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SUMMARY

Helicopters have traditionally been largely associated with military use. Over the past

decade, new and diverse commercial applications have been discovered for vehicles that can take-

off/land vertically and achieve mid-flight hover. The need for a new military rotorcraft fleet, cou-

pled with the explosion of potential commercial applications, has created a sense of urgency in

developing next generation rotorcraft with improved speed, range, and agility.

Rotorcraft are highly complex, dynamic vehicles with aeromechanics that are conducive

to challenging problems. Many problems encountered by rotorcraft are a result of flow separation

on the rotor. Increased speed, range, and agility requirements will only exacerbate these effects.

Understanding flow separation on the rotor plane and the effects it has on the vehicle is fundamental

to solving problems facing the next generation of rotorcraft development. The best approach to

fully understand flow separation on the rotor plane is through a combination of experimentation

and computational fluid dynamics (CFD).

This dissertation couples high-fidelity CFD with trusted experimental data sets to create

a complete picture of rotorcraft flowfields for study. State-of-the-art CFD modeling techniques,

many of which have not been addressed recently, are evaluated to identify and quantify their ca-

pabilities and limitations. This includes grid refinement approach, numerical approach, turbulence

model effectiveness, and aeroelastic coupling bias. Rich flowfield data from CFD, coupled with

experimental data, are explored to further understand separated flow on the rotor and its effects on

rotorcraft performance. Separated flow is classified by separation mechanism via isolation of blade

motion from shed tip vortices. Dominant flowfield vortices are studied to understand their impact

on rotor performance using the Biot-Savart Law.
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CHAPTER 1

BACKGROUND

1.1 Motivation

Rotorcraft are invaluable assets to the aerospace sector because of their unique abilities

to take off/land vertically and to achieve in-flight hover. These two capabilities permit rotorcraft to

perform a diverse range of missions, far beyond the capabilities of fixed-wing aircraft. Prior to the

early 2000s, rotorcraft development was largely military-specific. The current fleet of U.S. Army

helicopters was completed with the Boeing AH-64 Apache, whose development began in 1975.

In the years following completion of the Apache program, the majority of rotorcraft work was

focused on upgrading existing platforms, therefore novel rotorcraft design was largely stagnant

from the 1980s to the early 2000s.

During the early 2000s, much of the U.S. Army helicopter fleet was deployed over-

seas into combat environments. These environments included not only adversarial threats but

also volatile weather conditions and hazardous terrain. This combination of environmental factors

proved to be deadly, as many helicopters and their crews were lost. It became apparent that the

aging helicopter fleet did not meet the needs of U.S. troops in these dangerous environments and

upgrades to the existing platforms would not be sufficient to address the many issues. In 2009, the

U.S. Army launched its Future Vertical Lift (FVL) program to develop a fleet of next-generation

rotorcraft designed to perform more tactical missions and survive in hostile environments [1].

Over the past decade, the unique abilities of rotorcraft have also been realized for their

versatility and range of applicability outside military operations. Modern applications of small

unmanned aerial systems (UAS) range from commercial package delivery to recreational drone

flying. Urban vertical lift initiatives, such as the CityAirbus, are working to integrate air mobility

in cities around the world [2]. Other initiatives, such as the Boeing-sponsored GoFly challenge,

have been established for the purpose of developing “personal flying devices” [3]. Commercial air
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Figure 1.1: Complexities of rotorcraft aeromechanics (courtesy of Frank Caradonna, US Army
ADD-A)

travel is on the rise, and the incorporation of vertical takeoff and landing (VTOL) vehicles into the

commercial transportation sector has been an ever-growing topic of discussion [4–6].

The realization of new and diverse rotorcraft applications, in both the military and com-

mercial sectors, has created an explosion in demand for next-generation vehicles with advanced

capabilities. However, rotorcraft are highly complex, dynamic vehicles subject to aeromechanics

phenomena not experienced by traditional fixed-wing aircraft. The complexities of and problems

associated with these phenonema are highlighted in Figure 1.1. Many of these problems are not

completely understood, even on traditional helicopter configurations. The integration of advanced

capabilities into innovative rotary-wing-based designs exacerbates these already complex issues.

A number of the problems highlighted in Figure 1.1 can be related to flow separation on

the rotor. Flow separation on the rotor is not uncommon and can be predicted with robust analysis

tools; however, the associated physics are highly complex and not fully understood as they are

inherently aeroelastic in nature. Current design tools lack the capability to accurately predict sepa-

ration in a timely manner, as summarized in Table 1.1. CREATE™-AV Helios [7] is a high-fidelity,
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multidisciplinary rotorcraft modeling framework developed under the sponsorship from the High

Performance Computing Modernization Program Computational Research and Engineering Ac-

quisition Tools and Environments – Air Vehicles (HPCMP CREATE™-AV) program and the US

Army. Its rotorcraft-specific environment, Helios, provides robust physics-based analyses that cou-

ple CFD with other analysis tools within a single framework. With its high-fidelity CFD solvers,

Helios can predict separated flow but solution convergence requires too much computational time

for use in the vehicle design phase. Lower fidelity CFD for rotorcraft design is available using

Sukra-Helitec’s RotCFD. Its URANS-based CFD on Cartesian grids coupled with a a momen-

tum based rotor model provides quick predictions of rotor performance quantities such as thrust,

torque, and Figure of Merit but lacks the robustness to predict separation [8]. Semi-empirical dy-

namic stall models can predict rotor blade stall, and thus separation, based on static airfoil data

[9]. These models are based on traditional helicopter configurations and may not be applicable to

innovative rotary wing designs. Additionally, they cannot predict separation induced by mecha-

nisms other than classic dynamic stall. A gap in prediction capabilities exists between high-fidelity

analysis that requires significant computational time and low-fidelity analysis that can be used in

the design phase. Additional insight into the physics of separated flow on the rotor is essential to

develop predictive reduced order models to fill this gap. Such models can help address and elim-

inate many of the aeromechanics problems that must be overcome to produce a next-generation

rotorcraft fleet during the design phase. This research seeks to advance the understanding of and

explore the capabilities of various solvers in capturing separated flow on the rotor by evaluating

high thrust and high speed flight conditions.
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Table 1.1: Summary of rotorcraft performance prediction tools

Code CREATE-AV Helios RotCFD Dynamic Stall Models

Solution Method Hybrid URANS-DDES CFD URANS CFD Semi-Empirical

Grid Type Body-Fitted Cartesian N/A

Separation Prediction Yes No Classic DS Only

Solution Time
Order of Magnitude Days Minutes Seconds

1.2 Dynamic Stall

One of the complex problems that rotorcraft frequently encounter in high thrust or high

speed flight is dynamic stall. Classic dynamic stall is an unsteady aerodynamic phenomenon dom-

inated by massively separated flows. It is characterized by a strong vortex core that convects along

the upper surface of the rotor blade in the chordwise direction until it is shed from the trailing edge.

Motion of the vortex core causes rapidly changing induced velocities and pressure fluctuations in

the near-body flowfield that impinge on the blade surface. As the vortex approaches the trailing

edge, the blade will experience large losses in lift and large negative pitching moments [10]. This

behavior can produce undesirable vibratory loading, excessive noise, loss of structural integrity,

and degradation of aircraft controls [11].

Traditionally, the term “dynamic stall” referred only to “classic dynamic stall” where the

vortex formation is a product of lifting surface kinematics. Extensive experimentation spanning

several decades has led to an accepted sequence of events which comprise this “classic” dynamic

stall [10]. Figure 1.2 outlines this sequence of events and relates those events to typical lift and

moment trends.

A lifting surface undergoing rapid pitching motion can maintain attached flow past its

static stall angle. However, at some angle of attack beyond its static stall angle, the boundary layer

begins to separate, and one or several large eddies form in the separated boundary layer regions.

4



Figure 1.2: Progression of classic dynamic stall events (from Ref. [12])
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These eddies, which may occur anywhere along the chord, roll up through the boundary layer to

the leading edge. At this point the vortex begins to convect downstream along the upper surface.

The presence of the low-pressure vortex core on the upper surface permits the blade to exceed its

static stall angle without loss of lift or moment. Once the vortex is shed from the trailing edge,

improved blade performance due to the low pressure vortex core is lost, producing significant lift

and moment stalls. Classic dynamic stall is primarily a concern for rotorcraft applications due to

the rapid pitching motion of the blades throughout a single rotor revolution. However, it can also

be a concern for fixed-wing aircraft undergoing rapid maneuvers, such as a fighter jet pull-up [10]

and wind turbines [13].

Classic dynamic stall has traditionally been associated with flight vehicles, such as he-

licopters and fighter jets, where three-dimensional finite wing and/or rotational effects play a sig-

nificant role in performance. The large majority of dynamic stall research has focused on two-

dimensional dynamic stall experimentation and computational approaches [10, 14–16]. However,

research over the past decade has shown that two-dimensional experimentation and computations

tend to overpredict lift and moment trends (Refs. [17, 18]) and are therefore insufficient analyses

to fully understand dynamic stall [19–22].

Only recently have dynamic stall investigations moved towards three-dimensional finite

wings [20, 23–27] and rotating systems [19, 28–33]. Initial investigations have demonstrated that

the inclusion of these additional effects significantly alters dynamic stall behavior [19, 25, 34].

However, because three-dimensional dynamic stall investigations are a relatively new research fo-

cus, the physics associated with these behaviors are not well understood. Recent advancements

in computing capabilities now permit the application of high-fidelity CFD to full rotor configura-

tions under the influence of complex aeromechanics phenomena. These tools can be leveraged in

conjunction with experimental data to provide the means for furthering the understanding of flow

separation and stall events on rotors.
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1.3 Importance of Computational Analyses

Rotorcraft are highly complex, dynamic vehicles subject to aeromechanics phenomena

not experienced by traditional fixed-wing aircraft. Experimentation has provided some level of

insight into the complexities of rotorcraft aeromechanics, however it does not permit the full un-

derstanding of the entire flowfield due to physical limitations on data acquisition capability [23,

28, 30, 32]. High-fidelity analyses, such as CFD, can be leveraged to fill this knowledge gap. CFD

has been a rapidly changing field over the past several decades. At its inception, CFD was widely

considered a purely academic endeavor. Advanced algorithm development coupled with the rapid

advancement of modern computing capabilities has resulted in accelerations of up to six orders of

magnitude over the past 20 years [35]. This permits CFD to be used for high-fidelity simulations

of full rotor configurations. Because of the massive computational requirements, only recent ad-

vances in high performance computing capabilities have enabled such high-fidelity computations.

Only a few researchers throughout the international community have begun pursuit of investigating

separated flows on three-dimensional rotor systems, so there is still much to be learned [19, 21, 22,

31].

Efforts to understand the capabilities and limitations of current state-of-the-art approaches

have been the focus of a multi-year joint research effort under the US/French Partnership Agree-

ment for Helicopter Aeromechanics. Collaboration with experts in the international community

permitted a broad range of analysis techniques to be compared and evaluated. Together the research

partners were able to identify the unknowns of complex aeromechanics prediction capabilities that

are investigated in this work.

1.4 Thesis Goals

• Goal 1: To identify and quantify capabilities and limitations of state-of-the-art CFD model-

ing approach for capturing massively separated flows on three-dimensional rotors

• Goal 2: To advance the knowledge of the physics of separated flows on rotors using a com-

7



bination of state-of-the-art CFD modeling and high-quality experimental data

• Goal 3: To explore the application of the Biot-Savart Law to the entire rotor plane to evaluate

the effects of trailing tip vortices on the rotor plane aerodynamics

1.4.1 Goal 1: Identify/Quantify Capabilities and Limitations of State-of-the-Art Modeling

CFD, when leveraged correctly, can be a very powerful assessment tool. When leveraged

incorrectly, however, CFD wastes significant computational resources and can lead to erroneous

conclusions. Understanding how to produce accurate, usable data is fundamental to any CFD anal-

ysis and becomes increasingly more important with increasing aerodynamic complexity such as

unsteady flow separation. Helicopters present some of the most complex aerodynamic problems

in the aerospace industry today as the flowfields are dominated by nonlinear flow features. CFD

simulations must be performed so that underlying models accurately capture the physics. This of-

ten requires an expert user to predict the physical features that will dominate the flowfield, and for

non-experts, this is an overwhelming task. This thesis details the analysis process including grid

generation techniques, choice of turbulence models and numerical schemes, verifying solution ac-

curacy, and understanding discrepancies between computational and experimental data. Together,

this serves the aerospace community as a complete guide on accurately modeling the aerodynamics

of rotating systems with massively separated flow.

Questions to Answer:

• Grid generation techniques for finite wing and rotating blade dynamic stall analyses are

largely based on infinite wing grid generation techniques, where spanwise/radial spacing is

quite large.

– Is spanwise/radial grid density important in capturing separated flow?

– Can radial spacing requirements be quantified for general use?

• Flowfield resolution is dependent not only on grid refinement but also turbulence model

and numerical scheme robustness. Three-dimensional separated flows have been evalu-
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ated across several government and academia entities using a number of turbulence model-

numerical scheme combinations. Comparisons, however, are often drawn between results

synthesized from different flow solvers and grids, introducing many factors that could con-

tribute to varying behaviors. Understanding the direct impact of flow solver options requires

variation of a single input keeping all other variables constant.

– Which popular turbulence models most accurately capture separated flows when

applied within the same flow solver on the same grid?

– Are there coupled effects between grid refinement and turbulence model in sepa-

rated flow regimes?

• Prediction of classic dynamic stall is highly dependent on blade kinematics when aeroelastics

are in play. Computational approaches often ignore aeroelastics via rigid blade simulations

or include the effects using only prescribed motions to avoid complexity in simulation setup.

– How important are aeroelastic effects in capturing separated flows?

– What bias, if any, is introduced when prescribed motions are applied versus cou-

pled CFD-CSD?

1.4.2 Goal 2: Advance the Knowledge of the Physics of Separated Flows on Rotors

A state-of-the-art CFD modeling approach will evaluate multiple scenarios with sepa-

rated flow on rotating systems where high-quality experimental data are also available. Experi-

ments and computations, when leveraged in parallel, have the potential to yield a wealth of infor-

mation. Access to high-quality, trusted experimental data is crucial for validation of computational

approaches and results. Once validated, computations can be exploited to gather data that are not

restricted by data acquisition capability, feasibility of sensor placement, and other physical limita-

tions. This gives aerodynamicists access to data that fully define the entire flowfield which cannot

be achieved via experimentation. These large data sets permit the exploration of complex flowfields

that hold the potential to significantly advance understanding of flowfield physics and associated
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aeromechanics phenomena. Advancement from this work can be leveraged for enhancements to

model-based design, improvements in aeromechanics predictions, and mitigation of undesirable

aeromechanics phenomena.

Enhancements to Model-Based Design

Traditional approaches to rotorcraft design rely largely on empirical methods derived

from historical helicopter data [36–38]. Many next-generation rotorcraft designs propose lever-

aging non-conventional design features to meet advanced performance requirements. Traditional

empirical approaches do not work well for evaluating these modern VTOL designs [39]. Experts

have called for a shift from purely empirical design methods to model-based design [40–42]. Rapid

early design phase assessments rely on reduced-order models, which are computationally cheaper

but still accurate, for evaluation. Deeper understanding of flowfield physics, using CFD data, not

only permits the refinement of current empirical models to achieve increased robustness but also

permits the development of new models that have a basis in physics and are not purely empirical

functions based on obsolete technology. Current efforts to develop physics-based reduced-order

models target aeromechanics phenomena such as dynamic stall, a common cause of separated flow

on the rotor [43]. CFD has the potential to play an important role in guiding the development of

these reduced-order models.

Improvements in Aeromechanics Prediction

Accurate predictions of complex aeromechanics phenomena require high-fidelity analy-

ses as problems are highly coupled and the underlying physics are highly nonlinear. Many predic-

tion methods rely on the accurate identification and classification of dominant flowfield features,

such as tip vortices. Blade-vortex interactions (BVI), as an example, are partially responsible for

flow separation on the rotor [44–46]. Knowledge of the strength and location of the vortices with

respect to the blade for all azimuth positions permits application of the three-dimensional Biot-

Savart Law over the entire rotor plane, advancing the understanding that individual flow features
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have on separated flow on the rotor. Even state-of-the art experimental facilities do not have the

capability to capture such data, thus high-fidelity computations must fill that gap.

Mitigation of Undesirable Aeromechanics Phenomena

A portion of current rotorcraft research targets the reduction and/or mitigation of com-

plex aeromechanics phenomena. Active flow control efforts seek to alter flow separation dynamics

to diminish the negative effects that these phenomena can have on the rotor, such as fatigue due to

vibratory loading. These efforts require detailed knowledge of the flowfield physics, and further-

ing the current understanding of flowfield physics will guide future active flow control research.

Proposed noise reduction techniques rely on identification of acoustic source points on the rotor

so that aerodynamics in the vicinity of the rotor can be altered [47–49]. Both identifying these

source points and effectively altering the local aerodynamics also requires extensive knowledge of

the flowfield physics.

Questions to Answer:

Both classic dynamic stall and blade vortex interactions are responsible for flow separa-

tion on the rotor. Experimental data used to identify stall on a rotating system is often limited to

pressure sensors on the blades as particle image velocimetry (PIV) and laser doppler velocimetry

(LDV) placement are extremely difficult for a rotating system. Pressure integration along the blade

surface yields sectional airloads that can be used to identify regions of flow separation. However,

with limited visual and flowfield data it is impossible to classify flow separation mechanism based

on experimentation alone.

• How can classic dynamic stall be isolated from BVI and other mechanisms of separa-

tion on a rotating system?

• Can flowfield data from CFD simulations be used to classify flow separation mecha-

nisms on a rotating system?

• How do isolation methods affect rotor downwash, and what is effect does that have on
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airloads predictions?

1.4.3 Goal 3: Explore Application of the Biot-Savart Law to Rotor Plane Vortex Filaments

Blade vortex interactions are a common aeromechanic phenomena experienced by ro-

torcraft and are known to cause flow separation on the rotor. However, little research has been

performed to understand what vortex characteristics are linked to flow separation. What little re-

search has been done has remained focused on two-dimensional simulations where rotation is not

considered [50]. Understanding the behavior of trailing tip vortices in the rotor plane and their

effect on subsequent blade passes is crucial to further advancement of rotorcraft design.

Questions to Answer:

The Biot-Savart Law can predict induced velocities at a point due to a vortex filament

by integrating over the entire length of the filament. CFD provides entire flowfield data where

vortex filaments can be identified and tracked throughout an entire rotor revolution, providing

aerodynamicists with sufficient data to use the Biot-Savart Law on real data.

• Can the Biot-Savart Law be applied to accurately predict induced velocities in a com-

plex rotor plane?

• What modifications, if any, are required to apply the Biot-Savart Law to a viscous

flowfield?

• What are the extents of BVI influence over the advancing and retreating rotor blades?
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CHAPTER 2

METHODOLOGY

Separated flows are highly nonlinear and require high-fidelity modeling techniques such

as CFD. However, there are an abundance of CFD solvers used in the modern aerospace indus-

try. Each solver is equipped with a variety of turbulence models and solves the Navier-Stokes

equations using a number of different techniques. Prior to a CFD study that will be dominated by

separated flows and their associated nonlinearities, it is important to understand the consequences

that different models, numerical schemes, overall code formulations, and meshes have on the so-

lution accuracy to ensure informed decisions are made. The most important features required for

accurately capturing separated flow physics are discussed here and explored through computations

to identify best practices for at a state-of-the-art CFD approach for massively separated flows in a

three-dimensional rotating system.

2.1 Turbulence Modeling

The most accurate turbulence predictions are achieved using direct numerical simulation

(DNS). DNS requires that grid resolution is refined to capture all of the scales of turbulence. It

has the ability to accurately capture massively separated flows; however, it is prohibitively expen-

sive for application outside of basic turbulence research. Therefore, for engineering applications,

turbulence must be at least partially modeled [51].

As CFD has evolved over the years, a number of turbulence models have been developed,

implemented, and widely applied throughout academia, government, and industry. The models

vary in fidelity and associated computational cost. The capabilities and limitations of various

turbulence and transition models with respect to engineering applications are addressed here, in

order of decreasing fidelity.

13



2.1.1 Large Eddy Simulation

A large eddy simulation (LES) is the most robust turbulence modeling technique below

DNS. Like DNS, LES methods are able to capture massively separated flows. LES methods resolve

large scale eddies that dominate the flowfield physics. These large eddies are responsible for the

majority of momentum transport, contain most of the flow’s kinetic energy, and comprise a large

majority of the contributions to the Reynolds stress tensor. Smaller sub-grid scale (SGS) eddies

that are not resolved are modeled via the SGS stress tensor, shown in Equation 2.1 [52].

τij =
(
ρuiuj − uiuj

)
+
(
u′iuj + uiu′j

)
+
(
u′iu
′
j

)
(2.1)

LES requires highly refined grids. Thus, statistical data can be leveraged to model the

sub-grid scale eddies accurately with relatively simplistic models. Because sub-grid scale turbu-

lence is modeled, the grids can be much coarser than those required for DNS, which requires grid

scales to be on the same order of magnitude as the Kolmogorov length scale. This results in reduced

computational time. However, the grids must still be refined so that all non-isotropic turbulence is

captured, not modeled. Because highly refined grids are still required to resolve non-isotropic tur-

bulence, the reduction in computational time is not sufficient for practical engineering applications.

LES computations were prohibitively expensive and were not considered in this study [51].

2.1.2 Reynolds-Averaged Navier-Stokes

For most engineering applications, turbulence is modeled explicitly in the unsteady Reynolds-

Averaged Navier-Stokes (URANS) equations. The URANS equations are achieved by applying

Reynolds averaging to the Navier-Stokes equations, separating each variable into mean and fluc-

tuating components and then time-averaging the result. The resulting URANS equations contain a

symmetric tensor known as the Reynolds stress tensor: =

τij = uiuj (2.2)

The components of the Reynolds stress tensor are unknown and can not be precisely determined,
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adding six additional unknowns to the system. This is known as the turbulence closure problem

[51]. Most URANS models make use of the Boussinesq approximation

τij = 2νTSij −
2

3
kδij (2.3)

to estimate the components of the Reynolds stress tensor, where νT is the eddy viscosity and k is

the turbulent kinetic energy.

These methods range in fidelity from algebraic models, where no additional differential

equations are added to the system up to two-equation models, where two additional differential

equations are added to the system to estimate turbulent kinetic energy, eddy viscosity, and length

scales. [51].

Algebraic models are the simplest of the URANS methods and are quite easy to imple-

ment. However, algebraic models are incomplete. Their formulations contain empirical coeffi-

cients which have been determined from a subset of cases. Their application is thus limited to

cases that demonstrate similar physics to the cases from which the model was developed. As flight

vehicle designs become more and more complex, a priori knowledge of the flowfield physics can

not be assumed when complex geometries come into play. Because of their limited application to

complex aerodynamics, algebraic models were not investigated in this study.

One-equation models incorporate one additional differential equation into the system

of equations to determine the value of the turbulent eddy viscosity. Most one-equation models

truncate the Boussinesq approximation after the first term[53]:

τij = 2νTSij (2.4)

This eliminates the contributions of turbulent kinetic energy to the Reynolds stress tensor. While

eliminating the need for a second equation, truncation of the second term significantly reduces the

fidelity of the one-equation models [51].

The most robust and commonly used one-equation model in modern engineering appli-

cations is the Spalart-Allmaras (SA) model [54], which is included as port of this study. Unlike

some other one-equation models, the SA model is complete, meaning an a priori knowledge of
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the turbulent mixing length is not required. It introduces a differential equation for the turbulent

molecular viscosity which is used to calculate the eddy viscosity. A modified version of the SA

model includes a trip term for transition modeling; however, the standard SA model utilized for

this study is a fully turbulent model. Details on the standard SA formulation as well as the trip

modification, can be found in References [53, 54].

The SA model fills a specific niche for engineering applications. It has been shown to

provide accurate force, moment, and performance predictions in when the flow is attached [55].

However, it must be applied with caution. Outside of the linear aerodynamic regime, it has shown

to have insufficient complexity to capture massively separated flows [56]. In addition, when lam-

inar flows exist for moderate Reynolds numbers, transition must be taken into account in order to

get accurate lift over drag (L/D) predictions [55]. Thus, when flow separation and transition come

into play, a more robust model is required. Two-equation models are some of the most commonly

used turbulence modeling techniques for modern engineering applications. Unlike one-equation

models, the entire Boussinesq approximation is retained, leading to a more complex and higher

fidelity solution. Thus, the addition of two differential equations instead of one is required to

determine both the eddy viscosity and kinetic energy. All two-equation turbulence models are

complete, thus a priori knowledge of the turbulent mixing length is not required.

A common two-equation model that is evaluated here is the Menter kω shear-stress trans-

port (kω-SST) model which introduces equations for turbulent kinetic energy specific dissipation

into the system. Additional details of the model can be found in Reference [57].

Two-equation models have their place in engineering applications as well. They provide

improved performance over the one-equation models due to retention of the full Boussinesq ap-

proximation. They have demonstrated the ability to provide accurate boundary layer predictions;

however, for time-accurate simulations of separated flows, they do not accurately capture separated

flow physics [58]. This drawback can significantly affect performance predictions on complex air-

craft [55]. Thus, a more robust equation is still required for future aircraft design applications.
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2.1.3 Hybrid URANS-LES

A hybrid URANS-LES model serves as a compromise between URANS and LES [59].

Hybrid models are able to accurately capture separated flows while keeping computational costs

relatively low compared to LES and DNS by combining them into a unified turbulence model. LES

calculations are used to resolve large eddies away from the body. This allows separated regions of

the flowfield to be resolved instead of modeled. In the boundary layer where turbulence scales are

very small and not isotropic, hybrid methods switch to URANS turbulence closures. LES methods

would required extreme refinement in these regions, while URANS methods can provide similar

accuracy on a much coarser grid for significantly reduced computational cost.

A detached eddy simulation (DES) is one of the most commonly used hybrid URANS-

LES methods. In its original formulation, DES was intended for thin boundary layers. Depending

on the mesh cell size in the near-body grid, the model would switch from URANS to LES too close

to the body. To correct this, a modification, was made in 2006 to delay the switch from URANS

to LES and made the updated model, known as delayed detached eddy simulation (DDES) less

susceptible to variable grid spacing. In most simulations with massively separated flows, DDES is

preferable to DES [60].

2.1.4 Turbulence Modeling Approach

A turbulence model study comparing both URANS and DDES methods is first performed

on a finite wing. The finite wing at post-stall angles of attack produces large regions of separated

flow but does not require the computational resources of a three-dimensional rotating system. This

permits the evaluation of many turbulence models on a number of grids with separated flows while

minimizing computational expenditures. The most effective turbulence models are then applied

to the full three-dimensional rotating simulations to achieve the highest-fidelity state-of-the-art

solution.
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2.2 Solution Refinement

CFD error arises from the discretization of continuum flow into discrete spatial elements

via the computational grid and discrete temporal elements via the computational timestep. So-

lution accuracy is highly dependent on using appropriate grid and timestep refinement. Thus, it

is important for any CFD user to understand how to determine what defines appropriate grid and

timestep refinement for a state-of-the-art CFD simulation.

Grid refinement is an important factor in achieving accurate high-fidelity CFD simula-

tions. In numerical simulations, as grid spacing is refined, error associated with spatial discretiza-

tion should asymptote to a minimum value. While increased grid refinement reduces discretization

error, it also impacts the accuracy of turbulence models. Increasingly refined grids capture a wider

range of eddy scales and reduce the levels of turbulence that must be modeled.

To verify that appropriate grid refinement has been achieved for any CFD simulation,

grid refinement studies must be performed. Grid refinement studies involve generating a set of

grids for the same model with increasing levels of refinement. CFD solutions are obtained for all

grid levels and key variables are analyzed for solution convergence across the grid levels. For fixed

wing applications, common variables used to evaluate grid convergence are lift, drag, and skin

friction. For rotorcraft applications, these variables are often thrust, power, and Figure of Merit.

For each of the configurations evaluated here, grids are developed in accordance with the results of

a refinement study performed in Section 5.1. When performing any CFD simulation it is important

for the user to follow similar grid refinement studies or grid generation best practices to ensure the

complete CFD model is accurate.

Timestep refinement has been the topic of previous research and is another important

factor in achieving an accurate unsteady numerical simulation, as separated flows are often dom-

inated by time-varying nonlinear flow features. Significant prior research has explored timestep

refinement for dynamic stall (Refs. [61–63]) and rotor simulations ([21, 64]). State-of-the-art best

practices are applied in this thesis with respect to timestep.
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2.3 Numerical Schemes

Structured CFD solvers often have number of spatial discretization schemes, or stencils,

that can yield anywhere from first-order accurate to sixth-order accurate data. Research has shown

that leveraging high-order accurate numerical schemes for rotor simulations can improve solution

accuracy without significantly increasing run time [65, 66]. Unlike structured solvers, unstructured

solvers typically do not have high-order spatial discretization schemes. The finite volume methods

typically applied to unstructured stencils make spatial discretization algorithms much more diffi-

cult to develop. Thus, with current technological and computing advances, unstructured solvers

are only second-order accurate in space.

Understanding the details and impacts of various numerical schemes and how they com-

pare to each other is important. This study analyzes results obtained using various differencing

schemes in OVERFLOW. Details of each numerical scheme used in this study are provided in

Section 2.4.1. Results of the numerical scheme investigation can be found in Chapters 5 and 6.

2.4 Computational Tools

2.4.1 OVERFLOW

OVERFLOW [67] is a state-of-the-art full Navier-Stokes CFD solver developed at NASA

Langley Research Center in Hampton, Virginia. It is a compressible, structured solver with two-

dimensional, three-dimensional, and axisymmetric operational modes. The solver has up to fourth-

order temporal accuracy and sixth-order spatial accuracy, employing node-based finite differencing

[68]. OVERFLOW also employs a number of turbulence models, ranging in fidelity from large

algebraic models to large eddy simulations, as discussed in Section 2.1.

OVERFLOW implements a number of high-order spatial flux differencing schemes. The

second-, fourth-, and sixth-order central differencing schemes are given for a flux, F , in Equations

2.5-2.7 [68].
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∂F

∂x
=
Fi+1 − Fi−1

2∆x
(2.5)

∂F

∂x
=
−Fi+2 + 8Fi+1 − 8Fi−1 + Fi−2

12∆x
(2.6)

∂F

∂x
=
Fi+3 − 9Fi+2 + 45Fi+1 − 45Fi−1 + 9Fi−2 − Fi−3

60∆x
(2.7)

OVERFLOW has message passing interface (MPI) and domain splitting capabilities so

that it can be used on massively parallel computing systems. This is important as it permits the use

of large, dense grids to resolve complex flowfield physics while still achieving reasonable solution

times.

2.4.2 Dymore

Dymore is a multi-body dynamics code, developed by Prof. Olivier A. Bauchau, that is

used to model the structure of complex vehicles such as multi-body rotorcraft [69]. It is a finite

element-based code that can model both rigid and elastic components. Rigid bodies are mod-

eled as localized masses while elastic components, such as wings or rotor blades, are modeled as

discretized beams with axial, bending, torsional, and shearing stiffness. Rigid and elastic com-

ponents are connected via joint models, including revolute, prismatic, screw, cylindrical, planar,

and spherical joints. Elastomeric properties of the connections can be included in the joint model

via torsional springs and dampers. Dymore can compute both static and dynamic analyses. Static

analyses solve the system’s equations of motion by eliminating all time derivatives, providing ini-

tial conditions for dynamic analyses. Dynamic analyses solve the system’s complete equations of

motion as perturbed by airloads.

For analyses here, Dymore is coupled with OVERFLOW to achieve a loosely-coupled

CFD/CSD solution, which has been proven for a number of CFD and CSD solvers [31, 70–74].
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Airloads are obtained from CFD analyses in OVERFLOW and passed to Dymore through an ex-

ternal aerodynamics plugin. Airloads are used within Dymore to perturb the dynamic solution to

obtain updated blade deformations. Blade deformations are passed back to OVERFLOW and ap-

plied to the CFD simulation. This loose coupling procedure is continued until both the structural

and CFD solutions converge.
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CHAPTER 3

EXPERIMENTAL DATA SETS

A large majority of experimental dynamic stall research has focused efforts on semi-

infinite pitching wings [10, 12, 14]. Three-dimensional finite wing [23, 75] and rotating effects

[28] were first investigated via experimentation in the 1990s. Since then, only a handful of other

high-quality, trusted experiments that can be used for CFD validation have been completed due

to the complexity of gathering experimental data in a moving frame [26, 30, 32]. It is important

that experimental data used for validation of CFD be performed in controlled wind tunnel environ-

ments, where CFD simulations can be designed to match the experimental conditions as closely

as possible. Attempting to model flight test scenarios, such as those from the UH-60 Airloads

program, introduces significantly more unknowns. Discrepancies between experimental data and

CFD results can be identified when experimentation is isolated to a controlled wind tunnel envi-

ronment. This research leverages experimental wind tunnel data sets for a finite wing and a rotor

configuration.

3.1 OA209 Finite Wing

Wind tunnel tests were performed in the ONERA F2 wind tunnel specifically to study

the three-dimensional effects of dynamic stall [23]. The facility has a test section with a length of

5.0 meters, a width of 1.4 meters and a height of 1.8 meters in which wind speeds are capable of

reaching 100 m/s.

Three wall-mounted models were constructed for the OA209 airfoil for these tests. The

OA209 airfoil, shown in Figure 3.1, is a slightly cambered airfoil with a 9% maximum thickness

at 29.3% chord and a 1.6% maximum camber at 17.1% chord. Two of the models were infinite

wings, spanning the entire width of the test section (1.4 m) with no twist. One (model C300) was

constructed with a chord length of 0.3m and the other (model C500) with a chord length of 0.5m.
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Figure 3.1: OA209 airfoil geometry

Figure 3.2: Finite OA209 wing (C300-3D model) mounted in the ONERA F2 wind tunnel (from
Ref. [23])
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Figure 3.3: PIV and LDV plane locations on finite OA209 wing (from Ref. [23])

The third model (C300-3D) was a finite wing with a span of 0.9m and chord length of 0.3m. As

the purpose of this study is to evaluate and further understand the complete physics of dynamic

stall, computational efforts are focused solely on the finite C300-3D wing [24].

The finite C300-3D wing model, shown in Figure 3.3, was equipped with various instru-

mentation to permit correlation with CFD data. Four spanwise locations (r/R = 50%, 80%, 95%,

and 99%) were equipped with 28 Kulite pressure transducers each for a total of 112 simultane-

ous static pressure measurements. Integration of these static pressures at each pitch angle permits

comparison between experimental and computational aerodynamic forces and moments at the four

aforementioned spanwise stations. Mean flow velocities and turbulent quantities were gathered via

an LDV system, installed to capture data at the spanwise r/R=80% spanwise station. These LDV

data not only permit comparison between experimental and computationally derived flowfields but

also allow for more in-depth analyses of the spanwise forces and moments at that spanwise loca-

tion. Force and moment data can be mapped to and further explained by specific flowfield features.

Similarly, flowfield data were acquired via a PIV system at three different chordwise locations

(x/c = 25%, 50%, and 75%) to allow further investigation of crossflow and three-dimensional ef-
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Figure 3.4: UH-60A blade airfoil distribution (from Ref. [76])

fects near the wingtip. The instrumentation setup is summarized in Figure 3.3. Additional details

on the experimental setup and data acquisition can be found in Ref. [23]. Static stall data were

acquired for the finite wing in flow defined by a Mach number of 0.16 and a chord-length Reynolds

number of 1.0× 106 for pitch angles ranging from 4° to 24°.

3.2 UH-60A

In 2010, NASA and the United States Army jointly completed extensive wind tunnel

testing on the Sikorsky UH-60A rotor [30]. Testing was conducted in the United States Air Force

(USAF) National Full-Scale Aerodynamics Complex (NFAC) 40-by-80 foot wind tunnel at NASA

Ames Research Center (ARC) in Moffett Field, California. The dimensions of the test section

measure 39 feet high by 79 feet wide by 80 feet long. This is a closed-circuit wind tunnel that can

reach maximum test section velocities of approximately 300 knots.

The UH-60A rotor is a four-bladed rotor with a radius of 26.83 feet, a chord length of

20.76 inches, and solidity of 0.0826. Blades are constructed out of SC1095 and SC1094R8 airfoil

sections, as shown in Figure 3.4 and have an equivalent twist of -18 degrees. The SC1095 airfoil,

shown in Figure 3.5 has a maximum thickness 9.5% at 26.9% chord and a maximum camber 0.8%

at 26.9% chord. The SC1094R8 airfoil, shown in Figure 3.6 has a maximum thickness 9.4% at
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Figure 3.5: SC1095 airfoil geometry

Figure 3.6: SC1094R8 airfoil geometry
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Figure 3.7: UH-60A rotor mounted on the LRTA in the NFAC 40-by-80 ft. wind tunnel at NASA
Ames Research Center in Moffett Field, California (from Ref. [30])

Figure 3.8: UH-60A rotor blade pressure transducer locations (from Ref. [30])
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27.8% chord and a maximum camber 2.1% at 21.7% chord. It is an articulated rotor that allows

lead/lag and flapping motion while the blade pitch is controlled by adjustable pitch links that move

with the swash plate. For testing, the rotor was mounted on the NFAC Large Rotor Test Apparatus

(LRTA) as shown in Figure 3.7 [30].

The UH-60A rotor blade was instrumented with 215 working pressure transducers, mainly

placed along nine radial stations with a few additional leading edge locations, shown in Figure 3.8.

PIV data were collected for one of the dynamic stall cases, however the PIV plane was spatially

fixed at an azimuth angle of ψ = 90°. Because separated flow primarily occurs on the retreating

blade, the PIV data from this experiment do not enhance the current study [30].

The experimental data set is extensive and contains six different collective sweeps where

dynamic stall develops with increasing thrust. Six data points from a single collective sweep are

leveraged to understand the development of separated flow on the rotor with increasing thrust,

summarized in Table 3.1.

Table 3.1: Flow conditions for UH-60 rotor test points 4530, 4533-4537 in Ames NFAC 40-by-80
foot wind tunnel.

Parameter TP 4530 TP 4533 TP 4534 TP 4535 TP 4536 TP 4537
αq 0.167° 0.703° 0.782° 0.858° 0.940° 0.975°
θ0 4.115° 6.895° 7.956° 9.080° 10.418° 11.932°
θ1C 0.326° 1.345° 1.773° 2.126° 2.760° 3.617°
θ1S −2.886° −4.972° −5.843° −6.928° −8.424° −10.190°
Mtip 0.625 0.625 0.625 0.625 0.625 0.625

CT

σ
0.040 0.090 0.100 0.110 0.120 0.125
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CHAPTER 4

COMPUTATIONAL MODELS

Computational models used in this study are constructed to represent as closely as pos-

sible the experimental setups described in Chapter 3. Details of each computational model are

described in the following sections.

4.1 OA209 Finite Wing

The first configuration evaluated in this research is the three-dimensional OA209 C300-

D finite pitching wing. The OA209 C300-D wing is modeled as a rigid, wall-mounted finite wing

using structured grids. An extensive structured grid refinement study was performed to assess the

effects of both chordwise and spanwise refinement on static stall prediction capabilities. A total

of nine near-body grids were evaluated to achieve three levels of chordwise refinement as well as

three levels of spanwise refinement. The nine OA-209 grid systems are constructed to mimic the

experimental wind tunnel test section setup (Fig. 4.1) detailed in Section 3.1. The near-body wing

grids, represented in black, are constructed of a main wing grid, a root grid, and tip grid (Figure

4.2). For all near-body grids, the leading edge spacing is 0.05% of the chord, and the trailing edge

spacing is 0.02% of the chord. The near-body grids extend 0.5 chord lengths from the wing surface

with y+ < 1.0 and approximately 50 normal points in the boundary layer. Grid sizes for each near-

body main wing grid are detailed in Table 4.1. The root and tip grids are equivalent across all nine

grid systems and are detailed in Table 4.2.

Three superimposed background grids of varying refinement surround the wing and are

equivalent across all nine grid systems. The level 1 background grid, represented in blue, extends

1 chord length upstream of the wing, 4 chord lengths downstream of the wing, and 2 chord lengths

above and below the wing. The average spacing on the level 1 background grid for all is 1.6% of

the chord length for a total of 23,688,376 points. The level 2 background grid, represented in red
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Figure 4.1: Finite OA209 wing (C300-3D model) grid overview
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(a) Tip Grid (b) Main wing grid (c) Root grid

Figure 4.2: OA-209 near-body grid components

Table 4.1: Main wing grid sizes for OA209 C300-3D wing refinement study

Grid
Level

Spanwise
Points

Chordwise
Points

Normal
Points

Total Structured
Grid Points

1A 200 278 159 8,840,400
1B 200 518 159 16,472,400
1C 200 998 159 31,736,400
2A 400 278 159 17,680,800
2B 400 518 159 32,944,800
2C 400 998 159 63,472,800
3A 800 278 159 35,361,600
3B 800 518 159 65,889,600
3C 800 998 159 126,945,600

extends 1.35 chords upstream of the wing, 4.85 chords downstream of the wing and 2.4 chords

above and below the wing. The average spacing on the level 2 background grids is 3.0% of the

chord length for a total of 5,626,145 points. The level 3 background grid, represented in green,

matches the extents of the wind tunnel detailed in Section 3.1. The average spacing on the level

3 background grid is 5.0% of the chord length for a total of 3,850,825 points. Background grid

parameters are summarized in Table 4.3.

Each of the wind tunnel walls are modeled as inviscid, adiabatic walls while the test

section inlet and outlet are modeled using the characteristic condition based on Riemann invariants.

Inflow is assumed constant across the inlent; no wind tunnel boundary layer is added.
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Table 4.2: Root and tip grid parameters for OA209 C300-3D wing

Grid
Level

Spanwise
Points

Chordwise
Points

Normal
Points

Total Structured
Grid Points

Root Grid 118 167 159 3,133,254
Tip Grid 201 81 159 2,588,679

Table 4.3: Background grid parameters for OA209 C300-3D wing

Grid
Level

X
Points

Y
Points

Z
Points

Total Structured
Grid Points

Background 1 376 251 251 23,688,376
Background 2 241 145 161 5,626,145
Background 3 335 95 121 3,850,825

4.2 UH-60A Rotor

The UH-60A rotor is modeled as an aeroelastic rotor, using a loosely coupled CFD-CSD

approach. Details of both CFD and CSD models are described in the following sections.

4.2.1 OVERFLOW Grids

Two different grid systems were leveraged to investigate separated flows on the UH-60A

rotor in OVERFLOW: a moderate engineering grid and a refined physics grid. Both near-body

grid systems model four UH-60A rotor blades and the LRTA (Fig. 4.3). The near-body wing grids

are constructed of a main wing grid, a root grid, and a tip grid (Fig. 4.4). The root and tip grids,

along with the LRTA grids, are equivalent between the two grid systems. All near-body grids

in both systems have y+ ≤ 1.0 with approximately 35-50 normal points in the boundary layer.

Refinement is limited to the main wing grid on each of the four blades as well as the off-body

grids.

For the engineering grid, the blade is modeled by a C-grid that consists of approximately

3 million grid points. There are 302 total points in the flow direction (198 on the body and 104 in

the wake), 100 spanwise points, and 77 normal points. Both the leading and trailing edge spacing

values are 0.1% of the chord. Two near-body refined blocks, consisting of 20 million and 4 million
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Figure 4.3: UH-60A model

points respectively, were used ensure sufficient refinement in the near wake. Seven levels of off-

body grids generated by OVERFLOW extend 6.25 rotor radii in all directions and consists of 42.6

million points. The engineering grid is summarized in Table 4.4.

Blade grids for the refined UH-60A were constructed using the findings from the grid

study in Section 5.1. Each blade consists of approximately 49 million grid points with 500 chord-

wise points to sufficiently define the characteristic length, 697 spanwise points to achieve a maxi-

mum mid-chord aspect ratio less than 5, and 140 normal points. The leading edge spacing is 0.04%

of the chord and the trailing edge spacing is 0.01% of the chord. Seven levels of off-body grids

generated by OVERFLOW extend 10 rotor radii in all directions and total 71 million points. The

refined physics grid size is summarized in Table 4.5.
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(a) Tip Grid

(b) Main wing grid

(c) Root grid

Figure 4.4: UH-60A wing grid components

4.2.2 Dymore Model

The UH-60A structural model used in this investigation is a multi-body dynamics model,

developed in part by The Improved Prediction of Rotor Loads TAJI project, funded by the Vertical

Lift Consortium, that accurately captures the motion of the entire rotor head (Ref. [77]). A sketch

of the model is provided in Figure 4.7. Each blade is modeled as a elastic beam with 11 elements:

ten elements on the main blade with one additional element to capture the swept tip, that permits

blade deflection and torsion but not deformation in the blade cross section. When coupled with

the moderate grid, 99 aerodynamic stations are used. When coupled with the refined grid, 499

aerodynamic stations are used. Each blade is rigidly connected to the pitch horn and damper horn,

both modeled as rigid bodies. Each pitch horn is attached to its pitch link, also modeled as a rigid

body, via a spherical joint. Each pitch link is connected to the swashplate, modeled as four rigid

swashplate spokes, via a universal joint. Each root retention structure is modeled as three rigid

body segments, as shown in Figure 4.7. Segment 3 is rigidly connected to the blade and damper

horn. Segments 2 and 3 are rigidly joined to each other as well as the pitch horn. Segments 1 and
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Figure 4.5: UH-60A grid overview
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Figure 4.6: UH-60A grid overview
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Table 4.4: UH-60 Engineering Grid Information

Component Grid Size
Blade (x4) 3,009,050 (x4)
LRTA 8,127,242
Near-Body Level 1 20,416,500
Near-Body Level 2 3,898,440
Off-Body Level 1 6,269,562
Off-Body Level 2 546,966
Off-Body Level 3 187,830
Off-Body Level 4 85,458
Off-Body Level 5 51,700
Off-Body Level 6 37,638
Off-Body Level 7 3,468
Total 33,286,154

Table 4.5: UH-60 Optimized Grid Information

Component Grid Size
Blade (x4) 49,361,357 (x4)
LRTA 8,127,242
Off-Body Level 1 65,082,576
Off-Body Level 2 3,729,102
Off-Body Level 3 1,207,414
Off-Body Level 4 476,261
Off-Body Level 5 239,157
Off-Body Level 6 141,831
Off-Body Level 7 180,842
Total 276,629,863

2 are attached via an elastomeric bearing. Lag, flap, and pitch rotations are modeled by coincident

revolute joints while the elastomeric properties are simulated using torsional springs and dampers.

Segment 1 is rigidly attached to the hub. The damper arm is modeled by a rigid body and rigidly

connected to the hub. The lead-lag damper is modeled as a prismatic joint connected to the damper

arm and damper horn. The hub and swashplate are connected via the upper rotor shaft (not shown

in Fig. 4.7), modeled as a one element elastic beam. The lower shaft (not shown in Fig. 4.7),

modeled as a rigid body, connects the rotor head to the turbine.
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Figure 4.7: UH-60A rotor configuration (from Ref. [78])
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CHAPTER 5

SEPARATED FLOW ON A THREE-DIMENSIONAL FINITE WING

The first configuration evaluated in this study is the three-dimensional OA209 C300-D

finite wing. While the focus of this thesis is to further the understanding of separated flows on

three-dimensional rotating systems, it can be instructive to first evaluate separated flows on a wing

without rotation to distinguish effects of rotation and interactions between blades and wakes. That

knowledge can then be leveraged in decision making when developing computational models for

three-dimensional rotating systems, which is an expensive undertaking.

The OA209 wing was extensively tested in the ONERA F2 wind tunnel, as described in

Chapter 3 Section 3.1. The available data sets from these experiments are high quality and can

be used to validate methodologies of massively separated flows for translating and pitching wings.

Data from numerous OA209 wing computations are evaluated to determine the most effective

approach to accurately capture massively separated flows.

The OA209 C300-3D was evaluated experimentally for twenty different static configu-

rations with varying angle of attack values that captured pre-stall and post-stall behavior. Pre-stall,

stall, and post-stall configurations are simulated to evaluate the effects of mesh sizing and turbu-

lence model on solution accuracy. The best practices determined here with static stall are then

applied to dynamic stall for the UH-60A rotor.

5.1 Grid Refinement Study

In this grid refinement study, nine near body grids, detailed in Section 4.1 are evaluated

for their ability to predict flow field physics on a static configuration in both attached and separated

flows. Each grid was analyzed at angles of attack of 10°, 15°, 20°, 21°, and 22° with four popular

turbulence models. The turbulence models leveraged for this study are SA RANS, SA DDES,

kω-SST RANS, and kω-SST DDES. Some grid/turbulence model combinations were additionally
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evaluated at 19° based on initial results to confirm mixed results. Turbulence model selection was

varied along with grid refinement to fully understand the coupling of mesh and turbulence model

requirements.

Sectional lift and moment data were extracted at four spanwise stations (r/R = 0.5,

r/R = 0.8, r/R = 0.95, and r/R = 0.99) corresponding to pressure tap locations on the exper-

imental blade. Standard deviation percent (SDP) of sectional lift (cl) and sectional moment (cm)

is used to examine solution sensitivity for pre-stall (α = 10°, 15°), stall onset (α = 20°), and

post-stall (α = 21°, 22°) angles of attack.

The SDP of the sectional lift (SDPl) is the population standard deviation of sectional lift

(σl) as a percentage of maximum magnitude of sectional lift (clmax):

SDPl =
σl
|clmax|

. (5.1)

where the population standard deviation of lift is the calculated using individual cl values (cli), the

average cl value (clavg ), and the total number of data points in the population (N).

σl =

√
Σ
(
cli − clavg

)
N

(5.2)

The SDP of the sectional moment (SDPm) is the population standard deviation of sectional mo-

ment (σm) as a percentage of maximum sectional moment magnitude (cmmax):

SDPm =
σm
|cmmax|

(5.3)

where the population standard deviation of moment is the calculated using individual cm values

(cmi
), the average cm value (cmavg ), and the total number of data points in the population (N).

σm =

√
Σ
(
cmi
− cmavg

)
N

(5.4)

Previous studies of airfoils and wings in separated flows have provided best practices for
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the normal mesh cell requirements (Refs, [79],[80]). Best practices to accurately capture separated

flow behavior are 30-50 normal direction boundary layer points with y+ ≤ 1.0 and average normal

growth rate of no more than 15%. Those best practices are applied here so that deeper insights

could be evaluated for the wing planar meshes. This mesh refinement study not only considered

grid spacing in the wing planar directions, but also the cell aspect ratios. Combinations of mesh

refinement were evaluated for three sequentially refined meshes in both the chordwise and span-

wise directions, using the same hyperbolic equation with fixed 1D grid spacing at the root, tip,

and leading and trailing edges. The mesh cell count around the airfoil section chord (upper and

lower surfaces) was increased from 250 points to 500 points to 1000 points, while the mesh re-

finement along the span (each surface) doubled from 200 points to 400 points to 800 points. All

meshes were analyzed at the five angles of attack and for each turbulence model for complete-

ness. Lift and moment predictions using the four turbulence models are provided in Figures. Each

figure demonstrates variation in predictions for a single turbulence model due to either chordwise

or spanwise refinement. To quantify solution independence, each mesh-turbulence model-angle

of attack combination was analyzed using the SDP of the sectional lift and moment. Variation is

considered significant when maximum SDP values exceed the 5.0% threshold or when averages

exceed the 2.0% threshold. The SDP data for each modeling combination at each of the four span

locations are provided for lift and moment with varying chordwise refinement in Appendices A.1

and A.2, respectively and for lift and moment with varying spanwise refinement in Appendices

A.3 and A.4, respectively. Average and maximum SDP values for each flow regime are provided

for lift and moment in Appendix A.5.

Grid refinement requirements obtained from this study for each turbulence model-flow

regime combination are summarized in Table 5.1. This chapter details the approach taken to deter-

mine optimized grid parameters. Those parameters are then generalized with respect to character-

istic length and aspect ratio to achieve similar refinement on other finite wing geometries.
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Table 5.1: Grid requirements (radial x chordwise) for each turbulence model in three flow regimes

SA RANS SA DDES kω-SST RANS kω-SST DDES
Pre-Stall 200R x 250C 200R x 250C 200R x 250C 200R x 250C
Stall 200R x 250C 800R x 500C 800R x 500C 800R x 500C
Post-Stall 800R x 500C 800R x 500C 800R x 500C 800R x 500C
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Figure 5.1: Variation in sectional lift with 200 radial points and increasing chordwise refinement
using SA-RANS turbulence model
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Figure 5.2: Variation in sectional lift with 400 radial points and increasing chordwise refinement
using SA-RANS turbulence model
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Figure 5.3: Variation in sectional lift with 800 radial points and increasing chordwise refinement
using SA-RANS turbulence model
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Figure 5.4: Variation in sectional moment with 200 radial points and increasing chordwise
refinement using SA-RANS turbulence model
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Figure 5.5: Variation in sectional moment with 400 radial points and increasing chordwise
refinement using SA-RANS turbulence model
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Figure 5.6: Variation in sectional moment with 800 radial points and increasing chordwise
refinement using SA-RANS turbulence model
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Figure 5.7: Variation in sectional lift with 250 chordwise points and increasing spanwise
refinement using SA-RANS turbulence model0
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Figure 5.8: Variation in sectional lift with increasing 500 chordwise points and varying spanwise
refinement using SA-RANS turbulence model0
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Figure 5.9: Variation in sectional lift with increasing 1000 chordwise points and varying spanwise
refinement using SA-RANS turbulence model
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Figure 5.10: Variation in sectional moment with 250 chordwise points increasing spanwise
refinement using SA-RANS turbulence model0
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Figure 5.11: Variation in sectional moment with 500 chordwise points increasing spanwise
refinement using SA-RANS turbulence model0
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Figure 5.12: Variation in sectional moment with 1000 chordwise points increasing spanwise
refinement using SA-RANS turbulence model
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Figure 5.13: Variation in sectional lift with 200 radial points and increasing chordwise refinement
using SA-DDES turbulence model
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Figure 5.14: Variation in sectional lift with 400 radial points and increasing chordwise refinement
using SA-DDES turbulence model
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Figure 5.15: Variation in sectional lift with 800 radial points and increasing chordwise refinement
using SA-DDES turbulence model
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Figure 5.16: Variation in sectional moment with 200 radial points and increasing chordwise
refinement using SA-DDES turbulence model
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Figure 5.17: Variation in sectional moment with 400 radial points and increasing chordwise
refinement using SA-DDES turbulence model
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Figure 5.18: Variation in sectional moment with 800 radial points and increasing chordwise
refinement using SA-DDES turbulence model
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Figure 5.19: Variation in sectional lift with 250 chordwise points and increasing spanwise
refinement using SA-DDES turbulence model0

0.5
1

1.5

0 5 10 15 20 25Li
ft

 C
oe

ffi
ci

en
t

Angle of Attack (Degrees)

Experiment 200Rx500C 400Rx500C 800Rx500C

0

0.5

1

1.5

0 5 10 15 20 25

Li
ft

 C
oe

ffi
ci

en
t

Angle of Attack (Degrees)

(a) r/R=0.5

0

0.5

1

1.5

0 5 10 15 20 25

Li
ft

 C
oe

ffi
ci

en
t

Angle of Attack (Degrees)

(b) r/R=0.8

0
0.2
0.4
0.6
0.8

1
1.2

0 5 10 15 20 25

Li
ft

 C
oe

ffi
ci

en
t

Angle of Attack (Degrees)

(c) r/R=0.95

Figure 5.20: Variation in sectional lift with 500 chordwise points and increasing spanwise
refinement using SA-DDES turbulence model0
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Figure 5.21: Variation in sectional lift with 1000 chordwise points and increasing spanwise
refinement using SA-DDES turbulence model
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Figure 5.22: Variation in sectional moment with 250 chordwise points and increasing spanwise
refinement using SA-DDES turbulence model0
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Figure 5.23: Variation in sectional moment with 500 chordwise points and increasing spanwise
refinement using SA-DDES turbulence model0
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Figure 5.24: Variation in sectional moment with 1000 chordwise points and increasing spanwise
refinement using SA-DDES turbulence model
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Figure 5.25: Variation in sectional lift with 200 radial points and increasing chordwise refinement
using kω-RANS turbulence model
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Figure 5.26: Variation in sectional lift with 400 radial points and increasing chordwise refinement
using kω-RANS turbulence model
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Figure 5.27: Variation in sectional lift with 800 radial points and increasing chordwise refinement
using kω-RANS turbulence model
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Figure 5.28: Variation in sectional moment with 200 radial points and increasing chordwise
refinement using kω-RANS turbulence model
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Figure 5.29: Variation in sectional moment with 400 radial points and increasing chordwise
refinement using kω-RANS turbulence model
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Figure 5.30: Variation in sectional moment with 800 radial points and increasing chordwise
refinement using kω-RANS turbulence model
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Figure 5.31: Variation in sectional lift with 250 chordwise points and increasing spanwise
refinement using kω-RANS turbulence model0
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Figure 5.32: Variation in sectional lift with 500 chordwise points and increasing spanwise
refinement using kω-RANS turbulence model0
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Figure 5.33: Variation in sectional lift with 1000 chordwise points and increasing spanwise
refinement using kω-RANS turbulence model
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Figure 5.34: Variation in sectional moment with 250 chordwise points and increasing spanwise
refinement using kω-RANS turbulence model0
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Figure 5.35: Variation in sectional moment with 500 chordwise points and increasing spanwise
refinement using kω-RANS turbulence model0
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Figure 5.36: Variation in sectional moment with 1000 chordwise points and increasing spanwise
refinement using kω-RANS turbulence model
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Figure 5.37: Variation in sectional lift with 200 radial points and increasing chordwise refinement
using kω-DDES turbulence model
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Figure 5.38: Variation in sectional lift with 400 radial points and increasing chordwise refinement
using kω-DDES turbulence model
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Figure 5.39: Variation in sectional lift with 800 radial points and increasing chordwise refinement
using kω-DDES turbulence model

54



0

0.5

1

1.5

0 5 10 15 20 25

Ti
tle

Title

Experiment 200Rx250C 200Rx500C 200Rx1000C

-0.15

-0.1

-0.05

0

0.05

0 5 10 15 20 25

M
om

en
t C

oe
ffi

ci
en

t

Angle of Attack (Degrees)

(a) r/R=0.5
200 spanwise points

-0.15

-0.1

-0.05

0

0.05

0 5 10 15 20 25

M
om

en
t C

oe
ffi

ci
en

t

Angle of Attack (Degrees)

(b) r/R=0.8
200 spanwise points

-0.08
-0.06
-0.04
-0.02

0
0.02
0.04

0 5 10 15 20 25

M
om

en
t C

oe
ffi

ci
en

t

Angle of Attack (Degrees)

(c) r/R=0.95
200 spanwise points

Figure 5.40: Variation in sectional moment with 200 radial points and increasing chordwise
refinement using kω-DDES turbulence model
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Figure 5.41: Variation in sectional moment with 400 radial points and increasing chordwise
refinement using kω-DDES turbulence model
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Figure 5.42: Variation in sectional moment with 800 radial points and increasing chordwise
refinement using kω-DDES turbulence model
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Figure 5.43: Variation in sectional lift with 250 chordwise points and increasing spanwise
refinement using kω-DDES turbulence model0
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Figure 5.44: Variation in sectional lift with 500 chordwise points and increasing spanwise
refinement using kω-DDES turbulence model0
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Figure 5.45: Variation in sectional lift with 1000 chordwise points and increasing spanwise
refinement using kω-DDES turbulence model
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Figure 5.46: Variation in sectional moment with 250 chordwise points and increasing spanwise
refinement using kω-DDES turbulence model0
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Figure 5.47: Variation in sectional moment with 500 chordwise points and increasing spanwise
refinement using kω-DDES turbulence model0
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Figure 5.48: Variation in sectional moment with increasing spanwise refinement using kω-DDES
turbulence model
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Planar Mesh Requirements at Pre-Stall Angles of Attack

Sectional lift and moment predictions using the SA RANS turbulence model are provided

in Figures 5.1-5.12. At pre-stall angles of attack (α = 10°, 15°), both lift and moment predictions

exhibit little variation with mesh refinement in both the chordwise and spanwise directions. The

maximum and average SDP data are provided in Tables A.49-A.52, for chordwise refinement and

in Tables A.53-A.56 for spanwise refinement. The SDP maximum and averages fall within the

5.0% and 2.0% threshold values, respectively for all cell variations, indicating little variation across

all refinement levels.

The SA DDES, kω-SST RANS, and kω DDES turbulence models demonstrated similar

behavior at pre-stall angles of attack, all exhibiting little variation across both chordwise and span-

wise directions, as illustrated in Figures 5.1-5.48. Variation analyses prove minimal variation as

maximum and average SDP values, provided in Appendix A.5, all fall within the 5.0% and 2.0%

threshold values. Based on these findings, mesh requirements are considered sufficient with a 250

× 200 (chord× span) planar mesh, for all turbulence models at pre-stall angles of attack. Pressure

coefficient contours at r/R = 0.5 overlaid with streamtraces demonstrate attached flow behavior

using all four turbulence models on the 250 × 200 (chord × span) planar mesh (Figs. 5.50 and

5.49).

Planar Mesh Requirements During Stall Onset

During the onset of stall (20°), the turbulence models exhibited a range of variations,

resulting in differing grid requirements for each turbulence model. The SA RANS turbulence

model exhibited little variation in both lift and moment with mesh refinement in both the chordwise

and spanwise directions. The maximum and average SDP data, provided in Tables A.57-A.60,

for chordwise refinement and in Tables A.53-A.56 for spanwise refinement, fall within threshold

values, respectively for all cell variations, indicating little variation across all refinement levels.

Mesh requirements are considered sufficient to achieve solution independence with a 250 × 200

(chord × span) planar mesh, for the SA RANS turbulence model near the onset of stall. However,
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(a) SA RANS (b) SA DDES

(c) kω-SST RANS (d) kω-SST DDES

Figure 5.49: Pressure coefficient contours overlaid with streamtraces at r/R = 0.5 slices at
α = 15° using all four turbulence models.

it is important to note that while solution independence from grid refinement is achieved, the SA

RANS model is unable to predict separation at this angle of attack with any level of grid refinement

as demonstrated by lift and moment predictions (Figs. 5.1-5.48) as well as pressure coefficient

contour overlaid with streamtraces in Figure for the coarsest and finest grids.

The additional turbulence models all exhibit elevated levels of variation, indicating solu-

tion independence from grid refinement at the onset of stall requires a more highly refined grid than

at pre-stall angles of attack. Using the kω-SST RANS turbulence model, lift predictions exhibit

little variation with mesh refinement in both the chordwise and spanwise directions. The maximum

and average SDP data are provided in Tables A.57-A.60, for chordwise refinement and in Tables

A.61-A.64 for spanwise refinement. The lift SDP maximum and averages fall within the 5.0%

and 2.0% threshold values, respectively for all cell variations, indicating little variation across all
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(a) SA RANS (b) SA DDES

(c) kω-SST RANS (d) kω-SST DDES

Figure 5.50: Pressure coefficient contours overlaid with streamtraces at r/R = 0.5 slices at
α = 10° using all four turbulence models.

refinement levels. The moment SDP maximum and averages fall within the 5.0% and 2.0% thresh-

old values at three spanwise locations (r/R = 0.5, 0.9, 0.99). However, moment predictions at

the r/R = 0.8 spanwise station display significant variation across chordwise and spanwise re-

finement, with average and maximum SDP values exceeding the 2.0% and 5.0% threshold values,

respectively, indicating the solution is not fully independent of the entire chordwise and spanwise

refinement sweeps. With 200 and 400 spanwise points, moment predictions do not exhibit conver-

gent behavior with increasing chordwise refinement, (red and blue respectively in Fig. 5.52). Only

with 800 radial points is convergent behavior towards a final value realized (green in Fig. 5.52).

Pressure coefficient contours of the blade surface in Figure 5.53 show that the r/R = 0.8

radial station coincides with a low pressure bubble while r/R = 0.5, r/R = 0.95, and r/R =

0.99 do not. As chordwise refinement is assessed on grids with 200 and 400 radial points the
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(a) 250 × 200 (chord × span) (b) 1000 × 800 (chord × span)

Figure 5.51: Pressure coefficient contours overlaid with streamtraces at r/R = 0.5 slices at
α = 20° using SA RANS turbulence model.
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Figure 5.52: Stall moment convergence with increasing chordwise refinement at α = 20° with
kω-SST RANS turbulence model

low pressure bubble shifts in size and shape, exposing varying percentages of the chord to lower

pressure. This affects moment predictions at r/R = 0.8 while moment predictions at the other

radial stations which are subjected to constant pressure regions throughout refinement sweeps are

relatively unaffected. With 800 radial points, movement of the low pressure bubble does not occur

with increased chordwise refinement, indicating convergence of the solution. Unlike the SA RANS

turbulence model, the kω-SST turbulence model predicts separation at α = 20°, as illustrated in

Figure 5.54.

The SA DDES turbulence model exhibits variation in both lift and moment with refine-

ment chordwise and spanwise directions. Average and maximum SDP values of lift and moment

exceed the 2.0% and 5.0% variation thresholds for both chordwise (Tab.A.57-A.60 ) and span-

wise (Tab.A.61-A.64 ) refinement. Variation in lift and moment predictions using the SA DDES
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model, is largely due to the ability of DDES models to capture flow physics more accurately with

higher refinement. As shown in Figures 5.37-5.38, meshes with 200 and 400 radial stations predict

equivalent lift and moment values at α = 20°, that do not predict stall. However, when spanwise

refinement is increased to 800 radial stations, the solution captures both lift and moment stall with

500 and 1000 chordwise points (5.39). This behavior is illustrated in Figure 5.55. The coarsest

chordwise refinement level of 250 points is not sufficient to capture this stall. With 800 spanwise

points, variation in chordwise refinement from 500 to 1000 points produces maximum and average

SDP values less than 1.0%. This indicates that solution independence from grid refinement for the

SA DDES turbulence model is achieved with 800Rx500C points.

The kω-SST model produces variation in lift and moment predictions with mesh refine-

ment in both the chordwise and spanwise directions. The maximum and average SDP data are

provided in Tables A.57-A.60, for chordwise refinement and in Tables A.61-A.64 for spanwise

refinement. The lift SDP maximum and averages exceed the 5.0% and 2.0% threshold values,

respectively for all cell variations, indicating variation across refinement levels.

Like predictions from the the SA DDES model, the increased variation in lift and mo-

ment predictions using the kω-SST DDES turbulence model, is largely due to the ability of DDES

solvers to capture flow physics more accurately with higher refinement. However, unlike the SA

DDES model, the kω-SST DDES turbulence model captures stall at α = 20° on all grid refinement

levels, not just with 800 spanwise points. Thus, the choice of appropriate chordwise and spanwise

spacing is not as clearly identified. In Figures 5.37 - 5.42, there is drastic jump in both lift and mo-

ment predictions when chordwise refinement is increased from 250 to 500 points at all spanwise

stations. This indicates that once again, the kω-SST DDES solution is not independent of chord-

wise refinement from 250 to 500 points. Further chordwise refinement, yields slight changes in

lift and moment predictions, however the max SDP of lift over this refinement level is 2.96% with

an average of 1.46%. The significant reduction in SDP to values under 3.0% indicates 500 chord-

wise points are sufficient for lift predictions using the kω-SST DDES turbulence model. However,

over the same refinement range from 500 to 1000 chordwise points, the max SDP of moment is
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10.43% with an average of 4.08%, indicating the solution still lacks independence from grid re-

finement. Taking a second look at Figures 5.37-5.39 and 5.40-5.42, it is apparent that changes in

lift and moment predictions due to chordwise refinement are reduced as spanwise refinement is

increased, suggesting that chordwise solution independence is coupled to the spanwise refinement

(i.e. the solution is sensitive to aspect ratio). Based on those findings, 800R x 500C is sufficient

grid refinement to capture stall using the kω-SST DDES turbulence model.

Planar Mesh Requirements at Post-Stall Angles of Attack

At post-stall angles of attack (21° and 22°), lift predictions at all spanwise stations and

moment predictions at three of the four spanwise stations (r/R = 0.5, 0.95, 0.99) exhibit little

variation with mesh refinement in both the chordwise and spanwise directions. The maximum and

average SDP data are provided in Tables A.57-A.60, for chordwise refinement and in Tables A.53-

A.56 for spanwise refinement. The SDP maximum and averages fall within the 5.0% and 2.0%

threshold values, respectively, for all cell variations, except at the r/R = 0.8 station. Here, signif-

icant moment variation is present with maximum chordwise and spanwise SDP values exceeding

the 5.0% variation threshold. At post-stall angles of attack, the r/R = 0.8 radial station once again

coincides with a low pressure bubble (Fig. 5.56), causing elevated levels of variation compared to

other radial stations and requiring increased radial refinement. To determine appropriate grid size,

convergence was further assessed.

First, the α = 21° post-stall angle was evaluated. With 200 spanwise points, moment

predictions increase in magnitude but do not indicate convergence (red in Fig. 5.57). With 400

spanwise points, moment predictions increase in magnitude from 250 to 500 chordwise points and

then decrease in magnitude from 500 to 1000 chordwise points. This, once again demonstrates

no convergence with increasing refinement (blue in Fig. 5.57). Only with 800 spanwise points is

asymptotic progression towards a final value realized (green in Fig. 5.57).

Next the α = 22° post-stall angle of attack was considered. With 200 spanwise points,

moment predictions increase in magnitude with increased refinement, illustrating some conver-
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gence (red in Fig. 5.58). With 400 spanwise points, however, moment predictions increase in

magnitude from 250 to 500 chordwise points while decreasing in magnitude from 500 to 1000

chordwise points, exhibiting no convergence (blue in Fig. 5.58). Once again with 800 spanwise

points, asymptotic progression towards a final value is realized (green in Fig. 5.58).

For both post-stall angles of attack, only with 800 spanwise points is there moment con-

vergence at r/R = 0.8 with increasing chordwise refinement. Based on the chordwise refinement

using 800 spanwise stations, variation from 500 to 1000 chordwise points exhibits little to no vari-

ation, verifying the 800Rx500C grid is sufficient for post-stall moment predictions using the SA

RANS turbulence model.

The SA DDES, kω-SST RANS, and kω-SST DDES turbulence models all produce sig-

nificant variation lift and moment predictions at post-stall angles of attack (α = 21°, 22°). Average

and maximum SDP values of both quantities exceed the 2.0% and 5.0% variation thresholds for

both chordwise and spanwise refinement at all radial stations, requiring additional convergence

studies for all three turbulence models.

SA DDES

Chordwise refinement does not result in lift convergence when only 200 and 400 span-

wise points are used at both α = 21° (Fig. 5.59) and α = 22° (Fig. 5.60). Similarly, chordwise

refinement does not result in moment convergence with increasing chordwise refinement when

only 200 and 400 spanwise points are used at α = 21° (Fig. 5.61) and α = 21° (Fig. 5.62).

Only with 800 spanwise points does moment convergence correspond with increasing chordwise

refinement.

With 800 spanwise points, increased chordwise refinement beyond 500 points yields no

change in lift and moment predictions, verifying 800Rx500C is sufficient for post-stall force and

moment predictions using the SA DDES turbulence model.
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Figure 5.53: Pressure coefficient contours on blade surface at the onset of stall (α− 20°) with
kω-SST RANS turbulence model
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Figure 5.54: Separated flow at onset of stall (α = 20°) with kω-SST RANS turbulence model

(a) 800Rx250C (b) 800Rx500C

Figure 5.55: Separated flow predicted at stall onset (α = 20°) with increased refinement using SA
DDES turbulence model
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Figure 5.56: Pressure coefficient contours on blade surface at post-stall angles of attack (α = 21°,
α = 22°) with SA RANS turbulence model.
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Figure 5.57: Chordwise convergence of sectional moment coefficient at r/R=0.8 for each
spanwise refinement level
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Figure 5.58: Chordwise convergence of sectional moment coefficient at r/R=0.8 for each
spanwise refinement level
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Figure 5.59: Post-stall lift convergence with increasing chordwise refinement at α = 21° with SA
DDES turbulence model
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Figure 5.60: Post-stall lift convergence with increasing chordwise refinement at α = 22° with SA
DDES turbulence model
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Figure 5.61: Post-stall moment convergence with increasing chordwise refinement at α = 21°
with SA DDES turbulence model
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Figure 5.62: Post-stall moment convergence with increasing chordwise refinement at α = 22°
with SA DDES turbulence model
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kω-SST RANS

Post-stall lift convergence is shown for α = 21° in Figure 5.63 and α = 22° in Figure

5.64. While lift predictions using 200 spanwise points do not exhibit convergent behavior with

increasing chordwise refinement, lift predictions using 400 and 800 spanwise points do converge.

The majority of variation in lift prediction is due to an increase from 250 to 500 chordwise points.

Further increase in chordwise refinement from 500 to 1000 results in minimal change in prediction

capabilities. The maximum SDP of lift when increasing from 500 to 1000 chordwise points is

4.10%, a far outlier, with all other SDP values well under the 3.0% mark. The average SDP of lift

over the same range is 0.70%, suggesting very small variation as chordwise refinement is increased

past 500 points. Thus, 500 chordwise points is sufficient to capture post-stall lift using the kω-SST

RANS turbulence model, when sufficient spanwise refinement is chosen.
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Figure 5.63: Post-stall lift convergence with increasing chordwise refinement at α = 21° with
kω-SST RANS turbulence model
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Figure 5.64: Post-stall lift convergence with increasing chordwise refinement at α = 22° with
kω-SST RANS turbulence model

Post-stall moment convergence is shown for α = 21° in Figure 5.65 and α = 22° in
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Figure 5.66. Moment predictions using 200 and 400 spanwise points do not exhibit convergent

behavior with increasing chordwise refinement. However, moment predictions using 800 span-

wise points do converge. As Figures 5.65 and 5.66 illustrate, the majority of variation in moment

prediction using 800 spanwise points is due to an increase from 250 to 500 chordwise points. Fur-

ther increase in chordwise refinement from 500 to 1000 results in minimal change in prediction

capabilities. Thus, 800R x 500C is sufficient grid refinement to capture post-stall behavior using

the kω-SST RANS turbulence model.
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Figure 5.65: Post-stall moment convergence with increasing chordwise refinement at α = 21°
with kω-SST RANS turbulence model
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Figure 5.66: Post-stall moment convergence with increasing chordwise refinement at α = 22°
with kω-SST RANS turbulence model

kω-SST DDES

Lift convergence at α = 21° and α = 22° is displayed in Figures 5.67 and 5.68, respec-

tively. With 200 and 400 spanwise points, lift does not exhibit convergent behavior with increasing

chordwise refinement. Similar to behavior noticed with other turbulence models, the only conver-
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gent behavior occurs when there are 800 spanwise points. With 800 spanwise points, there is little

change in lift prediction values when chordwise refinement is increased from 500 to 1000 points.

Moment convergence at α = 21° and α = 22° is illustrated in Figures 5.69 and 5.70. The

solution does not converge when 200 and 400 spanwise points are used, confirming once again that

the solution is sensitive to aspect ratio. Visually, the solution does not converge for 800 spanwise

points, however chordwise variation from 500 to 1000 points is minimized with 800 spanwise

points. Thus 800R x 500C is sufficient grid refinement to capture post-stall behavior using the

kω-SST RANS turbulence model.
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Figure 5.67: Post-stall lift convergence with increasing chordwise refinement at α = 21° with
kω-SST DDES turbulence model
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Figure 5.68: Post-stall lift convergence with increasing chordwise refinement at α = 22° with
kω-SST DDES turbulence model
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Figure 5.69: Post-stall moment convergence with increasing chordwise refinement at α = 21°
with kω-SST DDES turbulence model
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Figure 5.70: Post-stall moment convergence with increasing chordwise refinement at α = 22°
with kω-SST DDES turbulence model

Mesh Dependence on Aspect Ratio

In addition to cell refinement, predictions also affected by mid-chord cell aspect ratio.

With 200 and 400 spanwise points, evenly distributed aspect ratio along the wing is not achieved

with chordwise refinement. As indicated in Figure 5.71, increases in chordwise refinement result

in an aspect ratio maximum at r/R = 0.5.

Figure 5.71a, shows that with 200 spanwise points, the mid-chord aspect ratio increases

with each chordwise refinement level and each of the grids have a local aspect ratio maximum.

Only near the root and tip (r/R < 0.15 and r/R > 0.95) does mid-chord aspect ratio decrease

with increasing chordwise refinement.

Similar behavior is observed for 400 spanwise points grid, as demonstrated in Figure

5.71b. With 250 chordwise points, an aspect ratio minimum is achieved at the mid-span. However,

increasing chordwise refinement to 500 and 1000 points creates local aspect ratio maxima and

aspect ratio distributions that are not consistent with refinement level. Additionally, the aspect
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ratio near r/R = 0.4 and r/R = 0.8 is equivalent between the grids with 250 and 1000 chordwise

points while the grid with 500 chordwise points has a smaller aspect ratio.

This behavior occurs when spanwise refinement is required at the root and tip but is

allowed to coarsen significantly in the mid-span, resulting in large mid-span aspect ratios at all

chordwise stations. This is standard engineering practice for finite wings, however this study

proves it is not sufficient for finite wing grid independence studies where spanwise flow gradients

are present.

From the onset of stall through post-stall angles of attack, moment predictions at r/R =

0.8 had consistently high variation across turbulence models and chordwise refinement for 200

and 400 spanwise points. At r/R = 0.8, a low pressure bubble was prone to unpredictable

movement and growth when grids with 200 and 400 spanwise points were leveraged, resulting in

non-convergent force and moment behavior, indicating solution dependence on aspect ratio. The

non-convergent behavior of moment with chordwise refinement at r/R = 0.8 mimics the changes

in aspect ratio at r/R = 0.8 for both 200 and 400 spanwise points, indicating once again that com-

patibility between grid spacing and distribution is fundamental to performing grid independence

studies on a finite wing using any standard turbulence model.

With 800 spanwise points, an increase in chordwise refinement creates a grid with much

more evenly distributed aspect ratio that is consistent with refinement level across all spanwise

locations, as shown in Figure 5.71c. The low pressure bubble maintains its shape and size with in-

creasing chordwise refinement, and the resulting behavior is convergence towards a single moment

values at r/R = 0.8 across all turbulence models.
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(a) 200 spanwise points (b) 400 spanwise points (c) 800 spanwise points

Figure 5.71: Variation in aspect ratio with increasing chordwise refinement for various spanwise
refinement levels

Grid refinement sensitivity was analyzed for three different levels of chordwise as well

as spanwise grid refinement. Each grid was used to obtain solutions using four different turbu-

lence models, to understand grid refinement requirements when using varying fidelity turbulence

models. Thorough analysis of this data has demonstrated that an 500 x 800 (chord x span) grid is

sufficient to capture pre-stall, stall, and post-stall behavior using all four turbulence models on the

finite OA-209 wing. To achieve similar refinement on other geometries, chordwise spacing and

distribution should be equivalent, with 500 surface points, leading and trailing edge spacings of

0.04% and 0.01% chord, respectively, and a hyperbolic distribution to achieve equivalent mesh pa-

rameters along the characteristic length. In the spanwise direction, root and tip spacing should be

chosen to accurately capture the geometry. Using a hyperbolic distribution, the spanwise connector

dimension should be chosen to minimize mid-chord aspect ratio at the mid-span, as demonstrated

in Figure 5.71c.

5.2 Turbulence Model Study

As discussed in Section 2.1.4, the first of two turbulence model studies was performed

on the finite wing. The study uses the OA209 grid with 800 spanwise and 500 chordwise points to

ensure a grid independent solution for all turbulence models, based on the findings from the grid

study in Section 5.1. Four turbulence models (SA RANS, SA DDES, kω-SST RANS, and kω-
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SST DDES) were leveraged to determine the effectiveness of each turbulence model at predicting

pre-stall, stall and post-stall behavior. Figures 5.72 and 5.73 contain lift and moment predictions,

respectively, for all four turbulence models and are referenced throughout the turbulence model

discussion.
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Figure 5.72: Lift predictions using 800Rx500C grid using four turbulence models-0.1
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Figure 5.73: Moment predictions using 800Rx500C grid using four turbulence models

Pre-Stall

At pre-stall angles of attack (alpha = 10°, α = 15°), all four turbulence models predict

similar lift and moment values. In Figure 5.72, lift predictions at pre-stall angles of attack are

equivalent for all four turbulence models. Similarly in Figure 5.73, moment predictions are equiv-

alent for all four turbulence models. Thus, for pre-stall predictions, all four turbulence models are

sufficiently robust to capture the flowfield physics.
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Stall

During stall (α = 20°) the flowfield is much more complex than at pre-stall angles of

attack. Varying levels of turbulence model fidelity are distinguishable. At α = 20°, we can see

that the SA DDES, kω-SST RANS, and kω-SST DDES models capture both lift (Fig. 5.72) and

moment (Fig. 5.73) stall. The SA RANS model does not capture stall, and instead predicts an

increase in both lift and moment values consistent with the linear lift curve slope. The SA RANS

model does not predict stall until α = 21°. While the SA RANS model is simple and fast, it does

not have the robustness to capture separation as accurately as the other three models and is not

considered past point.

The SA DDES and both kω-SST models have slightly different lift predictions at α = 20°

that all all hover around the experimental value as shown in Figure 5.72. The moment predictions

at α = 20° are highly variant across turbulence models (Fig. 5.73), however the moment curve is

steep at that angle of attack and predictions are thus extremely sensitive to the flowfield. The three

models predict stall at varying degrees and provide sufficient robustness to be further considered.

Post-Stall

During post-stall (α = 21°, 22°) the flowfield is similarly complex to the flowfield com-

plexity during stall at α = 20°. The SA DDES and kω-SST DDES models provide highly accurate

post-stall lift (Fig. 5.72) and moment (Fig. 5.73) predictions. The kω-SST RANS model tends to

overpredict lift stall magnitude and underpredict moment stall magnitude in these post-stall con-

figurations. While the kω-SST RANS predictions predict stall, they do not provide the accuracy of

DDES models. Any additional turbulence modeling studies will not consider RANS models.
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CHAPTER 6

IDENTIFICATION AND CLASSIFICATION SEPARATED FLOW ON

THREE-DIMENSIONAL ROTORS

6.1 Identification of Separated Flow on Rotating Systems

The availability of high quality wind tunnel data for the UH-60A rotor permit develop-

ment and assessment of state-of-the-art computational methods to capture flow separation on the

rotor for the more critical high speed and high thrust operational conditions. In this effort, flow

separation on the rotor is identified by computing the tangential component of the skin friction

vector, t̂:

τt = τ̂ · t̂. (6.1)

The tangent (t̂) and normal unit vector(n̂) can be computed with respect to the blade surface at

every grid point, as in Fig. 6.1. The radial unit vector (r̂) is aligned with the radial component of

the blade, neglecting flapping and lagging, and is defined using the azimuth position of the blade:

r =


cosψ

sinψ

0

 (6.2)

The tangential unit vector (t̂) is tangential to the surface and defined as the cross product of the

normal and radial vectors:

t̂ = n̂× r̂. (6.3)

Separated flow is identified when the tangential component of skin friction is negative. For each
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Figure 6.1: Definition of separated flow

azimuth station, the tangential component of skin friction is computed over the entire blade sur-

face, as shown in Figure 6.2a, where blue indicates attached flow and red indicates separated flow.

To quantify the degree of separation, the tangential component of skin friction is evaluated along

spanwise slices to determine the separation length, or chordwise percentage of the blade experi-

encing separated flow, at each spanwise station. This data is best visualized for the entire rotor

plane in the form of a separation length rotor map (Fig. 6.2b). A value of 0.0 indicates fully at-

tached flow and a value of 1.0 indicates fully separated flow. An intermediate value, for example

0.4, indicates that 40% of the blade surface at a particular spanwise location and azimuth position

is experiencing separated flow.
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(a) Regions of separated flow (red) (b) Rotor map of separation length

Figure 6.2: Separated flow on a four-bladed articulated rotor in forward flight, where 0.0 indicates
fully attached flow and 1.0 indicates fully separated flow

In 2018, Richez identified five flow separation regions (FS) on a four-bladed, articulated

7A rotor applying this criterion [31]. The various flow separation regions, shown in Figure 6.3,

appear and develop with increasing thrust and may not be present for all test points. For exam-

ple, Figure 6.4 shows separation length rotor maps for the UH-60A through a thrust sweep from

CT/σ = 0.040 − 0.120. Initially, one small flow separation region is present for the low thrust

condition. It is observed to increase in size and strength with increasing thrust, as indicated by

expanding regions of non-zero values and higher magnitudes in those regions, respectively, on the

separation rotor map. For the high thrust conditions (CT/σ = 0.120,0.125), additional flow sepa-

ration regions begin to appear and develop on the outboard blade between ψ = 270° and ψ = 360°.

Identification and visualization of these flow separation regions using rotor maps is an important

piece in understanding the physics of separated flow on the rotor and will be referenced throughout

this study.
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Figure 6.3: Separation regions on a four-bladed, articulated rotor, Ref. [31]

(a) CT/σ = 0.040 (b) CT/σ = 0.090 (c) CT/σ = 0.100

(d) CT/σ = 0.110 (e) CT/σ = 0.120 (f) CT/σ = 0.125

Figure 6.4: Development of flow separation on UH-60A rotor plane with increasing thrust where
0.0 indicates fully attached flow and 1.0 indicates fully separated flow. Flow direction is from left

to right.
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6.1.1 Effects of Grid Refinement

In Chapter, 5, a detailed grid refinement study was performed to understand the effects

of grid refinement on predicting separated flow on a static wing in pre-stall, stall, and post-stall

configurations. Results from this refinement study provide the optimized mesh characteristics for

predicting separated flow on finite wings in translation.

Prediction of separated flow in the rotor plane is much more complex than a finite wing

due to the nature of the flowfield. It is not possible to perform a robust grid refinement study on

a three-dimensional, rotating system due to constraints of computational resources. However, a

smaller-scale investigation is performed on two grid systems, a moderate engineering grid (base-

line) and an optimized grid (based on Chapter 5 findings), to confirm that grid refinement based on

best-practices from Chapter 5 translates to a rotating frame. Details of both grids can be found in

Chapter 4. The baseline grid, detailed in Section 4.2, was developed and used by Boeing for engi-

neering applications. Its planar mesh refinement is based on infinite wing best-practices that were

shown in Chapter 5 to be insufficient for finite wings in separated flow. The optimized mesh was

generated to achieve similar refinement to the finite wing in Chapter 5. The chordwise connector

was dimensioned to 500 points with leading and trailing edge spacings of 0.04% and 0.01% chord,

respectively, and a hyperbolic distribution to achieve equivalent mesh parameters along the char-

acteristic length. In the spanwise direction, root and tip spacing were chosen to accurately capture

the geometry. Using a hyperbolic distribution, the spanwise connector dimension was chosen to

minimize mid-chord aspect ratio at the mid-span, as detailed in Chapter 4.

Figure 6.5 shows rotor maps from both mesh results. The fine grid predicts a larger

separation area on the rotor disk than the coarse grid. However, the coarse grid predicts stronger

separation than the fine grid. Two-dimensional CFD simulations of three-dimensional dynamic

stall are well known to overpredict normal force and pitching moments, for example see Spentzos

(Ref. [17]), Zanotti (Ref. [81]), and Kaufman (Ref. [25]). By limiting the simulation to two

dimensions, three-dimensional relief effects during separation are not realized. Velocities and

pressures are much higher, and flow features are much stronger in the two-dimensional simulations.
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A similar phenomenon is observed with the baseline rotor blade. The baseline rotor blade

has very large radial spacing, that has been typical of engineering grade CFD models. The large

radial spacing is coincident with high radial velocity and pressure gradients. The resulting radial

spatial differencing lengths are so large that two-dimensional behavior begins to emerge. Three-

dimensional features are not captured due to radial grid coarseness, and large mid-chord aspect

ratios. In this case, the flow features causing separation on the inboard blade do not experience

radial relief, resulting in stronger separation over a smaller region, much like the two-dimensional

dynamic stall simulations. In Figure 6.5a, the behavior can be visualized where the strong separa-

tion (dark red) is seen around r/R ≈ 50% at the edge of the separation region in the bottom left

quadrant of the rotor map between ψ = 180° and ψ = 270°. When increased radial refinement

is considered, three-dimensional relief effects are realized and a larger, weaker separation region

is predicted from ψ = 180° to ψ = 270°, as per Figure 6.5b, where a weaker separation region

extends beyond r/R ≈ 50%.

(a) Coarse (b) Fine

Figure 6.5: Rotor separation map at CT/σ = 0.040 where 0.0 indicates fully attached flow and
1.0 indicates fully separated flow. Flow direction is from left to right

This behavior also appears in airloads data, where Figure 6.6 shows normal force pre-

dictions at various radial stations using both the baseline and optimized grids for a light stall case.

Both the grids exhibit similar behavior, however the optimized grid more accurately predicts the

magnitude of peaks and drops in normal force. The baseline grid tends to overpredict the mag-

82



nitude of both peaks and drops, which is caused by lack of three-dimensional relief. This further

supports conclusions in Section 5.1 that radial refinement and aspect ratio is an important consid-

eration.
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(d) r/R = 0.990

Figure 6.6: Normal force comparisons between coarse and fine grids. Experimental data from
Ref. [30]

Figure 6.7 depicts the pitching moment predictions at various radial stations using both

the grids for the same light stall case. As with the normal force predictions, both the grids exhibit

similar behavior. At 40% and 67.5% radial stations, there is a clear offset between the experimental

data and computational predictions. Differences between experimental and CFD-predicted pitch-

ing moment data are sometimes attributed to experimental pressure tap integration versus CFD

surface pressure integration where many more data points are used. To determine pitching mo-

ment sensitivity to pressure tap versus CFD integration, pressure is extracted from the CFD data

along the blade at the experimental pressure tap locations at the 40% and 67.5% radial stations for

a different light stall case (CT/σ = 0.090). The same procedure is applied to the CFD data that was

applied to the experimental data to extract pitching moment distributions. While there are minor
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differences in predictions, the clear offset from experimental data still exists (Fig. 6.8), indicating

integration method is not the root cause. Inboard moment predictions for the UH-60A using other

CFD and CSD solvers, some of which have also included transition effects, have produced simi-

lar results (Refs. [74, 82]), suggesting that the offset from experimental data is due to the inboard

blade structural properties, which is not the focus of this investigation. Moment predictions at 40%

and 67.5% radial stations exhibit the same behavior where shape of the curve is captured but there

is an offset in magnitude between the experimental and computational data for the remainder of

the thrust sweep (Fig. 6.7).
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(d) r/R = 0.990

Figure 6.7: Pitching moment comparisons between baseline and optimized grids.

At higher thrust values, overall mesh refinement becomes important for capturing highly

sensitive pitching moments. Figure 6.9 illustrates pitching moment predictions for the two deep

stall cases, CT/σ = 0.120 and CT/σ = 0.125, at r/R = 0.865. Results using the baseline grid

predict no moment stall at either thrust value, demonstrating that the mesh is insufficient to capture

the onset of stall. The optimized grid predicts two moment stalls at both thrust values. The first

moment stall is predicted around ψ = 285° and the second is predicted around ψ = 345°. The
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(b) r/R = 0.675

Figure 6.8: Pitching moment comparisons using pressure tap and CFD surface pressure
integration.

experimental data show that stall at ψ = 285° is present at both thrust values. However, the stall at

ψ = 345° is only present for CT/σ = 0.125. At ψ = 345°, the OVERFLOW simulation predicts

stall at a slightly lower CT value than experiment, which is due to trim angle sensitivity at the tip

near stall, as shown in Ref. [33]. An important takeaway is that the optimized mesh is able to

predict the onset of the outboard stall within 5% of the actual thrust value. In a 2020 assessment

of dynamic stall research state-of-the-art, Smith et al. (Ref. [18]) state “The goal of computational

studies over the past few decades has been to be able to capture the onset of dynamic stall so that

future vehicle designs can avoid this condition and upgrades to existing vehicles can be analyzed

to see if the vehicle will encounter dynamic stall.” Developing grid best practices that ensure the

ability to predict dynamic stall onset within 5% of the thrust value is a significant advance towards

using high-fidelity computations to avoid stall in vehicle design.

(a) CT /σ = 0.120 (b) CT /σ = 0.125

Figure 6.9: Deep stall pitching moment comparisons between baseline and fine grids at
r/R = 0.865.

85



Coupled Effects of Grid Refinement and Turbulence Model

Chapter 5 considered not only grid refinement, but the integrated effect of grid refinement

and turbulence model. Use of a higher-fidelity turbulence model is often leveraged in hopes of

achieving a more accurate solution. In Chapter 5, analysis demonstrated that turbulence model

does play an important role in prediction accuracy but only when grids were sufficiently refined.

The coupled effects of grid refinement and turbulence model are explored in this section using

prescribed motion from the coupled CFD-CSD case SA DDES case to isolate differences due to

turbulence model from differences in blade motion and deformation that arise in coupled CFD-

CSD cases.

Figures 6.10-6.11 and 6.13-6.14 depict normal force and pitching moment distributions

for light and moderate stall cases, respectively, using the baseline grid. Comparisons of normal

force, chord force, and pitching moment predictions for all test points and turbulence models can

be found in Appendix B.

In the light stall case, normal force (Fig. 6.10) and pitching moment (Fig. 6.11) predic-

tions are equivalent between all three turbulence models. The rotor maps in Figure 6.12 confirm

that all three turbulence models predict equivalent separation regions, with the SA model predict-

ing slightly stronger separation between r/R = 0.6 and r/R = 0.7 than the kω-SST models.

However, the stronger separation predicted by the SA-DDES model has no effect on the airloads

for the light stall case.
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(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.990

Figure 6.10: Normal force comparisons between turbulence models on coarse grids
TP 4533 (Light Stall)

(a) r/R = 0.400 (b) r/R = 0.675 (c) r/R = 0.990

Figure 6.11: Pitching moment comparisons between turbulence models on coarse grids
TP 4533 (Light Stall)
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(a) SA-DDES (b) kω-RANS (c) kω-DDES

Figure 6.12: Rotor separation maps at CT/σ = 0.09 where 0.0 indicates fully attached flow and
1.0 indicates fully separated flow. Flow direction is from left to right
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In the moderate stall case, normal force (Fig. 6.13) and pitching moment (Fig. 6.14)

predictions are equivalent between the kω-SST RANS and DDES models but differ from the SA

model. The rotor maps in Figure 6.15 indicate that, once again, all three turbulence models predict

equivalent separation regions. The SA model predicts stronger separation over the entire region

than the kω-SST models, which may attribute to the variation in airloads.

(a) r/R = 0.400 (b) r/R = 0.675 (c) r/R = 0.990

Figure 6.13: Normal force comparisons between turbulence models on baseline grids
CT/σ = 0.110

(a) r/R = 0.400 (b) r/R = 0.675 (c) r/R = 0.990

Figure 6.14: Pitching moment comparisons between turbulence models on baseline grids
CT/σ = 0.110
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(a) SA-DDES (b) kω-RANS (c) kω-DDES

Figure 6.15: Rotor separation maps at CT/σ = 0.11 where 0.0 indicates fully attached flow and
1.0 indicates fully separated flow. Flow direction is from left to right

The kω-SST URANS and kω-SST DDES models predict equivalent separation location

and strength as well as airloads across the the entire rotor plane. The kω-SST DDES model should

produce different predictions than the kω-SST URANS model in separated flow if grid refinement

is sufficient. In this case the grid is not sufficiently refined to capture the smallest scales of interest

in separated flows and as a result, the DDES model is behaving like the URANS turbulence model.

The baseline grid is too coarse to realize the improved effects of using a hybrid URANS-LES

turbulence model.

Normal force and pitching moment predictions at various radial stations from the opti-

mized grid are shown in Figures 6.16 and 6.17 for the light stall case and in Figures 6.18 and 6.19

for the moderate stall case. For both thrust values, the predicted airloads differ between all three

turbulence models. This indicates that the grid has been refined sufficiently to support the smallest

scales of interest in separated flow and the hybrid URANS-LES simulation is not reduced to a

standard URANS model.
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(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.990

Figure 6.16: Normal force comparisons between turbulence models on optimized grids
CT/σ = 0.090

(a) r/R = 0.400 (b) r/R = 0.675 (c) r/R = 0.990

Figure 6.17: Pitching moment comparisons between turbulence models on optimized grids
CT/σ = 0.090
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(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.990

Figure 6.18: Normal force comparisons between turbulence models on optimized grids
CT/σ = 0.011

(a) r/R = 0.400 (b) r/R = 0.675 (c) r/R = 0.990

Figure 6.19: Pitching moment comparisons between turbulence models on optimized grids
CT/σ = 0.110
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6.1.2 Effects of Turbulence Model

In Section 5.2 a turbulence model study was performed on a finite wing in various pre-

stall, stall, and post-stall configurations. Results from this study demonstrated that the SA DDES

and kω-SST DDES models most accurately predicted airloads consistently across all three regimes.

The kω-SST RANS model did not predict airload magnitudes as accurately as the hybrid URANS-

LES methods at post-stall angles of attack; however, it did accurately predict the onset of sepa-

ration. The SA-RANS model failed to accurately capture separated flows for stall and post stall

angles of attack. Rotorcraft experience all three regimes throughout a single rotor revolution with

additional complexities from BVI and rotational effects. Only the hybrid URANS-LES models

and the kω-SST RANS are considered in this section.

For this turbulence model study, blade motion and deformation for each test point are

prescribed from the baseline coupled CFD-CSD simulations. The SA DDES, kω-SST RANS, and

kω-SST DDES turbulence models are evaluated at each test point using the fine grid. Airload

comparisons between each turbulence model at each radial station using the fine grid can be found

in Appendix B.2.

Normal force and pitching moment predictions from each turbulence model are illus-

trated in Figures 6.20 and 6.21for a light stall case (CT/σ = 0.090). All three turbulence models

predict nearly equivalent behavior, as is expected in the light stall regime. Any of the three turbu-

lence models used are sufficient to capture light stall on the refined grid.

Normal force and pitching moment predictions from each turbulence model are shown

in Figures 6.22 and 6.23 for a moderate stall case (CT/σ = 0.110). There are small but visually

apparent differences in magnitude between the three models, however all once again predict very

similar behavior, including inboard moment stalls that are not present in the experimental data. On

this optimized grid, all three turbulence models capture the same behavior, and thus all are equally

capable of capturing the physics in this moderate stall regime.

Normal force and pitching moment predictions from each turbulence model are shown

in Figures 6.24 and 6.25 for a deep stall case (CT/σ = 0.125). Like the light and moderate
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(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.920

Figure 6.20: Normal force comparisons between turbulence models with the optimized grid
CT/σ=0.090

cases, all three turbulence models considered capture the same physical behavior with only minor

differences in the magnitude of losses due to stall.

On this refined grid, all three turbulence models are considered are equally capable of

capturing light, moderate and deep stall when run identically using the same fourth-order central

differencing scheme and 60 subiterations with no residual cutoff. Across all test points, the SA-

DDES model requires on average 7760 core-hours per quarter revolution on the HPCMP SGI ICE

XA Centennial machine compared to 15,600 core-hours per quarter revolution using the kω-SST

models. The SA-DDES model requires approximately 50% of the computational time required by

the kω-SST models. Due to cost savings without loss of accuracy, the SA-DDES model will be

applied in additional computations for this study.

94



(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.920

Figure 6.21: Pitching moment comparisons between turbulence models with the optimized grid
CT/σ=0.090

(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.920

Figure 6.22: Normal force comparisons between turbulence models with the optimized grid
CT/σ=0.110
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(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.920

Figure 6.23: Pitching moment comparisons between turbulence models on fine grids
CT/σ=0.1100

(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.990

Figure 6.24: Normal force comparisons between turbulence models on fine grids
CT/σ=0.125
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(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.920

Figure 6.25: Pitching moment comparisons between turbulence models on fine grids
CT/σ=0.125
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6.1.3 Effects of Aeroelastic Coupling

Full-scale rotors are highly elastic structures subjected to intense, repeated loading. Ac-

curate CFD analyses must consider blade motion and deformation that occurs throughout a rotor

revolution to achieve accurate predictions. Rotor blade motion and deformation can be accounted

for in two different ways for an aeroelastic rotor: prescribed motion and coupled CFD-CSD. Pre-

scribed motion applies blade motion and deformation from either another computation or experi-

ment to deform the CFD grid. Loosely-coupled CFD-CSD uses an iterative process of developing

rotor plane airloads in a CFD solver and using those airloads to calculate structural loading and

corresponding CFD grid deformation in a CSD solver. The iterative process is continued until the

airloads and blade deformation values converge to constants.

Prescribed motion is a simpler and faster approach than coupled CFD-CSD. Iteration

between CFD and CSD solvers, which makes computations much more complex, is not required,

and the solution needs only to run until subsequent rotor revolutions predict the same airloads

values. Motion can either be taken from experiments if available or achieved via coupled CFD-

CSD on a coarse grid to save the significant computational time coupled CFD-CSD requires on a

refined physics grid.

Loosely-coupled CFD-CSD on a refined grid, however, can achieve more accurate air-

loads and resulting blade motions than prescribed motion from a coarse grid simulation. This

yields not only better airloads predictions but overall thrust, power, and control angle predictions

as well.

Figures 6.26 and 6.27 show normal force and pitching moment predictions for a light

stall case (CT/σ = 0.090) for several different aeroelastic approaches, all using the SA DDES

turbulence model. Initially, loosely-coupled CFD-CSD was performed using the coarse grid (red).

Converged motions from coarse grid simulation were then prescribed to a fine grid (blue). Finally,

a loosely-coupled CFD-CSD simulation was performed using the fine grid (orange).

Normal force predictions (Fig. 6.26 are similar between the coarse CFD-CSD and fine

prescribed motion cases, with the coarse CFD-CSD predicting inboard normal force stall mag-
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nitudes more accurately than the fine prescribed motion case. Coupled CFD-CSD results using

the fine grid, however, predict normal force more accurately than either the coarse CFD-CSD or

fine prescribed simulations. As shown in Figure 6.26, the predictions are by far the closest to

experimental data of the three aeroelastic approaches.

(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.775 (d) r/R = 0.920

(e) r/R = 0.965 (f) r/R = 0.990

Figure 6.26: Normal force comparisons between aeroelastic approaches
CT/σ = 0.090

Inboard pitching moment predictions (Fig. 6.27) are similar between the fine CFD-CSD

and fine prescribed motion cases, both of which are more accurate than the coarse CFD-CSD case.

This is a result of the underlying motions. On the inboard region of the blade, the translational
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(Fig. 6.28) and rotational (Fig. 6.29) deformations between the coarse CFD-CSD and fine CFD-

CSD cases are similar as little deformation takes place near the root due to the blade structure.

Differences in inboard predictions are then differentiated by how well the flowfield is resolved. At

outboard stations the fine CFD-CSD produces the most accurate predictions with the prescribed

motion case trending more towards the coarse CFD-CSD results. This is also a result of the under-

lying motions. Differences in the blade deformation from the coarse CFD-CSD and fine CFD-CSD

become apparent near the blade tip, where the blade is most flexible and the most deformation oc-

curs, as shown in Figures 6.28 and 6.29. The fine prescribed motion case tends towards the coarse

results, as they are based on the same blade deformations. The fine CFD-CSD results are closer to

experimental values as the underlying blade deformation is more accurate.

The most robust aeroelastic approach is a coupled CFD-CSD approach using a suffi-

ciently refined grid. The refined grid produces a flowfield that more accurately depicts the strength

and location of important physical features than a coarse grid. Resolving those physical features

with a refined grid permits highly accurate rotor airloads to be used when coupled with a CSD

solver. The resulting blade motion and deformation values can not be achieved with a coarse grid.

When motions are prescribed from a coarse grid simulation, the resulting flowfield can be accu-

rately resolved, however blade motions are still based on a less robust flowfield. Capturing the

coupling between a flowfield and blade deformations eliminates any bias that may be introduced

via prescribed motions.
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(a) r/R = 0.400 (b) r/R = 0.675

(c) r/R = 0.775 (d) r/R = 0.920

(e) r/R = 0.965 (f) r/R = 0.990

Figure 6.27: Pitching moment comparisons between aeroelastic approaches
CT/σ = 0.040
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(a) r/R = 0.200 (b) r/R = 0.300 (c) r/R = 0.400

(d) r/R = 0.500 (e) r/R = 0.600 (f) r/R = 0.700

(g) r/R = 0.800 (h) r/R = 0.900

Figure 6.28: Comparison of z-direction blade deformations at various radial stations for coarse
and fine CFD-CSD coupling
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(a) r/R = 0.200 (b) r/R = 0.300 (c) r/R = 0.400

(d) r/R = 0.500 (e) r/R = 0.600 (f) r/R = 0.700

(g) r/R = 0.800 (h) r/R = 0.900

Figure 6.29: Comparison of y-axis rotational deformations at various radial stations for coarse
and fine CFD-CSD coupling
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6.2 Classification of Separated Flow on Rotating Systems

High-fidelity coupled CFD-CSD simulations can accurately predict flow separation on

the rotor, as shown in Section 6.1. Further investigation of the flow fields, made possible by rich

computational data sets, is now possible and may be used to identify flow separation mechanisms

for each flow separation region on the rotor. Regions where flow separation is captured exhibit

separation and reattachment that are consistent with dynamic stall behavior. For some of those re-

gions, pitching motions of the retreating blade are consistent with classic dynamic stall. However,

some of flow separation regions do not occur on the retreating blade where classic dynamic stall is

expected and instead coincide with trailing tip vortices, indicating stall may be induced by blade

vortex interactions.

6.2.1 Flowfield Inspection

A baseline method used to identify possible BVI-induced flow separation requires visual

inspection of Q-criterion isosurfaces colored by vorticity magnitude. Q-criterion is a scalar quan-

tity defined in Equation 6.4 as the second invariant of the velocity gradient tensor, where Ω is the

vorticity tensor and S is the strain rate tensor. This scalar quantity is useful in identifying vortex

structures in the flowfield as it highlights regions with high vorticity and low strain rate, eliminat-

ing many boundary layer structures that are dominated by both high vorticity and high strain rate.

These vortex structures are colored with vorticity magnitude to illustrate the vortex strength across

the isosurface.

Q =
1

2

(
||Ω||2 − ||S||2

)
(6.4)

As the rotor completes a revolution, the rotor blades pass through remnant vortices shed

from the previous blade pass, as shown by the isocontours in Figure 6.30. The rotor blade can

be visually tracked throughout a rotor revolution starting at ψ = 40° azimuth (Fig. 6.30a ). At

this position, the advancing blade is parallel to trailing tip vortices, highlighted by the oval, and
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there is only a slight impingement of a trailing tip vortex impingement at the blade tip, identified

by the arrow. As the blade advances to the ψ = 90° azimuth position (Fig. 6.30b), normal vortex

impingement begins to occur as the trailing tip vortices from the previous two blade passes interact

with the advancing blade, identified by the two arrows in the figure. Normal vortex impingement

from the previous two blade passes continues through ψ = 130° (Fig. 6.30c), once again identi-

fied by the two arrows. As the blade advances beyond ψ = 130°, the tip vortex from the blade

leading by 180° has convected far enough downstream that it no longer interacts with the blade

in consideration. Normal impingement is reduced to a single shed vortex from the blade leading

by 90°, highlighted by the arrow in Figure 6.30d. As the blade begins to retreat, it continues to

interact with the single tip vortex, however the impingement locations moves from inboard stations

at ψ = 180° (Fig. 6.30d) to outboard stations at ψ = 270° (Fig. 6.30e), once again highlighted

by the arrow. Between ψ = 270° and ψ = 310° (Fig. 6.30f) the blade retreats beyond the path of

the vortex from the blade leading by 90° and the blade tip re-enters the path of the vortex from the

blade leading by 180°. The blade continues to interact with this vortex until it enters the hub wake

and the rotor revolution is complete.

Potential locations for BVI-induced separation have been identified visually for a sin-

gle test point. However, the effects of vortex impingement on the blade are dependent on vortex

strength and location, which will be different for every test point. With increasing thrust through-

out the UH-60A thrust sweep in this study, separation regions can appear and develop as Richez

showed in Ref. [31]. For each test point, it is necessary to track each flow feature visually as

described above while cross-referencing separation regions for the test point against sectional air-

loads and vortex impingement.

These visual inspections are important to identify flow separation regions which poten-

tially have a BVI mechanism. However, this method relies purely on visual inspection of separate

elements and there is no way to definitively prove mathematically or physically that the separation

mechanism for flow separation regions in Sections is BVI, not blade motion. To do this would

require isolation of the blade motion and BVI, which is discussed in Section 6.2.2.
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(a) 40° (b) 90° (c) 130°

(d) 180° (e) 270° (f) 310°

Figure 6.30: Q-Criterion isocontours colored with vorticity magnitude at various azimuth
stations. Flow is from left to right.

6.2.2 One-Bladed Isolation

In Section 6.2.1, inspection of isocontours cross-referenced with blade airloads and rotor

separation maps identified flow separation regions that possibly have a BVI mechanism. However,

without decoupling blade motion from BVI, it is impossible to definitively classify the separation

mechanism. In Ref. [22], Chaderjian proposed a method to isolate blade motion from BVI. Within

the confines of a much larger study, he ran a four-bladed baseline loosely-coupled CFD-CSD sim-

ulation to match flight test conditions conducive to dynamic stall. He then computationally config-

ured the rotor to run with only one blade while blade motion and deformation were prescribed to

match motion and deformation from the four-bladed CFD-CSD results. While he briefly addresses

results of a one-bladed simulation at a single azimuth he only employs visual inspection methods

and does not investigate the entire rotor plane.

The one-bladed and four-bladed UH-60A configurations used in this study are shown in Figure

106



Figure 6.31: One-bladed and four-bladed UH-60A configurations

6.31. This investigation (also explored by the author in Ref. [83]) expands on Chaderjian’s original

one-bladed run in a number of ways:

• The effects of differential downwash between one-bladed and four-bladed configurations on

airloads is investigated.

• An alternative isolation technique is explored to best capture equivalent one-bladed and four-

bladed rotors.

• Multiple CFD simulations are performed to capture an entire thrust sweep with cases ex-

hibiting light, moderate, and deep stall.

• The entire rotor plane is studied instead of a single azimuth position.

• Visual inspection of isocontours and blade surface separation plots are used along with full

rotor separation maps, blade airloads, and rotor performance values to fully understand the

differences between the one-bladed and four-bladed simulations.

The first study explores an alternative isolation technique to best capture equivalent one-bladed

and four-bladed rotors. Two methods are evaluated:

• Prescribed Motion

• Coupled CFD-CSD
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Prescribed Motion

The prescribed motion case mimics Chaderjian’s setup [22]. A baseline four-bladed

loosely-coupled CFD-CSD simulation is performed to obtain blade motions and deformations.

The rotor is then computationally configured to have one blade. Motion and deformation from

the four-bladed computation are applied to the single blade in a prescribed motion case to exactly

mimic blade motions from the four-bladed run.

Normal force and pitching moment data provide useful insights into performance vari-

ations between the one-bladed and four-bladed rotors. For some azimuth angles, normal force

and pitching moment data from the one-bladed and four-bladed rotors are nearly coincident. For

those azimuth angles, normal force and pitching moment values are largely based on blade move-

ment. For other azimuth angles, normal force and pitching moment data from the one-bladed and

four-bladed rotors do not coincide. Because the blades in both the one-bladed and four-bladed con-

figuration have the same motion, a difference in airloads data must be attributed to aerodynamic

interactions. Normal force and pitching moment data for all cases are provided in Appendix B.3.

For a light-stall condition (CT/σ = 0.040), only one of the flow separation regions

discussed in Section 6.1, FS1, is present (Fig. 6.32). Even though the flow field associated with

this light stall case does not include flow separation regions FS2-FS5, it is still subjected to the

nonlinear flowfield features, such as tip vortices, in those regions that may trigger dynamic stall at

higher thrust values. Signatures of those complex flowfield features appear in normal force (Fig.

B.31) and pitching moment (Fig. B.32) data.

There are two main regions where there is significant difference between the one- and

four-bladed predictions: from ψ = 0° to ψ = 135° from and ψ = 270° to ψ = 360°. Near these

regions, the data suggest the presence of a dominant flowfield feature in one configuration that is

not in the other, resulting in different airloads behavior for the same blade motion and deformation.

Between ψ = 0° and ψ = 135°, normal force predictions from the four-bladed CFD

simulation are nearly coincident with experimental normal force data. However, the one-bladed

CFD simulation overpredicts normal force throughout the entire quarter revolution and does not
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capture the slight normal force stall experienced in the four-bladed simulation at ψ = 45°.

Figure 6.32: Rotor map for light stall case (CT/σ = 0.040) overlaid with four-bladed articulated
rotor separation regions, where 0.0 indicates fully attached flow and 1.0 indicates fully separated

flow.

Figure 6.33 compares Q-criterion isocontours colored with vorticity magnitude for the

one-bladed and four-bladed rotors. In both configurations, the blade in consideration is located at

an azimuth station of ψ = 40°. As the blade advances from ψ = 0° to ψ = 90°, the four-bladed

rotor blade interacts with trailing vortices from the three previous blades, as highlighted in Figure

6.33a. From ψ = 0° to ψ = 90°, the one-bladed rotor encounters only one trailing vortex from it’s

previous pass, as shown in Figure, 6.33b.

Figure 6.34 shows a volume slice along the blade at ψ = 40°. The one-bladed vorticity

slice shows two distinct vortices. One vortex is in close proximity to the tip and one is in close

proximity to the root. Both vortex cores are above the rotor plane, connected via a vortex sheet.

There is no direct impingement of these features on the advancing blade. The four-bladed vorticity

slice shows one distinct vortex in close proximity to the tip and a continuous vortex sheet that

runs beneath the blade at inboard radial stations and impinges on the blade at outboard stations.
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(a) Four-Bladed (b) One-Bladed

Figure 6.33: Q-criterion isocontours for four-bladed and one-bladed configurations in light stall
(CT/σ = 0.040) at ψ = 40°. Flow is from left to right.

The vortex sheet in both configurations is a roll-up of vorticity from previous blade passes. The

four-bladed configuration includes roll-up from four previous blade passes compared to one for the

one-blade configuration, resulting in stronger vorticity magnitude. The four-bladed rotor generates

significantly more downwash than the one-bladed rotor, both above (Fig. 6.35) and at the rotor

plane (Fig. 6.36). The downwash generated by the four-bladed configuration is strong enough to

pull the vortex sheet into the rotor plane. Interaction with the vortex sheet, limits lift production on

the four-bladed advancing blade. The one-bladed rotor produces significantly weaker downwash

that does not pull the vortex sheet into the rotor plane, eliminating blade interaction with the vortex

sheet. Without those interactions, the one-bladed advancing blade rotor does not experience normal

force stall.
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(a) Four-Bladed (b) One-Bladed

Figure 6.34: Volume slices of vorticity magnitude along blade at ψ = 40° for four-bladed and
one-bladed configurations in light stall (CT/σ = 0.040). Flow is from left to right.

(a) Four-bladed (b) One-Bladed

Figure 6.35: Comparison between one-bladed and four-bladed downwash distributions at 25%R
above the rotor plane at ψ = 0°. Flow is from left to right.

(a) Four-bladed (b) One-Bladed

Figure 6.36: Comparison between one-bladed and four-bladed downwash distributions at the
rotor plane at ψ = 0°. Flow is from left to right.
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The four-bladed and one-bladed CFD simulations capture similar trends in pitching mo-

ment (Fig. B.32). Again, the one-bladed simulation exhibits differences compared with its four-

bladed counterpart between ψ = 0° and ψ = 135°. The one-bladed rotor experiences a pitching

moment peak about around ψ = 45° at outboard radial stations (r/R = 0.775-r/R = 0.990) while

the four-bladed experimental and CFD data encounter a loss in pitching moment. At these radial

stations the blade is coincident with the vortex sheet in the four-bladed simulation while the out-

board stations of the one-bladed configurations are interacting with a clean flowfield. Like normal

force data showed, this further isolates blade motion from flowfield features.

Between ψ = 90° and ψ = 135° the four-bladed configuration begins to interact with a

perpendicular trailing tip vortex from the previous blade pass (Fig. 6.37a) while the single blade

is permitted to advance through a clean flowfield (Fig. 6.37b). Between r/R = 0.675 and r/R =

0.865, where the outboard blade is subject to vortex impingement, apparent BVI signatures, or the

peaks and drops in airload data that are associated with BVI, appear in the four-bladed moment

data but not the one-bladed data (Fig 6.37a). Where the four-bladed data (red in Fig. 6.38) show

traces of BVI, the one-bladed data (blue in Fig. 6.38) is smooth, with no indication of flowfield

feature interaction, verifying the impinging tip vortex has an effect on blade performance.

(a) Four-Bladed (b) One-Bladed

Figure 6.37: Q-criterion isocontours for four-bladed and one-bladed configurations in light stall
(CT/σ = 0.040) at ψ = 130°. Flow is from left to right.
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(a) r/R = 0.675 (b) r/R = 0.775

(c) r/R = 0.865

Figure 6.38: BVI signatures in pitching moment between ψ = 90° and ψ = 135°

Significant differences between the predicted four-bladed and one-bladed airloads are

also observed in the region bounded by ψ = 270° and ψ = 360° azimuth. Figure 6.39 shows

Q-criterion isocontours at ψ = 310°. In the four-bladed configuration, the blade tip interacts with

the trailing vortex from the previous blade, while the single blade outboard is permitted to retreat

into a clean flowfield. Both inboard blades are subjected to an inboard vortex filament, also shown

in Figure 6.39.

Figure 6.40 shows that over the outboard blade (r/R = 0.865-r/R = 0.99) the normal

force for both the four-bladed configuration (red) and experiment (black) exhibit multiple sudden

sharp peaks and drops, characteristics that are typical of multiple-vortex interactions. The one-

bladed configuration (blue) with the same prescribed motion does not exhibit those characteristics.

Similar, less pronounced, behavior is present in the pitching moment data (Fig 6.41). This indicates

a BVI is present and altering blade aerodynamics.
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(a) Four-Bladed (b) One-Bladed

Figure 6.39: Q-criterion isocontours for four-bladed and one-bladed configurations in light stall
(CT/σ = 0.040) at ψ = 130°. Flow is from left to right.

Figure 6.42 illustrates the vorticity magnitude in the blade plane flowfield at ψ = 310°.

Two inboard vortices are coincident between the one-bladed and four-bladed configuration (Fig.

6.42). The vortex filament identified in Figure 6.39 is present in both one-bladed and four-bladed

flowfields, is coincident with the upper inboard vortex, and appears to be a byproduct of the hub.

The lower inboard vortex is not coincident with any BVI and can be attributed to reverse flow. In

addition to the two in-board vortices, the four-bladed configuration has a vortex sheet below the

blade as well as a strong tip vortex. Cross-referencing with Figure 6.39 indicates that the tip vortex

is shed from the previous rotor blade. The vortex sheet below the rotor blade is a by-product of

agglomeration of weak vorticity shed from prior rotors, which can be seen by the differences in the

vorticity outboard of the arrows in Figure 6.39. For the one-bladed configuration, the path from

ψ = 270° to ψ = 360° is free from significant shed vorticity, indicating the lack of any blade-

vortex interactions. This results in the smooth airloads data observed for the one-bladed rotor in

the outboard region from ψ = 270° to ψ = 360°.
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(a) r/R = 0.865 (b) r/R = 0.920

(c) r/R = 0.965 (d) r/R = 0.990

Figure 6.40: BVI signatures in normal force between ψ = 270° and ψ = 360°
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(a) r/R = 0.865 (b) r/R = 0.920

(c) r/R = 0.965 (d) r/R = 0.990

Figure 6.41: BVI signatures in pitching moment between ψ = 270° and ψ = 360°

(a) Four-Bladed (b) One-Bladed

Figure 6.42: Volume slices of vorticity magnitude along blade at ψ = 310° for four-bladed and
one-bladed configurations in light stall (CT/σ = 0.040)
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Downwash Effects

There is some concern that one-bladed airload predictions may be inflated due to reduced

rotor downwash. Significant differences in downwash could create higher induced angles of attack

throughout the rotor revolution. Even in the absence of dominant flow features, the increased

angles of attack could alter lift and moment data. To address these concerns, downwash and its

effect on load prediction is compared between one-bladed and four-bladed simulations at various

z-planes (Fig. Figure 6.43) within one rotor radius (R) of the rotor plane.

Figure 6.43: Comparison between one-bladed and four-bladed downwash distributions at various
z-plane slices above the rotor plane. Flow is from left to right.

Above the rotor plane, there is a significant difference in downwash between one-bladed

and four-bladed configurations for both light stall (Fig. 6.44) and deep stall (Fig. 6.45) cases.

Between ψ = 0° and ψ = 90°, the one-bladed isolation approach does not completely decouple

blade motion from BVI, as shown in Figure 6.33b. However, the reduced downwash from the one-

bladed rotor is not strong enough to pull the vortex sheet (Fig. 6.34) into the path of the blade. This

is a positive result as it serves to further decouple blade motion from BVI, permitting classification

of separated flow between ψ = 0° and ψ = 90°.

At the rotor plane, downwash effects on airloads predictions are considered for both a

light (CT/σ = 0.040 ) and deep (CT/σ = 0.125) stall case. The majority of downwash (i.e.

negative velocity) for both thrust values appear between ψ = 0° and ψ = 90° (Fig. 6.46) where

downwash effects have been shown to isolate blade motion from BVI. From ψ = 90° to ψ =

180°, the blade on both one- and four-bladed simulations moves through a flowfield with very
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little downwash. Velocity in the four-bladed flowfield is dominated by the trailing tip vortex from

the previous blade pass that generates positive upward velocity throughout much of the quadrant

(Figs. 6.47a,6.47b ). Velocity in the one-bladed flowfield is dominated by updraft off of the LRTA

fuselage (Figs. 6.47c,6.47d). Any downwash differences between the configurations are negligible

between ψ = 90° to ψ = 180°, due to the presence of other, more dominant flow features.

From ψ = 135° to ψ = 225°, normal force predictions are equivalent between the

one-bladed and four-bladed rotors, as shown for four radial stations in Figure 6.48. Downwash

at ψ = 180°, near the middle of this range, is very similar between the one- and four-bladed

configurations (Fig. 6.49). The inboard and midboard is subjected to updraft from the fuselage

in both configurations. The outboard in both configurations is permitted to pass through a nearly

clean flowfield. Downwash above the rotor plane (Figs. 6.44,6.45) is concentrated behind the body.

Based on airloads and rotor plane velocity data, rotor downwash has no effect on airloads from ψ =

135° to ψ = 225°. Near ψ = 225°, normal forces between one- and four-bladed configurations

begin to deviate from each other. At this same location, the four-bladed rotor encounters some

velocity gradients from the previous rotor pass (Figs. 6.49a,6.49b) as it retreats towards the fourth

quadrant, while the one-bladed rotor retreats through a clean flowfield (Figs. 6.49c,6.49d). As

the blade continues to retreat towards ψ = 360°, the four-bladed configuration enters a highly

nonlinear flowfield, littered with trailing tip vortices and hub and fuselage wakes (Figs. ). The

one-bladed configuration enters a relatively clean flowfield. Above the rotor plane, the strongest

downwash is positioned over this region. However, differences between the one- and four-bladed

flowfields are dominated by the highly nonlinear wake, not rotor downwash. The effect of rotor

downwash can not be realized in this region due to it’s highly nonlinear nature.

The downwash differential between four-bladed and one-bladed simulations does not

have a direct impact on airloads predictions. The only noticeable impact occurs between ψ = 0°

and ψ = 90°, where reduced downwash serves to further isolate blade motions from flowfield

interactions by preventing downward convection of the vortex sheet as demonstrated in Figure

6.34.
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(a) Four-bladed
z = R

(b) One-Bladed
ψ = 90°

(c) One-Bladed
ψ = 180°

(d) One-Bladed
ψ = 270°

(e) Four-bladed
z = 3R/4

(f) One-Bladed
ψ = 90°

(g) One-Bladed
ψ = 180°

(h) One-Bladed
ψ = 270°

(i) Four-bladed
z = R/2

(j) One-Bladed
ψ = 90°

(k) One-Bladed
ψ = 180°

(l) One-Bladed
ψ = 270°

(m) Four-bladed
z = R/4

(n) One-Bladed
ψ = 90°

(o) One-Bladed
ψ = 180°

(p) One-Bladed
ψ = 270°

Figure 6.44: Comparison of downwash distributions between four-bladed and one-bladed
configurations above the rotor plane at CT/σ = 0.040. Flow is from left to right.
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(a) Four-bladed
z = R

(b) One-Bladed
ψ = 90°

(c) One-Bladed
ψ = 180°

(d) One-Bladed
ψ = 270°

(e) Four-bladed
z = 3R/4

(f) One-Bladed
ψ = 90°

(g) One-Bladed
ψ = 180°

(h) One-Bladed
ψ = 270°

(i) Four-bladed
z = R/2

(j) One-Bladed
ψ = 90°

(k) One-Bladed
ψ = 180°

(l) One-Bladed
ψ = 270°

(m) Four-bladed
z = R/4

(n) One-Bladed
ψ = 90°

(o) One-Bladed
ψ = 180°

(p) One-Bladed
ψ = 270°

Figure 6.45: Comparison of downwash distributions between four-bladed and one-bladed
configurations above the rotor plane at CT/σ = 0.125. Flow is from left to right.
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(a) Four-bladed CT /σ = 0.040 (b) One-bladed CT /σ = 0.040

(c) Four-bladed CT /σ = 0.125 (d) One-Bladed CT /σ = 0.125

Figure 6.46: Downwash between ψ = 0° and ψ = 90° for light (CT/σ = 0.040) and deep
(CT/σ = 0.125) stall. Flow is from left to right.
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(a) Four-bladed CT /σ = 0.040 (b) One-bladed CT /σ = 0.040

(c) Four-bladed CT /σ = 0.125 (d) One-Bladed CT /σ = 0.125

Figure 6.47: Downwash between ψ = 90° and ψ = 180° for light (CT/σ = 0.040) and deep
(CT/σ = 0.125) stall. Flow is from left to right.
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(a) CT /σ = 0.040, r/R = 0.775 (b) CT /σ = 0.125, r/R = 0.775

(c) CT /σ = 0.040, r/R = 0.865 (d) CT /σ = 0.125, r/R = 0.865

(e) CT /σ = 0.040, r/R = 0.965 (f) CT /σ = 0.125, r/R = 0.965

(g) CT /σ = 0.040, r/R = 0.990 (h) CT /σ = 0.125, r/R = 0.990

Figure 6.48: Equivalent normal force predictions between four-bladed and one-bladed
configurations for light (CT/σ = 0.040) and deep (CT/σ = 0.125) stall cases
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(a) Four-bladed CT /σ = 0.040 (b) One-bladed CT /σ = 0.040

(c) Four-bladed CT /σ = 0.125 (d) One-Bladed CT /σ = 0.125

Figure 6.49: Downwash between ψ = 180° and ψ = 270° for light (CT/σ = 0.040) and deep
(CT/σ = 0.125) stall. Flow is from left to right.
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(a) Four-bladed CT /σ = 0.040 (b) One-bladed CT /σ = 0.040

(c) Four-bladed CT /σ = 0.125 (d) One-Bladed CT /σ = 0.125

Figure 6.50: Downwash between ψ = 270° and ψ = 360° for light (CT/σ = 0.040) and deep
(CT/σ = 0.125) stall. Flow is from left to right.
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Coupled CFD-CSD

Instead of relying on motion extracted from a baseline four-bladed simulation, the loosely-

coupled CFD-CSD case aimed to run independently of prescribed motion from a four-bladed sim-

ulation. The OVERFLOW CFD case was loosely-coupled with Dymore, where the one-bladed

simulation is set to trim to 25% of the wind tunnel thrust conditions using Dymore’s autopilot fea-

ture. The loosely-coupled simulation was performed for the UH-60A test point 4530 detailed in

Section 3.2. Sectional airloads were extracted at radial stations corresponding to experimental data.

The sectional normal force from the one-bladed simulation, shown in Figure 6.51, exhibits signifi-

cantly different behavior at all radial stations than the sectional normal force from the four-bladed

simulation, suggesting blade motions between the two simulations are fundamentally different.

Blade deformation data were then extracted at eight equally spaced radial stations and compared

betweeen the one-bladed and four-bladed simulations. Figures 6.53-6.55 show translational grid

deformation at each azimuth position in the x, y, and z-directions. Figures 6.56-6.58 shown ro-

tational grid deformation at each azimuth position about the x, y, and z axes. All six transla-

tional and rotational deformation quantities are significantly different between the one-bladed and

four-bladed runs. This proves the two simulations are fundamentally different and that a coupled

CFD-CSD simulation is not an accurate method to capture isolate blade motion from BVI.
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure 6.51: UH-60A normal force at various radial stations for coupled CFD-CSD 1-bladed and
4-bladed runs
CT/σ = 0.040
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure 6.52: UH-60A pitching moment at various radial stations for coupled CFD-CSD 1-bladed
and 4-bladed runs
CT/σ = 0.040
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(a) r/R=0.200 (b) r/R=0.300 (c) r/R=0.400

(d) r/R=0.500 (e) r/R=0.600 (f) r/R=0.700

(g) r/R=0.800 (h) r/R=0.900

Figure 6.53: UH-60A x-direction blade deformation delta deflections at various radial stations for
coupled CFD-CSD 1-bladed and 4-bladed runs

CT/σ = 0.040
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(a) r/R=0.200 (b) r/R=0.300 (c) r/R=0.400

(d) r/R=0.500 (e) r/R=0.600 (f) r/R=0.700

(g) r/R=0.800 (h) r/R=0.900

Figure 6.54: UH-60A y-direction blade deformation delta deflections at various radial stations for
coupled CFD-CSD 1-bladed and 4-bladed runs

CT/σ = 0.040
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(a) r/R=0.200 (b) r/R=0.300 (c) r/R=0.400

(d) r/R=0.500 (e) r/R=0.600 (f) r/R=0.700

(g) r/R=0.800 (h) r/R=0.900

Figure 6.55: UH-60A z-direction blade deformation delta deflections at various radial stations for
coupled CFD-CSD 1-bladed and 4-bladed runs

CT/σ = 0.040

131



(a) r/R=0.200 (b) r/R=0.300 (c) r/R=0.400

(d) r/R=0.500 (e) r/R=0.600 (f) r/R=0.700

(g) r/R=0.800 (h) r/R=0.900

Figure 6.56: UH-60A x-direction blade deformation delta rotation at various radial stations for
coupled CFD-CSD 1-bladed and 4-bladed runs

CT/σ = 0.060
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(a) r/R=0.200 (b) r/R=0.300 (c) r/R=0.400

(d) r/R=0.500 (e) r/R=0.600 (f) r/R=0.700

(g) r/R=0.800 (h) r/R=0.900

Figure 6.57: UH-60A y-direction blade deformation delta rotation at various radial stations for
coupled CFD-CSD 1-bladed and 4-bladed runs

CT/σ = 0.040
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(a) r/R=0.200 (b) r/R=0.300 (c) r/R=0.400

(d) r/R=0.500 (e) r/R=0.600 (f) r/R=0.700

(g) r/R=0.800 (h) r/R=0.900

Figure 6.58: UH-60A z-direction blade deformation delta rotation at various radial stations for
coupled CFD-CSD 1-bladed and 4-bladed runs

CT/σ = 0.040
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CHAPTER 7

THE ROLE OF BVI IN INDUCING SEPARATED FLOW IN THE ROTOR PLANE

In addition to determining the most accurate and effective method for isolating blade

motion from BVI and classifying separated flow based on separation mechanism, further evaluating

the physics of the entire rotor plane is an important step in advancing the state-of-the-art. In 2020

Castells et al. (Ref. [50]) studied the influence of BVI on 2D and 3D simulations of an oscillatory,

pitching wing with non-uniform translation, but without rotation by introducing a vortex into the

simulation via the Scully vortex model [84]. Vortex characteristics, specifically size and strength,

were extrapolated from loosely-coupled CFD/CSD simulations of a full three-dimensional rotor.

The influence of a vortex passing near the blade was shown to induce stall, confirming that the

vortex interaction with the leading edge can produce behavior consistent with dynamic stall.

While Castells’ paper investigated 3D effects, the focus was on finite-span features. Ro-

tor effects such as rotation and downwash were not included. This investigation extends Castells

work on finite wings to full three-dimensional rotor simulations that inherently include rotation

and downwash. To further understand separated flow on the rotor, the Biot-Savart Law is applied

to trailing tip vortices to evaluate the associated downwash at various points on the blade. The

extents of vortex-induced downwash and the direct effects on the rotor plane are explored.

7.1 Biot-Savart Law

The Biot-Savart Law (Eqn. 7.2) is an inviscid, compressible flow theory that gives ve-

locity induced at an arbitrary point P by an infinitesimal vortex filament where dV is the induced

velocity, Γ is the vortex filament strength, or circulation, dl is the infinitesimal vortex filament

length, and r is the distance between the infinitesimal vortex filament and point P. Integrating over

the entire vortex filament gives the total induced velocity at point P (Eqn. 7.1).
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Figure 7.1: Biot-Savart Definition

dV =
Γ

4π

dl × r
|r|3

(7.1)

V (x, y, z) =
Γ

4π

∫ ∞
−∞

dl × r
|r|3

(7.2)

For any closed curve (C) in a flowfield, the circulation is defined by a line integral of the velocity

vector (Eqn. 7.3). Applying Stokes Theorem, the line integral can be converted to a surface integral

(Eqn. 7.4) where the integrand becomes the divergence of velocity, or vorticity vector.

Γ = −
∫
C

V · ds (7.3)

Γ = −
∫ ∫

S

(
∇× V

)
· ds (7.4)

136



7.2 Application of Biot-Savart Law to CFD Flowfield

Application of the Biot-Savart Law to a CFD flowfield permits the study of direct vortex-

induced downwash on a rotor blade for individual trailing tip vortices. Modifications are required

to realistically apply the law and take into account some viscous effects. In inviscid flow theory, a

vortex filament has constant circulation along its entire length. When viscous effects are included,

vorticity will decay as the vortex filament in question convects through air. To take this into account

the circulation is permitted to vary over the length of each trailing tip vortex filament. The modified

integral with variable circulation is given in Equation 7.5, where circulation is included inside the

integral calculation.

V (x, y, z) =

∫ ∞
−∞

Γ

4π

dl × r
|r|3

(7.5)

Consider application of the Biot-Savart Law to a point “P” on a blade at ψ = 270°,

as shown in Figure 7.2. For a single Biot-Savart integral, circulation is calculated for the tip

vortex of interest at various intervals along the vortex filament (Fig. 7.3) using Equation 7.4. To

appropriately use Equation 7.4, an integration surface must be chosen to capture the majority of

circulation associated with vortex. Azimuth vorticity slices, with the origin at the rotor hub, are

extracted in one degree increments for calculation of a two-dimensional surface integral on each

slice (Fig. 7.3). To determine the appropriate bounding curve for each slice, a circular curve

with its center at the location of maximum vortex strength is chosen on each azimuth slice. The

circulation integral is repeatedly calculated with increasing radius (Fig. 7.4) until the change in

predicted circulation is less than one percent (Fig. 7.5). at which point, the bounding curve is

frozen and deemed acceptable. For this example the change in circulation is less than one percent

when integration radius is increased from 13 to 14 inches, as shown in Table 7.1.

To evaluate the integral along the length of a vortex filament, it is evaluated as a summa-
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Figure 7.2: Biot-Savart application example

tion along the vortex filament with each step equal to ψ = 1°. (Eqn. 7.6).

V (x, y, z) =
∞∑
−∞

Γ

4π

li × ri
|ri|3

(7.6)

This summation has lower and upper bounds that are negative and positive infinity, respectively. To

realistically apply the summation, finite limits must be determined to bound the summation while

still capturing the extents of the impinging vortex filament required to accurately produce down-

wash. The lower bound is chosen as 0 to include the effects of only current and future impinging
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Table 7.1: Convergence of circulation integral values using increasingly large integration radii.

Integration radius
(inches)

Circulation Value
(ft2/s)

Percent Change
Magnitude

7 113.038 N/A
8 128.751 13.90%
9 140.917 9.45%
10 149.901 6.38%
11 155.969 4.05%
12 159.733 2.41%
13 161.643 1.20%
14 162.274 0.39%
15 162.062 −0.13%
16 161.481 −0.36%
17 160.807 −0.42%
18 160.257 −0.34%
19 159.897 −0.22%
20 159.747 −0.09%

vortex filament segments. To determine the appropriate upper bound, the Biot-Savart summation

is repeatedly calculated with increasing upper bounds. When the change in calculated induced

velocity is less than one percent for all components, the upper bound is considered acceptable.

Using the example at ψ = 270°, the Biot-Savart summation is computed to determine induced

velocity (2.28, -2.61, 1.39), a quarter-chord surface location near the blade tip (Point P in Fig. 7.2)

using vortex filament segments from 1°-20° ahead of blade impingement. At each angular location

the circulation is calculated using the previously described method to ensure integral convergence.

Circulation calculations and induced velocity predictions are provided in, Table C.1 in Appendix

C. Figure 7.6 demonstrates convergence past 18 degrees, with changes less than 1% for all three

induced velocity components. Using the same method, The Biot-Savart Law can be applied at

various points along the length of the blade to evaluate induced velocity distributions due to vortex

impingement. Figure 7.7 exemplifies induced velocity distributions that can be calculated along

the blade quarter-chord (ψ = 270° in this example).
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(a) +0° from blade (b) +5° from blade

(c) +10° from blade (d) +15° from blade

(e) +20° from blade (f) +25° from blade

Figure 7.3: Vorticity slices along tip vortex impinging on blade at ψ = 270°
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(a) r = 7in. (b) r = 8in. (c) r = 9in. (d) r = 10in.

(e) r = 11in. (f) r = 12in. (g) r = 13in. (h) r = 14in.

(i) r = 15in. (j) r = 16in. (k) r = 17in. (l) r = 18in.

Figure 7.4: Integration surfaces used to determine the appropriate bounding curve for circulation
integral.

Figure 7.5: Convergence of circulation with increasingly larger integration surfaces.
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(a) Chordwise (b) Radial (c) Vertical

Figure 7.6: Convergence of induced velocity predictions with increasing Biot-Savart summation
limits.

(a) Chordwise (b) Radial (c) Vertical

Figure 7.7: Induced velocity predictions at ψ = 270° along the blade quarter-chord due to the
vortex.
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7.3 Biot-Savart and BVI Predictions

Advancing Blade

The advancing blade on the UH-60A rotor encounters two trailing tip vortices, one in-

board and one outboard, for all analyzed thrust conditions as illustrated in Figure 7.8 for the light

stall case. The outboard vortex originates from the blade preceding by 90° while the inboard vortex

originates from the blade preceding by 180°. The Biot-Savart Law was applied to understand the

influence of vortex impingement on the advancing rotor blade.

(a) Vorticity magnitude slice along blade
(b) Q-criterion isocontour colored with vorticity

magnitude

Figure 7.8: Trailing tip vortex interactions at ψ = 90° for light stall (CT/σ = 0.040)

For the CT/σ = 0.040 light stall case, BVI signatures appear between ψ = 55° and

ψ = 150° at various radial stations on the advancing blade. Figures 7.9 highlight the peaks and

drops of the BVI signatures, which are present at r/R = 0.675, r/R = 0.775, r/R = 0.865,

and r/R = 0.920. The gray boxes bound the azimuth regions over which each radial station is

influenced by BVI and are detailed in Table 7.2. No indication of BVI influence is present at the
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inboard r/R = 0.400 radial station or the outboard r/R = 0.965 and r/R = 0.990 radial stations.

(a) r/R = 0.675 (b) r/R = 0.775

(c) r/R = 0.865 (d) r/R = 0.920

Figure 7.9: BVI signatures in pitching moment predictions at outboard stations for CT/σ = 0.040

Table 7.2: Azimuth extents of BVI influence at various radial stations.

Radial station (r/R) BVI influence start BVI influence end
0.400 N/A N/A
0.675 ψ = 110° ψ = 150°
0.775 ψ = 70° ψ = 135°
0.865 ψ = 60° ψ = 125°
0.920 ψ = 55° ψ = 105°
0.960 N/A N/A
0.990 N/A N/A

The Biot-Savart procedure outlined previously was used to calculate induced velocity

from the outboard tip vortex along the entire blade at ψ = 90° (Fig. 7.10), where the vortex was

centered at r/R = 0.88 with a radius of 14 inches (4.3%R), as determined by circulation content.

Coinciding with the vortex core are points of interest in the induced velocities, marked with a

red X in the figures. The induced chordwise velocity slopes gently from VC ≈ 0 at the root to

a minimum at r/R ≈ 0.8. Beyond r/R ≈ 0.8 the induced chordwise velocity rises drastically
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to a maximum value near the vortex core at r/R = 0.88. Between this location and the blade

tip, the magnitude decreases slightly maintains a large value in comparison to inboard stations.

The radial induced velocity (VR) is negligible from the blade root to r/R ≈ 0.6. At r/R ≈ 0.8,

induced radial velocity also rises drastically to a maximum near the vortex core at r/R = 0.88. The

induced vertical velocity gently slopes upward from blade root, peaking just inboard of the vortex

core at r/R = 0.88, and quickly dropping to negative values beyond r/R > 0.9. This behavior

is a direct effect of the vortex rotation, which causes upwash inboard of the vortex and downwash

outboard of the vortex. This can be visualized in Figure 7.11, which highlights the vortex core

using vorticity magnitude contours overlaid with velocity vectors. The inboard upwash is much

stronger than the outboard downwash as predicted by Biot Savart (Fig. 7.10) and indicated by the

magnitude of vectors in the figure. BVI signatures, as a result, are only present at one radial station

outboard of the vortex (r/R = 0.920) while inboard signatures are present at two inboard radial

stations (r/R = 0.775, 0.865).

(a) Chordwise (b) Radial (c) Vertical

Figure 7.10: Induced velocities from outboard tip vortex along blade at ψ = 90° for CT/σ− 0.040

The same Biot-Savart procedure was applied from ψ = 100° to ψ = 170° in increments

of 10 degrees, evaluating the effects of the outboard vortex. As the blade advances from ψ = 90° to

ψ = 180°, the point of vortex impingement moves inboard from the blade tip as illustrated by the

isocontours in Figure 7.12 where locations of vortex impingement are identified by black circles.

Exact locations of vortex impingement at each azimuth station are provided in Table 7.3.

Induced chordwise, radial, and vertical velocity distributions from vortex impingement

are compared across multiple azimuth stations in Figures 7.13-7.15. The radial location of maxi-
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Inboard                                                                          Outboard

Figure 7.11: Vorticity magnitude contour overlaid with velocity vectors along plane of blade at
ψ = 90° for CT/σ − 0.040

mum induced velocity moves inboard along with the location of vortex impingement as the blade

advances. This behavior is responsible for the variation in BVI influence regions given in Table

7.2. At ψ = 90°, the vortex is centered at r/R = 0.88R, therefore the closest radial station at

r/R = 0.865 is subjected to the highest induced velocities. As the vortex is nearly coincident with

the r/R = 0.865 radial station, a BVI signature peak is present near ψ = 90°.

As the blade continues to advance, radial stations outboard of the vortex are farther re-

moved from the vortex core. BVI influences vanish at earlier azimuth angles at these outboard

stations, as demonstrated by the pitching moment at r/R = 0.920, where BVI influences extend

only to ψ = 105°. Inboard stations will experience more BVI influence as the vortex will move

closer to those radial stations as the blade advances. At ψ = 90° the r/R = 0.775 radial sta-

tion is located early within the azimuth region of BVI influence. As the blade advances from
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(a) ψ = 90° (b) ψ = 120°

(c) ψ = 150° (d) ψ = 180°

Figure 7.12: Identification of trailing tip vortex impingement on advancing blade. Flow is from
left to right.

ψ = 90° the induced upwash will continue to increase (Fig. 7.15), reaching a maximum value at

ψ = 110° where the r/R = 0.775 station is inboard of the vortex at r/R = 0.790 by 1.5%R. The

r/R = 0.675 radial station exhibits similar behavior, with increasing upwash reaching a maximum

value at ψ = 130° where the vortex location was at r/R = 0.690 and inboard offset between

maximum upwash and vortex location was once again 1.5%R.

Velocity distributions in Figures 7.13- 7.15for ψ = 100°-ψ = 140° (left) and ψ = 150°-

ψ = 170° (right) are plotted on equivalent axes, highlighting a sharp decline in induced velocity

between ψ = 140° and ψ = 150°, continuing on through ψ = 170°. Figure 7.16 shows vortex

circulation at the point of impingement from ψ = 100°-ψ = 170°. The decrease in circulation

corresponds to the azimuth position where induced velocities decrease significantly between ψ =

140° and ψ = 150°. Visualization of the flowfields along the blade slice from ψ = 130° to
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Table 7.3: Advancing blade vortex impingement locations.

Azimuth (degrees) Radial location of vortex impingement
90 88%R
100 83%R
110 79%R
120 74%R
130 69%R
140 66%R
150 62%R
160 59%R
170 57%R

Figure 7.13: Induced chordwise velocity distributions along blade span from ψ = 100° to
ψ = 170°

ψ = 170° demonstrate the diminishing effect of the vortex on the flowfield as vortex strength

dissipates.
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Figure 7.14: Induced radial velocity distributions along blade span from ψ = 100° to ψ = 170°
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Figure 7.15: Induced vertical velocity distributions along blade span from ψ = 100° to ψ = 170°

Figure 7.16: Trailing vortex circulation value point of impingement from ψ = 100° to ψ = 170°

149



Inboard                                                                          Outboard

(a) ψ = 130°

Inboard                                                                          Outboard

(b) ψ = 140°

Inboard                                                                          Outboard

(c) ψ = 150°

Inboard                                                                          Outboard

(d) ψ = 160°

Inboard                                                                          Outboard

(e) ψ = 170°

Figure 7.17: Flowfield around impinging vector at from ψ = 130° to ψ = 140°

150



Retreating Blade

On the retreating blade, the UH-60A rotor encounters one trailing tip vortex, shed from

the previous blade pass as shown for several retreating blade positions in Figure 7.18 for the light

stall CT/σ = 0.040 case. As the blade retreats, the location of vortex impingement moves outward

towards the tip, eventually clearing the blade tip between ψ = 280° and ψ = 290°. The radial

location of vortex impingement is provided in Table 7.4 at azimuth stations from ψ = 250 deg to

ψ = 300°.

(a) ψ = 90° (b) ψ = 120°

(c) ψ = 150° (d) ψ = 180°

Figure 7.18: Identification of trailing tip vortex impingement on retreating blade. Flow is from
left to right.

Retreating blade normal force and pitching moment data exhibit BVI signatures starting

at ψ = 250°, as indicated by the peaks and drops highlighted in Figures 7.19 and 7.20 and extend to

the end of the rotor revolution at ψ = 360 deg. The influence of BVI on both the normal force and
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Table 7.4: Retreating blade vortex impingement locations.

Azimuth (degrees) Radial location of vortex impingement
150 61%R
260 69%R
270 80%R
280 94%R
290 108%R
300 120%R

pitching moment indicates a stronger BVI interaction on the retreating blade than the advancing

blade, as pitching moment is a more sensitive quantity than normal force.

The Biot-Savart Law is applied on the retreating blade from ψ = 250° to ψ = 300°

to understand the influence of BVI on the retreating blade. Beyond ψ = 300°, the flowfield is

comprised of hub and fuselage wake remnants along with the trailing tip vortices from previous

blade passes, as exemplified in Figure 7.21 for the retreating blade at ψ = 330°. The trailing

tip vortices are indistinguishable from other high vorticity content features making integration

along the vortex filament as well, as calculation of circulation at each azimuth station, difficult and

restricting application of the Biot-Savart Law to regions outside of wake.

The Biot-Savart induced downwash distribution along the blade is shown in Figure 7.22

from ψ = 250° to ψ = 300°. From ψ = 250° to ψ = 270°, induced downwash is significant

and corresponds to azimuth angles where the trailing vortex from the previous blade pass directly

impinges on the blade. Beyond ψ = 280 the vortex passes the outboard blade but does not directly

impinge on it, resulting in the significant reduction in induced downwash illustrated in Figure

7.22. Flowfield slices along the blade highlight the vortex location and strength using vorticity

magnitude contours and illustrate the effects of the vortex on the velocity field using overlaid

velocity vectors (Fig. 7.23). From ψ = 250°-ψ = 260°, a weaker vortex has minimal effects

on the overall flowfield and corresponds to four-bladed airloads that only differ slightly from one-

bladed airloads, indicating minimal BVI influence.

Similar to the advancing blade, the highest BVI influence on the retreating blade is no-

ticed closest to the vortex impingement location. At ψ = 270 the velocity vectors in Figure 7.23
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(a) r/R = 0.775 (b) r/R = 0.865

(c) r/R = 0.920 (d) r/R = 0.965

(e) r/R = 0.990

Figure 7.19: BVI signatures in normal force predictions on retreating blade for CT/σ = 0.040

indicate a portion of the blade is dominated by the presence of the vortex, located at 80%R. The

radial station closest to impingement at 270° (r/R = 0.775), experiences lift and moment peaks

within the BVI signature at ψ = 270° and ψ = 267°, respectively. As the blade advances from

ψ = 270° to ψ = 280°, the r/R = 0.865 station experiences lift and moment peaks at ψ = 276°

and ψ = 275° as the vortex moves outboard with increasing azimuth. Near ψ = 280° where vortex

impingement is at 94%R, both r/R = 0.920 and r/R = 0.960 stations exhibit lift and moment

peaks. As the blade advances past 280° and vortex impingement location moves beyond the blade

tip, the r/R = 0.990 stations experiences lift and moment peaks at ψ = 284° and ψ = 288°,
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(a) r/R = 0.775 (b) r/R = 0.865

(c) r/R = 0.920 (d) r/R = 0.965

(e) r/R = 0.990

Figure 7.20: BVI signatures in pitching moment predictions on retreating blade for CT/σ = 0.040

respectively.

At ψ = 300°, the trailing tip vortex from the previous pass has minimal influence on

the retreating blade, as demonstrated by Figure 7.24. Beyond ψ = 300°, the trailing vortex sheet

begins to dominate the flowfield as demonstrated by the flowfield along the blade at ψ = 310° (Fig.

7.25).
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(a) +0° from blade (b) +5° from blade

(c) +10° from blade (d) +15° from blade

(e) +20° from blade (f) +25° from blade

Figure 7.21: Vorticity slices along tip vortex impinging on blade at ψ = 300°
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Figure 7.22: Induced vertical velocity distributions along blade span from ψ = 250° to ψ = 300°
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Inboard                                                                          Outboard

(a) ψ = 250°

Inboard                                                                          Outboard

(b) ψ = 260°

Inboard                                                                          Outboard

(c) ψ = 270°

Inboard                                                                          Outboard

(d) ψ = 280°

Inboard                                                                          Outboard

(e) ψ = 290°

Figure 7.23: Flowfield around impinging vector at from ψ = 250° to ψ = 290°
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Inboard                                                                          Outboard

(a) ψ = 280°

Figure 7.24: Flowfield around impinging vector at ψ = 300°

Inboard                                                                          Outboard

(a) ψ = 280°

Figure 7.25: Flowfield around impinging vector at ψ = 310°
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CHAPTER 8

CONCLUSIONS

This dissertation advances the state-of-the-art of high-fidelity CFD applications to sepa-

rated flows on three-dimensional rotors. These advances answer critical questions for future appli-

cations and are summarized here:

Thesis Goal 1: To identify and quantify capabilities and limitations of the state-of-the-art

CFD modeling approach for capturing massively separated flows on three-dimensional rotors

• Is radial grid density important in capturing separated flow?

Grid generation techniques for finite wing and rotating blade dynamic stall analyses have

largely been based on infinite wing grid generation techniques, where spanwise or radial

spacing is quite large. Improvements to grids often focused on normal and chordwise re-

finement without considering the effects of large aspect ratios on solution refinement and

accuracy. An extensive finite wing structured grid refinement study, performed to assess the

effects of both chordwise and spanwise/radial refinement, found that both chordwise and

spanwise/radial spacing is important to achieve accurate separation prediction. Addition-

ally, best results are achieved when chordwise and spanwise/radial spacing are compatible

to minimize mid-chord aspect ratios as well as spanwise aspect ratio gradients. These pa-

rameters are then applied to generate an optimized rotor blade grid. Results are obtained

using the optimized rotor blade grid as well as a baseline rotor blade grid, based on infinite

wing grid generation techniques. The baseline grid behaves similarly to a two-dimensional

simulation, where flow features causing separation on the inboard blade do not experience

radial relief due to grid coarseness, resulting in stronger separation over a smaller region.

When increased radial refinement is considered via the optimized grid, three-dimensional

relief effects are realized and a larger, weaker separation region is predicted on the rotor
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plane.

• Can radial spacing be quantified for general use?

Findings from this grid study are generalized so that they can be applied to other finite wing

and rotor blades geometries using general parameters and distributions. Chordwise connec-

tors should be dimensioned to 500 points with leading and trailing edge spacings of 0.04%

and 0.01% chord, respectively, with a hyperbolic distribution to achieve equivalent mesh

parameters along the characteristic length. In the spanwise direction, root and tip spacing

should be chosen to accurately capture the geometry. Using a hyperbolic distribution, the

spanwise connector dimension should be chosen to minimize mid-chord aspect ratio at the

mid-span.

• Which popular turbulence models most accurately capture separated flows when ap-

plied within the same flow solver on the same grid? A turbulence model study was per-

formed on a finite wing in various pre-stall, stall, and post-stall configurations. Results from

this study demonstrated that the SA DDES and kω-SST DDES models most accurately pre-

dicted airloads consistently across all three regimes. The kω-SST RANS model did not

predict airload magnitudes as accurately as the hybrid URANS-LES methods at post-stall

angles of attack; however, it did accurately predict the onset of separation. The SA-RANS

model failed to accurately capture separated flows for stall and post stall angles of attack.

Rotorcraft experience all three regimes throughout a single rotor revolution with additional

complexities from BVI and rotational effects. Only the hybrid URANS-LES models and

the kω-SST RANS were utilized in the rotor simulations. All three turbulence models were

found to be sufficient to capture light, moderate, and deep stall on as sufficiently refined grid.

Across all test points, the SA-DDES model requires on average 7760 core-hours per quarter

revolution on the HPCMP SGI ICE XA Centennial machine compared to 15,600 core-hours

per quarter revolution using the kω-SST models. The SA-DDES model requires approxi-

mately 50% of the computational time required by the kω-SST models. Due to cost savings
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without loss of accuracy, the SA-DDES model is the preferred model for analysis.

• Are there coupled effects between grid refinement and turbulence model in separated

flow regimes? Use of a higher-fidelity turbulence model is often leveraged in hopes of

achieving a more accurate solution. Finite wing analysis demonstrated that turbulence model

does play an important role in prediction accuracy but only when grids were sufficiently

refined. The coupled effects of grid refinement and turbulence model were studied on the

UH-60A configuration. When URANS and hybrid URANS-LES models were evaluated on

the baseline grid, airloads data and separation predictions were equivalent across all solvers,

indicating grid refinement was not sufficient for a DDES turbulence model, causing DDES

to essentially revert to a URANS solution. With the optimized grid, the DDES simulations

yielded different results. This indicates that the grid has been refined sufficiently to support

the smallest scales of interest in separated flow and the hybrid URANS-LES simulation is

not reduced to a standard URANS model.

• How important are aeroelastic effects in capturing separated flows?

Full-scale rotors are highly elastic structures subjected to intense, repeated loading. Accurate

CFD analyses must consider blade motion and deformation that occurs throughout a rotor

revolution to achieve accurate predictions. Two coupled CFD-CSD simulations were per-

formed with equivalent trim parameters, one on a four-bladed rotor and one on a one-bladed

rotor. Even with equivalent trim parameters, the predicted blade deformation and airloads

were significantly different, highlighting the importance of accurate inclusion of aeroelastic

effects.

• What bias, if any, is introduced when prescribed motions are applied versus coupled

CFD-CSD?

Rotor blade motion and deformation can be accounted for in two different ways for an aeroe-

lastic rotor: prescribed motion and coupled CFD-CSD. Prescribed motion is a simpler and

faster approach than coupled CFD-CSD. However, the most robust aeroelastic approach is
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a coupled CFD-CSD approach using a sufficiently refined grid. The refined grid produces

a flowfield that more accurately depicts the strength and location of important physical fea-

tures than a coarse grid. Resolving those physical features with a refined grid permits highly

accurate rotor airloads to be used when coupled with a CSD solver. The resulting blade

motion and deformation values can not be achieved with a coarse grid. When motions are

prescribed from a coarse grid simulation, the resulting flowfield can be accurately resolved,

however blade motions are still based on a less robust flowfield. Capturing the coupling

between a flowfield and blade deformations eliminates any bias that may be introduced via

prescribed motions.

Thesis Goal 2: To advance the knowledge of the physics of separated flows on rotors using a

combination of state-of-the-art CFD modeling and high-quality experimental data

• How can classic dynamic stall be isolated from BVI and other mechanisms of separa-

tion on a rotating system?

Traditionally, the term “dynamic stall” referred only to “classic dynamic stall” where the

vortex formation is a product of lifting surface kinematics. Recently, however, research has

shown that some dynamic stall events may have a BVI mechanism. In order to classify the

dynamic stall mechanism, it is required to decouple blade motion from BVI. Prescribed mo-

tion and coupled CFD-CSD approaches, both taking advantage of a computationally config-

ured equivalent one-bladed rotor, are investigated. For the prescribed motion case, a baseline

four-bladed loosely coupled CFD-CSD simulation is performed to match flight test condi-

tions conducive to dynamic stall. Then the rotor is computationally configured to run with

only one blade while blade motion and deformation are prescribed to match motion and

deformation from the four-bladed CFD-CSD results. The result is a blade permitted to ad-

vance through a mostly clean flowfield, decoupling blade motions from BVI. For the coupled

CFD-CSD case, a one-bladed simulation is performed, trimming the rotor to 25% of the total

four-bladed thrust. The sectional forces and moments exhibit significantly different behav-

ior at all radial stations than the same quantities from the four-bladed simulation, suggesting
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blade motions between the two simulations are fundamentally different. Blade deforma-

tion data are then examined at eight equally spaced radial stations and compared betweeen

the one-bladed and four-bladed simulations. All six translational and rotational deforma-

tion quantities are significantly different between the one-bladed and four-bladed runs. This

proves the two simulations model fundamentally different flight scenarios and that a coupled

CFD-CSD simulation is not an accurate method to isolate blade motion from BVI.

• Can flowfield data from CFD simulations be used to classify flow separation mecha-

nisms on a rotating system?

Separated flow is identified on the rotor plane when the tangential component of skin friction

is negative. Once regions of separation are identified, they can be classified using several

approaches. A baseline method requires visual inspection of Q-criterion isosurfaces col-

ored by vorticity magnitude, which highlight trailing tip vortices. As the rotor completes

a revolution, the rotor blades pass through remnant vortices shed from the previous blade

pass. The rotor blade can be visually tracked throughout a rotor revolution and impingement

of tip vortices on the blade can be used to identify possible BVI-induced flow separation.

Once potential BVI-induced separation is identified, a more robust approach is used to ver-

ify findings by isolating rotor blade motion from BVI via a prescribed motion one-bladed

simulation. Differences in airloads data between the one- and four-bladed simulations with

equivalent blade motions emerge as BVI signatures and permit classification of separation

regions based on separation mechanism.

• How do isolation methods affect rotor downwash, and what is effect does that have on

airloads predictions?

There is some concern that one-bladed airload predictions may be inflated due to reduced

rotor downwash. Significant differences in downwash could create higher induced angles

of attack throughout the rotor revolution. Even in the absence of dominant flow features,

the increased angles of attack could alter lift and moment data. To address these concerns,
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downwash and its effect on load prediction is compared between one-bladed and four-bladed

simulations for both a light and deep stall case. Results show that the downwash differential

between four-bladed and one-bladed simulations does not have a direct impact on airloads

predictions. The only noticeable impact occurs between ψ = 0° and ψ = 90°, where reduced

downwash serves to further isolate blade motions from flowfield interactions by preventing

downward convection of tip vortex remnants.

Thesis Goal 3: To explore the application of the Biot-Savart Law to the entire rotor plane to

evaluate the effects of trailing tip vortices on the rotor plane aerodynamics

• Can the Biot-Savart Law be applied to accurately predict induced velocities in a com-

plex rotor plane? The Biot-Savart Law predicts induced velocities at a point due to a vortex

filament by integrating over the entire length of the filament. CFD provides entire flowfield

data where vortex filaments can be identified and tracked throughout an entire rotor revolu-

tion, providing aerodynamicists with sufficient data to use the Biot-Savart Law on real data.

Trailing tip vortices from a previous blade pass are tracked visually throughout the rotor

plane using Q-criterion isocontours. For a single azimuth station, quantities required for

the Biot-Savart integral are extracted along the vortex filament for integration. The induced

velocity predictions from the Biot-Savart Law are identified in flowfield data. Due to the co-

alescence of trailing tip vortices with the hub and rotor wake, application of the Biot-Savart

Law to the rotor plane is limited to azimuth stations between ψ = 30° and ψ = 330°

• What modifications, if any, are required to apply the Biot-Savart Law to a viscous

flowfield?. The Biot-Savart Law is an inviscid, compressible flow theory that gives velocity

induced at an arbitrary point P by an infinitesimal vortex filament. Modifications are re-

quired to realistically apply the Biot-Savart Law to a rotor plane and take into account some

viscous effects. In inviscid flow theory, a vortex filament has constant circulation along its

entire length. When viscous effects are included, vorticity will decay as the vortex filament in

question convects through air. Additionally, the rotor blade is constantly deforming through-
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out a rotor revolution, and the strength of the shed vortex changes with that deformation. To

take these phenomena into account the circulation is be permitted to vary over the length of

each trailing tip vortex filament, requiring circulation calculations via a surface integral at

each interval within the Biot-Savart integral. To evaluate the integral along the length of a

vortex filament, it is evaluated as a summation along the vortex filament with each step equal

to ψ = 1°. To realistically apply the summation, finite limits must be determined to bound

the summation while still capturing the extents of the impinging vortex filament required to

accurately produce downwash. The lower bound is chosen as 0 to include the effects of only

current and future impinging vortex filament segments. To determine the appropriate upper

bound, the Biot-Savart summation is repeatedly calculated with increasing upper bounds.

When the change in calculated induced velocity is less than one percent for all components,

the upper bound is considered acceptable.

• What are the extents of BVI influence over the advancing and retreating rotor blades?

Both advancing and retreating rotor blades encounter BVI due to trailing tip vortices from

previous blade passes. The Biot-Savart Law was applied to understand the influence of

vortex impingement on the advancing rotor blade. The advancing blade first encouters BVI

near the blade tip. As it advances, that impingement location moves inboard along the blade,

serving as a dynamic source of induced velocity on the blade. The vortex produces upwash

on the inboard blade and downwash on outboard blade, with the maximum influence at 1.5%

inboard of the vortex core location. BVI signatures are present in airloads data, however

it does not result in separation on the advancing blade. As the blade retreats, the vortex

impingement location moves outboard along the blade, inducing inboard downwash and

outboard upwash. In high thrust conditions, these induced velocities can trigger stall event.

Eventually, the blade retreats to the point where the there is no direct impingement. One the

vortex location exceeds 110%R, induced velocity effects are negligible.

• Can induced velocities at a point on the rotor, predicted by the Biot-Savart Law applied
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to trailing tip vortex filaments, help predict flow separation on the rotor?. Induced ve-

locities due to the presence of an impinging vortex are the mechanism that causes separated

flow on portions of the rotor. With increasing thrust, the trailing tip vortices become stronger

and associated induced velocities have a more dominant effect on the flowfield. With addi-

tional data points, induced velocity distributions along the blade can be used to determined

where flow is separated.

The following are suggestions for future work for continued advancement in this area:

• In this thesis, an intensive grid refinement study was performed to develop structured grid

generation best-practices for application in pre-stall, stall, and post-stall conditions. Similar

refinement studies should be performed on finite wings/rotor blades to develop unstructured

meshing requirements for separated flows.

• Comparisons are often drawn between results from unstructured solvers using second-order

spatial differencing and structured solvers using sixth-order spatial differencing. Differences

in predictions are attributed to the differing numerical schemes, but those claims are typi-

cally not verified and could be due to other factors. Direct comparisons between second-

order structured and second-order unstructured results are necessary to identify differences

between structured and unstructured formulations, not numerical schemes. This will also

serve to guide future unstructured numerical scheme development.

• Qualitative comparisons are often drawn between CFD and experimental data using nor-

mal force and pitching moment plots. When plotting, experimental data sets are typically

displayed as a single line achieved by averaging airloads over many rotor revolutions. Cycle-

to-cycle variations exist in those data and often that information is not expressed. Similarly,

cycle-to-cycle variations occur in CFD simulations, but a single converged revolution is

typically used for plotting. To further understand the root cause of differences between

experimental and CFD data, which can inform future CFD development, quantification of
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CFD error as well as cycle-to-cycle variations in both CFD and experiment using frequency

analysis is required.

• Solution refinement was only investigated in terms of grid refinement. Time step refinement

was not addressed. Finite pitching wing simulations require approximately 18,000 timesteps

per pitching cycle to accurately capture dynamic stall (Ref. [25]), nearly an order of magni-

tude more timesteps than standard practice rotor simulations which typically set the timestep

equal to 0.25°, or 1440 timesteps per revolution. Using the newly refined grid parameters

developed in this thesis, state-of-the-art timestep requirements for rotors in separated flows

should be reassessed.

• Computational advancements over the past decaade have permitted evaluation of separated

flows on finite wings and three-dimensional single rotors. With those evaluations complete,

the next step to continue advancement in this area is to consider multi-rotor configurations.

• As separated flow in the rotor plane continues to be studied, one-bladed prescribed motion

simulations should become standard practice in addition to four-bladed simulations to clas-

sify separated flow on the rotor plane. Knowledge of separation mechanism will be crucial

as more advanced configurations are investigated.

• The Biot-Savart Law was applied to a single geometry over one experimental thrust sweep

in this thesis to demonstrate the methodology and type of data it can produce. To develop

a more robust relationship between induced velocity predictions and separated flows, the

Biot-Savart Law should be applied to a range of geometries and flight conditions throughout

the rotor plane.

• To apply the Biot-Savart Law across multiple geometries and flight conditions, it needs to

be a more efficient automated process. Currently, the vortex is visually tracked and data is

manually extracted for each integration segment. Automation of integration along the vortex

filament would significantly speed up the process. Additionally, in this study the circulation
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integral at each vortex filament segment was calculated 14 times with increasing radius to

determine the appropriate integration bounds for completeness. Establishing best-practices

for determining those circulation integration bounds could also significantly speed up the

calculation process.

• Induced velocity predictions using the Biot-Savart Law, coupled with a tip vortex model, has

the potential to fill a gap in current rotorcraft prediction capabilities. A reduced order model,

using findings from this study, could help predict separated flow in the design phase without

the use of CFD. This would permit separated flow prediction, along with any associated

aeromechanics problems, early in the design phase for multiple configurations.
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APPENDIX A

FINITE WING DATA

A.1 OA-209 Lift Variation with Chordwise Refinement

Table A.1: 200 spanwise points, varying chordwise refinement, SA RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.02% 0.01% 0.02% 0.02%
15° 0.05% 0.02% 0.04% 0.13%
20° 0.09% 0.04% 0.09% 0.18%
21° 0.59% 0.54% 0.65% 1.02%
22° 0.47% 1.25% 0.55% 0.93%

Table A.2: 400 spanwise points, varying chordwise refinement, SA RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.03% 0.02% 0.03% 0.11%
15° 0.05% 0.03% 0.08% 0.44%
20° 0.18% 0.08% 0.18% 0.65%
21° 0.49% 0.34% 0.35% 0.84%
22° 0.59% 1.54% 0.64% 0.94%

Table A.3: 800 spanwise points, varying chordwise refinement, SA RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.01% 0.01% 0.02% 0.12%
15° 0.02% 0.01% 0.06% 0.46%
20° 0.11% 0.05% 0.16% 0.67%
21° 0.20% 0.05% 0.04% 0.57%
22° 0.27% 0.96% 0.40% 1.02%
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Table A.4: 200 spanwise points, varying chordwise refinement, SA DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.11% 0.05% 0.05% 0.27%
15° 0.21% 0.11% 0.11% 0.92%
20° 0.06% 0.04% 0.19% 1.35%
21° 4.16% 4.37% 2.64% 3.95%
22° 4.21% 9.09% 4.48% 6.78%

Table A.5: 400 spanwise points, varying chordwise refinement, SA DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.09% 0.05% 0.04% 0.63%
15° 0.04% 0.03% 0.07% 1.45%
20° 1.57% 0.48% 0.31% 2.55%
21° 4.00% 4.29% 2.46% 4.12%
22° 3.28% 8.41% 4.25% 6.55%

Table A.6: 800 spanwise points, varying chordwise refinement, SA DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.25% 0.11% 0.09% 0.53%
15° 0.10% 0.06% 0.02% 1.02%
20° 15.22% 4.21% 3.63% 5.70%
21° 1.35% 0.67% 0.50% 1.87%
22° 1.58% 0.94% 0.66% 2.06%

Table A.7: 200 spanwise points, varying chordwise refinement, kω-SST RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.03% 0.01% 0.03% 0.08%
15° 0.07% 0.03% 0.09% 0.27%
20° 1.26% 1.75% 0.90% 1.39%
21° 3.03% 2.61% 0.97% 1.57%
22° 0.26% 1.88% 0.94% 1.42%

Table A.8: 400 spanwise points, varying chordwise refinement, kω-SST RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.05% 0.03% 0.03% 0.17%
15° 0.09% 0.06% 0.11% 0.39%
20° 1.49% 1.03% 0.81% 0.74%
21° 1.63% 1.37% 0.73% 0.42%
22° 0.34% 7.72% 3.71% 5.72%
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Table A.9: 800 spanwise points, varying chordwise refinement, kω-SST RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.03% 0.02% 0.02% 0.17%
15° 0.06% 0.04% 0.09% 0.36%
20° 1.67% 0.72% 0.18% 1.06%
21° 0.13% 1.10% 0.57% 0.04%
22° 0.16% 1.19% 0.57% 0.68%

Table A.10: 200 spanwise points, varying chordwise refinement, kω-SST DDES Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.62% 0.30% 0.25% 0.26%
15° 0.11% 0.06% 0.07% 0.37%
20° 8.75% 5.87% 3.76% 5.32%
21° 2.01% 3.84% 1.76% 2.41%
22° 1.27% 1.42% 0.57% 0.83%

Table A.11: 400 spanwise points, varying chordwise refinement, kω-SST DDES Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.41% 0.19% 0.14% 0.29%
15° 0.20% 0.10% 0.13% 0.44%
20° 2.08% 3.66% 1.35% 2.19%
21° 3.37% 10.17% 4.15% 6.50%
22° 0.89% 1.54% 0.68% 0.47%

Table A.12: 800 spanwise points, varying chordwise refinement, kω-SST DDES Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.13% 0.06% 0.04% 0.21%
15° 0.11% 0.07% 0.12% 0.32%
20° 1.39% 2.15% 1.02% 0.94%
21° 1.20% 4.11% 1.52% 1.53%
22° 1.34% 3.28% 1.59% 1.21%
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A.2 OA-209 Moment Variation with Chordwise Refinement

Table A.13: 200 spanwise points, varying chordwise refinement, SA-RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.11% 0.05% 0.07% 0.01%
15° 0.13% 0.06% 0.21% 0.13%
20° 0.14% 0.09% 0.36% 0.06%
21° 0.40% 11.80% 0.09% 0.78%
22° 1.09% 10.01% 1.13% 0.57%

Table A.14: 400 spanwise points, varying chordwise refinement, SA-RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.11% 0.05% 0.21% 0.14%
15° 0.13% 0.07% 0.60% 0.60%
20° 0.12% 0.09% 1.19% 0.62%
21° 2.33% 5.55% 0.73% 0.66%
22° 2.80% 6.79% 1.00% 0.86%

Table A.15: 800 spanwise points, varying chordwise refinement, SA-RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.07% 0.06% 0.07% 0.16%
15° 0.07% 0.08% 0.45% 0.60%
20° 0.13% 0.08% 1.09% 0.61%
21° 1.37% 1.50% 0.66% 0.37%
22° 0.47% 5.81% 0.81% 0.67%
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Table A.16: 200 spanwise points, varying chordwise refinement, SA-DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.04% 1.38% 0.13% 0.60%
15° 0.06% 1.62% 0.47% 1.79%
20° 0.10% 0.09% 1.46% 2.49%
21° 11.21% 7.93% 3.90% 4.94%
22° 13.64% 12.98% 2.38% 7.86%

Table A.17: 400 spanwise points, varying chordwise refinement, SA-DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.04% 0.06% 0.21% 1.29%
15° 0.13% 0.10% 0.91% 2.92%
20° 0.59% 0.60% 1.91% 4.47%
21° 6.85% 5.02% 3.36% 5.27%
22° 13.04% 6.99% 2.71% 7.85%

Table A.18: 800 spanwise points, varying chordwise refinement, SA-DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.06% 0.20% 0.20% 0.99%
15° 0.45% 0.39% 0.45% 1.93%
20° 46.04% 15.67% 4.84% 6.51%
21° 3.88% 25.88% 3.35% 1.73%
22° 0.61% 18.39% 6.53% 1.35%

Table A.19: 200 spanwise points, varying chordwise refinement, kω-SST RANS Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.10% 1.54% 0.14% 0.10%
15° 0.02% 1.80% 0.46% 0.41%
20° 2.97% 10.60% 1.28% 1.38%
21° 3.31% 4.38% 2.31% 1.54%
22° 0.25% 9.91% 0.52% 1.73%

Table A.20: 400 spanwise points, varying chordwise refinement, kω-SST RANS Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.18% 0.07% 0.25% 0.24%
15° 0.31% 0.13% 0.82% 0.52%
20° 1.82% 6.44% 1.69% 0.70%
21° 2.15% 1.64% 0.87% 0.38%
22° 1.73% 8.79% 2.50% 6.50%
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Table A.21: 800 spanwise points, varying chordwise refinement, kω-SST RANS Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.06% 0.05% 0.10% 0.23%
15° 0.11% 0.08% 0.58% 0.41%
20° 2.76% 5.76% 1.34% 1.11%
21° 0.69% 12.01% 3.18% 0.36%
22° 0.32% 2.23% 0.67% 0.74%

Table A.22: 200 spanwise points, varying chordwise refinement
kω-SST DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.22% 0.12% 0.35% 0.26%
15° 0.02% 0.09% 0.35% 0.56%
20° 14.02% 9.36% 4.45% 5.72%
21° 11.41% 11.34% 5.37% 4.26%
22° 4.27% 5.88% 2.74% 1.38%

Table A.23: 400 spanwise points, varying chordwise refinement
kω-SST DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.27% 0.10% 0.25% 0.40%
15° 0.15% 0.09% 0.73% 0.64%
20° 17.81% 14.87% 4.34% 3.96%
21° 14.77% 5.30% 2.81% 7.66%
22° 2.11% 10.85% 4.47% 0.85%

Table A.24: 800 spanwise points, varying chordwise refinement
kω-SST DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.12% 0.06% 0.07% 0.27%
15° 0.21% 0.10% 0.51% 0.39%
20° 3.13% 10.44% 2.18% 0.77%
21° 3.62% 7.67% 1.43% 1.45%
22° 2.69% 7.42% 5.18% 2.24%
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A.3 OA-209 Lift Variation with Spanwise Refinement

Table A.25: 250 chordwise points, varying spanwise refinement, SA-RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.02% 0.07% 0.45% 0.41%
15° 0.04% 0.10% 0.68% 0.87%
20° 0.08% 0.12% 0.89% 1.29%
21° 0.13% 0.08% 0.75% 0.94%
22° 0.49% 1.41% 1.38% 2.01%

Table A.26: 500 chordwise points, varying spanwise refinement, SA-RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.03% 0.07% 0.45% 0.46%
15° 0.04% 0.10% 0.67% 1.12%
20° 0.17% 0.14% 0.90% 1.68%
21° 0.30% 0.33% 1.08% 1.31%
22° 0.33% 1.35% 1.28% 2.02%

Table A.27: 1000 chordwise points, varying spanwise refinement, SA-RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.02% 0.06% 0.43% 0.49%
15° 0.02% 0.09% 0.65% 1.16%
20° 0.08% 0.08% 0.84% 1.71%
21° 0.48% 0.58% 1.03% 0.77%
22° 0.15% 0.53% 0.59% 1.14%
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Table A.28: 250 chordwise points, varying spanwise refinement, SA-DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.15% 0.02% 0.40% 0.38%
15° 0.20% 0.17% 0.68% 0.97%
20° 1.17% 0.51% 0.89% 1.63%
21° 2.00% 1.96% 1.12% 2.08%
22° 1.81% 4.28% 1.71% 3.14%

Table A.29: 500 chordwise points, varying spanwise refinement, SA-DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.43% 0.16% 0.36% 0.67%
15° 0.41% 0.26% 0.70% 1.60%
20° 17.37% 4.49% 3.40% 5.67%
21° 1.61% 2.57% 1.94% 2.81%
22° 1.58% 3.13% 1.47% 3.77%

Table A.30: 1000 chordwise points, varying spanwise refinement, SA-DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.37% 0.15% 0.39% 0.79%
15° 0.15% 0.12% 0.63% 1.69%
20° 17.78% 4.60% 3.49% 4.90%
21° 1.25% 1.93% 1.26% 1.54%
22° 1.26% 4.70% 3.07% 3.57%

Table A.31: 250 chordwise points, varying spanwise refinement
kω-SST RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.04% 0.09% 0.55% 0.74%
15° 0.03% 0.12% 0.83% 1.38%
20° 0.32% 0.57% 1.32% 1.73%
21° 1.43% 3.93% 1.83% 2.48%
22° 0.09% 4.76% 3.36% 5.27%

Table A.32: 500 chordwise points, varying spanwise refinement
kω-SST RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.09% 0.12% 0.56% 0.84%
15° 0.09% 0.15% 0.83% 1.52%
20° 0.58% 1.90% 0.81% 0.06%
21° 2.26% 2.23% 1.58% 1.68%
22° 0.10% 0.87% 1.27% 2.06%
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Table A.33: 1000 chordwise points, varying spanwise refinement
kω-SST RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.02% 0.08% 0.52% 0.82%
15° 0.02% 0.10% 0.78% 1.48%
20° 0.57% 0.85% 1.00% 2.11%
21° 2.33% 3.63% 1.65% 1.72%
22° 0.12% 2.87% 0.84% 0.75%

Table A.34: 250 chordwise points, varying spanwise refinement
kω-SST DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.03% 0.07% 0.51% 0.68%
15° 0.21% 0.14% 0.72% 1.30%
20° 7.79% 3.96% 3.27% 5.32%
21° 1.86% 8.11% 2.28% 4.07%
22° 0.67% 2.85% 2.12% 3.24%

Table A.35: 500 chordwise points, varying spanwise refinement
kω-SST DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.81% 0.47% 0.71% 1.06%
15° 0.19% 0.18% 0.75% 1.46%
20° 1.02% 1.97% 1.36% 2.51%
21° 2.61% 6.72% 3.49% 5.78%
22° 1.79% 1.54% 1.71% 2.79%

Table A.36: 1000 chordwise points, varying spanwise refinement
kω-SST DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.19% 0.08% 0.47% 0.74%
15° 0.17% 0.02% 0.67% 1.32%
20° 2.50% 5.04% 2.46% 2.64%
21° 2.51% 7.85% 4.24% 6.37%
22° 1.61% 3.37% 2.17% 3.38%
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A.4 OA-209 Moment Variation with Spanwise Refinement

Table A.37: 250 chordwise points, varying spanwise refinement, SA-RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.01% 0.02% 0.92% 0.44%
15° 0.01% 0.04% 2.03% 0.98%
20° 0.05% 0.10% 3.27% 1.34%
21° 0.11% 2.07% 2.88% 0.92%
22° 1.86% 9.91% 3.30% 1.92%

Table A.38: 500 chordwise points, varying spanwise refinement SA-RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.00% 0.01% 0.98% 0.56%
15° 0.00% 0.03% 2.30% 1.36%
20° 0.10% 0.09% 3.95% 1.78%
21° 1.05% 4.22% 3.37% 1.30%
22° 1.32% 5.82% 3.36% 1.87%

Table A.39: 1000 chordwise points, varying spanwise refinement, SA-RANS Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.12% 0.04% 1.00% 0.60%
15° 0.14% 0.06% 2.31% 1.43%
20° 0.24% 0.14% 4.01% 1.84%
21° 2.21% 12.07% 3.60% 0.79%
22° 0.85% 3.20% 2.74% 1.04%
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Table A.40: 250 chordwise points, varying spanwise refinement, SA-DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.14% 1.39% 0.91% 0.45%
15° 0.29% 1.71% 1.79% 1.16%
20° 3.62% 1.34% 2.47% 1.82%
21° 2.27% 9.47% 2.67% 2.17%
22° 1.30% 19.25% 2.90% 3.13%

Table A.41: 500 chordwise points, varying spanwise refinement, SA-DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.05% 0.13% 0.97% 1.16%
15° 0.70% 0.54% 1.94% 2.34%
20° 47.65% 14.06% 5.32% 6.22%
21° 12.98% 25.95% 5.54% 3.30%
22° 6.66% 37.55% 10.48% 2.95%

Table A.42: 1000 chordwise points, varying spanwise refinement, SA-DDES Turbulence Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.09% 0.13% 0.97% 1.27%
15° 0.93% 0.41% 2.13% 2.68%
20° 55.79% 12.25% 6.65% 5.18%
21° 19.23% 27.49% 7.25% 2.85%
22° 19.12% 24.02% 11.31% 5.92%

Table A.43: 250 chordwise points, varying spanwise refinement, kω-SST RANS Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.01% 1.53% 1.16% 1.19%
15° 0.00% 1.73% 2.71% 2.17%
20° 0.42% 2.44% 2.93% 1.93%
21° 3.07% 24.75% 3.95% 2.00%
22° 0.88% 14.15% 4.10% 5.83%

Table A.44: 500 chordwise points, varying spanwise refinement, kω-SST RANS Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.02% 0.06% 1.17% 1.30%
15° 0.11% 0.06% 2.86% 2.23%
20° 1.73% 12.17% 3.14% 0.50%
21° 4.90% 9.01% 1.72% 1.71%
22° 0.53% 1.30% 3.35% 2.13%
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Table A.45: 1000 chordwise points, varying spanwise refinement, kω-SST RANS Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.14% 0.05% 1.35% 1.35%
15° 0.23% 0.18% 3.16% 2.28%
20° 1.36% 4.20% 3.30% 2.49%
21° 5.02% 11.62% 0.81% 1.65%
22° 0.98% 3.95% 1.92% 0.96%

Table A.46: 250 chordwise points, varying spanwise refinement, kω-SST DDES Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.03% 0.02% 0.91% 1.07%
15° 0.06% 0.07% 2.01% 1.99%
20° 4.56% 25.13% 2.48% 4.89%
21° 2.27% 3.20% 2.58% 3.73%
22° 0.71% 6.31% 3.06% 4.07%

Table A.47: 500 chordwise points, varying spanwise refinement, kω-SST DDES Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.39% 0.18% 0.54% 1.44%
15° 0.26% 0.15% 2.03% 2.02%
20° 10.81% 22.17% 5.22% 2.49%
21° 10.28% 16.42% 6.42% 5.10%
22° 5.22% 6.74% 5.37% 2.77%

Table A.48: 1000 chordwise points, varying spanwise refinement, kω-SST DDES Turbulence
Model

Angle of Attack r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
10° 0.13% 0.06% 1.11% 1.17%
15° 0.26% 0.13% 2.51% 1.96%
20° 19.19% 17.87% 7.11% 4.32%
21° 18.70% 12.84% 7.39% 7.09%
22° 3.98% 10.56% 2.71% 4.61%
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A.5 OA-209 Average and Maximum SDP Values

Table A.49: Maximum SDP of pre-stall sectional lift predictions with varying chordwise
refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.05% 0.03% 0.08% 0.46%
SA DDES 0.25% 0.11% 0.11% 1.45%
kω-SST RANS 0.09% 0.06% 0.11% 0.39%
kω-SST DDES 0.62% 0.30% 0.25% 0.44%

Table A.50: Average SDP of pre-stall sectional lift predictions with varying chordwise refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.03% 0.01% 0.04% 0.21%
SA DDES 0.13% 0.07% 0.06% 0.80%
kω-SST RANS 0.05% 0.03% 0.06% 0.24%
kω-SST DDES 0.26% 0.13% 0.12% 0.31%

Table A.51: Maximum SDP of pre-stall sectional moment predictions with varying chordwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.13% 0.08% 0.60% 0.60%
SA DDES 0.45% 1.62% 0.91% 2.92%
kω-SST RANS 0.31% 1.80% 0.82% 0.52%
kω-SST DDES 0.27% 0.12% 0.73% 0.64%
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Table A.52: Average SDP of pre-stall sectional moment predictions with varying chordwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.10% 0.06% 0.27% 0.28%
SA DDES 0.13% 0.62% 0.40% 1.59%
kω-SST RANS 0.13% 0.61% 0.39% 0.32%
kω-SST DDES 0.17% 0.09% 0.38% 0.42%

Table A.53: Maximum SDP of pre-stall sectional lift predictions with varying spanwise
refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.04% 0.10% 0.68% 1.16%
SA DDES 0.43% 0.26% 0.70% 1.69%
kω-SST RANS 0.09% 0.10% 0.78% 1.48%
kω-SST DDES 0.81% 0.47% 0.75% 1.46%

Table A.54: Average SDP of pre-stall sectional lift predictions with varying spanwise refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.03% 0.08% 0.56% 0.75%
SA DDES 0.28% 0.14% 0.37% 0.99%
kω-SST RANS 0.05% 0.05% 0.26% 0.54%
kω-SST DDES 0.27% 0.16% 0.64% 1.09%

Table A.55: Maximum SDP of pre-stall sectional moment predictions with varying spanwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.14% 0.06% 2.31% 1.43%
SA DDES 0.93% 1.62% 2.08% 2.68%
kω-SST RANS 0.31% 1.80% 3.16% 2.28%
kω-SST DDES 0.39% 0.18% 2.51% 2.02%
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Table A.56: Average SDP of pre-stall sectional moment predictions with varying spanwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.05% 0.03% 1.59% 0.90%
SA DDES 0.31% 0.70% 1.09% 1.64%
kω-SST RANS 0.16% 0.63% 1.03% 0.82%
kω-SST DDES 0.19% 0.10% 1.52% 1.61%

Table A.57: Maximum SDP of stall sectional lift predictions with varying chordwise refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.18% 0.08% 0.18% 0.67%
SA DDES 15.22% 4.21% 3.63% 5.70%
kω-SST RANS 1.67% 1.75% 0.90% 1.39%
kω-SST DDES 8.75% 5.87% 3.76% 5.32%

Table A.58: Average SDP of stall sectional lift predictions with varying chordwise refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.13% 0.06% 0.14% 0.50%
SA DDES 5.62% 1.58% 1.38% 3.20%
kω-SST RANS 1.47% 1.17% 0.63% 1.06%
kω-SST DDES 3.65% 3.48% 3.21% 7.59%

Table A.59: Maximum SDP of stall sectional moment predictions with varying chordwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.14% 0.09% 1.19% 0.62%
SA DDES 46.04% 15.67% 4.84% 6.51%
kω-SST RANS 2.97% 10.60% 1.69% 1.38%
kω-SST DDES 17.81% 14.87% 4.45% 5.72%
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Table A.60: Average SDP of stall sectional moment predictions with varying chordwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.13% 0.09% 0.88% 0.43%
SA DDES 15.57% 5.45% 2.74% 4.49%
kω-SST RANS 2.52% 7.60% 1.44% 1.06%
kω-SST DDES 11.65% 11.56% 3.65% 3.48%

Table A.61: Maximum SDP of stall sectional lift predictions with varying spanwise refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.17% 0.14% 0.90% 1.71%
SA DDES 17.78% 4.60% 3.49% 5.67%
kω-SST RANS 1.49% 1.75% 1.00% 2.11%
kω-SST DDES 7.79% 5.04% 3.27% 5.32%

Table A.62: Average SDP of stall sectional lift predictions with varying spanwise refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.11% 0.11% 0.87% 1.56%
SA DDES 11.74% 3.04% 2.36% 3.97%
kω-SST RANS 1.11% 1.21% 0.90% 1.41%
kω-SST DDES 3.77% 3.66% 2.37% 3.49%

Table A.63: Maximum SDP of stall sectional moment predictions with varying spanwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.24% 0.14% 4.01% 1.84%
SA DDES 55.79% 14.06% 6.50% 6.22%
kω-SST RANS 2.97% 10.60% 3.30% 2.49%
kω-SST DDES 19.19% 25.13% 7.11% 4.89%
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Table A.64: Average SDP of stall sectional moment predictions with varying spanwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.13% 0.11% 3.74% 1.65%
SA DDES 34.51% 8.80% 4.43% 4.63%
kω-SST RANS 2.05% 7.08% 2.09% 1.52%
kω-SST DDES 11.52% 21.72% 4.94% 3.90%

Table A.65: Average SDP of post-stall sectional lift predictions with varying chordwise
refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.59% 1.54% 0.65% 1.02%
SA DDES 4.21% 9.09% 4.48% 6.78%
kω-SST RANS 3.03% 7.72% 3.71% 5.72%
kω-SST DDES 3.37% 10.17% 4.15% 6.50%

Table A.66: Average SDP of post-stall sectional lift predictions with varying chordwise
refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.43% 0.78% 0.44% 0.89%
SA DDES 3.10% 4.63% 2.50% 4.22%
kω-SST RANS 0.92% 2.64% 1.25% 1.64%
kω-SST DDES 1.68% 4.06% 1.71% 2.16%

Table A.67: Maximum SDP of post-stall sectional moment predictions with varying chordwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 2.80% 11.80% 1.13% 0.86%
SA DDES 13.64% 25.88% 6.53% 7.86%
kω-SST RANS 3.31% 12.01% 3.18% 6.50%
kω-SST DDES 14.77% 11.34% 5.37% 7.66%
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Table A.68: Average SDP of post-stall sectional moment predictions with varying chordwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 1.41% 6.91% 0.74% 0.65%
SA DDES 8.21% 12.86% 3.70% 4.84%
kω-SST RANS 1.41% 6.49% 1.68% 1.87%
kω-SST DDES 6.48% 8.08% 3.67% 2.97%

Table A.69: Maximum SDP of post-stall sectional lift predictions with varying spanwise
refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.49% 1.41% 1.38% 2.02%
SA DDES 2.00% 4.70% 3.07% 3.77%
kω-SST RANS 2.33% 4.76% 3.36% 5.27%
kω-SST DDES 2.61% 8.11% 4.24% 6.37%

Table A.70: Average SDP of post-stall sectional lift predictions with varying spanwise refinement

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 0.31% 0.71% 1.02% 1.36%
SA DDES 1.58% 3.09% 1.76% 2.82%
kω-SST RANS 1.06% 3.05% 1.75% 2.33%
kω-SST DDES 1.84% 5.07% 2.67% 4.27%

Table A.71: Maximum SDP of post-stall sectional moment predictions with varying spanwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 2.21% 12.07% 3.60% 1.92%
SA DDES 19.23% 37.55% 24.22% 5.92%
kω-SST RANS 5.02% 24.75% 4.10% 5.83%
kω-SST DDES 18.70% 16.42% 7.39% 7.09%
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Table A.72: Average SDP of post-stall sectional moment predictions with varying spanwise
refinement.

Turbulence Model r/R=0.5 r/R=0.8 r/R=0.95 r/R=0.99
SA RANS 1.23% 6.22% 3.21% 1.31%
SA DDES 10.26% 23.32% 9.48% 3.39%
kω-SST RANS 2.56% 10.80% 2.64% 2.38%
kω-SST DDES 6.86% 9.34% 4.59% 4.56%
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APPENDIX B

ROTOR AIRLOADS DATA

B.1 UH60 Coarse Grid Turbulence Comparison
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.1: UH-60A normal force at various radial stations for various turbulence models
Test point 4533 (CT/σ = 0.040)

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.2: UH-60A chord force at various radial stations for various turbulence models
Test point 4533 (CT/σ = 0.040

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.3: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4533 (CT/σ = 0.040

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.4: UH-60A normal force at various radial stations for various turbulence models
Test point 4534 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.5: UH-60A chord force at various radial stations for various turbulence models
Test point 4534 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.6: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4534 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.7: UH-60A normal force at various radial stations for various turbulence models
Test point 4535 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.8: UH-60A chord force at various radial stations for various turbulence models
Test point 4535 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.9: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4535 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.10: UH-60A normal force at various radial stations for various turbulence models
Test point 4536 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.11: UH-60A chord force at various radial stations for various turbulence models
Test point 4536 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.12: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4536 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.13: UH-60A normal force at various radial stations for various turbulence models
Test point 4537 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.14: UH-60A chord force at various radial stations for various turbulence models
Test point 4537 (CT/σ =

Coarse Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.15: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4537 (CT/σ =

Coarse Grid
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B.2 UH60 Fine Grid Turbulence Comparison
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.16: UH-60A normal force at various radial stations for various turbulence models
Test point 4533 (CT/σ = 0.040)

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.17: UH-60A chord force at various radial stations for various turbulence models
Test point 4533 (CT/σ = 0.040

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.18: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4533 (CT/σ = 0.040

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.19: UH-60A normal force at various radial stations for various turbulence models
Test point 4534 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.20: UH-60A chord force at various radial stations for various turbulence models
Test point 4534 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.21: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4534 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.22: UH-60A normal force at various radial stations for various turbulence models
Test point 4535 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.23: UH-60A chord force at various radial stations for various turbulence models
Test point 4535 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.24: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4535 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.25: UH-60A normal force at various radial stations for various turbulence models
Test point 4536 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.26: UH-60A chord force at various radial stations for various turbulence models
Test point 4536 (CT/σ =

Fine Grid

216



(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.27: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4536 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.28: UH-60A normal force at various radial stations for various turbulence models
Test point 4537 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.29: UH-60A chord force at various radial stations for various turbulence models
Test point 4537 (CT/σ =

Fine Grid
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.30: UH-60A pitching moment at various radial stations for various turbulence models
Test point 4537 (CT/σ =

Fine Grid
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B.3 UH-60A Airloads One-Bladed vs. Four-Bladed
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.31: Comparison between one-bladed and four-bladed normal forces at various radial
stations

Test point 4530 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.32: Comparison between one-bladed and four-bladed pitching moments at various radial
stations

Test point 4530 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.33: Comparison between one-bladed and four-bladed normal forces at various radial
stations

Test point 4533 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.34: Comparison between one-bladed and four-bladed pitching moments at various radial
stations

Test point 4533 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.35: Comparison between one-bladed and four-bladed normal forces at various radial
stations

Test point 4534 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.36: Comparison between one-bladed and four-bladed pitching moments at various radial
stations

Test point 4534 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.37: Comparison between one-bladed and four-bladed normal forces at various radial
stations

Test point 4535 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.38: Comparison between one-bladed and four-bladed pitching moments at various radial
stations

Test point 4535 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.39: Comparison between one-bladed and four-bladed normal forces at various radial
stations

Test point 4536 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.40: Comparison between one-bladed and four-bladed pitching moments at various radial
stations

Test point 4536 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.41: Comparison between one-bladed and four-bladed normal forces at various radial
stations

Test point 4537 (CT/σ = 0.040)
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(a) r/R=0.400 (b) r/R=0.675

(c) r/R=0.775 (d) r/R=0.865

(e) r/R=0.920 (f) r/R=0.965

(g) r/R=0.990

Figure B.42: Comparison between one-bladed and four-bladed pitching moments at various radial
stations

Test point 4537 (CT/σ = 0.040)
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