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Introdution

In a ontext of oil risis, the U.S. Senate in 1975 direted NASA to look at every

potential fuel-saving onept that aviation tehnology ould produe. Within all

identi�ed onepts, ontra-rotating open rotors (CROR) promised the highest po-

tential fuel saving for high-speed subsoni airraft [Hager 1988℄. Even if the open

rotor was the most hallenging onept, the signi�ant potential payo� that ould

be obtained fored the other partners to adhere to the projet until the end of the

1980s. By that time, mainly beause of the derease in oil pries and the omplexity

of suh systems, the interest on this engine tehnology diminished.

Today, the world of ommerial airraft is faing a similar ontext. To the rise of

oil pries, more prevalent environmental and noise onerns have been added in the

last years. Thus, airraft and engine manufaturers, as well as researh laboratories

and aademia, are doing an important e�ort to push forward again the ontra-

rotating open rotor onept, still promising a muh better propulsive e�ieny than

future turbofans. However, open rotor hallenges regarding installation on airraft,

noise and erti�ation remain.

The researh on ontra-rotating open rotors started at Airbus Operations around

ten years ago. During the last years, in ollaboration with a number of researh

enters, the ompany has launhed a number of projets aiming at developing the

numerial analysis apabilities adapted to eah design phase of the engine and its in-

tegration on the airraft. In order to identify the best numerial methodology among

all the di�erent possibilities, it has been neessary to identify the main requirements

at eah of the design phases and at eah appliation ase. This requirement identi�-

ation has been done progressively, leading to the development of a number of tools

whih, in the end, where not ompletely adapted for the problem to be addressed.

In partiular, the analysis tools for preliminary design phases have been learly

identi�ed during these years. First, they should be able to provide an insight into

the global design spae in a relatively short elapse of time, and with low CPU and

memory osts. Seond, this type of tools should be adaptable to easily address

an important number of topis that should be studied from the beginning of the

design. Third, in the ase of propellers and open rotors, tools should also be able

to predit with enough auray the main ritial propeller parameters in order to

point out the optimal engine designs, that an be used in the next design steps.

The ritial parameters in propeller design are the performane (thrust and power)

and the so-alled in-plane loads. These in-plane loads appear as a onsequene of a

blade load disymmetry due to the e�ets of the engine installation on the airraft.

The importane of these loads on the global airraft design imposes that preliminary

design tools should orretly aount for these e�ets of installation. In addition,

the mean propeller moments and load distribution on the blade are preious data

for the strutural design of the blade and the pith hange mehanism. Moreover,

the unsteadiness in these loads and moments are also important to predit fatigue
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issues and to estimate vibrations. Finally, the auray of the preditions must be

su�ient to establish the main tendenies or sensitivity of these ritial parameters

on a given modi�ation on an engine design.

This Ph.D. thesis starts with an extended Literature Review hapter. First, a

review of the researh on propellers and open rotors and an explanation of their

main assets and hallenges of these engine tehnologies are presented. Seond, the

aerodynami mehanisms at the origin of in-plane loads are identi�ed, and its impat

on airraft design is evoked. Third, an historial review of the simulation method-

ologies is presented. Last, a speial attention is paid to the lifting-line theory, from

its onset to the last developments in the 90's.

After, in the Methods and Tools hapter, the main available methodologies are riti-

ally analyzed to help the reader better understand the urrent ontext of numerial

methodologies for the simulation of open rotors. Here, in this introdution, only a

rapid overview of the most representative ones is provided.

Among the di�erent methodologies developed spei�ally for the aerodynami

simulation of open rotors, the �rst and more simple ones were the steady singularity

methods. These lassial approahes, like the lifting-line or the the lifting-surfae

methods, solve only the invisid problem and, in general, they simplify the geometry

of the blade. However, they have proven to predit open rotor performanes with

a relatively fair auray and at very low omputational osts, of the order of the

seonds. Moreover, as the solution of the problem is obtained by superposing a

series of singularities distributed in the spae, these methods provide a preious

tool to obtain a better insight into the mehanisms behind a ertain aerodynami

phenomenon.

Unfortunately, the steady or quasi-steady approahes in the majority of these odes

prevent them from prediting the open rotor in-plane loads with enough auray.

During the last deades, due to the inrease in the omputational apabilities,

numerous CFD odes solving the Reynolds-Averaged Navier-Stokes (RANS) equa-

tions have been developed. Their suess to reprodue the main key aerodynami

phenomena of interest for the ompanies have lead to its hegemony in the world of

numerial simulations for aeronautis.

A number of methods exists to apply these RANS solvers to the ase of ontra-

rotating open-rotors. The �rst and more simple methodology is alled the mixing-

plane. It solves the steady RANS equations in a one-blade-per-row domain and the

information between the rows is averaged azimuthally so as to be able to reah a

onverged steady state.

This steady approah has the advantage to aount for visosity and ompressibil-

ity e�ets and it is a powerful tool for the predition of open rotor performane.

However, due to its steady approah, the mixing-plane annot take into aount the

e�ets of installation of the engine on the airraft, and therefore it annot predit

the in-plane loads.

The more omplex RANS methodology onsists of onsidering the full omputa-

tional domain and of solving the unsteady RANS equations. This approah enables

to take rigorously into aount the open rotor performane, the unsteady blade load-
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ing and hene the in-plane loads. Unfortunately, urrent omputational apabilities

are not adapted to use this approah in preliminary design phases.

In the last years, a number of frequeny-based CFD methods have been applied

to the simulation of ontra-rotating open rotors. Originally developed for turboma-

hinery, these methods take the advantage of seeking for a periodially-dominated

solution, whih is the ase for the major part of onsidered open rotor ases. The

periodiity hypothesis avoids the omputation of long transitive solutions, hene

reduing the global omputational osts. Though theoretially very interesting ap-

proahes, these methods are still not mature and �rst results on open rotors have

shown signi�ant onvergene problems to be addressed.

Within the Airbus group, other business units have developed their simulation

tools for the aerodynami design of their produts. In partiular, Airbus Heliopters

Frane

1

, has developed a omprehensive ode for the aeromehanial simulation of

rotorraft. The struture of the ode is highly modular, enabling the integration

of very di�erent models into a single omputation. In partiular, the aerodynami

model ouples a module based on the blade-element method, and an unsteady wake

model based on the lifting-line theory. This allow for unsteady time-marhed simu-

lations. Besides, the e�ets of installation an be taken into aount in HOST, and

therefore in-plane loads may be orretly predited.

After a detailed study of the di�erent simulation tools for open rotors, presented

in this introdution as a rapid overview, it has been highlighted that none of the

available tools ful�ll the main requirements for preliminary design phases. On the

ontrary, an external omprehensive ode, HOST, has been identi�ed as a possible

andidate to �ll this gap in the available methodologies.

Therefore, the main motivation of the present Ph.D. thesis is the need to develop

and assess reliable moderate-ost methodologies for the aerodynami simulation of

open rotors that are adapted to the needs of Airbus' designers.

To do so, a �rst assessment of the HOST ode on the APIAN propeller ase, an

advaned single-propeller geometry, has been performed in Chapter 1. The propeller

performane, the in-plane loads, and the blade load distribution have been analyzed

and ompared to experimental data and CFD unsteady RANS omputations when

possible. A partiular attention has been paid to the e�ets of the rotating-speed

and the propeller inidene. Moreover, based on a series of parametri studies, a

number of best praties in propeller simulations ould be established.

In a seond step, an original method to analyze the impat of a number of

aerodynami mehanisms on the in-plane loads has been proposed in Chapter 2.

This method uses the linearity hypothesis on whih all singularity methods are

based to deompose the di�erent ontributions to the unsteady aerodynami loads

of the blade. With this, the major ontributors to the propeller in-plane loads ould

be identi�ed, together with the main limits of the present modeling of the problem.

Based on these two main results, the ontribution of eah term and the limits of

the models, the next two hapters have been devoted to the improvement of one of

1

Euroopter Frane until 2013.
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these models, ontributing to the in-plane loads: the unsteady airfoil model. First, in

Chapter 3 the numerial implementation of Guermond and Sellier's unsteady urved

lifting-line theory [Guermond 1991℄ proposed by Muller [Muller 2007℄ has been rit-

ially analyzed. A speial attention has been paid to the integration of the singular

integrals by Finite Parts in the alulation of indued veloities [Hadamard 1932℄.

The main shortomings of this numerial approah have been put forward.

From the limits of the model studied in the previous hapter, a new numerial

implementation of Guermond and Sellier's theory has been developed and imple-

mented in the HOST ode. Hene, Chapter 4 has been devoted to the development,

the theoretial analysis, and the implementation of an unsteady airfoil model that

enables, on one side, to orret the quasi-steady airfoil data to inlude the loads due

to air�ow unsteadiness and, on the other side, to aount for the loal blade sweep

and urvature. Again, the main assets and shortomings of the implemented model

have been put forward.

Chapter 5 fouses on the assessment of this new unsteady airfoil model in HOST

when applied to the APIAN ase, a single-rotating propeller. The same omputation

onditions and omparisons performed in Chapter 1 are here used to assess the new

implemented model.

The assessment of the HOST ode done in Chapters 1 and 5 for the ase of a

single-rotating propeller has been extended in Chapter 6 to the AI-PX7 ase, an

Airbus' generi ontra-rotating open rotor geometry. The models to aount for the

e�ets of installation and the unsteadiness in the airfoil in�ow have been assessed

by omparing HOST simulation results to more omplex and aurate CFD uRANS

simulations. The open rotor performane, the in-plane loads, and the blade unsteady

loadings have been again analyzed and ompared.

Finally, the method to analyze 1P loads developed in Chapter 2 has been adapted

and applied to the ase of a ontra-rotating open rotor. This method has been

developed to provide a better insight into the aerodynami mehanisms ontrolling

propeller and open rotor in-plane loads.

Therefore, this �rst part of the Thesis aims at validating a omprehensive tool

for the aerodynami design of propellers and open rotors. Moreover, this tool opens

the door to takle multiple propeller and open rotor simulations of industrial inter-

est: whirl �utter simulations, blade pith default studies, aeroelasti simulations,

aeroaousti preliminary studies, et.

Based on the limits in the hypothesis of the lifting-line methodology, an ex-

ploratory study has been performed to assess a possible future methodology in

order to better apture the blade-vortex interation phenomenon, and the three-

dimensional ompressibility and visous e�ets lose to the blade wall. Hene, Chap-

ter 7 exposes the partial implementation and a preliminary assessment of an innova-

tive Eulerian/Lagrangian oupling between HOST and a CFD uRANS simulation

using the elsA ode.

The thesis �nishes with a onlusion and a number of future works that might be

interesting to explore as a way to ontinue with the development of these moderate-

ost methodologies.
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Propeller and Open Rotor Assets & Challenges

Researh on Propellers and Open Rotors

On Deember the 17th 1903 the �rst manned, sustained and self-ontrolled �ight

beame reality when the Wright brothers' airraft took o� at Kitty Hawk for a 12

seonds �ight. Although being rudimentary, Wright's airraft was propelled by a

wooden propeller with a surprising peak e�ieny around 70%. Wilbur Wright was

the �rst person to reognize that a propeller is nothing more than a rotating twisted

wing, that onverts shaft power into propulsive thrust [Anderson 2001℄. Sine that

moment and for the next 45 years, propellers remained the sole available propulsion

system for airraft.

During the �rst deades of the 20th entury, the aviation developed at an aston-

ishing rate mainly in Europe and the US. As a natural onsequene, the researh on

wing aerodynamis and propulsive systems �ourished during those years.

Propeller Researh at NASA. From its ineption aviation has been driven by

the onsistent desire to �y faster, farther, and higher. This natural evolution brought

early to light the loss in e�ieny of propellers when inreasing the speed of �ight

[Sullivan 1977℄. As a onsequene of higher advaning and rotational veloities, the

relative veloity near blade tips ame lose to Mah 1. This inreased signi�antly

the propeller wave drag and led to an important e�ieny losses. As a way to

overome these limits, di�erent blade geometries were tested between 1927 and the

mid-1950's at NACA (the NASA predeessor). Variable pith-angle systems in the

1930's, highly loaded and swept blade tips in the 1940's, and thin airfoils in the 1950's

were the three main tested innovations. First, the blade pith-angle is modi�ed in

order to adapt to eah �ight ondition, determined by a �ight speed and a required

thrust. Seond, swept blade tips modify the aerodynami behavior of the blade and

redue the intensity of shok waves. Finally, thin airfoils are better adapted for high

subsoni onditions.

The propeller tehnology advaned steadily until the 1950's. By that time, im-

portant progresses on turbojet tehnology were ahieved, presenting tremendous

speed advantages with respet to propellers. Moreover, propellers at that time were

unable to overome ompressibility losses at high subsoni onditions with adequate

strutural reliability. Thus, by end of the 1950's, the interest on propellers waned

and the aviation industry plunged into the development of turbojet engines. By that

time, even if it was known that propellers had a muh more important propulsive

e�ieny than turbojet engines even for relatively high Mah numbers (M ∼ 0.6),

fuel osts were not an important element in the airline budget.
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Figure 1: Propeller and open rotor e�ieny as estimated by Jeraki [Jeraki 1981℄

The Advaned Turboprop Program in the U.S. The Middle East oil em-

bargo in 1973 made perspetives hange again. Fuel pries tripled and disrupted

airline servie. Fuel osts, whih so far had been a small portion of operating osts,

started to aount for almost half of an airline's budget. This pushed industries

and governements to put fuel e�ieny as one of the main researh priorities and to

look for all possible fuel-e�ient solutions for airraft and engines. Six main teh-

nologial projets were launhed in the United States in 1976: three were airframe

related (omposite materials, pratial ative ontrols, and laminar �ow ontrol)

and the other three were propulsion related. While the two �rst aimed at improving

existing turbojet engines, the latter and most hallenging projet was to develop

advaned turboprops.

Similar to turbofans, a gas-turbine ore is used in turboprop and open rotor

engines. The energy of fuel ombustion in the inner ore is used to drive one or

two large-diameter fans whih propel an important amount of ool air. The ratio

between the ool air�ow and the air�ow passing through the engine ore is ommonly

known as the Bypass Ratio (BPR). As the ool air is not on�ned by the naelle,

turboprops and open rotors present a muh higher BPR than turbofans. Therefore,

it inreases onsiderably the propulsive e�ieny η
P

of this kind of engines, whih

is the main asset of propeller-driven engines (see Fig. 1) ompared to turbofans

(η
P

≃ 0.6).

The Advaned Turboprop (ATP) program was o�ially launhed in 1978

[Hager 1988℄. Sine the beginning of the program, two types of on�gurations were

tested: the single-rotating propellers, onsisting of one row of blades; and the ontra-

rotating propellers, onsisting of two rows of blades rotating in opposite diretions.

Although the advaned turboprop onept promised the highest potential fuel sav-

ings, at least 30%, it presented several hallenging points oming from the available

tehnologies and the market. The tehnial ones were the ruise performane, the

airframe and environmental noise, the installation e�ets, and the maintenane osts.



Literature Review 7

Figure 2: Wind tunnel tests during the ATP program [Hager 1988℄

The main market issue was the ustomers' aeptane of propellers, that may be

seen as a step bakwards ompared to turbojet engines.

The ATP projet was strutured to solve tehnial problems through ode develop-

ment and sale-model tests before ground and �ight testing of large-sale systems.

Until 1986, several wind tunnel tests were onduted on single-rotating propellers.

Meanwhile, in 1986, the �rst ontra-rotating propeller test rig was �nished and

tested. Finally, ground and �ight tests were onduted by NASA and several ompa-

nies (General Eletri, Pratt & Whitney-Allison, Hamilton Standard, et.) between

1986 and 1988 [Harris 1987℄.

The ATP program ended in 1987. As the energy risis passed in the 1980's and

the fuel pries dereased, there was no longer a favorable ratio of ost to implement

turboprop tehnology versus savings in fuel e�ieny. Therefore, instead of develop-

ing an all new airraft with high-speed ontra-rotating propellers, industries foused

again on traditional and heaper turbofan-powered airraft.

The Propeller and Open Rotor researh at Onera. The researh on ad-

vaned propellers started at Onera, the Frenh researh enter in aerospae, by

end-1978, after a request from Aérospatiale ompany and the Frenh Government.

The CHARME researh program on high-speed propellers was o�ially launhed

more than three years later, in the beginning of 1982. This program was arried

out by the ollaboration of Aérospatiale and Ratier-Figea ompanies, and Onera

researh enter. Several alulation methods with di�erent levels of auray were

implemented and wind tunnel ampaigns were onduted (see Fig. 3), leading to

the de�nition of a series of advaned single-rotating propellers (HT1, HT2 & HT3

propellers) [Bousquet 1985, Bousquet 1986℄.

Moreover, numerial studies were performed to de�ne HTC5 ontra-rotating pro-

peller blades. This was the result of a ollaboration between Aérospatiale ompany

and Onera in the CHARME advaned propeller integration program. The main

goal was to develop the AS100 airraft, a 100-seat short- to medium-haul airraft

projet onduted by Aérospatiale in the 1980's. The CHARME program was how-

ever stopped at the end of its �rst phase, in 1991, for almost the same reasons as
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Figure 3: HT3 minimum-body on�guration in Onera S1MA transoni wind tunnel

faility

the ATP NASA program: fuel pries dereased and the development of a high-speed

propeller-powered airraft was no longer eonomially interesting.

In parallel and within a more transnational ontext, airframe manufaturers in

ollaboration with researh enters and aademia launhed in the late 1980's four

suessive European-funded researh programs on high-speed propellers: GEMINI,

GEMINI II, SNAAP, and APIAN.

These four programs were devoted to the numerial and experimental investigation

of the aousti and the aerodynami e�ets of installation on a high-speed propeller

for a representative regional airraft arhiteture.

The GEMINI pilot program (1990-1992) foused on designing and proving the feasi-

bility of a given regional airraft on�guration for the rest of the programs. Between

1993 and 1996, two programs were launhed in parallel: GEMINI II, devoted to the

analysis of propeller aerodynamis when installed on the airraft (see Fig. 4), and

SNAAP, devoted to the isolated propeller aeroaoustis. Between 1996 and 2000,

the APIAN program, based on the experiene and tools developed previously, ana-

lyzed the aeroaoustis of the installed propeller.

The APIAN program inluded several wind tunnel ampaigns, �rst on a minimum-

body propeller on�guration and then installed on an airraft representative geom-

etry (see Fig. 5). A partiular e�ort was done to better understand the inidene

and installation e�ets on propeller performane, as well as the predition of the

propeller aousti footprint.

The knowledge on high-speed propellers aquired during these projets has

helped in the design and prodution of propeller-powered airraft in Europe in

the last years, like for example the Airbus Generi Transport Airraft A400M

[Malard 2005℄.

The Open Rotor Renaissane. Today, the world of ommerial airraft is faing

a ontext similar to the 1970's. To the rise of oil pries, more prevalent environmental

and noise onerns have been added in the last years. Thus, airraft and engine



Literature Review 9

Figure 4: Gemini II full-airraft model at Onera S1MA transoni wind tunnel faility

Figure 5: APIAN Full-airraft model in the low-speed DNW-LLF wind tunnel fail-

ity
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manufaturers, as well as researh laboratories, are doing an important e�ort to

push forward again the Contra-Rotating Open Rotor onept, still promising a muh

better propulsive e�ieny than future turbofans.

In 2000 a group of personalities from the key aeronautial stakeholders in Europe

published a report with their vision for 2020 of ommerial aviation in Europe.

This group of personalities established also the Advisory Counil for Aeronautial

Researh in Europe (ACARE), to develop and maintain the Strategi Researh

Agenda to ahieve the Vision 2020. In its �rst doument, the ACARE proposed

the following environmental goals for 2020 to the aeronautial industry in Europe:

�(1) Total engagement by the industry in the task of studying and minimising the

industry's impat on the global environment. (2) A redution in pereived noise to

one half of urrent average levels. (3) Eliminate noise nuisane outside the airport

boundary by day and night by quieter airraft, better land planning and use around

airports and systemati use of noise redution proedures. (4) A 50% ut in CO2

emissions per passenger kilometre (whih means a 50% ut in fuel onsumption in

the new airraft of 2020) and an 80% ut in nitrogen oxide emissions.� [Adv 2001℄

These goals have been assumed by stakeholders in three main points inluded in the

ACARE Strategi Researh and Innovation Agenda (SRA) [Adv 2004℄:

• Reduing fuel onsumption and CO2 by 50% with 20% redution oming from

the engine alone,

• Reduing the pereived external noise by 50%, with 6dB per operation for the

engine alone,

• Reduing NOX by 80%, with 60 to 80% oming from the engine alone.

The SRA has provided a roadmap outlining the strategi orientations to be taken

if Europe wants to develop a more sustainable aviation setor. As a onsequene,

important researh programs at European and national levels have appeared in the

last years: EU ollaborative researh in Aeronautis and Air Transport, the Clean

Sky Joint Tehnology Initiative (JTI), the SESAR Joint Undertaking, and many

national researh projets oming from publi or private establishements.

In 2012, the ACARE members have reonsidered the Vision 2020 and extended it

to a new horizon towards 2050.

The Clean Sky JTI researh program, launhed for the 2008-2017 period, is

devoted to the development of breakthrough tehnologies to signi�antly inrease

the environmental performane of air transport. The program aims at delivering

demonstrators in all segments of ivil air transport grouped into six Integrated Teh-

nologial Demonstrators or tehnologial areas: the SMART Fixed Wing Airraft

(SFWA), the Green Regional Airraft (GRA), the Green Rotorraft (GRC), the Sus-

tainable and Green Engines (SAGE), the Systems for Green Operation (SGO), and

the Eo-Design (ECO).

The researh on open rotors has been signi�antly enouraged within the Clean

Sky SFWA area. Airframe and engine manufaturers, as well as researh laboratories
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and universities are working together to deliver the �rst European CROR-powered

�ight test demonstrator by 2020. During last years, industries and researh laborato-

ries have used several existing analysis apabilities and developed new ones that are

spei� for open rotors. It is worth mentioning that di�erent wind tunnel tests have

been onduted by the European manufaturers Rolls-Roys, Snema, and Airbus.

In parallel, similar programs have been launhed by NASA in the US: the Sub-

soni Fixed Wing (SFW) program and the Environmentally Responsible Airraft

(ERA) projet [Suder 2012℄. With the ollaboration of aeronautial manufaturers

and universities, NASA fouses on developing and demonstrating integrated system

tehnologies up to mature readiness levels by 2020. Similar to European ACARE

goals, the ERA projet aims at simultaneously redue fuel burn (by 50%), emissions

(−75% NOX in landing and take-o� yle, and −55% at ruise), and noise (−42dB

relative to FAA Stage 4 referene) in future airraft.

With the large amount of experiene that NASA aquired during the 1980's and

the ATP program, several analysis apabilities have been reused in the last years to

update the researh on open rotors. Aerodynami and aeroaousti performane of

isolated and installed open rotors have been measured at low- and high-speed on-

ditions. Moreover, a number of blade geometries have been developed and tested

to optimize the aousti signature of open rotors [Van Zante 2012℄. Reently, dif-

ferent onventional and unonventional airframe arhitetures have been tested for

aousti shielding [Czeh 2013℄.

Key Assets and Challenges of Open Rotors

Main Assets. Three main assets of ontra-rotating propellers with respet to

turbofan engines have been identi�ed:

• Higher bypass ratio: inreasing the ratio between the propelled ool air (un-

ombusted air) over the air going into the engine ore (air involved in ombus-

tion) inreases signi�antly the engine propulsive e�ieny. Open rotors are

likely to o�er bypass ratios above 30, whereas turbofans are expeted to reah

bypass ratios of 14 to 18. Thus, open rotors have better propulsive e�ienies

even at Mah numbers around 0.8 and are expeted to o�er signi�ant fuel

savings with respet to turbofans.

Compared to a 1998-referene, airraft powered with Ultra High Bypass ratio

(UHB) turbofan are likely to give a 27% fuel gain, whereas open rotor-powered

airraft promise a 36% fuel gain [Van Zante 2013℄.

• Swirl reovery : the highly loaded, single-rotating propellers have an e�ieny

loss of 6 to 8% due to residual swirl [Hager 1988℄. Most of this loss an be

reovered with a well-designed ontra-rotating propeller. Moreover, as the

rear rotor faes a swirled air�ow from the front rotor, its e�ieny is greater.

Indeed, under a ontra-rotating swirl, a smaller blade pith is needed for the

same blade inidene and loading (see Fig. 6). For a given blade loading, a

smaller pith implies a more important thrust omponent and a less important
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o�-axis omponent, whih is linked to the torque. Inreasing the thrust and

reduing the torque implies inreasing the propulsive e�ieny ηRR
P

of the rear

rotor.
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Figure 6: E�et of the front rotor indued swirl on rear rotor e�ieny

• Redued tip diameter : ontra-rotating propellers an o�er around twie the

thrust of a single-rotating propeller for a given diameter. This is partiularly

interesting for the integration on large airraft.

At the end of the ATP program, fuel gains of 25 to 30% ompared to turbofans

of that time were estimated by NASA engineers. Today, although these bene�ts

would not be so drasti due to the onstant progress on turbofans, the open rotor

tehnology is still the most radial step-hange in ommerial airplane propulsion

with the su�ient readiness level for an entry in servie in 2020 or 2025.

Open Rotor Challenges. However, ontra-rotating propellers still present sev-

eral ompetitive market and tehnologial hallenges that should be addressed in

the years to ome [Butterworth-Hayes 2010℄.

• Competitive tehnologies. The e�ieny of urrent engines improves at an

average of 1% a year, whih means that lassial turbofan engines available

in 2025 are likely to be 11% more e�ient than today's prodution without

any major tehnology risk. Meanwhile, the Pratt & Whitney geared turbo-

fan PW1000G ould provide around 17 − 19% fuel e�ieny gain by 2020

[Norris 2007℄, whereas the CFM International diret drive LEAP ould pro-

vide around 15% gain by 2015-2017 [Dron 2008℄. In parallel with open rotors,

UHB turbofans are being studied. They provide a very e�ient and quieter

solution, but they present some major drawbaks: the weight and drag penal-

ties, and the issues linked to installation on airraft due to the size of the

naelle.
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• Inreased �ight times. An open rotor powered airraft is likely to have a

ruising speed 5 to 10% slower than a turbofan powered airraft. This limit in

ruise veloity omes from the important losses of e�ieny and aerodynami

instabilities our when the blade tips reah supersoni veloities. Even if this

limit in ruise speed an be an important drawbak for medium- and long-haul

airraft, it beomes negligible for short-haul �ights, where the ruise phase is

shorter, i.e. an inrease of 5 to 10min.

• Regulatory issues. The engine layout and the blade ontainment are two issues

to be investigated for the airworthiness erti�ation of open rotor powered air-

raft.

For the erti�ation of a turbofan engine, it must be demonstrated that one

released fan blade an be safely ontained in within the engine's fan ase. In

the ase of an open rotor, where the naelle and the fan ase are absent, rules

for onventional propellers are applied and designers must prove that the prob-

ability of blade release is �extremely remote�, i.e. under 1× 10−8
�ying hours.

For light weighted highly-loaded open rotor blades, this requirement is a real

hallenge.

Airraft manufaturers must also ensure that ritial airraft systems and pas-

sengers are su�iently proteted in the ase of blade release. To ful�ll this

requirement, it may be neessary to reposition ertain airraft systems or the

use of shielding.

• Aessibility and maintenane osts. Mounting the engines under the wing

o�ers a easy aess for on-wing heks and maintenane. However, what was

possible until now for turbofan engines, it is not likely to be with the open rotor,

mainly due to the more important engine diameter. New engine positioning

ould have a signi�ant impat on maintenane times and ost. Moreover, the

reliability of some omplex omponents suh as the gearbox or the blade pith

ontrol systems must be assessed to make open rotors a desirable hoie for

airlines.

• Publi pereption. In the 1980's passengers onsidered propeller powered air-

raft as outmoded, noisy and slow. Today, the environmental onerns of the

traveling publi would make the open rotor easier to be aepted.

• E�ets of installation. The airframe-engine interation is more important in

an open rotor powered airraft than in a turbofan powered airraft, as in the

�rst ase the engine is not isolated from the airraft e�et by a naelle. Thus,

the pylon, the fuselage and the wing an impat signi�antly the performane

of the open rotor by introduing a non-homogeneous in�ow in its propeller

planes [Borst 1981, Blok 1984℄. Some engine manufaturers believe that the

installation impat and extra weight of open rotors will o�set their fuel burn

bene�t [Barrie 2007℄.

• Pith hange mehanism. As open rotor blades see large hanges in inlet �ow
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depending on the �ight point, reliable pith hange mehanisms should be de-

veloped in order to ensure aeptable propulsive e�ienies. This mehanism

should enable the blade to sweep all the pith angles to over reverse, ground

idle, taxi, take-o�, limb, ruise, approah, and feather.

• Strutural design and vibrations. In order to be e�ient, advaned propeller

blades must be light, highly-loaded and present very omplex geometries in

terms of sweep, twist, and airfoil thikness. This makes the blade strutural

design an important hallenge. The struture must ful�ll three main require-

ments: withstand with foreign objet damage, be free of high-speed and stati

stall �utter, and ope with fatigue issues due to fored vibrations in all the

�ight domain.

Moreover, the vibrations transmitted by the open rotor engine on the airframe

an be important and lead to strutural fatigue. These aspets were studied by

Donelson et al. [Donelson 1988℄ in test ampaigns. In order to avoid resonane

minor modi�ations and spei� materials were used in the airframe struture.

They demonstrated that in that ase vibration levels were equivalent to those

of a turbofan powered airraft. However, those modi�ations led to a penalty

in the airframe mass, whih annot be negleted in future studies.

• Integration in the airframe. The integration of the engine within the airframe

beomes a ritial issue beause of the propeller diameter. Several di�erent

airraft layouts are still under investigation, as all of them present impor-

tant advantages but also drawbaks. Due to the installation e�ets, a non-

homogeneous air�ow is indued in the planes of rotation of the propellers, and

thus the diretion of the resultant fores and moments is modi�ed. Conse-

quently, together with the thrust and the torque, in-plane fores and moments

appear. These omponents an reah important values and annot be ne-

gleted in the predition of the airraft stability and handling qualities. For

example, these loads and moments are a dimensioning fator of the vertial

and the horizontal tail planes of the airraft for the pusher on�guration.

Flight tests, wind tunnel tests and numerial simulations onduted in the

1980's [Vernon 1987, Donelson 1988℄ bring to light the impat of the open

rotor engine at low- and high-speeds for a pusher on�guration. These am-

paigns showed how the engine installation systems, the fores they developed

and their �utter limits, played an important role in the overall airraft perfor-

mane and operability.

• Aoustis. Probably, aoustis is the major issue to be addressed to obtain a

su�iently mature open rotor tehnology [Peake 2012℄. An important amount

of aousti data was olleted during the di�erent �ight tests in the 1980's.

Analysis put forward that the noise generated by an isolated open rotor ould

be very sensitive to an important number of parameters: the number of blades,

the distane between rotors, the speed of rotation, the propeller diameters, et.

[Nihols 1988, Donelson 1988, Hager 1988, Simpson 1989℄.
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Moreover, the noise generated by an open rotor has shown to be very sensi-

tive to its installation on the airraft [Blok 1984℄. A number numerial sim-

ulations have been onduted reently aiming at studying the main aousti

soures both of isolated and installed open rotors [Stuermer 2009, Peters 2010,

Boisard 2012℄: the blade tip noise due to transoni speeds, the interation be-

tween the wake and vortex from the front rotor and the rear rotor blade, the

pylon-rotor interation in the ase of a pusher on�guration, and the propeller-

wing interation in the ase of a puller on�guration. All these phenomena

indue a ertain noise level both in the passengers' abin and on the far �eld.

Absorbent materials suh as liners may redue this noise, but imply an in-

rease in weight of the fuselage and the engine. Community noise levels are

more important in open rotor engines than in turbofan beause the naelle

on�nes an important part of the propagated noise.

Several key design parameters have been studied for the noise redution of in-

stalled open rotors �namely: the disk loading, the aft rotor lipping, the inter-

rotor spaing [Khalid 2013℄, the leading-edge vortex ontrol, or pylon blowing

[Czeh 2013℄, et. Reent full-airraft noise models based on open rotor wind

tunnel data predit aeptable levels of noise to aomplish the FAR 36 Stage

IV noise regulations with a 12.6EPNdB margin [Hendriks 2013℄. However, it

is also noted that to ahieve these levels of noise unonventional arhitetures

may be neessary, like for example a blended wing-body arhiteture with open

rotors mounted on the rear part of the fuselage [Suder 2012, Czeh 2013℄.

In-Plane Loads on Propellers and Open Rotors

The fores and moments developed by an open rotor an impat in a signi�ant

way the aerodynami behavior of the whole airraft during �ight. Thus, it is im-

portant to understand their physial mehanisms and predit them aurately from

the �rst design steps. This setion is devoted to the omprehension of in-plane

loads generated by single-rotating and ontra-rotating propellers. As it will be de-

tailed hereafter, these loads appear as a onsequene of non-homogeneous in�ows,

produed by the airraft inidene or the in�uene of the airframe elements on the

engine, i.e. pylon, fuselage, wing, et.

Impat of 1P Loads on Airraft

The balane of fores and moments in an open rotor powered airraft depend sig-

ni�antly on the thrust, torque, 1P loads and 1P moments generated by the engine

(see Fig. 7). Moreover, the slipstream e�et due to the propellers an also have an

impat on the aerodynami behavior of the airraft. Thrust and 1P loads impat

diretly the drag balane. Depending on the airraft attitude with respet to the

freestream, the ontribution of 1P loads an be positive or negative. The vertial 1P

load and the side 1P moment impat the longitudinal stability of the airraft and

thus they modify the trim drag of the airraft. The 1P moments derivatives with
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Figure 7: Longitudinal and lateral stability of an open rotor powered airraft

[Barth 2012℄

respet to the angle of attak and the angle of yaw impat the longitudinal and side

stability; they ontribute to the dimensioning of the vertial and the horizontal tail

planes; and thus they have an impat on the mass and on the frition drag of the

airraft. Finally, the slipstream e�et impats the behavior of the di�erent surfaes.

In the ase of reverse thrust, for example, the important �ow perturbation an lead

to a partial or total loss of the e�etiveness of the vertial tail plane. The slipstream

fores and moments an modify the required dimension of di�erent airraft elements

and thus their mass and their resulting frition drag.

Barth [Barth 2012℄ onduted a number of numerial studies on an open rotor

powered airraft in pusher on�guration. It was shown that in this on�guration the

engines have a positive impat on the stati and the dynami stability of the airraft.

This stabilizing e�et omes mainly from 1P loads and moments and has a positive
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e�et on the overall drag. In this on�guration, Barth estimated a signi�ant drag

redution, that would lead to an interesting redution of the blok fuel burn.

Physial Mehanisms behind 1P Loads

In the general ase of a non-axisymmetri in�ow, eah blade experienes unsteady

loads along a rotation. As a result, when adding the ontribution of eah blade, the

net fore may be no longer normal to the propeller plane. Therefore, the resulting

fore an be deomposed into a load normal to the propeller plane, the thrust, and

an in-plane load. These in-plane loads are usually alled �1P loads�, as they appear

as a onsequene of a 1/rev osillation of the in�ow onditions in the blade frame. As

it has been noted before, they onstitute a dimensioning fator in terms of sti�ness

and damping of the engine installation systems and in the airraft handling qualities.

Thus, it is important to understand their aerodynami mehanisms and predit them

aurately in simulations.

1P Load Modulus or Vertial Fore. A very ommon ase of non-homogeneous

in�ow is the propeller in inidene. Very early it was realized that a propeller in

that onditions develops signi�ant in-plane loads [Clark 1913, Lanhester 1917℄.

For the simple ase of an isolated propeller, the inidene implies a periodi

variation of the in�ow angle and relative veloity seen by eah blade. As the veloity

and angle of attak of the downward moving blade are more important than for the

upward moving blade, the �rst generates more lift and drag. Projeting these loads

for all blades on the propeller plane results in a net fore in the diretion of the

inidene, i.e. a vertial positive fore if the angle of inidene of the propeller is

positive (see Fig. 8).

This loal inidene seen by the propeller an appear due to the freestream

veloity, but also to the installation e�ets. For example, even for the so-alled

�minimum-body� propeller on�guration, the spinner and the wind tunnel rig an

have a non-negligible e�et on the propeller aerodynamis when it is plaed in

inidene.

However, this purely �geometrial� explanation of 1P loads aounts only for

the presene of a vertial load, but annot explain the measured and predited side

omponent. Indeed, in wind-tunnel test measurements, as well as in several sorts of

simulations, a non-zero side fore appears.

1P Load Phase Lag or Side Fore. To give an insight on the side fore aero-

dynami mehanisms, a rotating referene frame is onsidered, following one blade

along a yle. As an example, we onsider a single propeller CFD simulation using

the elsA CFD ode [Cambier 2008℄. It an then be notied that the maximum and

minimum aerodynami loads of the blades are not respetively plaed at 90◦ and

270◦, but shifted by a ertain azimuth angle, as shown in Fig. 9(a).

Figure 9(b) shows the blade loads in the rotating frame projeted on the propeller

plane. For eah blade, a sinusoidal evolution of frequeny 1/rev an be notied, with



18 Literature Review

y

z
ψ

FZ1P

V∞ sinα

Ωr

V∞ sinα sinψ

V∞ cosα

W

θ

x

y
−
z

p

l

a

n

e

β

Downward moving blade

Ωr

V∞ sinα sinψV∞ cosα

W

θ

x

y
−
z

p

l

a

n

e

β

Upward moving blade

Figure 8: Geometrial explanation of 1P loads of a propeller under inidene α

(a) Blade setional loads and oordinates.

Azimuth angle [ ]

B
la

de
 lo

ad
s 

[N
]

0 90 180 270 360
-100

-50

0

50

100

150

Rotating frame

Reference blade

Amplitude

Phase lag

(b) In-plane blade loads in the rotating frame.

Figure 9: Blade irulation and in-plane loads along a yle for a propeller in ini-

dene. elsA simulation.

a ertain amplitude and phase lag. Adding these fores in the �xed referene frame

we obtain the propeller 1P loads. Thus, a link an be established between blade

loads' amplitude and phase lag, and propeller 1P loads' amplitude and phase lag,

respetively.

Therefore, to understand the physis behind 1P loads, the analysis is going to be

done, not by the lassial deomposition into a vertial and a side fore, but by

deomposing 1P loads into modulus and phase lag with respet to the 0◦ azimuth.

While 1P load modulus an be explained by the simple geometrial approah

desribed before, 1P load phase lag is a more omplex phenomenon. Several possible

explanations have been put forward in literature, taking as starting point this phase

lag between geometrial inidene and aerodynami inidene:

1. Distane between urrent blade and neighbor wakes. Downward moving blades

shed wakes with more vortiity than wakes shed from upward moving blades.
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Due to the inlination of the wake, the blade at ψ = 0◦ is loser to the wake

shed by the downward moving blade than the blade at ψ = 180◦. By the Biot-

Savart's law, we an dedue that veloities indued on the �rst will be greater

than on the latter, and so the blade at ψ = 0◦ will generate less lift and drag

than the one at ψ = 180◦. Integrating all blades, it an be onluded that

a net side fore will appear in the diretion of the downward moving blade

[Ortun 2012℄.

2. Unsteady blade motion and near wake e�et. As it has been explained before,

when the propeller is plaed at a given inidene, the air�ow veloity seen by

the blade and its geometrial angle of attak hange during a yle at 1/rev.

The aerodynami behavior of a lifting surfae is not the same whether it is

under steady or unsteady onditions: a hysteresis yle appears for periodi

movements of this kind (Fig. 10). These di�erenes between steady and un-

steady aerodynami behaviors ome from two sides: �rst, the relative veloity

variations on the blade and, seond, the e�et of the unsteady vortiity shed

in the wake.

By analogy, we an extend this explanation to the ase of rotating blades.

Regardless of the indued veloities, eah point of the blade will experiene a

di�erent veloity vetor, not only due to rotation, but also due to the fat that

they are not plaed at the same azimuth, beause of pith, sweep and dihedral

angles. This fat is equivalent to the pithing motion of an airfoil, where the

inident veloity varies along the hord.

As the downward moving blade is put in inidene, the wake beomes more

loaded in irulation. This irulation indues a veloity on the blade whih

tends to diminish the e�etive (or aerodynami) inidene. This inrease in

indued veloities delays the maximum loading of the blade. For the upward

moving blade, the same explanation is valid to explain the phase lag in the

minimum blade loading.

3. Dynami stall. It is a well-known but di�ult to predit phenomenon in heli-

opter aerodynamis [Leishman 1989℄. The dynami stall appears ommonly

at high-speed forward �ight onditions. In these ases, while the advaning

blade might be under transoni speeds at low angles of attak, the retreating

blade sees very low veloities at high angles of attak. This an indue the

stall of important parts of the rotor blade.

Propellers are more likely to experiene another type of dynami stall, more

similar to the one experiened in delta wings [Jarrah 1989℄ (see Fig. 11). In

the ase of a propeller, the o�-axis in�ow is always relatively small ompared

with the axial omponent. This means that relative veloity variations along

a yle are not very important. However, as blades are swept for high-speed

onditions and highly loaded, the stall an appear for the downward moving

blade at high angles of attak. This stall, whih takes the form of a leading

edge vortex, an shift the maximum load and thus indue a ertain phase lag

in the propeller in-plane loads.
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Figure 10: Comparison of theory and experiment for the lift and pithing moment

oe�ients in fully attahed �ow under osillatory plunge foring onditions atM =

0.4 (in [Leishman 2006℄)

Figure 11: Unsteady lift of a delta wing (in [Jarrah 1989℄)
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4. Compressibility and evolution of shok wave e�et. Experimental and

numerial studies on heliopter rotors in forward �ight [Caradonna 1978,

Chattot 1980℄ an explain this phenomenon. Analogously to what happens

on the advaning blade of the rotor, where the development of shok waves

is shifted with respet to relative Mah number, a propeller in high-speed

onditions might develop also this kind of hysteresis yle.

5. Blade aeroelastiity [Srivastava 1990℄. There are two main ontributions to

blade deformations: the inertial e�ets and the airloads. These two phenomena

tend mainly to untwist the blade. However, while inertial e�ets are onstant

along a yle, airloads on a propeller in inidene are unsteady. Thus, as the

deformation of the blade is not instantaneous with respet to the loads, a

ertain phase lag is suseptible to appear between the maximum load and the

maximum blade deformation. This might have an impat on the phase lag of

the propeller loads.

Other possible mehanisms may exist, suh as laminar-turbulent transition, but to

the author's knowledge, they have not been investigated and they are far beyond

the objetives of the present study.

Methods for the Predition of Aerodynami Performane

An important number of methods have been developed during more than a hundred

years for the predition of propeller performane and 1P loads, presenting a wide

dispersion in terms of type of approah, alulation osts, auray, and domain of

appliation.

The researh on propellers being diretly linked to its use in industrial ontexts, we

an distinguish two main periods in the development of propeller predition tools.

The �rst period goes from the beginning of aviation to the 1950's, with the onset of

turbojet tehnology and the derease in interest on propellers. The seond period

of time goes from the 1970's, with the Middle-East oil risis and the inrease in fuel

osts, to today.

During the �rst half of the entury, propeller tehnologies developed steadily

based mainly on numerous experimental tests. Numerial tools played a seondary

role, giving some orders of magnitude for design phases or preparing experimental

ampaigns. A number of methods were developed for eah spei� appliation,

yielding to a wide sope of approahes. Two main topis are of interest here: on

one side, the predition of propeller performane, and on the other side, the airraft

stability and aeroelasti issues due to propellers.

The �rst group of tools, foused on establishing the optimum blade load distribution

for the ideal ase of an isolated propeller under homogeneous air �ows. On that ases,

only the steady part of the problem was onsidered.

On the other hand, the researh on handling qualities and aeroelastiity of propeller-

driven airraft tried to better understand the behavior of propellers in o�-design
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onditions. Empirial models or simulations of the unsteady blade loads were needed,

whih were limited by the available alulation apabilities.

The renaissane of propellers in the 1970's was mainly motivated by fuel osts.

If the researh in the �rst 50 years was pushed forward mainly by experimental

apabilities, in this seond period it has evolved rapidly to an equilibrium and

even an hegemony of numerial tools over experimental data. Comprehensive multi-

disiplinary tools are more and more ommon enabling to treat all the di�erent

domains of study in a single problem. Still, it is ompulsory that researhers and

engineers in the 21st entury deide whih of the multiple available methods will

present the optimal auray-ost ratio in the onsidered problem.

Analytial Models for Propellers

Propeller performane predition. First methods were mainly based on ex-

perimental data olleted from marine or aeronautial propellers. Thanks to these

data, semi-empirial expressions ould be formulated very early in the 20th entury.

These expressions often gave a theoretial optimum that helped in the design of

more e�ient propellers.

In the marine propeller domain, the �rst and simplest method is the axial momen-

tum theory proposed by Rankine [Rankine 1865℄. This theory models the propeller

by a disk of pressure disontinuity in an inompressible invisid �ow. The propeller

indues only an axial veloity (i.e. no swirl), and it is alulated by appliation of

the mass onservation law. Finally, the propeller performane is obtained from the

momentum onservation law in the axial diretion.

A �rst improvement to Rankine's theory was introdued by Froude [Froude 1878℄:

the general momentum theory, taking the e�ets of slipstream rotation into aount.

Only in reent studies, the momentum theory has been extended to onsider om-

pressibility e�ets [Vogeley 1951℄, arbitrary radial load distribution [Conway 1995℄

and highly-loaded onditions [Conway 1998℄.

These simple approahes are good enough to predit the overall performane of

single propellers, but they fail at prediting the details of the air�ow around the

propeller. This omes from the fat that these theories do not onsider essential

elements in the problem, suh as the �nite number of blades or the visous e�ets.

A seond group of methods started with the blade element theory, also proposed

by Froude [Froude 1889℄. This theory deomposes the blade into �nite-span setions

along the pith axis. Eah setion is modeled by its loal airfoil data at a ertain

inidene and veloity. Thus, the propeller performane is obtained from the inte-

gration of the loads at eah blade station.

The major drawbak of this method was identi�ed by Glauert, as it does not on-

sider the slipstream e�et on the inident veloity. Thus, Glauert proposed a theory

oupling the blade element and the momentum theories [Glauert 1922℄. The wake

model introdues the global e�et of the wake, but does not onsider radial veloi-

ties due to the slipstream ontration. Moreover, they are always limited to lightly

loaded propellers.
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From a design standpoint, the researh on propellers foused during those years

on the analytial determination of the optimal irulation distribution along the

blade, as it is the ase for �xed wings with ellipti distribution of irulation. In the

ase of propellers, Betz [Betz 1927℄ proved that the optimal irulation distribution

is suh that the indued veloities on the wake far behind the propeller is independent

of the radius, and thus the trailing vortex sheet may be onsidered as a rigid surfae

moving parallel to the propeller axis. Goldstein [Goldstein 1929℄ proposed an exat

solution for these optimum propellers with a �nite number of blades whih would

be later used by many other researhers until the development of the strip theory

method [Lok 1945℄.

Theodorsen extended the optimum irulation distribution to the ase of ontra-

rotating propellers, noting that only the mean value of interferene veloities was

onsidered [Theodorsen 1944℄.

Methods for prediting propeller 1P loads. Apart from performane predi-

tion, the integration of propellers in the airframe has led very early to the devel-

opment of a number of analysis tools to assess the propeller-airframe interferene.

With the inrease in engine shaft power and propeller solidity, researhes foused

on the e�et of propellers on the stability and ontrol of airraft. An important

part of this e�et is due to the aerodynami fores and moments developed by the

propeller under any deviation from uniform �ight parallel to the thrust axis. The

remaining part of the e�et is due to the interferene between the propeller slip-

stream and the airframe. Lanhester notied very early that a propeller in yaw (or

in inidene) develops an important side fore (or vertial fore) in the propeller

plane [Lanhester 1917℄.

Investigations led rapidly to the development of the �rst theories in the 1920's

and 1930's. They established semi-empirial models to predit the 1P load

magnitude as a funtion of the performane of the propeller without inidene

[Harris 1918, Glauert 1935℄. Glauert proposed a widely used analytial expression of

the in-plane fore, by analogy with a �n, as a funtion of the inidene, the advane

ratio, the power oe�ient, and the thrust distribution along the blade. Meanwhile,

a series of methods were proposed to take into aount the wake indution e�ets

[Pistolesi 1928, Misztal 1933℄ or the blade shape in the predition of in-plane loads

[Bairstow 1939℄. In 1945, Ribner [Ribner 1945℄ established an expression of the in-

plane fore that aounted both for the blade shape and the indution veloities and

applied this method to single- and dual-rotating propellers.

Propeller �utter has been pointed out very early as a series of unstable aeroelasti

phenomena on airraft that ould have atastrophi onsequenes. First investiga-

tions on propeller aeroelasti instabilities revealed that isolated propellers present

three types of propeller �utter [Theodorsen 1945℄:

1. Classial �utter : Coupling between bending and torsion modes ours when

the ross-setional angles of attak along the blade are smaller than stall angles.

It is equivalent to �xed-wing �utter.
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2. Stall �utter : Ours when the ross-setional angles of attak along signi�ant

parts of the blades are in the viinity of the airfoil stall angle. The blade

vibrations inlude mainly torsion omponents.

3. Wake �utter : Involves mainly torsional vibrations and ours at small pith

angles and low advane ratios. The asade e�et of the returning wakes is

important beause of the low advane ratios.

Moreover, a fourth type of �utter an our for the oupled airframe-propeller aeroe-

lastiity, the so-alled whirl �utter.

Several experimental ampaigns were onduted in the 1950's on lassial propellers

and the 1970's on advaned turboprops to better understand �utter limits. In

parallel, analytial and numerial tools were developed to reprodue these experi-

mental limits and estimate them on future propeller installations. A famous method

was developed by Reed [Reed 1966℄ for the predition of whirl �utter. The mean

value of the propeller loads is estimated by applying Ribner's model [Ribner 1945℄.

For the blade load �utter, a two-dimensional model for an osillating rotary wing

airfoil developed by Loewy [Loewy 1957℄ is also inluded. This wake modeling in-

ludes the asade e�et, i.e. the e�et of vortiity shed by previous blades and/or

previous revolutions. The harmoni approah in Loewy's model leads to a formu-

lation idential in form to that of lassial �xed-wing �utter (Theodorsen's theory

[Theodorsen 1935℄) but with a modi�ed lift de�ieny funtion (C ′(k)) due to the

asade e�et.

A number of other two-dimensional analytial wake models have been devel-

oped along the years for rotary wings under unsteady air�ows. Similar to Loewy's

model, Whitehead [Whitehead 1960℄ presented a model that was better adapted for

propellers at high advane ratios. Smith [Smith 1985℄ inluded the ompressibility

e�ets to this model, and Jones and Moore [Jones 1976℄ replaed the wake vortex

by a series of doublets for the ompressible ase.

The �rst analytial wake model inluding three-dimensional e�ets was developed

by Miller [Miller 1964℄, but presented numerous limiting simpli�ations. Iosilevskii

[Iosilevskii 1999℄ proposed a more detailed model, under the hypothesis of rigid

wake and onstant radial distribution of irulation but varying in time. Yoshpe

[Yoshpe 1996℄ extended Iosilevskii's model to arbitrary irulation distributions. Fi-

nally, while previous models ould only predit lassial and wake �utter, Delamore

et al. [Delamore-Sutli�e 2006℄ studied the ase of a blade that develops stall �utter.

For that, nonlinear unsteady aerodynami loads were modeled at blade ross-setions

at inidenes near stall.

Analytial models present the advantage of being e�ient in modeling unsteady

aerodynami loads along osillating blades. They also o�er an insight into the om-

plex phenomena and understanding of the in�uene of various parameters. Yet these

models inlude simplifying assumptions that redue their auray in many ases.

On the other side, omprehensive numerial models o�er a detailed desription of

the �ow �eld.
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Numerial Singularity Methods

At the demand of the US National Advisory Committee for Aeronautis, Prandtl

published a paper in 1923 giving �a detailed treatise on the present ondition of

those appliations of hydrodynamis whih lead to the alulation of the fores

ating on airplane wings and airship bodies� [Prandtl 1923℄. The last setion of

that paper presented the appliation of the lifting-line theory to srew propellers.

Here, the blade is modeled by a single bound vortex line of irulation Γ loated at

the quarter-hord line and shedding the vortiity to the wake at both tips, forming

the well-known horseshoe vortex. Cirulation is determined by the Biot-Savart law

and by stating a tangeny ondition (no �ow normal to the blade surfae) at the

ontrol points on the blade. One the irulation is known, the indued veloities

and the lift are dedued from the Kutta-Joukowski theorem.

As it will be desribed hereafter (see The Lifting-Line Theory setion), a number

of studies have extended this theory to onsider (1) a radial variation of the load,

(2) two-dimensional and ompressibility e�ets, (3) the urvature of the lifting-line,

and (4) the unsteady lifting-line theory.

A widespread extension to the lifting-line theory is the Vortex-Lattie method

(VLM), developed by Falkner in 1943 [Falkner 1943℄ for the lift predition of wings

of arbitrary shapes. Instead of using only one horseshoe vortex or a line of vorties,

the VLM models the wing by a lattie of vorties loated at di�erent spanwise and

hordwise positions. To alulate the irulation of N vorties, the tangeny ondi-

tion is again applied on N ontrol points distributed on the blade. This approah

implies the inversion of a �lled N×N oe�ient matrix, whih is the main drawbak

of this type of methods.

Extensions to the original VLM exist to inlude ompressibility, visous losses, the

thikness of the blades, and the e�et of the spinner [Shulten 1996℄.

Rigorously, the lifting-line theory and the vortex-lattie method, based on the

thin-airfoil theory, apply only to thin airfoils at small angles of attak. When on-

sidering thik airfoils it is more oherent to onsider the Vortex Panel method (see

for example [Hess 1990℄). In this method, the blade is divided in quadrilateral faets

with a ertain vortiity. Moreover, the e�et of the wake is modeled by a lattie

of horseshoe vorties. Again, the solution is found by applying the Biot-Savart law

and stating a tangeny ondition at the ontrol points.

The three methods desribed before (lifting-line, vortex-lattie, and vortex panel

methods) have been behind the majority of aerodynami alulation tools for many

deades, and are still useful for �rst design and optimization phases. During this

work, the aerodynami part of the omprehensive ode that has been hosen for

propeller and open rotor simulations lies on the lifting-line theory. Therefore, a

speial attention will be paid hereafter to the di�erent formulations of the lifting-

line theory.
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Potential, Euler and RANS Methods

From the 1950's to the 1970's, very few studies about propellers appeared, due

to the dereasing interest in propellers and the emergene of turbofan tehnol-

ogy. In the mid-1970's NASA launhed the Advaned Turboprop (ATP) projet

as one omponent of the Airraft Energy E�ieny Program. In parallel with wind

tunnel and �ight test ampaigns [Groeneweg 1988℄, the ATP projet developed a

wide variety of simulation odes for single-rotating and ounter-rotating propellers

�namely: steady lifting-line odes [Egolf 1979, Lesieutre 1985℄, steady transoni po-

tential methods [Jou 1982℄, steady and unsteady solvers for ompressible Euler equa-

tions [Denton 1980, Yamamoto 1986, Celestina 1986, Whit�eld 1987℄, and steady

and unsteady solvers for Navier-Stokes equations (still under development at the

end of ATP program).

Potential �ow solutions about a single-rotating propeller were obtained for the

�rst time by Jou [Jou 1982℄. In order to aount for three-dimensional ompress-

ibility e�ets, the full-potential equation in the rotating frame was solved in a

body-�tted grid for a single-blade passage omputational domain. Two years later,

a similar methodology was developed by Collerandy and Luu [Collerandy 1984,

Luu 1984℄.

First three-dimensional steady Euler omputations were omputed by Bober et

al. for an isolated propeller under high-speed onditions [Bober 1983℄. The ompu-

tational domain ould be redued to a single blade passage hannel using periodiity

boundary onditions, as it onsidered the ase of a propeller without inidene. The

unsteady Euler equations in ylindrial oordinate system were marhed in time

until the steady state was obtained. Although numerial results for power oe�-

ient and swirl were higher than experimental results, their variation with blade

angle mathed very well with data. These o�sets in power oe�ient and swirl were

attributed to visous e�ets. Subsequent studies were onduted by Barton and

Yoon [Barton 1986℄ and Yamamoto et al. [Yamamoto 1986℄. None of these studies

onsidered the propeller under an angle of attak.

First attempts of onsidering inidene e�ets were onduted by Heidelberg and

Clark [Heidelberg 1986℄ using Denton's three-dimensional Euler ode [Denton 1980℄

in a quasi-steady fashion by inluding in�ow swirl. However, these simulations did

not handle a variation in in�ow angle aross a blade passage.

Euler methods were extended to ontra-rotating propellers by Celestina et al.

[Celestina 1986℄ by using Adamzyk's average ondition used in multistage turboma-

hinery problems [Adamzyk 1986℄ and alled the mixing-plane ondition. Applied

to the mathing grid between both propellers, this ondition simulates the invisid

time-averaged �ow from one rotor to another, allowing to perform steady Euler om-

putations at a redued omputational time. Similar simulations were onduted by

Wong [Wong 1988℄ and Nioud [Nioud 1989℄, also using the mixing-plane boundary

ondition.

Whit�eld was the �rst to perform three-dimensional time-dependent Euler simula-

tions on dynami bloked grids using a �nite-volume, �ux-split, upwind, impliit
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sheme with the spei� appliation being to single-rotating and ounter-rotating

propellers in transoni �ow [Whit�eld 1987℄. The omputational domain inludes

only one blade passage for the front rotor and one for the aft rotor and periodiity

onditions are used in the side boundaries. In the blok interfae loated between

the blade rows, the grid is onstruted so that grid lines are uniformly distributed

in the irumferential diretion. Therefore, at eah time-step, eah blok is moved

suh that the grid lines whih ross the interfae join. Hene, the method is only

valid for ontra-rotating propellers with the same front and aft blade ounts.

First unsteady Euler simulations on an advaned propeller (SR7L) in inidene

were performed by Nallasamy [Nallasamy 1994℄. In this ase, all the blades must

be inluded in the omputational domain as no blade-to-blade periodiity exists.

Moreover, a time-marhed simulation is neessary to aount for the unsteady in-

�ow variation in the relative frame due to the propeller angle of attak. The paper

fouses on ompressibility e�ets on blade pressures and ompares Euler simulations

to �ight test data. Aeptable mismathes in unsteady pressure on the blade skin

are obtained. A relative phase lag in the waveforms is observed at all Mah num-

bers, and is attributed to the e�ets of propeller installation on the airraft (in �ight

tests). Moreover, some nonlinear variations in waveforms are not aptured by this

invisid method.

Unsteady Euler simulations on an installed propeller have been performed by Bous-

quet et al. [Bousquet 2003℄ some years later. It has shown the impat of unsteady

installation e�ets on blade loading by omparing isolated and installed experimen-

tal data with the respetive unsteady simulations.

Meanwhile, improvements in omputational apabilities have enabled the use of

solvers using the Reynolds-Averaged Navier-Stokes equations in the study of pro-

peller and open rotor aerodynamis. The main assets of these methods are the

visosity simulation and the turbulene models.

Comparisons of simulations with experimental data of in-plane loads have been per-

formed [Bousquet 2000, Bousquet 2003, Ortun 2012℄. These studies have assessed

di�erent methodologies for the predition of in-plane loads and moments: steady

lifting-line odes, time-marhing lifting-line odes, CFD Euler solvers, and CFD

uRANS solvers. They have brought to light, on one hand, the di�ulty to preisely

analyze the physis behind these 1P loads, and in partiular behind their diretion

and, on the other hand, the possibility to predit with a ertain degree of auray

the 1P load magnitude even with simple lifting-line methods. However, the diretion

of these in-plane loads an only be predited with a ertain degree of auray using

time-marhed simulations [Bousquet 2003℄.

Reently, Stuermer et al. have analyzed 1P loads on isolated ontra-

rotating propellers at low and high-speed onditions using uRANS omputations

[Stuermer 2008℄. An interesting ode-to-ode assessment and analysis of 1P load

mehanisms has been onduted by François et al. [François 2013b℄. Moreover, nu-

merial simulations to study installation e�ets on open rotors have been onduted

by Laban et al. [Laban 2010℄ and Stuermer et al. [Stuermer 2011℄.

Several omparisons between uRANS simulations and wind tunnel tests have been
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performed during last years [Zahariadis 2011, Stuermer 2012, Boisard 2012℄. How-

ever, these omparisons foused on numerial parameters in mesh and boundary

onditions, on �ow �eld around propellers, and on near and far �eld aoustis, re-

spetively. The next step would be a systemati omparison of the 1P loads between

experimental data and simulations.

Eulerian/Lagrangian Coupling

The interations between front rotor wakes and rear rotor blades an play a vital

role in open rotor performane and noise preditions. As no moderate-ost method-

ologies exist to simulate these interations, studies should be onduted to disover

new methodologies and assess their apability to apture the interation between

wakes and blades. This blade-vortex interation is a largely-studied problem in

modern rotorraft simulations. The approahes that are typially used to apture

this phenomenon an be divided in two families: the Eulerian methods, where a

spatial distribution of the �ow variables is provided in a �xed referene frame, and

the Lagrangian methods, where the referene frame follows the streamlines of the

partiles.

On one side, Eulerian methods are generally used to ompute the unsteady

�ow �eld around the propellers with a partiular ability to simulate the near-body

�eld. They present however an important weakness: their dissipative behavior.

Mesh re�nement is the simplest solution to avoid dissipation but usually it implies

una�ordable CPU osts to reah the industrial auray requirements. Di�erent

approahes an be used in the simulation of the Blade-Vortex Interations to apture

the vortex �ow within reasonable CPU osts: adaptive mesh re�nement [Dietz 2007℄,

high-order shemes [Boyd 2009, Renaud 2008℄ or vortiity on�nement strategies

[Wenren 2001, Murayama 2001, Costes 2012℄.

On the other side, Lagrangian methods have the ability to preserve the vor-

tiity soure terms in the �ow �eld either by solving the vortiity transport equa-

tion [Zhao 2012℄ or by onveting the vortiity density itself in the ase of poten-

tial wake models [Toulmay 1986, Mihéa 1992b, Le Bouar-Coppens 2004℄. Unfortu-

nately, these methods are usually inaurate in prediting three-dimensional, vis-

osity, and ompressibility e�ets in the near-body �eld, mainly when using blade

geometry simpli�ations suh as the lifting-line method.

In order to handle with the omplexity of the problem, rotorraft omprehensive

odes have lassially used low-order aerodynami models based on lifting-line theory

and two-dimensional airfoil tables. Moreover, these odes often inlude a struture

ode (CSD solver) to aount for the blade deformation. Indeed, for rotorraft

blades that are very �exible and with important aspet ratios, their deformations

impat signi�antly the aerodynami loads and moments.

Although, airload preditions using these fast low-�delity aerodynami methods

often show signi�ant shortomings. Two main unsolved problems in rotor airloads

predition have been identi�ed [Bousman 1999℄: (1) the azimuthal phase lag of

advaning blade negative lift in high-speed �ight and (2) the underpredition of
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blade pithing moments over the entire speed range.

These two de�ienies have motivated the development of a number of odes

based on Eulerian/Lagrangian approahes in order to bene�t from the advantages

of eah method: on one side, the Eulerian methods for the near-body �ow �eld and,

on the other side, the Lagrangian methods for the onvetion of the wake in the

outer domain.

The oupling between CFD and omprehensive odes has been aomplished in two

ways. In loose (weak) oupling methodology, the information between CFD and the

omprehensive ode is transferred on a per revolution, periodi basis. In the tight

(strong) oupling strategy, both odes are oupled at every time step and integrated

in parallel.

Weak oupling strategies. A well-known loose oupling strategy was developed

by Tung et al. [Tung 1984℄ using a transoni small disturbane ode. Other TSD

[Kim 1991℄ and full-potential methods [Strawn 1989, Strawn 1991, Beaumier 1994℄

were later oupled with omprehensive odes. These methods require the in�ow

angles from the omprehensive odes in order to onsider strutural deformation

and the in�uene of the wake outside the near-body CFD domain, usually limited to

some hords away. Issues were enountered with onvergene and omplex boundary

onditions.

With the inrease in high-performane omputation apabilities, it has beome

possible to use Euler [Altmikus 2002, Servera 2000℄ and Navier-Stokes solvers in

CFD/CSD oupling. Solving the full domain in the Euler or Navier-Stokes solver

avoids using a potential wake model in the predition of the in�ow angles. However,

this implies an important inrease in mesh size and omplexity.

On the ontrary, Berkman et al. [Berkman 1997℄ proposed a method oupling

a Navier-Stokes domain near the blade and a full potential outer domain, inlud-

ing a Lagrangian wake model to avoid its di�usion. Using this strategy, Min et

al. [Min 2010℄ showed an important sensitivity of the BVI predition to the mesh

re�nement and the trailing tip-vortex release point. Similarly, Sitaraman et al.

[Sitaraman 2003, Datta 2004℄ solved only the near-�eld of a single blade and used

a free-wake model to ompute the indued veloities at all the grid points.

Another approah proposed by Jobard et al. [Jobard 1996℄ onsists of an inter-

fae between MESIR wake model and the full-potential ode FP3D. In this ase, the

veloities indued by the free-wake model are onsidered as a perturbation on the

blade surfae.

Postdam et al. [Potsdam 2004℄ proposed a method that ouples the

OVERFLOW-D CFD ode and the CAMRAD-II rotorraft omputational stru-

tural dynamis (CSD) ode to alulate heliopter rotor airloads aross a range of

�ight onditions. An iterative loose (weak) oupling methodology is used to ouple

the CFD and CSD odes on a per revolution, periodi basis. In this strategy, the

whole aerodynami problem is alulated by the RANS solver and thus no wake

model is needed in the far�eld. CFD/CSD oupled simulations gave very good pre-
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ditions in terms of normal loads and pithing moments when ompared to full-CFD

simulations and experimental data for a omplex rotor geometry. However, the rotor

performane was still not an objetive in the study.

Another similar method is used at DLR by Pahlke et al. [Pahlke 2005℄ whih ouples

the FLOWer CFD solver with S4 omprehensive ode. 4-bladed rotors are meshed

by the himera approah with a artesian bakground mesh. A 10 to 15◦ advaning

side phase lag is obtained, but normal fore magnitudes are well predited. However,

pithing moment magnitudes and shapes are not satisfatory.

Reently, a Visous Vortex Partile Model (VVPM) has been oupled with a

CFD model in a CSD/CFD oupling ontext [Zhao 2012℄. The omparisons between

full-CFD omputations and the oupled strategy have given enouraging results, but

the gain in CPU osts is limited due to the ost of the VVPM model.

Rodriguez and Mayeur [Rodriguez 2012℄ present a weak oupling strategy be-

tween the elsA CFD solver and the HOST omprehensive ode. Only one blade

is onsidered in the CFD solver with a redued near-body mesh, whereas all the

wakes and the other blades are simulated in the potential wake model. A low-order,

periodi, free-wake model (MESIR) is used to predit the veloities indued by the

wakes and the other blades on the CFD problem. This hybrid methodology is om-

pared to the full-CFD simulations and to experimental data for an isolated rotor in

�ight onditions presenting transoni phenomena and for a desending �ight with

BVI events. The hybrid method preditions are very lose to full-CFD omputa-

tions, but important shortomings are observed with respet to experimental data,

mainly in terms of pithing moment oe�ients.

Strong/Tight oupling applied to rotorraft. Two main drawbaks have

arisen in the use of tight oupling proedures in heliopter rotor simulations: on

one side, the inrease in omputational osts due to massive ommuniation be-

tween odes and, on the other side, the di�ulty to trim a rotor in non-periodi

time-marhing simulations. For example Pomin and Wagner used overset methods

and deformable grids in a tight oupling proedure but avoided the trim issue by

�xing ontrol angles [Pomin 2001℄.

In the ase of propeller simulations the trim is simpler than in heliopters. Only

a onstant blade pith trim is onsidered in order to obtain the mean value of

the thrust. Nevertheless, this remains a problem to be assessed in tight oupled

simulations, where the mean value of the thrust is not easy to obtain or may not

exist in more general unsteady simulations.

Although strong oupling is more rigorous, an e�ient ommuniation between

odes is needed to avoid losses in omputational performane. On the other hand,

weak oupling allows a modular approah and ommuniation through �les. Never-

theless, weak oupling is limited to per revolution periodi problems.

A loose and a tight oupling methods were suessfully applied within the German-

Frenh researh projet CHANCE (Complete Heliopter AdvaNed Computational

Environment) [Pahlke 2000℄. Altmikus et al. [Altmikus 2002℄ presented a ompar-
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ison between these two approahes in a oupling strategy between HOST and two

CFD odes in Euler mode, FLOWer and WAVES. A 2.5 times inrease in ompu-

tational osts was indiated for the strong oupling omputations, while yielding

similar results to weak oupling omputations for high-speed forward �ight ondi-

tions. This study is an important benhmark in the omparison of both approahes

using the same odes.

The Lifting-Line Theory

In this setion, a general solution of the inompressible potential �ow problem is

detailed �rst, in order to introdue one of the derived theories, known as the lifting-

line. The main milestones in the development of lifting-line theories during the 20th

entury are then desribed. Two main approahes are at the onset of this theory:

�rst, the Prandtl's integro-di�erential equation and iterative solution approah, and

then Van Dyke's approah based on the mathed asymptoti expansions tehnique.

From the presentation of these theories to today, many studies have been onduted

to extend them to a larger sope of problems, mainly foused on onsidering general

wing planforms and unsteady air�ows.

Fundamentals of Invisid, Inompressible Flow

Cirulation de�nition. The vortiity of a �uid is de�ned as follows:

~ζ = ∇∧ ~v =

(
∂vz
∂y

−
∂vy
∂z

,
∂vx
∂z

−
∂vz
∂x

,
∂vy
∂x

−
∂vx
∂y

)

(1)

where ~v = (vx, vy, vz) is the air�ow veloity, in this ase in Cartesian oordinates.

Considering an open surfae S with a urve C at its boundary, by the Stokes'

theorem it an be found that:

∫

S
(∇∧ ~v).~ndS =

∫

S

~ζ.~ndS =

∮

C
~v.d~l ≡ Γ (2)

where the integral on the right-hand side is alled the irulation and denoted by Γ.

Hene the irulation is somehow tied to the rotation of the �uid.

Following Helmholtz's theorem of the irulation onservation, it an be stated

for a tube of vortiity that:

Γ =

∫

S1

~ζ.~nvdS =

∫

S2

~ζ.~nvdS = onst. (3)

whih expresses the spatial onservation of the vortiity along the tube (see Fig. 12).

The �ow�eld of a two-dimensional vortex is ommonly modeled by assuming a

rigid ylinder of radius R rotating in a visous �uid at a onstant angular veloity

ωy (see Fig. 13). It results in a �ow with irular streamlines varying only in radial

diretion:

vr = 0 and vθ = vθ(r) (4)
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Figure 12: Vortiity onservation and veloity at point P indued by a vortex seg-

ment

From the density and momentum onservation equations it an be �nally dedued:

vθ = −
ωyR

2

r
(5)

Thus, for any irle of radius r > R, the irulation is onstant and an be alulated

as:

Γ =

∫ 0

2π
vθrdθ = 2ωyπR

2
(6)

and thus, the tangential veloity an be rewritten as:

vθ = −
Γ

2πr
(7)

Biot-Savart's law. To alulate the veloity indued by a volume V ontaining

a distribution of vortiity ζ on a point r0 (see Fig. 12) Biot-Savart's law an be used

as follows:

~v =
1

4π

∫

V

~ζ ∧ (~r0 − ~r1)

|~r0 − ~r1|3
dV (8)

For the ase of a vortiity �lament of ross-setional area dS, Biot-Savart's law takes

the form:

~v =
Γ

4π

∫

L

d~l ∧ (~r0 − ~r1)

|~r0 − ~r1|3
(9)

where the irulation Γ is onsidered to be onstant along the �lament L. The

vortex �lament with onstant irulation an be de�ned as the limiting ase of a

zero ross-setional area vortex, with in�nite onentrated vortiity.



Literature Review 33

Figure 13: Vortex modeled as the �ow�eld around a ylindrial ore rotating as a

rigid body

General Solution of the Inompressible Potential Flow Equations

Statement of the potential �ow problem. Most of engineering problems using

aerodynamis require the solution in a �uid domain Ω ontaining a solid body and

additional boundaries that de�ne the outer �ow boundary. If the �ow is onsidered

to be inompressible and irrotational, the ontinuity equation redues to Laplae's

equation:

∇2Φ = 0 (10)

The solid surfae of the body imposes that in the body-�xed referene frame the

veloity omponent normal to the body's surfae must be zero:

∇Φ.~n = 0 (11)

where ~n is the vetor normal to the body's surfae. Moreover, the disturbane

reated by the solid body must deay far from the body (r → ∞):

lim
r→∞

(∇Φ− ~v) = 0 (12)

where ~r = (x, y, z) and ~v is the veloity at in�nity in the body-�xed referene frame.

The general solution, based on Green's identity. The sheme in Fig. 14

desribes the onsidered mathematial problem. Laplae's equation for the veloity

potential must be solved around an arbitrary volume in a body with boundary ΣB

in the volume Ω, with the outer boundary Σ∞. The boundary onditions in Eqs. 11
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Figure 14: The wing and the domain of integration

and 12 apply to ΣB and Σ∞, respetively. The normal vetor ~n always points outside

the studied volume Ω.

One of Green's identity apply the divergene theorem to the vetor Φ1∇Φ2 −

Φ2∇Φ1, to obtain:

∫

Σ
(Φ1∇Φ2 − Φ2∇Φ1).~ndΣ =

∫

Ω
(Φ1∇

2Φ2 −Φ2∇
2Φ1)dΩ (13)

where the surfae integral is taken over all the boundaries Σ, inluding a wake model

ΣW , that an aount for a disontinuity in the veloity potential or the veloity.

Thus, Σ = ΣB +ΣW +Σ∞.

Φ1 and Φ2 must be solution of Laplae's equation. Let us set: Φ1 = 1/r and

Φ2 = Φ, where Φ is the veloity potential in the volume Ω and r is the distane

from a point P (x, y, z), as shown in Fig. 14.

In the ase where the point P is outside the domain Ω both Φ1 and Φ2 satisfy

Laplae's equation and Eq. 13 beomes:

∫

Σ

(
1

r
∇Φ− Φ∇

1

r

)

.~ndΣ = 0 (14)

On the other hand, when the point P is inside the domain Ω, Φ1 beomes singular

when r → 0. Thus, the point P must be exluded from the domain of integration

and it is surrounded by a sphere Σε of radius ε. Equation 13 beomes:

∫

Σ+Σε

(
1

r
∇Φ− Φ∇

1

r

)

.~ndΣ = 0 (15)

In the spherial oordinate system at P , ~n = −~er, ~n.∇Φ = ∂Φ/∂r, and ∇(1/r) =

−1/r2~er. Thus yielding:

−

∫

Σε

(
1

r

∂Φ

∂r
+

Φ

r2

)

dΣ+

∫

Σ

(
1

r
∇Φ− Φ∇

1

r

)

.~ndΣ = 0 (16)



Literature Review 35

On the sphere surrounding P and for ε→ 0, it an be assumed that (∂Φ/∂r)Σε → 0.

Thus, the �rst term in the �rst integral vanishes, while the seond term yields:

−

∫

Σε

Φ

r2
dΣ = −4πΦ(P ) (17)

and Eq. 16 beomes:

Φ(P ) =
1

4π

∫

Σ

(
1

r
∇Φ− Φ∇

1

r

)

.~ndΣ (18)

This equation gives the potential at any point P in the domain Ω as a funtion of

Φ and ∂Φ/∂n on the boundaries Σ.

The internal potential Φi is de�ned for desribing the �ow inside the body's

volume ΩB. As the point P in Ω is outside the domain ΩB , the Eq. 14 yields:

∫

ΣB

(
1

r
∇Φi − Φi∇

1

r

)

.~ndΣB = 0 (19)

This expression an be added to Eq. 18 in order to inlude the e�et of the inner

potential on the global solution:

Φ(P )=
1

4π

∫

ΣB

[
1

r
∇(Φ− Φi)− (Φ− Φi)∇

1

r

]

.~ndΣ

−
1

4π

∫

ΣW+Σ∞

(
1

r
∇Φ− Φ∇

1

r

)

.~ndΣ
(20)

Far from the solid body, the ontribution of surfae Σ∞ on the potential an be

de�ned as a onstant Φ∞(P ) in an inertial referene system of a body moving in a

steady �ow. Thus, the previous equation beomes:

Φ(P )=
1

4π

∫

ΣB

[
1

r
∇(Φ− Φi)− (Φ− Φi)∇

1

r

]

.~ndΣ

−
1

4π

∫

ΣW

Φ~n.∇
1

r
dΣ+ Φ∞(P )

(21)

Again, an expression of Φ(P ) as a funtion of Φ and ∂Φ/∂n on the boundaries

is obtained. The problem is redued to determining the value of these quantities on

the boundaries. For a segment on ΣB, the doublet (µ) and the soure (σ) elements

an be de�ned as follows:

− µ = Φ−Φi and − σ =
∂Φ

∂n
−
∂Φi

∂n
(22)

Thus, Eq. 21 an be reformulated as:

Φ(P ) =
1

4π

∫

ΣB

[
σ

r
− µ

∂

∂n

(
1

r

)]

dΣ−
1

4π

∫

ΣW

µ
∂

∂n

(
1

r

)

dΣ+ Φ∞(P ) (23)

where µ in the integral over ΣW is the potential di�erene between the upper and

the lower surfae of the wake surfaes. Notie also that ~n.∇ has been replaed by

∂/∂n, where ~n is the loal normal to the surfae and in the sense of the doublet.
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Notie that the e�et of doublets and soures deay far from the body and

thus automatially satisfy the boundary ondition at surfae Σ∞. The solution

of the problem is to be found by determining the strength of the distribution of

doublets and soures. Yet the hoie of a partiular ombination of singularities

is not imposed by Eq. 23. Thus, the hoie of the doublet-soure ombination is

made depending on the physis of the problem. Two types of extreme ases an be

onsidered, were only one kind of singularity is onsidered:

• Doublet distribution: the soure term vanishes on ΣB if the following boundary

ondition is imposed: ∂Φi/∂n = ∂Φ/∂n. This is one of the formulations to

solve lifting-surfae problems.

• Soure distribution: the doublet term vanishes on ΣB if the following boundary

ondition is imposed: Φi = Φ. This is the formulation to solve volume or

thikness e�ets.

A general approah to the solution of inompressible potential �ow problems

has been presented here. It has been shown that the solution of Laplae's equation

(∇2Φ = 0) an be found by distributing elementary solutions (soures and doublets)

on the boundaries ΣB and ΣW of the volume of interest Ω. However, when r → 0,

the veloity beomes singular, and therefore these basi elements are alled singular

solutions of Laplae's equation. These basi solutions are integrated over any surfae

Σ ontaining these singularities in order to obtain the general solution.

With this approah, the solution of the �uid dynami problem an be redued

to �nding the appropriate singularity distribution over some of the boundaries, in

order to full�l the boundary ondition in Eq. 11. Two possible approahes exist to

solve this boundary ondition, whether the potential is spei�ed in the boundary

onditions (Dirihlet problem), or the zero normal �ow is spei�ed in the boundary

onditions (Neumann problem).

Basi solution: Point doublet. The seond basi solution introdued in Eq. 23

is the doublet. The veloity potential due to a doublet plaed at (x0, y0, z0) is:

Φ(x, y, z) =
µ

4π
~n.∇

(
1

|~r − ~r0|

)

=
µ

4π

∂

∂n

(
1

|~r − ~r0|

)

(24)

The dot produt ~n.∇(1/r) shows the diretional property of doublets. Thus, three

elements an be de�ned in Cartesian oordinates, depending on the derivative dire-

tion. If a z-diretional doublet is onsidered, the previous equation yields:

Φ(x, y, z) =
−µ

4π

z − z0
[(x− x0)2 + (y − y0)2 + (z − z0)2]3/2

(25)

Finally, the veloity potential generated by a distribution of z-diretional dou-

blets on a surfae Σ is:

Φ(x, y, z) =
−1

4π

∫

Σ

µ(x0, y0, z0).(z − z0)

[(x− x0)2 + (y − y0)2 + (z − z0)2]3/2
dΣ (26)
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Figure 15: Hess equivalene between a surfae doublet distribution (right), and a

ombination of surfae vortex distribution and vortex �laments (left).

Basi solution: Vortex. The general solution of the Eq. 23 onsists of soure

and doublet distributions only. However, other solutions to Laplae's equation exist,

based on vortex singularity distributions.

Hess proved the equivalene between a surfae distribution of doublets, and a

surfae distribution of vortex together with vortex �laments (see Fig. 15) [Hess 1972℄.

Therefore, the indued veloities in both formulations an be written as follows:

~v =
−1

4π

∫∫

S
µ∇

(
~n.~r

r3

)

dS

=
1

4π

∮

∂S
µ
d~l ∧ ~r

r3
−

1

4π

∫∫

S

(~n ∧∇µ) ∧ ~r

r3
dS

(27)

Small Disturbane Flow over Three-Dimensional Wings

The study of the air�ow around a simpli�ed �nite wing is presented and it is showed

how thanks to the hypothesis of an inompressible, irrotational and perfet �uid

the three-dimensional problem an be redued to a system of equations to be solved

only on the surfae of the wing.

The formulation of the problem. The problem of a �nite wing in an orthonor-

mal oordinate system is onsidered. The wing surfae is onsidered to be �at and

ontained in the x−y plane. Eah wing setion is de�ned by a span position, y, by a

hord, c(y), and by a displaement of the quarter-hord line in x, l(y) (see Fig. 16).

The freestream veloity is onstant, U∞
~i. Thus, the loal airfoil inidene, α(y),

is de�ned as the angle between the zero-lift inidene of the airfoil and the upstream

veloity vetor.

A vortex sheet is then formed downstream the wing as a onsequene of the

on�uene of the sution and the pressure side boundary layers at the trailing edge.

The problem to solve is to determine the veloity irulation at eah wing setion,

Σ, as shown in Fig. 17. The veloity irulation on an airfoil is de�ned as follows:

Γ(y) =

∮

δΣ

~U(P )d~lP (28)
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Figure 16: The wing and its wake.

~U∞ ΣW

d~lP

δΣ

ΦT.E.

sution

ΦT.E.

pressure

b

Σ

Figure 17: A blade ross-setion Σ and its two-dimensional wake ΣW .

Hypothesis and models. A perfet, inompressible and irrotational �uid is on-

sidered all over the three-dimensional domain, exept in the wing and the wake. The

wake is then modeled by a surfae (ΣW ) of tangential veloity disontinuity, starting

from the trailing edge and propagating downstream to in�nity. It is supposed that

the wake remains almost �at and in the viinity of the x− y plane. In this ase, the

irulation around the Σ setion an be alulated as follows:

Γ(y) =

∫∫

Σ

~∇∧ ~Ud~lP (29)

Then the irulation represents the rotation of the �uid due to the presene of

the wing [Chassaing 2000℄. For a potential air�ow, a veloity potential Φ exists in

the whole volume and is de�ned as ~v = ~∇Φ. In the ase of a potential air�ow and

following the notation introdued in Fig. 17, the irulation around the Σ setion is:

Γ(y) = ΦTE

sution

− ΦTE

pressure

(30)

where ΦTE

sution

and ΦTE

pressure

are the veloity potentials at the pressure and sution

side of the airfoil trailing edge.

One the irulation Γ(y) on eah wing setion has been alulated, the Kutta-

Joukowski theorem an be used to alulate the airfoil lift L′(y), as follows:

L′(y) = −ρ∞U∞Γ(y) (31)

where ρ∞ is the freestream density and U∞ is the freestream veloity.
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Zero-thikness wing in inidene. Steady ase. A zero-thikness �at wing

and wake are now onsidered, and outer boundary onditions are onsidered to be

far from the wing and the wake. In this ase, only z-diretional doublet singularities

distributed along the wing and the wake are needed to satisfy boundary onditions

(Eqs. 11 and 12). The intensity of the doublet distribution is given by: −µ =

Φ+−Φ−
, where Φ+

and Φ−
are the veloity potentials in the upper surfae Σ+

and

the lower surfae Σ−
of the wake, respetively.

Thus, Eq. 26 an be written as:

Φ(x, y, z) =
−1

4π

∫

ΣB+ΣW

µ(x0, y0, z0).(z − z0)

|~r|3
dΣ (32)

where ~r is the vetor from the doublet position P (x0, y0, z0) to the point of interest

M(x, y, z).

Considering that:

1

|~r|3
=

∂

∂x

[
1

(y − y0)2 + (z − z0)2

(

1 +
x− x0
|~r|

)]

(33)

the previous integral an be transformed as follows:

Φ(x, y, z) =
−1

4π

∫

ΣB+ΣW

∂µ

∂x

z − z0
(y − y0)2 + (z − z0)2

(

1 +
x− x0
|~r|

)

dΣ (34)

In the steady ase, the intensity µ of the doublets in the wake is onstant in the

diretion of the air�ow and varies only spanwise. Therefore, ∂µ/∂x = 0 for all the

points in the wake. On the ontrary, doublet intensity on the wing may vary both

spanwise and hordwise, in order to ful�ll the boundary ondition along the wall.

Therefore, the veloity potential an be obtained by integrating the e�et of doublets

only over the solid body ΣB :

Φ(x, y, z) =
−1

4π

∫

ΣB

∂µ

∂x

z − z0
(y − y0)2 + (z − z0)2

(

1 +
x− x0
|~r|

)

dΣ (35)

Zero-thikness wing in inidene. Unsteady ase. Veloity potential an

also be omputed in the unsteady ase using Eq. 34. However, to remove the in-

tegration along the wake, in this ase it is neessary to introdue the aeleration

potential as follows:

Ψ(x, y, z) =
DΦ

Dt
=
∂Φ

∂t
+ ~v.∇Φ ≃

∂Φ

∂t
+ U∞

∂Φ

∂x
(36)

whih has been approximated to the ase of a thin-wing ase under small inidenes

and small motion amplitudes. In this equation, U∞ is the freestream veloity in

the x-axis. The interesting property of the aeleration potential Ψ is that it is

ontinuous in all the domain exept aross the wing.

Again, the solution of Ψ must ful�ll Laplae's equation:

∇2Ψ = 0 (37)
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The zero-veloity normal to the solid surfae boundary ondition, in the body

frame, imposes on ΣB that:

∂Ψ

∂z
=

Dα

Dt
=
∂α

∂t
+ ~v.∇α ≃

∂α

∂t
+ U∞

∂α

∂x
(38)

The aeleration potential is ontinuous in both sides Σ+
and Σ−

of the wake:

Ψ+ −Ψ− = [[Ψ]] = 0 (39)

Finally, the perturbation must deay far from the wing and the wake:

lim
r→∞

∇Ψ = 0 (40)

By a proedure similar to the one used in the steady ase, it is obtained:

Ψ(x, y, z) =
1

4π

∫

ΣB

∂[[Ψ]]

∂x

z − z0
(y − y0)2 + (z − z0)2

(

1 +
x− x0
|~r|

)

dΣ (41)

Methods based on the unsteady lifting-surfae theory an solve either Eq. 41 on

the wing surfae or, in a more ommon implementation, they an solve Eq. 34 on the

wing and the wake surfaes. To do so, a disrete desription of the wing and the wake

is used. More details on these methods an be found in [Ashley 1985, Katz 2001℄.

The Onset of the Lifting-Line Theory

Prandtl's theory. The origin of the lassial lifting-line theory is ommonly at-

tributed to the works done by Prandtl and his team at Gottingen during the World

War I [Prandtl 1923℄. This theory is the �rst and simpler way to represent the

three-dimensional air�ow around a �nite wing. It onsiders an inompressible and

invisid �uid along a �nite-span straight wing with high aspet ratio under steady

onditions and small inidenes. The theory has been detailed in several referene

books [Katz 2001, Anderson 2001℄ and here only the main results, as well as the

hypothesis and limits of the theory will be presented.

The problem is governed by the Laplae's equation for the veloity potential:

∇2Φ = 0. The solutions of this equation an be found using the superposition

of fundamental solutions, i.e. soures, sinks, doublets, vorties, et. In partiular,

Prandtl's theory represents the wing and its vortial wake by a series of horseshoe

vorties.

These vortiity strutures are solution of Laplae's equation when they meet with

the Helmholtz's theorems [Sa�man 1992℄: (a) The intensity of the vortex is onstant

all along its path, and (b) a vortex annot be ut, it must �nish at in�nity or form

a losed path.

Prandtl's theory uses the Biot-Savart law to alulate the veloity indued at a point

M by a vortiity �lament L of intensity Γ:

~V
ind

= −
Γ

4π

∫

L

−−→
PM ∧ d~l

P

PM3
(42)
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Figure 18: Di�erent orders in the lifting-line. Constant Γ in eah blade setion or

ontinuous Γ distribution

In the beginning of the 20th entury Lanhester modeled the wing by a single

horseshoe vortex [Lanhester 1907℄. The so-alled bound vortex followed the span

of the wing, while the free vorties represented the wingtip vorties. In that ase,

Helmholtz's ondition imposed a onstant intensity all along the wingspan, whih

does not orrespond to the real wing behavior. Indeed, the onstant vortex iru-

lation an be linked to the lift developed by the wing at eah span position, whih

shall not be onstant in the general ase.

On the ontrary, if a series of horseshoe vorties of di�erent intensity are onsidered

along the wing (see Fig. 18(a)), a step distribution of the irulation an be obtained

along the wingspan. Prandtl extended this idea and onsidered an in�nite number

of horseshoe vorties, hene obtaining a ontinuous distribution of irulation along

the wing (see Fig. 18(b)).

For eah point on the lifting-line, the veloity indued by a free vortex �lament

of this ontinuous wake is:

d~V
ind

=
Γ′(η)

4π(y − η)
dη.~k (43)

where Γ′(η) = ∂Γ/∂y|η . Thus, the veloity indued by the whole wake is:

~V
ind

(y) =
1

4π
PV

∫ b/2

−b/2

Γ′(η)

y − η
dη.~k (44)

where b is the wingspan and PV indiates the Prinipal Value of the integral as

de�ned in Appendix A.

The Kutta-Joukowski ondition for two-dimensional airfoils is then modi�ed to in-

lude the indued veloities from the three-dimensional wake, α
ind

:

Γ(y) = πc(y)U∞(α− α
ind

) (45)
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For small inidene angles, it is supposed that:

α
ind

= arctan(~V
ind

.~k/U∞) ≃ ~V
ind

.~k/U∞ (46)

Whih yields to the Prandtl's integro-di�erential equation:

Γ(y) = πc(y)U∞

(

α−
1

4πU∞
PV

∫ b/2

−b/2

Γ′(η)

y − η
dη

)

(47)

For a two-dimensional, inompressible and irrotational air�ow, the Kutta-

Joukowski theorem links the airfoil lift to the veloity irulation around it. This

ondition an be extended to the lifting-line problem to obtain the setional lift and

the setion indued drag:

L′(y) = ρ∞U∞Γ(y) ; D′(y) = ρ∞U∞Γ(y)α
ind

(y) (48)

The wing loads an be obtained by spanwise integration of the setional loads:

L = ρ∞U∞

∫ b/2

−b/2
Γ(y)dy ; D = ρ∞U∞

∫ b/2

−b/2
Γ(y)α

ind

(y)dy (49)

Prandtl's lifting-line method presents a rather heuristi formulation, without

a rigorous mathematial demonstration. Moreover, still today, the �nal integro-

di�erential equation has no analytial solution and therefore it must be solved in an

iterative proess.

Van Dyke's Asymptoti Expansions. The theoretial justi�ation of the

lifting-line theory is attributed to Van Dyke [Van Dyke 1964℄. In his works, he no-

tied that problems presenting singular perturbations, suh as the wing model used

in the lifting-line theory, an be solved by using the Mathed Asymptoti Expansion

tehnique (MAE).

When �uid dynamis equations are written in dimensionless form small param-

eters appear. For a problem with a unique exat solution, we an formulate an ap-

proximate problem by supposing that those small parameters are negligible (ε→ 0).

This approahed problem may be easier to solve and may give an approximate so-

lution. However, nothing tells us whether the problem is still well-onditioned or

whether the approahed solution is lose to the exat solution for all the �uid do-

main.

Mathed Asymptoti Expansions method fouses on problems where the desribed

perturbation beomes singular. In that ase, there are some zones in the prob-

lem where the e�et of the small parameters is no longer negligible. Thus, two

approahed problems must at least be formulated: the �outer domain�, where the

small parameter is negleted, and the �inner domain�, where this parameter beomes

important. Both solutions are mathed by ontinuity onditions to obtain the ap-

proahed solution of the problem for the entire �uid domain (see [Van Dyke 1964℄

for more details).
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Figure 19: Finite wing problem (left) solved using the Mathed Asymptoti Expan-

sions method: in�nite-span airfoil (enter) and the lifting-line method(right)

The lifting-line model is based on two main assumptions: First, the aspet ratio,

AR (ratio of the span lengthsale, b, of a lifting wing to its hord lengthsale, c0)

is muh greater than one (1 ≪ b/c0); and seond, the spanwise variation of the

�ow ours on the long lengthsale b. While Prandtl's approah implies solving an

integro-di�erential equation, Van Dyke realized that the problem ould be onsid-

ered as a singular perturbation and he introdued the mathed asymptoti expansion

tehnique (MAE) into the solution of the problem. He proposed an expansion of

the solution with the small parameter ε = AR−1
.

The global solution is obtained by mathing an �inner solution�, whih onsiders

only the airfoil aerodynamis and its two-dimensional wake, negleting all spanwise

variations, and an �outer solution�, whih neglets the hord dimension and onsid-

ers the problem as a system of bound and free vortex, representing the blade and

its wake, respetively (see Fig. 19).

The veloity potential and the irulation are developed asymptotially under

the form:

Φ(x, y, z)=Φ0(x, y, z) + εΦ1(x, y, z) + ε2 ln εΦ2(x, y, z) + ε2Φ3(x, y, z) + o(ε2)

Γ(x, y, z)=Γ0(x, y, z) + εΓ1(x, y, z) + ε2 ln εΓ2(x, y, z) + ε2Γ3(x, y, z) + o(ε2)
(50)

While Prandtl's approah led to an integro-di�erential equation without ana-

lytial solution for an arbitrary wing geometry, Van Dyke's approah yields to the
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following asymptoti solution:

Γ0(y)=πcα

Γ1(y)=
πcα

2

∫ 1

−1

c′(η)dη

y − η

Γ2(y)=
πcα

4
(2c′2(y) + 3c(y)c′′(y))

Γ3(y)=
πcα

4

[(

2 ln
4

c(y)
−

3

2

)

c′2(y) +

(

3 ln
4

c(y)
+

1

2

)

c(y)c′′(y)

+
∂

∂y

∫ 1

−1

(∫ 1

−1

c′(σ)dσ

η − σ

)
c(η)

y − η
dη

+
1

2

∂3

∂y3

∫ 1

−1
c(η)(c(y) + c(η))sgn(y − η) ln |y − η|dη

]

(51)

where the non-dimensional variables are de�ned as follows: y = y/b, c = c/c0,

c′ = ∂c/∂y, c′′ = ∂2c/∂y2, and Γ = Γ/(bU∞).

Developing the Lifting-Line Theory

The suess of Van Dyke's approah boosted other researhers to �nd extensions of

the original model whih was restrited to unswept wings and steady �ows. Hene

suessive studies foused on the extension of the lifting-line theory on one side to

general blade forms and on the other side to unsteady air�ow onditions.

General blade form. Thurber [Thurber 1965℄ was the �rst to apply the Van

Dyke's asymptoti tehnique to urved wings of high aspet ratio. However, his

formulation was too ompliated and did not enable any physial interpretation of

the di�erent terms. Then, Cheng [Cheng 1978℄ proposed a learer formulation of the

MAE approah and applied it to straight swept wings. Some years later, Cheng and

Murillo [Cheng 1984℄ developed an unsteady lifting-line theory for urved wings

whih was limited to very-low frequenies. Moreover, the formulation presented

some di�ulties from the use of the urvilinear oordinates in the �inner� domain

in the MAE approah.

Unsteady air�ow. The development of the unsteady lifting-line theory was done

in several steps and foused mainly on harmoni air�ows. First, Cheng [Cheng 1976℄

identi�ed �ve frequeny domains, depending on the ratio between the wavelength λ

and the harateristi dimensions of the wing, i.e. the span b and the hord length c.

The �ve frequeny domains are: (a) Very-low frequenies, b≪ λ, (b) low frequenies,

b = O(λ), () intermediate frequenies, c ≪ λ ≪ b, (d) high frequenies, c = O(λ),

and (e) very-high frequenies, λ≪ c.

Regarding the shape of the indued veloity distribution, �rst works from James

[James 1975℄ and Van Holten [Van Holten 1976℄ onsidered a onstant distribution

along the hord like in the steady lifting-line theory. On the ontrary, Ahmadi and

Widnall [Ahmadi 1985℄ showed that this assumption was asymptotially orret only
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for very-low frequenies (b≪ λ), whereas for the low-frequeny domain (b = O(λ)),

indued veloities presented a sinusoidal dependene on the hordwise variable.

Slavounos [Slavounos 1987℄ notied a non-uniformity in the frequeny domain that

avoided previous work to obtain a uni�ed formulation of the unsteady lifting-line

theory. Indeed, previous theories overed a narrow range of frequenies beause they

tried to asymptotially relate the wavelength λ to either the span lengthsale or the

hord lengthsale. Suh a omparison restrited automatially the development to

a small range of frequenies.

The Uni�ed Lifting-Line Theory

Guermond and Sellier [Guermond 1990, Guermond 1991℄ developed what an be

onsidered the most omplete uni�ed lifting-line theory, whih rigorously solves the

problem of a swept and urved wing under the full range of osillation frequenies.

Instead of solving the PDE, they generalized the approah proposed by Kida and

Miyai [Kida 1978℄ to the ase of a urved wing of high aspet ratio. This approah

used the integral equation formulation of the problem; it solved asymptotially a

Fredholm equation of the �rst kind whih links the unknown pressure jump and the

normal veloity imposed on the wing. An asymptoti expansion of the surfae inte-

gral with respet to AR was found using the �nite-part integral theory introdued

by Hadamard [Hadamard 1932℄. At eah approximation order the problem redued

to a lassial, two-dimensional, integral equation, whose unknown were the pres-

sure jump, and whose right-hand side depended only on the previous approximation

orders of the solution.

Steady formulation. In 1990, Guermond presented an asymptoti development

of the lifting-surfae equation (Eq. 41) as a funtion of the small parameter ε =

1/AR = b/c, the inverse of the wing aspet ratio [Guermond 1990℄. The asymptoti

development of the irulation Γ is written in non-dimensional variables as follows:

Γ(y) = Γ0(y) + ε ln εΓ1(y) + εΓ2(y) + o(ε) (52)

where,

Γ0(y)= πc(y)U∞ cos Λα

Γ1(y)= πc(y)U∞ cos Λ

[

Γ0(y)

4πκ(y)
+ sinΛ

Γ̇0(y)

2π

]

Γ2(y)= πc(y)U∞ cos Λ

{

1

4π
PF

∫ b/2

−b/2

Γ0(η)

(y − η)2

(

1 +
l(y)− l(η)

√

(l(y)− l(η))2 + (y − η)2

)

dη

+

[

Γ0(y)

4πκ(y)
+ sinΛ

Γ̇0

2π

](

ln
c

4
+

1

2

)

+
Γ0(y)

4πκ(y)

[

1− tan2 Λ− ln
2

cos2Λ

]

+
Γ̇0(y)

2π

[

ln

∣
∣
∣
∣

1 + sinΛ

cos Λ

∣
∣
∣
∣
− sin Λ ln

2

cos2Λ

]}

(53)
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Notie the addition of a term in ε ln ε whih did not exist in Van Dyke's formulation.

This term is indeed linked to the wing sweep and urvature.

In dimensional variables and writing the di�erent terms under the form of in-

dued veloities, it yields:

Γ(y) = πc(y) cos Λ(U∞α+ w0(y) + wc(y)) (54)

where the w0 term omes from the outer domain and stands for the veloity indued

by the wake. It an be alulated as follows:

w0(y) =
1

4π
PF

∫ b/2

−b/2

Γ0(η)

(y − η)2

(

1 +
l(y)− l(η)

√

(l(y)− l(η))2 + (y − η)2

)

dη (55)

On the ontrary, the wc term does not appear in Van Dyke's expansions, and is

linked to the e�ets of wing sweep and urvature. It an be written as follows:

wc(y) = a1Γ(y) + a2
∂Γ

∂y
(y) (56)

where:

a1 =
1

4πκ(y)
(1−tan2Λ(y)+K) ; a2 =

1

2π

(

K sinΛ(y) + ln

∣
∣
∣
∣

1 + sinΛ(y)

cosΛ(y)

∣
∣
∣
∣

)

(57)

K =
1

2
+ ln

c(y) cos2Λ(y)

4b
(58)

Unsteady formulation. One year later, Guermond and Sellier extended their

uni�ed theory to the unsteady ase [Guermond 1991℄, thus leading to what is alled

here the Unsteady Curved Lifting-Line theory (UCLL). The asymptoti development

of the irulation is done for the ase of a wing under an harmoni motion of ω

pulsation. Two redued frequenies are of onsideration in this ase: the redued

frequeny in the spanwise length ν =
ωb

U∞
and the redued frequeny in hordwise

length k =
ωc0
U∞

. Again, the asymptoti expansions use the small parameter ε =

1/AR = c0/b, leading to the division of the problem into several in�uene domains.

For eah M point in the lifting-surfae, three domains an be distinguished (see

Fig. 20):

• The inner domain I: all points at a distane from M of the order of c0.

• The outer domain O: all points at a distane from M of the order of b.

• The outer domain O
wi

: all points of O plaed in the wake of I domain.

Moreover, their study put forward the harmoni dependeny of the indued

veloities along a given wing setion. Hene ifM ′
is another point on the same wing

setion than M at a distane of x, then the indued veloities on that point follow:

w(M ′) = exp−ikxw(M).
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Figure 20: In�uene domains in the uni�ed theory [Guermond 1991℄

Numerial Appliation of the UCLL Theory

Devinant's hypothesis. The works of Guermond and Sellier put forward the

harmoni dependene of the indued veloities along the hord. For low and very-

low ases, Devinant [Devinant 1999℄ proposed to suppress this harmoni dependene.

Similar to what was proposed by James and Van Holten, this assumption implies the

same indued veloities on all the points for a given setion. Thus, the irulation

of a point M in the lifting-line up to order ε an be written as:

Γ(M) = πc(y) cos Λ (w2D(M) + wc(M) + wO(M)− wO
wi

(M)) (59)

where: w2D stands for the veloity indued by the unsteady two-dimensional wake

I ∪O
wi

, wO is the veloity indued by the wake O, wO
wi

is the veloity indued by

the wake O
wi

, and wc is the omplementary veloity indued by the loal sweep and

urvature.

Assuming onstant indued veloities along the hordwise dimension allows also to

overome the periodiity hypothesis in the wing motion. Thus, general unsteady

onditions an be studied, whih is useful for time-marhing simulations.

Previous numerial implementations of the UCLL theory. The theory de-

veloped by Guermond and Sellier has been implemented into a lifting-line ode

during two onseutive Ph.D. works [Gallois 2003, Muller 2007℄. Following previous

works of Devinant [Devinant 1998℄, the problem is divided in two in�uene domains

(inner and outer) and linked by the MAE tehnique (see Fig. 21).

On one side, the outer domain onsiders the three-dimensional wing and its wake. It

is modeled with a lassial lifting-line method that redues the wing to its quarter-

hord line and disretizes the wake into surfae elements of onstant vortiity. The

veloity indued by all the panels on the onsidered setion is regular, and solved

using the four-point Gaussian quadrature rule, exept the panel in ontat with

the alulation point. The veloity indued by this panel is alulated using the
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(a) Inner domain, I ∪ O
wi

(b) Two-dimensional wake domain, O
wi

() Three-dimensional wake domain, O

Figure 21: Di�erent ~v
ind

terms in the uni�ed lifting-line theory.

Hadamard's Finite Part integrals.

On the other side, the inner domain represents a two-dimensional airfoil and its

wake. It is modeled by a lassial linearized thin-airfoil theory in temporal formula-

tion, whih takes into aount the motion of the airfoil together with the unsteady

two-dimensional wake shed from its trailing edge. In order not to onsider two times

the wake behind the onsidered airfoil, the two-dimensional wake in the lifting-line

formulation is removed. To alulate the term to be removed, Finite Part integrals

are used again.

This numerial appliation will be detailed and analyzed in Chapter 3. It has

already been implemented in the aademi ode AILE giving exellent results when

ompared to lifting-surfae odes for the ase of a swept and urved wing in general

unsteady air�ow onditions. Therefore, the purpose of the �rst part of the present

study has been to adapt and implement it in an industrial ode like HOST.
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This hapter is divided in two main parts: the �rst one is devoted to the methodolo-

gies used during this Thesis, and the seond one to the test ases used for validating

the methodologies.

On one side, the hapter fouses on desribing the main features, hypothesis,

strengths and weaknesses of the available methods for single- and ontra-rotating

propeller simulations. The state-of-the-art of the available methods in an industrial

ontext is exposed, in order to justify the seletion of some methods among the

others. Finally, the seleted methods are desribed more in detail.

On the other side, this hapter desribes the details of the two test ases that are

used all along the study. First, a representative single-rotating advaned propeller

(APIAN) and then an Airbus generi geometry of a ontra-rotating open rotor used

in a number of European projets (AI-PX7).

Available Methods for Propellers and CROR

From the preliminary design phases of propellers and open rotors, methodologies

should be available to predit a number of key parameters with a relatively good

auray. Most important parameters are related to the propeller performane at

the main �ight points: the thrust and the shaft power. Moreover, for o�-design

onditions, whih are very ommon when propellers and open rotors are installed

on airraft, 1P loads are of apital importane. Finally, for strutural preliminary

design, it is also important to predit aurately unsteady load and moment dis-

tributions along the blade. On one side, steady blade loads are important for the

struture dimensioning and, on the other side, unsteady loads are taken into aount

to determine vibrations and the limit of �utter.

In the ase of an open rotor, the potential and wake interation between propellers

impats strongly the behavior of the propeller. Due to the fat that open rotors

are unduted, their interation with the airframe is muh more important than in

the ase of a turbofan. Therefore, being able to predit orretly these installation

e�ets beomes a must when prediting the behavior of an installed open rotor.

An important number of simulation methods are available for the simulation

of single-rotating and ontra-rotating propellers. This wide variety is neessary to

respond to eah design phase requirements, while maintaining an optimum ratio

between omputational time and auray over omputational osts.

A short desription of these methods is given hereafter, together with their main

assets and drawbaks for their appliation to preliminary design phases of open rotor

blades.

Quasi-steady Lifting-Line methods. Rapid aerodynami simulations of iso-

lated single-rotating and ontra-rotating propellers are urrently performed using
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the LPC2 ode, developed at Onera. This ode is based on the blade-element theory

where the aerodynami oe�ients (lift, drag and pithing moment) of eah blade

setion are omputed using two-dimensional airfoil data. A singularity method is

used to ompute the veloities indued by the propellers on eah blade setion. This

singularity method desribes the wake as a lattie of vortex �laments with a pre-

sribed motion and the blade is desribed as a vortex �lament along its quarter-hord

line.

LPC2 has been extended to provide information for the predition of aero-aousti

signal of single- and ontra-rotating propellers. In order to extrat the unsteady

loadings of the blade, one blade passage is divided in several blade positions keep-

ing a wake with onstant irulation. With this approah, indued veloities are

alulated at eah azimuthal position and thus unsteady loads on the blade an be

predited.

Non-homogeneous in�ows an be taken into aount in LPC2 omputations, but in a

quasi-steady approah. These non-homogeneous in�ows an be due to the propeller

in inidene or to the installation e�ets. The quasi-steady approah performs a �rst

simulation onsidering an isolated propeller without inidene is omputed. Then,

the indued veloities omputed in this �rst simulation are orreted to inlude the

di�erent perturbation �elds, i.e. inidene or installation e�ets. However, the ve-

loities indued by the wake are not modi�ed by these perturbation �elds to aount

for the inidene or for the e�ets of installation.

LPC2 was oneived as a tool for very rapid propeller and open rotor perfor-

mane preditions. During several years, the ode has been developed to broaden

its domains of appliation, yet keeping a rather simple approah. Apart from per-

formane, LPC2 an ompute in-plane loads in the ase of non-homogeneous in�ow

onditions. Moreover, the ode provides adequate outputs for aero-aousti om-

putations with the PARIS ode, whih solves the Ffows Williams and Hawkings

integral equation for noise propagation. Finally, the extensive use of the ode in an

applied researh and in an industrial ontext has also helped to develop interesting

features suh as targeted-thrust and power omputations for open rotors by varying

front and rear blades' pith.

The simpliity of LPC2 is still an important asset of the ode, whih enables a

fair predition of open rotor performane within few minutes of omputation.

Regarding the predition of key aerodynami parameters, LPC2 has shown on one

side an aeptable auray in terms of thrust and power for high-speed ompu-

tations. However, important mismathes have been observed in highly-loaded low-

speed omputations. These mismathes are ommonly attributed to the important

three-dimensional vortex strutures that form on the blade and that annot be pre-

dited by two-dimensional blade-element methods.

Moreover, LPC2 has presented notieable mismathes in the predition of the 1P

load magnitude. Besides, simulations are not able to predit any 1P load phase lag

due to the steady approah in the wake emission.

In addition, unsteady load and moment distributions along the blade are fairly pre-

dited around the blade mid-span. Nevertheless, important mismathes are observed
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near the blade tip, due to the limits of a two-dimensional simulation of the air�ow,

and near root, due to the lak of wall e�ets.

Finally, the steady approah in LPC2 ode avoids its use in all aeroelasti applia-

tions. For example, the blade pith default or the whirl �utter of a propeller or a

CROR annot be taken into aount.

Although the simpliity of the ode and the large amount of best praties

already aquired, the Aerodynamis Tools and Simulations Department at Airbus

deided to study and propose other methodologies to ful�ll all the key requirements

of open rotor preliminary design proesses. This is why, within this Ph.D. thesis,

HOST a omprehensive ode for aeromehanial simulations has been investigated

on single- and ontra-rotating propellers.

Unsteady lifting-line simulations. The lifting-line theory has been extended

to general unsteady ases in a number of industrial solvers by using time-marhed

simulations. MINT [Le Bouar-Coppens 2004℄ and MESIR [Mihéa 1992a℄ odes at

Onera or CAMRAD-II ode at NASA [Johnson 1998℄ are some examples of this kind

of approah.

These solvers have an auray in terms of performane that is similar to the

ase of lassial lifting-line solvers. Again, they are based on a quasi two-dimensional

desription of the blade, and the e�et of propeller slipstream is taken into aount

by a potential wake model. Due to its time-marhed sheme, more important om-

putational times are required, but remain between several minutes and some hours.

An important asset of the unsteady approah is that it enables to aount for the

history in the vortiity shed by the blades, and thus they are able to predit a er-

tain 1P load phase lag.

Moreover, the quality of the blade-vortex interation is diretly linked to the simula-

tion time step. A ompromise must be established however between the auray of

the interation and the omputational osts, that inrease rapidly as the time step

diminishes.

Finally, installation e�ets an be introdued as a perturbation of the veloity seen

by the blade, depending on the azimuth, the radius, and the time. Although models

of the wall e�et may be implemented in these odes, these orretions an inrease

signi�antly the omputational osts and must be used arefully.

Mixing-plane RANS simulations. This method onsiders a one-hannel om-

putational domain, both for the front rotor and the aft rotor (see Fig. 22). One

omputational domain is onsidered for eah row and soure terms are imposed to

the walls of eah rotor in order to aount for their rotational veloities. Eah do-

main is disretized and the steady RANS equations are solved for eah mesh ell.

The interfae between front and aft domains is managed by a mixing-plane ondi-

tion. This boundary ondition omputes the azimuthal average of the onservative

variables' �uxes and transmits the information to the opposite domain by interpola-

tion on its interfae mesh. Therefore, the averaged interferene e�et between rotors
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Figure 22: One hannel per row domain with mixing-plane ondition in the stage

interfae.

is taken into aount while keeping a steady solution of the problem [Denton 1979℄.

Both, the one-hannel omputational domain and the steady approah used in

the mixing-plane method lead to heap simulations (some hours of meshing and om-

putation), while aounting rigorously for the blade geometry, the ompressibility,

the visosity, and the turbulene e�ets. Therefore, this method is partiularly well

adapted for the performane predition of open rotors. However, as it onsiders only

a steady solution, neither 1P loads nor blade-vortex interation an be predited.

Moreover, these simulations an only aount rigorously for the e�ets of the hub

in the ase of an isolated open rotor.

Chorohroni uRANS simulations. Introdued �rst by Erdos et al.

[Erdos 1977℄ for turbomahinery simulations, the horohroni approah relies on

the natural spae (horo) and time (hroni) periodiity of the �ow and hene al-

lows to perform unsteady simulations of stages' interation onsidering only one

hannel per row. Therefore, the �ow seen by a given hannel A at the time t is the

same as the �ow seen by another hannel B at a ertain time t+T
horo

, where T
horo

is the horohroni period (see Fig. 23).

It has to be noted that the horohroni period has no sense for phenomena that are

not orrelated with the rotational veloities of the row, like for example the vortex

shedding. These phenomena have their own frequeny and, though aptured in a

given row domain, they annot be transmitted to adjaent rows.

The unsteady approah of the horohroni tehnique allows for a number of open

rotor industrial appliations: performane predition, blade-vortex interations, un-

steady blade loadings, and aero-aoustis. Moreover, onsidering only one hannel

per row redues signi�antly memory and omputational osts (some days). On the

ontrary, the method is limited to a single stage interation and annot aount for

non-homogeneous in�ow due to the e�ets of installation or the inidene.

Time-spetral method (TSM). Spetral methods in CFD simulations were �rst

presented by He [He 1992℄ for the ase of multi-stage turbomahinery. This method

starts from the fat that uRANS simulations do not onsider the periodi nature of

the air�ow and therefore an important part of the omputational time is wasted to

pass the unsteady transient of the solution [Siot 2009℄. A way to avoid this is to

express the variables of the aerodynami �eld in Fourier's series and perform 2N +1
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(a) Instant t (b) Instant t+ T
horo

Figure 23: Chorohroni or time-spae periodiity in two ontra-rotating rows

oupled steady simulations. Eah of the steady simulations represent partiular

instant in the period of the studied phenomena, and it is oupled to the other instants

by adding soure terms to RANS equations. Considering 2N + 1 simulations, the

highest harmoni in the solution that is expeted to be aptured is N . However,

the number of omputed instants 2N + 1 should be hosen arefully in order to

apture the phenomena of interest with enough auray, but without tremendously

inreasing memory and omputational time.

The domains of appliation of TSM simulations are theoretially the same as

horohroni simulations: performane, blade-vortex interation, unsteady blade

loading and aoustis. Again, installation e�ets induing non-homogeneous in�ow

annot be onsidered. Moreover, �rst industrial appliations of the method have

shown unphysial osillations due to the Fourier's series trunation, whih might

redue the appliation of the method to aero-aousti problems [Yabili 2010℄. To

redue these osillations, an important number of harmonis are needed and thus,

omputational osts might be no longer interesting ompared to equivalent uRANS

omputations.

Multi-frequential methods. Both horohroni and TSM methods have been

extended to the ase of multi-stage interations: multi-horohroni approah

[Castillon 2012℄ and Harmoni Balane Tehnique [Hall 1987℄. The method prini-

ples are the same as in mono-frequeny approahes but onsidering multiple hara-

teristi frequenies in eah row. Yet the solution of the problem an be very sensitive

to the arbitrary hoie of the frequenies (or the instants) and their harmonis.

The �rst spetral method simulations applied to an isolated CROR ase were

onduted by Ho�er using the nonlinear harmoni method (NLH) of FINE/Turbo
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software [Ho�er 2012℄. Similar simulations have been reently onduted by François

using the elsA ode [François 2013a℄.

Theoretially, although onsidering only one hannel per stage, these methods are

able to aount for general non-homogeneous in�ow generated by the e�ets of

installation. However, reent appliations to the ase of an installed open rotor

with pylon have shown the limits of these methods in terms of onvergene rate and

omputational osts.

Full-Annulus uRANS simulations. This method omputes the whole engine

geometry and an inlude also other elements around the engine, like the whole

naelle, the pylon, the fuselage, et. Thus, the method an theoretially take into

aount all three-dimensional air�ow strutures on the blade and all kinds of ef-

fets of installation. Two similar tehniques an be used in order to onsider the

rotation of both rotors with respet to the �xed-body referene frame: the sliding

grid tehnique or the himera grid tehnique. The sliding mesh tehnique is applied

in the interfae between two non-oinident meshes having di�erent veloities. At

eah time step, the �uxes are interpolated between both meshes in ontat. The

himera mesh tehnique allows an overlapping of di�erent meshes to simplify the

mesh generation. Donor and masked ells are delared in order to transmit the

air�ow information and redue the number of redundant ells, respetively.

François et al. have ompared these two tehniques for the ase of an open rotor

[François 2011℄. Although similar results were obtained, omputational osts were

slightly higher when using the Chimera mesh tehnique.

These methods an be used for performane predition, but also for all the rest

of aerodynami appliations: to rotor-rotor and pylon-rotor interation predition,

aero-aousti preditions, blade aero-elasti e�ets, whirl �utter, laminar-turbulent

transition e�ets, et.

These two methods an provide an exellent auray and installation e�ets an

be taken into aount in detail. However, due to important meshing and omputa-

tional osts, it is not a�ordable to use them in open rotor preliminary design phases.

Even for the isolated open rotor test ase, several days of meshing and omputing

are required to obtain a onverged solution.

Seleted Methods for the Preliminary Design of Open Rotors

Figure 24 sums up the position of the di�erent available methods for the aerodynami

simulation of Open Rotors with respet to three key parameters for preliminary

design simulations: the omputational time, the auray of omputations, and the

installation e�ets. The strengths of eah method are marked in green, the major

weaknesses in red and the relative weaknesses in yellow.

The objetives of the Ph.D. an be summarized in three points:

1. Develop moderate-osts methodologies for preliminary design phases. The

assessment of these methodologies should fous on the predition of key pa-

rameters suh as performane and 1P loads. Installation e�ets and unsteady
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Figure 24: Assets and drawbaks of di�erent available simulation tools.

aerodynamis on the blade being key fators in the predition of 1P loads,

they should also be studied in detail.

2. Provide a reliable and �exible tool for future whirl �utter simulations, aeroe-

lasti simulations, and aeroaousti preliminary studies.

3. Explore Eulerian/Lagrangian oupling strategies for a better simulation of the

air�ow around the blade and assess its impat on key parameters in open rotor

design.

To ful�ll these objetives, two odes have been used: On one side, HOST, a

omprehensive ode for aero-mehanial simulations of airraft with rotatory wings;

and, on the other side, elsA, a CFD ode solving the unsteady Reynolds-Averaged

Navier-Stokes equations. The state-of-the-art of these odes is desribed hereafter,

together with a short desription of the existing oupling strategy between them.

HOST. A Comprehensive Code for Aeromehanial Sim-

ulations

This setion desribes the main features of HOST, a omprehensive ode for aero-

mehanial simulations of rotary-wing airraft. A speial attention is paid to the

desription of the ode modules devoted to aerodynami simulations, whih are the

blade module and a number of wake modules. Finally, the main hypothesis linked

to the methodologies for aerodynami simulations in HOST are desribed.

This ode has shown satisfatory results in the simulation of onventional and

unonventional heliopter rotors under general unsteady aerodynami onditions

[Rodriguez 2010℄. However, it has not been tested before for advaned turboprop

high- and low-speed ases.
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An Heliopter Overall Simulation Tool

Several simulation odes existed in Aérospatiale Hélioptères in the 1980s: R85 for

isolated rigid artiulated rotor, R85S whih added an elasti blade model, and a

number of odes for �ight mehanis (S87, S89,...). No ommon libraries existed

and hene eah development had to be implemented separately in eah of the odes.

Therefore, in 1991 the MNGH projet was launhed in order to develop (1) a ode

that merged all the existing apabilities; (2) ould simulate all existing on�gurations

and new ones; (3) �t requirements for �ight mehanis, loads, dynamis, vibrations,

and real-time simulations; (4) ease the implementation of new models; and (5) redue

maintenane osts.

The result was HOST, Heliopter Overall Simulation Tool [Benoit 2000℄, an

aeromehani alulation tool for heliopters. It was oneived in a modular way:

the system is divided in several elements and eah element is assoiated to a phys-

ial model, e.g. rotor aerodynamis, rotor struture, fuselage, engine, et. This

modularity enables a maximum number of system on�gurations, from an isolated

rotor to a �omplete� heliopter �inluding the rotor, the engine, the transmission

system, the fuselage, the tail rotor, et.� by adding or removing the di�erent mod-

ules representing eah of the heliopter elements. Three layers an be distinguished

in HOST: the kernel, where all the generi routines are run independently from the

overall on�guration, the model routines, where eah physial model in the problem

is simulated, and the interfae routines, to onnet eah model with the others and

with HOST kernel.

Several types of alulations are available in HOST:

• Equilibrium alulation: predits the global state of the rotor to maintain a

given �ight ondition.

• Simulation alulation: a time-dependent solution that haraterizes the he-

liopter response depending on the environment onditions and the ontrol

laws.

• Linearized alulation: predits the heliopter stability by alulating its sen-

sitivity around an equilibrium state.

This modular struture makes it easier to extend the use of HOST to other

appliations suh as single and ounter-rotating propellers. For these ases, the

aerodynami simulations use the following struture in HOST: on the top of it,

the �rotor� module, to link the motion of all the blades; next, one or more �blade�

modules, used to simulate the aerodynami and elasti behavior of eah blade; �nally,

a wake model, in order to provide the indued veloities on eah of the blade setions.

Furthermore, in Open Rotor ases a fuselage module is needed to link the motion

of the two propellers. Figure 25 shows an example of an Open Rotor on�guration.
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Naelle

Forward Propeller Aft Propeller

Blade 1 Blade 2
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Figure 25: HOST modules for the simulation of an Open Rotor

The Blade Module for Aero-Mehanial Simulations

The method for prediting the aero-mehanial behavior of the blade in HOST is

based on a non-linear lifting-line method, whih ouples a blade-element theory with

a model of the wake. Hene this part of the ode is divided in two oupled mod-

ules: a Blade Module and a Wake Module. The Blade Module desribes the blade

as a range of �nite-span setions. The position, motion and aeleration of eah

setion is determined by the addition of rigid blade motions and blade deformations.

Moreover, it omputes strutural and aerodynami fores and moments on eah

blade setion. The aerodynami loads and moments of eah airfoil are determined

by using non-linear steady airfoil data. This airfoil data is obtained from external

simulations or experimental data and depends on the relative veloity, the airfoil

inidene, and the loal sweep angle.

The geometrial relative veloity and the inidene are modi�ed by the Wake Mod-

ule under the form of indued veloities along the quarter-hord line of the blade.

Therefore, the Wake Module allows to take into aount the three-dimensional air-

�ow indued by the whole propeller slipstream. Finally, the Blade Module inludes

two-dimensional sweep orretions based on Jones' theory in order to onsider the

loal sweep angle between the blade and the air�ow [Jones 1945℄.

Vortex Wake Models in HOST: METAR and MESIR

Several wake models are available in HOST for the aerodynami simulations, from

simple analytial models, like Meijer-Drees [Meijer-Drees 1949℄, to high-order free-

wake models like MINT. The development of these types of models is the result

of a long proess along the years and di�erent odes. Only three of them will be

desribed: METAR, a presribed wake, MESIR, a periodi free-wake, and MINT, a
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high-order free-wake model.

METAR (Modèle d'ÉTude de l'Aérodynamique du Rotor) was �rst an external

ode based on singularities. It was developed in the 1980s at Aérospatiale Héliop-

tères by Toulmay [Toulmay 1986℄.

The �ight onditions and the geometry of the rotor are the input data for the al-

ulation. The blade is desribed as a lifting-line loated at its quarter-hord line

and the method uses a quasi-steady approah, whih means that a steady problem

is solved for eah rotor position. The Laplae's equation of the veloity potential is

solved by distributing a matrix of vortex �laments along the blade and the wake.

At eah azimuthal position, the blade sheds a row of vortex �laments parallel and

another series of vortex �laments normal to blade. At eah time step, these �laments

are onveted at the freestream veloity plus the indued veloity normal to the ro-

tor alulated by Meijer-Drees model. Moreover, in order to simplify the method,

the problem is supposed to be periodi along a omplete rotor rotation. The vortex

intensity is onstant along eah �lament. This vortiity is alulated at the emission

of the �lament, in order to meet with the Kelvin's irulation onservation theorem,

and it is onserved during the onvetion of the vortex �laments.

The in�uene of the wake on the blades is taken into aount by alulating the

indued veloity of eah vortex �lament on eah blade setion. These indued ve-

loities follow the Biot-Savart law.

In the lifting-line method, this approah is equivalent to an indued inidene on

eah blade airfoil. Then, experimental or alulated airfoil data is used to obtain its

lift, drag and pithing moment oe�ients. With this approah, the ompressibility

and visosity e�ets are taken into aount in a simpli�ed way. The Kutta-Joukowski

ondition is used to alulate the irulation at eah blade setion: Γ = 1/2V cCL.

Based on the periodiity hypothesis of the problem, an in�uene matrix an be es-

tablished to onverge iteratively the setion irulation at all the azimuthal positions.

The onvergene riterion is based on the indued veloities on the blades.

In order to improve the desription of the wake and to better predit Blade-

Vortex Interation (BVI) phenomena, Mihéa [Mihéa 1992a℄ developed the MESIR

ode (Mise en Équilibre du SIllage Rotor) based on METAR. The BVI is a usual

phenomenon on heliopter rotors for low-forward advaning speeds or for low-angle

desending �ights. It stands for the interation between the blade and the wake emit-

ted by the previous blade, and it onstitutes an major noise soure in heliopters

[Conlisk 2001, Johnson 1980℄.

Thus, in MESIR ode, even if a periodi solution is onsidered, the form of the wake

is no longer �xed, i.e. the wake is deformed until the equilibrium is reahed. To do

so, eah node of the vortex �lament matrix is onveted at the freestream veloity

plus the veloity indued by all the vortex �laments.

As it has been notied by Coppens [Le Bouar-Coppens 1999℄ this wake model

presents two important limits. On one side, it is limited to stabilized �ights, as

it onsiders only periodi solutions, and on the other side, it is not stable for time

steps smaller than the equivalent to 10◦ of azimuth.

These two external odes desribed before were implemented in HOST as one of
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the available wake models.

MINT Wake Model

As a way to overome the two main limits presented by MESIR a new ode was de-

veloped by Coppens [Le Bouar-Coppens 1999, Le Bouar-Coppens 2004℄. Similarly

to METAR and MESIR odes, MINT was initially developed as an external ode

and then implemented in HOST with some modi�ations. The main improvements

in MINT with respet to MESIR ode are two:

• A rigorous wake evolution and deformation, using the thin-wake theory devel-

oped by Mudry [Mudry 1982℄, to allow time-marhed simulations.

• An unsteady lifting-line theory proposed by Guermond and Sellier

[Guermond 1991℄, but limited to straight blades.

MINT uses a time-marhing sheme to overome the periodiity hypothesis and be

able to address maneuver problems. The irulation is determined on the blades at

eah time step, and the loads are alulated in the end of the onvergene proess.

The wake modeling. The wake model formulation in MINT is based on the un-

steady thin-wake theory proposed by Mudry [Mudry 1982℄. The problem is governed

by the Laplae's equations of the veloity potential and the wake is represented by

a vortiity surfae ontaining a series of surfae doublets. This elementary singulari-

ties ensure the ontinuity of the veloity omponent normal to the wake surfae and

impose a disontinuity between both sides of the surfae in the tangential omponent

of the veloity.

Thus, the wake an be parametrized by ̟, whih gives the position in the

absolute frame (x, y, z) of a point in the wake at instant t of the partile emitted at

instant τ at the position q in the lifting-line. Moreover, this wake ontains a ertain

loal vortiity density γ in the parametrization frame. Thus, the vortiity density

an be linked to the parametrization by:

γ(q, τ, t) = γ1
∂̟

∂q
(q, τ, t) + γ2

∂̟

∂τ
(q, τ, t) (60)

An important harateristi of this formulation is the onservation of the two on-

travariant omponents γ1 and γ2 after the emission. As explained by Mudry, this

onservation omes from the fat that, for an invisid �uid, where singularities are

very loal, vortex do not di�use and do not dissipate energy. Therefore, variations

in vortiity are only due to the deformation of the wake. These ontravariant om-

ponents an be alulated as follows:

γ1 =
∂Γ

∂q
(q, τ) ; γ2 =

1

U∞

∂Γ

∂τ
(q, τ) (61)

The veloity indued by the wake on a point P follows Biot-Savart's law:

~Vind =
1

4π

∫∫

Σ

~γ(Q, t) ∧
−−→
QP

QP 3
dSQ +

1

4π

∫

δΣ
Γ(Q, t)

−−→
QP ∧ d~lQ
QP 3

(62)
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Figure 26: Vortex �lament and panel regularization strategies in MINT wake model.

MINT ode disretizes the wake in a series of vortiity panels and �laments. Eah

panel arries a vortiity density ~γ that is onstant (also noted µ in the Eqn. (22)

in the Literature Review hapter), whereas eah �lament arries a irulation Γ

that varies linearly. The indued veloities of panels and segments are alulated

by the Biot-Savart law (62) in its disrete form. The integrals in the expressions

are numerially alulated by the Gauss-Legendre method [Euvrard 1984℄. For the

panels, a four-point quadrature is used to obtain an approximation of the surfae

integral, whereas a two-point quadrature is used for the vortex �laments. Coppens

[Le Bouar-Coppens 1999℄ and Muller [Muller 2007℄ have shown that these indued

veloities are singular when the alulation point and the integration points beome

loser. Atually, to avoid too important and unphysial indued veloities, a regu-

larization is applied when the alulation point is too lose to the integration point.

Among all the regularization tehniques that exist, a linear regularization is applied

on vortex �laments in MINT, whereas a zero value is imposed for the Gauss points

on the panels (see Fig. 26).

A partiular attention must be paid to the veloities indued by the singu-

lar panel, i.e. the panel in ontat with the alulation point. Coppens treated

this panel as the rest of the wake, negleting the fat that in this partiular ase

Biot-Savart's integrals in (62) beome singular. In this ase, the four-point Gaus-

sian quadrature rule, being a disrete integration method, may indue signi�ant

numerial errors. Of partiular interest may be the study onduted by Muller

[Muller 2007℄, where the numerial errors were assessed omparing the analytial

integration and the four-point Gaussian quadrature rule for di�erent distanes to

the panel and di�erent panel forms.

The sheme in Fig. 27 shows the link between the vortiity ontained in the

wake panels and the irulation along the blade. Notie how the irulation at eah

blade setion Γi is loated at the enter of the wake panels. These Γi are then used

to interpolate the irulation at the borders of the panel wakes Γ̄i. At eah time

step, a new row of wake panels is shed from the lifting-line. Then, the variation of

Γ̄ at the panel borders is used to alulate the vortiity density γx and γy in the

freshly-emitted panels.
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Figure 27: MINT wake panels, surfae vortiity and lifting-line irulation

Cirulation along the blade. The irulation along the blade is deomposed in

four terms, based on the numerial approah proposed by Devinant [Devinant 1998℄

for straight wings:

Γ(y, t) = Γ1/4(y, t) + dΓ(y, t) + Γ2D(y, t)− Γ2D3D(y, t) (63)

where the di�erent omponents are:

• Quasi-steady omponent. Lift oe�ient is alulated in MINT by using two-

dimensional airfoil data CT
L (M,α) as a funtion of the loal Mah number M

and the inidene α. This airfoil data an be obtained from experiments or

simulations, and an therefore aount for visosity and ompressibility e�ets.

The aerodynami inidene is the di�erene between the geometri inidene

and the inidene indued by the wake. This indued inidene results from

the addition of the veloities indued by all the wake panels.

Γ1/4(y, t) =
c(y)

2
U∞(y, t)CT

L (y, t) (64)

• Pithing motion omponent. This term appears to take into aount the lift

generated by the linear hordwise variation of the loal veloity seen by the

airfoil. This is modeled as a rotation at α̇ of a �at-plate around its half-hord

axis.

dΓ(y, t) =
π

2
c2(y)α̇(y, t) (65)

• Unsteady two-dimensional wake omponent. This term represents the ef-

fet of unsteadiness in the two-dimensional wake on the airfoil inidene.

Its expression an be found from the lassial linearized thin-airfoil theory
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[Von Karman 1938℄.

Γ2D(y, t) = πcQ+

∫ ∞

c/2

(√

2ξ + c

2ξ − d
− 1

)

γTy (ξ, t)dξ (66)

where Q is a generalized veloity, Q = U∞α+ ḣ+ cα̇/2.

• MAE orretion omponent. This omponent appears to link the inner and the

outer domains in the MAE approah. It is removed from the airfoil irulation

in order not to take into aount twie the e�et of the airfoil wake, one in

Γ1/4 and one in Γ2D omponents.

Γ2D3D = FP

∫ +∞

0

γy(ξ, t)

ξ
dξ (67)

where FP stands for Hadamard's Finite Part of the integral (see Appendix A).

The unsteady lifting-line implemented by Coppens in MINT presented onver-

gene problems for small panel sizes whih were attributed to Finite Part integrals.

Coppens proposed to solve these Finite Part integrals by regularization, removing

the singularity from the alulation domain in an arbitrary way. Similarly, the

indued veloities from the singular panel were also regularized by the disrete inte-

gration method.

Aerodynami loads on the blade. The HOST Blade Module applies the Kutta-

Joukowski ondition to link the irulation with the loads and moments in eah blade

setion. Following this, the lift oe�ient is divided in �ve terms:

C
1/4
L = CT

L (α
⋆) α⋆ =

Q− dα̇

U∞
+ αind (68)

dCL =
πcα̇

U∞
(69)

C2Dinst
L =

1

U∞

∫ ∞

d

γy
ν
dν (70)

C2D3D
L =

1

U∞
P.f.

∫ ∞

0

γy
ν
dν (71)

CNC
L =

πc

2U2
∞

(

ḧ+ U∞α̇+
c

4
α̈
)

(72)

Notie that, together with the four terms in the irulation, a term must be added

to take into aount the added mass in the airfoil motion. This term, generates

unsteady loads, but no information is transmitted in form of wake vortiity.

Similarly, Coppens proposes a deomposition of the pithing moment oe�ient.

Coppens' unsteady model implements rigorously the asymptoti approah that

ombines the lifting-line method and the unsteady thin-airfoil theory. When tested

in realisti heliopter rotor ases, this development improved the predition of un-

steady loads on the blades (see [Le Bouar-Coppens 1999℄). However, due to the
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Figure 28: HOST-MINT ode struture

generated instabilities in small time step omputations, Coppens' unsteady model

was not inluded when MINT wake module was implemented in HOST.

Instead of it, only the quasi-steady airfoil terms were implemented and assessed

on heliopter rotor ases [Kruppa 2004℄. The author identi�ed that the predominant

error ame from negleting the ontribution from the vortex wake in the alulation

of the derivative of the inidene. Indeed, the blade module reeives the indued

veloities from the wake model, without having aess to the indued veloities

derivatives or the wake history. Therefore, these derivatives are estimated based on

the Meijer-Drees analytial in�ow model.

Therefore, a number of studies were onduted by Onera and the Univer-

sité d'Orléans in the following years in order to improve this unsteady model

by implementing an unsteady lifting-line theory for general rotor blade shapes

[Devinant 2002, Gallois 2003, Muller 2007℄. Together with the derivatives of the

indued veloities, these studies put forward another limiting hypothesis in the im-

plemented approah: based on the asymptoti approah of the problem, it was shown

that the e�et of the unsteadiness on the wake vortiity were onsidered from the

quarter-hord line, instead of onsidering them from the trailing-edge of the blade.

HOST-MINT ode struture. Figure 28 shows a diagram of the HOST-MINT

ode struture for aerodynami omputations. First, two alulation paths an be

identi�ed: (1) an up-bottom kinemati path, where the motion of the elements is

transmitted, and (2) a bottom-up dynami path, where loads and moments are

transmitted. In the ase of MINT wake model, as it has been shown in Fig. 25, the

Wake Model is linked under the Blade Model.
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For eah new time step, the position of the blade is modi�ed to aount for its

rotation and deformation. This geometry is transmitted to the wake model as an

array of points orresponding to the panel edges attahed to the blade quarter-hord

line. Eah panel represents a blade setion and its alulation point is at the half

distane between these two edges.

With the new blade position, the Wake Module omputes the loal bases of the

panels. The bases are two vetors indiating the position in spae and the size of

eah panel. With this omputation, MINT an aount for the wake onvetion

and deformation. Then, a row of new panels is emitted to link the onveted wake

panels with the edges of the blade setions.

Vortiity is onserved in MINT wake panels. However, due to the onvetion and

deformation of the wake, the size of the panels may hange. Therefore, irulation

gradients must be realulated to onserve onstant vortiity in the panel surfae.

These irulation gradients are �rst omputed in the old panels (all exept the

freshly-emitted panels).

Then, the irulation on the blade is estimated by a 2nd-order extrapolation of the

irulation in the previous panels. As shown in Fig. 27, the irulation at the panel

edges is estimated by interpolation. This interpolated irulation at edges is used

then to determine the irulation gradients in the freshly-emitted panels. With this,

the indued veloities an be omputed on the alulation points.

These indued veloities are transmitted to the Blade Module in order to om-

pute the aerodynami inidene and Mah number of eah blade setion. These

values are used as the input of two-dimensional airfoil data to obtain lift, drag, and

pithing moment oe�ients. The fores and moments at eah setion are then ob-

tained by dimensioning the aerodynami oe�ients with the loal density, veloity,

and setion span. Finally, the irulation of eah blade setion is linked to the lift

by the Kutta-Joukowski ondition.

The onvergene is heked with respet to the initial estimation of the irula-

tion or to the irulation in the previous sub-iteration. If onvergene is not ahieved,

a relaxed new irulation value is alulated and used to re-ompute the irulation

gradients in the new panels. And thus, the loop is losed. When onvergene is

ahieved, results are stored and the next time step an start.

Installation E�ets in HOST

HOST-MINT simulations an take into aount installation e�ets on propeller by

a steady three-omponent veloity perturbation �eld depending on azimuthal and

radial positions. The so-alled �installed� simulations presented during this thesis

onsider the perturbation �eld indued by a spinner on the rotation plane of the

propellers.

These ase-dependent �elds have been obtained by elsA CFD omputations of a

blade-o� spinner on�guration at a given inidene, depending on the test ase.

Veloities on the surfae desribed by the rotation of the blade quarter-hord line

have been extrated and stored in an ASCII input �le before HOST simulations.
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Figure 29: Absolute value of the perturbation veloity �eld for a propeller at high-

speed onditions (M∞ = 0.7) and at 3◦ of inidene

Figure 29 shows the magnitude of the veloity perturbation �eld for a high-speed

test ase at 3◦ of inidene.

Notie that three assumptions have been done in this proess: (1) the perturbation

�eld is not time-dependent in the �xed frame, (2) no wall e�et near blade root is

onsidered in the lifting-line formulation (Γ = 0 at root) and (3) the e�et of the

propeller on the spinner is negleted.

Main Hypothesis of the Lifting-Line in HOST

Compressibility and visosity e�ets. The aerodynami problem formulation

in HOST ombines a blade-element method for the near-wall problem and a wake

model for the three-dimensional slipstream. On one side, the airfoil aerodynami

behavior is predited from RANS simulations, and thus it takes into aount two-

dimensional visosity and ompressibility e�ets. On the other side, the three-

dimensional slipstream is modeled by a wake of vortiity singularities in a potential

uniform �ow, thus negleting ompressibility and visosity.

Chord e�ets. Both models are ombined by onsidering, on one side, that the

wake indues onstant veloities along the hord of the blade setion, represented by

the quarter-hord line. On the other side, the vortiity shed at the freshly-emitted

wake panels is obtained diretly from the blade loading by the Kutta-Joukowski

ondition.

Considering onstant indued veloities along the hord has the advantage to al-

low steady airfoil data to be used, inluding visosity and ompressibility. On the

ontrary, the approah neglets the e�et of air�ow unsteadiness along the hord.
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Moreover, the wake is emitted at the quarter-hord line of the blade, instead of the

trailing edge, whih an indue some mismathes in the wake position for airfoils at

large angles of attak.

Three-dimensional �ows. HOST simulations onsider that eah blade setion

behaves as a two-dimensional airfoil under a ertain inidene and veloity. To

aount for three-dimensional e�ets, the loal aerodynami inidene is modi�ed

by the propeller slipstream and the relative veloity is modi�ed by the loal hord.

Moreover, the airfoil normal to the quarter-hord line is onsidered.

However, these orretions annot aount for omplex three-dimensional �ow stru-

tures that form in highly-swept and low aspet ratio propeller blades. A lear

example of this is the leading-edge vortex, a ommon struture that appears in

highly-loaded swept blades [Nallasamy 1991℄, similar to the phenomenon observed

on delta wings. This vortex dereases the pressure in the sution side of the blade

and thus reates an important extra lift, whih annot be predited by blade-element

methods.

Computational Fluid Dynamis Solver: elsA

The simulation software used for aerodynami analysis in the aeronautial industry

is usually developed and maintained by Researh Establishments or the ompa-

nies themselves, instead of being provided by ommerial software vendors. This

is due to the fat that the high levels of auray and reliability required today

in aerodynami simulations an only be obtained through long-term expertise and

innovative researh in several domains: physial modeling, numerial methods, soft-

ware e�ieny and validation, and software validation by omparison with detailed

experimental data.

elsA, Ensemble Logiiel pour la Simulation Aérodynamique, is the Onera software

for omplex external and internal �ow aerodynamis and multidisiplinary applia-

tions. The elsA projet started in 1997 at Onera as a way to reate a multi-purpose

aerodynami solver that merged the main apabilities developed in previous Onera

odes. elsA is based on a Objet-Oriented design method and on an Objet-Oriented

implementation based on C++, Fortran and Python languages. The ode overs a

wide variety of appliations, e.g. airraft, heliopters, tilt-rotors, turbomahines,

ontra-rotating open rotors, missiles, launhers, et. This apability to handle both

internal and external aerodynami problems is quite unommon and it provides a

key advantage: ommon CFD features an be shared between very di�erent appli-

ations. The main goals of the projet were to obtain:

• A o-operative support for researh on physial and numerial modeling,

• A long-term easiness for apitalizing researh results,

• A tool helping to investigate and understand �ow physis,
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(a) Multiblok topology of the near-wall blade

grid

(b) MESIR wake geometry and indued veloity

streamlines in a plane. 7A rotor in advaning

�ight

Figure 30: Two oupled omputations: uRANS omputation in elsA (left) and a

lifting-line omputation in HOST (right).

• A powerful multi-purpose tool for applied CFD and multi-physis,

• A ommuniation path between researh and industry,

• And a tool open to o-operative work

HOST/MESIR-elsA Coupling: RVA Module

A hybrid methodology to ouple MESIR periodial free wake model with elsA CFD

uRANS solver in the ontext of CSD/CFD simulations has been reently imple-

mented in HOST and validated for realisti heliopter rotor geometries and �ight

onditions [Rodriguez 2012℄. On one hand, the Eulerian elsA solver is used to om-

pute the near-body aerodynami �eld (see Fig. 30(a)). On the other hand, the

Lagrangian model that overs the full domain inludes a lifting line model and a

potential wake model (see Fig. 30(b)). The Lagrangian wake is desribed by MESIR,

whih typially uses a time step equal to 10◦ of azimuth. Under this value, numerial

instabilities start to appear due to the important singularity of the vortex �laments.

elsA already provides a python interfae that allows the exhange of data as

input or output during the omputation with a CGNS/Python representation. The

outer state of the non-re�etion ondition applied at the outer boundary of the

blade mesh is modi�ed at eah node during the iteration thanks to a CGNS/Python

struture provided in memory to the elsA ode.

On the other side, a spei� Python module has been developed for HOST

based on Python/C/Fortran arhiteture. This module is alled by a Python sript

exeuted by HOST ode during simulations. The module having the same memory
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ontext than HOST, it is able to aess the wake model data at eah time step.

With the geometry and the vortiity of the wake, the module omputes the indued

veloities on a given mesh.

Rodriguez presents a loose oupling strategy where the information exhanged by

�les one per revolution. The outer boundary points of the Eulerian mesh are given

to the Lagrangian model for a omplete rotor revolution. The Lagrangian module

omputes and store in �les the veloities indued by the rotor lifting-lines and wakes

during a omplete blade revolution. Moreover, HOST provides the blade kinematis

and deformations to elsA in eah blade setion and time step. On the other side, elsA

omputes the near-wall �ow and provides the setional loads to HOST. The loose

oupling replaes progressively the aerodynami loads on the blade by CFD loads.

Hene at onvergene the irulation used in the wake model is totally oherent with

the CFD loads and so are the indued veloities.

This strategy allows di�erent time steps in the Eulerian and in the Lagrangian

odes. However, as HOST simulations are limited to a 10◦ time step, the frequeny

ontent provided to elsA is not su�ient to transfer orretly the vortex struture.

To inrease the frequeny ontent, instead of interpolating the indued veloities, an

interpolation of the position and vortiity in the wake is proposed. One the wake

interpolation has been performed, indued veloities are omputed on the boundary

nodes of the Eulerian mesh. The interpolation time step an be hosen in the range

between elsA and HOST time steps to ensure the auray of the vortex struture

transfer.

The validation of this oupling strategy has been done on two heliopter rotor

tests ases, that fous on high-advaning speed onditions and on the predition

of blade-vortex interation (BVI) phenomena. Results equivalent to full-uRANS

omputations have enouraged the present work to, �rst, test this approah for

single-rotating propellers in high advaning ratios, and then to extend this oupling

module to HOST simulations under general �ight onditions with a oupling strategy

between MINT free wake and elsA ode.

APIAN Single-Rotating Propeller

The Advaned Propulsion Integration Aerodynamis and Noise (APIAN) program

was an European-funded researh onsortium to design a high-speed (M ∼ 0.7)

six-blade single propeller on a representative 50-seats airraft on�guration. The

main industrial, tehnial and ooperative goals were: to improve passenger omfort

and redue the airport ommunity noise with advaned propeller-driven airraft, to

reate knowledge in the noise of advaned propellers installed on the airframe, to

gain knowledge on the behavior of propeller-driven airraft in high-lift on�gurations,

to generate an experimental aero-aousti propeller database for future European

industry needs, to validate aerodynami and aousti propeller predition tools, and

to push forward previous synergies between European industry, researh enters and

aademia.
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Figure 31: APIAN propeller minimum-body on�guration in Onera-S1MA wind

tunnel faility

The projet investigated �rst aerodynamis and aoustis of the isolated pro-

peller, and then the e�ets of installation on the aerodynami and aousti propeller

performane.

Four wind tunnel ampaigns on two propeller geometries were involved: SNAAP,

a legay geometry from the previous program, to relate propeller performane

to omparable measurements; and (2) APIAN, the new propeller on�gura-

tion. The wind tunnel tests were: (1) minimum-body tests at DNW-HST

transoni wind tunnel faility [Custers 1999℄, (2) minimum-body tests at On-

era/S1MA transoni faility [Crozier 1999℄, (3) full-airraft tests in the same fa-

ility [Crozier 2001℄, and (4) full-airraft tests in DNW-LLF subsoni faility. More-

over, a number of CFD studies were onduted by the di�erent members of the

onsortium [Dumas 1998, Boyle 1999, Amato 2000, Averardo 2000, Polasek 2000,

Bousquet 2000, Bousquet 2003℄.

The present study uses the results obtained during the wind-tunnel tests arried

out at ONERA/S1MA faility at Modane (Frane) in 1999 [Crozier 1999℄. S1MA

faility is a ontinuous atmospheri sub/transoni wind tunnel with a irular test

setion of eight-meter diameter. The test matrix inluded sweeps in Mah number,

rotational speed (RPM) and angles of inidene. Two di�erent pith angles were

tested for high-speed (M ∼ 0.7) and for low-speed onditions (M ∼ 0.2).

The wind tunnel model was instrumented to measure: (1) global loads, measured by

stati and rotating balanes, (2) blade surfae pressures, measured by several arrays

of Kulites, and (3) wake veloities, measured by �ve-hole probes loated downstream

the propeller.

The wind-tunnel setup is a lassial minimum-body on�guration, omposed of a

six-bladed propeller (APIAN) mounted on a spinner, as shown in Fig.31. The whole

is supported by a non-rotating ylindrial sting. The rotating parts, blades and

spinner, are attahed to the sting by a stati and a rotating balane.

In suh a on�guration, balanes measure the loads generated by the spinner and
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the blades, yet the objetive is to determine the airloads produed by the propeller

blades.

In order to onsider only propeller loads, balane measurements in power-on tests

have been orreted by loads measured during the blade-o� tests. As it has been

noted by Ortun [Ortun 2012℄, these orretions may not be adapted for the predi-

tion of in-plane loads, as the spinner airloads hange signi�antly under the presene

of the rotating propeller. Pressure asymmetry on the spinner skin will generate

additional horizontal loads. Moreover, the spinner inidene is dereased by the

aeleration of the air�ow due to the propeller. This may redue the vertial fore

generated by the spinner with respet to the blade-o� ase.

Moreover, some mismathes are observed between CFD omputation results ob-

tained by Ortun and wind-tunnel test data, mainly in terms of propeller thrust and

1P loads phase lag evolution with the inidene. Ortun explains thrust mismathes

by a lak of mesh onvergene and, for a partiular ase, he shows that di�erenes

are redued when onsidering a more re�ned mesh. Moreover, the author evokes the

possibility of an error in the spinner loads orretions, as well as some unertainties

in the CAD blade shape, whether it is a hot or a old form, i.e. inluding or not

deformations due to aerodynami and inertial loads. Conerning 1P loads phase

lag, it is shown in the ited artile that spinner side fore orretions in wind-tunnel

tests were not adequate: they did not take into aount side loads generated on the

spinner due to the presene of the propeller.

Finally, the tehnial report of wind-tunnel tests [Crozier 1999℄, thanks to indiret

hek riteria, evokes an underestimation of the propeller shaft power measured by

the rotating balanes. Indeed, there was no diret way to hek what measured

the rotating balanes, but data from previous minimum-body tests warned about a

possible underestimation in the measured shaft power, around 10%.

AI-PX7 Contra-Rotating Open Rotor

Although a number of wind tunnel ampaigns have been onduted in the last years

by Airbus, for a better di�usion of the results, these experimental data have not

been used in the present study. Moreover, all CROR simulations have been per-

formed on the AI-PX7 generi open rotor on�guration (see Fig. 32). This open

rotor geometry was designed by Airbus within the Clean Sky JTI-SFWA European

projet [Negulesu 2013℄. It has been used to test, validate, and develop several nu-

merial approahes and to improve the understanding of the omplex aerodynamis

around open rotors (see for example [Stuermer 2008, Béhet 2011, François 2011,

Giauque 2012, Colin 2012, Ben Nasr 2013℄).

The geometry is an 11 × 9-blade pusher on�guration with a rotor diameter of

D = 4.2672m (14ft). Inlet and exhaust are not modeled in the naelle shape. Ta-

ble 6.1 gives a short overview of the AI-PX7 on�guration features in high-speed

onditions. The blade geometry presents a sweep distribution that varies from neg-

ative angles near the hub to positive angles near to tip, as shown in Fig. 32. Open
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Figure 32: The generi open rotor on�guration AI-PX7 designed by Airbus.

rotor blades need to be swept to derease the magnitude of shok waves strutures

in high-speed onditions. The blade has a low thikness-to-hord ratio, similar to

urrent transoni fan blades, and a low amber throughout its span. Rear rotor

blades are ropped at their tip by 10% with respet to the front blade and their

hord is inreased in order to generate a similar thrust ompared to the front rotor.

Rear rotor ropping enables to derease the impat of tip vorties onveted from

the front rotor to the rear rotor and thus it may redue the overall emitted noise.

The naelle orresponds to a transoni design with the objetive of diminishing as

muh as possible the inrease in loal Mah number by the naelle. The �ow is

slightly aelerated by the front part of the naelle: for example, in high-speed on-

ditions, the Mah number inreases from 0.73 in the freestream to 0.75 just upstream

of the front rotor.
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The main goal of this hapter is to assess the apability of HOST omprehensive

ode to predit aurately the key parameters in the preliminary design of propellers

and open rotors. To do so, a representative ase of an advaned single-rotating pro-

peller has been hosen. First, a parametri study is onduted to quantify the impat

of several input parameters on propeller performane and 1P loads. With this study,

some best praties for propeller simulations in HOST an be established. Finally,

performane and 1P loads predited in HOST-MINT simulations are ompared to

wind tunnel data and CFD omputations for several high speed onditions. In par-

tiular, the e�et of the inidene and advane ratio are studied at onstant Mah

number.

1.1 Parametri Study and Best Praties

A number of parameters in HOST-MINT simulations are assessed on a representa-

tive ase of an isolated advaned propeller APIAN, desribed in the Methods and

Tools Chapter, in high-speed �ight onditions and under a ertain inidene. The

onsidered air�ow onditions are summed up in Table 1.1, whih orresponds to one

of the experimental points that will be used for omparisons hereafter.

The referene HOST-MINT omputation (Ref.) onsiders a time step equivalent

to 5◦ of azimuth, a deformed wake of 72 panels and 25 blade setions. Table 1.2

shows the results obtained for the di�erent ases. Eah ase modi�es a parameter
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Table 1.1: Wind tunnel test onditions for APIAN minimum-body on�guration.

Wind tunnel ase No.1149

Mah No. [�℄ 0.7

Inidene [

◦
℄ 3.

Rotational Speed [min

−1
℄ 8639.

Advane Ratio, J [�℄ 3.278
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Figure 1.1: The e�et of the number of setions on the blade irulation

with respet to the referene ase in order to assess its impat on thrust, power, and

1P load norm and phase. The perentages and the degrees represent the di�erene

with respet to the referene.

E�et of number of blade setions. The number of blade setions has a slight

impat on propeller thrust, power, and 1P load norm for a wide range of values,

i.e. from 5 to 40 setions. On the ontrary, the 1P load phase is very sensitive

to this parameter: only a half of the phase lag is predited when the blade uses 5

setions. The phase lag inreases when inreasing the number of setions, without

learly onverging to a limit value.

A similar behavior an be dedued from the evolution of the irulation along a

revolution (see Fig. 1.1).

When dereasing the number of blade stations without modifying the time step,

the aspet ratio of the panel is inreased. Currently, no re�nement tehnique is

applied on the radial diretion when the aspet ratio beomes too important. Using

a 2 × 2-point Gaussian quadrature rule an lead to numerial errors for important

aspet ratios and to onvergene problems in some extreme ases.
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Table 1.2: Sensitivity of performane and 1P loads to several simulation parameters

Case Thrust Power Norm 1P Phase 1P

[N℄ [kW℄ [N℄ [

◦
℄

Ref. 243.776 66.044 195.019 29.998◦

Setions

5 −1.624% −1.392% −0.412% −14.087◦

15 −0.159% −0.119% −0.287% −3.588◦

35 +0.044% +0.042% +0.049% +1.91◦

40 +0.047% +0.043% −0.007% +2.693◦

Time Step

0.5 +5.778% +5.178% +6.702% −12.948◦

1 +2.283% +1.974% +4.871% −8.679◦

2 +0.303% +0.252% +0.605% −3.471◦

10 +0.855% +0.774% −0.486% −0.837◦

20 +2.896% +2.617% −1.374% −3.002◦

45 +8.236% +7.32% +1.076% −10.02◦

Wake Length

9 +6.948% +5.957% +3.876% −0.3◦

18 +1.816% +1.535% +1.214% +0.026◦

36 +0.33% +0.275% +0.179% −0.019◦

144 −0.054% −0.046% +0.082% +0.019◦

No Deformation +0.086% +0.037% +1.559% −0.151◦
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Figure 1.2: The e�et of time step on the blade irulation

E�et of time step. In these ases, global results appear to be more sensitive.

The referene ase seems to present a minimum in the thrust predition, but di�er-

enes with simulations at 2 and 10◦ are still small. Moreover, for very short and very

long time steps, no onvergene is ahieved. This an be explained by the fat that

the panel aspet ratio plays an important role in the auray of the numerial in-

tegrations. Both, very short and very long time steps imply large aspet ratios that

an indue numerial errors, and an justify these di�erenes in global performane

preditions.

E�et of the wake length. As MINT is a free-wake model, time-marhed simu-

lations are needed to onvet the wake. To redue omputational time and memory

requirements, the wake is trunated above a ertain number of panels. Several sim-

ulations have been omputed to determine the e�et of wake length, or number of

panels, on the global performane, 1P loads, and blade load distribution. As it an

be notied in Table 1.2, 18 panels are enough to obtain an error of less than 2%

on thrust, power, and 1P load norm. It is also notied that 1P phase lag is almost

insensitive even to wake panels that are relatively lose to the blade.

E�et of the wake deformation. Wake deformation has a small impat on

global propeller performane and blade loads. Only an e�et of less than 2% on

the 1P load norm an be attributed to the wake deformation. Nevertheless, the

wake deformation is more likely to play an important role when onsidering the

propeller in low-speed onditions or when blade-vortex interations our. Indeed,

in low-speed ases, blades are more loaded and thus more vortiity is shed in the

wake. Hene, the free wake rolls-up more quikly and presents a more deformed

pattern. Beause of the lower advane ratios in these onditions, the position of the

returning wake may have a non-negligible impat on propeller loads.



1.1. Parametri Study and Best Praties 77

Azimuth,  [ ]

C
irc

ul
at

io
n,

 

0 90 180 270 360
0

1

2

3

4

5

9 panels
18 panels
36 panels
72 panels (Ref.)
144 panels

Section @0.75R

(a) Azimuthal variation of Γ

Relative Radius, r/R

C
irc

ul
at

io
n,

 
0 0.2 0.4 0.6 0.8 1

0

1

2

3

4

5

9 panels
18 panels
36 panels
72 panels (Ref.)
144 panels

=120  (max. Thrust)

(b) Radial variation of Γ

Figure 1.3: The e�et of wake length on the blade irulation
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Figure 1.4: The e�et of wake deformation on the blade irulation
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To sum up, this parametri study has helped �rst to establish the best praties

in terms of wake length and deformation for a high-speed test ase in inidene.

Moreover, it has helped to notie that it is not straightforward to establish a on-

vergene riteria in terms of global performane when using singularity methods.

Indeed, these type of methods being based on the outer formulation of a problem

approahed asymptotially, the solution is very dependent on the panel size and

aspet ratio. On one side, singularity problems appear for very small panels. On

the other side, the error in the numerial integration of the ~v
ind

inreases for large

panel sizes or aspet ratios. Therefore, to determine the number of setions and

the time step to be used, an analytial hoie has been done based on the blade

geometry harateristis and the highest frequeny of the aerodynami phenomena

to be aptured.

1.2 High-Speed Simulations Assessment with Wind Tun-

nel Data and CFD omputations

This setion presents the omparison between wind tunnel data of a single-rotating

propeller at high-speed onditions and several HOST-MINT simulations to assess

the e�et of the inidene and rotational speed on propeller performane, 1P loads,

and blade load distribution. Moreover, HOST-MINT simulations are also ompared

to CFD uRANS omputations using elsA solver. Loal ross-setion sweep and hub

e�ets are also inluded in HOST-MINT simulations, in order to assess its impat

on the propeller behavior.

1.2.1 Wind Tunnel Data

In order to assess HOST-MINT simulations, experimental data from wind tunnel

tests at S1MA Onera faility have been used (see Methods and Tools hapter for

more details). In the present study, omparisons fous only on a series of represen-

tative high-speed tests with the same blade pith angle (θ
exp

= 57.0◦). Moreover,

due to the available data, only global propeller measurements ould be used for ode

assessment. Five points of the same run varying the propeller inidene from 0 to 3◦

but with onstant rotational speed are �rst onsidered. Then, two other points are

added to the last point of the previous run, in order to assess rpm e�ets. In these

ases the rotational speed is modi�ed from 8600rpm to 9600rpm, while maintaining

a onstant inidene of 3◦.

1.2.2 elsA CFD Computations

CFD omputations have been performed using the elsA [Cambier 2008℄ uRANS

solver. A full-annulus omputational domain is onsidered, inluding the 6 propeller

blades and the spinner downstream (see Fig. 1.5). It is meshed with a multi-blok

strutured grid. The ylindrial domain extends 4 times the propeller radius in

all diretions. Autogrid [Num 2004℄ mesh generator has been used to generate one
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(a) Boundary onditions and outer domain (b) Mesh on blade and hub

Figure 1.5: RANS mesh details for elsA CFD simulations

hannel of the propeller (3.2 million nodes), whih has then been used to gener-

ate the full propeller mesh (19.2 million nodes). All the walls (the blades and the

hub) are modeled with an adiabati ondition of adherent wall; whereas the outer

boundaries are modeled by a non-re�etive ondition, in order to prevent the re�e-

tion of aousti waves. In�nite veloity and rotational speed are attributed to all

the bloks of the mesh. A seond-order entered sheme with Jameson's arti�ial

visosity is used for the spatial disretization [Jameson 1991℄. The time disretiza-

tion uses the 3-level bakward Gear sheme with Newton sub-iterations [Gear 1966℄.

The turbulene model is Kok's k-ω with SST orretion [Kok 2000℄. Simulations

were performed with a time step equivalent to 1◦ propeller rotation. Seven propeller

rotations were needed to reah onvergene, starting from the air�ow of the ase

without inidene. In last rotations, 15 Gear sub-iterations were used.

Figure 1.6 shows the evolution of propeller thrust along the elsA simulation. The

plot orresponds to the APIAN high-speed test ase at 3◦ of inidene and it has

been initialized by the onvergened high-speed ase but without inidene. Note

that propeller loads are onverged from the 6th revolution. The residual osillations

at a 6/rev frequeny are due to the superposition of the six blade loads osillating

at 1/rev.

First omparisons of CFD omputations at experimental blade pith with wind

tunnel test measurements showed an important thrust underestimation, as notied

by Ortun [Ortun 2012℄. Thus, a hange of 0.7◦ has been done in the blade pith to

obtain the same levels of thrust in the ase without inidene (θ
elsA

= 57.7◦). Then,

the same pith angle is used for the omputations with the propeller in inidene.
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Figure 1.6: Convergene of propeller thrust for the Case No. 1149

1.2.3 HOST-MINT Simulations

HOST simulations have been performed using a time step equivalent to 5◦/it rota-

tion, whih has proven to be a good ompromise between low omputational osts,

i.e. several minutes of restitution time per simulation, and fair auray in terms

of global loads, i.e. ±2% di�erene in thrust with respet to 1◦/it simulations. A

4th-order Runge-Kutta time stepping sheme has been used. For a 5◦/it time step

simulation, a 2.5-diameter length wake is su�ient to onverge in thrust, whih

orresponds to 55 panels in high-speed simulations.

Two parameters in HOST-MINT simulations are explained hereafter: the loal

sweep orretion and the e�ets of installation.

E�ets of loal sweep. The e�ets of loal sweep an be taken into aount at

eah blade ross-setion in HOST simulations by a two-dimensional orretion of

the Mah number, based on the swept wing theory developed by Jones [Jones 1945℄.

This orretion onsiders that eah ross-setion at onstant span position y behaves

as an in�nite wing of onstant hord c(y) at the loal airfoil sweep angle Λ(y). This

indues a orretion both on the airfoil Mah number and on the airfoil data as

shown in Fig. 1.7. The loal relative Mah number is orreted by the sweep as

follows: M2D =M3D cos Λ. The airfoil geometry is extrated from the ross-setions

(red dashed line), normalized by the loal hord and thikened e2D = e3D/ cos Λ to

represent the airfoil normal to the quarter-hord line (blue dashed line). Finally,

the alulated lift and drag oe�ients (2D) are orreted as follows to obtain the

equivalent 3D aerodynami oe�ients:

C
L∞

(y) = C
L⊥

(y) cos2Λ ; C
D∞

(y) = C
D⊥

(y) cos3Λ (1.1)

Figure 1.8 ompares two HOST simulations with and without sweep orretions

for the high-speed propeller under inidene used in the previous setion. When the
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Figure 1.7: In�nite swept wing theory applied to propeller simulations

sweep orretion is ativated, it leads to an important derease in the irulation

along almost all the blade span. This is due to the derease in the loal Mah number

due to sweep. On the ontrary, when no orretion is applied, the relative freestream

veloity in the last blade setions reahes nearly supersoni Mah numbers. This

means that airfoils lose to the blade tip would present important supersoni areas

and hene important shok waves would appear near the airfoil skin. Moreover, if

no sweep orretion was applied, it would mean that the ompressibility e�ets on

a straight blade and on a swept blade would be the same. However, experiene tells

that inreasing the blade sweep angle tends to diminish shok waves intensity and

ompressibility e�ets.

Sweep orretion dereases only the two-dimensional ompressibility e�ets but

neglets the three-dimensional strutures of the shok waves. Nevertheless, this

sweep orretion is a �rst step to better aount for ompressibility e�ets on a three-

dimensional blade under transoni relative veloities. This is why it is a ommonly

aepted pratie in blade-element methods, like the approah in HOST ode, to use

sweep orretions on the inident Mah number and on the aerodynami oe�ients

[Bousquet 1985, Gardarein 1991℄.

In the present study, all HOST-MINT simulations onsidered sweep orretions

in airfoil data, as it is a �rst approah to better take into aount the aerodynami

behavior of a swept blade.

E�ets of installation. The steady e�et of the naelle or other elements of

the airframe an be taken into aount by a steady two-dimensional �eld of the

perturbation veloities in Cartesian axes. The perturbation �elds for eah �ight

ondition have been extrated from omputations with the elsA CFD ode on a

blade-o� naelle geometry.

Moreover, a simpli�ed wall ondition is also available in HOST-MINT. It imposes

a onstant irulation on the �rst blade setion and removing the e�et of the root

vortex �lament (see Fig. 1.9).

These two orretions to aount for installation e�ets an be ativated together

or separately. In this study, the perturbation �eld is �rst onsidered alone (installed

simulations) and then the wall ondition is added (installed & hub model) to assess

their impat on propeller performane and blade load distribution.
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Table 1.3: Inidene sweep in APIAN experimental high-speed tests

Test Mah No. Inidene RPM J

number [�℄ [

◦
℄ [min

−1
℄ [�℄

1145 0.700 0.01 8623. 3.269

1146 0.699 1.00 8632. 3.268

1147 0.700 1.48 8638. 3.272

1148 0.700 2.02 8639. 3.273

1149 0.700 3.00 8639. 3.278

In the following studies, a number of HOST-MINT simulations have been om-

puted, onsidering di�erent models:

1. Isolated HOST-MINT simulations: only the propeller blades are taken into

aount, whih means that no veloity perturbation �eld due to the spinner is

onsidered. Moreover, relative Mah number and airfoil data are orreted to

aount for sweep e�ets.

2. HOST-MINT simulations inluding installation e�ets: a veloity perturba-

tion �eld on the propeller disk is added to take into aount the in�uene of

the spinner on the propeller.

3. HOST-MINT simulations inluding installation e�ets and the hub model : in

addition to the perturbation �eld, the hub model is ativated in these simula-

tions.

1.2.4 Inidene E�et

A high-speed run in the wind tunnel ampaign has been hosen to ompare HOST-

MINT simulations with experimental data and CFD uRANS omputations in elsA.

Table 1.3 presents a summary of the main �ow onditions. Simulations are performed

at experimental thrust levels by hanging the blade pith in HOST-MINT and in

elsA simulations.

Propeller performane. A number of parameters are ompared hereafter: thrust

oe�ient (C
TH

), power oe�ient (C
PW

), 1P load oe�ient (C
1P

), 1P load phase

lag (Ψ
1P

), 1P moment oe�ient (C
M1P

), and 1P moment phase lag (Ψ
M1P

). They

are alulated as follows:

C
TH

=
T

ρN2D4
; C

PW

=
P

ρN3D5

C
1P

=

√

F 2
Y

+ F 2
Z

ρN2D4
; Ψ

1P

= arctan

(
FY

FZ

)

C
M1P

=

√

M2
Y

+M2
Z

ρN2D5
; Ψ

M1P

= arctan

(
MY

MZ

)

(1.2)
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(a) Load terms de�nition (b) Moment terms de�nition

Figure 1.10: De�nition of loads and moments

Notie �rst the non-zero 1P loads modulus at 0◦ inidene in the wind tunnel

data. As it has been explained by Ortun [Ortun 2012℄ this may ome from an error

in the balanes alibration. Hene, in the present study, 1P loads at zero inidene

have been onsidered as a onstant o�set in the measurement of the balanes for

all the test ases. The plotted error bars show the upper and lower limit of the 1P

loads modulus and phase when onsidering this o�set.

Comparisons in Fig. 1.11 show a good agreement between isolated HOST-MINT

simulations and wind tunnel test data in terms of thrust and power. However, we

an also notie an underestimation of the 1P load oe�ient (around 40%) and a

slight overestimation of the 1P phase lag (from 5 to 15◦).

When installation e�ets are added in HOST simulations, an underestimation

of thrust is obtained. Consequently, the pith angle should be modi�ed by +0.7◦

in order to obtain the experimental thrust levels. In those ases, as shown in the

upper left plot in Fig. 5.1, the power is overestimated by about 10%.

Several reasons an explain these power o�sets. First, only the old CAD blade

shape was available for simulations, thus blade deformations were negleted in sim-

ulations. Seond, as it has been explained in the Methods and Tools Chapter, the

tehnial report indiated that the rotating balanes used in the wind tunnel tests

may underestimate the shaft power. Third, in order to reah experimental thrust lev-

els, an inrease of 0.7◦ in pith angle was neessary in the simulations. Changing the

blade pith leads to an inrease in the blade inidene and thus to an inrease in the

separated boundary layer near blade tips, whih are aerodynami onditions more

di�ult to be predited orretly with RANS simulations or with two-dimensional

airfoil data. Finally, neither in elsA CFD simulations nor in HOST airfoil data,

laminar-turbulent transition e�ets are taken into aount.

Notie that simulations onsidering installation e�ets give a 1P load norm that
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Figure 1.11: Inidene e�et on propeller performane and 1P loads. Comparison

between wind tunnel data, CFD uRANS omputations and HOST-MINT simula-

tions
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Propeller plane

Spinner

α∞

V∞ ααind

V⊥

α = α∞ + αind

Figure 1.12: Spinner e�et sheme (side and front view)

is loser to wind tunnel measurements and very lose to CFD simulations. As shown

by the sheme in Fig. 1.12, onsidering the perturbation veloities around the spinner

gives an additional indued inidene to the air�ow, whih inreases the inidene

asymmetry between downward and upward moving blades, and so inreases the 1P

load modulus.

When regarding 1P phase lag, while CFD omputations predit values within

the error bars for all the inidenes, it an be notied that HOST simulations tend

to overestimate these phase lags by 5◦ to 10◦.

A very good agreement in terms of 1P moment oe�ient an be observed be-

tween isolated HOST simulations and experimental data. However, when adding the

installation e�ets, HOST-MINT tend to overestimate the norm of these in-plane

moments. On the other side, signi�ant o�sets are observed in 1P moments phase

lag. Even though, the levels of mismath are similar to those obtained in elsA om-

putations. These mismathes in 1P moment preditions may ome from the fat

that the lifting-line approah is less aurate in the predition of loads lose to the

blade tips. As the ontribution of a given blade setion on 1P moments orresponds

to the amplitude of thrust osillations multiplied by the lever arm, a slight error in

the thrust predition near blade tips may indue important 1P moment mismathes.

Simulations onsidering installation e�ets and the hub model give results in

terms of thrust and power that are similar to the results of isolated simulations.

When the hub model is ativated, no blade pith modi�ation is needed.

Notie the important ontribution to the 1P load norm, when ompared to isolated

or installed HOST simulations. An overestimation is however observed in ompari-

son with experimental data (around +17%). On the other side, a slight inrease in

1P phase lag an be observed (+2◦).

Finally, 1P moment oe�ient preditions are not satisfatory both in terms of norm

and phase lag.

Blade loading. In order to better understand the previous omparisons, load

distributions along the blade are now onsidered. A ommon parameter to make
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Figure 1.13: Blade load distribution modes in Case No. 1149. elsA omputations

are ompared to three HOST simulations: isolated, with installation e�ets, and

with installation e�ets and hub model.

this omparison is the spanwise gradient of the thrust oe�ient ∂τ/∂ξ:

∂τ

∂ξ
=
∂T

∂r

R

ρ∞N2(2R)4
(1.3)

Figure 1.13 shows the load distribution omparison between elsA and the same

three HOST-MINT simulations exposed in the previous paragraph. Only the two

�rst modes of the Fast-Fourier Transform are shown: zero mode (mean value) and

�rst mode (one per revolution, 1/rev). All HOST-MINT simulations give similar

results in terms of mean blade loading (left-hand side plot), and predit orretly

the load evolution for the entral part of the blade. However, an underestimation

an be notied from the 0.7R span to the tip of the blade. This load underestimation

generates the already observed thrust mismathes. Moreover, notie that the load

near the blade root is not well predited by isolated and installed HOST simulations,

while the hub e�ets gets loser to elsA.

When fousing on the 1/rev mode, more important di�erenes are notied. On

one side, the solid red line and the symbols around it represent the norm of the 1/rev

mode, whih an be linked to the norm of 1P loads. On the other side, the dashed

red line and the symbols around it represent the phase lag of the 1/rev mode, whih

an be linked to the phase lag of 1P loads. When installation e�ets are onsidered,

the 1/rev norm gets loser to elsA results, while keeping almost the same phase lag

than in isolated simulations. However, important mismathes are indued when the

hub model is onsidered. Notie the overestimation with respet to CFD results of

both the mode norm and the mode phase lag. The implemented hub model, whih

should have only an important e�et near the blade root, impats in fat all the

blade loading.
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Table 1.4: Rotational speed sweep in APIAN experimental high-speed tests

Test No. Mah No. Inidene RPM J

[�℄ [

◦
℄ [min

−1
℄ [�℄

1149 0.700 3.00 8639. 3.278

1155 0.700 3.00 9064. 3.125

1163 0.700 3.00 9539. 2.969

1.2.5 Advane Ratio E�et

The advane ratio e�et stands for the hange in the aerodynami behavior of a pro-

peller when varying its rotational speed keeping the same in�nite upstream ondi-

tions. Inreasing the rotational speed N of a propeller means dereasing its advane

ratio J , as:

J =
V∞
N.D

(1.4)

where V∞ is the freestream veloity and D is the propeller diameter.

The last experimental point in the previous subsetion, at 3◦ is now used together

with two other points at di�erent rotational speeds in order to assess HOST-MINT

simulations with respet to experimental data and CFD omputations. Table 5.2

shows the three onsidered test ases.

Comparisons between wind tunnel measurements, and isolated and installed

HOST simulations have been performed (see Fig. 1.14). HOST simulations onsider

again the installation e�ets in two ways: on one side, only the perturbation �eld

(installed) and, on the other side, the hub model is ativated and added to the

perturbation �eld (inst+hub).

Propeller performane. The same parameters as for inidene e�et ompar-

isons have been used, i.e. thrust oe�ient, power oe�ient, 1P load oe�ient

and 1P load phase lag. Based on the experimental ase at 3◦ of inidene, the same

blade pith is used for all the ases at di�erent rotational speeds.

The upper plots in Fig. 5.4 show that thrust and power slopes are very well

aptured by all HOST simulations, exept when onsidering the hub model. As in

the previous omparisons, however, a power overestimation is also notied (about

11% o�set) for the three di�erent advane ratios, but results are still between ex-

perimental and CFD results. Again, installation e�ets inrease 1P load modulus,

getting loser to experimental results (−12%) and almost obtaining the same values

as in CFD omputations. 1P load phase lag is also overestimated of ∼ 5◦ for all

advane ratios.

Finally, for 1P moment oe�ient and 1P moment phase lag, the results are

similar to what was observed in the inidene e�et omparisons: the norm of the 1P

moment in HOST installed simulations is slightly overestimated, whereas important

o�sets of the 1P moment phase lag an be observed. Similar to the thrust preditions,
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Figure 1.14: RPM e�et on propeller performane and 1P loads. Comparison be-

tween wind tunnel data, CFD uRANS omputations and HOST-MINT simulations
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Figure 1.15: Blade load distribution modes. elsA omputations are ompared to

three HOST simulations: isolated, with installation e�ets, and with installation

e�ets and hub model.

the hub model presents a non-satisfatory evolution for 1P moments. For these ases

at high propeller inidene, however, elsA simulations present smaller mismathes

both in terms of norm and phase lag.

Blade loading. Figure 1.15 shows the spanwise gradient of the thrust oe�ient

on the blade for the Case No. 1163 (α = 3◦ and J = 2.969). As no su�ient ex-

perimental data was available, the omparison only takes into aount an elsA CFD

omputation, and the three HOST-MINT simulations previously studied: isolated,

installed, and installed with hub model.

The left-hand side �gure shows the mean value of ∂τ/∂ξ. Notie that, while

isolated and installed simulations are able to follow elsA results in the mid-part

of the blade, HOST-MINT overestimates this values when inluding the hub model

e�ets. This fat ould be already observed in the overestimation of the propeller

thrust in Fig. 1.14.

On the ontrary, all HOST-MINT simulations present signi�ant mismathes in

mean blade load near tips (from 0.85R span to blade tip). This region of the

blade being highly swept and highly loaded, shows the shortomings of the quasi

two-dimensional approah in the blade element theory, and seems not to be well

adapted in the urrent form. Further onsiderations on these sweep e�ets will be

presented in the Chapters 4 and 5.

Similar results are obtained for the norm of the 1/rev mode. While isolated and

installed simulations are lose to elsA results for the mid-part of the blade, simula-

tions onsidering the hub model overestimate elsA results. On the ontrary, notie

the important underestimation of the 1/rev norm in all HOST-MINT simulations.

As it will be detailed in the study of CROR 1P loads in Chapter 6, this redution
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in blade load osillations ours due to the important airfoil inidenes lose to the

blade tip. These inidenes orrespond to the stalled region in the two-dimensional

airfoil data used in HOST, where the lift oe�ient is muh less sensitive to the

inidene osillation than in the linear region of the CL − α polar. Thus, for the

same α osillation amplitude, muh less important load osillations are obtained.

Finally, all HOST-MINT simulations present an important overestimation of

the phase lag (around +15◦). Three zones an be distinguished in the blade: near

root, medium, and near tip. Notie that the o�set in the phase lag inreases when

approahing the blade root. This evolution an be attributed to the blade hord

e�ets, as the blade hord e�ets inrease when approahing the blade root. Indeed,

a phase lag o�set may be indued between elsA and HOST-MINT simulations be-

ause the point of emission of the wake is not the same: while elsA sheds the wake

at the trailing edge, HOST-MINT sheds it from the quarter-hord line. For the

near-root and near-tip regions, di�erent 1/rev phase evolutions are observed and

an be attributed to the wall e�ets and to the stalled region, respetively.

1.3 Way Forward in HOST Simulations

The present hapter has established some best praties in the propeller simulations

using HOST. Moreover, it has shown the ability of HOST to predit propeller perfor-

mane and 1P loads with a ertain degree of auray ompared to high-speed wind

tunnel data and aurate uRANS simulations. When the blade pith is adapted to

ahieve experimental thrust levels, the power predited by HOST is overestimated

but values are still in the zone between experimental data and CFD preditions.

Moreover, by taking into aount the installation e�ets in HOST simulations, the

preditions of the 1P load norm are loser to both experimental data and CFD

simulations (o�sets around 10%). The time-marhed sheme used in HOST simu-

lations and the MINT free-wake model have enabled a fair predition of 1P loads

phase lag, whih annot be obtained with lassial quasi-steady lifting-line methods

(see [Bousquet 2003℄). However, there is still a ertain o�set in the 1P phase lag

(5 to 10◦). Finally, it has been notied that the simpli�ed hub model as urrently

implemented in HOST-MINT fails at prediting the e�et of the propeller advane

ratio.

An in-depth omprehension of these global results has been ahieved by ompar-

ing load distributions along the blade predited by elsA and HOST-MINT simula-

tions. A Fast-Fourier Transform has helped to link the blade loading to the global

propeller parameters: mean load values to the propeller thrust, 1/rev mode norm

to the 1P load modulus, and 1/rev mode phase lag to the 1P load phase lag.

Good preditions of the mean and 1/rev norm blade loads were obtained for isolated

and installed simulations. On the ontrary, signi�ant o�sets still exists between

HOST-MINT and elsA in the phase lag of the 1/rev mode.

Finally, blade load analysis on�rmed that the hub model is not well adapted to

take into aount wall e�ets in the ase of a propeller at high-speed onditions.
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Figure 1.16: Rigorous wall e�et implementation in the ase of a propeller

The failure of the simpli�ed hub model ould be expeted from the fat that

the hub model removes the e�et of the root vortex but without adding additional

indued veloities to simulate the wall e�et. Indeed, a rigorous implementation of

the hub model should impose a tangential veloity ondition to the wake panels in

the blade root setion in order to simulate this wall e�et (see Fig. 1.16). As shown

in the sheme, one solution ould be a surfae distribution of soures on the skin

of the spinner. The intensity of the soures should be found by inverting the �lled

matrix of the problem, in order to impose the tangeny ondition to the panels

at the blade root. Then, these soures should provide an additional term to the

indued veloities on the alulation points and on the wake panels.

This solution, though being likely to provide a better blade load predition lose to

the root, an be very CPU time-onsuming depending on the number of panels used

to disretize the spinner. Moreover, one the intensity of the soures is alulated,

additional CPU time is needed to add the veloities indued by the soures on the

alulation points and on the wake panels.

An intermediate solution ould be onsidered in the future to better aount for wall

e�ets in HOST-MINT.

This preliminary omparison has onduted the study to a more detailed analysis

of the aerodynami mehanisms behind 1P loads, in Chapter 2, and the development

and implementation of an airfoil model for unsteady air�ow onditions, in Chapters 3

and 4. Finally, an Eulerian/Lagrangian oupling is going to be proposed in order to

provide a better three-dimensional unsteady air�ow resolution in Chapter 7.
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As it has been desribed in Methods and Tools Setion, HOST Blade Module

uses steady two-dimensional airfoil data obtained from experimental measurements

or numerial omputations, thus negleting all the unsteady phenomena on the

airfoil. However, the aerodynami behavior of an airfoil under unsteady air�ow

onditions at a given geometrial inidene an be very di�erent from the steady

one at the same geometrial inidene.

This hapter presents �rst an analytial study to estimate the harateristi re-

dued frequenies on the blades of an advaned propeller under a 1/rev osillating

air�ow. This 1/rev osillation aims at representing the 1/rev variation in the loal

angle of attak of an airfoil in the blade when the propeller is plaed under a ertain

inidene. Then, di�erent aerodynami mehanisms at the origin of 1P load phase

lag are assessed by a series of HOST simulations. The singularity methods, relying

on linearized theories, allow a deomposition of the global solution as the super-

position of di�erent independent simpler solutions. Therefore, these methods are

partiularly well adapted to determine the ontribution of individual aerodynami

mehanisms on a studied phenomenon.

2.1 Theodorsen's Theory: A Two-Dimensional Analogy

In a propeller working at a ertain inidene with respet to the air�ow, blades

are experiening a periodi inidene variation with frequeny 1/rev. In order to

estimate the importane of the unsteady aerodynamis, a two-dimensional analogy

an be done between an isolated airfoil under a harmoni motion and a given airfoil

in a blade of a propeller in inidene.

One of the �rst models developed to solve aeroelastiity problems for unsteady

(harmoni) two-dimensional air�ow was the Theodorsen's theory [Theodorsen 1935℄.
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Figure 2.1: Theodorsen's funtion, C(k)

First, this model onsiders an inompressible two-dimensional �ow around an airfoil

under a heave and pithing sinusoidal motion. Seond, the problem is linearized

by onsidering small airfoil osillations around its mean position. Finally, only

the lifting problem is solved, the airfoil is assimilated to a �at plate, and hene

no thikness e�et is onsidered. Therefore, the lift and the pithing moment are

obtained in terms of, on one side, the instantaneous derivatives of the airfoil motion

(pith and plunge) and, on the other side, the �history� of the airfoil motion. This

seond term, as we are plaed in the ase of a harmoni motion, depends on the

omplex funtion C(k), also alled Theodorsen's funtion, where k stands for the

redued frequeny, k = 2πfc/(2V∞). Theodorsen's funtion links the amplitude

and the phase of two sinusoidal funtions: on one side, the unsteady lift of an airfoil

osillating at the redued frequeny k, and, on the other side, the quasi-steady lift

or the lift of an airfoil with osillating frequeny k → 0.

Four representative advaned propeller test ases from APIAN wind-tunnel tests

are onsidered to estimate the redued frequenies linked to 1P loads. Table 2.1

shows the resulting redued frequeny k, the amplitude of Theodorsen's funtion

|C(k)|, and the phase lag of Theodorsen's funtion φC(k) obtained for the four test

ases. Figure 2.1 shows the real and imaginary part of the funtion in the omplex

plane, as well as the position of the onsidered test ases. We an notie that, for

these redued frequenies, Theodorsen's funtion predits around 30% redution

in the amplitude and 15◦ of phase lag in the unsteady fores with respet to the

quasi-steady ase.

This analogy has shown the impat that unsteady aerodynamis an have on

the predition of airfoil loads at onditions that are similar to those of an advaned

propeller. As it has been noted in the Chapter Methods and Tools, HOST already

ontains an unsteady orretion. However, this orretion onsiders only the e�et

of non-irulatory terms and the quasi-steady e�et of the airfoil pith motion. How-

ever, it does not onsider the phase indued by the C(k) funtion, whih omes from
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Table 2.1: Theodorsen's funtion C(k) estimation for APIAN wind tunnel test on-

ditions. Radius at 75% span R75 = 0.188m, hord at 75% span c75 = 0.094m.

Test No. Mah No. RPM U k |C(k)| φC(k)

[�℄ [min

−1] [m.s

−1] [�℄ [�℄ [◦]

1145 0.7 8622 404.188 0.21 0.744 14.66

1159 0.7 9566 423.84 0.223 0.734 14.79

956 0.2 6204 189.25 0.323 0.677 15.07

972 0.2 8455 233.703 0.357 0.663 14.98

the indued veloities due to the unsteadiness in the wake irulation. While un-

steady terms due to the airfoil motion tend to redue the phase lag between unsteady

and quasi-steady motion, wake terms (linked to C(k) funtion) tend to inrease this

phase lag. In the following setion, among other auses, this simpli�ed unsteady

model will be added in HOST simulations in order to assess its impat on propeller

1P loads.

2.2 Quantifying the Impat of Aerodynami Meha-

nisms on 1P Loads

Singularity methods, like the lifting-line theory, alulate the perturbation of the

veloity �eld at one spatial point by the addition of the in�uene of a series of

singularities on that point (soures, sinks, doublets or vorties). The ontribution

of eah element of the aerodynami model an thus be easily disriminated in suh

kind of methods by taking into aount eah ontribution individually. This strategy

is used hereafter.

In Physial mehanisms behind 1P loads Subsetion possible soures of 1P loads

in propellers have been exposed. Among them, and fousing on 1P load phase lag,

HOST is able to predit the following:

1. Wake geometry e�et : Modeled by modifying the deformation and the onve-

tion diretion of the wake. It enables to determine the ontribution due to the

distane between the urrent blade and neighbor wakes.

2. E�et of the emitted wake Γ: Modeled by hanging the wake length. It enables

to determine the ontribution of the vortiity shed in the wake on indued

veloities.

3. Unsteady aerodynami e�et : Inluding or not a simpli�ed unsteady airfoil

model. It enables to determine the ontribution of the unsteady air�ow.

On the ontrary, due to model limitations, HOST will not be able to simulate

hysteresis due to shok waves or dynami stall and, as we are onsidering rigid

blades, no aeroelasti phase lag e�et is going to appear.
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Figure 2.2: Wake onvetion following the freestream veloity and following the

normal to the propeller plane

An Advaned Propeller Representative Case. To determine the ontribution

of eah of the three onsidered soures, a study has been done taking the aerody-

nami onditions of one of the available wind tunnel test ases: M = 0.7, 8639 rpm,

57◦ pith angle, and 3◦ of inidene.

The referene ase has been hosen by a study of thrust onvergene: 250 wake

panels, 1◦/iteration, and no unsteady aerodynami orretion. The ontribution of

eah element of the model has been quanti�ed by omparison with this referene

ase (marked in red in all the tables).

Wake geometry e�et. This study ompares, on one side, the e�et of wake

deformation and, on the other side, the e�et of wake onvetion for a presribed

wake form. Figure 2.2 shows two presribed wakes with di�erent onvetion dire-

tions: one following the freestream (V∞) and the other following the normal to the

propeller plane (⊥). Table 2.2 shows the thrust (T ), the vertial fore (FZ), and

the side fore (FY ). The last two olumns show the di�erenes with respet to the

referene simulation in terms of 1P norm (∆(F
1P

%T )) and 1P phase lag (∆φ
1P

),

where:

F
1P

%T = ∆





√

F 2
Y + F 2

Z

T
.100%




(2.1)

It an be notied that the wake deformation has almost no e�et on phase

lag predition as deviations remain below the ∆ψ orresponding to our time step.

However, onvetion diretion, i.e. the di�erene in distane to the wake between

the blade at ψ = 0◦ and the one at ψ = 180◦, has around a 10% weight in the global

phase lag.

E�et of the emitted wake vortiity. Two types of simulations are ompared:

�rst, a series of simulations with di�erent wake lengths, in order to determine the

impat of near wake indued veloities; and seond, a simulation for an isolated

blade, in order to determine the impat of neighbor near wakes on the onsidered
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Table 2.2: Full wake ase test vs. Presribed wakes (normal and V∞):

Case T FZ FY ∆(F
1P

%T ) ∆φ
1P

Ref. 249.27 187.96 71.986 80.745N 20.956◦

Presribed ∞ 249.14 189.76 73.883 0.991 0.317

Presribed ⊥ 249.62 193.78 65.959 1.259 −2.159

Figure 2.3: Number of panels in the wake: 2, 5, 25 and 275 (full wake)

blade. This last simulation ould only be performed with a two-bladed propeller due

to ode limitations. Thus, we are supposing that the e�et of the opposite wake is

negligible. Then, the loads alulated on a blade over a yle were used to virtually

reompose a sort of six-bladed propeller in order to obtain almost onstant loads

and of the same order of magnitude ompared to the other alulations. Figure 2.3

shows MINT wake for di�erent number of panels: 2, 5, 25 and 275 panels. Table 2.3

shows the results obtained for these omparisons. It an be stated that, on the one

hand, the near wake from the onsidered blade generates around 55% of the phase

lag, while the neighbor near wakes add around 8%. In fat, almost all the phase lag

is indued by the near wakes.

Table 2.3: Full wake vs. Near wake:

Case T FZ FY ∆(F
1P

%T ) ∆φ
1P

No wake 490.81 466.27 5.062 +14.261 −20.334

2 panels 440.36 318.16 69.735 −6.780 −8.593

5 panels 387.15 272.3 72.336 −7.971 −6.079

25 panels 287.76 206.56 72.281 −4.695 −1.670

2 blades, 25 panels 342.01 229.44 69.018 −10.688 −4.214

Ref. 249.27 187.96 71.986 80.745N 20.956◦
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Table 2.4: Full wake with or without unsteady aerodynamis:

Case T FZ FY ∆(F
1P

%T ) ∆φ
1P

Ref. 249.27 187.96 71.986 80.745N 20.956◦

Unsteady, 1◦/it 252.29 206.07 54.68 +3.761 -6.095

Near wake

55%

Wake deformation

1%

20%
Unsteady 2D aero

Wake inlination

10%
Far wake

6%
Other near wakes

8%

Figure 2.4: Contribution of eah model element to the 1P load phase lag.

Unsteady aerodynami terms. An additional simulation has been performed

to see the impat of airfoil motion aerodynami terms, as implemented in the o�ial

version, on the phase lag. These orretions being quasi-steady, they inrease the

in-phase omponent of the 1P loads and so they redue the phase lag. We an notie

in Table 2.4 that these terms modify the phase lag by around 20% with respet to

the referene ase.

2.2.1 Main Contributors on 1P Load Phase Lag

Figure 2.4 shows the ontribution of eah of the model elements on the predition

of 1P phase lag. The major impat oming from the near wake and the unsteady

airfoil orretions, it seems interesting to deepen the study on these two domains in

order to model better the key physial soures of 1P load phase lag.

As it has been explained in theMethods and Tools Chapter, the urrent unsteady

model onsiders only the e�ets of the airfoil motion but neglets the unsteady

ontribution of the two-dimensional near wake that is shed from the trailing edge.

Consequently, it will be the objetive of the next Chapter to implement and assess

the e�et of onsidering the whole unsteady terms (airfoil and wake) on the 1P loads

phase lag predition. To do so, Chapters 3 and 4 present the study of two methods

to implement an unsteady thin-airfoil theory in the HOST-MINT three-dimensional

lifting-line ode by using the mathed asymptoti approahes method.
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Chapter 3

Analyzing an Unsteady Curved

Lifting-Line Method (UCLL)
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The main objetive of this hapter is to ritially analyze an unsteady urved

lifting-line (UCLL) theory that an be adapted to the asymptoti approah of the

lifting-line theory implemented in HOST. The solution proposed and implemented in

a wing ode by Muller during his PhD thesis is analyzed to understand its strengths

and weaknesses.

3.1 An Unsteady Curved Lifting-Line Theory

3.1.1 Theoretial Basis

As it has been justi�ed by Van Dyke [Van Dyke 1964℄, lifting-line problems an

be solved with a singular perturbation formulation by introduing the Mathed

Asymptoti Expansion (MAE) tehnique into the solution of the problem. This

fat was exploited by Guermond and Sellier [Guermond 1991℄ to extend Van Dyke's

lifting-line theory to the ase of swept and urved wings in unsteady �ows. Under

the assumption of low frequeny osillations, Devinant [Devinant 1999℄ proposed
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Figure 3.1: The wing and its wake are divided into several alulation domains.

a formulation of the problem adapted for numerial appliations of the lifting-line

theory. Based on this, Muller [Muller 2007℄ fully implemented Guermond's theory

in the AILE ode, for the unsteady simulation of swept and urved wings.

In this asymptoti approah the problem is divided into two main domains (see

Fig. 3.1): the two-dimensional airfoil and its wake on one side, and a lassial

lifting-line problem on the other side. These two domains are linked by imposing

the ontinuity of the wake vortiity between the inner domain (I) and the outer

domain (O), whih leads to the onsideration of a third domain (Owi).

The impliit equation of the irulation Γ(M) an be written as indiated in

Eq. (3.1).

Γ = πc cos Λ (U∞α+ wI∪Owi
−wOwi

+ wO + wc) (3.1)

where:

• wI∪Owi
: represents the veloity indued by the domain I ∪ Owi, whih has

a pure two-dimensional origin. Based on the linearized unsteady thin-airfoil

theory, we obtain Eq. (3.2) for the ase of a pithing and plunging airfoil.

wI∪Owi
(y, t) = ḣ(y, t) +

c

2
α̇(y, t)

+
1

πcU∞ cosΛ

∫ +∞

c/2

(√

ν + c/2

ν − c/2
− 1

)

γw(ν, t)dν
(3.2)

• wOwi
: represents the two-dimensional unsteady wake in lifting-line formulation,

as shown in Eq. (3.3). This term must be removed not to be onsidered two

times in the outer and the inner domains. To solve this singular integral,

Muller uses �nite part integrals (FP).

wOwi
(y, t) =

1

2πU∞ cos Λ
FP

∫ +∞

0

γy(ξ, t)

ξ
dξ (3.3)

• wO: represents the veloity indued by the outer domain, inluding the whole

wake. For this domain, the harateristi length is the wingspan, and so the
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wing is supposed to be a lifting-line. The wake is modeled by a lattie of

vortex panels and vortex �laments. The expression of the veloity indued by

the wake is shown in Eq. (3.4).

−−→
V
ind

= −
1

4π

∫

∂S
Γ(P )

−−→
PM ∧ ~dlP
PM3

︸ ︷︷ ︸

Vorties

−
1

4π

∫

S

~γ ∧
−−→
PM

PM3
dSP

︸ ︷︷ ︸

Panels

(3.4)

where wO is the projetion of

−−→
V
ind

onto the airfoil surfae along the normal

to the loal hord. A speial treatment with �nite part integrals is needed for

the singular panel, i.e. the panel in ontat with the alulation point.

• wc: represents the omplementary indued veloity, whih takes into aount

the loal sweep and urvature, in order to add the e�et of spanwise irulation

variations on the lifting line. Equation (3.5) an be dedued from the studies

done by Guermond [Guermond 1990℄ for the ase of a steady urved lifting-line

by fatorizing by Γ and ∂Γ/∂y.

wc(y) = a1Γ(y) + a2
∂Γ

∂y
(y) (3.5)

where:

a1 =
1

4πκ(y)
(1−tan2 Λ(y)+K) ; a2 =

1

2π

(

K sinΛ(y) + ln

∣
∣
∣
∣

1 + sinΛ(y)

cos Λ(y)

∣
∣
∣
∣

)

K =
1

2
+ ln

c(y) cos2 Λ(y)

4b

where κ stands for the loal wing urvature.

The mathing between the outer and inner domains is done by linking the vortex

intensities of these two domains: γw(ξ, y) = γy(ξ− c/2, y). Thus following Devinant

[Devinant 1998℄ and Coppens [Le Bouar-Coppens 1999℄, Muller ombines the terms

from I ∪Owi and Owi domains:

wI∪Owi
(M, t)− wOwi

(M, t) = ḣ(y, t) +
c

2
α̇(y, t)

+
1

2πU∞ cosΛ

[

2

c

∫ +∞

0

(√

1 +
c

ξ
− 1

)

γy(ξ, t)dξ − FP

∫ +∞

0

γy(ξ, t)

ξ
dξ

]
(3.6)

Theoretially, we should onsider an in�nite two-dimensional wake both in the

lifting-line and airfoil formulations. However, if we ompare the indued veloities

by the wake panels and the ones indued by the two-dimensional wake in the airfoil

formulation, it an be notied that, after a ertain distane both are equivalent, as

shown in Eqs. (3.7) and (3.8).

H =

Airfoil

︷ ︸︸ ︷

2

c

∫ +∞

0

(√

1 +
c

ξ
− 1

)

γy(ξ, y)dξ−

Lifting line

︷ ︸︸ ︷

FP

∫ +∞

0

γy(ξ, y)

ξ
dξ

(3.7)
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(a) Inner domain, I ∪ O
wi

(b) Two-dimensional wake domain, O
wi

() Three-dimensional wake domain, O

Figure 3.2: Di�erent ~v
ind

terms in the unsteady urved lifting-line theory.

√

1 +
c

ξ
− 1 =

c

2ξ
+ o

(
c

2ξ

)

(3.8)

If we introdue the parameter X representing the limit between the inner and the

outer domains (X ≫ c/2), the outer terms of the integrals beome equivalent and

so they anel eah other. Thus, we an onsider only the airfoil formulation from

c/2 to X in our wake integrals.

As the urrent airfoil formulation is derived from a small perturbation theory,

it assumes a �at two-dimensional wake, whih is not stritly true in the ase of a

free-wake model. Hene an additional assumption must be done: we will onsider

that wake deformation of the �rst panels, i.e. panels at distane ξ ≤ X, has a

negligible impat on indued veloities over the blade.

Finally, Eq. (3.1) an be expressed as shown in Eq. (3.9), where the olor of eah

term orresponds to the olors in Fig. 3.2.

Γ(y, t) = πc(y) cos Λ(y)

[

U∞α(y, t) + ḣ(y, t) +
c(y)

2
α̇(y, t)

]

+

∫ X

0

(√

1 +
c(y)

ξ
− 1

)

γy(ξ, y)dξ

−
c(y) cos Λ(y)

4

∫

S
Γ(P )

−→
∇M

(
−→nP .

−−→
PM

PM3

)

dSP−
c(y)

2
FP

∫ X

0

γy(ξ, t)

ξ
dξ

+πc(y) cos Λ(y)

[

a1Γ(y) + a2
∂Γ

∂y
(y)

]

(3.9)

where we an distinguish several terms of indued veloities (see Fig. 3.2):

• The inner domain (thin-airfoil theory): it is omposed by the quasi-steady

airfoil motion term wI and the near wake term in airfoil formulation wOwi
.

See the �rst and seond lines of Eq. (3.9) and Fig. 3.2(a).
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• The outer domain wO − wOwi
: where the wake is divided in panels and in-

tegrated by the Gauss-Legendre quadrature rule, exept the singular panel,

whih is integrated analytially by �nite part integrals. The seond term re-

moves the ontribution of the near wake in the lifting-line formulation, in order

not to onsider it two times. See the third line of Eq. (3.9), and Figs. 3.2()

and 3.2(b).

• The omplementary terms wc (from Guermond and Sellier): due to the loal

sweep and urvature. See the fourth line of Eq. (3.9).

3.1.2 A Numerial Implementation of the UCLLT

In his Dotoral Thesis, Muller presented the details of the numerial implementation

of an unsteady urved lifting-line theory in AILE �xed-wing ode. A partiular

attention was paid to the implementation of the �nite part integrals both in the

inner and the outer domains.

Only the terms in the indued veloities that involve �nite part integrals are of

interest here: the veloities indued by the singular panel (O domain, Fig. 3.2())

and the veloities indued by the near wake in lifting-line formulation (O
wi

domain,

Fig. 3.2(b)).

3.2 Outer Domain. The Singular Panel

This setion presents the �nite part integration of the veloities indued by the sin-

gular panel following the proedure proposed by Muller [Muller 2007℄. As exposed in

Chapter Literature Review, there are two equivalent models to represent the poten-

tial wake shed by a thin-wing: the doublet formulation and the vortex formulation.

Hess showed the equivalene of these two formulation for the ase of a regular panel

[Hess 1972℄.

Muller's rationale starts by the �nite part integration of the doublet formulation,

whih presents a simpler form for the ase of a point in the plane of the wake panel.

However, Muller shows that this formulation an lead to important numerial errors

due to the di�erene between two important values of indued veloities oming

from the singular panel and the regular panels, respetively.

In order to avoid these numerial errors, Muller has extended Hess' equivalene

between vortex and doublet formulations to the ase of a singular panel. To do so,

the vortex formulation is �rst stated and the singular integrals are identi�ed: the

surfae vortiity and the bound or lifting-line vortex. By omparison between vor-

tex and doublet formulations, Muller dedues an expression for the singular bound

vortex. The other singular integral is solved by �nite parts, as done for the dou-

blet formulation. Therefore, a �nal formulation is obtained for the singular panel,

ombining vortex and doublet formulations.

Next subsetions follow Muller's rationale and put forward in the end the di�er-

enes with respet to the implementation done by Muller in the AILE ode.
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3.2.1 The Doublet Formulation

Following Biot-Savart's law in doublet formulation, the projetion along the z-axis

of the veloities indued by the wake on a point M of the lifting-line follows:

wO(M) =
1

4π

∫

S

Γ(P )

PM3
dSP (3.10)

When the wake is disretized in panels, two types of terms appear in the alulation

of the indued veloities. On one side, the veloities indued by the panel next to

M are singular. On the other side, the veloities indued by the rest of the wake

panels present regular integrals.

wO(M) = w
sing

(M) + w
reg

(M)

w
sing

(M) =
1

4π
FP

∫∫

P
sing

Γ(P )

PM3
dSP

w
reg

(M) =
1

4π

∫∫

S−P
reg

Γ(P )

PM3
dSP

(3.11)

A linear evolution of the irulation Γ is assumed at eah panel P of the wake S.

Now the singular panel P
sing

is onsidered. For eah point P in P
sing

the irulation

follows:

∀P ∈ P
sing

, Γ(P ) = Γ(M) + (xP − xM )
δΓ

δx
(M) + (yP − yM )

δΓ

δy
(M) (3.12)

where M is the alulation point on the lifting-line at the enter of the singular

panel. De�ning:

−→γ = −→n ∧
−→
∇Γ = −

∂Γ

∂y

−→
i +

∂Γ

∂x

−→
j (3.13)

It yields:

γx = −
∂Γ

∂y
γy =

∂Γ

∂x
(3.14)

Thus, substituting in the expression of singular indued veloities:

w
sing

(M) =
Γ(M)

4π
FP

∫∫

P

dSP
PM3

︸ ︷︷ ︸

s0(M)

−
γy
4π

FP

∫∫

P

xM − xP
PM3

dSP
︸ ︷︷ ︸

sx(M)

+
γx
4π

FP

∫∫

P

yM − yP
PM3

dSP
︸ ︷︷ ︸

sy(M)

(3.15)

Three surfae integrals are obtained and Hadamard's �nite part integrals are

used to alulate their analytial value.
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Figure 3.3: Strategy for the alulation of a �nite-length singular panel.

Method for alulating singular panel ~v
ind

. The veloities indued by a �nite

singular panel are alulated in three steps (see Fig. 3.3):

1. Calulate the �nite part integral for an in�nite-length singular panel (left).

2. Calulate the regular integral for an in�nite panel starting at δx distane from

the lifting-line (enter).

3. Calulate the di�erene between the two previous integrals to obtain the value

of the �nite part integral for a �nite panel of δx length (right).

The integration of eah of the omponents in Eq. (3.15) is presented hereafter.

To alulate the veloities indued by the singular panel, an in�nite-length panel

is onsidered �rst (see left-hand side �gure in 3.3). This in�nite-length panel is

onsidered to have the same irulation at the alulation point Γ(M) than the

singular panel. Moreover, the vortiity in the wake γx and γy are onsidered to be

onstant in all the points of the in�nite-length panel and equivalent to the vortiity

in the singular panel.

Calulation of s0 term. The �rst term of the veloities indued by the singular

panel is linked to the irulation at the alulation point Γ(M):

s∞0 (M)= FP

∫∫

P

dSP
PM3

= FP

∫ δy/2

−δy/2

∫ ∞

l(yP )

dxP dyP

(x2P + y2P )
3/2

= FP

∫ δy/2

−δy/2

dyP
y2P

− FP

∫ δy/2

−δy/2

l(yP )

y2P

√

l(yP )2 + y2P

dyP
(3.16)

Note that the terms linked to the in�nite-length panel are noted with a (⋆)∞ super-

sript, whereas the terms linked to the in�nite-length regular panel are noted with

a (⋆)reg supersript.

The �rst integral in s∞0 (M) yields:

s∞01(M) = FP

∫ δy/2

−δy/2

dyP
y2P

= 2FP

∫ δy/2

0

dyP
y2P

= −
4

δy
(3.17)

In order to solve the seond integral, Guermond de�ned the funtion f as:

f : y 7→
sgn(y)l(y)
√

l(y)2 + y2
(3.18)
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Figure 3.4: Detail of the singular vortex geometry.

Developing in Taylor's series for the onsidered singular vortex (see Fig. 3.4), it

yields:

f(y) = sinΛ +
1

2κ
y + f ′′(0)y2 +O(y3) (3.19)

where κ stands for the loal radius of urvature at the alulation point M . Note

also that the sgn(y) is used to keep the ontinuity in funtion f .

When introduing the expression of f into the seond integral, it yields:

s∞02(M) = sinΛFP

∫ δy/2

−δy/2

sgn(yP )

y2P
dyP (3.20)

+
1

2κ
FP

∫ δy/2

−δy/2

sgn(yP )

yP
dyP (3.21)

+f ′′(0)FP

∫ δy/2

−δy/2
sgn(yP )dyP +O(yP ) (3.22)

The �rst and third integrals are zero beause the funtion is symmetri. The seond

integral yields:

FP

∫ δy/2

−δy/2

sgn(yP )

yP
dyP = 2FP

∫ δy/2

0

dyP
yP

= 2 ln
δy

b
(3.23)

Note that the �nite part integral yielding a logarithm has been alulated in non-

dimensional variables with b/2 as referene length. This non-dimensional integration

is neessary in a MAE approah, as �nite part integrals are not homogeneous in

dimensions (see Appendix A).

On the other side, the veloities indued by the in�nite-length regular panel an

be alulated as follows:

sreg0 (M)=

∫ δy/2

−δy/2

∫ ∞

l(yP )+δx

dxP dyP

(x2P + y2P )
3/2

=

∫ δy/2

−δy/2

1

y2P



1−
l(yP )− xM + δx

√

(l(yP )− xM + δx)2 + y2P



 dyP

(3.24)
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Finally, the indued veloities of the �nite-length panel are obtained by removing

the regular part of the in�nite-length panel:

s0(M)= s∞0 (M)− sreg0 (M) = −
4

δy
−

1

κ
ln
δy

b

−

∫ δy/2

−δy/2

1

y2P



1−
l(yP )− xM + δx

√

(l(yP )− xM + δx)2 + y2P



 dyP
(3.25)

Notie that the terms linked to the in�nite-length regular panel follow the same

expression as the singular panel but the integration domain is shifted of δx.

Calulation of sx. Following the same method, it is obtained:

s∞x (M)= FP

∫∫

P

xM − xP
PM3

dSP

= FP

∫ δy/2

−δy/2

∫ +∞

l(yP )

−xP
(
x2P + y2P

)3/2
dxP dyP

= FP

∫ δy/2

−δy/2

−dyP
√

l(yP )2 + y2P

= FP

∫ δy/2

−δy/2

−yPdyP

yP

√

l(yP )2 + y2P

(3.26)

The funtion g is de�ned as follows and developed in Taylor's series:

g : y 7→
sgn(y)y

√

l(y)2 + y2
(3.27)

g(y) = cos Λ + g′(0)y +O(y2) (3.28)

Whih yields:

s∞x (M)= −FP

∫ δy/2

−δy/2

sgn(yP )g(yP )

yP
dyP

≃ −FP

∫ δy/2

−δy/2

(

cos Λ
sgn(yP )

yP
dyP + g′(0)sgn(yP )

)

dyP

= −2 cos Λ ln
δy

b

(3.29)

Again, to alulate the veloities indued by the �nite singular panel, the regular

part must be removed:

sregx (M)=

∫ δy/2

−δy/2

∫ +∞

l(yP )+δx

−xP
(
x2P + y2P

)3/2
dxP dyP

= −

∫ δy/2

−δy/2

dyP
√

(l(yP )− xM + δx)2 + y2P

(3.30)

Finally, the expression for the �nite singular panel is:

sx(M)= s∞x (M)− sregx (M)

= −2 cos Λ ln
δy

b
+

∫ δy/2

−δy/2

dyP
√

(l(yP )− xM + δx)2 + y2P

(3.31)
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Calulation of sy. The same method is followed for the third integral:

s∞y (M)= FP

∫∫

P

yM − yP
PM3

dSP

= FP

∫ δy/2

−δy/2

∫ +∞

l(yP )

−yP
(x2P + y2P )

3/2
dxP dyP

= FP

∫ δy/2

−δy/2

−1

yP



1−
l(yP )

√

l(yP )2 + y2P



 dyP

(3.32)

The funtion f is de�ned as follows and developed in Taylor's series:

f : y 7→
sgn(y)l(y)
√

l(y)2 + y2
(3.33)

f(y) = sinΛ +
1

2κ
y + f ′′(0)y2 +O(y3) (3.34)

Introduing it into the integral to alulate sy(M), it yields:

s∞y (M)= FP

∫ δy/2

−δy/2

−1

yP
(1− sgn(yP )f(yP )) dyP

≃ FP

∫ δy/2

−δy/2

(
−1

yP
+
sgn(yP ) sin Λ

yP
+
sgn(yP )

2κ
+ sgn(yP )f

′′(0)yP

)

dyP

(3.35)

and after aneling symmetri and zero funtions it is obtained that:

s∞y (M) = 2 sinΛ ln
δy

b
(3.36)

On the other side, the regular part of the in�nite panel is alulated as follows:

sregy (M)=

∫ δy/2

−δy/2

∫ +∞

l(yP )+δx

−yP
(x2P + y2P )

3/2
dxP dyP

= −

∫ δy/2

−δy/2

1

yP



1−
l(yP )− xM + δx

√

(l(yP )− xM + δx)2 + y2P



 dyP

(3.37)

In the ase of a �nite-length panel, the regular part of the panel extending from

δx to the in�nity is removed. Therefore, the alulation of sy(M) term yields:

sy(M)= s∞y (M)− sregy (M) = 2 sinΛ ln
δy

b

+

∫ δy/2

−δy/2

1

yP



1−
l(yP )− xM + δx

√

(l(yP )− xM + δx)2 + y2P



 dyP
(3.38)
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Finite-length singular panel ~v
ind

. The veloity indued by the singular panel

in doublet formulation yields:

wD(M) =
1

4π
(Γ(M)s0(M)− γysx(M) + γxsy(M)) (3.39)

This approah in the alulation of the indued veloities presents an important

drawbak: the result is the di�erene between two very important omponents, om-

ing from the singular panel, on one side, and the regular panels, on the other side.

This omes from the fat that panel edges ontribution is not expliitly alulated

in doublet formulation neither in singular nor in regular panels. For a wake with

ontinuous irulation distribution, these ontributions are idential but with oppo-

site sign between one panel and its neighbor, and thus they should anel. However,

as integrals must be omputed numerially, a small error in the alulation of one

of the two terms an yield to very important errors in the �nal estimation of the

indued veloity.

Therefore, similar to the Hess equivalene for regular panels [Hess 1972℄, Muller

presents the equivalent vortex formulation for singular panels as a way to avoid

this issue. In this ase, the ontribution of panel edges appear expliitly in the

alulation of indued veloities. Thus, they an be aneled analytially between

singular and regular panels, and numerial errors are avoided.

3.2.2 The Vortex Formulation

The veloity indued by the singular panel takes the following form in vortex formu-

lation:

w
sing

=−
1

4π
FP

∫∫

P

−−→
PM ∧ −→γ

PM3
dSP

−→
k

−
1

4π
FP

∫

∂P
Γ(P )

−−→
PM ∧ d

−→
lP

PM3

−→
k

(3.40)

If the irulation ontinuity is ensured between panels, the terms linked to vortex

�laments in the panel boundaries an be aneled with the same terms of neighbor

panels. Thus, all the boundary vortex �laments are zero exept the lifting-line. In

the lassial straight lifting-line theory, this vortex does not generate any indued

veloity on the alulation point M . On the ontrary, when onsidering a swept

and urved wing, this term beomes singular and must be dedued by omparison

between vortex and doublet formulations.

In order to ompare vortex and doublet formulations, an in�nite-length panel is

�rst onsidered. The vortex formulation of the indued veloities in this ase takes

the form:

wT = −
1

4π
FP

∫∫

P

−−→
PM ∧ −→γ

PM3
dSP

−
1

4π

∫

L1

Γ(P )

−−→
PM ∧ d

−→
lP

PM3
−

1

4π

∫

L2

Γ(P )

−−→
PM ∧ d

−→
lP

PM3

−
1

4π
FP

∫

L
sing

Γ(P )

−−→
PM ∧ d

−→
lP

PM3

(3.41)
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where the �rst integral represents the term linked to the vortiity distribution in the

panel and an be developed in the same form as in the doublet formulation:

FP

∫∫

P

−−→
PM ∧−→γ

PM3
dSP

= γyFP

∫∫

P

xM − xP
PM3

dSP − γxFP

∫∫

P

xM − yP
PM3

dSP

(3.42)

The seond integral in Eq. (3.41) is linked to the vortex �lament L1 (see left-hand

side piture in Fig. 3.3) and yields:

∫

L1

Γ(P )

−−→
PM ∧ d

−→
lP

PM3
=

∫ +∞

x1

(Γ(P1) + (x− x1)γy)
δy
2 dx

((
δy
2

)2
+ x2

)3/2

=
δy

2
(Γ(P1)− γyx1)

∫ +∞

x1

dx
((

δy
2

)2
+ x2

)3/2
+
γyδy

2

∫ +∞

x1

xdx
((

δy
2

)2
+ x2

)3/2

=
2

δy
(Γ(P1)− γyx1)






1−

x1
√
(
δy
2

)2
+ x21







+
γyδy

2

1
√
(
δy
2

)2
+ x21

(3.43)

whereas the third integral is linked to the vortex �lament L2 and yields:

∫

L2

Γ(P )

−−→
PM ∧ d

−→
lP

PM3
=

∫ +∞

x2

(Γ(P2) + (x− x2)γy)
δy
2 dx

((
δy
2

)2
+ x2

)3/2

=
δy

2
(Γ(P2)− γyx2)

∫ +∞

x2

dx
((

δy
2

)2
+ x2

)3/2
+
γyδy

2

∫ +∞

x2

xdx
((

δy
2

)2
+ x2

)3/2

=
2

δy
(Γ(P2)− γyx2)






1−

x2
√
(
δy
2

)2
+ x22







+
γyδy

2

1
√
(
δy
2

)2
+ x22

(3.44)

Finally, the last integral in Eq. (3.41) is singular and it is linked to the lifting-line

vortex �lament L
sing

. This singular term must be dedued by omparison between

vortex and doublet formulations, as shown in the next subsetion.

3.2.3 Hess' Equivalene for Singular Panels

Previous subsetions have presented the doublet and vortex formulations of the

veloities indued by an in�nite-length singular panel. The doublet formulation has
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yield to:

wD=
Γ(M)

4π
FP

∫∫

P

dSP
PM3

−
γy
4π

FP

∫∫

P

xM − xP
PM3

dSP+
γx
4π

FP

∫∫

P

yM − yP
PM3

dSP

(3.45)

whereas the vortex formulation has yield to:

wT = −
γy
4π

FP

∫∫

P

xM − xP
PM3

dSP+
γx
4π

FP

∫∫

P

xM − yP
PM3

dSP

−
1

4π

∫

L1

Γ(P )

−−→
PM ∧ d

−→
lP

PM3
−

1

4π

∫

L2

Γ(P )

−−→
PM ∧ d

−→
lP

PM3

−
1

4π
FP

∫

L
sing

Γ(P )

−−→
PM ∧ d

−→
lP

PM3

(3.46)

Comparing Eq. (3.45) and Eq. (3.46), the olored terms anel eah other and

the veloity indued by the singular �lament vortex L
sing

takes the form:

FP

∫

L
sing

Γ(P )

−−→
PM ∧ d

−→
lP

PM3
= −FP

∫∫

P
Γ(M)

dSP
PM3

−

∫

L1

Γ(P )

−−→
PM ∧ d

−→
lP

PM3
−

∫

L2

Γ(P )

−−→
PM ∧ d

−→
lP

PM3

(3.47)

Considering that Γ(M) = [Γ(P1) + Γ(P2)] /2 and replaing all the right-hand side

terms by the expressions obtained in previous subsetions it yields:

FP

∫

L
sing

Γ(P )

−−→
PM ∧ d

−→
lP

PM3
=

2Γ(P1)

δy
+
2Γ(P2)

δy
+

Γ(M)

κ
ln
δy

b

−
2Γ(P1)

δy
+

2Γ(P1)x1

δy

√
(
δy
2

)2
+ x21

−
2Γ(P2)

δy
+

2Γ(P2)x2

δy

√
(
δy
2

)2
+ x22

+
2γyx1
δy






1−

x1
√
(
δy
2

)2
+ x21






−
γyδy

2

1
√
(
δy
2

)2
+ x21

+
2γyx2
δy






1−

x2
√
(
δy
2

)2
+ x22






−
γyδy

2

1
√
(
δy
2

)2
+ x22

(3.48)

The �rst line of the equation orresponds to the s∞0 Γ(M) term in doublet formula-

tion, while the other lines orrespond to the �laments L1 and L2 in vortex formula-

tion. The olored omponents anel eah other and the expression of the veloity

indued by the singular vortex �lament is obtained.

Finally, when substituting previous results in the expression of the veloities

indued by a �nite-length singular panel in vortex formulation, it yields (inluding
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expliitly the vortex �laments' terms):

wP (M)= −
1

4π

∫

S

−−→
PM ∧ −→γ

PM3
dSP −

1

4π

∫

L
sing

Γ(P )

−−→
PM ∧ d

−→
lP

PM3
+ wL1

+ wL2
+ wL3

(3.49)

As it has been shown in Eq. (3.42), the �rst term takes the same form as in doublet

formulation. Therefore, its �nite part integration yields to expressions Eq. (3.31)

and Eq. (3.38). Hene, developing and ombining eah of the omponents in the

previous expression, it yields:

wP (M) = Is0Γ(M)+ Is1Γ(P1)+ Is2Γ(P2)+ Isxγx+ Isyγy+wL1
+wL2

+wL3
(3.50)

where:

Is0 = −
1

4πκ
ln
δy

b
(3.51)

Is1 = −
1

2πδy

x1
√
(
δy
2

)2
+ x21

(3.52)

Is2 = −
1

2πδy

x2
√
(
δy
2

)2
+ x22

(3.53)

Isx =
1

2π
sin Λ ln

δy

b
+

1

4π

∫ δy
2

− δy
2

1

s



1−
tanΛs+ δx

√
s2

cos2 Λ + 2δx tan Λs+ δx2



 ds (3.54)

Isy=
1

2π
cos Λ ln

δy

b
−

1

4π

∫ δy
2

− δy
2

ds
√

s2

cos2 Λ
+ 2δx tan Λs+ δx2

−
x1

2πδy






1−

x1
√
(
δy
2

)2
+ x21






+
δy

8π

1
√
(
δy
2

)2
+ x21

−
x2

2πδy






1−

x2
√
(
δy
2

)2
+ x22






+
δy

8π

1
√
(
δy
2

)2
+ x22

(3.55)

Thus, Muller extends Hess' equivalene between doublet and vortex formula-

tions for the ase of a singular panel of �nite length (see Fig. 3.5). Although some

mismathes in the formulation have been observed, as it will be explained hereafter,

this is the key result for the integration of the singular panel using the vortex formu-

lation. As shown by Muller, the vortex formulation is better adapted for numerial

appliations than doublet formulation as it anels analytially the boundary terms.
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Figure 3.5: Hess and Smith equivalene for a singular panel

3.2.4 Current Implementation in the AILE Code

Some di�erenes have been found between Muller's report and the AILE ode. The

veloity indued by the singular panel is alulated in AILE as follows:

wP(M) = Is0Γ(M) + Is1Γ(P1) + Is2Γ(P2) + Isxγx + Isyγy (3.56)

where:

Is0 = −
1

4πκ
ln
δy

2
(3.57)

Is1 = −
1

2πδy

x1
√

x21 +
(
δy
2

)2
(3.58)

Is2 = −
1

2πδy

x2
√

x22 +
(
δy
2

)2
(3.59)

Isx = −
1

2π
sinΛ ln

δy

2
+

1

4π

∫ δy
2

− δy
2

tanΛs+ δx

s
√

s2

cos2 Λ
+ 2δx tan Λs+ δx2

ds (3.60)

Isy =
1

2π
cos Λ ln

δy

2
−

1

4π

∫ δy
2

− δy
2

ds
√

s2

cos2 Λ
+ 2δx tan Λs+ δx2

(3.61)

A number of di�erenes an be notied when omparing AILE ode to the results

obtained in the previous subsetion of the present doument:

• Logarithmi funtions use dimensional variables in AILE. As exposed before,

this has no impat in the results as the wing span is �xed to b = 2 and the

referene length is b/2.

• There is a hange in the sign of Isx in�nite-length panel omponent.

• The Isx regular panel omponent presents a singular integral, whereas the

theory predits a regular integral. This issue was not notied beause of the

disrete integration along y axis.

• The di�erenes in the Isy omponent ome from the fat that the implementa-

tion in AILE does not inlude the indued veloities due to the linear variation
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of the irulation Γ along the left-hand side and right-hand side vortex �la-

ments.

3.3 Inner Domain. Two-Dimensional Wake in Lifting-

Line Formulation

wI∪Owi
(M, t)− wOwi

(M, t) =

Airfoil motion

︷ ︸︸ ︷

ḣ(y, t) +
c

2
α̇(y, t)

+

2D Wake

︷ ︸︸ ︷

1

2πU∞ cos Λ

[

2

c

∫ X

0

(√

1 +
c

ξ
− 1

)

γy(ξ, t)dξ

︸ ︷︷ ︸

Airfoil formulation

− FP

∫ X

0

γy(ξ, t)

ξ
dξ

︸ ︷︷ ︸

Lifting-line formulation

] (3.62)

The last term must be alulated by �nite part integrals. For a matter of sim-

pliity, Muller assumes that the inner domain ontains only the singular panel, and

thus X = δx, where δx is the length of the singular panel. Taking into aount the

dimensional variables, the �nite part integral yields:

FP

∫ X

0

γy(ξ, t)

ξ
dξ = γy(0, y, t) ln

2δx

b
(3.63)

where γy(0, y, t) is the vortiity density of the �rst panel row at eah y station and

time t.

The seond term in Eq. (3.62) ontains a regular integral. Muller onsiders a

onstant evolution of γy along eah of the wake panels, whih yields:

2

c

∫ X

0

(√

1 +
c

ξ
− 1

)

γy(ξ, t)dξ = γy(0, y, t)

(
2

u⋆ + 1
− ln

u⋆ − 1

u⋆ + 1

)

(3.64)

where u⋆ =
√

1 + c/δx.

3.4 Theoretial Analysis of the Model

This setion presents an analysis of the UCLL theory proposed by Muller, fousing

on the �nite part integrals used to solve singularity problems. This type of approah

seems to be not adapted to a disrete formulation of the problem beause of three

main reasons: they depend on the non-dimensional variables used to desribe the

problem, they impose a minimum panel span and thus limit the maximum number

of panels depending on the wing aspet ratio, and they invert the sign of indued

veloities introduing instabilities in the omputation.

3.4.1 Inner Domain. Airfoil Model

Two-dimensional wake length. In the previous setion (3.3) the hypothesis

done by Muller on the alulated wake distane has been presented: X = δx. Rig-

orously, this imposes that the �rst panel must be muh longer and larger than the
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(a) Initial airfoil position

(b) Inrease in geometrial inidene

Figure 3.6: Wake e�et on an airfoil under an inidene step

loal half hord. Muller onsiders, for example, a wing with an aspet ratio (b/c0,

span over maximum hord) of 10 and with an ellipti hord. In those ases, to

respet the minimum size of the inner domain, panels should be very long and large,

and thus the number of blade setions would be very limited, i.e. no more than

10 setions. This an be an important drawbak to predit the form of the load

distribution along the blade with an aeptable auray. In order to overome this

limitation, a new approah has been developed and is presented in Chapter 4.

The sign of Finite Part integrals. Consider a two-dimensional airfoil in ini-

dene introdued into an air �ow with a ertain inidene. By the Kelvin's iru-

lation theorem (see for example [Katz 2001℄), it will develop an initial vortex of

the same irulation Γ and of opposite sign than the irulation on the airfoil (see

Fig. 3.6(a)).

Let us assume that, at a given time, the airfoil inidene is inreased, as shown

in Fig. 3.6(b). An inrease in the airfoil irulation ∆Γ ours and the shed wake

ontains again a vortex with the same vortiity but with opposite sign.

However, following the Biot-Savart law, these variations in the wake irulation

indue veloities on the airfoil (see Eq. (3.65)). These veloities, ommonly known

as the downwash, tend to delay this Γ inrease on the airfoil. As the e�et of the

vortex is inversely proportional to the distane to the airfoil and as it is onveted

downstream, its e�et dereases with time and the airfoil irulation reahes asymp-

totially Γ +∆Γ.

w
airfoil

=
∆Γ

2πx
∝

1

x
(3.65)

Now onsider the same airfoil ase, but where the unsteady two-dimensional

wake term is alulated by �nite part integrals:

wO
wi

(y, t) = FP

∫ δx

0

γy(ξ, t)

ξ
dξ = ln

2δx

b
︸ ︷︷ ︸

<0

γy(0, y, t)
︸ ︷︷ ︸

<0

> 0 (3.66)

Even if the funtion inside the integral is positive in all the domain of integration,

the non-dimensional �nite part integral yields a negative value. Thus, as γy in the
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onsidered ase is also negative, an unphysial positive value of indued veloities

(an upwash) is obtained. As the indued veloity omponent wO
wi

is a term that

is removed in the global irulation equation (3.1), its sign is negative, and hene

an overestimation of the downwash is obtained. Thus, the aerodynami inidene

predited in the two-dimensional inner domain is likely to be underestimated.

3.4.2 Outer Domain. The Singular Panel

Now onsider the omponent of the veloities indued by the singular panel that is

equivalent to the two-dimensional wake e�et. Only the longitudinal variation of

the irulation γy is onsidered:

wsy = Isyγy =
γy
4π

[

2 cos Λ ln
δy

b
︸ ︷︷ ︸

<0

−

∫ δy/2

−δy/2

ds
√

s2

cos2 Λ
+ 2δx tan Λs+ δx2

]

(3.67)

The obtained result is similar to that of the inner domain: positive indued velo-

ities (upwash) are obtained. Thus, when the geometrial inidene is inreased an

additional inidene is obtained due to indued veloities, and thus the irulation

also inreases. This proess annot onverge, as indued veloities and irulation

must at in opposite senses to reah the equilibrium.

3.4.3 Remarks on the Model

This sign inversion in the indued veloities omes from the way the regularization

by �nite part integrals is applied. By Biot-Savart law, the veloity indued by a

point in the vortiity wake on a point in the lifting-line depends on the inverse of the

distane between those two points. As points get loser, their in�uene inrease and

indued veloities tend to in�nity when the distane tends to zero. Guermond and

Sellier [Guermond 1991℄ presented a method using Hadamard's �nite part integrals

in order to overome the singularity problem. In their approah, the wing geometry

and the wake vortiity were desribed using analytial funtions, and therefore this

enables to alulate analytially the indued veloities of all the wake on a point M0

on the wing:

w
out

(M0) =
A−1

4π
FP

∫

L

∫ +∞

0

[[ψ]](v, η)

[(v + x0(η)− x0(y))2 + (y − η)2]3/2
dηdv (3.68)

where L represents the urved lifting-line. It is important to notie that the reg-

ularization by �nite part integrals is performed not only in the diretion of the

freestream, i.e. along the x axis, but also spanwise, i.e. along the y axis. On the

ontrary, Muller proposes only a regularization along the x axis, and thus it leads

to unphysial indued veloity ontributions.

The present analysis has shown how �nite part integrals both in the inner and

the outer domains inverse the sign of the singular panel ontribution on indued ve-

loities. Even if the singular panel ontribution is destabilizing, the two-dimensional
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wake omponent in the inner domain may ompensate it and stabilize the whole sys-

tem.

However, in the general ase, the onvergene annot be ensured due to the singular

panel omponent, as it has been notied when implementing this methodology in

HOST. Thus, �nite part integrals seem not to be adapted in the present form to the

alulation of a wake desribed with disrete panels.

The Appendix C presents an alternative form for the integration of the indued

veloities in the singular panel. This new method exploits the approah proposed

by Muller but �nite part integrals are performed in both hordwise and spanwise

diretions. This enables the new approah to provide more regular indued veloities

regardless both the hordwise and the spanwise size of the panel.
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As explained in hapter 3, the unsteady model implementation in AILE ode is

not adapted to the onsidered ase in HOST, where blades present small aspet ratios

and an important number of panels due to the �nite part integrals. Thus, a new ap-

proah to implement the unsteady urved lifting-line theory proposed by Guermond

and Sellier [Guermond 1991℄ has been oneived in order to remove Hadamard's

�nite part integrals. This hapter presents in detail this new approah, exposes its

hypothesis and limits and presents its implementation in HOST.

4.1 The Complete Unsteady Curved Theory

The asymptoti approah presented by Muller has been modi�ed to remove two of

the terms alulated in �nite part integrals, in the inner and in the outer domains.

Hene the impliit equation of the irulation Γ(M) in Eq. 3.1 has been modi�ed as

follows Eq. (4.1).

Γ = πc cos Λ
(
U∞α+ wI∪Owi

+ wO\Owi
+ wc

)
(4.1)

where:

• wI∪Owi
: represents the veloity indued by the domain I ∪ Owi, whih has

a pure two-dimensional origin. Based on the linearized unsteady thin-airfoil

theory, we obtain Eq. (4.2).

wI∪Owi
(y, t) = ḣ(y, t) +

c

2
α̇(y, t)

+
1

πcU∞ cosΛ

∫ +∞

c/2

(√

ν + c/2

ν − c/2
− 1

)

γw(ν, t)dν
(4.2)
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• wO\Owi
: represents the veloity indued by the outer domain, the whole wake

exept the longitudinal vortiity γy in the wake panels behind the onsidered

setion. For this domain, the harateristi length is the wingspan, and so

the wing is supposed to be a lifting-line. The wake is modeled by a lattie of

vortex panels and vortex �laments. The expression of the veloity indued by

the wake is shown in Eq. (4.3).

~V
ind

= −
1

4π

∫

∂S
Γ(P )

−−→
PM ∧ ~dlP
PM3

︸ ︷︷ ︸

Vortices

−
1

4π

∫

S

~γ ∧
−−→
PM

PM3
dSP

︸ ︷︷ ︸

Panels

(4.3)

The term wO\Owi
orresponds to the

~V
ind

omponent ontained in the airfoil

plane and normal to the loal hord.

• wc: represents the omplementary indued veloity, whih takes into aount

the loal sweep and urvature, in order to add the e�et of spanwise irulation

variations on the lifting line. Equation (4.4) an be dedued from the studies

done by Guermond [Guermond 1990℄ for the ase of a steady urved lifting-line

theory by fatorizing by Γ and ∂Γ/∂y.

wc(y) = a1Γ(y) + a2
∂Γ

∂y
(y) (4.4)

where:

a1 =
1

4πκ(y)
(1−tan2 Λ(y)+K) ; a2 =

1

2π

(

K sinΛ(y) + ln

∣
∣
∣
∣

1 + sinΛ(y)

cos Λ(y)

∣
∣
∣
∣

)

K =
1

2
+ ln

c(y) cos2 Λ(y)

4b

Again, the mathing between outer and inner domains is done by linking the

vortex intensities of these two domains: γw(ξ, y) = γy(ξ − c/2, y). This is what the

urrent unsteady orretion implemented in HOST atually laks: the airfoil motion

e�et is onsidered, but the two-dimensional unsteady wake e�et on the airfoil is

not.

Following the linearized unsteady thin-airfoil theory, the two-dimensional wake

in�uene should be onsidered from the trailing edge (ξ = c/2) to in�nity down-

stream. However, in the HOST ode, as the airfoil is redued to a lifting-line, wake

panels shed by eah setion start immediately after the alulation point. In order

to avoid alulating twie the veloities indued by the two-dimensional wake (see

Owi domain in Fig.20), a series of MINT wake panels must be treated di�erently in

the alulation of the total indued veloity. Indeed, these panels only onsider the

other omponent of the vortiity: γx, i.e. the radial variation of the irulation.

Theoretially, we should onsider an in�nite two-dimensional wake and onsider only

γx in all the MINT wake panels behind the onsidered setion. However, as shown in

Eqs. (3.7) and (3.8), the indued veloities by MINT panels and the ones indued by
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Figure 4.1: The unsteady airfoil model as implemented in HOST-MINT ode

the two-dimensional wake in the airfoil formulation anel eah other after a ertain

distane. If we introdue the parameter X representing the limit between inner and

outer domains (X ≫ c/2), the outer terms of the integrals beome equivalent and

so they ompensate eah other. Thus, we an onsider the airfoil formulation from

c/2 to X in our wake integrals. In the urrent HOST implementation, X param-

eter has been hosen X = 3c. Eah panel length an be estimated by onsidering

that they are onveted at the relative veloity of the setion, without adding any

indued veloity. This estimated panel length is then used to determine the number

of panels to be onsidered in the two-dimensional unsteady wake, and hene to be

removed from the MINT wake (as shown in Fig. 4.1).

Again, as the urrent airfoil formulation is derived from a small perturbation

theory, it assumes a �at two-dimensional wake, whih is not stritly the ase in our

free-wake model. Thus, an additional assumption must be done: we will onsider

that wake deformation of the �rst panels, i.e. panels at distane ξ ≤ X, has a

negligible impat on indued veloities over the blade. This hypothesis has been

shown to be valid for the representative ase onsidered in Chapter 1.
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Finally, Eq. (4.1) an be expressed as shown in Eq. (4.5).

Γ(y, t) = πc(y) cos Λ(y)

[

U∞α(y, t) + ḣ(y, t) +
c(y)

2
α̇(y, t)

]

+

∫ X

0

(√

1 +
c(y)

ξ
− 1

)

γy(ξ, y)dξ

−
c(y) cos Λ(y)

4

∫

S
Γ(P )

−→
∇M

(
−→nP .

−−→
PM

PM3

)

dSP

+πc(y) cos Λ(y)

[

a1Γ(y) + a2
∂Γ

∂y
(y)

]

(4.5)

where we an distinguish several terms of indued veloities:

• The inner domain (thin-airfoil theory): omposed by the quasi-steady airfoil

motion term and the near wake term in airfoil formulation. The terms in

the �rst and seond lines of Eq.(4.5) orrespond to the inner domain indued

veloities.

• The outer domain wO: where the wake is divided in panels and integrated by

the Gauss-Legendre quadrature rule. A speial treatment is needed for the

alulation of wake panels behind the onsidered setion, as only radial varia-

tions of irulation γx are onsidered. The third line of Eq.(4.5) orresponds

to the veloities indued by the outer domain in doublet formulation.

• The omplementary terms wc (from Guermond and Sellier): due to the lo-

al sweep and urvature. The fourth line of Eq.(4.5) orresponds to these

omplementary terms.

4.2 Implementation in HOST

Figure 4.1 shows the way inner and outer domain are mathed in HOST implemen-

tation. As proposed by Devinant [Devinant 1999℄ for the disrete problem, only one

range of wake panels is onsidered to be in the range of the inner domain. Thus, in

the outer domain (Fig. 4.1(b)) the longitudinal variation of irulation γy has been

removed from a number of wake panels behind the onsidered blade setion. The ve-

loities indued by these γy are taken into aount in the inner domain (Fig. 4.1(a)).

HOST alulates �rst the aerodynami oe�ients and then the irulation.

Given a ertain angle of attak (due to freestream veloity, rotational speed and

veloities indued by the wake) and Mah number (orreted or not by the loal

sweep), HOST interpolates the two-dimensional aerodynami oe�ients in polar

data: CL, CD and Cm. Unsteady orretions are applied afterward, onsidering

a simpli�ed 2π-slope ∂CL/∂α. Equation (4.6) shows the omplete lift oe�ient

expression.

CL = CQS
L + C

3/4
L + Ccomp

L + CNC
L + C2Dunst

L (4.6)

where:
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• Quasi-steady term: CQS
L = Cpolar

Lα

V⊥α+ ḣ+ wO\Owi

U∞

• Pithing motion term: C
3/4
L = π cos Λ

cα̇

U∞

• Complementary term due to sweep and urvature: Comp

L = 2π cos Λ
wc

U∞

• Non-irulatory term: CNC
L =

πc cos Λ

2U2
∞

(

U∞α̇+ ḧ−
cα̈

4

)

.

• Two-dimensional unsteady wake term: C2D
unst

L =

2

U∞c

∫ X

0

(√

1 +
c

ξ
− 1

)

γy(ξ, y)dξ

In order to integrate the C2Dunst
L term we de�ne: u =

√

1 +
c

ξ
, u⋆ = un+1 =

√

1 +
c

X
and ui =

√

1 +
c

xi
. It an be alulated as shown in Eq.(4.7).

C2Dunst
L =

2

V c

∫ X

0

(√

1 +
c

ξ
− 1

)

γy(ξ, y)dξ =
1

V

∫ +∞

u⋆

4u

(u− 1)(u + 1)2
γy(u, y)du

=
1

V

[

γy(0, y)

(
2

u1 + 1
− ln

u1 − 1

u1 + 1

)

+

n∑

i=1

γy(xi, y)

(
2

ui+1 + 1
−

2

ui + 1
− ln

ui+1 − 1

ui+1 + 1
+ ln

ui − 1

ui + 1

)]

(4.7)

where γy(xi, y) is the irulation gradient on the i wake panel at radial y position. It

has been estimated in the blade module by storing the irulation Γ in the previous

time steps and alulating its gradient:

γy(xi, y) =
∆Γ(y)

∆x

∣
∣
∣
∣
∣
i

=
Γi+1,y − Γi,y

xi+1 − xi
(4.8)

4.3 Conluding remarks

As it was presented in Chapter 3, the way �nite part integrals were used in the

numerial implementation proposed by Muller were not adapted for the ase of a

blade disretized in setions that are smaller than the blade hord. Therefore, the

present approah aimed at overoming the need to solve by �nite parts the singular

integrals that appear in the inner and the outer domains.

To do so, the hordwise vortiity terms have been removed from the outer domain

(MINT wake) and onsidered only in the two-dimensional airfoil model. While the

lifting-line theory onsiders a wake shed at the quarter-hord line and thus their

integrals are singular, this airfoil model onsiders that the wake is shed at the

trailing edge and therefore the integrals of the indued veloities beome regular.
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This is true for the hordwise vortiity terms in the wake, but it is not the

ase for the spanwise terms. Hene, although being singular terms, the spanwise

variation of the irulation γx is still alulated by a four-point Gaussian quadrature

rule. This is probably the main shortoming of the present approah, and further

studies should endeavor to orret it.

Moreover, an arbitrary hoie of the wake length removed from MINT and on-

sidered in the airfoil model has been done. The hoie has been based on the blade

hord and span dimensions. In order to ful�ll the asymptoti expansions' hypothesis,

X has been hosen between the blade hord c and the blade span b. Further studies

should assess the sensitivity of propeller loads to the length sale X.

The next two hapters present the appliation of this unsteady airfoil model

to the ase of a propeller and an open rotor in high-speed onditions and under a

ertain inidene. Moreover, Chapter 6 proposes a method for analyzing the impat

of several indued veloity terms on the performane and 1P loads of an open rotor

in high-speed and inidene.
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The main goal of this hapter is to assess the impat of the unsteady airfoil

model as implemented in HOST on the performane preditions on a single-rotating

advaned propeller. As in Chapter 1, omparisons between HOST-MINT simula-

tions, wind-tunnel measurements, and CFD omputations on the APIAN six-blade

propeller are presented. Moreover, the same test ases have been hosen in order

to ompare inidene e�ets and RPM e�ets for high-speed onditions. Finally,

di�erent HOST-MINT simulations are ompared to determine the ontribution of

installation e�ets and unsteady aerodynami orretions in the estimation of pro-

peller performane and blade setional loads.

Again, HOST simulations have been performed using a time step equivalent to

5◦/it, a ompromise between low omputational osts and a fair auray in global

loads. A 4th-order Runge-Kutta time stepping sheme has been also used, and wake

is trunated over 55 panels for these high-speed simulations.

In the following paragraphs, we expose omparisons between several types of

HOST simulations:

1. Isolated HOST-MINT simulations: only the propeller blades are taken into

aount, whih means that no veloity perturbation �eld due to the spinner

is onsidered and no unsteady orretions are added to the aerodynami oef-

�ients obtained from polar data.

2. HOST-MINT simulations inluding installation e�ets: we add a veloity per-

turbation �eld on the propeller disk so as to take into aount the in�uene of

the spinner on the propeller.

3. HOST-MINT simulations with unsteady and urvature orretions: the imple-

mented model is used on simulations that onsider also installation e�ets.
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Table 5.1: Inidene e�et on APIAN high-speed test ases

Test No. Mah No. Inidene RPM J

[�℄ [

◦
℄ [min

−1
℄ [�℄

1145 0.700 0.01 8623. 3.269

1146 0.699 1.00 8632. 3.268

1147 0.700 1.48 8638. 3.272

1148 0.700 2.02 8639. 3.273

1149 0.700 3.00 8639. 3.278

5.1 Impat of Inidene on High-Speed HOST-MINT

Simulations

Propeller �inidene e�et� stands for the evolution of the propeller aerodynami

behavior when plaed under di�erent angles of inidene with respet to the air�ow.

Table 5.1 shows the onsidered test ases to study this inidene e�et at high-speed

onditions. Notie they are the same used in Chapter 1

Propeller Performane. Propeller performane preditions on APIAN blade us-

ing HOST have been ompared to wind-tunnel measurements and CFD omputa-

tions. Six parameters have been used in the present study: the thrust oe�ient

(CTH), the power oe�ient (CPW ), the 1P load oe�ient (C1P), the 1P load phase

lag (Ψ
1P

), the 1P moment oe�ient (C
M1P

) and the 1P moment phase lag (Ψ
M1P

).

The same CFD uRANS omputations using elsA are again used for omparison.

The propeller blade pith has been modi�ed of +0.7◦ for all CFD simulations to

ahieve experimental thrust levels with a reasonable o�set. Error bars have been

added to experimental data 1P loads, onsidering its non-zero value in the ase

without inidene. These 1P loads at zero inidene have been onsidered as a

onstant o�set in the measurement of the balanes for all the test ases. The plotted

error bars show the upper and lower limit of 1P loads modulus and phase when

onsidering this o�set.

A ase has been added to the omparisons in hapter 1, where the unsteady

model desribed in Chapter 4, has been ativated, as well as the veloity perturba-

tion �eld (see Fig.5.1).

The unsteady model does not modify signi�antly the thrust, but inreases the

power predition, getting loser to CFD simulations. As explained in Chapter 1,

the rotating balanes used in experimental tests are likely to underestimate power

by ∼ 10%.

With the implemented unsteady orretions, The distribution of irulation is stored

during several iterations and used to estimate their derivatives by a 2nd-order bak-

ward sheme. In the ase without inidene, all unsteady terms beome zero and

no 1P loads arise. Besides, it an also be notied an inrease in 1P load norm
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Figure 5.1: Inidene e�et on APIAN High-Speed simulations. Comparison be-

tween WTT data, elsA CFD omputations and HOST-MINT simulations (isolated,

with installation e�ets and with both unsteady orretions)
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Case

with respet to �isolated� simulations for the ases with inidene. When om-

pared to �installed� simulations, we notie the redution in amplitude due to the

two-dimensional airfoil wake (similar to the preditions of Theodorsen's theory, see

Setion 2.1). The o�set that still exists in 1P loads modulus an be attributed to

the hub-blade mutual interation, whih is not taken into aount in the blades-o�

veloity perturbation �eld.

The 1P phase lag is redued by about 3◦ thanks to unsteady orretions, getting

HOST simulations loser to experimental results and within the experimental error

margins. Indeed, as the two-dimensional wake starts no longer from the lifting-line

but from the airfoil trailing edge, the lag indued by the wake on blade loads is less

important. However, a phase lag ∼ 4◦ still exists ompared to CFD omputations.

These slight mismathes an be linked to the two-dimensional approah hypothesis

of the blade element model. Indeed, notie that among all the possible soures of

1P phase lag (see Chapter 2), only a number of them an be onsidered in HOST

simulations, and they are simulated using a quasi two-dimensional approah.

Finally, 1P moments are almost not modi�ed by the unsteady orretions. This

omes from the fat that the urrent implementation of the airfoil model orrets

only the setional lift, but not its pithing moment. Figures 5.1(e) and 5.1(f) put for-

ward a shortoming of the urrent unsteady model and future works should inlude

this pithing moment orretion based also on the thin-airfoil theory.

Blade setional loads. To better understand these results, blade setional loads

have been investigated for the ase at 3◦ of inidene in Table 5.1. HOST simu-

lations presented before have been ompared to an elsA CFD omputation at the

experimental thrust level.

Figure 5.2(a) shows the blade load omparison at a given azimuth angle between

a CFD omputation and an installed HOST simulation at the same thrust levels. It

an be notied that mismathes are mainly found near the root and the tip of the

blade. On one side, root mismathes an be attributed to wall e�ets, whih are not

taken into aount in the present lifting-line theory where Γ = 0 both at root and tip.

On the other side, tip mismathes an be explained by the loal inidenes: lose

to the blade tip, HOST onverges to high inidenes that are after the stall point

(see Fig.5.2(b)); besides, the APIAN blade presents a very important sweep angle

near tip. These two fators generate important three-dimensional �ow strutures,

that are not well aptured by the two-dimensional approah used in the lassial

lifting-line method.

In order to improve near-tip preditions, as it has been explained in hapter 4, an

additional term has been implemented in the unsteady lifting-line theory: the om-

plementary term, whih takes into aount loal sweep and urvature aerodynami

e�ets.

Figure 5.3 plots the harmonis of blade setional loads for the same simulations as

in the previous paragraph: (1) red line for the CFD omputation, (2) blue squares for

the isolated simulation, (3) green squares for the installed simulation, and (4) orange
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Figure 5.2: Loal results for APIAN high-speed onditions at 3◦ of inidene

Table 5.2: Advane ratio e�et on APIAN high-speed test ases

Test No. Mah No. Inidene RPM J

[�℄ [

◦
℄ [min

−1
℄ [�℄

1149 0.700 3.00 8639. 3.278

1155 0.700 3.00 9064. 3.125

1163 0.700 3.00 9539. 2.969

squares for the installed simulation onsidering unsteady and urvature orretions.

As it an be notied, blade setional loads lose to the tip are better aptured

in the ase inluding the urvature orretions, as the aerodynami load is redued

in the entral part of the blade and inreased lose to the blade tips. Moreover, this

new unsteady model yields to a better predition of the modulus and phase of the

�rst mode all along the blade, as it an be notied in Fig. 5.3(b). Finally, higher

harmonis are negligible for all the simulations.

5.2 Impat of Advane Ratio on High-Speed HOST-

MINT Simulations

Advane ratio e�et stands for the evolution of the propeller aerodynami behavior

when varying its rotational speed keeping the same in�nite upstream onditions.

Table 5.2 shows the three onsidered test ases for studying the RPM e�et at

high-speed onditions and under 3◦ of inidene.

Propeller performane. Comparisons between wind-tunnel measurements and

several types of HOST simulations have been performed (see Fig.5.4): isolated,
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Figure 5.3: Blade load distribution modes for several HOST simulations: isolated,

installed, and with unsteady & urvature orretions

installed, and with unsteady and urvature orretions' simulations. The same four

parameters as for inidene e�et omparisons have been used, i.e. thrust oe�ient,

power oe�ient, 1P load oe�ient and 1P load phase lag.

Again, thrust and power slopes are very well aptured by this last HOST simu-

lation (with installation and unsteady orretions). Although, a 11% o�set in the

power still exists. Nevertheless, notie that the power oe�ient obtained in this last

HOST simulation is still lose to the preditions in elsA simulations. Even if instal-

lation e�ets inrease the 1P load norm, simulations with the unsteady model show

however a 20% underestimation. Finally, a very good agreement in 1P load phase

lag is obtained when unsteady orretions are applied. Results when onsidering

unsteady orretions have not exatly the same 1P phase lag evolution ompared to

wind-tunnel measurements. However, di�erenes are still in the zone of unertainty

of experimental data.

Blade setional loads. Figures 5.5 show the mean and 1/rev mode of the span-

wise gradient of the thrust. The same three HOST omputations used in the previous

paragraph are ompared to elsA results.

Notie that, similar to what was observed for the ase 1149 (α = 3◦ and J =

3.278), urvature orretions inrease slightly the mean and 1/rev blade loads near

the blade tip. On the other side, the unsteady airfoil model redues the 1/rev phase,

thus yielding to preditions loser to CFD results, even if a 10◦ o�set still exists.

Moreover, the spanwise evolution of the 1/rev phase is also better predited.
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Figure 5.4: RPM e�et on APIAN High-Speed simulations. Comparison between

WTT data and HOST-MINT simulations (isolated, with installation e�ets and with

both unsteady orretions)
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Figure 5.5: Blade load distribution modes for several HOST simulations: isolated,

installed, and with unsteady & urvature orretions

5.3 Conluding Remarks

In this hapter, the bene�ts of inluding the hub e�ets and the unsteady airfoil

model in the predition of single propeller performane, 1P loads, and 1P moments

using HOST-MINT simulations have been put forward.

The asymptoti tehnique proposed in Chapter 4 to link the lifting-line prob-

lem and the unsteady airfoil model has provided a more rigorous formulation of the

omplete three-dimensional problem. When applied to a number of advaned pro-

peller ases, this asymptoti approah has yielded to a redution in the 1P phase

lag preditions, hene getting loser to experimental data and CFD results.

Finally, the sweep and urvature e�ets have been also inluded in the asymptoti

formulation in order to improve the load distribution along the blade. The main

impat of these urvature orretions has been notied in the regions lose to blade

tips, where the loal sweep angle beomes important (∼ 45◦).

Nevertheless, the model is not omplete, as it has been notied in the 1P moment

preditions. Indeed, the unsteady orretions are urrently only applied to the airfoil

lift, whereas a quasi-steady airfoil pithing moment is still onsidered. This leads

to a signi�ant overestimation of the 1P moment phase lag with respet to wind

tunnel data and CFD preditions.

Future works should extend the airfoil model in HOST to inlude the unsteady

pithing moment terms.
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This hapter presents a ode-to-ode assessment between the elsA CFD solver

and the HOST omprehensive ode. The test ase used for omparison is a generi

ontra-rotating open rotor geometry AI-PX7 designed by Airbus at high-speed ondi-

tions and at 1◦ of inidene. The propeller performane, blade loading, and indued

veloity �elds over a revolution are ompared, in order to show the strengths and

weaknesses of the lifting-line approah.

6.1 Test Case Desription

Figure 6.1 shows the AI-PX7 Open Rotor geometry used in the present study and

Table 6.1 presents the main geometrial harateristis and the �ight onditions of

the onsidered ase.

Blade ount (BFR, BRR) [�℄ 11 × 9

Front rotor diameter [m℄ 4.2672

Rear rotor ropping [�℄ 10%

Rotor-rotor spaing [m℄ 0.95

Mah number [�℄ 0.73

RPM [min

−1
℄ 795, -795

Inidene [

◦
℄ 1.0

Table 6.1: AI-PX7 Case Conditions
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Open Rotor Case

(a) Front rotor (b) Rear rotor

Figure 6.1: Load terms de�nition in AI-PX7 open rotor geometry

The elsA omputation performed by François [François 2013b℄ has been used

here. It uses a mesh with 53 million nodes, divided in a �xed far �eld domain and

two rotating domains, one for eah rotor, onneted by the sliding mesh tehnique.

This tehnique allows relative motions between the non-oinident interfaes and

interpolates the �uxes between them.

Di�erent HOST simulations are performed to assess the e�ets of installation

e�ets and the unsteady airfoil model. HOST isolated simulation onsiders only the

propeller blades, and although no naelle is onsidered, the freestream Mah number

is slightly inreased (from 0.73 to 0.75) to simulate the mean aeleration due to

the naelle. The e�ets of the hub, also alled installation e�ets, an be taken into

aount by introduing a steady veloity perturbation �eld for both rotors. This �eld

is obtained from an initial CFD simulation of the naelle in blades-o� on�guration.

Finally, unsteady orretions stand for the addition of new terms in the airfoil lift

alulation so as to onsider its unsteady motion and the blade sweep and urvature.

While the elsA omputation has been performed in 8 days on 128 ores and

with a time step equivalent to a rotation of 0.5◦, HOST simulations have been

performed in 11 hours on 8 ores and with an equivalent 2◦ time step, for a matter

of reasonable omputational osts in a design proess. In fat, the omputational

ost of HOST simulations are of the order of O(N3
step) due to the simulation time,

O(Nstep), and the free onvetion of the wake, O(N2
step), where Nstep is the number

of time steps. Moreover, as in HOST there is no interpolation between rotors and

no visous di�usion, the wake propagation is less sensitive to time step in HOST

simulations than in elsA omputations. Thus, a 2◦ time step simulation has proven

to be a good ompromise to apture the main part of the interation between rotors,

i.e. the e�et of inidene. Indeed, as the main frequeny of the inidene e�et is a

full revolution, 180 time steps are omputed per period, whih is largely su�ient to

apture this mehanism. Moreover, blade-wake interations might also be aptured



6.2. Code-to-Code Assessment. elsA vs. HOST-MINT 137

with a ertain auray, as 8 time steps are omputed per blade passage period.

6.2 Code-to-Code Assessment. elsA vs. HOST-MINT

This setion presents the main results obtained with HOST and ompared with the

referene simulation using elsA. First, propeller performane are presented, then

the global blade thrust is ompared, and �nally, the blade thrust distribution is

presented, i.e. the ontribution of eah setion to the thrust.

Open Rotor Performane. Table 6.2 shows the propeller performane ompari-

son between elsA simulation and three HOST simulations: isolated, with installation

e�ets, and with both installation and unsteady orretions. For HOST simulations,

the blade pith has been adapted in order to obtain the same global thrust level

T = TFR + TRR and power ratio PFR/PRR than in elsA. Aeptable pith angle

modi�ations, i.e. around 1◦, are required in order to ahieve the elsA thrust and

power ratio levels. These pith angles are going to be used in the rest of the study

for omparing the di�erent ases.

elsA CFD ∆ Isolated ∆ w/Installation ∆ w/Inst+Unst

θFR [

◦
℄ 62.50 -1.22

◦
-1.36

◦
-1.36

◦

θRR
[

◦
℄ 62.50 -0.28

◦
-0.17

◦
-0.17

◦

Thrust [N℄ 20320 0.575% 0.458% -0.87%

Power Ratio 1.25 1.46% 0.893% 0.00%

Table 6.2: AI-PX7 Performane. Comparison between elsA and HOST-MINT re-

sults (isolated, installed and installed+unsteady)

Rotor Performane and In-Plane Loads. Figure 6.2 shows the thrust oef-

�ient, the in-plane loads oe�ient and the in-plane phase lag for front and rear

rotors respetively. These parameters are de�ned as follows:

CFR
TH =

TFR
ρ∞N2

FR(2RFR)4
; CFR

1P =

√

F 2
YFR

+ F 2
ZFR

ρ∞N2
FR(2RFR)4

; φFR1P =arctan
FYFR

FZFR

CRR
TH =

TRR

ρ∞N2
FR(2RFR)4

; CRR
1P =

√

F 2
YRR

+ F 2
ZRR

ρ∞N2
FR(2RFR)4

; φRR
1P =arctan

FYRR

FZRR

(6.1)

Several remarks an be done on these �gures. First, the total thrust level is

obtained with a slight overestimation of the front rotor thrust (+3.5%) and a slight

underestimation of the rear one (−3.5%). These di�erenes an be explained by a

lak of indued veloities from the rear rotor on the front rotor. Indeed, as HOST is
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Figure 6.2: Front and Rear Rotor performane omparison

based on the lifting-line theory, the blade is redued to the quarter-hord line, and

thus hord e�ets are not well aptured. In this open rotor on�guration, even if

results are still satisfatory, this de�ieny starts to appear.

When omparing in-plane loads, it an be notied how installation e�ets play

an important role in prediting better their magnitude, i.e. di�erenes are redued

from −17% to +10% for the worst ase. Besides the magnitude of rear rotor in-plane

loads is slightly modi�ed by installation e�ets.

The mean value of the rear rotor in-plane phase lag are loser to elsA results

when using the unsteady airfoil model, i.e. from +12◦ to +7◦. The amplitude of

the blade load osillation is however slightly overestimated. On the other side, the

o�set of front rotor phase lag is inreased due to installation e�ets and the unsteady

model, but values are still in the level of resolution of the simulations, i.e. 2◦.

Blade thrust. Figure 6.3 plots the blade thrust evolution along a yle. It om-

pares elsA omputation with the three HOST simulations.

Notie that the thrust oe�ient is slightly overestimated in the downward mov-

ing blade when adding installation e�ets.Notie also the lak of osillations in the

front blade loads. This an be explained by the fat that lifting-line methods re-

due the blade to its quarter-hord line, and therefore the distane between rotors

is more important than in the real blade geometry. Indeed, as the distane between

the quarter-hord lines of both rotors is more important than the distane between
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Figure 6.3: Blade loading along a yle. elsA ompared to HOST simulations

the trailing-edge of the front blade and the leading-edge of the rear blade, the e�ets

from rear rotor on the front rotor are underestimated.

Regarding the rear blade loads, even if all HOST simulations math reasonably

well with CFD, a slight underestimation appears in the upper part of the blade yle.

Morerover, the amplitude of the rear blade load osillations is orretly aptured

and it is due to the passage of the front rotor wakes aross the rear rotor. Notie

however that a ertain phase lag appears in the peaks between HOST and CFD.

This an be explained by a di�erene in the point of emission of the wake panels:

while in elsA they are onveted from the trailing edge, HOST does it from the

quarter-hord line.

Blade thrust distribution. Figure 6.4 shows the thrust oe�ient distribution

along the blade ∂τ/∂ξ for the same four simulations. The thrust oe�ient distri-

bution is de�ned as follows:

∂τFR
∂ξFR

=
∂TFR
∂ξFR

RFR

ρ∞N2
FR(2RFR)4

;
∂τRR

∂ξRR
=
∂TRR

∂ξRR

RRR

ρ∞N2
FR(2RFR)4

(6.2)

where the front rotor parameters (rotational speed N
FR

and propeller radius R
FR

)

are used as the referene for both rotor oe�ients.

Left-hand �gures show an important wall e�et on the front and rear mean

blade loads, whih is not aptured by HOST as no hub model is implemented, i.e.

irulation is imposed to zero at the root setion. In the entral part of the blade,

∂τ/∂ξ is overestimated. Finally, the blade maximum loading is underestimated and

slightly loser to the blade tip. No signi�ant di�erene is observed between HOST

simulations.

Right-hand side �gures show the �rst mode of ∂τ/∂ξ. Installation e�ets inrease

these osillations on both rotors. The unsteady model orrets slightly the modulus
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Figure 6.4: Disrete Fourier Transform of the front and rear rotors ∂τ/∂ξ

on the rear blade and redues the phase lag, getting signi�antly loser to elsA

results in an important part of the blade.

Indued Veloity Fields. This paragraph ompares the axial and irumferential

indued veloities as predited by elsA and HOST-MINT for two planes normal to

the rotating axis: one upstream the front rotor and the other one between the rotors

(see �gures 6.5 and 6.6). The irumferential omponent for the �rst and the seond

plane are alulated respetively in the diretion of rotation of the front and the

rear rotor.

For the plane upstream the front rotor (�gures 6.5(a) and 6.5(b)), important mis-

mathes are observed. Nevertheless, as it has been shown in the previous paragraph,

the omparison between blade loads predited by elsA and HOST are very similar.

To explain this it must be onsidered that the upstream plane is very lose to the
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(a) Non-dimensional axial veloity, V ind

X /VX∞

(b) Non-dimensional irumferential veloity, V ind

θ /VX∞

Figure 6.5: Comparison between elsA and HOST-MINT results for an x-plane up-

stream the front rotor
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(a) Non-dimensional axial veloity, V ind

X /VX∞

(b) Non-dimensional irumferential veloity, V ind

θ /VX∞

Figure 6.6: Comparison between elsA and HOST-MINT results for an X-slie be-

tween rotors
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leading edge of the blade, and so the passage of the blade is very well aptured in

elsA. It is not the ase in HOST-MINT, as the blade is redued to its quarter-hord

line. Therefore, this omparison shows that volume e�ets are not negligible in the

�eld near the blade.

In �gures 6.6(a) and 6.6(b), even if some di�erenes an be observed, the general

pattern is well aptured by HOST-MINT, speially the irumferential omponent.

The axial omponent alulated by HOST-MINT presents higher values in the zone

of the downward moving blade, whih are less evident in elsA results. On the

ontrary, this zone of higher irumferential indued veloities is notied both in

HOST and elsA results. As HOST-MINT onsiders a potential wake, no veloity

de�it is observed due to the visous e�ets in the wake. Moreover, similar to what

was observed for the rear rotor blade loads, a ertain phase lag in the tip vortex

position an be observed due to a di�erene in the emission points of the wake.

6.3 Aerodynami Mehanisms behind 1P Loads.

The last setion of this study is devoted to the analysis of the aerodynami meha-

nisms behind open rotor 1P loads. Singularity methods like the lifting-line theory

are partiularly well adapted to this type of study. They allow a deomposition of

the indued veloities in di�erent terms and, by removing one term at eah simula-

tion, its impat an be quanti�ed.

Desription of the method. From a purely geometrial approah, 1P loads an

be attributed to a di�erene in the relative veloities of the downward and the up-

ward moving blades, whih generates a di�erene in their loads and thus a net fore

in the propeller plane. However, the impat of indued veloities, ~vind, on 1P loads

annot be negleted as it has been shown in setion 6.2. To analyze their ontribu-

tion, ~vind are going to be deomposed in several omponents. A quanti�ation of

the impat of one single ~vind omponent on thrust and 1P loads should be estimated

by removing that omponent from a HOST simulation and omparing the results

with respet to the original simulation.

The indued veloities ~vind represent the in�uene of the potential wakes, the

installation e�ets and the airfoil motion relative to the air�ow. These di�erent

ontributions are added in the lifting-line methods to alulate the total ~vind on

eah blade setion and therefore to obtain the aerodynami behavior of the di�erent

blade setions of the propeller.

Hene a deomposition of the ~vind an be done as follows: (a) unsteady orretions

due to the airfoil motion; (b) installation e�ets due to the hub; () auto-indued

veloities, ~vind by the wake of a propeller on the propeller itself; and (d) mutually-

indued veloities, ~vind by the wake of the other propeller. Both, auto- and mutually-

indued veloities are deomposed in mean value (mode 0), 1/rev or inidene mode

(mode 1), and the Blade Passing Frequeny mode (mode BPF). Figure 6.7 shows,

for a given radial position (r = 0.75R), the deomposition of the axial and irumfer-
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Figure 6.7: Deomposition of the indued veloities ~v
ind

for the front and the rear

rotors.

ential omponents of the ~v
ind

into its di�erent terms. Note that negative axial ~v
ind

tend to diminish the aerodynami inidene of the blade setion, whereas negative

irumferential ~v
ind

tend to inrease it.

Figure 6.8 plots the ontribution of eah ~vind omponent on thrust, 1P load norm,

and 1P load phase. Notie that the perentage value aounts for the importane of

the impat of eah omponent, whereas the sign aounts for its positive or negative

ontribution. Moreover, perentages in red should be onsidered arefully, as they

are a onsequene of non-linear e�ets, as it will be explained hereafter. These

results have been obtained by storing the ~vind �eld for a omplete CROR simulation

and then removing one ~vind omponent at eah simulation, in order to quantify its

impat.
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Figure 6.8: Contribution of the ~vind terms on the thrust, the 1P load norm, and the

1P load phase lag of front and rear rotors.

Aerodynami mehanisms of Thrust. The mean value of ~vind is omposed

mainly of an axial and a irumferential omponent, i.e. the swirl. In the present

method both omponents are onsidered together. Notie the mean value of ~vind is

the main mehanism impating the propeller thrust. However, the impat of auto-

indued and mutually-indued veloities is not the same. On one side, in the ase

of auto-indued veloities, both axial and swirl omponents derease the loal angle

of attak and hene the thrust. On the other side, in the ase of mutually-indued

veloities, the swirl inreases the angle of attak whereas axial omponent dereases

it, but the overall e�et tends to inrease the angle of attak.

The front rotor thrust predited by HOST is almost not a�eted by the rear

rotor wake. Thus we an onsider that its response will be similar to the ase

of a single propeller in inidene. On the ontrary, the rear rotor thrust is more

impated by the front rotor mean ~vind (bar 5) than by its auto-indued veloity (bar

2). Furthermore, the ontribution of the swirl of the front rotor wake inreases the

blade inidene and thus the rear rotor thrust.

Finally, as the hub tends to aelerate the air�ow in the axial and upward dire-

tions, it has a negative impat on the thrust of both rotors (bar 1), though it is less

important than the wake omponents (−9%).

Aerodynami mehanisms of 1P load norm. The main ~vind mehanism im-

pating 1P load norm is the �rst mode of the wake (bars 3 and 6), due to the

propeller inidene. Indeed, the vortiity shed in the wake is linked to the evolution

of the angle of attak of the blade and ats in the opposite diretion. For example,
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an inrease in the angle of attak generates a wake with more vortiity and more ~vind
whih tend to redue the angle of attak. As the 1P load norm is diretly related

with the osillation of the angle of attak of the blades, both auto- and mutually-

indued veloities tend to redue this 1P load norm. As for the thrust, the most

important ontribution on the 1P load norm of the rear rotor is the �rst mode of

the front rotor wake. This helps to explain what was notied in setion 6.2: that

front rotor wake redues the rear rotor inidene and thus the 1P load norm.

Notie the important ontribution of the mean ~vind (bar 2). As plotted in the

sheme of Fig. 6.9, this is due to non-linear airfoil data, whih is not desired in the

present linear analysis of the 1P loads. Indeed, when removing the mean ~vind from

the input perturbation �les, the loal inidene inreases up to values after the airfoil

stall angle. As it is shown in the �gure, for a given inidene osillation and when

removing the mean ~vind ontribution, the lift oe�ient does not almost osillate.

Consequently, the method predits a very important but unphysial ontribution

of the mean ~vind on the 1P load norm and phase lag. This would not be the ase

if the angle of attak remained around the working point and inside the range of

inidenes where the airfoil data is linear. Therefore, the perentages of the impat

of mean auto-indued and mutually-indued veloities on the 1P load norm and

phase lag (bars 2 and 5) should be onsidered arefully.

Finally, similar to what has been obtained for the single propeller, the hub in

inidene has a positive ontribution on the 1P load norm as it aelerates the air�ow

upwards , inreasing the di�erene in relative veloity seen by the downward moving

blade and the upward moving blade, and thus inreasing the rotor vertial fore and

onsequently inreases the 1P load norm (bar 1).

Aerodynami mehanisms of 1P load phase. One of the most important

ontributions omes from the installation e�ets (bar 1). Indeed, as it has been

explained in the previous paragraph, the hub inreases the vertial fore generated

by the propeller without modifying its side fore. This is why installation e�ets

tend to redue 1P load phase lag.

Notie also that the unsteady airfoil model has an important positive ontribu-

tion on the phase lag (bar 8). In addition to the ~vind from the airfoil motion, this

model inludes the e�et of the near wake. The �rst one tends to aelerate the lift

evolution when the inidene is modi�ed, whereas the seond one tends to lag it.

The overall ontribution is an inrease in the lag between inidene and lift, whih

generates an inrease in 1P load phase lag.

As explained before, the mean ~vind has a non-linear impat on 1P load norm and

phase lag, and should be onsidered arefully (bars 2 and 5).

The �rst mode of ~vind (bars 3 and 6) tend to derease the amplitude and lag the

blade loading osillation due to the propeller inidene. This explains why 1P load

phase lag of the rear rotor is around two times the one of the front rotor. Figure 6.10

tries to illustrate how the front rotor indued veloities ontribute to lag the angle

of attak of a blade setion of the rear rotor. First, the dashed urve represents the
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Figure 6.9: Example of two-dimensional airfoil data and the osillation of angle of

attak due to the inidene along a blade yle. Comparison between the ase with

and the ase without mean indued veloities.

angle of attak of a single propeller indued by its wake; its minimum value is found

in the downward moving blade zone, beause there the wake has more vortiity.

Seond, the dash-dotted urve represents the angle of attak indued by the front

rotor wake; its minimum value is plaed around 270◦, where the front rotor wake

has more vortiity. Finally, the solid urve shows the addition of both ontributions,

as in the ase of a CROR. It presents a redution of the amplitude of the ∆α and

an inrease in its phase with respet to the single propeller ase.

Finally, the ontribution of the BPF modes in HOST simulations is negligible

(bars 4 and 7). However, an analysis of the sensitivity of 1P phase lag to time step

presented by François et al. [François 2013b℄, puts forward that the BPF modes

have an impat of around 3.5◦ for the front rotor (−17%) and 3◦ for the rear rotor

(−7%). These o�sets an be a onsequene of the three reasons exposed in setion

6.2: using di�erent time steps, negleting visous e�ets in HOST, and reduing the

blade to its quarter-hord line in HOST.

6.4 Conluding Remarks

A detailed ode-to-ode assessment between elsA CFD solver and HOST lifting-

line ode, has been performed on a generi ontra-rotating open rotor geometry

(AI-PX7) at high-speed onditions and at 1◦ of inidene. Three di�erent types

of HOST simulations have been performed in order to assess the impat of naelle

e�ets and unsteady orretions on aerodynami performane and 1P loads.

The total thrust and power ratio target values have been ahieved for all HOST
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simulations within reasonable pith angles modi�ations, i.e. ∼ 1.36◦. On the one

hand, o�sets obtained in 1P loads modulus have been redued when adding the

e�et of the naelle. On the other hand, the unsteady airfoil model implemented in

HOST allows reduing mismathes on the rear rotor 1P loads phase lag.

Fair results have been obtained for global blade thrust, even though the omparison

has also highlighted some shortomings of the present method in the predition of

the rear potential e�et on the front rotor. This phenomenon has been explained

by the fat that hord e�ets are not onsidered in lifting-line methods, and they

beome important for rotors that are lose one to eah other.

In the omparisons of thrust distribution along the blade, the shape predited by

elsA was also obtained in HOST, but with some minor o�sets. They were notied

near the blade root due to the wall e�et. Moreover, aeptable di�erenes in

maximum mean loads were also observed (−8%) and their position was slightly loser

to the blade tip than in elsA simulations. The �rst harmoni was well aptured by

all HOST simulations, though installation e�ets overestimate its amplitude on the

front blade. Unsteady orretions redued the phase lag of the �rst mode, and thus

results get loser to elsA ones.

Indued veloity �elds have shown, on one side, the impat of negleting hord e�ets

in HOST and, on the other side, the apaity to apture orretly the potential e�et

of the tip vorties and the global e�et of the front wake on the rear rotor.

A method to identify the mehanisms governing thrust and 1P loads has been

presented. Though some non-linear e�ets appear in some of the results, the method

enables to determine the quantitative impat of eah mehanism on global perfor-

mane of open rotors.
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The front rotor behavior predited by HOST is very lose to the one of a single-

rotating propeller, as the rear rotor has a very small ontribution on its performane

and 1P loads (< 10%). These results have to be analyzed taking into aount what

has been exposed in setion 6.2, i.e. that HOST simulations neglet hord e�ets,

leading to an underestimation of the potential e�et of the rear rotor on the front

rotor.

On the ontrary, the most important mehanism on the rear rotor response is the

front rotor wake e�et. Indeed, more than 50% of its thrust is due to the ombi-

nation of positive axial and negative irumferential ~vind from the front rotor wake.

Moreover, this wake dereases the 1P load norm (−41%) and inreases its phase lag

signi�antly (+18%).

Finally, while installation e�ets play an important role in the predition of 1P

loads for both rotors, the unsteady orretions have shown to be important for the

1P phase lag, mainly in the ase of the front rotor, where more important inidene

variations our.

The next hapters will be devoted to the implementation and �rst validation

tests of a oupling strategy between a HOST simulation and an elsA near-wall

mesh in order to obtain a moderate-ost methodology that takes into aount three-

dimensional, hord, ompressibility, and visosity e�ets in propeller and open rotor

ases.
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This hapter presents the state-of-art of the oupling between HOST and elsA

odes for the simulation of single-rotating propellers. In the urrent oupling strat-

egy, the HOST simulation uses the MESIR wake model, whih restrits the number

of appliations of this oupling strategy. These restritions have been identi�ed and

are desribed in the present hapter.

Moreover, in order to address some of the urrent restritions, instead of using

the MESIR wake model, a new oupling strategy using MINT high-order free-wake

model has been partially implemented. A �rst step in the validation of this new
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approah has been done by omparing two HOST-elsA oupled omputations using

MESIR and MINT wake models, respetively.

7.1 Current Coupling between HOST/MESIR and elsA

This setion details the urrent oupling strategy implemented in HOST and elsA

odes. Moreover, the main advantages and shortomings are listed and studied.

As desribed in the Methods and Tools hapter, the urrent oupling strategy

uses the indued veloities alulated by MESIR wake model on the boundaries of a

near-wall mesh around one blade of the propeller, whereas the blade loads alulated

by elsA are given as an input to HOST-MESIR. This strategy allows to onsider a

redued volume of the problem.

7.1.1 HOST/MESIR-elsA Coupling Strategy

Figure 7.1 shows a sheme of the loose oupling strategy already implemented be-

tween HOST and elsA odes. The periodiity hypothesis in MESIR wake model

allows to ouple both odes one per revolution, instead of doing it at eah time

step. This redues signi�antly the ode-to-ode ommuniation time.

Coupled simulations start with an elsA omputation of a near-wall mesh around

the blade. As it will be shown hereafter, the mesh used in the present study extends

around the blade wall for a distane of the order of the maximum of the blade hord.

A full revolution is omputed onsidering non-re�etive boundary onditions (BC)

in the outer mesh boundaries. This non-re�etive BC imposes the freestream state

of the onservative variables for the inoming in�ow all along the simulation. The

RVA module extrats the surfae mesh of the outer BC at eah time step.

On the other side, HOST/MESIR simulations run until the irulation on all the

blade setions is onverged. To ahieve this onvergene, the vortiity and the

position of the wake panels is modi�ed iteratively.

This time, the RVA module uses these wake data to ompute the veloity indued

on eah node of the surfae mesh extrated from the outer boundary of the �ow

domain omputed with elsA. The vortex �laments in the wake are onsidered as

distributed singularities and hene Biot-Savart's law is used to ompute the veloity

they indue on the mesh nodes. These indued veloities are stored in a series of

�les for a omplete blade revolution.

These �les are then used in another revolution of the elsA omputation, using the

HOST/MESIR data to replae the freestream state in the non-re�etive BC. With

this, the veloities indued by the far wake and the e�et of the other blades is taken

into aount in the air�ow around the blade.

During the elsA omputation, pressure and visous fores on the blade skin are

integrated to obtain a spanwise distribution of the blade load. At the end of the

omputation, these loads are provided to HOST/MESIR in order to orret the

initial load predition.
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Figure 7.1: Loose oupling strategy between HOST/MESIR and elsA simulations.

This loop is repeated until the loads predited by elsA and those predited by HOST

math.

7.1.2 Main Advantages and Shortomings of the Strategy

As it has been explained before, a one per revolution oupling strategy already ex-

ists between elsA and HOST-MESIR odes. This strategy presents theoretially the

advantage to redue the omputational domain of the CFD method to the near �eld

around one blade of the propeller. Therefore, important meshing and omputational

ost redution might be expeted from this with respet to full-annulus uRANS sim-

ulations. Besides, the method an be applied to general air�ow onditions like a

full-annulus simulation. Moreover, with respet to lifting-line simulations, a muh

better de�nition of the aerodynamis of the near blade domain might be also ob-

tained.

On the other side, a number of shortomings have been deteted in the urrent

implementation and have been addressed with a new oupling strategy presented in

the next subsetion:

• The periodiity hypothesis in MESIR wake model allows a rigorous implemen-

tation of a loose oupling strategy, as data is exhanged one per revolution.

However, the periodiity hypothesis, although reduing the omputational

osts, it limits the �eld of appliation of this stratedy to stabilized periodi

�ight onditions. Therefore, it does not enable non-periodial simulations,

like for example, the simulation of a maneuver of an heliopter or the whirl

�utter of a propeller.

• MESIR wake model an only take into aount the in�uene of one wake

element, thus limiting its appliation to single rotors or propellers. This is

a minor drawbak for lassial heliopter on�gurations, but an be limiting

in the ase of a rotorraft with two o-axial rotors or a rotor and one or

more propellers. In addition, it is a major drawbak in the ase of open
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Figure 7.2: Tight oupling strategy between HOST-MINT and elsA.

rotor simulations, beause the mutual e�et between the front rotor and the

rear rotor is ompletely negleted. As it has been shown in Chapter 6, this

rotor-rotor interation annot be negleted mainly to predit the rear rotor

aerodynami behavior.

• MESIR is a low-order wake model that desribes the wake vortiity as a lattie

of vortex �laments. This approah presents a very singular behavior when the

alulation point is lose to the wake and thus regularization tehniques are

neessary to avoid too important values of the indued veloities, whih are

generally not physial.

7.2 Implementation of a One-Way Coupling between

elsA and HOST-MINT odes

The shortomings in the oupling strategy using MESIR wake model have motivated

the implementation of a more �exible one using MINT high-order free-wake model.

In the present work, the one-way oupling has been done under the form of a loose

oupling, i.e. the exhange of information takes plae one per propeller revolution.

The strategy partially implemented to ouple HOST-MINT and elsA odes al-

lows theoretially both tight and loose oupled simulations. The loose oupling loop

follows a sheme similar to the sheme in Fig. 7.1. Here Fig. 7.2 shows the sheme

of the tight oupling loop, where the exhange of information is no longer done one

per revolution, but at eah physial time step or iteration. Therefore, notie that

no periodiity onstraint is needed here, and thus the methodology an be extended

to a very large sope of appliations. However, it must be also notied that a tight

oupling strategy implies a muh more important exhange of information between

odes. Currently, this exhange is done by �les, but a muh faster memory exhange

ould be implemented in the future.

The present work fouses only on the implementation of a one-way oupling
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Table 7.1: Conditions for APIAN minimum-body on�guration. From wind tunnel

ase No.1149

Mah No. [�℄ 0.7

Inidene [

◦
℄ 3.

Rotational Speed [min

−1
℄ 8639.

Advane Ratio, J [�℄ 3.278

between HOST and elsA, and its assessment in a loose oupling strategy. Regarding

the sheme in Fig. 7.1, the indued veloities during a full revolution are transmitted

from HOST to elsA in order to aount for the e�et of the other blades and wakes.

However, the loads predited by elsA are not ommuniated to the HOST Blade

Module and hene the loop is not losed.

7.3 Assessment of MESIR and MINT Coupling Strate-

gies for Single Propellers

This setion presents a �rst assessment of the two oupling strategies between elsA

and HOST odes presented before. To do this assessment, the APIAN single pro-

peller test ase in high-speed onditions and at 3◦ of inidene is onsidered (see

Table 7.1). The full-annulus elsA uRANS ase presented in Chapter 1 is used as a

referene.

As desribed in the previous setions, both oupling strategies presented in this

study perform their uRANS omputations on a near-wall mesh around the blade.

Figure 7.3 shows a detailed view of the RANS mesh used in oupled omputations

(in red). Moreover, the full-annulus RANS mesh used in previous elsA simulations

is plotted in blak. Note that the �gure does not plot a slie of the mesh, but it

follows one mesh surfae. Therefore, due to the form of the hannel, some gaps

appear as it an be observed in Fig. 7.3(b).

Comparing both meshes, it an be notied that the near-wall mesh is an extration

of a part of the full-annulus mesh. This near-wall mesh has 1.53 million points, dis-

tributed automatially by the Autogrid mesher in order to apture the visous e�et

in the boundary layer lose to the blade wall, as well as the downward propagation

of the wake.

A number of uRANS simulations on this near-wall mesh have been performed

and ompared to the referene simulation. All the walls (blades and hub) are mod-

eled with an adiabati ondition of adherent wall, whereas the outer boundaries

are modeled by a non-re�etive ondition. This outer ondition is modi�ed in the

oupled simulations to aount for the e�et of the other blades and wakes. In�-

nite veloity and rotational speed are attributed to all the bloks of the mesh. A

seond-order entered sheme with Jameson's arti�ial visosity is used for the spa-

tial disretization. The time integration algorithm uses a bakward Euler sheme
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(a) Side view. J-slies of the mesh. (b) Front view. I-slies of the mesh.

Figure 7.3: APIAN mesh slies for uRANS simulations in elsA. The near-wall mesh

(in red) uses the same disretization than in the full-annulus mesh (in blak).

with Gear sub-iterations. The turbulene model is Kok's k-ω with SST orretion.

Simulations are performed with a time step equivalent to 1◦ of propeller rotation.

In eah elsA simulation, the outer boundary onditions have been treated di�er-

ently to aount for the e�et of other blades and wakes:

• No indued veloities ~v
ind

in the outer BC's.

• HOST/MESIR ~v
ind

: indued veloities omputed by HOST/MESIR routines.

• HOST-MINT ~v
ind

: indued veloities omputed by HOST-MINT routines.

• HOST-MINT ~v
ind

without vortex reg.: the regularization around the vortex

�laments has been removed.

• HOST-MINT ~v
ind

new panel reg.: together with the suppression of the regu-

larization in vortex �laments, the panel regularization has been modi�ed.

• HOST-MINT ~v
ind

with analytial vortex: as in MESIR wake model, veloities

indued by vortex �laments are omputed analytially.

The polar plot in Fig. 7.4 shows the blade load evolution along the di�erent

near-wall simulations.

The CFD simulations on the near-wall mesh have been �rst performed onsidering

a non-re�etion ondition on the outer BC's. Due to the small mesh dimensions,

the global blade loads were onverged after the �rst omplete revolution. The third

revolution was used to extrat the blade loads without onsidering MINT ~v
ind

.

Then, starting from the previous onverged simulation, the di�erent MINT ~v
ind

were

added to the outer BC's. Three revolutions were needed to onverge blade loads

and the fourth revolution was used to extrat the blade loads.
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Figure 7.4: Thrust onvergene for near-wall ase with ~v
ind

from HOST-MINT.

7.3.1 Indued veloity �elds

In order to assess the next oupling methodology, the indued veloities ~v
ind

from

MINT wake model are ompared here to the veloities indued by MESIR. Figure 7.5

shows the omparison between the axial ~v
ind

omponent obtained from both wake

models for six di�erent azimuthal positions of the omputed blade. Left-hand side

�gures plot a view of the front part of the BC mesh, whereas right-hand side �gures

show its bak part. The third row of �gures show the di�erenes between both

approahes in m/s. A number of di�erenes an be observed in both sides.

In the front view, MINT predits a muh more smoothed ~v
ind

�eld than MESIR.

Notie in partiular that, near the bound vortex in the quarter-hord line of the

blade, important axial indued veloities are obtained with MESIR, and not with

MINT. These di�erenes seem to ome from the di�erent treatment of the vortex

�laments: di�erent regularization radius and di�erent integration methods, i.e. an-

alytial in MESIR and numerial in MINT.

In the rear view, the general pattern is the same between MESIR and MINT.

The passage of the wakes aross the mesh an be noted by important axial indued

veloities, mainly near the blade tips. The intensity of these tip vorties and the wake

varies depending on the azimuthal position, and hene also the indued veloities.

Notie in partiular the negative sign of the axial ~v
ind

in the upward moving blade,

where the blade irulation diminishes and hene negative vortiity is shed in the

wake.

Nevertheless, a number of di�erenes an be notied between both preditions. First,

the intensity of the tip vorties is overestimated in MINT for the downward moving
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(a) MESIR wake

(b) Original MINT wake

() Error in ~v
ind

wrt MESIR

Figure 7.5: Axial ~v
ind

from MESIR and MINT wake models.
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blade. Seond, osillations in the indued veloities an be observed in iso-lines

predited by MINT, mainly lose to tip vorties, whih are not found in MESIR.

Finally, MINT panel regularization leads to a smoother e�et on the ~v
ind

ompared

to the regularized lattie of vorties in MESIR.

In order to assess the origin of these di�erenes with respet to MESIR, a number

of tests and modi�ations have been done in MINT ~v
ind

extration routines:

• Regularization of vortex �laments: ompare with and without vortex regular-

ization

• Regularization of vortex panels: ompare two types of panel regularization

• Integration of vortex �laments: ompare numerial and analytial integration

of the vortex ~v
ind

.

Their indued veloity �elds are presented and ompared hereafter.

Regularization of vortex �laments. The veloities indued by vortex �laments

are alulated in MINT by the two-point Gaussian quadrature rule. When the al-

ulation point gets lose to the Gauss points, indued veloities beome singular.

Therefore, a regularization method is needed to avoid too important unphysial in-

dued veloities. In MINT, a linear regularization is applied when distanes beome

too small, as shown in the sheme in Fig. 7.6. This regularization method models

in a rough way the visous ore of a ylindrial vortex with onstant radius. Notie

that, as the regularization radius is an arbitrary value, an inorret hoie may lead

to two possible extremes: on one side, if the radius is too small, indued veloities

may be too important for alulation points lose to the vortex thus avoiding the

MINT simulation to onverge; on the other side, if the radius is too important,

all the indued veloities from the vortex surrounding the alulation point might

be almost erased. Therefore, an equilibrium must be found in the hoie of this

regularization distane.

First omparisons of the veloities indued by MESIR and MINT wake models

showed an important underestimation of the e�et of the vortex in MINT. Therefore,

the vortex �lament regularization was removed in order to see the ontribution of

vorties without any regularization. Figure 7.7 shows the omparison between the

veloities indued by MESIR and MINT on the outer mesh of the APIAN blade.

Notie that, removing the regularization redues signi�antly the mismathes

between MESIR and MINT preditions on the front part of the surfae mesh. The

~v
ind

on the rear part of the mesh are almost unhanged. Next omparisons will use

non-regularized vorties in MINT for the omputation of ~v
ind

.

These results put forward the importane in the hoie of a regularization dis-

tane for the omputation of indued veloities. The e�et of this parameter should

be further investigated in HOST-MINT simulations in order to establish some best

praties in the ase of propellers and open rotors.
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Figure 7.6: Sheme of the regularization of veloities indued by vortex �laments in

MINT.

Regularization of vortex panels. The veloities indued by MINT wake panels

are alulated using the four-point Gaussian quadrature rule applied to Biot-Savart's

law. Similar to vortex �laments, this numerial integration of panels ontaining a

ertain vortiity is also singular when the alulation point gets loser to one of the

Gauss points. Therefore, a regularization strategy is needed to avoid too important

indued veloities.

Current MINT version determines a regularization distane depending on the

size of the onsidered panel and an arbitrary input value. This time, however, when

the alulation point is inside the regularization distane of a Gauss point, a zero

ontribution is onsidered. This regularization has shown to produe osillations

when the alulation points get lose to the wake panels (see Fig. 7.5). In order

to remove these osillations, another regularization strategy has been implemented.

Figure 7.8 shows both, the original and the new panel regularization for the extra-

tion of ~v
ind

. Instead of onsidering a zero ontribution inside of the regularization

radius, onstant ~v
ind

are onsidered in this inner region. Notie that the step in ~v
ind

is no longer plaed at the regularization radius (dashed red line), but at the panel

plane (dashed blue line), whih orresponds better to the e�et of a potential wake.

Figure 7.9 shows the omparison between the veloities indued by MESIR and

MINT with the original and the new panel regularization.

The front part of the mesh presents a ~v
ind

predition that is very similar to the

ones with the original panel regularization. On the ontrary, the e�et of the new

regularization an be mainly notied when the wake rosses the surfae mesh. In

those ases, when the grid points are very lose to the Gauss points in the wake

panels, the regularization strategy ats and removes the e�et of some of the Gauss

points. This leads to unphysial osillations of the ~v
ind

on points near the potential

wake panels.

The new regularization approah smooths these osillations, as no disontinuity

in the ~v
ind

is imposed at the regularization radius r
vis

. However, di�erenes in tip
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(a) Axial ~v
ind

in MINT w/o regularization

(b) Error in ~v
ind

wrt MESIR

Figure 7.7: Potential indued veloities on the outer BC's of a near-wall APIAN

mesh.

Figure 7.8: Sheme of the urrent and modi�ed ~v
ind

regularization by vortiity

panels in MINT.
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(a) Axial ~v
ind

in MINT w/ new panel regularization

(b) Error in ~v
ind

wrt MESIR

Figure 7.9: Potential indued veloities on the outer BC's of a near-wall APIAN

mesh.
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Figure 7.10: The veloity indued on a point by a �nite straight vortex �lament of

onstant irulation Γ.

vortex and wake smoothness still exist. Again, the e�et of panel regularization

distane should be assessed in order to �x some best praties for propeller and

open rotor ases.

Analytial vs. numerial vortex �laments integration. MESIR models the

wake as a lattie of vortex �laments with onstant irulation. To predit the e�et

of these vorties on the outer BC mesh, it omputes analytially the integrals given

by Biot-Savart's law.

On the ontrary, MINT wake onsiders a wake where vortex panels have a onstant

vortiity density ~γ and where vortex �laments have a linear variation of the ir-

ulation Γ. In MINT, instead of using an analytial solution of the integrals, the

two-point Gaussian quadrature rule is used for the integration of vortex �laments,

and four-point Gaussian quadrature rule for the integration of vortex panels.

In order to assess the auray of this disrete integration, an analytial inte-

gration of the vortex �laments has been implemented in MINT, but onsidering a

onstant irulation for a matter of simpli�ation. As irulation varies linearly in

this wake model, the mean value of the irulation in the straight vortex �lament

is taken for the omputation of the indued veloities. The analytial expression to

alulate the indued veloities of a vortex �lament with onstant irulation follows

(see Fig. 7.10):

~v
ind

=
Γ

4π

~r1 ∧ ~r2
|~r1 ∧ ~r2|2

~r0.

(
~r1
|~r1|

−
~r2
|~r2|

)

(7.1)

Figure 7.11 shows the omparison between numerial and analytial integration

of the vortex �laments, with respet to MESIR ~v
ind

. Very small di�erenes between

both integration tehniques on�rms that the numerial integration is su�ient for

the predition of ~v
ind

even for alulation points that are relatively lose to the

bound vortex, as it is the ase for the front part of the BC mesh. Therefore, the

two-point Gaussian quadrature rule is retained for the bound vortex.

7.3.2 Indued Veloities Interpolation Time Step

Another step in the validation of the method has been the study of the blade load

sensitivity to the ~v
ind

interpolation time step.
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(a) Axial ~v
ind

in MINT w/ analytial vortex integration

(b) Di�erenes in ~v
ind

wrt MINT w/ numerial integration

Figure 7.11: Potential indued veloities on the outer BC's of a near-wall APIAN

mesh.
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Figure 7.12: Two interpolation strategies to apture a vortex passage. T⋆ orrespond

to the physial time steps, whereas t⋆ orrespond to the interpolation time steps.

The veloities indued by the MINT wake on the outer BC's mesh an be ex-

trated with a time step that an be di�erent from the one in HOST-MINT sim-

ulations. When this ours, an interpolation is needed. As HOST-MINT uses a

Lagrangian desription of the air�ow, instead of interpolating the indued veloities

between two HOST-MINT steps, the interpolation is done on the position and the

vortiity of the wake panels.

The sheme in Fig. 7.12 represents the ase of a vortex interation, where Ti and

Ti+1 are two onseutive time steps in a HOST-MINT simulation, and t0i , t
1
i , and

t0i+1 are the intermediate time steps where the indued veloities are extrated. The

sheme onsiders a �xed vortex and an airfoil advaning from the left to the right,

and hene interating with the vortex. Two urves represent the evolution of the

indued veloities depending on the interpolation strategy. The �gure shows how

the interpolation based on the wake position allows a better apture of the problem

unsteadiness than the diret interpolation of the indued veloities.

Moreover, sine the elsA simulations an be performed at a di�erent time step,

usually smaller than the HOST-MINT time steps, an interpolation is needed to

provide a �eld of ~v
ind

at eah time step to the outer BC's.

In the onsidered ase, three di�erent extration time steps have been onsidered

in HOST-MINT: 5◦/it, 2◦/it, and 1◦/it. Meanwhile, all HOST-MINT simulations

have been performed at 5◦/it and all elsA simulations at 1◦/it. Figure 7.13 shows

the CFD blade load omparison between these three ases. Note that no signi�ant

di�erenes are observed between these three interpolation time steps. In this parti-

ular ase of a single propeller in inidene, as it is notied in the �gure, the dominant

mode in the blade loads is the inidene, a 1/rev mode. Therefore, even a 5◦/it in-

terpolation is su�ient to apture orretly this phenomenon in CFD simulations

in the near-wall mesh.
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Figure 7.13: The MINT interpolation time step e�et on CFD blade loads. Com-

parison between 5◦/it, 2◦/it, and 1◦/it interpolations.

Table 7.2: Wind tunnel test onditions for APIAN minimum-body on�guration.

Wind tunnel ase No.1149

Mah No. [�℄ 0.7

Inidene [

◦
℄ 3.

Rotational Speed [min

−1
℄ 8639.

Advane Ratio, J [�℄ 3.278

7.4 Coupling Strategy Assessment on APIAN Single

Propeller Case

This setion presents the ode-to-ode assessment of the one-way oupling strategy

that has been implemented in HOST-MINT and elsA. A omparison between a full-

annulus elsA simulation and a near-wall oupled simulation is detailed hereafter.

7.4.1 Test Case Desription.

A representative ase of APIAN single propeller has been hosen for the assessment

of the new oupling strategy between HOST and elsA. High-speed �ight onditions

and 3◦ of inidene are onsidered here. The air�ow onditions are summed up in

Table 7.2, whih orresponds to the same experimental point than in Chapter 1.

In this hapter, a near-wall mesh simulation with HOST-MINT ~v
ind

without

vortex regularization and with the new panel regularization is onsidered. This sim-

ulation is ompared when possible to experimental data from wind-tunnel tests, to

a CFD full-annulus elsA simulation, and to a HOST-MINT simulation with instal-
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Figure 7.14: Blade thrust along a revolution. Comparison between elsA 360◦ mesh,

near-wall mesh w/o ~v
ind

, HOST-MINT simulation, and near-wall mesh w/ ~v
ind

from

HOST-MINT.

lation e�ets and the unsteady model orretions (already presented in Chapter 5).

7.4.2 Blade Loading

Figure 7.14 shows the thrust generated by the referene blade along a omplete revo-

lution. A number of simulations are here ompared: a full-annulus CFD simulation,

a near-wall mesh with non-re�etion onditions at the outer BC's, a HOST-MINT

simulation with installation e�ets and unsteady orretions, and, �nally, a near-wall

mesh with MINT indued veloities (new oupling strategy).

Notie that, while loads predited by the HOST-MINT simulation are lose to

full-annulus elsA preditions, both near-wall simulations overestimate loads along

the major part of the revolution. When omparing both near-wall simulations, it

is observed that MINT indued veloities at the outer BC's diminish the mean

blade loads and redue slightly the load phase lag. Finally, the main di�erenes

are notied in the load phase lag: both near-wall simulations present an important

underestimation of the blade load phase lag. As it will be shown hereafter, this will

indue an important underestimation of the 1P load phase lag.

7.4.3 Propeller Performane

Table 7.3 shows the omparison between the same simulations presented in the

previous subsetion: the full-annulus CFD simulation, the HOST-MINT simulation,

and the oupled HOST-MINT and elsA simulation. Moreover, the available wind

tunnel data has been added as a referene.
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WTT elsA 360◦ HOST-MINT Coupled MINT-elsA

Blade pith [◦] 57.0 +0.7◦ +0.7◦ +0.7◦

Thrust [N ] 253.34 +5.147% −0.604% +19.42%

1P Norm [N ] 307.31 −15.60% −20.56% −30.36%

1P Phase [◦] 25.47◦ −2.85◦ +1.9◦ −19.24◦

Table 7.3: APIAN propeller performane and 1P loads omparison
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Figure 7.15: Spanwise distribution of the blade thrust. Comparison between full-

annulus CFD simulation, HOST-MINT simulation, near-wall mesh w/o ~v
ind

, and

near-wall mesh w/ MINT ~v
ind

.

As explained before, only a one-way oupling has been implemented between

HOST-MINT and near-wall elsA simulations. Therefore, even if the HOST-MINT

simulation is performed at the blade pith to reah experimental thrust levels, the

loads predited by the near-wall elsA simulation may not be the same as in experi-

mental data.

Indeed, in the present ase, a ∼ 20% overestimation of the thrust is obtained for

the oupled simulation. Moreover, the 1P load norm is underpredited by ∼ 30%

and the 1P phase lag is largely underpredited (∼ −19◦).

7.4.4 Blade Load Distribution

In this subsetion, the study fouses on the omparison of the thrust spanwise

distribution along the blade. Again, all the previous simulations are ompared, but

no experimental data is available.

Figure 7.15 plots the mean and the 1/rev mode of the blade thrust spanwise

distribution. The left-hand side �gure shows how the indued veloities in the outer
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BC's redue the mean thrust along all the blade span in the simulation on the near-

wall domain. However, the e�et of indued veloities seems to be insu�ient to

reah the CFD preditions on the full-annulus mesh.

Besides, the right-hand side �gure shows the 1/rev mode of the blade thrust dis-

tribution. The gray dashed urves represent the blade loads obtained in a simulation

on a near-wall domain without inluding any indued veloities to the freestream

onditions at the BC. It an be notied that the mean value is better predited lose

to the blade tips in the simulation on the near-wall domain when the MINT indued

veloities are added (blue long-dashed urves). On the ontrary, indued veloities

redue even more the phase lag in the mid-span area, and therefore they inrease

the o�set with respet to the referene full-annulus simulation.

7.4.5 Pressure on Blade Skin

This subsetion ompares the pressure oe�ient K
P

on the skin of the referene

blade. The pressure oe�ient for propellers di�ers from the �xed-wings:

K
P

=
p− p∞

1/2ρ∞(V 2
∞ + (Ωr)2)

(7.2)

Figure 7.16 shows the omparison of −K
P

between the referene full-annulus

simulation (solid red urves) and the near-wall CFD simulation with MINT indued

veloities (dashed blue urves). The six sub�gures represent six di�erent azimuthal

positions of the referene blade: 0◦, 60◦, 120◦, 180◦, 240◦, and 300◦. Eah sub�gure

plots the pressure oe�ient at four representative blade setions: lose to the blade

root (r/R = 0.4), at the maximum hord (r/R = 0.5), at the theoretial maximum

blade load (r/R = 0.75), and lose to the blade tip (r/R = 0.9). Note that the

plotted form of the blade orresponds to the untwisted geometry of the APIAN

hord line.

First, a fairly good agreement an be observed for the two setion losest to the

blade tip, i.e. r/R = 0.75 and r/R = 0.9. Even if some mismathes appear in the

peak of expansion on the sution side, the global form of the pressure is apture by

the CFD simulation on a near wall mesh.

On the ontrary, important di�erenes are notieable in the two setions los-

est to the blade root. The main di�erene omes from an underestimation of the

pressure for both the sution and the pressure sides (see for example Fig. 7.16()).

These o�sets lose to the blade root may be explained by two fats. On one side,

the near-wall mesh is narrower lose to the blade root than lose to the blade tip.

Therefore, non-re�etive boundary onditions may not be adapted for suh small

distanes. On the other side, as HOST-MINT simulations do not onsider the e�et

of the naelle, an important vortex is shed at the blade root. This root vortex may

modify the pressure distribution for the setions that are lose to the blade root.
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(a) Ψ = 0
◦

(b) Ψ = 60
◦

() Ψ = 120
◦

(d) Ψ = 180
◦

(e) Ψ = 240
◦

(f) Ψ = 300
◦

Figure 7.16: Pressure oe�ient on the blade skin. Comparison between CFD results

on full-annulus mesh and on near-wall mesh.



7.4. Coupling Strategy Assessment on APIAN Single Propeller Case173

(a) Near-wall omputation (b) 360
◦
omputation

Figure 7.17: Iso-surfae 106 of Q-riterion on uRANS omputations in elsA. Com-

parison between full-annulus mesh and near-wall mesh w/ MINT ~v
ind

at azimuth

Ψ = 0◦.

7.4.6 Flow Analysis

In order to better understand the mismathes observed between full-annulus and

near-wall simulations, a detailed �ow analysis is here presented.

Vortex detetion with the Q-riterion. The Q-riterion is a way to detet

vorties in a �ow and it is de�ned as follows:

Q =
1

2

(

|Ω|2 − |S|2
)

(7.3)

where S =
1

2

(
∇~v + (∇~v)T

)
is the rate-of-strain tensor, and Ω =

1

2

(
∇~v − (∇~v)T

)

is the vortiity tensor.

Figure 7.17 shows the iso-surfae 106 of Q-riterion for two CFD simulations,

one onsidering a full-annulus mesh and the other onsidering a near-wall mesh

around the referene blade. From the omparison of these two plots, no signi�ant

di�erene an be observed in the development of the blade tip vortex, at least for

this azimuthal position.

Therefore, a further analysis of the loal veloities in the �eld should be done to

detet the di�erenes in blade inidene at a given time step.

Veloities in mesh slies. A number of slies have been extrated from the

results obtained with the full-annulus and the near-wall mesh. Figure 7.18 shows

the norm of the veloities in the plane Y-Z at azimuth angle Ψ = 0◦ obtained with

both simulations. It an be notied that the intensities of the blade root vortex and

the leading-edge vortex are more important in the near-wall omputation than in the
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(a) Near-wall omputation (b) 360
◦
omputation

Figure 7.18: Norm of the in-plane veloity for two uRANS omputations in elsA.

Comparison between full-annulus mesh and near-wall mesh w/ MINT ~v
ind

at az-

imuth Ψ = 0◦.

full-annulus one. If this result is ompared with the pressure oe�ients obtained

in Fig. 7.16(a), it an be notied that, in the near-wall simulation, an inversion of

the urves exists lose to the blade root. This implies a negative ontribution to the

blade loads, and hene a di�erent intensity and form of the root vortex.

7.5 Indued Veloity Fields

In order to prepare open rotor oupled simulations, the veloities indued by elsA

and HOST are ompared in representative positions of the �ow �eld. Two planes, one

upstream and one downstream the propeller are onsidered here. In elsA simulations,

the planes are a X-slie in the mesh.

In lassial CFD omputations there is no diret aess to the veloities indued

by the propeller blades. To estimate them, it must be assumed that the veloity

�eld is the superposition of the veloity �eld around a blade-o� naelle and the �eld

around the propeller blades without naelle. This hypothesis might be orret at

�rst order, but neglets the interation between the hub and the blade, and its e�et

on the air�ow. Figure 7.19 shows the onsidered geometry and the two planes of

interest in red.

On the ontrary, in HOST, the veloities indued by the propeller are diretly

obtained. Indeed, singularity methods assume that the veloity �eld is the super-

position of the elementary �elds generated by eah singularity. Thus, the veloities

indued by the propeller blades and their wakes on the onsidered X-planes an be

alulated at eah time step by Biot-Savart's law.

The main goal of this omparison is to estimate the indued angle of attak

that a propeller rotating in the opposite sense may see if it was loated upstream
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Figure 7.19: Side view of APIAN propeller and two onsidered X-planes (in red)

Figure 7.20: Indued angle of attak on the upstream X-plane. Comparison between

elsA and HOST.

or downstream the APIAN propeller. The ratio between the rotor-to-rotor distane

and the maximum blade hord has been hosen from a generi ontra-rotating open

rotor geometry, AI-PX7: (d/c)APIAN = (d/c)AIPX7, dAPIAN = 0.22m.

Figures 7.20 and 7.21 show the indued angle of attak predited by HOST and

elsA at an X-plane upstream the propeller and downstream the propeller, respe-

tively. It onsiders the angle di�erene ∆β in the relative veloity when adding the

indued veloities (see Fig. 7.22). The point of view is in front of the X-planes and

the propeller turns ounterlokwise.

A notieable underestimation of the indued angle of attak on the upstream

plane an be notied in HOST simulations. This indued angle of attak is di-

retly linked to the indued veloities. Remember that a similar phenomenon had

been already observed in the front rotor of AI-PX7 open rotor ase. In both ases,

the underestimation of the indued veloities an be attributed to the lifting-line
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Figure 7.21: Indued angle of attak on the downstream X-plane. Comparison

between elsA and HOST.
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Figure 7.22: Veloity triangles onsidering or not the indued veloities
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hypothesis reduing all the blade to its quarter-hord line.

On the ontrary, a good predition of the indued angle of attak is obtained

for the downstream plane. In this ase, the hord e�ets are less important than

the e�et of the wake going through the X-plane. Notie however, that the main

di�erenes are mainly observed near the root and the tip of the blade: elsA predits

more important root and tip wake e�ets on the indued angle of attak. Neverthe-

less, these omparisons show that the general patterns are very lose, and therefore,

elsA and HOST simulations are expeted to present similar aerodynami angles of

attak.

7.6 Conluding Remarks

The urrent oupling strategy between the HOST-MESIR omprehensive ode and

the elsA CFD ode has been analyzed and its main advantages and drawbaks have

been put forward. In order to overome with some of the main shortomings of

this method, a new oupling strategy using the MINT free-wake model has been

partially implemented and assessed �rst with respet to MESIR oupling strategy.

A number of modi�ations in the extration of the indued veloities have been

performed in order to obtain results in MINT that are loser to MESIR preditions.

The modi�ations have foused on the vortex and panel regularization tehniques

used in HOST-MINT simulations, whih have shown to be unadapted for oupled

simulations.

The seond part of the validation proess has been a omparison between full-

annulus elsA simulation and a oupled HOST-MINT and elsA simulation. Signi�-

ant di�erenes have been observed mainly on the predition of the 1P load phase

lag, whih is largely underestimated in the oupled simulation.

Finally, a omparison between the indued �ows in the full-annulus and in the

near-wall simulations has been performed in order to prepare future ontra-rotating

open rotor oupled simulations. Two X-slies, one upstream and one downstream

the blade, in order to assess the angle of attak indued by the propeller. These

slies have been plaed at distanes that are representatives of the ase of an open

rotor. Therefore, the indued angles of attak are likely to represent the interation

between both rotors in a real open rotor ase.

For this ase, enouraging results have been obtained as both, full-annulus and

redued-domain simulations, yield to very similar indued angles of attak for both

the upstream and the downstream X-slies.





Conlusion

Due to the inrease in fuel pries, airframe and engine manufaturers are looking

for step-hanging tehnologies that might enable them to produe more e�ient

and leaner airraft by 2020 and later. Among a number of emerging onepts,

the ontra-rotating open rotor engine is likely to be an interesting option for the

signi�ant redution of the airraft fuel onsumption and polluting emissions. Nev-

ertheless, a number of key aspets are not still su�iently mastered from the early

development steps of the engine. Therefore, manufaturers are investing in the de-

velopment of methodologies adapted for preliminary design phases in order to assess

some of these key parameters.

In the present thesis, the objetive was to provide moderate-ost methodologies

for the aerodynami simulation of ontra-rotating open rotors. The key parameters

to be assessed in the preliminary aerodynami design of an open rotor are, on one

side, the predition of the engine performane and, on the other side, the in-plane

loads generated by the engine installation or by the airraft inidene. Moreover,

during the �rst design steps, rapid and �exible simulation tools should be provided

to designers enabling them to explore a large sope of engine on�gurations and test

ases in a reasonable omputational time.

Following these riteria, a study of the di�erent available simulation methods

has been onduted. The main assets and drawbaks of eah method have been

put forward and the hoie of a method based on the unsteady lifting-line theory

has been justi�ed. The HOST omprehensive ode for aero-mehanial simulation

of rotorraft has been hosen and adapted for the simulation of single and ontra-

rotating propellers. The subsequent hapters have been devoted, �rst, to assess the

HOST ode for the aerodynami simulation of propellers and CROR in inidene;

seond, to improve the blade-element model to aount for unsteady aerodynamis;

third, to provide a better insight into the mehanisms governing the in-plane loads;

and fourth, to explore HOST-elsA oupling strategies for propellers.

Chapter 1 has provided a �rst assessment of the HOST ode for single propeller

test ases in minimum-body on�guration and in high-speed onditions. A number

of best praties for future simulations have been established and justi�ed.

Then, wind tunnel data and more advaned CFD simulations have been used to

assess the auray of HOST simulations in the predition of propeller performane

and in-plane loads. In addition, the blade load distributions have also been om-

pared. Moreover, two models to aount for the e�ets of the spinner have also been

tested and ompared to experimental data and CFD simulations.

Despite the unertainties in experimental data, satisfatory results have been ob-

tained in HOST simulations when the e�ets of spinner were taken into aount.

HOST has shown to apture orretly the inidene e�et (α-e�et) and the rota-

tional speed e�et (J-e�et). Nevertheless, some o�sets were still notied in the

predition of propeller in-plane loads. A deeper insight into the origin of these in-
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plane loads has been neessary as these loads are ritial for the dimensioning of the

engine installation, for the airaft handling qualities, and for aeroelasti phenomena.

Previous works found in the literature had tried to understand the in-plane loads

from a global approah provided by experimental data or CFD simulations. However,

to the author's knowledge, no deep analysis on the in-plane loads has been previously

done based on singularity methods. This type of approahes is based on the linear

superposition of the e�et of a number of elements in the spae (the singularities) to

determine the global air�ow. This property has been used in Chapter 2 to estimate

the ontribution of a number of aerodynami mehanisms at the origin of propeller

in-plane loads. This has led to a better understanding of these mehanisms and

provides a preious tool for engine designers aiming at mastering these undesired

loads.

The unsteadiness in the relative air�ow seen by the blade has been identi�ed

as one of the main ontributors to predit orretly the in-plane loads. Besides, it

has also been shown that the unsteady orretions in the o�ial HOST version does

not implement rigorously the unsteady airfoil theory. Therefore, Chapters 3 and

4 have been devoted to the theoretial analysis, development, and implementation

of an unsteady airfoil model that enables, on one side, to orret the quasi-steady

airfoil data to inlude the loads due to air�ow unsteadiness and, on the other side,

to aount for the loal blade sweep and urvature. In Chapter 3 a �rst model

based on previous works has been theoretially analyzed and has shown important

shortomings. Hene, it has been neessary to re-develop an unsteady airfoil model

to be implemented in the HOST ode, as exposed in Chapter 4. Again, the main

shortomings of the implemented model have been put forward.

The unsteady model implemented in HOST has been assessed in Chapter 5 by

omparison with previous HOST simulations, experimental data, and CFD simu-

lations. Very satisfatory results have been obtained in terms of propeller perfor-

mane, in-plane loads, and blade load distributions. In partiular, an improvement

in the predition of in-plane loads phase lag and blade load distribution have been

remarked thanks to the unsteady airfoil model.

A similar study has been onduted in Chapter 6 for the ase of a generi open

rotor geometry (AI-PX7) in isolated on�guration, in high-speed onditions and in

inidene. The assessment of the HOST ode has been done by omparing its results

with CFD simulations. Again, satisfatory results have been obtained in terms of

global performane and in-plane loads, as well as in terms of blade load distribution.

Taking into aount the e�ets of the naelle and inluding the unsteady airfoil model

has provided more in-plane loads that are loser to CFD results. Nevertheless, it has

also been noted the importane of hord and volume e�ets in open rotor simulations.

Indeed, due to the fat that these e�ets are negleted in HOST, an underestimation

of the potential interation between rotors has been notied.

In order to omplete the insight into in-plane load mehanisms in Chapter 2,

the seond part of the Chapter 6 has been devoted to the study of the mehanisms

behind open rotor in-plane loads. Again, this method provides a useful tool for

designers as it enables rapid sensitivity studies of open rotor performane and in-
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plane loads to an important number of key design parameters.

The last hapter of this thesis (Chapter 7) is devoted to an exploratory study

of the oupling between the elsA CFD ode and the HOST omprehensive ode for

propeller simulations. The interest of this type of simulations lies in the fat that

the CFD simulation domain is redued to a small volume around one blade of the

propeller. The e�et of the other blades is provided by the indued veloities alu-

lated in a more rapid ode, HOST in the present study. This approah is likely to

redue omputational osts with respet to full CFD simulations, while maintaining

a large sope of appliations, inluding installed on�gurations or inidene e�ets.

The state-of-art in this �eld is summarized and its shortomings are exposed. Then,

a new oupling strategy is proposed and partially implemented. First omparisons

between both oupling strategies on a single propeller test ase show similar re-

sults, although a number of modi�ations in the omputation of indued veloities

have been neessary. On the ontrary, when omparing this new oupling strat-

egy with CFD simulations of a omplete propeller, important mismathes an be

notied. Further studies should be onduted to better understand the origin of

these mismathes and to solve them. Moreover, for the moment, only a one-way

oupling strategy has been implemented. Future HOST versions are likely to be

more adapted for omplete oupled HOST-elsA simulations.

To sum up, this thesis has provided a better insight into the omprehension of the

in-plane load mehanisms, as well as a preliminary design tool for the aerodynami

simulation of open rotors. These are two key steps for the integration of open rotors

on future Airbus airraft.

Moreover, this thesis has opened a number of �elds to be explored: (1) HOST

simulations have shown a lak of auray in the predition of loads lose to the

blade root. Therefore, a hub model based on singularity methods might be a way

to improve the preditions in this area. (2) The unsteady airfoil model urrently

implemented still neglets the singularity of the spanwise vorties in the wake. A

more rigorous model allowing a orret regularization of the wake should improve

the stability of HOST simulations (3) In order to redue the omputational time,

fast multipole tehniques are being investigated at Onera for the integration of the

indued veloities, promising important gains in omputational time. (4) Continue

with the development of a full HOST-elsA oupling strategy for the simulation of

propellers and ontra-rotating open rotors. (5) Inreasing the number of HOST

appliations: inluding aeroelasti simulations, or using the MINT wake for rapid

aeroaousti simulations.





Appendix A

Finite Part Integrals

This hapter details the theory behind �nite part integrals as used by Gallois

[Gallois 2003℄ and Muller [Muller 2007℄ in their respetive Ph.D. thesis. The hapter

starts with a de�nition of Cauhy's Prinipal Value integral. Then, the Finite Part

integral de�ned by Hadamard as the generalization of Cauhy's Prinipal Value is

detailed.

A.1 Prinipal Value of a Singular Integral

From the formalization of the lifting-line problem, Prandtl [Prandtl 1923℄ has disov-

ered the importane of the orret omputation of singular integrals. In partiular,

he had to onsider the Prinipal Value of the following integral: PV

∫ b

a

∂Γ

∂y

dy

y − c
.

In a more general ase, the Prinipal Value integrals are used in integrals of the

form:

PV

∫ b

a

ψ(x)dx

x− c
= lim

ε→0

(∫ c−ε

a
ψ(x)

dx

x− c
+

∫ b

c+ε
ψ(x)

dx

x − c

)

=

∫ b

a

ψ(x) − ψ(c)

x− c
dx+ ψ(c)PV

∫ b

a

dx

x− c

=

∫ b

a

ψ(x) − ψ(c)

x− c
dx+ ψ(c) ln

b− c

c− a

(A.1)

for a funtion ψ(x) ontinuous in all the [a, b] interval. The �rst integral is improper

but onvergent. The seond integral has been solved by Prinipal Values as follows:

∫ b

a

dx

x− c
= lim

ε1,ε2→0

(∫ c−ε1

a

dx

x− c
+

∫ b

c+ε2

dx

x− c

)

= ln
b− c

c− a
+ lim

ε1,ε2→0
ln
ε1
ε2

(A.2)

To alulate the Prinipal Value integral, it is imposed that ε1 = ε2, thus yielding:

PV

∫ b

a

dx

x− c
= ln

b− c

c− a
(A.3)

The singular term in the integral has disappeared.

A.2 Hadamard's Finite Part Integrals

When onsidering higher order singularities, Prinipal Value integrals annot be used

beause the regular part does not beome zero when ε → 0. This type of integrals

are ommon in potential methods for aerodynamis. To solve them, Hadamard
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[Hadamard 1932℄ proposed a Finite Part interpretation of the integrals, similar to

Cauhy's Prinipal Value.

A funtion g : [a, b]\{x0} → R ontinuous in all its de�nition interval is onsid-

ered. The integral an be expressed as follows:

J (ε) =

∫ x0−ε

a
g(x)dx +

∫ b

x0+ε
g(x)dx (A.4)

J (ε) integral an be written as the sum of a regular part R(ε) and an irregular part

I(ε). Hene, the Hadamard's Finite Part integral is de�ned as:

FP

∫ b

a
g(x)dx = lim

[∫ x0−ε

a
g(x)dx +

∫ b

x0+ε
g(x)dx − I(ε)

]

= lim
ε→0

R(ε) (A.5)

In this ase, the irregular part of the integral appears expliitly. It an be

onsidered that Cauhy's Prinipal Value is a partiular type of Hadamard's Finite

Part integrals where the irregular part beomes zero when ε→ 0.

The general problem an be formulated as:

Hn
f,a,b = FP

∫ b

a

f(x)dx

(b− x)1+n
, n ∈ N

∗
(A.6)

If the funtion f (n+1)(x) exists and is ontinuous in [a, b], then it an be developed

in Taylor series as follows:

f(x) =
n∑

k=0

(−1)kf (k)(b)(b− x)k

k!
+O

(
(b− k)n+1

)
(A.7)

Thus, the integral yields:

Hn
f,a,b=

∫ b

a

f(x)− (−1)kf (k)(b)(b− x)k/k!

(b− x)1+n
dx+

n∑

k=0

(−1)k

k!
f (k)(b)FP

∫ b

a

dx

(b− x)1+n−k

=

∫ b

a

f(x)− (−1)kf (k)(b)(b− x)k/k!

(b− x)1+n
dx+

n∑

k=0

(−1)k+1f (k)(b)

(n− k)(a− b)n−kk!

(A.8)

The Finite Part integral de�ned in Eq. A.8 is also valid when the singularity is

not in the boundaries of integration. In the ase of the lifting-line as implemented

in HOST, the singularity is plaed in the middle of the panels, and thus �nite part

integrals are divided in two intervals.

Gallois [Gallois 2003℄ has ompared a number of numerial integration methods

of these �nite part integrals with the analytial approah. It has been notied that

the onvergene of numerial methods was muh slower than the onvergene of the

analytial one. Thus, this option has also been hosen to integrate �nite parts in

the integration of the indued veloities of the singular panel.

Muller lists a number of properties of Finite Part integrals [Muller 2007℄:
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• Unique de�nition of the Finite Part : I(ε) is de�ned as a generalized polyno-

mial of the form:

∑

i<−1

∑

j>0

ai,jε
i(ln ε)j [Guermond 1990℄.

• The sign of the funtion on the interval [a, b] does not provide any information

of the sign of the Finite Part integral : for example, the Finite Part integration

of the positive 1/x2 funtion in the interval [0, 1] yields:

FP

∫ 1

0

dx

x2
= lim

ε→0

(∫ 1

ε

dx

x2
− I(ε)

)

= lim
ε→0

(

−1 +
1

ε
−

1

ε

)

= −1 (A.9)

• Finite Part integrals are not invariant to variable hanges:

FP

∫ 1

0

dx

x
= 0 (A.10)

whereas if the variable hange u = 2x is applied, it yields:

FP

∫ 2

0

du

u
= ln 2 (A.11)





Appendix B

Sweep E�et

This appendix details the simpli�ed swept-wing theory implemented in HOST Blade

Module. It is a �rst orretion to the two-dimensional airfoil data in order to onsider

the e�et of the loal sweep angle on the aerodynami behavior of the airfoil. In the

present work, only the Mah number orretion has been onsidered, whereas the

inidene is left unhanged. Moreover, as it will be detailed hereafter, the lift and

drag oe�ients are also orreted in the airfoil data to aount for the loal sweep.

Figure B.1 shows the steps to predit the aerodynami behavior of eah blade

setion when the sweep orretion is ativated in the HOST ode. The left-hand

side �gure represents the studied blade where one of the alulated setion has

been highlighted in red (Σ∞ setion). The Blade Module in HOST is based on

the blade-element method, whih onsiders that the aerodynami behavior of eah

blade setion is similar to an in�nite-span wing. Remember that, as explained in

the Methods and Tools hapter, the e�et of the other blade setions and the e�et

of the other blades are taken into aount in the in�ow veloity omputed by the

wake model.

The aerodynami behavior of an in�nite-span wing with a ertain sweep angle Λ

has been studied very early in the wing design for high-speed airraft [Jones 1945℄.

The �gure in the enter represents Jones' hypothesis, whih onsiders that a swept

wing of in�nite span meeting an air�ow at a ertain veloity (V∞) behaves as a

non-swept wing of the same geometry but meeting an air�ow with lower veloity

(V⊥). The relation between these two veloities is:

V⊥ = V∞ cos Λ (B.1)

Jones' theory for swept wings onsiders the �ow perpendiular to the wing, but

neglets the e�et of the �ow parallel to the wingspan.

Figure B.1: Sweep orretion hypothesis in the blade-element theory.
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Therefore, to estimate the behavior of the swept wing, another setion an be

de�ned perpendiular to the sweep angle, highlighted in blue and noted as Σ⊥. This

setion has a di�erent hord (c⊥) and relative thikness (e⊥/c⊥). The loal hord

of setion Σ⊥ follows:

c⊥ = c∞ cos Λ (B.2)

and the relative thikness follows:

e⊥
c⊥

=
e∞
c∞

cos Λ (B.3)

However, the span of the setion is the same: b∞ = b⊥.

Based on equations (B.1), (B.2), and (B.3), a relation an be found between the

expressions of the aerodynami fores in Σ∞ and Σ⊥. First, the lift follows:

L∞ =
1

2
ρ∞V

2
∞c∞b∞C

∞
L and L⊥ =

1

2
ρ∞V

2
⊥c⊥b⊥C

⊥
L (B.4)

whih yields to:

L∞ = L⊥ ⇒ V 2
∞C

∞
L = V 2

⊥C
⊥
L ⇒ C∞

L = C⊥
L cos2Λ (B.5)

And the drag follows:

D∞ =
1

2
ρ∞V

2
∞c∞b∞C

∞
D and D⊥ =

1

2
ρ∞V

2
⊥c⊥b⊥C

⊥
D (B.6)

hene yielding to:

D∞ = D⊥ cos Λ ⇒ V 2
∞C

∞
D = V 2

⊥C
⊥
D cos Λ ⇒ C∞

D = C⊥
D cos3Λ (B.7)

These sweep orretions have been used in all HOST-MINT simulations in the

present Thesis. Therefore, the veloity seen by eah blade setion is orreted fol-

lowing the Eq. B.1, whereas the lift and the drag oe�ients have been orreted in

the airfoil data following Eqs. (B.5) and (B.7).



Appendix C

Alternative Form of the Singular

Panel Integration

A two-dimensional regularization by �nite part integrals is proposed, by establishing

at eah blade setion a paraboli equation to model the form of the whole blade (see

Fig. C.1). Similarly to what was proposed by Muller, the �nite singular panel is

alulated by the di�erene between a singular paraboli wake and the same wake

exept the surfae of the singular panel. The di�erene of this approah with respet

to the one proposed by Muller is that the in�nite panel S extends not only hordwise

but also spanwise.

C.1 Development of the Singular Panel Integration

C.1.1 The Complete Paraboli Wake

The veloity indued by the singular paraboli wake in doublet formulation has been

deomposed as follows:

w∞
ind

(M) =
1

4π

(

Γ(M)FP

∫∫

S

dS

PM3
︸ ︷︷ ︸

s∞
0

−γy(M)FP

∫∫

S

xM − xP
PM3

dS

︸ ︷︷ ︸

s∞x

+γx(M)FP

∫∫

S

yM − yP
PM3

dS

︸ ︷︷ ︸

s∞y

)

(C.1)

Eah of the integral terms is developed for a singular panel in (x, y) ∈ ([0,+∞], [0, b]),

where b is the blade span length. At eah blade setionM , a loal frame is onsidered,

as shown in Fig. C.2.

Calulation of s∞0 term. The integral is expanded to solve it in �nite parts:

s∞0 (M)= FP

∫ b−yM

−yM

∫ +∞

l⋆(y)

dxdy

(x2 + y2)3/2

= FP

∫ b−yM

−yM

dy

y2
︸ ︷︷ ︸

s∞
01

−FP

∫ b−yM

−yM

l⋆(y)

y2
√

l⋆(y)2 + y2
dy

︸ ︷︷ ︸

s∞
02

(C.2)
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The �rst integral yields:

s∞01 = FP

∫ b−yM

−yM

dy

y2
=

−b

yM (b− yM )
(C.3)

For the seond integral the funtion f(y) is de�ned and developed in Taylor's

series around y = 0 as follows:

f(y) =
sgn(y)l⋆(y)
√

l⋆(y)2 + y2
= sinΛ +

y

2κ
+
f ′′(0)y2

2
+O(y3) (C.4)

where f ′′(0) an be alulated if a paraboli model of the blade form is onsidered,

l⋆(y) = k1y
2 + k2y + k3, passing by the setion origin O

se

at the alulation point

M , with the �rst derivative dl⋆/dy(0) = tanΛ, and a urvature radius κ at O
se

.

Note that eah paraboli wake is alulated for a loal frame OXY
se

entered at

the alulation point M = [l(yM ), yM ]. The onstants in the paraboli equation are:

k1 = (1 + tan2Λ)3/2/(2κ) , k2 = tanΛ and k3 = 0 (C.5)

Whih in the end yields to :

f ′′(0) =
−3k21k2

(1 + k22)
5/2

(C.6)

Thus, the seond term yields:

s∞02= FP

∫ b−yM

−yM

l⋆(y)

y2
√

l⋆(y)2 + y2
dy

∼ sin ΛFP

∫ b−yM

−yM

sgn(y)

y2
dy +

1

2κ
FP

∫ b−yM

−yM

sgn(y)

y
dy +

f ′′(0)

2
FP

∫ b−yM

−yM

sgn(y)dy

= sinΛ
b− 2yM

yM(b− yM)
+

1

2κ
ln

[
4yM (b− yM )

b2

]

+
−3k21k2

2(1 + k22)
5/2

(b− 2yM )

(C.7)

Calulation of the s∞x term.

s∞x = FP

∫ b−yM

−yM

∫ +∞

l⋆(y)

−xdxdy

(x2 + y2)3/2

= FP

∫ b−yM

−yM

−dy
√

l⋆(y)2 + y2
= FP

∫ b−yM

−yM

−ydy

y
√

l⋆(y)2 + y2

(C.8)

A funtion g(y) is de�ned and developed in Taylor's series as follows:

g(y) =
sgn(y)y

√

l⋆(y)2 + y2
= cos Λ + g′(0)y +O(y2) (C.9)

Again, the term g′(0) an be alulated by supposing that the shape of the blade is

paraboli. It yields:

g′(0) =
−k1k2

(1 + k22)
3/2

(C.10)
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Thus, the s∞x term yields:

s∞x = −FP

∫ b−yM

−yM

sgn(y)g(y)

y
dy

= −FP

∫ b−yM

−yM

cos Λ
sgn(y)

y
dy − FP

∫ b−yM

−yM

g′(0)sgn(y)dy

= − cos Λ ln

[
4yM (b− yM)

b2

]

−
−k1k2

(1 + k22)
3/2

(b− 2yM )

(C.11)

Calulation of s∞y term.

s∞y (M)= FP

∫ b−yM

−yM

∫ +∞

l⋆(y)

ydxdy

(x2 + y2)3/2

= FP

∫ b−yM

−yM

−1

y

(

1−
l⋆(y)

√

l⋆(y)2 + y2

)

dy

(C.12)

Using again f(y) funtion, the term an be developed as follows:

s∞y (M)= FP

∫ b−yM

−yM

(
−1

y
+
sgn(y) sin Λ

y
+
sgn(y)

2κ
+
f ′′(0)

2
sgn(y)y

)

dy

= ln
yM

b− yM
+ sinΛ ln

[
4yM (b− yM )

b2

]

+
1

2κ
(b− 2yM )

+
−3k21k2

4(1 + k22)
5/2

[(b− yM )2 + y2M ]

(C.13)

C.1.2 The Regular Part of the Paraboli Wake

After having integrated in �nite parts all the paraboli wake, the regular parts are

removed in order to aount only for the veloities indued by the singular panel at

the onsidered blade setion.

When onsidering the veloities indued by the whole paraboli wake exept the

singular panel, all the integrals are regular and hene they an be easily omputed

numerially. Although the expressions to integrate the regular part of the paraboli

wake are the same as in the previous subsetion, in this ase, the domain is divided

in three areas: both sides of the singular panel (1 and 2) and the in�nite wake

downstream the singular panel (3) (see Fig. C.2).

Similar to what has been done for the singular paraboli wake, the veloities

indued by the regular parts of the paraboli wake S − P are deomposed as follows:

wreg

ind

(M)=
1

4π

(

Γ(M)

∫∫

S−P

dS

PM3

︸ ︷︷ ︸

sreg
0

−γy(M)

∫∫

S−P

xM − xP
PM3

dS

︸ ︷︷ ︸

sregx

+γx(M)

∫∫

S−P

yM − yP
PM3

dS

︸ ︷︷ ︸

sregy

)
(C.14)
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Calulation of sreg0 term.

sreg0 =

∫ δy/2

−δy/2

∫ +∞

l⋆(y)+δx

dxdy

(x2 + y2)3/2

+

∫ b−yM

δy/2

∫ +∞

l⋆(y)

dxdy

(x2 + y2)3/2
+

∫ −δy/2

−yM

∫ +∞

l⋆(y)

dxdy

(x2 + y2)3/2

(C.15)

where the three integrals orrespond to the in�nite wake downstream the singular

panel, the left-hand side wake surfae, and the right-hand side surfae, respetively.

Calulation of the sregx term.

sregx =

∫ δy/2

−δy/2

∫ +∞

l⋆(y)+δx

−xdxdy

(x2 + y2)3/2

+

∫ b−yM

δy/2

∫ +∞

l⋆(y)

−xdxdy

(x2 + y2)3/2
+

∫ −δy/2

−yM

∫ +∞

l⋆(y)

−xdxdy

(x2 + y2)3/2

(C.16)

where the three integrals orrespond to the in�nite wake downstream the singular

panel, the left-hand side wake surfae, and the right-hand side surfae, respetively.

Calulation of the sregy term.

sregy =

∫ δy/2

−δy/2

∫ +∞

l⋆(y)+δx

−ydxdy

(x2 + y2)3/2

+

∫ b−yM

δy/2

∫ +∞

l⋆(y)

−ydxdy

(x2 + y2)3/2
+

∫ −δy/2

−yM

∫ +∞

l⋆(y)

−ydxdy

(x2 + y2)3/2

(C.17)

where the three integrals orrespond to the in�nite wake downstream the singular

panel, the left-hand side wake surfae, and the right-hand side surfae, respetively.

C.1.3 The Complete Expression

The expression for the integration of the singular panel P is obtained by removing

the e�et of the regular parts of the paraboli wake S − P to the veloities indued

by the omplete paraboli wake S. Therefore, based on the previous results, the

expression for the veloities indued by the singular panel yields:

wP = w∞
ind

− wreg

ind

= Γ(M)(s∞0 − sreg0 )− γy(s
∞
x − sregx ) + γx(s

∞
y − sregy ) (C.18)

Future studies are still neessary in order to assess this new approah for the

integration of the singular panel by �nite part integrals. In partiular, the most

important deision is probably the hoie of the singular panel size (δx× δy). These

lengths determine in fat the limit of the �nite part regularization and have a sig-

ni�ant impat on the global indued veloities, as highlighted in Chapter 3.
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D.1 Introdution

Depuis quelques années, la hausse du prix des arburants pousse les avionneurs et

les motoristes à étudier des tehnologies révolutionnaires permettant de produire des

avions plus e�ients et plus propres à horizon 2020 et au-delà. Parmi des nombreux

onepts qui émergent, le ontra-rotating open rotor

1

semble être une option attra-

tive pour la rédution signi�ative de la onsommation spéi�que de arburant et

des émissions polluantes. Cependant, un ertain nombre de domaines lés ne sont

pas enore su�samment maîtrisés dès les premières phases de la oneption d'un

nouveau moteur. C'est pour ela que les industriels investissent dans le développe-

ment de méthodologies qui soient adaptées à haque phase de la oneption pour

pouvoir évaluer orretement es paramètres lés.

Cette thèse porte sur le développement de méthodologies à oût modéré pour

les phases de oneption préliminaire des open rotor. Les paramètres prinipaux

qui doivent être maîtrisés pendant les phases de oneption préliminaire sont, d'un

1

Aussi appelé open rotor : moteur à doublet d'hélies ontrarotatives.
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�té, la prédition des performanes aérodynamiques des hélies et, d'un autre �té,

les e�orts dans le plan hélie

2

générés par les e�ets d'installation ou par l'inidene

du moteur. En outre, pendant es premières phases de oneption, les outils de

simulation fournis aux onepteurs doivent être très rapides et très souples, a�n

de permettre l'exploration d'une large variété de on�gurations de moteur dans un

temps de alul raisonnable.

Suivant es ritères, une étude des di�érentes méthodes disponibles a été réalisée.

Les prinipaux atouts et limites de haque méthode ont été mis en avant et le hoix

d'une méthode basée sur la théorie de la ligne portante ourbe et instationnaire a

été justi�ée. HOST, un ode pour la simulation aéro-méanique des hélioptères, e

été hoisi et adapté pour la simulation des hélies simples et ontrarotatives.

Cette thèse est don struturée de la façon suivante : en premier lieu, une étude

pour approfondir la ompréhension de l'origine des e�orts 1P a été menée; en deux-

ième lieu, le modèle d'élément de pale a été amélioré pour prendre en ompte plus

rigoureusement l'aérodynamique instationnaire des pro�ls 2D et les e�ets de �èhe

et de ourbure de pale; en troisième lieu, le ode HOST et les modèles instationnaire

et d'e�ets d'installation ont été évalués pour la simulation des hélies simples et des

CROR à l'aide des données expérimentales et des simulations CFD plus avanées

et plus préises; et en�n, la dernière partie de la thèse a été onsarée à une étude

exploratoire du ouplage entre les odes HOST et elsA

3

.

D.2 Un aperçu des méanismes à l'origine des e�orts 1P

Cette setion o�re, d'un �té, une expliation des di�érents termes qui ontribuent

à la génération des e�orts dans le plan hélie (les e�orts 1P) et, d'un autre �té, elle

développe une méthode pour la quanti�ation de l'impat des di�érents méanismes

sur es e�orts.

D.2.1 Les méanismes physiques à l'origine des e�orts 1P

Dans le as général d'une hélie dans un éoulement non uniforme sur son plan de

rotation, haque pale développe des e�orts instationnaires le long d'un tour de pale

omplet. La ontribution des e�orts des di�érentes pales à un instant donné peut

ainsi onduire à un e�ort net de l'hélie qui ne soit pas aligné ave l'axe de rotation

de l'hélie. Dans e as de �gure, la fore résultante peut être déomposée en un

veteur parallèle à l'axe de rotation de l'hélie, la tration, et en un veteur dans le

plan de rotation de l'hélie, appelé souvent l'e�ort 1P. Comprendre les méanismes

qui régissent le module et la diretion de et e�ort reste un enjeu majeur pour le

développement des avions propulsés par des CROR.

Le module des e�orts 1P. Dans le développement des moteurs à hélies,

l'apparition d'un e�ort non négligeable dans le plan hélie a été onstaté très t�t

2

Aussi appelés e�orts 1P.

3

Ensemble Logiiel pour la Simulation Aérodynamique, solveur CFD de l'Onera.
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pour le as d'une hélie dans un éoulement ave une ertaine inidene. En e�et,

l'inidene onstitue le as le plus simple d'éoulement non uniforme dans le plan

hélie.

Dû à la vitesse de rotation de l'hélie, l'inidene de l'éoulement amont induit

une variation de l'angle et de la vitesse de l'éoulement vu par la pale. Ces variations

de vitesse et d'inidene génèrent à leur tour une variation dans les e�orts développés

par la pale : plus l'inidene et la vitesses sont importantes, plus les e�orts sur la pale

seront importants. L'addition de es e�orts sur le plan de l'hélie et leur addition

onduisent à un e�ort net dans le sens de l'inidene de l'hélie, ouramment un

e�ort vertial.

Cependant, ette expliation purement �géométrique� explique seulement

l'existene d'un e�ort parallèle à la projetion de la vitesse d'avanement dans le plan

de l'hélie, mais pas elle d'un e�ort perpendiulaire à ette diretion, ouramment

appelé e�ort latéral.

La phase des e�orts 1P. À l'e�ort vertial dû à la variation d'inidene et de

vitesse relative de la pale s'ajoute un e�ort latéral qui peut être aussi ompris omme

un déphasage de l'e�ort par rapport la variation de l'inidene et de la vitesse de

l'éoulement vu par la pale. Ce phénomène de déphasage est plus omplexe, et un

bon nombre de méanismes peuvent l'impater. Au ours de es travaux de thèse,

l'étude s'est foalisés sur deux d'entre eux, reprodutibles par les aluls HOST

employés pour leur analyse :

• La distane entre la pale et les sillages : la pale desendante lâhe un sillage

plus hargé en vortiité que elui de la pale montante. À ause de l'inlinaison

du sillage, la pale à Ψ = 0◦ est plus près du sillage de la pale desendante que

la pale à Ψ = 180◦. C'est pour ela que, l'inidene de la pale à Ψ = 0◦ est

plus faible que elle de la pale à Ψ = 180◦, et il en est don de même pour la

fore latérale développée. L'intégration des e�orts sur les pales pourrait don

expliquer la fore latérale qui apparaît dans le plan hélie.

• Les e�ets de l'instationnarité de l'éoulement sur la pale et le sillage prohe :

par analogie ave le as d'un pro�l 2D osillant, haque pale dans une hélie

en inidene voit un éoulement variant en 1/rev à une ertaine fréquene, et

développe des fores aérodynamiques instationnaires à ette même fréquene

1/rev, mais ave un ertain déphasage. Ce déphasage serait généré par l'e�et

induit par le sillage prohe sur la pale, omme dans le as d'un pro�l osillant.

D.2.2 Une méthode pour quanti�er les méanismes sur les e�orts

1P

Les méthodes de singularités, omme la ligne portante, alulent la perturbation

du hamp de vitesses par la superposition de l'in�uene d'une série de singularités

(soures, puits, doublets ou tourbillons) sur haque point du domaine. C'est ainsi
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Figure D.1: Contribution de haque élément du modèle à la phase des e�orts 1P.

que, la ontribution de haque élément du modèle peut être failement disriminée

dans e type de méthodes en prenant individuellement haque ontribution.

Cette approhe a été utilisée dans les simulations ave HOST pour la quanti�-

ation des méanismes aérodynamiques à l'origine des e�orts 1P. Les trois e�ets

dérits préédemment ont été modélisés dans HOST par:

1. La géométrie du sillage : et e�et est modélisé par la modi�ation de la défor-

mation et de la diretion de onvetion du sillage. Cela permet de déterminer

la ontribution qu'a la distane entre la pale et les autres sillages sur les e�orts

1P.

2. La vortiité instationnaire émise dans le sillage : et e�et est modélisé par

le hangement dans la longueur du sillage prise en ompte dans le alul. Le

sillage est don tronqué au bout d'un ertain nombre de panneaux, e qui sert

à régler ette longueur de sillage. Cela permet de déterminer l'impat de la

vortiité lâhée à haque instant dans le sillage sur les e�orts 1P.

3. L'aérodynamique instationnaire du pro�l : et e�et est modélisé par

l'ativation d'un modèle simpli�é de pro�l instationnaire. Cela permet de

déterminer la ontribution des instationnarités dans l'éoulement sur les ef-

forts 1P.

La Fig. D.1 montre la ontribution de haun des éléments du modèle dans la

prédition de la phase des e�orts 1P. L'impat le plus important venant du sil-

lage prohe de la pale et des e�ets instationnaires sur le pro�l, il paraît intéressant

d'approfondir es deux domaines dans les études à venir.
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D.3 Développement et implémentation d'une méthode

de ligne portante ourbe et instationnaire

Une première étude a été menée pour évaluer une approhe de méthode de ligne por-

tante ourbe et instationnaire proposée par Muller au ours de sa thèse [Muller 2007℄.

Il a été montré que ette approhe par des intégrales en Partie Finies n'était pas

adaptée pour les as onsidérés dans le ode HOST, où les géométries de pale présen-

tent un allongement relativement faible.

C'est ainsi qu'une nouvelle approhe qui implémente la théorie uni�ée de la ligne

portante développée par Guermond et Sellier [Guermond 1991℄ est ii proposée. La

di�érene prinipale de ette approhe vis-à-vis de elle proposée par Muller est de

s'a�ranhir des intégrales en Partie Finies pour l'intégration des termes singuliers

dans le alul des vitesses induites.

Comme il avait été justi�é par Van Dyke [Van Dyke 1964℄, le problème de la

ligne portante étant un problème de perturbations singulières, il peut être résolu en

développant la solution du problème par la tehnique des développements asymp-

totiques raordés. Cei a été utilisé par Guermond et Sellier [Guermond 1991℄

pour étendre la théorie de Van Dyke au as d'une ligne portante ourbe et dans un

éoulement instationnaire sinusoïdal. Sous l'hypothèse de basses fréquenes, Dev-

inant [Devinant 1999℄ a démontré que ette théorie pouvait être appliquée au as

d'un mouvement instationnaire non-périodique. En�n, Muller a implémenté ette

théorie dans un ode aadémique pour la simulation d'ailes ourbes dans des éoule-

ments instationnaires [Muller 2007℄.

Dans ette approhe asymptotique, le problème est divisé en deux domaines (voir

la Fig. 3.2) : d'un �té, le domaine du pro�l 2D (domaine intérieur I) et, d'un autre

�té, le problème lassique de la ligne portante 3D (domaine extérieur, O). Ces deux

domaines sont reliés en imposant une ontinuité dans la vortiité du sillage entre

le domaine intérieur I et le domaine extérieur O, e qui onduit à la onsidération
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d'un troisième domaine O
wi

, lié au sillage 2D instationnaire derrière le pro�l.

L'équation impliite de la irulation peut être érite:

Γ = πc cos Λ
(
U∞α+ wI∪O

wi

+ wO\O
wi

+ wc

)
(D.1)

où:

• wI∪Owi
: il représente la vitesse induite par le domaine I ∪ Owi, qui a une

origine purement 2D. Basé sur la théorie de pro�l instationnaire linéarisée, on

obtient:

wI∪Owi
(y, t) = ḣ(y, t) +

c

2
α̇(y, t)

+
1

πcU∞ cos Λ

∫ +∞

c/2

(√

ν + c/2

ν − c/2
− 1

)

γw(ν, t)dν
(D.2)

• wO\Owi
: e terme représente la vitesse induite par le domaine extérieur, e qui

inlut tout le sillage sauf la vortiité longitudinale γy dans les panneaux du

sillage derrière la setion de alul. Dans e domaine, la longueur aratéris-

tique est l'envergure de la pale, et don on onsidère que elle-i se réduit à

une ligne portante le long du quart de orde de la vraie géométrie. Le sillage

est modélisé par un réseau de lanières et de panneaux de vortiité. Les vitesses

induites par es singularités peuvent don être alulées par:

~V
ind

= −
1

4π

∫

∂S
Γ(P )

−−→
PM ∧ ~dlP
PM3

︸ ︷︷ ︸

Vortices

−
1

4π

∫

S

~γ ∧
−−→
PM

PM3
dSP

︸ ︷︷ ︸

Panels

(D.3)

Le terme wO\Owi
orrespond à la omposante de la

~V
ind

qui est ontenue dans

le plan du pro�l et qui est normale à la orde loale.

• wc: e terme représente les vitesses induites omplémentaires, qui prennent

en ompte la �èhe et la ourbure loales de la pale. Cei permet d'ajouter

l'e�et de la variation radiale de irulation dans la ligne portante. A partir des

études de Guermond [Guermond 1990℄, on peut déduite l'expression suivante

en fatorisant par Γ et ∂Γ/∂y:

wc(y) = a1Γ(y) + a2
∂Γ

∂y
(y) (D.4)

où:

a1 =
1

4πκ(y)
(1−tan2 Λ(y)+K) ; a2 =

1

2π

(

K sinΛ(y) + ln

∣
∣
∣
∣

1 + sinΛ(y)

cos Λ(y)

∣
∣
∣
∣

)

K =
1

2
+ ln

c(y) cos2 Λ(y)

4b
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La ontinuité de la vortiité entre le domaine intérieur et extérieur permet

d'établir le lien entre es deux domaines: γw(ξ, y) = γy(ξ − c/2, y) (voir Fig. 3.2)

D'un �té, la théorie de pro�l instationnaire linéarisée onsidère un sillage 2D

du pro�l depuis son bord de fuite et jusqu'à l'in�ni aval. Étant donné que le sillage

ommene au bord de fuite, les intégrales des vitesses induites pour e as de �gure

sont régulières.

D'un autre �té, la théorie de la ligne portante onsidère un sillage 3D du quart de

orde de la pale et jusqu'à l'in�ni aval. Dans e deuxième as, les intégrales sont

singulières, puisque le premier panneau est en ontat ave le point de alul.

Il apparaît don que l'e�et de la omposante longitudinale de la vortiité γy est à

la fois prise en ompte dans la sillage 2D du pro�l et dans les panneaux du sillage

3D derrière la setion onsidérée. Pour éviter ela, la prise en ompte de ette

omposante γy est omise sur une série de panneaux du sillage 3D, dont le panneau

singulier (voir Fig. 3.2). Ainsi, la méthode s'a�ranhit des intégrales singulières dues

à la omposante longitudinale de la irulation.

L'équation D.1 peut être réérite omme:

Γ(y, t) = πc(y) cos Λ(y)

[

U∞α(y, t) + ḣ(y, t) +
c(y)

2
α̇(y, t)

]

+

∫ X

0

(√

1 +
c(y)

ξ
− 1

)

γy(ξ, y)dξ

−
c(y) cos Λ(y)

4

∫

S
Γ(P )

−→
∇M

(
−→nP .

−−→
PM

PM3

)

dSP

+πc(y) cos Λ(y)

[

a1Γ(y) + a2
∂Γ

∂y
(y)

]

(D.5)

où:

• La première et la deuxième ligne orrespondent au domaine intérieur (la

théorie de pro�l mine) : il est omposé d'un terme quasi-stationnaire lié

au mouvement du pro�l et d'un terme de sillage prohe en formulation pro�l.

• La troisième ligne orrespond au domaine extérieur wO : le sillage est divisé

en panneaux et intégré numériquement par la méthode de Gauss-Legendre.

Les panneaux du sillage derrière le point de alul sont alulés sans prendre

en ompte la omposante γy.

• La quatrième ligne orrespond au terme omplémentaire (obtenu de la théorie

de Guermond et Sellier) : il est dû à la �èhe et à la ourbure loales de la

pale.

D.4 Évaluation de la méthode de ligne portante ourbe

et instationnaire dans le as d'hélie simple APIAN

Cette setion expose une première évaluation du ode HOST pour un as représen-

tatif d'hélie simple (APIAN) en grandes vitesses et à une ertaine inidene. Cette
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Table D.1: E�et d'inidene dans le as grandes-vitesses APIAN.

Test No. Mah No. Inidene RPM J

[�℄ [

◦
℄ [min

−1
℄ [�℄

1145 0.700 0.01 8623. 3.269

1146 0.699 1.00 8632. 3.268

1147 0.700 1.48 8638. 3.272

1148 0.700 2.02 8639. 3.273

1149 0.700 3.00 8639. 3.278

évaluation est faite par omparaison des performanes alulées ave des données

expérimentales obtenues en sou�erie et des résultats de aluls ave le ode elsA,

un ode CFD pour la résolution des équations uRANS. En outre, le modèle pour

la prise en ompte des e�ets d'installation et le modèle de pro�l instationnaire sont

aussi évalués.

Dans e résumé, on montre seulement les résultats de l'e�et d'inidene sur les

performanes, et les fores et moments 1P. Le Tableau D.1 montre les prinipaux

paramètres des inq points de alul omparés.

La Fig. D.3 montre la omparaison du oe�ient de tration (CTH), du oe�-

ient de puissane (CPW ), du oe�ient de l'e�ort 1P (C1P), de la phase de l'e�ort

1P (Ψ
1P

), du oe�ient du moment 1P (C
M1P

), et de la phase du moment 1P

(Ψ
M1P

).

Ces �gures montrent, d'un �té, la apaité de HOST-MINT à reproduire ave

une préision raisonnable les performanes moteur et les e�orts 1P, par omparaison

aux mesures expérimentales et aux résultats CFD. En outre, les modèles pour pren-

dre en ompte les e�ets d'installation et les e�ets instationnaires du pro�l fournissent

des meilleures préditions du module et de la phase des e�orts 1P.

D.5 Évaluation de la méthode de ligne portante ourbe

et instationnaire dans le as de l'Open Rotor AI-

PX7

Cette setion présente, d'un �té, l'évaluation du ode HOST-MINT dans un as

représentatif d'open rotor (AI-PX7) en grande vitesse et en inidene. D'un autre

�té, elle présente une méthode, basée sur la déomposition des vitesses induites,

pour la quanti�ation de l'impat des méanismes aérodynamiques sur les perfor-

manes et les e�orts 1P de l'open rotor.

D.5.1 Évaluation de HOST-MINT dans un as d'open rotor

Cette sous-setion détaille une omparaison entre le ode HOST-MINT et le ode

CFD elsA pour le as d'un open rotor en grande vitesse (M = 0.73) et en inidene
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Figure D.3: E�et de l'inidene dans le as APIAN en grandes vitesses. Com-

paraison entre les mesures expérimentales, les résultats des simulations CFD et les

simulations HOST-MINT (as isolé, as ave les e�ets d'installation et as ave e�ets

d'installation et orretions instationnaires).
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Figure D.4: Comparaison des performanes des rotors amont et aval.

(α = 1◦). De manière similaire à e qui a été fait dans l'évaluation du ode HOST-

MINT dans la setion préédente, trois simulations de ligne portante sont omparées :

simulations isolées, simulations ave e�ets d'installation, et simulations ave e�ets

d'installation et ave le modèle instationnaire.

La Fig. D.4 montre la prédition du oe�ient de tration, du module des e�orts

1P et de la phase des e�orts 1P pour les quatre simulations : la simulation CFD

ave elsA et les trois simulations HOST-MINT. En�n, la omparaison de la distri-

bution de la harge sur pale amène aux résultats de la Fig. D.5. Dans toutes es

omparaisons, on peut remarquer l'amélioration des préditions grâe aux modèles

d'e�ets d'installation et de pro�l instationnaire.

Cependant, on peut remarquer également ertaines di�érenes qui montrent les lim-

ites de la méthode de la ligne portante utilisée dans HOST. D'un �té, l'e�et po-

tentiel entre le rotor aval et le rotor amont n'est pas apturé par les simulations

HOST-MINT. Cela est dû à la modélisation de la pale par une ligne au quart de

orde, négligeant ainsi tous les e�ets de orde et de volume dans l'interation entre

les rotors.

D.5.2 Un aperçu dans les méanismes des e�orts 1P

Basée sur l'hypothèse de linéarité des méthodes de singularités, une tehnique pour

quanti�er l'impat des méanismes aérodynamiques sur la tration, le module de
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Figure D.5: Transformée de Fourier disrète du ∂τ/∂ξ amont et aval.

l'e�ort 1P et la phase de l'e�ort 1P est ii proposée. Tout d'abord, une première

simulation �omplète� est réalisée dans HOST-MINT. Deuxièmement, les vitesses

induites sur haune des pales des deux rotors sont extraites à haque instant. En

troisième lieu, les vitesses induites sont déomposées en fontion de leur origine :

e�ets d'installation, vitesses auto-induites, vitesses mutuelles, ou enore orretions

instationnaires. De plus, les vitesses induites sont déomposées en un terme moyen,

un terme en 1/rev et un terme à la fréquene de passage de pale (BPF). Finalement,

une simulation est faite pour haun des huit di�érents termes identi�és, où à haque

fois leur ontribution est enlevée des vitesses induites totales. Ainsi, par omparaison

ave la simulation initiale �omplète�, on peut déterminer la ontribution de haun

des huit termes sur les deux rotors. La Fig. D.6 montre la ontribution de haun

des termes sur la tration, le module de l'e�ort 1P et la phase de l'e�ort 1P.

Cette méthode présente l'avantage de fournir à un oût modéré la sensibilité
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Figure D.6: Contribution des termes de ~vind sur la tration, le module de l'e�ort 1P

et la phase de l'e�ort 1P des rotors amont et aval.

d'une ertaine on�guration à un paramètre de oneption, ou enore de permettre

de mieux ontr�ler l'interation entre les deux rotors. Ce sont des informations

inaessibles par les méthodes CFD lassiques, et très utiles lors de la oneption

de nouveaux open rotors.

D.6 Développement d'une méthodologie de ouplage en-

tre les odes HOST et elsA

La dernière setion de la thèse est onsarée au développement d'une méthodolo-

gie de ouplage entre un ode CFD omme elsA, pour simuler ave préision

l'éoulement prohe de la paroi de l'une des pales de haque rotor, et un ode

ligne portante omme HOST-MINT, a�n de simuler l'e�et des autres pales et leurs

sillages sur la pale simulée dans elsA. La Fig. D.7 montre la stratégie de ouplage

fort mise en plae partiellement pendant es travaux de thèse. Atuellement, les dif-

férentes routines de ouplage sont mises en plae pour extraire les vitesses induites

par les sillages sur un maillage quelonque à haque instant d'un alul HOST-MINT.

Ces vitesses induites peuvent ensuite être introduites omme onditions limites d'un

alul CFD elsA dans un maillage prohe-paroi.

La Fig. D.8 montre une omparaison entre un maillage omplet et un maillage

prohe-orps de l'hélie APIAN. Les résultats obtenus ave ette stratégie n'ont

pas été satisfaisants et d'autres études doivent être menées pour mieux omprendre

l'origine de es éarts.
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Figure D.7: Stratégie de ouplage fort entre les odes HOST-MINT et elsA.

(a) Vue latérale. Coupe du maillage dans la

diretion J.

(b) Vue frontale. Coupe du maillage dans la di-

retion I.

Figure D.8: Coupes du maillage APIAN pour des simulations uRANS dans elsA.

Le maillage prohe-orps (en rouge) utilise la même disrétisation que le maillage

omplet (en noir).
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D.7 Conlusions

Cette thèse a été l'oasion d'approfondir la ompréhension des méanismes à

l'origine des e�orts dans le plan hélie (e�orts 1P), ainsi que l'oasion de développer,

tester et valider une méthodologie à oût modéré pour la oneption aérodynamique

des open rotor.

En outre, ette étude a ouvert un ertain nombre de perspetives qui pourront

être explorées dans la reherhe à venir: (1) Les simulations HOST ont montré des

dé�ienes à l'heure de prédire les harges prohe du pied de pale. Il semblerait don

intéressant de développer un modèle de paroi basé sur la méthode des singularités

pour améliorer les préditions dans ette zone de l'éoulement. (2) Le modèle de

pro�l instationnaire implémenté atuellement néglige la singularité des intégrales

due à la omposante radiale de la irulation sur le sillage. Une régularisation plus

rigoureuse du sillage pourrait fournir une approhe plus stable dans les simulations

HOST-MINT. (3) A�n de réduire le temps de alul lié prinipalement à la défor-

mation du sillage, l'Onera étudie les méthodes fast-multipole, promettant des gains

importants dans le temps de alul. (4) Les études futures devraient aussi envisager

de �nir l'implémentation du ouplage entre les odes HOST-MINT et elsA pour la

simulation des hélies et des open rotors. (5) Étendre l'utilisation de HOST-MINT

pour des appliations ave une prise en ompte de la souplesse de pale ou enore

pour des simulations aéro-aoustiques.
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Développement de méthodologies à oût modéré pour la

simulation aérodynamique des open rotors

Résumé : Cette étude s'insrit dans le domaine des moteurs à doublets d'hélies

ontrarotatives, aussi appelés open rotors. Elle a porté sur le développement

des méthodologies à oût modéré pour la simulation aérodynamique des open

rotors. Elle avait pour objetif, d'un �té, la mise en plae et la validation

de es méthodologies rapides ; et d'un autre �té, l'approfondissement de la

ompréhension de l'origine des e�orts dans le plan hélie, aussi appelés les e�orts

1P. Pour le premier des objetifs, le ode HOST-MINT, basé sur la méthode de

la ligne portante a été adapté et amélioré pour la simulation de l'aérodynamique

instationnaire des hélies et des open rotors. Des validations ont été réalisées ave

suès par omparaison ave des données expérimentales et des simulations CFD

plus avanées. En�n, les premiers développements et les premiers tests pour le

ouplage Lagrangien/Eulerien entre HOST-MINT et le ode CFD elsA ont été aussi

réalisés. Cette étude a ainsi ouvert des nombreuses perspetives d'appliation de e

type de méthodologies rapides dans la oneption aérodynamique des futurs open

rotors. En outre, ette méthode s'est révélée aussi adaptée pour d'autres domaines

autour de l'aérodynamique, omme par exemple, pour les problèmes d'aéroélastiité

ou pour les préditions aéroaoustiques préliminaires.

Mots lés : Hélie Contrarotative, E�orts 1P, Ligne Portante, Méanique

des Fluides Numérique, Aérodynamique Instationnaire.

Development of Moderate-Cost Methodologies for the

Aerodynami Simulation of Contra-Rotating Open Rotors

Abstrat: This study is devoted to the development of moderate-ost method-

ologies for the aerodynami simulation of open rotors. The main goals are, on

one side, to develop and validate these rapid methodologies, and, on the other

side, to better understand the mehanisms behind propeller in-plane loads, also

alled the 1P loads. To reah the �rst goal, the HOST-MINT ode, based on the

lifting-line theory, has been adapted and improved for the unsteady simulation

of propellers and open rotors. The ode has been assessed by omparison with

experimental data and more omplex and preise CFD simulations. Finally, the

�rst developments and tests of a Lagrangian/Eulerian oupling strategy between

HOST-MINT and the elsA CFD ode have been performed. These studies enable

to endeavor a number of appliations of this type of rapid methodologies in the

aerodynami design of future open rotors. Moreover, these methodologies may be

adapted for other domains linked to aerodynamis, suh as aeroelasti problems or

preliminary aeroaousti preditions.

Keywords: Open Rotor, In-Plane Load (1P Load), Lifting Line, Computa-

tional Fluid Dynamis, Unsteady Aerodynamis.




