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Abstract 

 

When the rotor blades are at a high advance ratio and/or a high thrust coefficient, the onset of 

dynamic stall makes accurate prediction of airloads on the rotor blades difficult. Comprehensive 

rotor analysis codes used in the industry rely on semi-empirical dynamic stall models to generate 

the aerodynamic coefficients of the blade sections undergoing dynamic stall. However, these 

models neglect the unsteady nature of the freestream seen by the blade sections compromising the 

accuracy of the analysis at high speed forward flight and high blade loading conditions. Thus, this 

thesis aims to investigate the impact of including the unsteady freestream effects in dynamic stall 

for the prediction of the airloads on the rotor blades.  

To study the impact of including the unsteady nature of the freestream in dynamic stall, 

Computational Fluid Dynamics (CFD) was used to generate the unsteady 2D dynamic stall 

aerodynamic data. The CFD data then served as inputs to the in-house rotor analysis code called 

Qoptr to generate blade airload results. The flight test data from a steady-level flight case (CT/σ = 

0.129, µ = 0.24) from the UH-60A Airloads program was used for validation. The Qoptr blade 

airload results generated with the unsteady CFD dynamic stall data showed considerably better 

agreement with the flight test data than the results generated with semi-empirical dynamic stall 

models, especially in the sectional moment results. 
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Chapter 1  

 

Introduction 

Due to their unique capability to take off and land vertically on various types of terrain, helicopters 

are widely used for military, search and rescue, and civilian applications. This capability also gives 

rise to phenomena and design challenges that are unique to helicopters. Occurrence of dynamic 

stall on helicopter rotors is one of these phenomena and the prediction of the blade loads associated 

with it is a major design challenge. This chapter describes the general flight regimes of helicopter 

flight with their respective rotor mechanics, the phenomenon of dynamic stall and its effect, and 

introduces the objective of this thesis.  

1.1 Helicopter Aerodynamics 

In contrast to fixed-wing aircraft where lift and thrust are generated independently, both the lift 

and the propulsive force of a helicopter are generated by the main rotor. Thus, as the helicopter 

goes through different flight regimes during the course of its mission, the parameters of the main 

rotor also change accordingly. Due to its dynamic role, the main rotors of helicopters are complex 

systems whose design requires multi-objective optimization.  

The two main flight regimes that take precedence in the design process are hovering and forward 

flight, as most time is spend in these regimes during typical missions served by helicopters. There 

are several configurations of helicopters, mainly differing in how the torque generated by the main 

rotor(s) is counteracted and how yaw control is achieved. In this thesis, the single main rotor and 
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single tail rotor configuration is considered for the description of helicopter aerodynamics as it is 

the most common configuration.  

1.1.1 Hovering Flight 

In hovering flight, the angle of attack of the rotor blades is constant throughout the blade azimuth. 

The velocity of the freestream along the rotor blades is also constant throughout the blade azimuth 

as shown in Figure 1.1. Therefore, the aerodynamics of the rotor blades in hovering flight can be 

considered quasi-steady. 

 

Figure 1.1: Top view of rotor plane in hovering flight, adapted from Ref. [1]. 

 

Without any incoming freestream, the velocity of the airflow over a blade section caused by the 

rotating motion can be calculated as the following.  

                                                        𝑈𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = 𝑟𝛺                                                      (1.1) 
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1.1.2 Forward Flight 

In forward flight, the oncoming freestream introduces complexity to the aerodynamics of the rotor 

blades. At a forward flight speed of 𝑈∞, a component of velocity that varies as a function of blade 

azimuth can be represented as:  

                                                        𝑈𝑓𝑜𝑟𝑤𝑎𝑟𝑑 = 𝑈∞sin (𝜓)                                          (1.2) 

Then, the resultant velocity of the airflow over a blade section in forward flight can be obtained 

by summing Equations (1.1) and (1.2) as seen in Figure 1.2. 

                                                       𝑈 = 𝑈𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 + 𝑈𝑓𝑜𝑟𝑤𝑎𝑟𝑑                                       (1.3) 

 

Figure 1.2: Top view of rotor plane in forward flight, adapted from Ref. [1]. 

 

The forward flight speed of a helicopter is often expressed by a dimensionless quantity known as 

“advance ratio”, denoted as μ. Advance ratio is a ratio of the helicopter’s forward flight speed to 

the blade tip speed.    
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𝜇 =
𝑈∞

𝑈𝑇𝐼𝑃
=

𝑈∞

𝑅𝛺
 

Advance ratio also describes the size of the reverse flow region on the rotor blade in forward flight 

as indicated in Figure 2.2. In fact, the diameter of this region is exactly equal to the product of 

advance ratio and rotor radius. Helicopters typically cruise at advance ratios ranging from 0.2 to 

0.3, meaning that 20 to 30% of the rotor blade does not generate any lift near the 270° blade 

azimuth. The complex flow phenomena that appear at high advance ratios are responsible for its 

low flight speed in comparison to that of its fixed-wing counterparts. At high advance ratios, the 

retreating blade experiences reverse flow on the inboard region and stall on the outboard region, 

while the advancing blade sees shock waves induced by transonic airflow near the blade tip. Under 

these conditions, the significant increase in aerodynamic loads on the rotor blades causes excess 

torsional blade loading and blade vibration. These adverse aerodynamic phenomena at high 

advance ratios are discussed in more detail in the following sections.  

1.2 Static Stall and Dynamic Stall 

In aerodynamics, stall refers to a condition where the boundary layer separates from the upper 

surface of the lifting surface, causing a decrease in lift generated by the surface. Stall occurs when 

the angle of attack of the wing exceeds a certain angle, known as the critical angle or stall angle. 

This angle varies widely depending on the shape of the lifting surface, the Reynolds number, and 

the Mach number of the freestream. In the following sections, the mechanics of static and dynamic 

stall are described in detail. 

1.2.1 Static Stall 

On a typical airfoil, the lift increases linearly as the angle of attack is increased until it reaches the 

stall angle. Once the stall angle is reached, the lift starts to decrease. This decrease in lift is not 

(1.4) 
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abrupt on most airfoils used for lift surfaces of aircraft to give pilots time to recover in the event 

of stall. Figure 1.3 shows a typical lift curve of an airfoil undergoing static stall, and Figure 1.4 

shows a visual representation of the stall mechanisms discussed for the three types of static stall.  

Depending on the shape of the airfoil and the freestream conditions, static stall can occur in one of 

three ways: trailing-edge stall, leading-edge stall, and thin airfoil stall [2]. The trailing-edge stall, 

perhaps the most well known type of stall, occurs when turbulent separation moves forward from 

the trailing edge toward the leading edge with increasing angle of attack. Turbulent separation 

occurs at the trailing edge as soon as the maximum lift is obtained. The forward progression of 

turbulent separation is gradual and continual. This type of stall is inherent to airfoils with large 

thickness. Seen on airfoils with moderate thickness, leading-edge stall occurs when a strong 

adverse pressure gradient causes laminar boundary layer separation at low angles of attack. The 

boundary layer may reattach as the flow transitions to turbulent flow, forming a laminar separation 

bubble. As the angle of attack increases, the laminar separation bubble moves toward the leading 

edge until the stall angle is reached at which point reattachment is no long possible. Compared to 

the trailing-edge stall, leading-edge stall is more abrupt as the entirety of the boundary layer 

separates at once. As the name indicates, the third and last type of static stall thin airfoil stall occurs 

on sharp-edge airfoils. As the angle of attack increases, the reattachment point moves aft after the 

formation of a laminar separation bubble. Stall occurs when the separation bubble bursts and fail 

to reattach.  
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Figure 1.3: Illustration of typical static stall. 

 

Figure 1.4: Visual representation of static stall mechanisms [3]. 

 

1.2.2 Dynamic Stall 

Dynamic stall can occur when the change in angle of attack is rapid. A non-dimensional parameter 

known as the reduced frequency is used to characterize the degree of unsteadiness of the pitching 

motion [1].  
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                                                        k =
𝜔𝑐

2𝑈
                                

Interestingly, this non-dimensional parameter appears when non-dimensionalizing the Navier-

Stokes equations. Moreover, the force on an oscillating airfoil is a function of the reduced 

frequency along with the Mach number and Reynolds number. At reduced frequencies greater 0.05, 

the flow is considered unsteady, and dynamic stall may take place. In typical helicopter forward 

flight, the reduced frequency is between 0.05 and 0.1 on the outboard region of the rotor blade.    

1.2.2.1  Flow Morphology of Dynamic Stall 

The phenomena of dynamic stall have been studied mainly through oscillating wind tunnel 

experiments [1]. Works of McCroskey [4], and Beddoes [5] provide a detailed description of the 

dynamic stall flow morphology in the perspective of unsteady airfoil theory. In this section, the 

key characteristics of the dynamic stall flow morphology are described with a focus on the effect 

of maximum angle of attack reached.  

The dynamic stall process can be divided into five stages. Table 1.1 summarizes the five stages as 

suggested by Leishman [1]. Schematic representation of the corresponding flow field can be seen 

in Figure 1.5.  

 

 

 

 

 

 

 

 

(1.5) 
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Table 1.1: Five stages of dynamic stall process. 

Stage Description 

1 The static stall angle is exceeded and flow reversal starts to form in the boundary layer. 

2 The flow separates from the upper surface of the airfoil causing moment stall. 

3 Leading edge vortices (LEV) are formed and convect aft inducing extra lift. 

Figure 1.5: Schematic representation of stages of dynamic stall. (a) Appearance of flow 

reversal. (b) LE flow separation. (c) LEV convects aft. (d) Full separation. (e) Flow 

reattachment (adapted from Ref. [1]). 
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4 The leading edge vortices reach the trailing edge. The flow is fully separated and lift 

stall occurs.  

5 The angle of attack is lowered in the down stroke phase, and the flow reattached from 

front to back.   

 

1.2.2.2  Dynamic Stall in the Rotor Environment 

Dynamic stall occurs on the rotor blades when the blades are at a high advance ratio and/or high 

thrust coefficient, CT. The thrust coefficient is defined as  

𝐶𝑇 =
𝑇

𝜌𝐴(𝛺𝑅)2
 

where T is thrust,  𝜌 is the density of atmospheric air, and A is the rotor disk area. At high advance 

ratios, the flow velocity on the retreating blade is decreased as indicated by Eq. 1.3, which requires 

the blade to have a higher angle of attack to generate the necessary lift. In high blade loading 

conditions such as turn and pull-up maneuvers, the flow velocity on the retreating blade may not 

be decreased significantly, but larger angles of attack are required along the blade to compensate 

for the increased load. Figure 1.5 shows the dynamic stall rotor maps for a UH-60A helicopter 

presented by Bousman [6] for a) steady-level flight, and b) high blade loading pull-up maneuver. 

 

(1.6) 
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Figure 1.6: (a) Dynamic stall rotor map for steady-level flight at µ = 0.237 and nz = 1.01. (b) 

Dynamic stall rotor map for pull-up maneuver at µ = 0.329 and nz = 2.11 (adapted from Ref. [6]). 

 

1.2.2.3  Current Industry Practice of Accounting for Dynamic Stall  

For the design and performance analysis of helicopters, helicopter manufacturers use 

comprehensive rotor analysis codes to predict the aeromechanical behaviour of the rotor [7]. 

Aerodynamic coefficients of the rotor blades are an important input to these codes, calling for 

reliable dynamic stall data of the rotor blades for accurate analysis of forward flight. Currently, 

semi-empirical dynamic stall models [7] are often used to quickly generate the necessary 

aerodynamic data, but these models neglect the unsteady nature of the freestream velocity. A 

comparison of the results predicted by the rotor analysis codes to the flight test data shows that the 

accuracy of the forward flight performance prediction is less reliable than the hovering flight 

performance prediction which does not require dynamic stall data [8]. While other complications 

associated with forward flight might be partly responsible for the difficulties in forward flight 

(a) (b) 
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performance prediction, the differences between dynamic stall data obtained at constant freestream 

and time-varying or unsteady freestream suggests that the current practice of neglecting the 

unsteady nature of the freestream may be an important factor.  

1.3 Thesis Objectives 

The main objective of this work is to investigate the impact of using dynamic stall data obtained 

at time-varying freestream on the accuracy of forward flight blade airload prediction. The time-

varying freestream dynamic stall data will be generated via computational fluid dynamics (CFD), 

and an in-house rotor analysis code, Qoptr, will be used for the prediction of the airloads on the 

rotor blades. The impact of using unsteady dynamic stall data will be determined by comparing 

the numerical data to the flight test data from the UH-60A Airloads Program headed by NASA 

and the U.S. Army. The comparison of the numerical data to the UH-60A flight test data will focus 

on qualitative correlation of the two data sets to accommodate the absence of error estimation of 

the flight test data.  
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Chapter 2  

Background and Literature Review 

The first section of this chapter provides a more detailed theoretical background on dynamic stall 

and the state of the art in dynamic stall modelling currently used in helicopter rotor analysis. The 

following sections outline a brief history of comprehensive rotor analysis methods, and introduce 

the UH-60A Airloads Program from which the validation data is obtained. Lastly, the current 

capabilities of rotor analysis codes are presented by means of comparing the results generated by 

the codes to the flight test data from the UH-60A Airloads Program.  

2.1 Dynamic Stall: State of the Art 

The phenomenon of dynamic stall has been recognized as a limiting factor on helicopter 

performance for quite some time. Works of Tarzanin [9] and McCroskey et al. [10] show that 

excessive blade loading and vibration caused by dynamic stall had been identified and researched 

on since the 1970s. Since then, significant research continued to be conducted as rotary wing 

technology advanced.  

In the early stages of research, wind tunnel testing was primarily used to study the airloads 

generated on various airfoil sections. A NASA technical report [11] published in 1982 contains 

experimentally obtained airloads data for rotor airfoil sections at various flow conditions. As the 

use of CFD grows with increasing computing power, the experimental data from this technical 

report serves an important role in validating the data obtained via CFD.  

2.1.1 Modelling Constant Freestream Dynamic Stall in CFD  

With recent advances in computing technologies, dynamic stall studies via CFD have become 

more practical and now are a popular method of dynamic stall investigation for many researchers, 
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for example, Richter and Gardner [12], and Al-Jaburi [13]. From mesh generation to turbulence 

model studies, various aspects of dynamic stall modelling have been researched in the past decade. 

Most notably, the works of Richter et al. [12], [14] have established the most comprehensive CFD 

methodology for computing the aerodynamic behaviour of 2D airfoils undergoing constant 

freestream dynamic stall.  

In their study, Richter et al. used a block-structured C-grid with a far-field boundary of 50 chord 

lengths resulting in 152,640 cells. Local refinements were applied near the leading and trailing 

edges of the airfoil and in the wake region. The mesh around the surface of the airfoil was refined 

to maintain y+ ~ O(1). Three different turbulence models, k − ω Shear Stress Transport (SST) 

model, two-equation Reynolds stress model (RSM), and Spalart-Allmaras (S-A) model were tested. 

Comparing the CFD data to the wind tunnel data showed that while the SST and RSM turbulence 

models performed very similarly, the S-A model showed overpredicted oscillations and early lift 

and moment breakdowns [14]. Figure 2.1 shows the comparison of the CFD data generated with 

the SST turbulence model and with the mesh described above to the experimental data gathered in 

the transonic wind tunnel Göttingen of the German-Dutch Wind Tunnels (DNW-TWG) for the 

EDI-M109 and OA209 airfoils as reported by Richter et al.   
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More recently, Al-Jaburi et al. [13] developed a similar methodology for simulating constant 

freestream dynamic stall with a commercial CFD code - ANSYS Fluent. In his methodology, Al-

Jaburi uses a large computational domain with a far-field boundary of 500 chord lengths, negating 

any potential needs of vortex correction as recommended by Blazek [15]. Similar to the work of 

Richter et al., Al-Jaburi uses fine local refinement in the wake region to capture the vortex shedding. 

The region directly above the upper surface of the airfoil is also refined to capture shock waves in 

high Mach number applications. The oscillating motion of the airfoil is achieved by a sliding mesh 

technique. This technique involves no mesh deformation, as an interface is used to define two 

domains that move relative to each other rather than deforming individual cells. Maintaining the 

Figure 2.1: Constant freestream dynamic stall aerodynamic coefficient validation on EDI-M109 

and OA209 airfoils at 𝑀 = 0.3, 𝑅𝑒 = 1.16×106, 𝛼 = 13° ± 7°, 𝑘 = 0.05 [14]. 
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originally intended mesh density around the airfoil is especially important for dynamic stall 

simulations to capture vortex shedding at high angles of attack.  

Al-Jaburi validated his CFD results with experimental data from Ref. [11] with, k − ω SST and 

S-A turbulence models. Results obtained with the S-A turbulence model and SST turbulence 

model are shown in Figure 2.2 (a) and (b), respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Validation of results with (a) S-A and (b), k − ω SST turbulence models with 

NACA 0012 at 𝑀 = 0.3, 𝑅𝑒 = 3.76×106, 𝛼 = 15° ± 10° [13]. 

(a) 

(b) 
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In the results reported by Al-Jaburi et al., the performance of the turbulence models is different 

from what Richter et al. observed in their results. Richter et al. observed that the k − ω SST 

turbulence model yielded better overall accuracy than the S-A model. However, the results 

reported by Al-Jaburi et al. showed that the S-A turbulence model captured the overall accuracy 

better. The inconsistency seen in the performance of the turbulence models in these studies 

suggests that the performance of the turbulence models may depend on various factors such as the 

flow conditions, reduced frequency of the airfoil, and airfoil shape. Al-Jaburi’s method was 

adopted for conducting steady freestream dynamic stall simulations.    

2.1.2 Time-Varying (unsteady) Freestream Dynamic Stall  

As seen in Table 2.1 summarized by Gosselin [16], much of the studies on time-varying freestream 

dynamic stall have been done experimentally at low Mach numbers. The difficulties in achieving 

high amplitude and high frequency Mach number fluctuations in a wind tunnel limited these 

studies to low Mach numbers that are much lower than the Mach numbers seen in helicopter 

forward flight. The stall behaviour of airfoils is largely dependent on the freestream Mach number. 

Therefore, a few studies have utilized CFD to employ higher Mach numbers that are representative 

of real helicopter forward flight conditions.    

Table 2.1: Summary of time-varying freestream dynamic stall studies [16].  

Reference Type of Study Mach Number Range AOA Range [deg] 

Pierce et al. [17] Experimental 0.031 – 0.044 

6, 10 

14 ± 4 

18 ± 4 

Maresca et al. [18] Experimental 0.007 – 0.058 
15 ± 10 

20 ± 17 

Brendel and Mueller [19] Experimental 0.013 – 0.015 -5, 0, 7 

Favier et al.  [20] Experimental 0.007 – 0.058 
6 ± 6 

12 ± 6 

Ellsworth and Mueller [21] Experimental 3.9×10-5- 4.4×10-5 7 

Favier et al. [22] 
Experimental & 

Numerical 
0.007 – 0.072 

9 ± 6 

12 ± 6 
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Shi and Ming [23] Experimental 0.017 – 0.052 
0 – 30, 0 – 60, 15 – 

45, 30 – 60 

Shi and Ming [24] Experimental 0.012 – 0.040 0 – 60 

Gompertz et al. [25] Experimental 0.38 – 0.48 8 – 20 

Kerstens and Williams [26] Experimental 0.008 – 0.032 0 – 20 

Kerho [27] Numerical 0.34 – 0.76 10 ± 10 

Martinat et al. [28] Numerical 0.011 – 0.018 12 ± 6 

Gharali and Johnson [29] Numerical 0.009 – 0.078 10 ± 15 

Gosselin et al. [16] Numerical 0.18-0.78 15 ± 10 

 

Kerho [27] investigated the effects of out-of-phase time-varying Mach number on dynamic stall 

on 2D airfoils by deriving the angle of attack and Mach number histories within one revolution for 

a blade section of the UH-60A helicopter from CAMRAD II and simulating these conditions in 

CFD. He observed notable differences between the aerodynamic coefficients generated at steady 

Mach number and at time-varying Mach number. Kerho observed non-linear variation in Cl in the 

up-stroke phase (i.e. angle of attack is increasing) and a higher Cl,max value at a slightly higher 

angle of attack than the constant Mach number case. Differences were also observed in the 

magnitude and location of the peaks in Cl in the down-stroke phase. Similar differences were 

observed for Cd and Cm where the magnitude of the peak values were greater for the time-varying 

Mach number case. This suggests that the inclusion of unsteady freestream effects clearly affects 

dynamic stall data.  

Gosselin et al. [16] has modelled one specific case of dynamic stall with unsteady freestream in 

CFD, in which shockwaves occur on the advancing side of the rotor. Gosselin also observed that 

the inclusion of unsteady freestream changed the aerodynamic behaviour of the airfoil. Similar to 

Kerho’s observations, Gosselin et al. also observed non-linear variation in Cl in the up-stroke phase 

and higher peak values in all three aerodynamic coefficients.   
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Although the difference between the aerodynamic behaviour of constant freestream and variable 

freestream dynamic stall have been recognized and discussed in previous studies, whether this 

discrepancy compromises the accuracy of rotor analysis has not been investigated. There are other 

effects, such as radial flow and blade vortex interaction (BVI), which may cause significant 

differences from 2D steady freestream dynamic stall data and affect rotor analysis accuracy. 

However, this work aims to focus on quantifying the effect of time-varying freestream only.     

2.2 Rotorcraft Comprehensive Analysis 

Rotorcraft comprehensive analyses are computer codes that calculate the aeromechanical 

behaviour of the rotor such as blade motion and airloading, structural loads, vibration, and flight 

dynamics [30]. These codes are comprised of the most advanced models of structure, dynamics, 

and aerodynamics available in rotorcraft technology, and used in support of the parametric design 

and performance analysis of rotorcraft.  

2.2.1 A Brief History of Rotorcraft Comprehensive Analysis  

The development of rotor analysis codes started as soon as digital computers first became available 

in the 1960s [30]. In its initial developmental stage, the focus was on flight dynamics and structural 

loads, resulting in limitations in the range of analysis, i.e. the codes were often restricted to a 

specific rotor configuration. In the 1980s, a new generation of codes were developed addressing 

the limitations of the past codes. Through the use of modular and structured software architecture, 

the codes became much more flexible and versatile. Finite element models were developed around 

a similar time adding finite element and multibody dynamics modelling capabilities. The input-

driven definition of the geometry commonly seen in the current rotor analysis codes were 

introduced shortly after. Utilizing the advances in high-performance computing technologies in 

the late 1990s and early 2000s, significant efforts were made to improve the rotor aerodynamics 
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via CFD. Methods of coupling the rotor analysis codes with CFD were developed to manage 

structural dynamic response, aircraft trim, and wake modelling [30].  

2.2.2  Dynamic Stall Handling in Rotorcraft Comprehensive Analyses  

In current rotorcraft comprehensive analyses such as CAMRAD II, semi-empirical dynamic stall 

models are used to generate the unsteady aerodynamic coefficients of the blade sections 

undergoing dynamic stall [31]. They require much less computational resources than other 

methods such as unsteady Reynolds-averaged Navier-Stokes (URANS) CFD, making them 

attractive for rotor analysis applications. Semi-empirical dynamic stall models require several 

coefficients that are empirically calculated based on experimental unsteady airfoil data. However, 

the experimental data from which the coefficients are deduced are of a limited number of airfoils 

at a limited range of Mach numbers. Thus, their accuracy lacks consistency across various flight 

regimes, especially in high Mach number conditions. Some of the most widely used semi-empirical 

dynamic stall models are described in the following section. 

2.2.2.1 Semi-Empirical Dynamic Stall Models 

Although the mathematical formulations differ amongst various semi-empirical dynamic stall 

models, they share a similar underlying physics. The two widely used dynamic stall models, 

Leishman-Beddoes (L-B) model and ONERA EDLIN model, use a delayed stall with lift and  

moment increments calculated from the leading-edge vortex. The L-B model computes the non-

linear lift, drag, and pitching moment directly from the static airfoil look-up tables. Once the vortex 

shedding is initiated, the LEV is modelled by a first-order linear dynamic model. This model 

requires eight parameters [32]. The ONERA EDLIN model uses three second-order differential 

equations to calculate the leading vortex load increments, driven by the differences between the 

linearity and non-linearity of lift, drag, and pitching moment requiring 22 parameters [31]. A 
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detailed explanation of the mathematical formulation of these models can be found in Ref. [33] for 

the L-B model, and Ref. [34] for the ONERA EDLIN model.  

The accuracy of the L-B and ONERA EDLIN models are illustrated in Figure 2.3 and Figure 2.4 

by comparing the results generated with the dynamic stall models to experimental data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Comparison of experimental dynamic stall data to results computed with L-B and 

ONERA EDLIN model on SC1095 airfoil at M = 0.301, Re = 3.98×106, α = 11.86° ± 7.9°, 
experimental data from Ref. [11]. 

Figure 2.4:  Comparison of experimental dynamic stall data to results computed with L-B and 

ONERA EDLIN model on NACA0012 airfoil at M = 0.301, Re = 3.98×106, α = 11.86° ±
7.9°, experimental data from Ref. [11]. 
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Figures 2.3 and 2.4 show the data for the SC1095 airfoil and NACA0012 airfoil, respectively for 

the same flow conditions. The agreement between the dynamic stall model data and the 

experimental data is respectable for both cases, however deficiencies can certainly be seen. Both 

models show good accuracy in the up-stroke phase (AOA is increasing), but the semi-empirical 

data does not match well with the experimental data in down-stroke phase or with one another. 

This highlights dynamic stall models’ weakness in capturing the hysteresis effect and different 

levels of accuracy demonstrated by different models. It also appears that the accuracy of the 

dynamic stall models depends on the geometry of the airfoil, and it is likely that it is also dependent 

on the flow conditions. Moreover, as discussed previously these dynamic stall models generate the 

aerodynamic data at a constant Mach number when different aerodynamic behaviour is exhibited 

under unsteady Mach number conditions.  

2.3 UH-60A Airloads Program 

The UH-60A Airloads Program was a joint project headed by NASA and the U.S. Army from 

1993 to 1994. Instrumented rotor blades were designed and manufactured for the UH-60A 

helicopter to be installed on a UH-60A at NASA Ames Research Center. The rotor blades were 

equipped with 241 pressure transducers on one blade, and a set of strain gauges and accelerometers 

on a second blade. A special purpose data acquisition system was developed for this program to 

acquire rotating system measurements [35].  

One of the main objectives of this program was to acquire comprehensive and accurate airloads 

data over the complete operating limits of the UH-60A helicopter. In 31 flights, over 900 different 

test conditions were recorded and processed. Some processed data are available in the open 

literature, and it has been serving as an excellent source for validating rotor analysis codes.    
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2.3.1 Counter 9017 Case from UH-60A Airloads Program 

Flight test data for a steady-level flight case with a designation Counter 9017 is well documented 

in literature. In addition to the flight test blade airloads data, blade airloads calculated by 

CAMRAD II with various semi-empirical dynamic stall models are also available for this test case, 

providing excellent comparison data. Moreover, a dynamic stall rotor map produced by Bousman 

[6] is available for this case. Table 2.2 summarizes the conditions of Counter 9017, and Figure 2.5 

shows the dynamic stall rotor map plotted by Bousman.  

Table 2.2: Counter 9017 description. 

Counter 𝑪𝑻/𝝈 𝝁 𝑴∞ 𝑴𝒕𝒊𝒑 

c9017 0.129 0.24 0.157 0.665 

 

 

Figure 2.5: Dynamic stall rotor map for Counter 9017 [6]. 
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As seen in Figure 2.5, much of the outboard region of the blade is under dynamic stall, stall being 

triggered near the 270 degree azimuth position where the AOA reaches its maximum value. The 

information given by the dynamic stall rotor map can be used to defined the stalled region in the 

rotor analysis code to reduce uncertainty.   

The data reduction process and the error estimation of the flight test data from the UH-60A 

Airloads Program are not described in detail in the open literature. Therefore, the flight test data 

is better suited for qualitative analyses where the general capturing of the important characteristics 

such as the stall events are examined.     

2.3.2 Semi-empirical Dynamic Stall Model Validation  

In 1998, Nguyen and Johnson [32] evaluated five dynamic stall models with rotorcraft 

comprehensive analysis code CAMRAD II. The five models evaluated were the Johnson, Boeing, 

Leishman-Beddoes, ONERA EDLIN, and ONERA BH models. The evaluation study considered 

the flight test conditions of Counter 9017 discussed in Section 2.3.1. Figure 2.6 shows the 

comparison of the CAMRAD II results to the flight test data. The results generated with the 

Leishman-Beddoes and ONERA BH models are not shown in Figure 2.6 since Leishman-Beddoes 

model results were virtually identical to the quasi-steady aerodynamics model, and the results with 

the ONERA BH model were divergent.  
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For the section lift history, the accuracy of the CAMRAD II results are fair in capturing the general 

trend. However, all models fail to match the magnitude and capture the stall events accurately. 

They also show a significant discrepancy among themselves. A similar level of accuracy is shown 

in the section pitching moment history. While the general trend is captured by some models, all 

failed to predict the two stall events between 270 and 360-degree blade azimuth position. The 

discrepancy among the models is more prominent in the pitching moment results.  

(b) Figure 2.6: Comparison of flight test data with computed results using dynamic stall models 

(adapted from Ref. [8]). 

𝝁 = 𝟎. 𝟐𝟒 

 

𝑪𝑻 = 𝟎. 𝟎𝟏𝟏𝟎𝟑 

 

𝒓/𝑹 = 𝟎. 𝟕𝟕𝟓 
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The discrepancy between the flight test data and the numerical results leads to the question of 

whether the error is caused by the use of semi-empirical dynamic stall models for the generation 

of dynamic stall aerodynamic data. Although BEMT based rotor analysis codes such as CAMRAD 

II has limitations in modelling 3D effects such as span-wise flow and tip loss, using CFD generated 

unsteady dynamic stall data for forward flight analysis can quantity the effect of semi-empirical 

dynamic stall models on the accuracy of the rotor analysis results.       
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Chapter 3  

 

Numerical Methods 

Two computational tools were used for the aerodynamic analysis of the rotor: Qoptr, an in-house 

Blade Element Momentum Theory (BEMT) based rotor analysis code, and ANSYS Fluent, CFD 

software which was used to generate the 2D aerodynamic data of the blades sections of the UH-

60A helicopter. The following sections describe these two computational codes in detail, and the 

coupling of these two codes, i.e. implementing dynamic stall aerodynamic data in Qoptr.  

3.1 Qoptr (Rotor analysis code) 

Qoptr is an in-house code developed by Carleton University’s Rotorcraft Research Group in 2014. 

It is a Blade Element Theory-based rotor analysis code that calculates the aeromechanical behavior 

of helicopters including performance, trim, blade motion, and airloading. The Qoptr framework is 

capable of handling fully articulated rotor hubs as well as teetering rotor hubs, and is comprised 

of two simulation modules: the hover module and forward flight module. Both modules have been 

validated with appropriate experimental data available in the literature. A detailed explanation of 

the validation can be found in Ref. [36].    

The hover module is used to analyze rotors in hover or axial climb. This module assumes 

axisymmetric flow conditions and uses a BEMT approach to determine the induced inflow 

distribution. The forward flight module, on the other hand, utilizes prescribed inflow models to 

define the induced inflow distribution at the rotor disk to simulate non-zero advance ratio 

conditions (i.e. non-zero forward flight speed). Both modules use the lifting-line theory based 
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aerodynamics model, and use pre-generated airfoil data that is organized into look up tables as a 

function of Reynolds number and angle of attack. The code also features a blade dynamics model, 

which allows to prescribe the feathering and predict the flapping and lead-lag motions of the blade. 

The blade dynamics model assumes rigid blades. A detailed description of the aerodynamic 

analysis is omitted in this thesis, as it is not the main focus. Moreover, the theory and mathematical 

background of modern rotor analysis tools are already well established in the literature and in many 

rotorcraft textbooks. 

3.1.1 Blade and Azimuth Discretization Dependence Study 

In blade element theory (BET) based rotor analysis codes, the blade is discretized into two-

dimensional sections in the span-wise direction, and the loading is calculated at each section. In 

forward flight analysis, where the flow is no longer axisymmetric, the discretization of the rotor 

must be extended in the azimuthal direction. Thus, similar to grid dependence studies done in grid 

based CFD, a blade and azimuth discretization dependence study should be done prior to analysis. 

Span-wise blade discretization for hover analysis of UH-60A rotor was first carried out. It was 

found that at 100 elements (N=100), the figure of merit, power coefficient, and collective angle 

showed convergence. For hover analysis, computation time increase with increasing number of 

elements was not an issue as all calculations were computed in less than 20 seconds.  

For forward flight analysis, a discretization dependence study was extended in the azimuthal 

direction. The flight conditions of the c9017 shown in Table 2.2 were used.        
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Table 3.1: Discretization dependence study for forward flight analysis for Counter 9017 at CT/σ 

= 0.129, µ = 0.24. 

 N=50 N=100 N=150 N=200 N=250 

CP 0.000656 0.000644 0.000609 0.000886 0.000886 

Collective [°] 8.66 8.63 9.19 11.26 11.26 

Time [s] 45.29 50.58 56.7 263 366 

 

As seen in Table 3.1, for 200 blade elements in the span-wise direction were required to achieve 

solution convergence. In the azimuthal direction, it was found that 90 elements were necessary. 

Therefore, it was determined that 100 span-wise blade elements are required for hover analysis, 

and 200 span-wise blade elements and 90 azimuthal elements are required for forward flight 

analysis.  

3.1.2 Input Parameters to Qoptr 

Major inputs to Qoptr include physical rotor parameters, blade geometry, and flight conditions. 

The physical rotor parameters and the blade and airfoil geometry of the UH-60A rotor were 

obtained from literature [37] and the flight conditions were obtained from the UH-60A Airload 

Program [35]. Figures 3.1 and 3.2 illustrate the blade and airfoil geometry, receptively. Table 3.2 

summarizes key numerical parameters used in Qoptr for the UH-60A helicopter.    

For the trim conditions of the rotor, the test data for the Counter 9017 were used. The lateral and 

longitudinal cyclic angles were set at 9 and -7 degrees, respectively, and the tilt angle was set 3 

degrees.     
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Table 3.2: Rotor parameters used in Qoptr for UH-60A. 

Number of blades 4 

Rotor diameter [m] 16.368 

Rotor RPM [-] 258 

Root cut-out [% rotor radius] 16 

Solidity [-] 0.0826 

Flapping hinge location [% rotor radius] 4.66 

Lead-lag hinge location [% rotor radius] 4.66 

Blade mass [kg] * 116.75 

Figure 3.1: UH-60A blade geometry (a) blade twist and (b) airfoil distribution [45]. 

(a) (b) 

Figure 3.2: Airfoils on UH-60A rotor blade (a) SC1095 and (b) SC1094 R8 [45]. 

 

(a) (b) 
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Flapping spring stiffness [Nm/deg] * 0 

Lead-lag damper constant [Nm/(deg/s))] * 100 

 * Estimated value 

To validate the integrity of the obtained rotor parameters and the blade geometry in the Qoptr 

environment, hover flight was analyzed at various thrust settings with Qoptr, and its results were 

compared to the flight test data from the UH-60A Airload program. Since dynamic stall does not 

occur in hover flight, only the quasi-steady CFD aerodynamic data of SC1095 and SC1094 R8 

was used in the analysis which had been validated with experimental data available in Ref. [38]. 

Two important performance parameters in hover flight, figure of merit, and power coefficient were 

considered. The comparison of the numerical results to the flight showed good agreement between 

the two sets of data as shown in Figure 3.2, indicating good representation of the rotor parameters 

and the blade geometry in Qoptr.  

 

Figure 3.3: Validation of Qoptr hover results (a) figure of merit and (b) power coefficient. 
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3.2 Computational Fluid Dynamics (CFD) 

The blades on the UH-60A helicopter are comprised of two airfoils, SC1095 and SC1094 R8, as 

seen in Figure 3.1 (b). The two airfoils were modelled in a 2D environment and their aerodynamic 

coefficients were obtained with ANSYS Fluent CFD code. The aerodynamic coefficients were 

obtained at quasi-steady, constant freestream dynamic stall, and unsteady freestream dynamic stall 

conditions. The development, verification, and validation processes for the three conditions are 

discussed in the following sections. 

3.2.1 Quasi-steady Case 

Since the quasi-steady case was the simplest in complexity, the CFD methodology development 

started with the quasi-steady case. In quasi-steady conditions, the rate of angle of attack variation 

is zero or low, i.e. the reduced frequency is less than 0.05. Quasi-steady aerodynamic data is 

required for analyzing hover flight in which the blade sections maintain a constant angle of attack 

throughout the azimuth. It is also used in forward flight analysis since not the entirely of the blade 

is under dynamic stall.  

3.2.1.1 Computational Domain and Boundary Conditions  

The far-field distance of the computational domain was determined following Blazek’s [39] 

recommendation where he suggests that a far-field distance of at least 100c is required to negate 

the need for vortex correction in the solver for high Mach number cases. Figure 3.4 illustrates his 

recommendation.  
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Figure 3.4: Effect of far-filed distance on lift coefficient of NACA 0012 at M = 0.8 and α =
1.25° [15]. 

 

Since high Mach number conditions occur on the outboard region of the blades, and implementing 

the vortex correction to the Fluent code was found to be not trivial, a far-field distance of 250c 

was chosen. The domain was rectangular in shape as shown in Figure 3.5. 

 

Figure 3.5: Full view of computational domain. 



33 

 

 Due to its similarity in shape to the airfoils used on the blades of UH-60A and its expansive 

validation data, the NACA 0012 airfoil was used in the initial grid validation tests. The grid 

dependence test led to a grid with 192,676 elements as seen in Ref. [13]. Except for the boundary 

layer region around the airfoil, unstructured triangular cells were used. For the boundary layer 

region, structured rectangular cells were used to generate 40 inflation layers, keeping the y+ value 

near one. To capture the shockwave on the upper surface of the airfoil and the vortices in the 

downstream region, the mesh near the airfoil was refined. The details of the grid can be in Figure 

3.6. 

   

 

 

 

 

 

 

 

Figure 3.6: Computational domain (a) refined region around airfoil and (b) inflation layers in 

boundary layer. 

(a) 

(b) 
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The left boundary of the computational domain was set as velocity inlet and the right boundary 

was set as pressure outlet. The top and bottom boundaries were set as free-slip wall. The airfoil 

surfaces were set as no-slip wall. The Spalart-Allmaras turbulence model was used with 1% 

intensity. Table 3.3 summarizes the main numerical parameters of the setup.    

Table 3.3: Main simulation parameters. 

Parameter Value 

Domain size 250c 

Grid size 192,676 cells 

Turbulence model Spalart-Allmaras (I = 1%) 

Wall y+ ≤ 1 

 

3.2.1.2 Shockwave Capturing 

To verify that the grid captures the shockwave that appears in high Mach number flow conditions, 

a high Mach number flow was simulated on the SC1095 airfoil at M = 0.7.  As seen in Figure 3.7, 

the expected shockwave was captured well by the grid illustrated by a sudden drop in the Mach 

number.  

 

 

 

 

 

 

 

Figure 3.7: Verification of high Mach number flow condition. 

Mach number 
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3.2.1.3 CFD Validation 

Validation of the CFD method was done at both low and high Mach number conditions by 

comparing the CFD results to experimental data. For the high Mach number condition the NACA 

0012 airfoil was considered, and for the low Mach number case the SC1095 airfoil was considered. 

For both cases, there was excellent agreement between the CFD data and the experimental data, 

indicating a high level of accuracy of the CFD setup in low and high Mach number conditions. 

The comparison of the CFD and experimental data are shown in Figures 3.8 and 3.9. 

 

Figure 3.8: High Mach number case validation with NACA0012 at M = 0.7, Re =  9×106, and 

𝛂=1.49° (Experimental data from Ref. [40]). 
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Figure 3.9: Low Mach number case validation with SC1095 at M = 0.3, Re = 3.88×106, and 

𝛂=13.5° (Experimental data from Ref. [11]). 

3.2.2 Constant Freestream Dynamic Stall Case  

In the constant freestream dynamic stall case, the airfoil is undergoing oscillating pitching motion 

of a given amplitude and frequency while the freestream Mach number is held constant. This 

requires utilization of a dynamic mesh adding complexity to the simulation. The following sections 

describe the development of the dynamic mesh, and the verification and validation of the 

simulation.  

3.2.2.1 Computational Domain and Boundary Conditions 

The computational domain and the main boundary conditions for the constant freestream dynamic 

stall case stayed unchanged from the quasi-steady case. A separate grid dependence study for the 

constant freestream dynamic stall case showed grid independence at the same grid density as the 

quasi-steady case. The details of the grid dependence test can be found in section 3.2.2.3. Table 

3.4 summarizes other key parameters used in the simulation. 
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Table 3.4: Summary of simulation parameters for constant freestream case. 

Numerical Parameter Value 

Size of computational domain 250c 

Mesh size 192,676 

Time resolution 3,000 time-steps/cycle 

Initial conditions Steady state solution at mean AOA 

Turbulence model Spalart-Allmaras (I = 1%) 

 

Since a dynamic stall simulation requires the airfoil to pitch up and down during the simulation, a 

moving mesh technique had to be implemented. A moving mesh can be achieved using a dynamic 

mesh or a sliding mesh in CFD. In the CFD simulation presented in this work, the sliding mesh 

technique was employed as it involves no mesh deformation. This technique ensures that the 

intended grid density and structure in the boundary layer and in the wake region where the vortex 

shedding takes place are kept constant.  

To implement the sliding mesh technique for the pitching of the airfoil, a separate circular domain 

was created around the airfoil, establishing an interface with the main domain as seen in Figure 

3.10. 
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Figure 3.10: Circular domain around the airfoil. 

 

 

 

 

 

 

 

 

 

 

The circular domain, coloured in blue, rotates relative to the grey main domain, thereby pitching 

the airfoil and changing the angle of attack.   

3.2.2.2 Initial Conditions 

The constant freestream dynamic stall simulation is structured in two parts. The first part is a 

steady-state simulation with the airfoil at the mean angle of attack. The converged solution of this 

simulation is used as the initial conditions for the second part, which is a transient simulation. It is 

in the second part where angle of attack is varied and dynamic stall aerodynamic data is obtained. 

Using the steady-state solutions as the initial conditions rather than initializing the entire domain 

with the freestream Mach number improves convergence characteristics.   

Domain 1 

Domain 2 

Interface 
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3.2.2.3 Angle of Attack Oscillation 

The pitching motion of the airfoil was defined using a sinusoidal function. Although the angle of 

attack oscillation is not perfectly sinusoidal in real flight, a sinusoidal function can be used to 

closely resemble the variation of the blade angle of attack by using appropriate amplitude and 

frequency. Whereas the frequency of the motion is dictated by the rotor frequency of the helicopter 

in question, multiple amplitudes need to be considered since its true value is not known from the 

flight tests. The amplitude of the pitching motion of the airfoil is rather determined by the rotor 

analysis code for a given thrust coefficient in an iterative manner. Figure 3.11 shows a sample 

angle of attack variation as a function of blade azimuth.         

 

 

 

 

 

 

Figure 3.11: A sample angle of attack variation as a function of blade azimuth for constant 

freestream case. 

 

3.2.2.4 Cycle Periodicity Convergence 

In addition to solver residual convergence, the periodicity of the aerodynamic results was also 

verified. In their studies, Kerho [27] and Gharali et al. [29] observed periodicity within 2.5 pitching 
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cycles. The initial simulation was run for 5 pitching cycles at a Mach number of 0.5 for the SC1094 

R8 airfoil, and periodicity was achieved after two cycles as shown in Figure 3.12.  

 

 

 

 

 

 

 

3.2.2.5 Verification and Validation 

For verification and validation of the constant freestream dynamic stall case, a case from Ref. [11] 

was considered due to its availability of experimental data and relevant flow conditions. Table 3.5 

summarizes the test conditions of the selected case.  

Table 3.5: Validation case test conditions. 

Airfoil Mach number Reynolds number AOA [deg] Reduced Frequency 

SC1095 0.301 3.98×106 11.88 ± 7.90 0.100 

 

A grid dependence study was performed using three levels of refinement, where the medium grid 

had the same level of refinement as the grid used in the steady case. It was found that grid 

independence was achieved with the medium grid as seen in Figure 3.13. The coarse, medium and 

fine grids had 99,300, 192,676, and 260,918 elements, respectively. For the temporal domain, 2000 

Figure 3.12: Time history of aerodynamic loads. 
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time-steps per pitching cycle with 100 inner iterations were used as previously used in other CFD 

dynamic stall studies [14], [13].  

 

 

 

 

 

 

 

The grid converged results were then compared to the experimental data obtained from Ref. [11]. 

As shown in Figure 3.14, respectable agreement was observed between the CFD data and the 

experimental data.   

 

 

 

 

 

 

  

Similar to other CFD dynamic stall studies, the moment peak was overpredicted by CFD. Both 

Richter et al. [12] and Al-Jaburi [13] observed a similar level of overprediction as discussed in 

Figure 3.13: Grid dependence test for constant freestream case. 

Figure 3.14: Comparison of CFD data to experimental data for constant freestream dynamic 

stall case. 
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Section 2.1.1. Since the magnitude of the moment peak is known to be sensitive to the turbulence 

model, the simulation was run with the SST turbulence model as well. The simulation run with the 

SST turbulence model overpredicted the moment peak by a larger margin and showed lower 

accuracy overall.    

3.2.3 Time-varying Freestream Dynamic Stall Case 

The time-varying or unsteady freestream dynamic stall case is identical to the constant freestream 

case discussed in the previous section except for the inlet boundary condition. In the unsteady 

freestream case, an unsteady boundary condition is imposed to the inlet where the inlet velocity is 

calculated at each time-step with an prescribed equation in a user defined function (UDF). The 

sinusoidal motion of the velocity is 180 degrees out of phase.  

3.2.3.1 Fluctuating Velocity Inlet Condition 

Similar to the oscillating motion of the airfoil, the unsteady freestream velocity was modelled with 

a sinusoidal equation. Unlike the equation of motion of the airfoil, both the frequency and the 

amplitude are known for the fluctuating velocity because the advance ratio and the radial location 

dictate the velocity seen by a blade section. Figure 3.15 shows a sample case of oscillating airfoil 

and inlet velocity against the blade azimuth.    

 

 

 

 

 



43 

 

 

 

 

 

 

 

 

 

3.2.3.2 Verification 

Since the inlet boundary condition has changed, another series of grid and time-step dependence 

tests were performed. Similar to the constant freestream case, three levels of grid density were 

used. The coarse, medium and fine grids had 99,300, 192,676, and 260,918 elements, respectively. 

Identical to the constant freestream case, grid independence was achieved with the medium grid 

and time-step independence was achieved at 2000 time-steps per pitching cycle and 100 inner 

iterations as seen in Figure 3.16.   

 

 

 

 

 

Figure 3.15: A sample angle of attack and inlet velocity variation as a function of blade azimuth 

for unsteady freestream case. 
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3.2.3.3 Application of Time Lag 

Since the inlet velocity is applied at the inlet boundary which is 250 chord lengths away from the 

airfoil, a change in velocity at the inlet will only affect the airfoil at the airfoil once it has convected 

downstream to the airfoil. Poinsot and Lele [41] defined the propagation velocity of a wave 

travelling with the airflow as the sum of the wave speed and the speed of sound in the medium. 

Therefore, the time lag can be calculated as seen in Equation 3.1.  

𝑡𝑙𝑎𝑔 =
250𝑐

𝑎 + 𝑈𝑖𝑛𝑙𝑒𝑡,𝑚𝑒𝑎𝑛
 

This time lag was tested in the ANSYS Fluent code by observing the velocity history at the inlet 

boundary and at the quarter chord location of the airfoil at flow conditions representative of r/R = 

0.775. The observed time lag was in agreement with the value calculated with Equation 3.1 as seen 

in Figure 3.17.  

 

 

Figure 3.16: Grid dependence study for unsteady freestream dynamic stall case at M = 

0.53 ± 0.16 and α = 8° ± 8°. 

(3.1) 
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The calculated time lag was then applied to the airfoil pitching equation as shown in Equation 3.2. 

The addition of the time lag ensures the correct coupling of instantaneous velocity and angle of 

attack.  

𝐴𝑂𝐴(𝑡) = 𝐴𝑂𝐴𝑚𝑒𝑎𝑛 + 𝐴𝑂𝐴𝑎𝑚𝑝 ∗ sin {𝜔(𝑡 − 𝑡𝑙𝑎𝑔)} 

3.2.3.4 Cycle Periodicity Convergence 

As in the constant freestream case, the simulation was run for four cycles to determine when 

periodicity would be achieved in the aerodynamic data. As seen in Figure 3.18, periodicity was 

observed after two cycles. The data shown in Figure 3.18 is the lift and moment non-

dimensionalized by the average velocity rather than the instantaneous velocity. The anomalies seen 

in the beginning of the first cycle come from the application of the time lag, i.e. the correct 

freestream velocity has not reached the airfoil yet.        

∆t = 0.03827 

Figure 3.17: Application of time lag for unsteady freestream case. 

(3.2) 
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3.3 Utilization of Dynamic Stall Aerodynamic Data in Qoptr 

The hysteretic behaviour of dynamic stall aerodynamic data requires a different aerodynamic 

coefficient assignment algorithm than when only steady aerodynamic data is used. As part of this 

thesis work, a dynamic stall module was added to Qoptr to improve its forward flight analysis 

capabilities. The development and implementation of the module is discussed in the following 

sections.  

3.3.1 Characteristics of Dynamic Stall Aerodynamic Data 

In the context of rotor analysis, the hysteresis loop seen in dynamic stall aerodynamic data is the 

most important feature. In the down-stroke phase, where the angle of attack is decreasing, the 

aerodynamic data is significantly different from what it was in the up-stroke phase at the same 

angles of attack as seen in Figure 3.19. 

 

 

Figure 3.18: Time history of aerodynamic loads for unsteady freestream case. 



47 

 

 

 

 

 

 

 

 

This means that the aerodynamic coefficient cannot simply be assigned to a blade section as a 

function of angle of attack and Reynolds/Mach number as it is in hover analysis, but also whether 

the blade section is in up-stroke or down-stroke phase has to be considered.  

3.3.2 Aerodynamic Data Look-up Table Organization in Qoptr 

In Blade Element Momentum Theory (BEMT) based rotor analysis codes like Qoptr, the 2D 

aerodynamic data of the airfoils are organized in the form of look-up tables. Once the local velocity 

and angle of attack are calculated at each blade section, appropriate aerodynamic coefficient is 

selected from the look-up table and gets assigned to the corresponding blade section. When only 

static aerodynamic data is considered, only the local velocity and angle of attack need to be known 

to retrieve the aerodynamic data. However, when dynamic stall aerodynamic is used, the blade 

azimuth also has to be considered.  

3.3.2.1 Data Selection in Hover Analysis 

For hover analysis in Qoptr, only the static aerodynamic data is used as the blade angle of attack 

stays constant with blade azimuth. Three data files are used per airfoil each containing lift, moment, 

Figure 3.19: Hysteretic aerodynamic behaviour of dynamic stall on NACA 0012 

(adapted from Ref. [1]). 
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and drag coefficient data, and the data files contain the aerodynamic data as a function of angle of 

attack and Reynolds number. If the calculated velocity and/or angle of attack is out of the range of 

the data files, the closest available data is used.  

3.3.2.2 Data Selection in Forward Flight Analysis 

While static aerodynamic data is still needed for the non-stalled inboard part of the blade, dynamic 

stall aerodynamic data is used for the stalled outboard regions in forward flight analysis. The 

dynamic stall aerodynamic data is contained as a function of angle of attack and Reynolds number 

like the static data, but it is also divided into up-stroke and down-stroke parts – the stroke phase is 

illustrated in Figure 3.20. Therefore, the data selection algorithm in forward flight analysis also 

uses the blade azimuth location to determine the stroke phase. The flow chart in Figure 3.21 

outlines the aerodynamic data selection and assignment process for forward flight analysis in 

Qoptr. 

 

 

 

 

 

 

  

 

 

Figure 3.20: Blade angle of attack stroke phase. 
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Figure 3.21: Aerodynamic data selection and assignment flowchart. 
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Chapter 4  

 

Results  

This chapter is structured into two sections. The first section discusses the aerodynamic data 

generated with CFD, observing the differences between steady and unsteady freestream dynamic 

stall aerodynamic data, and its sensitivity to changes in the flow conditions. In the second section, 

the impact of using unsteady freestream dynamic stall aerodynamic data will be discussed by 

looking at the blade airload results generated by Qoptr.  

4.1 Effects of Mach Number on Dynamic Stall 

In forward flight, dynamic stall takes place on the outboard region of the blades where the local 

Mach numbers are typically between 0.5 and 0.8. At these transonic Mach numbers, 

compressibility effects are significant and have a large effect on the stall behaviour of the airfoil. 

Generally, the stall angle decreases with increasing Mach number since the formation of a shock 

wave on the upper surface promotes flow separation. The effects of the Mach number on constant 

and unsteady freestream dynamic stall is discussed in the following sections. 

4.1.1 Effects of Mach Number on Constant Freestream Dynamic Stall 

The effects of Mach number on constant freestream dynamic stall was found to be similar to that 

of static stall. Figure 4.1 shows the lift and moment coefficient histories for a SC1094 R8 airfoil 

at different Mach number dynamic stall conditions. Similar to static stall, the stall angle decreased 

with increasing Mach number. While the aerodynamic behaviour is consistent in the attached 

region across the Mach numbers, the stall and down-stroke behaviours are significantly different. 
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The large non-linear differences seen in the aerodynamic behaviour at different Mach numbers 

indicate that a wide range of data at various Mach numbers is needed for accurate rotor analysis.   

 

 

 

 

  

 

 

Figure 4.2 shows the flow-field at 11 degree AOA under different Mach numbers. At M = 0.4, the 

flow is fully attached to the airfoil. At M = 0.6 however, the flow is almost fully separated. 

 

 

Figure 4.2: Mach number contour of SC1094 R8 airfoil at M = 0.4 and α = 11°. 

Figure 4.1: Effect of Mach number of constant freestream dynamic stall on SC1094 R8 airfoil. 
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Figure 4.4: Mach number contour of SC1094 R8 airfoil at M = 0.6 and α = 11°. 

 

Figure 4.3: Mach number contour of SC1094 R8 airfoil at M = 0.5 and α = 11°. 
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4.2 Effects of Unsteady Freestream on Dynamic Stall     

To investigate the effect of introducing unsteady freestream on dynamic stall, two dynamic stall 

simulations were run on the SC1094 R8 airfoil where the freestream was held constant in one, and 

varying sinusoidally in the other. The angle of attack was set to vary from 0 to 16° to initiate the 

stall process. The comparison of the lift and moment coefficients from the two cases are shown in 

Figures 4.5 and 4.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Comparison of lift coefficient from steady and unsteady freestream dynamic stall. 

Figure 4.6: Comparison of moment coefficient from steady and unsteady freestream dynamic 

stall. 
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As seen in Figures 4.5 and 4.6, the airfoil showcased significantly different aerodynamic behaviour 

under the two conditions. The most notable difference is the delay of stall in the unsteady 

freestream case. Since the angle of attack and the freestream velocity are fluctuating 180 degrees 

out of phase as indicated in Figure 3.12, the airfoil sees the minimum freestream velocity at the 

maximum angle of attack where stall is likely to happen. Thus, the airfoil in the steady freestream 

case sees a higher Mach number than its counterpart in the unsteady freestream case, causing it to 

stall earlier at a smaller angle of attack. The different stall timing of the two cases caused them to 

have largely different hysteresis behaviour in the down-stroke phase.  

4.3 Effects of Angle of Attack Range on Unsteady Freestream Dynamic Stall 

Since the blade angle of attack range is not known prior to rotor analysis, but rather a variable that 

is solved iteratively during the analysis, the aerodynamic data of the blade sections must be 

available across various angle of attack ranges. It was found that unsteady freestream dynamic 

stall aerodynamic data were quite sensitive to the angle of attack range. Figure 4.7 shows the 

aerodynamic data for the SC1094 R8 airfoil at two different angle of attack ranges. The data in 

Figure 4.7 was obtained at oscillating Mach number of M = 0.54 ± 0.16.  

 

 

 

 

 

 
Figure 4.7: Effect of AOA range on variable freestream dynamic stall behavior on SC1094 R8. 

airfoil. 
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As seen in Figure 4.7, the aerodynamic behaviour of the airfoil from the two cases is almost 

identical in the attached flow region as expected. However, due to the different stall timing the 

down-stroke behaviour is significantly different between the two cases. Since the unsteady Mach 

number and oscillating angle of attack are controlled by prescribed out-of-phase sinusoidal 

equations, a change in the angle of attack range changes the Mach number seen at a particular 

angle of attack affecting the stall characteristic. In the case shown in Figure 4.7, the Mach number 

at 12° angle of attack for the smaller angle of attack range case is about 7% lower than that of the 

other case at the same angle of attack. As previously shown, a small change in Mach number can 

have a significant effect on the stall characteristics.   

4.4 Qoptr Results with Constant Freestream CFD Dynamic Stall Data 

Although the main goal of this thesis was to investigate the impact of using variable freestream 

dynamic stall data for forward flight analysis, it is also worthwhile to see if using constant 

freestream dynamic stall data generated with CFD can yield more accurate results than the semi-

empirical dynamic stall models. Since constant freestream CFD dynamic stall simulations are less 

complex and require less computational resources than the variable freestream cases, they could 

be an attractive method for preliminary analysis. As seen in Figure 4.8, CFD showed a higher 

accuracy than the semi-empirical models under realistic flow conditions and reduced frequency.  

The data shown in Figure 4.8 were obtained at M = 0.301 and at k = 0.1.  
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Under the UH-60A validation flight conditions of µ = 0.24 and CT = 0.0110, dynamic stall occurs 

on the outboard region of the blade at r/R ≥ 0.55. At r/R ≥ 0.55, and the Mach number roughly 

ranges from 0.4 and 0.8. Therefore, constant freestream dynamic stall data were generated at these 

Mach numbers at an increment of M 0.1 at angle of attack ranges of 0°– 14° and 0° – 16°. With 

this available aerodynamic data, Qoptr was used to calculate the blade airloads under the same 

conditions as the UH-60A validation case. The comparison of the Qoptr results to the flight test 

data is shown in Figure 4.9. 

 

 

 

 

 

 

Figure 4.8: Comparison of constant freestream CFD dynamic stall data to semi-empirical 

dynamic stall model results. 
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Figure 4.9: Comparison of constant freestream DS Qoptr results to flight test data. 

(a) 

(b) 

𝝁 = 𝟎. 𝟐𝟒 

 

𝑪𝑻 = 𝟎. 𝟎𝟏𝟏𝟎𝟑 

 

𝒓/𝑹 = 𝟎. 𝟕𝟕𝟓 

𝝁 = 𝟎. 𝟐𝟒 

 

𝑪𝑻 = 𝟎. 𝟎𝟏𝟏𝟎𝟑 

 

𝒓/𝑹 = 𝟎. 𝟕𝟕𝟓 
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As shown in Figure 4.9 (a), the section lift history was predicted quite well by Qoptr. The general 

trend was well captured and the magnitude was also predicted with respectable accuracy. For the 

section pitching moment history shown in Figure 4.9 (b), the Qoptr results showed lower accuracy 

than the section lift history. Although the general trend is partially captured, the peak at 270-degree 

blade azimuth was not captured well. Overall, the Qoptr results showed a similar level of accuracy 

as the results generated with CAMRAD II with the ONERA EDLIN dynamic stall model, 

substantiating the fact that the exclusion of the unsteady freestream in the semi-empirical models 

is at least partly responsible for the inaccuracy.  

4.5 Qoptr Results with Unsteady Freestream CFD Dynamic Stall Data 

For the forward flight analysis with unsteady freestream CFD dynamic stall data, the aerodynamic 

data were generated with the flow conditions representative of four radial locations, r/R =0.6, r/R 

=0.7, r/R =0.8, and r/R =0.9. The aerodynamic data were gathered for two different angle of attack 

ranges of 0° to 14° and 0° to 16°. Figure 4.10 shows the blade airload results generated with Qoptr 

using unsteady freestream dynamic stall data.  
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Overall, the agreement between the flight test data and the numerical results is respectable. The 

section lift history was captured well throughout the azimuth, and the agreement between the flight 

Figure 4.10: Comparison of unsteady freestream DS Qoptr results to flight test data. 

(a) 

(b) 
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𝒓/𝑹 = 𝟎. 𝟕𝟕𝟓 

𝝁 = 𝟎. 𝟐𝟒 

 

𝑪𝑻 = 𝟎. 𝟎𝟏𝟏𝟎𝟑 

 

𝒓/𝑹 = 𝟎. 𝟕𝟕𝟓 
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test data and the Qoptr results improved for the section pitching moment history. Compared to the 

results generated with semi-empirical models and constant freestream CFD dynamic stall data, 

where both the location and the magnitude of the peak was predicated inaccurately, the results 

generated with unsteady freestream CFD dynamic stall data predicted the peak significantly better. 

Since stall characteristics are largely dependent on the freestream Mach number, the improvement 

in the accuracy of the blade airload prediction near the 270-degree blade azimuth where the 

maximum angle of attack is achieved is logical.  

4.5.1 Factors Influencing Solution Accuracy  

Although the overall accuracy and the prediction of stall have increased for both lift and pitching 

moment history, a considerable error exits around 0-degree blade azimuth. This error is likely 

caused by the fact that the aerodynamic behavior of the blade section is highly sensitive to the 

angle of attack range as discussed in section 4.3. The blade azimuth angles where the largest error 

is overserved, i.e. ~ 0 °to 45° and ~ 270° to 360°, fall under the high angle of attack region in the 

down-stroke phase. Figure 4.11 shows this correlation by colour.   



61 

 

 

Figure 4.11: Effect of angle of attack range sensitivity on solution accuracy at r/R = 0.775. 

 

As seen in Figure 4.11, the aerodynamic data is most sensitive to the angle of attack range at the 

locations where the largest error is observed. Since the aerodynamic data were generated only at 

three different angle of attack of ranges, it is likely that the error near the 0-degree blade azimuth 

was partly caused by inaccurate high angle of attack downs-stroke aerodynamic data.  

In a recent study at ONERA, Richez [42] studied dynamic stall on a helicopter rotor in forward 

flight with 3D CFD. In his study, the entirety of the rotor was modelled in 3D, and a CFD solver 

coupled with a comprehensive code was used to solve the flow field. Richez investigated two 

dynamic stall conditions and compared the CFD blade airload results to the wind tunnel rotor test 



62 

 

data. Although the rotor geometry and the dynamic stall conditions used in his study are not 

identical to that of the UH-60A validation case used in this work, it is interesting to see that similar 

errors were observed in his results as seen in Figure 4.12. 

 

Figure 4.12: Airload prediction error in full 3D CFD rotor simulation [42]. 

 

Richez’s results on the right were obtained at r/R = 0.925, but the mean Mach number at this 

location is similar to the mean Mach number of the UH-60A validation case at r/R = 0.775, 

therefore the two cases share similar flow physics.  

In his paper, Richez speculated that a separation bubble that he observed on the outboard region 

near the 0-degree blade azimuth was responsible for the fluctuation in the section pitching moment 
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results as seen in Figure 4.12. Interestingly, a separation bubble was also observed in the unsteady 

freestream dynamic stall simulation of the UH-60A blade section as illustrated in Figure 4.13. It 

is likely that this shock-induced separation bubble was also responsible for the overprediction of 

the first peak in the section lift results.    

   

        

 

 

 

 

 

 

 

4.5.2 Blade Airload Results at Other Radial Positions 

While the availability of CAMRAD II blade airload results generated with semi-empirical models 

made radial position of r/R = 0.775 an ideal location for the purposes of this research, it is also 

important to look at the results at other radial locations. The other two radial positions often 

considered in other work are r/R = 0.675 and r/R = 0.865. At these locations, both lift stall and 

moment stall take place as indicated in the dynamic stall rotor map in Figure 2.5. Therefore, good 

prediction of the blade airloads at these radial locations is important for accurate forward flight 

analysis. Figures 4.14 and 4.15 show the blade airload results at r/R = 0.675 and r/R = 0.865, 

Figure 4.13: Separation bubble formation during down-stroke phase. 

Separation bubble 
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respectively. In the absence of CAMRAD II results generated with semi-empirical dynamic stall 

models, results generated with 3D CFD coupled with computational structural dynamics (CSD) 

by Potsdam et al. [43] are shown for comparison.     
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(a) 

(b) 

Figure 4.14: Qoptr blade airload results at r/R = 0.675. 

𝝁 = 𝟎. 𝟐𝟒 

 

𝑪𝑻 = 𝟎. 𝟎𝟏𝟏𝟎𝟑 

 

𝒓/𝑹 = 𝟎. 𝟔𝟕𝟓 

𝝁 = 𝟎. 𝟐𝟒 

 

𝑪𝑻 = 𝟎. 𝟎𝟏𝟏𝟎𝟑 

 

𝒓/𝑹 = 𝟎. 𝟔𝟕𝟓 
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(a) 

(b) 

Figure 4.15: Qoptr blade airload results at r/R = 0.865. 

𝝁 = 𝟎. 𝟐𝟒 

 

𝑪𝑻 = 𝟎. 𝟎𝟏𝟏𝟎𝟑 

 

𝒓/𝑹 = 𝟎. 𝟖𝟔𝟓 

𝝁 = 𝟎. 𝟐𝟒 

 

𝑪𝑻 = 𝟎. 𝟎𝟏𝟏𝟎𝟑 

 

𝒓/𝑹 = 𝟎. 𝟖𝟔𝟓 
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At r/R = 0.675, the section lift was predicted very well by Qoptr. In fact, it shows better accuracy 

than the much more computationally expensive 3D CFD method coupled with CSD. For the 

section pitching moment, neither method provide satisfactory results. Both methods showed a 

large error between 270 and 360-degree azimuth. As discussed in section 4.5.1, the error shown in 

the Qoptr results is likely from the angle of attack range sensitivity.   

A similar statement can be made about the results at r/R = 0.865. The section lift was predicted 

well with the exception of azimuth angles between 270 and 360 degrees. The section pitching 

moment was predicted better at this radial location. Though the magnitude and the location were 

slightly off, the two stall events were captured; the first one near 270-degree azimuth and the 

second near 330-degree azimuth. 

Overall, the Qoptr results generated with unsteady freestream CFD dynamic stall data showed 

respectable accuracy. For this particular flight condition and at these radial positions, they show 

better agreement with the flight test data than the results generated with more complex and 

computationally expensive coupled method.  
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Chapter 5  

 

Conclusions and Recommendations  

5.1 Conclusions and Accomplishments 

In this work, the impact of using CFD dynamic stall data obtained at time-varying freestream on 

the accuracy of forward flight blade airload prediction was investigated. The time-varying or 

unsteady freestream dynamic stall aerodynamic data was obtained via Fluent, a commercial 

URANS CFD code, and in-house rotor analysis code Qoptr was used to calculated the blade 

airloads using the generated CFD data. Flight test blade airload data obtained at CT/σ = 0.129 and 

µ = 0.24 from NASA’s UH-60A Airload program was used to evaluate the accuracy of the Qoptr 

results.  

Qoptr results generated with time-varying freestream dynamic stall aerodynamic data showed 

better agreement with the flight test data than the CAMRAD II results generated with various semi-

empirical models such as Leishman-Beddoes and ONERA EDLIN models at r/R = 0.775. The 

largest improvement was seen in the pitching moment peak where both the magnitude and the 

location of the peak was predicted better by Qoptr. Results at other radial locations (r/R = 0.675 

and r/R = 0.865) showed good agreement with the flight test data as well showing higher accuracy 

than the coupled CFD and CDS method at some blade azimuth angles.   

Likely sources of error of this method were also investigated. While the overall accuracy and the 

prediction of the main stall event improved, considerable errors were observed near the 0-degree 

blade azimuth. It was found that the sensitivity of dynamic stall aerodynamic data to the angle of 

attack range was a probable cause. Around the 0-degree blade azimuth position, the blade section 
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is at a high angle of attack in the down-stroke phase, thus its aerodynamic behaviour is largely 

affected by the angle of attack range. Also, the separation bubble observed in the CFD simulation 

during the down-stroke phase likely has artificially increased the lift and positive pitching moment.   

5.2 Recommendations for Future Work     

The findings of this research suggest that neglecting the unsteady nature of the freestream velocity 

in helicopter forward flight is partly responsible for the discrepancy between the flight test blade 

airload data and numerical results with conventional rotor analysis methods. However, in this study 

only one flight condition was considered and investigated. The importance of the inclusion of time-

varying freestream in dynamic stall modelling should be more thoroughly understood by 

considering different flight conditions where different “depths” of dynamic stall are considered.  

The availability of the aerodynamic data obtained at various flow conditions is crucial for accurate 

rotor analysis. Creating a large database of dynamic stall aerodynamic data for the SC1095 and 

SC1094 R8 airfoils would allow more accurate analysis of UH-60A forward flight. The availability 

of its flight test data from the UH-60A Airloads program can be utilized for further validation of 

rotor analysis codes.   

For more high-fidelity validation, more detailed modelling of the rotor blades should be considered. 

The test helicopter in the UH-60A Airloads Program was fitted with experimental blades that are 

equipped with a large number of pressure transducers and strain gauges. Therefore, the actual blade 

profile may be different enough than the “clean” blade profile that most rotor analysis codes would 

assume causing different aerodynamic behaviour.     
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Appendix A: Fluent Input Files  

This appendix contains input files used in Fluent. Sample user defined functions used for 

controlling the pitching motion of the airfoil in the constant freestream dynamic stall simulations 

(A.1) and controlling the unsteady inlet boundary condition in the unsteady freestream dynamic 

stall simulations (A.2) are included. The airfoil coordinate of SC1095 and SC1094 R8 are also 

included.  

 

 

 

 

 

 

 

 

 

 

 

 

 



77 

 

A.1 UDF for Constant Freestream dynamic stall simulation  
 
#include "udf.h" 
 
#define pi 3.141592653589793 
 
DEFINE_ZONE_MOTION(rotor_motion,omega,axis,origin,velocity,time,dtime) 
{  
 
FILE *fp;                              /*declaring the file variable for output*/ 
 
real alpha, om_alpha, alpha_mean, alpha_amp, f, k, uinf, c, w, aoa, aor; 
real t = CURRENT_TIME; 
 
 
alpha_mean = -8*(pi/180);        /*mean incidence angle for the motion in rad (10 deg)*/ 
alpha_amp = -8*(pi/180);              /*amplitude angle for the motion in rad (pitching 
10 deg)*/ 
k = 0.06620735;          /*reduced frequency*/ 
uinf = 204;          /*free stream velocity, M = 0.6*/ 
c = 1;          /*airfoil chord (1 m )*/ 
 
f = (k*uinf)/(pi*c);                   /*pitching frequency in Hz*/ 
w = 2*pi*f;                            /*angular-frequency in rad/s*/ 
 
alpha = alpha_mean+(alpha_amp*sin(w*t));     /*sinusoidal equation of motion*/ 
aoa = -1*alpha*(180/pi);                            /*switch "alpha" from rad to deg for 
output*/ 
 
*omega = w*alpha_amp*cos(w*t);              /*angular-velocity for the motion*/ 
om_alpha = w*t;                       /*the angle of rotation at each 
time*/ 
aor = om_alpha*(180/pi);                            /*switch "om_alpha" from rad to deg 
for output*/ 
 
fp = fopen("Angles.txt", "a");                      /*open a file named "Angles" for data 
output*/ 
 
fprintf(fp,"%10.4f %10.6f %10.4f %10.4f\n", time, *omega, aor, aoa);                 
fclose(fp);            
        
return; 
} 
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A.2 UDF for Unsteady Freestream Dynamic Stall Simulation  
 
#include "udf.h" 
 
#define pi 3.141592653589793 
 
DEFINE_ZONE_MOTION(rotor_motion,omega,axis,origin,velocity,time,dtime) 
{  
 
 FILE *fp;                              
 
 real alpha, om_alpha, alpha_mean, alpha_amp, w, aoa, aor; 
 float t, tn; 
 
 t = RP_Get_Real("flow-time");           
 
 w = 89.238845;                         
 
 tn = t - 0.042016806; 
 
 alpha_mean = -8.5*(pi/180);          
 alpha_amp = -13*(pi/180);          
  
  
 alpha = alpha_mean + (alpha_amp*sin(w*tn+pi));                      
 aoa = -1 * alpha*(180 / pi);                                     
 
 *omega = w*alpha_amp*cos(w*tn+pi);                        
             
     
 om_alpha = w*tn;                      
 aor = om_alpha*(180 / pi);                           
 
 
 fp = fopen("Angles.txt", "a");                       
  
 fprintf(fp,"%10.5f %10.5f %10.5f %10.5f\n", t, *omega, aor, aoa);                    
 fclose(fp);           
         
 
} 
DEFINE_PROFILE(unsteady_velocity, thread, position) 
{ 
 
 face_t f; 
 
 real U, U_mean, U_amp, w; 
 float t; 
 
 t = RP_Get_Real("flow-time"); 
 
 U_mean = 136;                      
 U_amp = 27.2;                      
 
 w = 89.238845;                             
 
 U = U_mean + (U_amp*sin((w*t)));       
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 begin_f_loop(f, thread) 
 { 
  F_PROFILE(f, thread, position) = U; 
 } 
 end_f_loop(f, thread) 
} 
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A.3 SC1095 Airfoil Coordinates  

 
Table A.1: SC1095 airfoil coordinates continued [44]. 
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Table A.2: SC1095 airfoil coordinates concluded [44]. 
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A.4 SC1094 R8 Airfoil Coordinates  

Table A.3: SC1094 R8 airfoil coordinates continued [44]. 
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Table A.4: SC1094 R8 airfoil coordinates concluded [44]. 
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Appendix B: Blade Geometry Used in Qoptr 

This appendix shows the modelling of the UH-60A rotor blade geometry for use in Qoptr. All 

information used for the modelling of blade geometry was obtained from Ref. [45].  Pitch, chord, 

and airfoil distribution are shown, respectively.  
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B.1 Pitch Distribution  

Table B.1: UH-60A main rotor blade pitch distribution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

r/R Theta (r) [deg] 

0 9.65 

0.18 9.7 

0.219 9.37 

0.292 8.06 

0.463 5.057 

0.498 3.458 

0.541 2.71 

0.689 0.0324 

0.746 -0.9531 

0.778 -1.422 

0.825 -1.891 

0.852 -1.136 

0.871 -1.277 

0.924 -3.485 

0.935 -3.579 

0.951 -3.484 

0.958 -3.061 

0.972 -2.542 

0.986 -1.79 

1 -1.318 
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B.2 Chord Distribution  

Table B.2: UH-60A main rotor blade chord distribution.  

 

r/R Chord (r) [c/C] 

0 1 

0.15 1 

0.46 1 

0.496 1.01 

0.73 1.01 

0.735 1.075 

0.863 1.075 

0.864 1 

0.865 1.064 

1 1.064 
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B.3 Airfoil Distribution  

Table B.3: UH-60A main rotor blade airfoil distribution.  

 

r/R Airfoil (r) 

0 SC1095 

0.47 SC1095 

0.5 SC1094 R8 

0.82 SC1094 R8 

0.85 SC1095 

1 SC1095 

 


