉𝑖−1

]  

Use of these finite difference approximations in 

equation (1) leads to the following tridiagonal system 

on the upper and lower surfaces. 

(𝑈𝑈)𝑖Δ𝑧𝑖+1 + (𝐷𝐷)𝑖Δ𝑧𝑖 + (𝐿𝐿)𝑖Δ𝑧𝑖−1 = (Δ𝐶𝑝)
𝑖

 

 

At the leading and trailing edges, Z is set to zero to 

ensure a closed airfoil shape. 

The resulting tridiagonal system may be solved for 

the change to the geometry at all nodes over the rotor 

section. The geometry is updated and a new flow 

solution Cp(x,r) is computed. The iterative process is 

repeated until the geometry stops changing. 

3. SAMPLE 2-D DESIGN APPLICATIONS 

Figure 1 shows a sample application where the target 

pressure distribution is specified for the known con-

figuration, a NACA 2412 cambered airfoil at zero an-

gle of attack, and a generic starting configuration (a 

NACA 0012 airfoil). The intermediate airfoil shapes 

are iteratively changed until the expected target pres-

sure distribution is achieved, typically in just 10 itera-

tions, requiring less than one second on a desktop 

personal computer system. In this application, an in-

house 2-D panel method [14, 15] was used to gener-

ate the target pressure distribution, as well as the in-

termediate surface pressure distribution Cp(x) at 

each iteration. 

Approximation of (Z)/ ξ on the upper surface:

i-1

i

i+1

(Z)/ ξ = (zi – zi+1)/ (ξi - ξi+1)

Approximation of (Z)/ ξon the lower surface:

i-1 i
i+1

(Z)/ ξ= (zi – zi+1)/ (ξi –ξi+1)



 

 

Figure 1: Application of 2-D Inverse Design Method 

to 2-D Airfoil Design (NACA 0012 Airfoil to NACA 

2412 Airfoil) 

A more interesting application would be to improve a 

well-known rotorcraft airfoil section such as the SC 

1095 profile operating at a specified angle of attack, 

Mach number, and other parameters such as the 

Reynolds number. The designer would specify the 

desired target pressure values. Figure 2 shows the 

starting and target pressure distributions, while Figure 

3 shows the starting and final airfoil shapes. 

The area inside the pressure distribution curves in 

Figure 2 was held fixed, achieving the same lift coef-

ficient as the starting airfoil at the same angle of at-

tack. It is seen that the target pressure distribution 

has a favorable pressure gradient (or a near zero 

pressure gradient) over much of the upper surface. It 

is well known that a strong adverse pressure gradient 

would create an inflection point in the boundary layer 

velocity profile, making it more prone to transition. 

Secondly, in both laminar and turbulent flows, ad-

verse pressure gradients would cause the boundary 

layer to grow more rapidly, affecting the pressure re-

covery at the trailing edge and adversely impacting 

the profile drag. 

 

Figure 2: Starting and Target Pressure Distributions 

 

Figure 3: Starting SC 1095 and Final Airfoil Shapes 

 

Figure 4a: Comparison of Drag Polars for SC 1095 

Profile and the Redesigned Airfoil with Target Pres-

sure Distribution Shown in Figure 2 



 

Figure 4b: Variation of (Cl)3/2/Cd vs. Cl for the Original 

and Redesigned Airfoil Sections 

The final airfoil shape shown in Figure 3 was reana-

lyzed using XFOIL at a nominal Reynolds number of 

3 million. The eN transition, with N equal to 9, was 

used. Figure 4a shows the resulting drag polar for the 

SC 1095 airfoil and the new design. It is seen that the 

new airfoil generated using the present design pro-

cess, has a desirable laminar drag bucket encom-

passing a broad range of lift coefficient values. The 

sectional pitching moment is found to be slightly 

higher than SC 1095, but acceptable. 

Blade element theory suggests that the figure of merit 

of a rotor in hover can be maximized if the ratio (Cl)3/2 

/ Cd is increased over a broad range of lift coefficients. 

Figure 5b indicates that for a broad range of lift coef-

ficients between 0.2 and 0.7, the new airfoil has a sig-

nificantly higher value of this quantity, indicating the 

suitability of the new airfoil in rotor design. 

It is possible in the present approach to use other 2-

D panel analyses, e.g. XFOIL, and extract the lift as 

well as drag characteristics of the initial geometry and 

the final design. It would only be necessary to gener-

ate a text file (within the design script) that creates an 

input file for XFOIL, with any starting airfoil (e.g. 

NACA 0012) and save the resulting surface pressure 

data for use in the inverse design process. The in-

verse design script would create a modified airfoil 

shape at each design iteration, which may be loaded 

into XFOIL. 

4. APPLICATION TO S76 ROTOR TIP REDESIGN 

In this application, the tip region of the S76 rotor blade 

is being redesigned to improve the hover perfor-

mance on the rotor, especially at high thrust settings. 

This configuration was chosen because of the 

availability of the rotor geometry shape and hover test 

data in a well-documented form [16, 17]. 

 

Figure 5: S76 Rotor Planform 

 

The flow solver used in this study is a hybrid Navier-

Stokes/free-wake methodology called GT-Hybrid. 

This is a finite volume based three-dimensional un-

steady viscous compressible flow solver which com-

putes a Navier-Stokes solution only in the immediate 

vicinity of the rotor blades. Away from the rotor 

blades, the vortex wake is captured using a Lagran-

gian approach. This hybrid approach allows for an ac-

curate and economical modeling of viscous features 

near the blades, and a “non-diffusive” modeling of the 

trailing wake in the far field. Ref. 19-21 show recent 

applications of this solver to the S76 rotor with and 

without anhedral effects. A one-equation Spalart-

Allmaras model, with an algebraic transition model 

that turns off the turbulent kinetic energy production 

term in the laminar regions has been used [20-21]. 

Figure 6 below shows the variation of thrust and 

torque coefficients with pitch setting, at a tip Mach 

number of 0.65. Reasonable agreement with test data 

is observed. It should be noted that these simulations 

have been previously published in Ref. 21 and Ref. 

22. 

The major steps in the rotor tip redesign in the present 

approach are as follows: 

1. A starting configuration (S76 in the present context) 

is chosen. This configuration is analyzed to determine 

the performance characteristics using a CFD tool 

such as GT-hybrid. 

2. A particular thrust setting based on operating con-

ditions (pressure altitude, density, temperature) of 

most interest to the operators is chosen. 
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Table 1. S-76 rotor properties  

 

Radius, R  56.04 inches  

Nominal chord, ĉ  3.1 inches  

Equivalent chord, ce  3.035 inches  

Tip taper  60% ĉ  

Root cutout  19% R  

Sweep (leading-edge)  degrees at 95% R  

Solidity  0.07043  

Airfoils  SC1013R8, SC1095R8, SC1095  

Number of blades, Nb  4  



3. The surface pressure coefficients at this setting at 

selected radial locations are chosen. In this study, the 

radial location of 90% has been chosen. 

4. Target pressure distributions are specified at these 

locations. 

5. The section airfoil profile, local pitch angle that the 

chord line makes with the plane of rotation, and Mach 

number, and the target pressure distribution are sup-

plied to the modified Garabedian-McFadden Method 

(MGM) design tool. 

6. The supplied target pressure distribution is con-

verted into an incompressible flow pressure distribu-

tion using the Prandtl-Glauert rule. The design tool 

uses a panel method (our in-house tool or XFOIL) in 

conjunction with the MGM tool to arrive at new airfoil 

shapes at the chosen radial locations. 

7. The new rotor sections are used to loft a new blade 

shape. The new rotor is reanalyzed using the same 

CFD analysis used in step 1 above. 

The starting condition for the present redesign exer-

cise was arbitrarily chosen to be the thrust setting at 

10 degree collective, with a CT/  equal to 0.0966 

(which corresponds to a gross weight of 12565 

pounds at standard sea level conditions. Figure 5 in-

dicates that the last 10% of the S76 rotor employs the 

SC 1095 airfoil, which produces a surface pressure 

distribution with a suction peak very close to the lead-

ing edge, similar in shape to the starting Cp distribu-

tion in Figure 2. The computed pressure distribution 

at the 90% radial location was specified as the start-

ing pressure distribution, with the SC 1095 airfoil as 

the starting configuration, at the sectional angle of at-

tack and Mach number based on the operating con-

dition at this pitch setting. A flat rooftop target pres-

sure distribution, very similar in shape to the target Cp 

values shown in Figure 2, was specified, with the 

same integrated sectional lift coefficient as the base-

line S76 at this radial location. 

The starting and the target Cp values were converted 

into equivalent incompressible pressure distributions 

using Prandtl-Glauert rule. The airfoil section at 90% 

was redesigned using the in-house panel code, cou-

pled to the MGM design tool described earlier. The 

new airfoil shape was subsequently used in the new 

“modified” rotor, at all stations outboard of   % ra-

dius. The blade sections inboard of 90% were left un-

changed. No other changes to the blade planform or 

twist distribution were made. 

 

 

Figure 6: Comparison of Computed and Measured 

Thrust and Torque Variations with Collective Pitch for 

the S76 Rotor [21]. 

Figure 7 shows the integrated performance of the 

baseline S76 rotor, and the redesigned rotor for a 

range of thrust settings of interest. The data is also 

presented in tabular form for improved readability. At 

thrust settings CT/  below 0.08, the new rotor per-

forms somewhat worse than the baseline S76. How-

ever, at higher thrust settings, the new rotor performs 

much better, reaching a peak figure of merit around 

0.74 at a CT/ of 0.126. In other words, for gross 

weights exceeding 10000 pounds at standard sea 

level conditions, the redesigned rotor would perform 

better than the baseline S76 rotor. 

 

Figure 7a: S76 Baseline Rotor Performance 

  

Figure 7b: Redesigned Rotor Performance 

Coll_Pitch CT CT/Sigma CP CP/sigma FM

2 0.00104 0.014764 0.000115425 0.001638864 0.20541

5 0.00290 0.041212 0.00021 0.003045017 0.51560

7 0.00439 0.062389 0.00032 0.00458524 0.63776

8 0.00517 0.073391 0.00039 0.005547982 0.67251

10 0.00680 0.09655 0.00056 0.007890104 0.71352

12 0.008584 0.12188 0.000786 0.011160017 0.71548

Coll_Pitch CT CT/Sigma CP CP/sigma FM
6.0 0.00419 0.05951805 0.000313 0.004447 0.61273
8.0 0.00573 0.08135738 0.000445 0.0063183 0.68922
9.0 0.00654 0.09286367 0.000523 0.0074239 0.71532
9.4 0.00685 0.09730162 0.000556 0.0078938 0.72154

10.0 0.00730 0.10362441 0.000607 0.0086157 0.72655
12.0 0.00889 0.12623324 0.000800 0.0113621 0.74074



 

 

Figure 7c: Performance of S76 and Redesigned Ro-

tors. 

 

Figure 8: Comparison of the Surface Pressure Distri-

bution at 90% R for the Two rotors at the same CT 

value of 0.0680 

To gain a better understanding of the improved per-

formance of the new rotor compared to the baseline 

S76 rotor, the surface pressure data at 90% radius for 

the two rotors at a thrust setting of 0.068 was plotted. 

Figure 8 shows the pressure distributions for the two 

rotors. It is seen that the new rotor has favorable or 

zero pressure gradient over much of the upper sur-

face, compared to the S76 rotor. As stated earlier, the 

favorable pressure gradients would delay transition, 

and a lower growth rate of the boundary layer mo-

mentum thickness. 

 

Figure 9: Radial variation of the Sectional Normal 

Force Coefficients CnM2 for the Two Rotors at 90% R 

 

Figure 10: Radial variation of the Sectional Chordwise 

Force Coefficients CcM2 for the Two Rotors at 90% R 

The radial variations of the sectional forces at this 

thrust setting have also been examined, as shown in 

Figure 9. There was negligible difference between the 

two rotors for the normal force coefficient, multiplied 

by the local section Mach number squared. This was 

expected since the two rotors have been trimmed to 

the same thrust setting. The chordwise force coeffi-

cients, again multiplied by the local Mach number 

squared, show more significant differences, as seen 

in Figure 10. The in-plane components of the normal 

force (acting as induced drag) and the chordwise 

force (contributing to profile drag) would therefore be 

lower for the new rotor. As a result, a modest reduc-

tion in power consumption, and a 1% improvement in 

figure of merit was achieved at this thrust setting (from 

0.713 to 0.722). At higher settings, the improvement 

in the Figure of Merit was even more, as shown in 

Figure 7c. 



5. CONCLUDING REMARKS 

An inverse design method, previously developed by 

the present authors for aircraft components has been 

used to redesign rotorcraft SC 1095 airfoil section 

within a 2-D framework. This design process has also 

been used to redesign the tip region of the S76 rotor. 

Satisfactory improvements in the figure of merit, 

which translates into lower fuel consumption, have 

been achieved for a broad range of thrust settings. 

Because the present design methodology is inde-

pendent of the underlying aerodynamics analysis, 

and only relies on the predicted surface pressure 

data, this approach can be used with other flow solv-

ers in use within academia, industry, and govern-

ment. Additional work is needed to explore the poten-

tial of this approach for redesigning existing rotor ge-

ometries, and for the development of new families of 

blade sections and rotor configurations. 
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