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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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1

NOTATION AND UNITS

(AC))

power

(ACL)S
CLth(az'S)
CI

ACl

(AC),

(AC))

s port

(AC|)S starboard
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number of blades per propeller
wing span

lift coefficient based on q,S

total increment in lift coefficient due to power
total increment in lift coefficient due to slipstream

thin-aerofoil theory value of lift coefficient increment dueto
dipstream incidence o., and flap deflection 6, see Section 5.4

rolling moment coefficient, #/q,Sh
increment in C, due to propellers

total increment in rolling moment coefficient due to
slipstream, see Section 4.3

increment in rolling moment coefficient due to slipstream
from propeller on port wing

increment in rolling moment coefficient due to slipstream
from propeller on starboard wing

thin-aerofoil theory value of pitching moment coefficient
about leading edge at zero incidence

propeller thrust coefficient, (thrust per propeller)/q.Sy,
see Section 3

propeller thrust coefficient, (thrust per propeller)/ pn2D4,
C;'=C; m J%[8(1-Cy)], Equation (5.4)

propeller sideforce coefficient,
(sideforce per propeller)/q.Sy

propeller sideforce coefficient,
(sideforce per propeller)/q,S

propeller sideforce coefficient,
(sideforce per propeller)/ anD4 :
(used in Item No. 89047, Reference 10)
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Yo

local wing chord at propeller station

local wing chord at propeller station, including any extension
due to flap deployment, see Figures 1 and 2 and Section 5.4

flap chord at propeller station, see Figures 1 to 3 and
Section 5.4

flap chords of double-element flap, see Figure 2

propeller disc diameter
ratio of flap chord to extended chord, C; /c’
double-element flap chord factor, see Figure 3

sideforce derivative function
(= dCy//dy, inltem No. 89047, Reference 10)

centre of incremental lift dueto flap, aft of local |eading edge,
see Section 5.4 and Equation (5.21)

centre of incremental lift due to slipstream, aft of local leading
edge, see Section 5.4 and Sketch 5.3a

height in body axes' of centre of propeller disc above moment
reference centre (negative if below), see Sketch 4.1

height in stability axes' of centre of propeller disc above
moment reference centre, see Sketch 4.1 and Equation (4.1)

angle between local wing chord and propeller thrust axis,
oy — Op, See Sketch 5.3

propeller advanceratio, V/nD

rolling moment in stability axes’

aero-normalised rolling moment derivative due to sideslip,
(0.210V) IY2pVySb, written as dC,/df or CIB in some
systems'

increment in L,, dueto all propellers, (LV)Y + (Lv)S
increment in L,, due to sideforce on all propellers
increment in L, due to slipstream from all propellers
number of propellers

propeller rotational speed

freestream kinetic pressure, ¥2p V(Z)

deg

N m

rev/s

N/m?

ft
ft

ft

ft

ft

radt

ft

ft

ft

ft

deg

|bf ft

rev/s

| bf /t2

T See Item No. 86021, Reference 8, for an introduction to aircraft body axes, stability axes and aero-normalised derivatives.
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mean Kinetic pressure in fully-devel oped dlipstream, 1/zpvi

propeller disc radius, D/2
reference wing area

propeller disc area, nD?/4

thrust of one propeller

aternative symbol for thrust coefficient, see Section 3
velocity of slipstream at propeller disc

velocity of air in fully-developed dipstream
freestream velocity

sideslip velocity in stability axes'
stability axes g/stemJr with origin at moment reference centre

body axes wstemJr with origin at moment reference centre and
Ox axis parallel to aircraft horizontal datum

distance in body axes' from centre of propeller disc to leading
edge of wing at propeller station, see Sketch 5.3a

distance in body axes' of centre of propeller disc ahead of
moment reference centre, see Sketch 4.1

distance in stability axes' from centre of propeller disc to
centre of lift increment dueto slipstream, see Sketches 4.3 and
5.3a, and Equation (5.23)

sideforce from one propeller in Y direction, see Sketch 4.1a

distance in stability axes' of centre of propeller disc from
centre line of aircraft (always positive as used),
see Sketch 4.3

angle of attack of Ox body axis' (and aircraft horizontal
datum), see Sketch 4.1

angle of attack of propeller thrust axis, see Sketch 5.3

angle of fully-developed slipstream to propeller thrust axis,
see Sketch 5.3

angle of attack of wing section chord line at propeller station,
see Sketch 5.3

N/m?

m

deg

deg

deg

deg

| bf /ft2

ft
ft2

ft2

| bf

ft/s
ft/s
ft/s

ft/s

ft

ft

ft

| bf

ft

deg

deg

deg

deg

T See Item No. 86021, Reference 8, for an introduction to aircraft body axes, stability axes and aero-normalised derivatives.
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a, angle of attack of slipstream to zero-lift line of wing section at deg, deg,
propeller station, see Sketch 5.3b rad rad

g angle of attack of zero-lift line of wing section at propeller deg deg
station, see Sketch 5.3b

B sideslip angle’, sint(v/V,), (as B in Item No. 06013, deg, deg,
Derivation 2) rad rad

B sidedlip angle of fully-developed dlipstream to propeller thrust deg, deg,
axis, see Sketch 5.2 rad rad

Bo blade pitch angle referred to zero-lift line of blade section at deg deg
75% of propeller blade radius, see Item No. 89047,
Reference 10

d flap deflection angle, measured in streamwise plane, see deg, deg,
Figures1 and 2 rad rad

8,,9, flap deflection angles for double-element flap, see Figure 2 deg, deg,

rad rad
p density of air kgm®  slug/ft3
c propeller effective solidity, ratio of average blade element area

to annulus area at 75% of propeller blade radius, see Item
No. 89047, Reference 10

Cp lateral angle of fully-developed slipstream relative to deg, deg,
freestream, Equation (5.10) rad rad
angular measure of flap chord ratio, cos(¢) = 2E-1 rad rad

Y yaw angle (also as v, in Item No. 89047, Reference 10, and rad rad

Wp inltem No. 06013, Derivation 2)

T See Item No. 86021, Reference 8, for an introduction to aircraft body axes, stability axes and aero-normalised derivatives.
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2. INTRODUCTION

Multi-engined propeller driven aircraft are known to suffer from a reduction in lateral stability due to
sidedlip (the “dihedral effect”, L), particularly at a combination of high power and large flap angle. An
example which arises during certification is the baulked-landing case.

The origins of this effect are discussed in Section 4, which shows it to be dominated by the propeller
dlipstream passing over thewing. A method of estimating its magnitude in the linear rangeis presented in
Section 5. Non-linearitiesdueto flap end effectsareillustrated in Section 6, and further general limitations
are discussed in Section 7. The Derivation and References are given in Section 8. A worked exampleis
provided in Section 9.
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3. THRUST COEFFICIENT
There are many forms of the definition of “thrust coefficient” currently in use, usually denoted by either
C; or T. These are variously defined as either “thrust per propeller” or “total thrust”, normalised by
either aircraft parameters (wing area, freestream velocity, etc) or propeller parameters (disc diameter,
rotational speed). Each definition isuseful in different circumstances, but care must be taken to establish
which isbeing used in a particular application.

This Data ltem follows the convention of Item No. 88031, Reference 9:-
C; = T/(qS Sp) s (3.1

where T isthe thrust per propeller, g isthe mean kinetic pressure in the fully-devel oped slipstream and
Sy isthe propeller disc area. Using actuator theory this definition can be more conveniently written as

T/Ss

C; = UCSETR (3.2)
which showsthat C; = 1 whenever q, = 0, i.e. the static condition.
An dlternative formis

Cp = 1-(VaV2) = 1-qylqq, (3.3)

from which the fully-developed slipstream velocity, V, can be obtained for agiven C.

4, FORCESAND MOMENTSIN SIDESLIP

There are two main contributionsto rolling moment arising from propellersin sidedlip, that dueto in-plane
forces at the propeller, and that due to the slipstream effect on the wing in the wake of the propeller. The
latter is the dominant effect and forms the main body of this Data Item. For illustrative purposes a
conventional twin-engined configuration is used.
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4.1 Propeller Sideforce Effect

A propeller in sideslip will develop asideforce in the plane of the disc acting down-wind. This consists of
two contributions, one of which is “power-off” while the other is a function of power (see Equation (4.1)
of Item No. 89047, Reference 10, for example). The “power-off” (but propellers on) term may possibly
be included in the stability characteristics of the basic aircraft. The sideforce will contribute to rolling
moment, see Sketch 4.1a. Although the effect issmall on conventional aircraft, it could be significant with
a high thrust line and low vertical centre of gravity.
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(@  View from rear, hgpositive

Propeller disc

(b)  View from side, h;, positive

& Denotes moment
reference centre

ESDU Copyright material. For current status contact ESDU.

X\_\ hs
T — he
y af T Aircraft stability axis
O ‘\-\“T_\
’rCraff\~\_\
, (baraijq gy Y s~ -
Orizontgy
Gatum)
(©) View from side, h, negative
S
Aircraft stability axis
X D
b —
~. (pa’a/lelt h <'.3X[s —_—
Orizontg C/atum)
Propeller
Z

Sketch 4.1 Contribution of sideforceto rolling moment
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4.2
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For anindividual propeller inaircraft body axes, | et the height of the centre of the propeller disc beadistance
hp above the aircraft body axis Ox, and a distance x, forward of the moment reference centre (stability
axis origin) O as shown in Sketch 4.1b. Then at an angle of attack o, in stability axes the height of the
propeller disc centre above the OX-axisis given by

hg = hpcos(a) + xpsin(a). (4.2)

The same equation holds, with h, negativeinvalue, if the centre of the propeller disc isbelow the Ox body
axis, asin Sketch 4.1c.

Now, using the sideforce derivative dCy, /df3 , where C,, ¢ is the sideforce coefficient per propeller
based on g, and reference wing area S, the aero-normalised rolling moment derivative dueto sideslip is

NP
(L), = S I(dCy,/dB)hg/b], (4.2)
1

where N, isthe number of propellers (note that in the multi-engined case the geometry of each symmetric
propeller pair may differ).

Slipstream Effect

For high-powered aircraft with powerful flaps (for exampleatwin turbo-prop transport type), the slipstream
effect isby far the more dominant and can lead to acomplete elimination of the conventional wing “dihedral
effect”. Toillustrate this, wind-tunnel results from Derivation 3 are presented in Sketch 4.2 for a typical
twin-engined airliner in the landing configuration (large flap deflection and high power).

o | CT = 0.56
CI o o  Propdlersoff
o
n
o
o
n = u
0 | n L
n . -
o
o
o
o
-20 -10 0 10 B (deg) 20

Sketch 4.2 Effect of power on rolling moment in sideslip

The open symbols depict the generally linear, stable (negative gradient) characteristic of the basic aircraft.
However, at high power (solid symbols) the stability is at best neutral, tending to become unstable at high
sideslip angles. This characteristic is confirmed qualitatively by flight test, and is typical of this class of
aircraft. It should be noted that these results, in going from “propellers off” to the full power case embrace

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU
No reproduction or networking permitted without license from IHS

Full document details: ESDU 06012 2006

7

Licensee=/, User=,
Not for Resale,

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-06012-2006
http://www.avadocuments.com/doc/esdu-06012-2006

