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Yo Section loss coefficient
ABSTRACT B Rotor pitch angle
A key challenge in open rotor design is getting tpgimum o Wake width [m]
aerodynamics at both the cruise and take-off caordit This is ¢ Relative flow pitch angle
particularly difficult because the operation and thquirements n Propeller Efficiency
of an open rotor are very different at cruise coragao take- 0 Density [kg m°]
off. This paper uses CFD results to explore theachpf vari- .
ous design changes on the cruise and take-off fiehds. The 2 ) Rotational speed T4
paper then considers how a given open rotor desigest op- Subscripts
erated at take-off to minimise noise whilst maintag high 0 Free stream value
thrust. The main findings are that various desigrifications 1 Inlet to front rotor
can be applied to control the flow features thatlleo lost effi- 2 Inlet to rear rotor
ciency at cruise and increased noise emission kat-af. A 3 Rear rotor exit
breakdown of the lost power terms from CFD solwidemon- a Ambient conditions
strates how developments in open rotor design hedéo re- i Far downstream (jet)
duced aerodynamic losses. At take-off, the opeggpiaint of F.R Front Rotor, Rear Rotor
the open rotor should be set such that the non+ioeal lift rel Relative value
is as high as possible, without causing signifideow separa- X Axial component
tion. This can be achieved through suitable amoahts-pitch 2] Tangential component

and speed up applied to a design. Comparisonsfwighthree-
dimensional CFD show that the amount of re-pitcfured can INTRODUCTION

be determined using simplified methods such as two- The aerodynamics of a contra-rotating open rot@rafp
dimensional CFD and a Blade Element Method. ing at cruise are illustrated in Fig. 1, which iscematic for a
typical modern open rotor design. The key flowtfieas can

NOMENCLATURE be summarised as:

a,a Axial, Tangential induction factors () High subsonic axial Mach numbers leading to

c Blade Chord [m] transonic flow over the rotor blades with weak

C,G Lift Coefficient, Drag Coefficient shocks and small regions of supersonic flow.

D Diameter [m], Drag [N] (i) Minimal contraction of the propeller capture

[ Incidence Angle streamtube (the tip streamlines in the meridional

g Axial spacing between rotors [m] view are at almost constant radius).

L Lift [N] (iii) The rotors are set at a pitch angle close to the ax

m Mass flow rate [kg 9] ial direction at a small incidence angle to the on-

M Mach Number coming relative flow. This leads to thin rotor

N Rotor blade count wakes and small tip vortices.

P, B Static, Stagnation pressure [Pa] The key requirement at cruise is low specific faeh-

Pin Input shaft power [W] sumption and this is the main attraction of theropsor con-

r, 4 Radius [m], Radial thickness [m] cept. However low near-field cabin noise is alspaniant and

R Rotor tip radius [m] this is likely to be an area of increasing intereestfuture re-

S Specific entropy [J KgK™] search. Low specific fuel consumption depends drieaing

t Section maximum thickness [m] high propeller efficiency combined with a high tmed effi-

T Temperature [K] ciency of the gas turbine. The thermal efficiengpends on

U Blade speed [m § the engine core technology and cycle thermodynaiegign,

\% Absolute flow velocity [m ] and this will not be considered further here. Thappller effi-

w Relative flow velocity [m ] ciency is defined as:

w Wake velocity defect [m§ n=V,X/P, 1)

X Axial (or Streamwise) distance [m]

X Net thrust [N]
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This represents the ratio of total propulsive poveethe
aircraft ¢hrustxflight speedl to the shaft power input to the
propellers {orquexrotational speell The propeller efficiency
can also be written in terms of the various souafdsst me-
chanical power as derived in the Appendix:

1

m
=1-— -
L - 2

1
TAs + TAg+ += 2
F.’n{ aOs + TAS > \%}
Equation (2) shows us that the propeller efficierscye-
duced by irreversible losses in each of the rottadds,

T,As: + TAs,, excess axial kinetic energy in the downstream

(Vo ¥

jet, (ij _Vo)z/z, and residual swirling kinetic energy,jze/Z.

The magnitudes of each of these sources of losepave con-
sidered further in the next section.
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Fig. 1 The open rotor cruise flow field

The aerodynamics at take-off are completely difiete
those at cruise. Figure 2 shows the key featurebeofake-off
flow field, which can be summarised as follows:

(i) The flow is fully subsonic everywhere.

(ii) High contraction of the capture streamtubedlea
ing to increasing axial Mach number through the
propeller rotors.

(i) The rotors are set at a pitch angle closehe

tangential direction at high incidence relative to
the oncoming flow. This leads to thick rotor
wakes and large tip vortex structures.

The key requirement at take-off is low communityseo
However, the open rotor also needs to generateuab thrust
as possible in order to get the aircraft airbooreie minimum
size of engine. Therefore, the take-off design irequents can

be summarised as minimum noise emission and maximum
thrust per unit frontal area.

The noise from an open rotor is complex, becauseeth
are numerous different sources, each with diffectiatracteris-
tics in terms of spectra and directivity, and egeherated by
different aerodynamic mechanisms. However, varjgesious
studies such as [1], [2] and [3] led to some gangrinciples
that can be applied to diminish the key noise smardVithin
this paper, these general principles will be appl@show how
changes in the design and operation of an opem cato mod-
ify the take-off aerodynamics in ways that are expe to re-
duce the noise emission.
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(b) Blade-to-blade view at r/Rg = 0.7

Fig. 2 The open rotor take-off flow field

Historically, propellers were designed solely foaxin
mum cruise efficiency [4]. Take-off was considegsian off-
design condition where the requirement was simplgenerate
sufficient thrust. However, in modern open rotosigas, be-
cause the noise emission is critical, both takeaaoff cruise are
considered as design conditions.

Designs that satisfy the requirement for low naistake-
off and high cruise efficiency have been explomdecent pa-
pers, see [5], [6] and [7], for example. In thesal®s, results
from advanced CFD were combined with aeroacousgithads
in order to optimise the propeller geometries. ®siduch as
these have shown that various design modificat@mmebined
with changes in operating conditions have the gaketo im-
prove efficiency and reduce noise. However, becansey
modifications were made simultaneously the indialdeffects
of each change are not clear.
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The approach taken in the first part of this paiseto
draw on some recent computational studies of optor mero-
dynamics and noise, such as [8], [9] and [1O0gxplain the
individual impact of several key open rotor desfgatures on
the aerodynamics at cruise and take-off. Since@be origi-
nates in the flow-field, understanding the impactioe take-off
aerodynamics can be used to infer the expectedteftn the
noise emission.

The second part of the paper examines take-offasper

tional effects. The aim is to understand how, fgiheen design,
the open rotor speeds and pitch angles shouldthia seder to

minimise noise whilst maximising thrust per uniear Some
understanding of the effects of speed-up and dias al-
ready been covered in [9], but here it is showrt gimpler

methods such as a Blade Element Method and 2D GirCbe

applied to determine the required operating pdiotthermore,
the balance between the non-dimensional lift aadédlkspeed is
shown to be critical.

The main objectives of the current paper are tan(p
prove the understanding of how the aerodynamidsia-off
and cruise are modified by design changes, (iiwshow op-
erational changes can be best applied at takenoff(iéi) dem-
onstrate that lower-order aerodynamic methods disasestate-
of-the-art CFD are useful in open rotor designshbuld be
emphasised that the paper focuses on aerodynamicks anot
intended to address in detail the mechanical onstamaspects.

The basis of this paper was presented at the Rosal-
nautical Society conference, Progress Towards CORetor
Propulsion Technology, in November 2012. The paberuld
be of interest to engineers and researchers indoireopen
rotor aerodynamic design and performance.

OPEN ROTOR DESIGN EFFECTS

ing to manage interaction noise. Secondly, the reimbf front
and rear rotor blades are different with more frnantor blades
due to the higher loadings on the front rotor. dlyir the de-
signs of front and rear rotors are completely dattiwith dif-
ferent chord distributions, section designs andepmariations.

Computational studies were performed for the design
lustrated in Table 1 and the CFD solutions werel usecalcu-
late all the terms in eqn. (2). The results aregiwn Table 2. In
all cases, the CFD methodology was based on [libpube
Spallart-Allmaras turbulence model presented if.[l\dte that
the pitch settings and rotational speeds usedhrécent de-
sign are not intended to be precise matches oéthugt would
be used in practice for take-off and cruise openati

Table 2 shows that the early design has good deffal
ciency at cruise. The losses in the front and retrs are sig-
nificant, but the lost power due to excess kinetiergy and
residual swirl in the jet are small compared toetakf. Note
that the calculation of the residual swirl powerc®vered be-
low. At take-off, the loss in the front rotor isghi. This is be-
cause at this take-off operating condition the frootor is
highly separated and inefficient (see later). Theess kinetic
energy loss is also high because at take-off theda speed is
low and the thrust is high, giving a large diffeterbetween the
jet velocity and the flight speed. The swirl losses also high
due to poor matching of the front and rear rotors.

For the recent design the efficiency is higherraise and
take-off. At cruise the power breakdown is simtiarthe early
design, but with lower losses in the rotors andspide a
cropped rear blade (see below), only slightly higlevirl
losses. However, at take-off, the rotor lossesnaveh lower
than the early design and are also lower thandhgek in the
current design at cruise. This is not surprisingraxiern de-
signs are, of necessity, optimised for both theserand take-

Table 1 compares some key geometric parameters of aoff conditions. The excess kinetic energy losses hagher in

basic open rotor design from the late 1980s withs¢hof an
advanced recent design. The configuration descrimedhe

early desigrwithin this paper is a test case known as 'Rig-140

fitted with straight blades, which was tested byifRRoyce plc

and is specified in detail in [11]. Thecent desigrexample

used here is one configuration from a model tgstailed 'Rig-

145', developed by Rolls-Royce plc and detailethirrin [10].

Although it is not the latest state-of-the-artisitrepresentative
of the current generation of open rotor designs

Geometric Parameters Early Design (1988) | Recent Design (2008)

Front Rotor HTR 0.32 0.34
Rotor Axial Spacingd/Dg) 0.21 0.31
Rear Rotor Crop No Yes
Front rotor bladed\r 7 12
Rear rotor blade$\r 7 9

Side Views (not to scale)

il

Comparison of early and recent open rotor designs

Table 1

Table 1 highlights some important developments nmade
open rotor design over the last 25 years. Firstigent designs
use a combination of rear rotor crop and rotorratdal spac-

the current design because, as shown by eqn. (A Ap-
pendix, these losses increase with propeller efiicy for a
given operating condition.

Note that in all cases, the values given in Tabtp 2ot
quite add up to 100%. This is because nacelle dspgrious
numerical losses, and non-uniform static pressutieeadomain
exit, are not included in the extraction of the powerms from
the CFD solutions.

1. 2 }sz
XV, [mTas | mhas, |5M(Vi—w) | 3V
Early Design
CRUISE 83% 5.5% 6.0% 2.5% 0.8%
TAKE-OFF 55% 9.5% 4.0% 22.0% 3.5%
Recent Design
CRUISE 86% 4.8% 4.4% 2.7% 0.9%
TAKE-OFF 64% 3.5% 3.0% 24.9% 1.6%

Table 2 Power breakdown for early and recent open rotors
The remainder of this section considers some optar r
propeller design features and aims to explain hasheone
affects the aerodynamics at both cruise and takeFbé design
features considered are: (i) rear rotor crop @ipr-rotor axial
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spacing (iii) rotor sweep and (iv) rotor sectiorogetry. These
four design aspects have been chosen as theyarang ap-

plied in modern open rotor designs and they arevinto have

significant implications to both cruise performaracel take-off

noise. In each case the designs shown in Table (is&d as the
test cases to demonstrate the design effects. tNate¢he rotor

blade count is considered with rotor section geoynet

Rear rotor crop

One of the key principles of a contra-rotating opetor is
that the rear rotor removes the swirl put into fleev by the
front rotor. This minimises the lost power due e tswirling
kinetic energy in the jet behind the propellerresented by the
last term in Eqn. (2). Applying rear rotor crop medhat flow
that passes through the tip region of the fromdrrpisses over
the tip of the rear rotor. Hence, some swirl impdro the flow
by the front rotor tip remains as residual swirlviietream of
the engine and this leads to a loss of efficiency.

Figure 3 shows 3D CFD results of computed swirll@ang

distributions for designs with and without crop wging at
cruise. The distributions are plotted for axialdtons down-
stream of the front rotor (station 2) and far dotseesm of both
rotors (jet). With crop there is a significant regiof residual
swirling flow near the front rotor tip radius. Atwer radii, the
residual swirl in the jet is very close to zero dhd rear rotor
design has effectively removed the front rotor swiin the
design without crop, there is a small amount ofdued swirl
throughout the propeller span. This is due to trapellers in
this configuration being identical (Table 1), comdal with
higher input shaft power to the front rotor.

Given that the exit flow is non-uniform, the lossgropel-
ler efficiency due to residual swirl can be writi@s

n Re
— f p\Vtan’@, ) rdr (3)
Fi)n 5 ] ]

This shows that the efficiency loss scales with tHregent
of the residual swirl angle squared, and it isef@e essential
to minimise this. Equation (3) was evaluated usingnerical
integration for the swirl distribution cases shoinrFig. 3 and
in the cropped case, the residual swirl contribat®s9% loss in
efficiency. For the early design without crop, tiesidual swirl
accounts for a loss of 0.8%, but this would be ceduin a
modern design.

1 2 4
An=-—|Vgdm=—
"= R

Radius, r/RF

A)
/ —— Early Design - jet H
= = = Early Design - station 2 v
/ —— Cropped Design - jet A
----- Cropped Design - station 2 : !

-2 0 2 4 6 8
Swirl angle (deg)

Fig. 3 Residual swirl in a cropped and non-cropped design

The motivation for applying crop is to reduce thase at
take-off caused by the interaction of the front \tgrtex with
the rear rotor, see [2] or [13]. Figure 4 showsFDCesult for a
recent open rotor design operating at take-off veitbropped
rear rotor. The computation is steady, which metas the
front rotor tip vortex is smeared circumferentialliyhen it
passes through the mixing plane between the twarsoHow-
ever, it is clear that this smeared-out vortex pasabove the
rear rotor tip and the rear rotor tip vortex isiadlgt inboard. In
reality, due to the finite size of the tip vorticéisere could still
be interaction between the vortices and potentisdine asso-
ciated noise, see also [14]. There is thereforeestipn of how
much crop is sufficient to effectively eliminatestkiortex inter-
action noise. This can only be reliably determiti@dugh test-
ing or with full unsteady CFD computations, suchttasse pre-
sented in [10].

Fig. 4 Predicted contours of entropy for the cropped recent
open rotor design operating at take-off

Rotor-rotor axial spacing

The further apart the front and rear rotors areqda the
more rear rotor crop is needed to avoid tip voitegraction at
take-off. This is shown by Fig. 5, taken from [1@hich shows
the trajectories of the front tip vortex at také-eftracted from
unsteady CFD solutions.

1.0
Path of
"ont rotor ¢;

N ) P vortex core
x | Increasing

g angle-of-attack

®

o | REAR

ROTOR
n n h

Axial distance behind front rotor, x/R-

Fig. 5 Vortex trajectory from the front rotor of the recent design
at different angles-of-attack, from [10]

Figure 5 demonstrates how the tip vortex moves idwa
with downstream distance. In addition, when andtattack
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effects are included, front rotor tip vortices tloaiginate at the
bottom of the engine move further inboard as thegpvect
downstream. Thus, if the rotors are placed furtheart, the
crop required increases dramatically, further rauyiccruise
performance. In addition, any additional axial l#mgyill in-

crease the overall engine weight and nacelle drag.

Increased axial gap between the rotors provides rdis-
tance for the front rotor wake to dissipate beifbidts the rear
rotor and it is mainly the characteristics of thigke impacting
the rear rotor that determine the viscous intevactioise, see
[13]. Larger spacings are also favourable for lomgpotential
interaction.

Figure 6 shows the variation in wake velocity diefiaw/W,
with distance downstream of the front rotor for aker model
based on Schlichting [15] and for steady CFD rasuh on a
front rotor alone configuration of the early designdiscussion
of various classical wake models and their appboato con-
tra-rotating propellers, is given in chapter 5 D8] It's worth
noting that a range of models are also derived &j [for appli-
cation to the forward and rearward potential figiteractions
between the two blade rows. Under certain condititrese
potential field interactions can dominate [17].

The simple Schlichting model is derived from Préadt
mixing length theory and can be summarised as:

w c
W Ky X
, wherek; andk, are constants.

In all cases the wake deficit decays and the waléhvin-
creases with increasing axial distance, which atl kxpected
to reduce noise. Various wake decay models wereaasid-
ered in [8] but the simple Schlichting model in Ed¢4) was
found to be the most promising in comparisons WHD.

A key problem is that real open rotor wake chaméstics
are not well known. More rig experiments are neetleat
measure open rotor wake development and dissipaBanh
tests could be used to validate computational tesuid to de-
velop improved models of wake-blade interactionvesal
studies present computed viscous wake interactamsen but
none of these have demonstrated that the wakesctmgaon
the rear rotors are correctly reproduced.

o _ X 4
and E—kz G 4

0.4

= Schlichting Model (1960)
- m -CFD results

o
g

o
w
T

0.251

Relative velocity

o
N
T

0.151

Wake CentreLine Velocity Defect (w/W)
o

005 e T e e O a

00 1 2 3 4
Axial Distance from Front Rotor Trailing Edge (x/c)

Fig. 6 Variation in take-off front rotor wake velocity deficit for
Schlichting model and CFD.

Rotor sweep

Blade sweep relieves any transonic effects at rattive
Mach numbers. At cruise, Fig. 7 demonstrates thiéthowt
sweep, there is a supersonic region on the sustinface of
both rotors, ending in a weak shock. With sweepedddhe
Mach number levels are reduced and the shock nsirelied.
Any shock wave on the rotor will reduce efficiertbyough the
shock itself and through increased loss in therrbtmndary
layer. In addition, any shock waves introduce addél noise
sources, which could increase cruise cabin noise.

—— Straight Blade —=— Swept Blade

1.5

1@
R

Front Rotor

7}] :

Isentropic Mach Number (M,)
(4]

0.5
Rear Rotor
0 s L | - 1 i | .
0 0.2 0.4 0.6 0.8 1

Chord (x/c)

Fig. 7 CFD predicted section aerodynamics at r/R = 0.7 for an
early swept and unswept rotor blade at cruise.

The effect of applying sweep has potential benefitake-
off. Figure 8 shows predicted surface streamlimesefirly de-
signs of swept and unswept rotors for identicaktak condi-
tions. In both cases a leading edge separatiomsfabove
about 30% span. In the swept blade case, the segasgion is
smaller and moves more radially outwards givingnalter loss
core at exit and corresponding higher efficiendiean the
straight blade. In the case shown the sweep doeg\er, also
give a larger hub separation, which will reducebiesefit.

Vortex
Re-Attachment
Lines

b) Swept Blade

a) Straight Blade

Fig. 8 Comparison of suction surface streamlines at take-off.
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The development of the loss core downstream ofrtire
rotor for the swept and unswept cases are showgin9. For
the straight blade the blade leading edge vortektgmnvortex
are fairly distinct and cause a large region o§lds the swept
case, the leading edge vortex and tip vortex comhbimd inte-
ract within a smaller high loss region. It is exigecthat this
loss core from the swept blade will lead to reduitedraction
noise, although this has not been calculated.

a) Straight Blade

Leading Edge
Vortex
L o —m
ow——High—

S &

x/D=0.01

Tip Vortex

b) Swept Blade

Leading Edge
Vortex & Tip
Vortex

x/D=0.00
Blade Tip Trailing Edge

x/D=0.02 x/D=0.03

Fig. 9 Comparison of take-off tip flow development downstream
of a straight and swept rotor blade.

Other studies, such as [18] and [19], have founskifte
acoustic benefits from sweep. These identified lsoveep in-
troduces phase differences into the noise sigralsting from
each spanwise part of a propeller. The balancediedtivity
of propeller noise sources can be modified by swaspdem-
onstrated in [20]. Analytical work in [21] also sked that the
precise radial distribution of sweep is importastitacan lead
not just to reductions but also, under certain ¢anth, to en-
hancement of the radiated tones.

Rotor section geometry

The 2D sectional performance of open rotors seams t

have received surprisingly little attention. Margrleer designs
were based on standard NACA aerofoils, see for gi@m[2]

and [22], and there has been little published tefahe thick-

ness and camber distributions for recent open seotion de-
signs. Here, we consider the cruise and take-afidcgmamic
effects of some basic section geometric parameters.

(i) Blade count and pitch-to-chord ratio

A higher blade count, for a fixed rotor chord, rees the
loading on each propeller blade and this shoule gin effi-
ciency benefit at cruise. However, increased bleolent im-
plies greater total wetted area and high blockagtha hub,
which will tend to reduce efficiency. An optimumtgi-to-
chord ratio is expected to exist that gives lovslaad sufficient
operating range.

The blade counts for each rotor are critical to tioése
since these determine the blade passing and ititavafre-
quencies. It is generally accepted that it is fasble to have
fairly high numbers on the front and rear rotoratttill not
generate common frequencies [23]. Adding more [slade

creases the number of noise sources, but this eanffet by
reducing the blade chord.

Reduced chord (or increased aspect ratio) is eggetct
lower interaction noise and the rotor spacing nemii Howev-
er, the choice of chord must be appropriate to emre\any
aeromechanical issues, such as flutter, and t@eelsufficient
thrust at take-off. The number of blades that carfitbed are
also limited by mechanical issues such as the degithe disk
and the pitch change mechanism.

(ii) Maximum thickness

The maximum thickness of propeller aerofoil secids
usually dictated by mechanical requirements suaiolasstness
to impact and aeromechanical response. Thickeiogsctvill
inevitably lead to higher transonic losses at erwasd lower
efficiency. In addition, the thickness noise frompeopeller
blade scales with the volume displaced and thezefbicker
sections tend to have greater rotor alone noiseeased thick-
ness can give an advantage at take-off though,usecdicker
sections tend to be more incidence tolerant (skswve

(i) Camber

Increasing blade camber (or turning) can be usethto
crease the power input to the flow at take-off hwiit requiring
high incidence onto the blade sections. This cad & lower
loss, because the flow is less likely to separatthe leading
edge, giving a much cleaner take-off flow-field.ver rotor
loss from the front rotor implies smaller wakes dpdvortices,
thus helping to reduce interaction noise.

At cruise, however, the flow turning required isuch
lower, because the loading is much less than ata#k Highly
cambered blade sections can therefore end up opgerat
negative incidence with higher cruise losses ttam tamber
sections operating at their optimum cruise incidenc

(i) Leading edge profile

Leading edge shape has been shown to influence mini

mum loss and operating range in compressor blazigsand
this is an area with potential for open rotors. &iva should be
to prescribe robust leading edge shapes that will pw loss
and the greatest possible incidence tolerance.

Figure 10 shows some results from 2D CFD predistion
using MISES [25] for three different designs of npetor sec-
tion at take-off. MISES is a coupled inviscid medhand
boundary layer solver for turbomachinery cascadescan
therefore resolve the 2D viscous and transonic fmsces.
The section in black, called the datum design, tsaasonic
section from an early open rotor. The dashed reticseis an
increased camber version of this. The solid redi@eds a
thickened version of the datum design with a highkde
count (reduced pitch).

The plot in Fig. 10(b) shows loss versus incidefiocghese
sections. The circles represent operating pointerglthe re-
quired take-off thrust is achieved. The datum desdgased on
a section from thearly designin Table 1. This is at high inci-
dence at take-off, and thus is predicted to hagé liss. It is
actually found to be separated in 3D CFD (see)laWith in-
creased camber, because incidence is defined bkve to
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the section stagger line (rather than the leaddgeemetal an-
gle), the low-loss region moves to the right of flet. The

operating point needed for take-off thrust is nawnach lower
loss than the datum condition. Unfortunately, atisz, this
section is expected to operate at negative, noimapt, inci-

dence. The section with increased thickness andteyrdlade
count has a much wider low loss region. The addeitiénce
tolerance means the take-off operating point isatdtigh-loss,
but the minimum loss is higher than the other sesti The
cruise loss, although not shown here, is also ptedito in-

crease due to the extra thickness and greaterdatéa.

The results in Fig. 10 demonstrate that the prepskction
designs can have a significant effect on the tdkaerodynam-
ics and that a 2D method could be used to devedopom de-
sign with low loss at both cruise and take-off.

(a) Geometry of the three section designs

0.12

——Datum Design
——Increased i/, N‘3

0.1 -~-Increased Camber

2

=}

®
T

Loss Coefficient, \/,J
g 8

0.02f

e

/
Take-Off Operating Points

i i i i i
-010 -5 0 5 10 15 20

Incidence, i (deg)

(b) Loss loops for the three section designs.

Fig. 10 Study of section performance at take-off using the 2D
CFD code, MISES.

TAKE-OFF OPERATION

There is some useful flexibility in how contra-ring
open rotors can be operated at take-off. Although tbrque
ratio between the front and rear rotors is fixecthy gearbox,
the variable pitch mechanisms for the rotors adefendent.
This means there are a range of pitch angles atadicwal
speeds that are possible for a given thrust reanging.

Propeller aerofoil aerodynamics can be considered i
similar way to aircraft wing sections. Figure 1Dbwls a typical
lift coefficient-incidence plot for a propeller. rBilarly to a
wing, at take-off, highC_ and incidence are required to give
high lift (and therefore thrust) for a fixed lifgnarea. However,
the lift coefficient must not be so high such thkaparation and
stall occurs as this will lead to high noise anampperform-
ance, as well as being potentially dangerous. Aiseropera-
tion, low incidence is required to give the maximuuift-to-
Drag ratio,L/D.

Lift coefficient, C,

|
1
F--#CRUISE |
|
I
1
|

y

Fig. 11 Lift-incidence curve for an aerofolil

incidence, i

In this section we consider how computational meésho
can be used to determine a take-off condition thets the
required thrust with improved aerodynamics. Onlg finont
rotor aerodynamics are considered in detail and #ssumed
that the open rotor geometry and gearbox are fixed.

Blade Element Method

A simple Blade Element Method (BEM) can be used to
explore and understand the effects of varying blgitith and
speed. The BEM used here is based on Glauert (1826
single rotation propeller [26]. Figure 12 shows ti@mmencla-
ture and angle convention used for a blade element.

Vo(1+a)

Fig. 12 Velocity triangle and aerodynamic forces for a propeller
blade element

In this method, the lift coefficient is simply assed to be
linearly proportional to incidence, i.eC, =k i. The section
drag coefficient is assumed to be related to thecdiefficient
byCp =Cpo t+ ko Cf The constants, Cpo andky were cho-
sen to give a typical, realistic lift-drag relatgdip for an open

7 Copyright © 2014 University of Cambrélg



rotor propeller. The axial and tangential inductiaators,a and

a' are critical within a BEM. These depend on thediid drag
coefficients on the blade element and thereforentathod iter-
ates to find the inlet velocity triangle that isnststent with the
computed values df, andCp. The thrust on the blade element
is given by resolving the forces in Fig. 12 in theal direction:

X :(cosq)—CD sirrp]lpcArWZQ
C, 2

At take-off, the required total thrust from an opetor is
fixed by the aircraft requirement. Equation 5 shdhet thrust
increases as the pitch angge, reduces, and as the relative flow
speed W, the blade element area)r, and the lift coefficient,
C. increase. Therefore, for a given thrust and ptepsize, it
is possible to operate an open rotor blade at addift coeffi-
cient, by repitching the blade to reduce the inogde whilst
simultaneously increasing the blade spbethnd thereby rais-
ing W).

In Fig. 13 results from the BEM and 3D CFD are com-
pared for a range of take-off conditions, all & game propel-
ler thrust. These results are for the front rotbthe early de-
sign of open rotor shown in Table 1. It is worth notithgit the
BEM takes less than 1s to run the full range ofratyeg condi-
tions shown. The CFD results are from [9] and ezmimputa-
tion took about 1 day of computational time.

As the blade is re-pitched, the incidence dropducing
the lift coefficient. To recover the thrust, theational speed
must increase, which, as shown by the velocityngiia in Fig.
12, acts to increase the incidence. The resultaghiiation in
incidence is therefore less than the change irr imtoh angle
(the top plot in Fig. 13 shows that re-pitching-8¢° gives an
incidence reduction of only 76 The fractional increase in
rotational speed required is considerable, but neshthan the
corresponding decrease in incidence. As shown bynthidle
plot in Fig. 13, as the incidence reduces by aofact 2.5, the
rotational speed increases by a factor of abol8. IN®te that

1.58 02.5 and from eqn. (6) it is expected tXaf] U?i .

®)

Calculated operating conditions for constant thrust
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Fig. 13 Calculated operating conditions for constant thrust

As the incidence is reduced, both the CFD andithels
BEM predict improved efficiency. This is becau€g, and
thereforeCp, are both reducing. The re-pitching and speeding
up of the propeller is effectively moving the ogerg point
down theC_ - i curve in Fig 11. For the early design of propel-
ler considered, the operating condition with noitapis oper-
ating at highC_ with separated flow and low efficiency (see
below). It is therefore unsurprising that the efficy continu-
ously improves as repitch is applied. The diffeeeircthe effi-
ciency variation between the BEM and CFD occursabse the
BEM does not account for any separation or otherl@&3es.
The otherwise good agreement between the BEM and CF
results is to be expected since the BEM correctliernines
the velocity triangle at inlet to the propeller ahé is the main
factor influencing the performance.

Three-dimensional effects

Fig. 14 shows some of the detailed 3D flow-fielégicted
by steady 3D CFD for the front rotor of the earfyea rotor
design at the same take-off operating points cened above.
As the rotor is re-pitched, reducing the incideribe,separation
at the leading edge cleans up and the flow beconoes 2D.

REASONABLY
2D FLOW

3D SEPARATION Flow

Trailing Edge
‘ i.ead'in‘g] iEdge

Re-Pitch -16°

Re-Pitch -4°

No Re-Pitch Re-Pitch -8°

Re-Pitch -20°
Fig. 14 Predicted front rotor suction surface streamlines at dif-
ferent take-off conditions for the early design

Figure 15 shows the predicted exit flow from thentrro-
tor at the same operating conditions.

Q=112%
Re-Pitch -8°

Q=105%

£2=134% Re-Pitch -4°

Re-Pitch -16°

No Re-Pitch
2=100%

Vorticity
Magnitude
4.0E+04

0.0E+00

Fig. 15 CFD predicted vorticity contours downstream of the
front rotor at different take-off conditions for the early design.

With no re-pitch, 100% speed, we can see the loge

core, combined with the tip vortex (see also Fig.A% the ro-
tor is re-pitched and the separated flow is reduteslloss core
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is eliminated and the tip vortex becomes more camp —20

degrees of re-pitch, the rotational speed is 50§hdt, and the
exit flow-field is similar to that seen at cruise:small, well-

defined tip vortex with a distinct wake.

The BEM used above assumed a linear relationship be

tween lift coefficient and incidence and a simpiationship
for drag. Figure 16 indicates that the real 3Daditin is more
complex, especially in this case where there idgaifscant
separated flow.

Figure 16(a) demonstrates how re-pitching redulcesrt-
cidence throughout the blade span. The rate ofctidu of
incidence with re-pitch is almost linear, as sutggsy Fig.
13, but is greater towards the blade tip. The rédudn inci-
dence corresponds to a reduction in lift coeffitiand below
r/R=0.7, the variations i€_ andi with radius are very similar
and close to linear, as assumed in the BEM. Howexvdrigh
lift coefficient is not achieved towards the tiptbke blade and
in the high incidence cases, the lift coefficientthis region
collapses to a value of around 0.5. Figure 16(@wshthat
modest levels ofC, correspond to lowCp . However, areas
whereC_ > 0.5 correspond to regions of high drag.
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Fig. 16 Radial variations for different take-off re-pitch conditions
derived from 3D CFD solutions.

In summary, as the propeller considered is re-pidcand
sped up at take-off, the incidence reduces atdil and the lift
coefficient follows this reduction. Once the lifoefficient is
low enough, the rotor becomes low drag and low, lasthout
any significant 3D separations.

Determining the best take-off operating condition

An open rotor should be operated at take-off twlpce a
flow-field that is essentially two-dimensional witto signifi-
cant separations and minimal wakes. However, ifopgler is
re-pitched and sped up too much, the high rotattispeed can
lead to increased rotor alone noise, as found]imf@ [22]. In
addition, if a propeller is operated such t@atis much lower
than the value at which separation starts to oécimplies that
the same thrust could have been achieved with lzeh{g and
a smaller propeller (see eqn. (5)).

For a given design, the optimum take-off operapomt is
therefore when the radial distribution of take-tf coefficient
is as high as possible without causing signifideow separa-
tion. At this condition, the flow over the propelis essentially
2D with no major 3D flow features. For the earlysidgm con-
sidered above, this is somewhere between the ch-gid and
-8° cases. For example, in the re-pitch®-tése, < 7, C_ <
0.5, andCp < 0.05 at all radii except at the very tip.

Given the required take-off flow-field is essertiaD,
cases with significant 3D flow are not of interasd therefore
simpler 2D methods can be used to determine thenopt
operating condition. For example, a BEM method lbarused
to determine the take-off operating condition thaes the re-
quired radial distribution of lift coefficient arnidcidence. This
can be combined with aerofoil computations, suctMéSES,
to determine section loss as a function of incidetacensure a
sufficient margin to flow separation. An examplestsown in
Fig. 17, which presents a series of MISES preditted-loops
for the mean-line section of the early propellesige consid-
ered above. Each curve shows the predicted variatfdoss
with incidence for various re-pitch conditions. ke blade is
re-pitched and sped up, the loss-loops becomewarrand the
minimum loss levels increase because the relatisehvhum-

9 Copyright © 2014 University of Cambrélg



ber increases with blade speed. Also shownconstant take-
off thrust operating points. As expected, re-pitch is applied,
the requiredincidence reduces and the sec loss tends to
reduce. In this case, the re-pitch “t2se isfound to be low
loss for the smallest speed increasbereas the less-pitched
cases are close to separation. Thigdasistent with the 3l
CFD results above andemonstrates that 2D CFD method
can be effective in finding a safe take-offerating contion

that givesgood aerodynamic performance (minimum rotatic
speed, reduced wakes and no 3D separat

— Re-Pitch -0°, 2=100% ; ;
0.0611 . Re-pitch-4°, 2=105% ) B
-- Re-Pitch -8°, 0=112% !
Re-Pitch -12°, 0=121% T
0050 +— Re-Pitch -16°, 01=134% N
> : Re-Pitch -20°, 0=150% i
%’ e e Takeoff Conditions i
] 0.04}~ e o . . ; - 7
E y
(3] ’
o
(@)
8 0.03t
|
0.02}
0.01

12 1.

6
Incidence, ¢ (deg)

Fig. 17 Predicted variation in section performance for the early
design at different re-pitch and speed-up take-off conditions.

CONCLUSIONS

A power breakdown for an opemtor can be extracted
from a 3D steady CFD solution to sholRe key sources of lo
efficiency. Fora recent design the rotor los<at both cruise
and take-offwere found to be significantly lower than fol
design from the 1980s.h€ front rotor loss atake-off is par-
ticularly low in the recent design, whighdicates small wake
and a flowfield free from large separations. This is expedte
lead to reduced rotor-rotor interaction sei

The rear rotor crop required teduce interaction noisbe-
tween the front rotor tip vorteand the rear rotor bla depends
on the rotor-rotor axlaspacing and ang-of-attack effects.
Unsteady 3D CFD is required to resolve this inteéoac As
crop increases, the losses due to residual swirease and
cruise efficiency penalty of around 1%typical.

Increased rotor axial spacirggn be useto dissipate the
front rotor wake before it interacts with the reator, reducing
the expectednteraction noise. However, minimal beneis
expected for axial spacings beyond twitor chord length

Rotor sweep has wellhown benefits at high speecut it
can also give benefits at take-tff modifying the structure ¢
the front rotor's tip loss core.

Improved blade sectioaerodynamics hawthe potential to
increase cruise efficienayhilst giving greater incidence ta-
ance at take-off, thereby enablimperation at higer non-
dimensional lift without high loss.

At take-off, high incidence onto the front rotor gives hig
lift coefficient and if this gets too high the flow separaThe

front rotor shouldbe operated witljust enough re-pitch and
speed-up to eliminatany flow separation. This gives high
thrust per unit area for the lowest rotor rotatiospgeeds. Th
optimum take-offoperating condition can kexplored in detail
with 2D designmethods in advance full 3D CFD.
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APPENDIX - MECHANICAL POWER LOSSES

The open rotor efficiency can be expressed in terms

of lost mechanical power. Consider the flow throtigé
open rotor from far upstream (station 0) to far dew
stream in the open rotor jet (station j). The faillog
simplifying assumptions are made: (i) the flow dewn
stream of the open rotor is uniform (ii) atmospbeies-
sure applies across the downstream jet (iii) thereo
core flow. In this case the enthalpy-entropy diagfar
the open rotor is as shown in Fig. A.1.

h,
Pos
hos SO
Po2
.~ Po1
h01 (\/1X2+Vj 92)/2
Pa
,aa,,,/
H >
A Adsg S

Fig. A.1: Enthalpy-entropy diagram for an open rotor

Applying conservation of energy,
I:i>n 1 2 _ 1 2 2
oV _E(ij +Vje)+ T(Ag+0g)

This can be re-written as:

A A e (Y A RS (I
Hence,
(Vi — ) ¢

m |1l 2.1
> :1—F{E(ij—vo) +§VJ.29+1;(A§ +Ag)

n n
From conservation of momentum,
Pn B

Nl 1
=n :1—2‘{2(va Vo) + Ve T (a5 +o a)}

(A.1)

Note also that:

m( V) = X _Rn’
2R, " MR, 2y (A2)
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