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Summary

e Boundary layer state is influenced by: pressure distribution, Reynolds
number, Mach number, roughness, and atmospheric turbulence

* Boundary layer is responsible for friction drag and separation

e Aircraft drag can be represented by a drag polar plus corrections

e Zero lift drag is combination of theoretical friction drag, roughness effects
and shape factor

e Friction drag coefficient decreases with Reynolds number up to the cut-off
Reynolds number. The latter is dependent on roughness

e Lift dependent drag is consists of vortex drag and the change in profile
drag due to angle-of-attack. They are lumped in the Oswald factor
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Summary

* Local shape changes effect the pressure coefficient.

* The effect on the pressure coefficient depends on the Mach number of
the flow: subsonic versus supersonic

* Gradual changes in shape result to a smoother pressure distribution
reducing friction drag and/or eliminating separation

e The Mach number has an effect on the region of influence of a body, the
pressure coefficient over the body, the sensitivity of the forces with
respect to inflow angle, the drag of a body, the effectiveness of control

surfaces, and the handling characteristics of an aircraft.
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Summaey

e Adding wing sweep is effective in increasing the drag-divergence Mach
number (Mpp)

* Adding wing sweep effects pressure distribution, lift coefficient and
pitching moment coefficient.

» Simple sweep theory has limited applicability as a predictive means for
Mpp

e Wing sweep results in a lower (effective) wing maximum lift coefficient
due to tip stall and an unstable pitch-up

* Swept wings cause cross flow inside and outside the boundary layer

e Boundary-layer cross flow causes crossflow instabilities resulting in early

transition
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FBEUDQD Sweeﬂ

Advantages: Disadvantages:
¢ Not prone to tip stall o Highly swept trailing edge: reduces effectiveness of high-lift devices
* No asymmetric wing drop o Could reduce divergence speed (or have a heavier wing)

* Aileron control up to high AoA e Reduced stability in Dutch roll mode

* Higher sweep angle of shock wave for given A * Root stall can cause rapid loss in lift (abrupt stall) and pitch-up

- Either less geometric sweep is desired for the same shock sweep
) ) Note: To postpone root stall, a close coupled canard can be used to
+ Or for the same geometric sweep there is less wave drag

¢ Possibility of NLF:
- Reduction of leading-edge sweep > attachment line instability reduced

decrease the effective angle of attack near the root

SUMMAQY

* Boundary-layer cross flow makes outboard wing and wing tip stall
sensitive

 Stall over the outboard wing creates an unstable pitch break (i.e. an
increase in nose-up pitching moment with angle-of attack)

* To prevent boundary-layer crossflow one can install fences, leading-edge
snags, vortilons or modify the airfoil profile

* Due to aerodynamic twisting of the wing, the 1-g lift and pressure
distribution is changed compared to the wing in jig-shape

* Wing flexibility reduces the change in lift due to angle-of-attack

* Forward-swept wings benefit from a stall-resistant outboard wing and
increased lift-curve slope due to wing aeroelastic effects

* To mitigate an undesirably low divergence speed at acceptable wing
weight, forward-swept wings need tailored structures to offset the
interaction between wing bending and aerodynamic twist.
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Miomipwe Roor EFFecTS

« Difficult to design a wing with straight isobars between fuselage and tip
ey objectne \/\lslq subsonic wings

- Geometric

sweep affects isobaric pattern

- Thickness affects isobaric pattern

Ggr Jistnbuhon
- Circulation distribution affects isobaric pattern

e Near the root various design changes should be made:

- Increase in thickness

« Thickest point moves forward

« Increase in incidence angle

- Decrease in camber (or even negative camber)
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cgodynamic dedsn vsing Ht Ser pmmetes S) A, A, N\
G §ood o gag hesh Speed perforrance.

Prevent day ceep ond Sepoahon

M,,, < 1.2 to prevent drag creep

loc

If M,,, = 1.35t0 1.45: separation and buffet

Dictates offset in C,
and M w.rt. buffet
onset boundary

’Pw(’ TE. Smhm

Mod. no | Modification Reason
Increase the thickness of the To obtain similar chordwise upper-
1 forward part of the root section. | surface velocity distributions due to
Decrease the thickness of the rear | thickness along the span.
part of the root section.
Increase the thickness-chord ratio | To obtain identical chordwise upper-
2 of the root section. surface velocity distributions due to
thickness along the span.
Decrease the positive camber or | To adapt the pattern of the chordwise
3 apply negative camber on the upper-surface velocity distribution
root section. due to lift to that of the basic airfoil
section.
Increase the incidence of the root | To obtain identical chordwise upper-
4 section. surface velocity distributions along
the span
These four modifications together should lead to straight swept isobars over most of
the wing upper surface in the design condition.

Pressure gradient should never cause t.e. separation

Shock wave position should not be

too much aft

Modify the wing lower surface To obtain the desired spanwise
5 along the span (mostly on the distribution of the local lift
inner wing). coefficient.
Modify the lower surface velocity | To minimise the wing pitching
6 distribution on the root section moment.
regarding front and rear loading.
7 Modify the leading-edge region To obtain satisfactory stalling
on the outer wing characteristics

Root effect should be battled




Objectve CC digrerboukion

Pressure gradient should never cause t.e. separation

Target ¢ baseline
* Modify bottom side of wing to
get target lift distribution
+ Start with airfoil at ac
= 60 — 70% span: highest c, <
, 4] Nice straight isobars

Limits maximum amount of aft

- B loading
S &
Objechie Cn distnbokion Nedoee Fip s¥ 2
 High aft loading outboard results Increase in nose radius to

in highly negative C,, target postpone tip stall T

e Increased front loading near root

can compensate this
Low-sweep trailing edge for flap
effectiveness
baseline Tmproee cf[ap WWBM
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Typical pressure distributions
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Pressure Profile

Tip Vortices
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winglet on DC-__ |

10 Hutte considahone

Shabibty cnd control corsidemhons

Sonnaey

e Tapered, swept wings of constant airfoil section have high pressure drag
near the root and wave drag stemming from the tip

* Root airfoils need to be modified to ensure that supervelocities due to
thickness and lift are similar to those in the outboard wing resulting in a
reduced pressured drag

* Wing tips can be modified in planform (i.e. Kuechemann tip) or in
sectional shape to prevent the early formation of a tip-shock and
subsequent wave drag

* Winglets or wingtip extensions can be added to increase the (effective)
aspect ratio of wings resulting in increased wing-root bending moment
and reduced drag at lift coefficients above a certain threshold
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Summary

After this lecture, you will be able to:

e High sweep angles yield lower maximum lift coefficient of the clean wing,
making high-lift devices important to have acceptable field performance

e The larger the flapped area of a trailing edge, the higher the lift
coefficient that can be attained.

e Deploying the undercarriage reduces the maximum lift coefficient
through the nose-down pitching moment it generates

e Stall starts at the location where the combination of a high adverse
pressure gradient and boundary layer state is most critical

e The effect of Mach number changes the pressure distribution over high-
lift devices and can therefore alter the location of stall onset

* Deployment of flaps increases the zero-lift drag coefficient and the
Oswald factor

e To minimize field length, a trade-off needs to be made between lift-off
speed (CL) and attainable climb gradient (L/D)
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* Aspect ratio, A, effect:
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« Low A - low dC,/da, high ag)
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e Taper ratio, A, effect:
- Little effect on dC,/da
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Design variables

C., depends on:

¢ Flow parameters:

« Reynolds number R

= Mach number hy
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Result of analysis of requirements:

e the aspect ratio should be high and low
* the sweepback should be high and low
e the taper ratio should be high and low

e forved.
Sweeo racler Sl mare gradval.

Complicating factors:

e aeroelastic effects

* ice accretion
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e Sweep and aspect ratio have a large effect on the lift curve slope of a
lifting surface

* The leading edge sharpness and sweep angle determine at what angle of
attack a stable vortex is formed that can postpone stall to a higher AoA

e The horizontal tail plane provides equilibrium, stability and control

e The planform parameters are chosen as a compromise between
conflicting requirements

* The flexibility of the aircraft reduces effectiveness of tail and elevator

e Icing reduces the maximum lift coefficient of the tail surface

* Elevator lock results from netagive tail plane stall shifting the center of

pressure far behind the hinge line
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Summaey

Positive stick-force stability

Negative stick-force stability

» Buffet onset effectively limits the maximum operating Mach number and

service ceiling

e Airplanes need to demonstrate acceptable flying qualities between MMO
and MD
* Shock induced stall is the cause for pitch deviations beyond MMO. The

location of stall onset and the stall development influences the pitching

moment with Mach number

» Horizontal tail planes should be designed to postpone adverse Mach

effects such as shock-induced separation

* All moving stabilisers can be used to neutralized the change in pitching

moment with Mach number
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1. Shall provide a sufficiently large contribution to static and dynamic
stability (directional and lateral)
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» To ensure safe flight characteristics at high yaw angles the vertical
tailplane must have a large stalling angle

e This is obtained by a low aspect ratio and sweepback and/or a dorsal fin

* Racy swept back tails on slow propeller aircraft may well be functional

“Shall provide sufficient control capability

(Aljh aspect raho dacr,

High

Minimgm  Sweep or
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Roovee Desien

Let's take a closer look at the rudder and VT

Effect of Reynolds number

Wind cock
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Thrust vector
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i 1t has no effect

“Control shall be possible with acceptable control forces”
Note: this requirement is most severe for manual/reversible control systems

Requirement on control forces:

Includes kinematics

proportional to:

1 _ -

Wh aspect mbo of Hh conbrol Surface.

From experience: only 30% accurate due to strong influence of boundary layer
(and thus Re) on pressure distribution over control surface

U= | [ENSE



"Roooee Deston (Lo WUED)

SOMC, handbey consigechony

ac aC
Gonirol Jofcu Sould be accephbl for cevwse ﬁ.-fhﬂr comrols Cp = Cpy + Baha-l_ 65h6

11&,{0/1:& 6'\’\0le Uﬁly mees witl D’o}&cﬁa\-\ o0 S‘:&'Jelp M

in practice: hardly ever constant

To reduce. Hu [Jbrce regmred, hwo ophans..

2. Morn batime - 1 2

Flettner-Klappe

—-—
ltnge Moment
Rudder %’m] ‘5\0/ Rudder hinge - nagfien
(-4 ! an: e . \
hmge momerr&!l.'; rudder m:mznrt nQ‘l' Cy y 2 (deg GG?. (A}‘lﬁ wou&, o &w "\lny, M«Omml' dmhug

angle 5r
(deg

| be o’l&dumi'am?

Tt con cwore cos\ly cowse oversheisug
o] e o\?rfram&,

Flight with a

Rudder ineffective O failed engine
g -
Sy— (™ Take-off & landing

" with cross-wind

>

“They shall be able to handle high Mach numbers without flow
separation”
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Some structural considerations w.r.t. sweep angle:

For T“fou(sl H¢ ﬁgﬁﬂ N\G&_,Gw‘ shovld be c.onsM!/td. o Aft spar of VT highly loaded when rudder deflected

» Thicker spar beneficial (effect on airfoil design
aljh lszu rao p ( an)
* Compressibility effects at cruise Mach numbers requires higher sweep of

\,
J"o"'” weljh the aft spar (and rudder!)
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Tail surfaces Summary

ks
Result of analysis of requirements: opfeh 3 yij e The function of the vertical tail is to provide 1) a state of equilibrium, 2)
> > \"‘SL‘ . . .
e the aspect ratio should be high and low stability, and 3) directional control
« the sweepback should be high and low e The vertical tail needs to be effective and a have a high stall angle
« the taper ratio should be high and low resulting in a compromise in sweep, aspect ratio, and surface area

¢ A dorsal fin sheds a stable vortex under large sideslip angles resulting in
an increase in stall angle and a rudder that remains effective up to the
stall angle

* Horn balances and servo tabs reduce control force required to deflect the
rudder

o Large forces at the rudder hinge line could require the thickest point on
the airfoil to be positioned more aft
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Closed shroud spoilers Open shroud spoilers

Open shroud spoilers show strong non-linear behavior
The control response is dependent on angle of attack and flap angle
Closed shroud spoilers aim to decouple the response from flap deflection

Separated speed brakes decouple the airbrake function from the other

Fokker 100 Airbus 310 spoiler functions and from the lift generation

Most current transport aircraft accept the disadvantages of open shroud

spoilers because of reduced hardware complexity
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The deflection rates of primary and secondary control surfaces (slats, flaps,

speed brakes) should be as follows:

e The deflection rates should be high enough to give the pilot a feeling that
he is really “in control” of the aircraft.

o Typically, full control surface deflection should be achieved in 0.4 to 0.5

second for roll control surfaces and 0.6 to 0.8 second for pitch and yaw

controls.

e For primary control surfaces, this means that they should have deflection

rates of 50 to 60 deg/sec and 35 to 45 deg/sec respectively.

SUMMNZ)‘

Structural flexibility reduces aileron effectiveness

Spoilers or inboard ailerons can be utilized for roll control at high g
conditions

A large coupling exists between roll and yaw leading to potentially high
sideslip angles in some flight conditions

Spoilers can be used for speed braking, lift dumping, roll control and load
alleviation

Spoilers have a nonlinear behaviour due to the fact that they induce flow
separation

Control surface actuation can be done by means of manual, boosted,
hydraulic, or fly-by-wire control systems

All hydraulic systems require redundancy resulting in complex flight
control svstem architectures

prich or ‘jc-w rate wi e S yslem COMPUM'S

dpo" opveboncl éa/bf‘g Goibs. (A«'ucrﬁnl% reguirements on:)
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The deflection rates should be high enough to compensate for trim changes

occurring in normal operation. This applies to elevators but more in particular to
stabilisers. The latter require trim rates of about 0.5 deg/sec at low speed and
0.15 to 0.2 deg/sec at high speed.

However, stabilisers and flaps should have sufficiently low deflection rates so

that the pilot can cope with the trim changes caused by flap deflection or

change in stabiliser setting. These trim changes may be deliberate (for example
flap extension or retraction) or due to inadvertent operation. (for example a
“run-away” on a trimmable stabiliser).
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Power application results in:
e Asymmetric lift distribution
* Rolling moment

e This can be trimmed
When g >0

» Center of lift shifts laterally

e Destabilizing rolling moment occurs
e For high P, this reduces lateral stability!
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> A turbofan inlet has to function under widely differing operating conditions

= A proper compromise results in very little cruise efficiency loss and benign
low speed handling, with good tolerance to mass flow variations and angle
of attack variations

= A first design loop can be done with simple design tools, providing basic
geometry characteristics, based on one-dimensional flow and throat Mach

number criteria
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» Turbofan exhaust design involves fan flow and core (primary) flow, which
may interact

* Nozzles may be choked or unchoked
» Takeoff and cruise give different optimized shapes

e Applying slight converging-diverging may improve matching

* Nozzle losses in % of gross thrust lead to larger % loss on net thrust

(may be factor 3)
demp norse:
C(«umn} l’° P 13e * Nozzle external drag ("boat-tail drag”) is sensitive to the nozzle external

- oleng MsF (oss due to bk of [momel parx Ay, shape

* Much effort required to limit losses as far as practical
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Thrust reversers have no benefit in certified performance, but provide a
secondary deceleration means: operational/safety benefit

Total-flow and fan-only-flow reversers are applied

Total-flow reversers are usually of the “target” type

Fan-flow reversers usually apply cascade type reversers: complex, but
useful to direct the plume

Fan-flow reversers are only useful for bypass ratio 5+

- Less than 20% of thrust available for reverse
- But spoiling of idle thrust is also beneficial

Design effort required to minimize re-ingestion/FOD effects, and maintain
directional stability
Target type reversers are part of the exhaust system, leading to extra

constraints
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The Airbus A380 has the following design characteristics (A380-800):
MTOW = 560 tonnes
-0, Maximum cruise altitude = 43,000 ft
c Wing reference area Sy, = 845 m?
.Zx -0 Maximum operating Mach no. My, = 0.89
a Cruise Mach number M = 0.85
Co W These very demanding design requirements produced a wing with
-2 oL AN the following characteristics:
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No Kuechemann Wing sweep angle Ay 4. = 33.5°
Aspect ratio A = 7.67 (Airbus definition)
V Y/ 1y = 0475 . :
b/2 Relative root thickness t/c = 0.132
& \ Relative outer wing thickness t/c = 0.087
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