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This is a summary including both the chapters from the book and the lecture slides. The summary isstructured according to the lectures, thus section 1 refers to lecture 1 and the chapters treated during thislecture, section 2 refers to lecture 2 and the chapters treated during this lecture, etc. In each section thechapters treated will be mentioned.
1 Design objectives

(chapter 1-6, 43)There are two steps which have to be taken into account before the design phase of an aircraft can be started.Step one is to make a specification of the market and its operational requirements, and the economic situation.Step two is finding a balance between the aircraft’s performance and the capabilities and complexity (costs),which determines the main requirements and main objective of the aircraft.For example; for a transport aircraft the main objective is: To transport a payload A over a distance B betweenairports of category C against minimum costs (i.e. at an optimum speed D). And some driving parameterscan be: Lift/drag ratio, CLmax , weight, safety, Stability and control, CS-25, etc.When designing an aircraft the certification regulations (which describe the minimum requirements withwhich a design must comply in order to convince airworthiness authorities that an acceptable safety standardis achieved) and design rules (which are goals and relevant regulations incorporated due to a designorganisations previous experience, they are not necessarily achieved completely) have to be taken intoaccount.The design process itself is structured into three main phases:
• Conceptual design (weeks to months)

– Definition of the performance goals
– evaluation of possible competing concepts
– generation of many possible concepts
– selection of a baseline design

• Preliminary design (months to years)
– Refined sizing of the baseline design concept
– Parametric studies
– Global design frozen with the possibility to change only few details

• Detail design (years)
– Detailed design of the whole vehicle down to each single detail
– Accurate evaluation of performances
– Fine tuning of the design
– Release of drawings for production

1.1 Conceptual Design

When the top-level requirements are determined the conceptual design can be started. The conceptualdesign consists of the Class I and the Class II design. For the class I design first the aerodynamic shape isdetermined using three design methods:
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• Empirical method Handbooks which are a collection of graphs and equations - give a relation betweenelementary parameters of the geometry of the aircraft and the desired characteristics of the aircraft.
• Analytical method - The aerodynamic characteristics of the detailed geometry are obtained by physicalinsight (pressure distributions).
• Computational fluid dynamics - obtain the intended characteristics of the aircraft by directly deter-mining the required detailed aerodynamic shape through the use of fluid dynamics and the associatedpressure distribution.During the conceptual design a balance has to be found between required volumes, weight distribution,main dimensions, and engine performance without being too optimistic about those parts, since being toooptimistic can cause high costs because the design has to be changed. Therefore, the designer should havedetailed knowledge about (almost) every aspect of the design.Usually a thrust to weight versus wing loading diagram is made which determines the design point. In thisdiagram the take-off, climb, cruise, descent, landing, and stall conditions are taken into account. From thisdesign point to find an external shape that optimizes the lift and drag characteristics attention has to bepaid to the tailplane, fin, and control surfaces to get satisfactory flight handling characteristics.The conceptual design finally gives requirements on geometry (volume and configuration), weight, aerody-namics, handling characteristics, and cost (lift cycle and operating) which have to be used in the preliminarydesign.

1.2 Preliminary design

During the preliminary design the aircraft geometry is determined. This leads to an aerodynamic designloop. The aerodynamic design loop consists of the airplane characteristics, which determine the externalshape which determines the aerodynamic characteristics which again determines the airplane characteristics.Taken into account are the aerodynamic design goals, which are to minimize drag and postpone separation.The aircraft geometry is dependent on:
• Internal geometry constraints

– Required volume (cargo, seats, legroom, headroom, in-flight entertainment)
– Shape of the fuselage (usefulness of the volume)
– Access to the available volume

• Internal geometry constraints related to structural consideration
– thickness distribution along the span of the wing and tail surface torsion boxes
– Thickness of flaps
– Thickness of engine struts and pylons

• External geometry w.r.t. aerodynamic considerations
• External geometry w.r.t. Manufacturability and cost controlThe external geometry should lead to optimum aircraft performance, satisfactory flight handling characteristicswhile fulfilling the requirements on the internal geometry and producibility.The crucial question in aerodynamic design is: What is the proper design (=target) pressure distribution?In order to postpone flow separation and minimize drag the following goals should be kept in mind:
• for components that do not have to produce resultant forces, local super velocities should be minimised
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• for components that do need to produce resultant forces (wing, rudder), the pressure distribution at therelevant flight conditions should be optimised such that the momentum loss in the boundary layer andbehind the shock wave is minimal.
• for components that must tolerate a large variation in local flow direction, leading-edge shapes anddesign pressure distributions must be found, which cope with this variation.

2 Boundary layer effects and subsonic cruise drag

(chapter 7, 8, 9, and 40)Flow in real life displays viscosity (friction)
• The flow “sticks” to the surface
• there is a friction acting on the surface (wall-shear stress)
• Development of a boundary layer along the airfoil surfaceDue to the boundary layer, skin-friction drag and pressure drag have to be taken into account. Also, due tothe boundary layer, flow transition (from laminar to turbulent) and flow separation is occurring.While the boundary layer increases, the slope of the velocity distribution becomes more shallow. This isdirectly related to the shear stress, which ties to the friction coefficient, and hence the friction coefficientdecreases over the slope of a flat plate.The shape factor is the factor necessary to scale from a flat plate to a certain body. The shape factor (H) isdependent on both the displacement thickness (δ∗) and the momentum thickness (θ):

δ∗ · U · ρ = ρ
∫ y=∞
y=0 (U − u)dy (1)

θ · U · ρ · U = ρ
∫ y=∞
y=0 u(U − u)dy (2)

H = θ
δ∗ (3)

Flow separation occurs when the slope of the velocity distribution at the wall is zero and becomes negative.This is often due to a fast increasing pressure distribution.Boundary layer transition depends on the Reynolds number, pressure gradient and receptivity, where alaminar boundary layer separates earlier than a turbulent boundary layer because a turbulent boundarylayer has extra momentum near the wall, which makes it withstand an unfavourable pressure gradientwithout separating.
2.1 Subsonic cruise drag

(chapter 40)Cruise drag is a major driver to fuel consumption and determines the range and economics for the operator.When the cruise drag is predicted too low the required range cannot be reached, but if the cruise drag ispredicted too high there is no advantage relative to the aircraft in service.Each component produces drag, this drag consists of:
• Zero lift drag
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– Friction drag - The friction drag of a smooth flat plate with the same length as the component isdetermined. The shape factor then determines the ratio between this drag and the actual drag ofthe component.Contributors to the friction drag are:
∗ Wetted area
∗ Surface roughness/imperfections
∗ Shape (local supervelocities and pressure drag components)

– Pressure drag
– Excrescences
– Interference drag

• Lift dependent drag - consists of form drag and induced drag. Where the form drag consists of frictiondrag and pressure drag.
• Compressibility drag
• Trim drag

2.2 Friction drag

Friction drag is the largest drag component in climb/cruise. However, the friction coefficient decreases withReynolds number, therefore larger aircraft have lower friction drag coefficients. This is only up to a certainReynolds number, after this critical Reynolds number the friction drag stays the same.This is because: with increasing Reynolds number the boundary layer decreases. At this point their additionaldrag is friction drag, which stays the same, and therefore, since the boundary layer decreases, the dragdecreases. When the boundary layer becomes thin enough that the grains of the material begin to protrudefrom the boundary layer, a wake is produced, after which this wake will increase while the boundary layerdecreases, keeping the total drag measured constant. The critical Reynolds number depends on the relativeequivalent sand-roughness height (ks/l). Since the cruise Reynolds number is often higher than the criticalReynolds number, reducing the grain size leads to reduced drag.The equivalent skin friction drag is determined by the wetted area (often called parasite drag or equivalentflat plate area).
2.3 Drag prediction

The drag of an aircraft can be predicted using the following methods:
• Form factor and flat plate analysis (for zero-lift drag)
• Trim drag calculated from moment distribution
• Bookkeeping gives thrust/zero-lift drag/induced dragCFD methods do not always give better results than classical methods. When wind-tunnel testing is anoption to determine shape factors which then don’t have to be estimated.

3 Relation between geometry and pressure distribution

(chapter 7, 10, and 11)
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If no (lift) forces should be generated by an aircraft part, shock waves, separation and friction drag shouldbe reduced or eliminated completely.If (lift) forces have to be generated, the pressure distribution has to be optimized and the overall characteristicsof the aircraft have to be determined (CL − α , CL − CM , etc.).
Cp and ∆V are linked by the following equation:

Cp = −2∆V
V∞

(4)
This is related to geometry by the following equation:

ρV 2
r = dp

dn (5)
For a concave wall: dp

dn < 0, Cp > 0, and ∆V < 0.
For a convex wall dp

dn > 0, Cp < 0, and ∆V > 0.However, these relations do not hold at the leading and the trailing edge. Besides, the effect of compressibilityhas not been accounted for.For the flow around transonic airfoils, the following relation holds (however, this relation does not takeentropy increase due to shock-waves into account):
M2
local = 2

γ − 1
 1 + γ−12 M2(1 + 12γM2cp) γ−1

γ
− 1 (6)

Away from the stagnation areas a direct relationship exists between surface curvature and pressure coefficient.The stronger the (convex) curvature, the higher the (positive) supervelocities and the (negative) Cp-values.Hence, local shape changes affect the pressure coefficient and the effect on the pressure coefficient dependson the Mach number of the flow. Gradual changes in shape result in a smoother pressure distributionreducing friction drag and/or eliminating separation. Finally, the Mach number has an effect on the regionof influence of a body, the pressure coefficient over the body, the sensitivity of the forces with respect to theinflow angle, the drag of the body, the effectiveness of control surfaces, and the handling characteristics ofthe aircraft.
4 Interference effects and area ruling

(chapter 12)
4.1 Area rule

In order to reduce the drag of an aircraft the area rule is used. The area rule states that two airplanes withthe same longitudinal cross-sectional area distribution have the same wave drag, independent of how thearea is distributed laterally (i.e. in the fuselage or in the wing). Furthermore, to avoid the formation of strongshock waves, this total area distribution must be smooth. As a result, aircraft have to be carefully arrangedsuch that at the location of the wing, the fuselage is narrowed or ”waisted”, such that the total area doesn’tchange much. Similar but less pronounced fuselage waisting is used at the location of a bubble canopy andperhaps the tail surfaces.Also, according to the area rule the wave drag produced by a slender body of arbitrary dimensions insupersonic flow may be modelled by an equivalent body that is axi-symmetric if:
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• The body ends with an axi-symmetric portion
• The body ends in a point
• The body ends in a cylindrical portion parallel to the free streamA related concept is the Sears-Haack body, which is the shape with the minimum wave drag for a given lengthand a given volume. However, the Sears-Haack body shape is derived starting with the Prandtl-Glauertequation, which governs small disturbance supersonic flows, but this equation is not valid for transonic flowswhere the area rule applies. So although the Sears-Haack body shape, being smooth, will have favourablewave drag properties according to the area rule, it is not the theoretically optimum.Most jet airliners have a cruising speed between Mach 0.8 and 0.85. For aircraft operating in the transonicregime (Mach 0.8-1.0), wave drag can be minimized by having a cross-sectional area which changes smoothlyalong the length of the aircraft. This is known as the area rule, and is the operating principle behind thedesign of anti-shock bodies. Reducing wave drag improves fuel economy.Wave drag is only dependent on cross-sectional area distribution. It is independent of the actual shape ofcomponents. And it is dependent on the second derivative of area; hence small changes in area gradientyield low wave drag and large changes in area gradient yield high wave drag. However, shortcomings arethat no lift is considered, the flow is assumed irrotational (no shockwaves are present) and no viscous effectsare considered.An anti-shock body, (also known as Whitcomb body or Küchemann carrot) is a pod positioned on theleading edge or trailing edge of an aircraft’s aerodynamic surfaces to reduce wave drag at transonic speeds(Mach 0.8âĂŞ1.0). They promote isentropic compression of the supersonic flow and postpone shock-inducedseparation

4.2 Interference drag

In order to optimize an aircraft body the interference between parts has to be minimized. When having alocally convex curvature the pressure decreases while a locally concave curvature increases the pressure.This also means that higher local convex curvatures lead to higher supervelocities.On aircraft parts which are not intended to generate aerodynamic forces local supervelocities should beminimized:
• Front fuselage including cockpit canopies
• Centre and rear fuselage sections
• Engine struts and pylons
• Fins in cruise flight
• Tailplane-fin fairings
• Wing-body interferenceinterference issues are:
• Every curvature generates supervelocities
• Multiple surfaces close together (nacelle, pylon, wing/body/VT)
• Summation of supervelocities on each component
• High supervelocities can cause interference drag
• In high-subsonic conditions interference drag is more pronounced than in low subsonic conditionsUsing CFD to change the shape of components, the local supervelocities can be minimized.

7



4.2.1 Wing-body interference

When the wing and the body are considered together, supervelocities of the individual components are added.The lift over the wing is increased due to the presence of the fuselage. Due to the presence of supervelocitiesthe lift distribution over the wing is altered.
4.2.2 Empennage interference

The horizontal tail produces a down-force during cruise to balance the aircraft. The vertical tail has tominimize drag during cruise. Interference between those two can lead to lower pressure on the top surface,reduced down force and a nose-down pitching moment.A solution of this can be to allow the flow to expand by waisting the fuselage (hence local area ruling).A way to reduce T-tail interference is to add a fairing between the horizontal tail and the vertical tail.
4.2.3 Nacelle interference

Constraints are:
• Attached inflow in all conditions
• Structural rigidity of pylon and nacelle
• Sufficient space for structure and systemsInboard supervelocities of the nacelle are always higher than outboard supervelocities.Nacelle-wing interference can be reduced by placing the nacelle at a certain position from the wing. Byusing CFD techniques it has become possible to place the nacelle closer to the wing, even to previouslythought to be unacceptable positions.

5 Pressure distribution about airfoils

(chapter 15)The characteristics of a pressure distribution are:
• A stagnation point at or near the leading edge (Cp = 1)
• The height and location of the maximum supervelocity (Cpmin )
• The ratio between Cpmin and C ∗p
• The pressure gradient dp

dx behind Cpmin
• The trailing edge pressure (for inviscid flow CpTE ≤ 1)To determine the overall characteristics of the pressure distribution over an airfoil section, the characteristicsof the boundary layer have to be taken into account (δ∗, θ, and cf ).The velocity gradient is linked to the friction coefficient, a lower velocity gradient means a lower frictioncoefficient.When comparing pressure distribution over airfoils, the following can be noted:
• At Cl = 0 (α = 0) Cpmin is proportional to the sections relative thickness

8



• With increasing α , the leading edge suction peak increases much faster and is followed by a muchstronger adverse pressure gradient for the airfoil section with the small leading edge radius than thesection with the large leading edge radius.
• On the thick section, boundary layer effects are much stronger than on the thin section, and flowseparation is approached much quicker
• Increasing Reynolds number causes boundary layer effects to decrease.Lift on an airfoil next to each other can be increased in two ways:1. Increasing camber by control surface deflection - the pressure distribution over that control surfacewill change (this is more effective on thin airfoil sections because at thick sections this can lead totrailing edge flow separation).2. Increasing the angle of attackIn order to avoid drag creep, but have an as thick as possible airfoil, a sonic rooftop shape can be selected.This is characterized by a constant Cp = C ∗p from the leading edge up to a certain point.When the freestream Mach number increases the shock moves downstream.A stream through a nozzle has the following characteristics:
• If At ≤ A∗ the flow is “chocked” and sonic at the throat
• Increasing back pressure reduces Me to subsonic
• Shock wave initially at the exit
• Large Mach number in front of shock wave
• Large pressure jump over shock wave
• Increasing back pressure reduces Me even more
• Shock position moves closer towards the throat
• Mach number in front of shock reduces
• Pressure jump across shock reducesLower M in front of shock means the shock is pulled forwardHigher M in front of shock means the shock pushed backThe position of the shock is dominated by:
• Local area ratio
• Ratio between back pressure and inlet pressure of stagnant airThe result is a relation between geometry, Mach number in front of the shock, pressure jump and Machnumber behind the shock.The NACA 6-series is developed for pressure distributions which are favourable for developing a laminarboundary layer. However, as soon as the speed of sound is surpassed locally this laminar boundary layerhas unfavourable characteristics. This is because the supervelocities reach a maximum near mid-chord. Asmall increase in Mach number then produces a sharp increase in supersonic local velocity, resulting in astrong shock wave and flow separation at the foot of the shock.Therefore the NACA 4-series was modified such that in sub-critical flow:
• conditions the highest supervelocities were concentrated near the leading-edge (suction peak)
• followed by an area with almost constant pressure
• rapid deceleration behind the pressure peak
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• Behind the leading edge curvature distribution has to be such that in transonic conditions the interac-tions between expansion waves, the sonic line and the reflected compression waves occur behind thesuction peak, leading to a weak shockwave at the end of the supersonic region.
6 Reynolds effects

(Chapter 15 and 18)
6.1 Supercritical airfoils

Characteristics of supercritical airfoils are:
• Small drag penalty at design Mach number
• High lift coefficient
• Sensitive to Reynolds number and Mach variationsFor supercritical airfoils first the upper surface is designed after which the lower surface is designed tomodify spanwise lift and moment distribution.For supercritical airfoils the following is valid:
• The leading edge can be modified to reduce drag creep and postpone the divergence drag. This isdue to the partial isentropic recompression on the upper surface behind the leading-edge suction peakand the weaker shock wave terminating the area of supersonic flow. Hereby a small radius means lessdrag creep and a large radius more drag creep.
• The cusp at the trailing edge allows off the surface pressure recovery, hence a less steep adversepressure gradient. If a sharp or a blunt trailing edge is chosen depends on the design Mach number,for high Mach numbers the drag will be lower for a blunt trailing edge, and for low Mach numbersthe drag will be lower for a sharp trailing edge.
• The drag divergence Mach number is dependent on the thickness ratio of the airfoil. High thicknessesmean lower drag divergence Mach numbers.
• The sonic rooftop prevents drag creep and postpones divergence drag. The design is such that Cp = C ∗pfrom leading edge to around 0.3-0.6 x/c. This keeps the maximum local velocity around M = 1 andthus no mixed subsonic/supersonic flow will occur.Relations between airfoil shape, pressure distribution, lift coefficient, and design Mach number are:
• When adding thickness to the airfoil at constant camber, higher local velocities will occur due to thestronger surface curvature. For a given lift coefficient this will lead to a lower design or drag divergenceMach number, or for an increase in design Mach number this will lead to a thinner section.
• adding thickness only to the lower part of the airfoil results in an increase in supervelocities on thelower surface. This may only marginally decrease the lift coefficient in the design condition but mayappreciably lower the drag divergence Mach number at lower lift coefficients
• Decreasing the aft loading by thickening the rear part of the airfoil results in a lower lift coefficient atthe design Mach number. A positive effect his modification leads to a less negative zero-lift pitchingmoment coefficient.
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6.2 Reynold number effects

For supercritical airfoil sections operating near their design point the upper surface has a region of supersonicflow coupled with an almost constant static pressure. The Reynolds effects are much stronger than for subsonicflow, this has two causes:1. The boundary layer may be laminar up to the shock wave at low Reynolds numbers. The shock waveterminating the supersonic region will then be a lambda shock wave which the boundary layer cannegotiate much easier than a straight shock wave associated with a turbulent boundary layer. Withincreasing Reynolds number transition will occur progressively further ahead of the shock wave.2. Increasing the Reynolds number when the boundary layer is turbulent will decrease the displacementthickness and therefore effectively increase the flow curvature near the section surface. This willproduce a more aft shock wave position at constant Mach number and angle of attack. This again maycause an increase in shock wave strength and even a second shock wave.The effects of the Reynolds number increase on an airfoil with turbulent boundary layer are:
• Aft moving shock wave, leading to an increase in lift coefficient at constant angle of attack due to thelarger area of supersonic flow
• Before flow separation occurs the linear part of the pitching moment versus lift coefficient curve in-creases with increasing Reynolds number due to the rear movement of the shock, leading to a morenegative pitching moment coefficient at high Reynolds numbers
• The drag rise number increases
• Buffet is postponedThere are two types of separation: Shock induced separation bubble (low dependence on Reynolds number),and rear separation (strong dependence on Reynolds number).At high Mach numbers the Reynolds number has an increasing effect on the pressure distribution of theairfoil. Also the lift and moment coefficients rise with increasing Mach number.Increasing Reynold number decreases the displacement thickness of the turbulent boundary layer, leadingto:
• effective increase in curvature
• Higher supervelocities
• More aft position of the shockwave
• May cause increase in shock strength or second shock

7 Low speed and high speed stall

(Chapter 17 and 19)When the flow separates a plateau is visible in the pressure distribution.There are three types of stall1. Leading edge stall - characteristics are:
• Abrupt stall
• Flow separation over the entire airfoil
• Present on airfoils with moderate leading-edge radii
• Leading edge radius has significant effect on maximum lift coefficient
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2. Trailing edge stall - characteristics are:
• Gradual stall
• Flow separation moves forward with angle of attack
• occurs on airfoils with large leading edge radius and strong upper surface curvature3. Thin-airfoil stall - characteristics are:
• Gradual stall at low angle of attack
• Occurs of airfoils with a sharp leading edge or low Reynolds numbers
• Development of a laminar separation bubble - this lowers the suction peak and thus gives alower adverse pressure gradient.From the pressure distribution it can be concluded if the flow is separated or not. If the flow is separated thepressure coefficient at the trailing edge is negative. The point of separation is when the pressure distributionshows a plateau (or a straight distribution curve).

7.1 Maximum lift

Up until a Reynolds number of 10 million an increase in Reynolds number for a constant Mach numbermeans a thinner relative boundary layer, which tolerates larger unfavourable pressure gradients, increasingthe maximum lift.The Reynolds number also decreases the minimum pressure coefficient until the critical pressure coefficient,after this value shock waves will occur and the minimum pressure coefficient will increase again. This isbecause of:
• Larger Rec increases tolerance to strong adverse pressure gradient behind pressure peak
• Airfoil can achieve higher angles of attack without leading edge stall
• The result of this is that higher lift coefficients can be achieved
• Increasing Rec moves the trailing edge separation point upstream
• The result is that the lift coefficient decreasesUp until the Mach number where the flow at the leading edge reaches a local Mach number of 1 the maximumlift coefficient and minimum pressure coefficient are independent of Mach number.Hence, for Mloc < 1 the Reynolds number is limiting for the maximum lift coefficient, for Mloc ≤ 1 the Machnumber is limiting for the maximum lift coefficient.

7.2 thickness and camber

Increasing the leading edge radius leads to decreased overspeeds, which reduces the adverse pressuregradient and thus postpones leading-edge separation.When an airfoil section has a sharp leading edge with a small leading edge radius the flow has, at largeangles of attack, to deal with a strong curvature leading to high velocities. When the leading-edge radiusis increased without altering the upper surface curvature distribution the peak velocities can, at the sameangle of attack, be lowered, due to less severe curvature, without affecting the high-speed characteristics.Consequently the angle of attack can be increased to higher values than the basic section before the suctionpeak collapses, leading to a higher maximum lift coefficient.The shape of the lower surface section has no effect on the maximum lift coefficient.
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7.3 Buffet onset

Buffet is a form of airframe vibration caused by pressure fluctuations in separated flow felt by the occupantsin the cockpit and cabin. Buffet can appear in different forms:
• Low speed buffet due to flow separation close to stall
• Buffet due to lift dumper or speed-brake extensions
• Buffet due to local flow separation
• High speed buffet due to flow separation caused by shock wavesHigh speed buffet occurs when a separation bubble, which starts at the foot of the shock wave and graduallyincreases rearwards, reaches the trailing edge or when the boundary layer separates near the trailing edgebefore the shock wave becomes strong enough to cause separation at its foot.Trailing edge pressure divergence is used in wind tunnel tests as an indication of buffet onset on the realaircraft.High speed buffet develops gradually, in particular with increasing angle of attack. If this flow regime ispenetrated too far it may result in structural damage.There is a margin between normal flight conditions and buffet onset both with regard to speed and to angleof attack because:
• Manoeuvre in cruise flight
• Deal with disturbances due to turbulence, be it in speed or in normal load factor
• Deal with upsets due to aircraft system failuresBuffet onset occurs when when the local Mach number in front of the shockwave reaches a given value(Mloc = 1.35− 1.50).The buffet determines:
• Maximum CL at certain M
• Maximum M at certain CL
• ceiling at which the aircraft can fly at a certain M

8 Airfoil with high-lift devices

(chapter 25)The high lift devices are installed to:
• Increases the maximum lift coefficient for landing with acceptable drag penalty

– Reduces the stall speed of the aircraft
– Allows for shorter landing length

• Increases the maximum lift coefficient with acceptable drag penalty during take-off
– Reduces the minimum unstick speed
– Reduces the take-off field length

• Reduce the pitch angle at low speeds (for trailing-edge devices)The result is that the wing sizing is done based on:
13



• Cruise performance
• Climb performance
• Field performance
• Volume considerationsThree effects determine the increase in maximum lift by the use of high-lift devices:
• increase in camber

– Higher camber produces more lift but also more drag (hence variable camber = high lift devices)
– More camber leads to more circulation at the trailing edge and thus in more lift at constant angleof attack. (where the angle of attack is the angle between the chord line of the basic section andthe direction of the undisturbed flow)

• Increase in effective chord/effective wing area
• Mutual interaction effectThis is for a continuous camber line, if the various components are decoupled and moved a small distanceaway from each other, the lift at the leading and trailing edge of each part will be zero. However, themutual interaction of the vortices will remain and the total chordwise lift distribution over the compoundairfoil section will be similar that on a single (highly curved) section.The insertion of slats gives the following characteristics:
• Suppress the pressure peaks on the proceeding components through mutual interference.
• Create a new boundary layer on each component postponing stall
• Generate additional drag

8.1 mutual interference

Each lifting airfoil can be represented by a vortex.The main body (centre wing) experiences downwash of the preceding vortex (slat) and upwash of the suc-ceeding vortices (flaps), this leads to a decrease of lift and suction peak on the front part and increase of lifton the rear part. Hence the slat, which experiences only upwash, has a high increase in lift. And thus thelast flap component has very little lift (however, the effect on the preceding components is large, increasingthe overall lift).The upwash creates a velocity vector on the succeeding vortex. Due to the vertical component of this velocityvector the velocities on the lower side of the airfoil are reduced and the lift is increased. Due to this upwasheffect on the lower side the stagnation point shifts either aft to the lower side of the airfoil, resulting in ahigher pressure peak, higher supervelocities on the upper side, and lower supervelocities on the lower side.Or aft on the upper side, resulting in a lower pressure peak, lower supervelocities on the upper side, andhigher supervelocities on the lower side.The mutual interaction of the vortices of the individual components ensures that the total chordwise liftdistribution over the compound airfoil section is similar to that on a single, highly curved section. The gapsbetween the individual components postpone separation to higher angles of attack and are therefore highlydesirable.By separating each component, every component will form its own boundary layer resulting in wake. Thisnew boundary layer postpones separation. The wake of the elements grow if:
11− Cp dCpdx > 0.007

δ∗ (7)
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In practice this usually means that no wake instabilities occur before the boundary layer of the underlyingcomponent separates.Due to earlier separation merged boundary layers should be avoided.The combined effects on each component of being placed in a flow field with upwash or downwash, thesmaller chord length and the dumping velocity make that compound airfoil sections can reach much higher
CLmax than single airfoil sections.The highest CLmax is reached when the wake of the preceding component and the boundary layer of thesucceeding component do not merge. However, if merging occurs the lift-drag ratio improves.
8.2 stall

Types of high-lift device separation:
• Trailing edge of the flap at small angle of attack
• Trailing edge separation just in front of the flap
• Leading edge separation - abrupt stall.Flow separation when slats are added:
• stall on the slat
• Trailing edge separation on the main wing
• leading edge of the main wing

8.3 design for stall characteristics

The most effective high-lift configuration is one where separation is reached on all components simultaneouslyover the full span of the wing. On an aircraft this may produce unacceptable flying characteristics.In order to find the highest maximum lift, the largest flap setting should be selected with or without onlylimited flow separation on the flap at low angles of attack. The slat however should be set at such anangle that trailing edge separation occurs near the trailing edge on the main component, just prior to flowseparation on the slat.At high Reynolds numbers on modern airfoil sections with effective high-lift devices this limiting peak Machnumber occurs at low free-stream Mach numbers, which lie in the range of Mach numbers where on actualaircraft the maximum lift coefficient is determined. The maximum lift coefficient becomes then a function ofaircraft weight and flight altitude.Reynolds and Mach effects:
• High Reynolds numbers allow high CPmin values
• A high CPmin implies high supervelocities over the leading edge
• Combined with high take-off and landing speeds this may lead to local supersonic flow
• As a general rule Mloc < 1.58, which limits CLmax
• Minimum air pressure may then be less than 30% of ambient
• This result can be properly translated to 3D wings.
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9 Swept wing concept

(Chapter 20)
9.1 Wing design requirements

Wing design requirements are:
• At cruise Mach number and cruise altitude

– Design lift coefficient at top of climb
– Lift-to-Drag ratio at design lift coefficient
– Pitching moment coefficient at design lift coefficient
– Pitching moment distribution with span (to limit structural warping)

• At low speed conditions
– CLmax for all aircraft configurations (clean, take-off, landing)
– Stalling characteristics for all aircraft configurations over the complete c.g. range (pitch and roll)
– Maximum lift-to-drag ratio (to meet climb requirement)
– Lift curve slope and maximum angle of attack in ground effect (for rotation requirement)

• Stability and control (everywhere in the flight envelope)
– Pitching moment due to angle of attack
– rolling moment due to sideslip
– Rolling moment due to aileron deflection/spoiler deflection

• Around the boundaries of cruise flight conditions
– Margin (∆CL and ∆M) between design point and buffet onset boundary
– Acceptable stability and control (pitch and roll) between buffet onset and maximum buffet pene-tration boundary (∆CL and ∆M)
– Acceptable stability and control between MMO and MD .

• Structural constraints
– Wing weight
– Tank volume
– Landing gear volume
– Space for systems: kinematic systems for wing movables, anti-icing systems, fuel systems, hy-draulic system, electric system
– Lightning strike protection
– Fixation points for: enginesThe prime characteristics of wing design are:1. Aerodynamic: Mdesign and CLdesign .2. Geometric: Aspect ratio (A), taper ratio (λ), twist distribution (θ), sweep angle (Λ), and airfoil sectionin the outboard wing.
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9.2 Wing sweep

At the start of aviation, swept wings were not in use, mainly due to not large enough wind tunnels to docorrect tests. The first swept wing was implemented not to reduce drag, but to account for a miscalculationin the centre of gravity position.The main reason for applying sweep is to increase the drag-divergence Mach number. Wing sweep alsoaffects other aerodynamic parameters such as lift curve slope.Swept-wing aircraft will have a lower maximum lift coefficient and will therefore have to pay more attentionto low speed performance and often require high-lift devices.Wing sweep is introduced because it decreases the effective curvature, which leads to lower overspeeds,which makes that strong shock waves occur at higher Mach numbers, which postpones the drag divergenceto higher Mach numbers.Wing sweep influences the flow over the wing in the following ways:
• Near the wing root the pressure distribution deviates increasingly from the prediction according tosimple sweep theory
• The increasing supervelocities over the aft part of the wing root region may lead to the formation ofshock waves and flow separation.
• These may then spread further outboard and lead to a sharp drag rise much earlier than would beexpected from simple sweep theory
• At M = 0.95, sweep theory looses meaning.At low speed the sweep lowers maximum section lift coefficient of the outboard wing/tip, this leads to areduction of the wing maximum lift coefficient, therefore effective high-lift devices are required for landingand take-off.From the relation between the effective and the streamwise lift coefficients it can be concluded that the liftcoefficient based on the free-stream velocity will be lower than the section CL if wing sweep is applied. Thismeans that high-speed aircraft with highly swept wings require more attention to their performance in thelow-speed regime than aircraft with straight wings because their maximum lift coefficient is lower.As a consequence a swept-wing aircraft will often require powerful high-lift devices in order to show satis-factory take-off and landing performance for a given wing area.Flow from infinity will initially move outboard at the stagnation point. Following the contour along thetop surface, the flow will experience an acceleration inboard which reduces along the chord, this bends thestreamlines inboard. This is due to an increase in effective velocity on the upper side.On the lower side the effective velocity decreases, this curves the streamlines outboard. For a wing withforward sweep the situation is reversed.Inside the boundary layer the kinetic energy of the air particles is reduced towards the surface, but thepressure gradient remains the same. The boundary layer air will therefore tend to move the lower pressureregions, = perpendicular to the isobars. On an aft swept wing this will force the boundary layer outboard.Hence the boundary layer on the inboard wing is thinner, and on the outboard wing thicker than on thecomparable straight wing. This suggests unfavourable aerodynamic characteristics because flow near the tipwould separate earlier than expected based on the airfoil section characteristics.At the wing the pressures are higher over the forward part of the section and lower over the rear part. Thereverse occurs at the wing tip, this effects becomes stronger with increasing Mach number.
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10 Tip stall and aeroelastic effects

(chapter 20 and 21)Swept wings sometimes have fences in order to:
• Align the streamlines in high-speed conditions
• Prevent tip stall by locally renewing the boundary layer
• Postpone stall through mutual beneficial interferenceThe oldest device for preventing tip stall is a vertical plate fitted on the wing upper surface in a streamwisedirection, thus forming a physical barrier for the boundary-layer crossflow, the full-chord fence.A fence placed on the wing provides a physical barrier for the boundary layer crossflow and creates anincrease in supervelocities inboard and a decrease outboard of the fence thus altering the shape of theisobars and causing early flow separation inboard of the fence.high supervelocities can lead to premature separation inboard of the fence. Optimizing the shape andspanwise position of a fence is done experimentally. No sufficiently accurate computer models exist.The lift coefficient at which the pitch-up tendency starts (and thus the maximum usable lift coefficient) isincreased considerably over the complete Mach number range investigated.A disadvantage of wing fences is the increase in drag. Although their surface area may be small they mayproduce as much as 20 drag counts. For this reason on modern aircraft wing fences are only applied when ata late stage in the development or during flight testing stalling characteristics are found to be unsatisfactory.Instead of fences also “shark” or “dog teeth” (which are local leading edge extensions), “saw cuts”, or leadingedge boundary layer fences can be placed. These create a streamwise vortex at high angles of attack suchthat the boundary-layer cross flow on the inboard wing is swept inboard.In order to tailor the stalling characteristics the leading edge radius is increased without changing the uppersurface, this as not to change the high-speed characteristics.The effects of wing sweep are:
• Increases drag divergence Mach number
• Reduces maximum lift coefficient
• Reduces lift-curve slope
• Shifts aerodynamic centre and centre of pressure aftThe result of this is:
• Fancy high-lift devices required to increase maximum lift coefficient
• Geometrical modifications to prevent tip stall required

10.1 first generation swept wing aircraft

The first swept wings were designed along the same principles as straight wings, this led to unsatisfactorystalling characteristics, and pitch-up tendencies both at high and low speeds due to tip stall.
10.2 Aeroelastic effects

In a swept wing is the main load-carrying component the torsion box consisting of front and rear spar, ribsand upper and lower skin panels. In flight the lift forces will, partly counteracted by the weight of the wing
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itself, the fuel, and the engines make the wing flex upward.The torsional deformation about the aeroelastic axis is limited.When ailerons are deflected the extra lift applies behind the aeroelastic axis of the torsion box producing atorsion moment. A downward aileron deflection leads to a leading-edge-down torsion moment twisting thetorsion box an producing a decrease in local angle of attack. The resulting change in lift on the outer wingcounteracts the lift due to aileron deflection lowering the aileron efficiency. At high dynamic pressures thestructural deformation may lead to aileron reversal.
10.3 forward sweep

The advantages of forward sweep are:
• Not prone to tip stall

– No asymmetric wing drop
– Aileron control up to high angle of attack

• Higher sweep angle for shock wave for given Λc/4
– Either less geometric sweep is desired for the same shock sweep
– or for the same geometric sweep there is less wave drag

• Possibility of NLF
– Reduction of leading edge sweep which leads to a reduced attachment line instability.The disadvantages are:

• Highly swept trailing edge: reduces effectiveness of high-lift devices
• Could reduce divergence speed (or have a heavier wing)
• Reduced stability in Dutch roll mode
• Root stall can cause rapid loss in lift (abrupt stall) and pitch-upIn order to postpone root stall a close coupled canard can be sued to decrease the effective angle of attacknear the root.

11 Root and Tip effects

(chapter 22 and 40)On a swept wing with constant airfoil section and near-constant wing-fuselage junction, in subsonic flow theisobars tend to curve rearward at the wing root and forwards at the wing tip.When a shockwave occurs, this occurs further rearwards at the root than at the tip, which results in lowerdrag rise Mach number than would be expected.For an infinite 45◦ swept wing the isobars curve across the plane of symmetry perpendicular, causing adecrease in supervelocities over the forward part of the centerwing and an increase over the rear part. Thesechanges lead to an unfavourable pressure gradient, increasing the possibility of boundary layer separation.Tip shape for swept wings are disadvantageous from a drag point of view because suction forces on theouter wing are decreased. High-speed characteristics are however improved by delaying shockwaves andincreasing the drag-rise number.
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The amplitude of the pressure distribution can be scaled by the thickness. The thickness should be increasedto increase the amplitude of the pressure distribution.Hence, in order to improve the velocity distribution due to thickness at the root, the thickest point shouldmove forward and the overall thickness should be increased.On a swept forward wing there is boundary layer inflow towards the root, which causes the wing root tostall first and produce a pitch-up. Especially with the T-tail situation may occur where the aircraft cannotrecover from stall.Near a straight sided fuselage wall the flow over a wing is similar to the flow over the centre part of thewing alone, for swept-back wings.Vortices on a swept-back wing will show similar patterns as isobars near the wing root, but not identical.Vortices tend to curve backward and across the plane of symmetry perpendicular. This causes a decrease inlift at the wing root.Taper and sweepback increase the loading of a high transonic cruise optimized wing in the outboard part,this compromises the design for high maximum lift.improving the velocity distribution due to lift at the root;
• Lift adds velocity distribution to thickness-induced velocity distribution
• Sweep concentrates lift near trailing edgeThe solutions are:
• Reduce camber of root profile to shift pressure peak more forward and also reduces lift.
• Increase root incidence to increase lift coefficient to match desired pressure distribution on top surfaceIn practice combine thickness, camber and incidence measures to have an acceptable isobar pattern on thetop surface at the design condition (Cl and M) The result could be too much lift inboard for elliptical liftdistribution.The effect of wing taper and sweep on spanwise lift distribution:
• The upper surface pressure distribution is constant over the span
• The required reduction of lift on the inboard wing is achieved by increasing the root section thicknessvia the lower airfoil contour
• This has a significant benefit in wing weight, stiffness and fuel volume.Minimizing root effects:
• Difficult to design a wing with straight isobars between fuselage and tip

– Geometric sweep affects isobaric pattern
– Thickness affects isobaric pattern
– Circulation distribution affects isobaric pattern

• 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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Rounded tip sweeps isobars aft: more form drag near the tip; less wave drag at high speeds.To obtain a similar velocity distribution at the root and mid semi span the forward part of the root sectionmust be thickened and the rear part made thinner. The opposite applies to the tip.By giving a negative camber line the loss of lift in swept wings can be compensatedA constant percentage isobars can be achieved by increasing supervelocities on the lower surface of theinboard wing.
11.1 Winglets

End slats increase lift curve slope and decrease induced drag.Tip vortex due to pressure difference on upper and lower wing. Induced angle of attack is produced, causesinduced drag.The classic winglet design involves:
• leading edge behind thickest point to prevent adverse interference effects
• Winglet has higher camber than wingtip
• Winglet has higher critical Mach number than wing tip
• winglet loading same as wing loading
• Elliptical lift distribution preservedThe shape of winglets:
• Large enough radius of inner curve to prevent interference drag
• Drag decrease dependent on toe in toe out angle with respect to interference
• Result: only drag decrease at particular lift coefficientsWhile an equivalent increase in wingspan would be more effective than a winglet of the same length, thebending force becomes a greater factor. A three-foot winglet has the same bending force as a one-footincrease in span, yet gives the same performance gain as a two-foot wing span increase.Wingtip/winglets are influenced by:
• Root bending moment (depends on control surface deflection and roll manoeuvres)
• Flutter considerations
• Stability and control considerationstherefore: winglets could be problematic as add-on, wing should therefore be designed with winglets.

12 Examples of modern wing design

(chapter 23 and 24)In order to get straight isobars over most of the wing upper surface, the following modifications can be made:Furthermore the following has to be taken into account:
• Mloc < 1.2 to prevent drag creep
• If Mloc = 1.35− 1.45: separation and buffet
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mod. no. Modification Reason1 Increase the thickness of the forward part ofthe root section. Decrease the thickness ofthe rear part of the root section.
To obtain similar chordwise upper surface ve-locity distributions due to thickness along thespan.2 Increase the thickness-chord ratio of the rootsection To obtain identical chordwise upper surfacevelocity distributions due to thickness alongthe span.3 Decrease the positive camber of apply neg-ative camber on the root section. To adapt the pattern of the chordwise upper-surface velocity distribution due to lift to thatof the basic airfoil section.4 Increase the incidence of the root section. To obtain identical chordwise upper surfacevelocity distributions along the span.5 Modify the wing lower surface along thespan (mostly on the inner wing). To obtain the desired spanwise distributionof the local lift coefficient.6 Modify the lower surface velocity distributionon the root section regarding front and rearloading.
To minimise the wing pitching moment.

7 Modify the leading-edge region on the outerwing. To obtain satisfactory stalling characteristics.
• Pressure gradient should never cause trailing edge separation - this limits the maximum amount of aftloading
• Shock wave position should not be too much aft
• The bottom side of the wing can be modified to get the target lift distribution
• High aft loading outboard results in highly negative Cm -Increased front loading near root can com-pensate this
• Increase in nose radius to postpone tip stall
• Low sweep trailing edge fro flap effectiveness

13 Control surface design

(chapter 33 and 34)Control surfaces perform three functions:1. Provide a means to achieve equilibrium (either trim or at non-zero control force)2. Allow for manoeuvring in pitch roll and yaw in all flight conditions (cross wind landing)3. counteract gusts for flight path trackingRequirements are:
• High deflection without separation
• Linear behaviour over the entire range of deflectionsThe linearity between lift force and control surface angle decreases with increasing control-surface-chord-to-airfoil-chord ratio.On a swept airfoil the root of the rear spar is a heavily loaded structural element. To maximise the sparheight may therefore seem attractive. The resulting increase in the section tail angle will however decreasethe aerodynamic effectiveness of the rudder. Therefore a compromise has to be made.
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When designing an aileron the following has to be taken into account:
• Effect increases linearly with speed
• Linear effect of dynamic pressure
• Increasing the Mach number results in compressibility effects
• Beyond Mmo shock waves in combination with flow separation
• Aeroelastic deformation reduces aileron effectiveness
• The deformation is lessened at higher altitudesVortex generators on the wing can be an aerodynamic fix if the aileron effectiveness decreases due toseparation or boundary layer: They can prevent:
• Leading edge separation
• Separation at the foot of the shock wave
• Separation at the hinge lineThe type of aerodynamic balance on control surfaces has a large effect on the linearity of the hinge momentcoefficient versus angle of attack and versus control surface deflection.Dorsal fins:
• Increase the maximum sideslip angle which can be reached before control is lost
• Increase the sideslip angle where a significant rudder pedal force lightening and eventually rudderlock occurs

13.1 Spoilers

Spoilers have three functions:
• Roll control
• Speed brakes in flight
• Lift dumpers during decelerating ground runs in landings or aborted take-offs.Wing mounted control surfaces spoil the flow over the wing, which reduces lift and increases drag.Spoilers have three aerodynamic properties:
• decrease lift
• increase drag
• change pitching momentHowever, for each of the three given functions only one of the three aerodynamic properties are necessary,thus:
• For roll control through spoiler deflection on one wing half also the overall lift of the aircraft is affected
• With symmetric deflection of spoiler panels as speed brakes also the wing lift is affected and thelongitudinal behaviour of the aircraft.
• Spoiler deflection in the lift dumper function also produces a change in the pitching moment and hencemay either increase or decrease the nose wheel load.These unintended effects require often a complicated mixing of the various functions and highly non-linearrelations between control wheel force and individual panel deflection angles.
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• At touch down major portion of weight carried by wing
• This leads to low braking forces
• Lift spoiling allows high wheel loads and thereby higher deceleration.For spoilers there are closed-shroud and open-shroud systems:
• Open shroud spoilers show strong non-linear behaviour
• The control response is dependent on angle of attack and flap angle
• Closed shroud spoilers aim to decouple the air-brake function from the other spoiler functions and fromthe lift generation
• Most current transport aircraft accept the disadvantages of open shroud spoilers because of reducedhardware complexitySome design considerations of spoilers:
• Strong interaction between spoiler functions
• Forces and moments are non-linear with:

– Spoiler deflection
– Flap deflection
– Angle of attack
– Mach number
– Dynamic pressure

• System redundancy requires multiple spoiler panels
• Complex mixing schedules are required

14 Horizontal tail design

(chapter 30 and 31)Effect of planform parameters:
• Aspect ratio, A

– High A → high dCL
dα , low αstall

– Low A → low dCL
dα , high αstall

– Little effect on CLmax
• Taper ratio, λ

– Little effect on dCL
dα

– Effect on CLmax depends on Λc/4
∗ High Λle yields vortex lift and high CLmax
∗ Low Λle and high λ results in tip stall due to low Retip and low CLmax

• Sweep, Λc/4
– high Λc/4 → low dCL

dα , high αstall
– low Λc/4 → highdCLdα , low αstall
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– Effect on CLmax depends on formation of leading edge vortex
14.1 Horizontal tail design

Tail surfaces perform three functions1. They provide static and dynamic stability2. They enable aircraft control3. They provide a state of equilibrium in each flight conditionAn important driver of the horizontal tail design is: The ability to maintain a state-of-equilibrium, particularin extreme flight conditions.Design requirements are:1. They shall provide a sufficiently large contribution to static and dynamic longitudinal, directional, and(lateral) stability.
Requires: high aspect ratio, minimum sweep (for high aspect ratio) and high dCLh

dαe Sh.2. They shall provide sufficient control capability.
Requires: high aspect ratio, minimum sweep (for high aspect ratio) and high dCLh

dδh Sh.3. Control shall be possible with acceptable control forces.Requires: High aspect ratio of the control surfaces, and F = GeCh 12ρV 2Sc c̄c4. Shall be able to handle high angles of attack.Requires: Low aspect ratio of the control surfaces, Sweep is beneficial.Limiting: High speeds in combination with deflected flaps, icing conditions5. The tail surfaces shall be able to provide a maximum force sufficiently large to balance the total tail-offforces and moments so that static equilibrium is achieved in all flight conditions.Requires: Sufficiently large tail surface, sufficiently high maximum lift coefficient for both a range ofcontrol surface deflections and the effect of ice roughness.Static equilibrium is to be achieved for: all aerodynamic conditions and all centre of gravity positions.6. They shall be able to handle high Mach numbers without flow separation.Requires: Mach number at which extensive flow separation starts above MD for control deflectionnecessary to pull up at n = 1.5Furthermore:
• high aspect ratio → higher weight, flutter analysis for T-tails.
• A few degrees anhedral (negative dihedral) has a very beneficial effect.
• High taper → could lead to premature tip stall, lower weight.
• Sweep → makes stall more gradual

CLh depends on:
• Flow parameters (Reynolds number, Mach number, Angle of attack)
• Shape parameters (planform shape, airfoil shape, control surface deflection, chord ratio, gap/overhang,tab deflection, horn geometry)
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• For wings with the same Aspect ratio, increasing the sweep leads to increased stall angle of attackand increased maximum lift coefficient.Main types of aero-elastic deformation are:
• Wing bending and torsionResult in:

– Re-distribution of spanwise and chordwise loading
– Reduction in wing lift curve slope
– Reduction in aileron effectiveness
– A forward shift of aerodynamic centre position on swept wings

• Fuselage bending and torsionResults in: reduction in stabiliser and fin lift curve slope.Solution: “down-rig” the elevator → leads to negative zero-lift pitching moment which tends to bendthe rear fuselage and tailplane attachment upwards (increasing longitudinal stability)
• Stabiliser or horizontal tail bending and torsion
• Fin or vertical tailplane bending and torsionresults in: lower fin lift curve slope, reduced rudder effectiveness
• Deformation of movable stabiliser attachment.Results in: reduction in stabiliser lift curve slopeEffect of ice:
• In certain atmospheric conditions ice may accrue on the leading edges of wings and tail surfaces
• This leads to a strong reduction of the stall angle of attack and thereby to a much reduced liftingcapability
• Ice accretion on tail surfaces may therefore lead to sudden dangerous pitching moment changes
• Ice/snow accretion on the ground can lead to significant maximum lift loss, and must therefore beremoved before flight.
• In certain flight conditions ice accretion on tail surfaces may lead to potentially catastrophic situations.
• Negative tailplane stall combined with elevator lock can lead to unrecoverable pitch-down situations
• Ice protection on the leading edges allows to size the tailplane closer to the clean tailplane stall limits
• Usually the vertical tailplane is much less critical (highest lift demand on take-off, or landing)

15 Vertical tail design

(chapter 32 and 33)
15.1 vertical fins

Vertical tail surface (fins) are installed to:1. Provide directional stability in all flight conditions
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2. Provide yaw control in all flight conditions3. Ensure safe handling during engine failure conditionsImportant design drivers are:
• Minimum control speed with OEI, right after take-off:

– Relatively low speed
– High trust setting
– High angle of attackThis leads to: high yaw rate and large side-slip angles when one engine fails.

• Maximum cross-wind capability
– Low speed
– High side-slip angleDesign requirements are:

• Shall provide a sufficiently large contribution to static and dynamic stability (directional and lateral)Requires: High aspect ratio, minimum sweep (for high A), high dCLv
dβv Sv

• Shall provide sufficient directional control capabilityRequires: high aspect ratio, minimum sweep (for high A), high dCLv
dδr Sv .

• Directional control shall be possible with acceptable control forcesRequires: high aspect ratio of the control surfaces, F = GeCh 12ρV 2Sr c̄r .
• Shall be able to handle high angles of sideslipResults in: low aspect ratios, large leading edge sweep or dorsal finsLimiting conditions are: Low speed and high cross wind, OEI conditions right after take-off.
• Shall provide sufficiently large forces to balance OEI moments and provide equilibriumStatic equilibrium is to be achieved in all flight conditions (All aerodynamic conditions, all centre ofgravity positions, allowing for control surface deflections, including the effects of ice)Requires: Sufficiently large tail surface, Measures to ensure a high maximum lift coefficient.
• Shall be able to handle high Mach numbers without flow separation.Requires: Mach number at which extensive flow separation stars is above MD for control deflectionnecessary to correct for sideslip.At a given angle of attack the side force on a vertical tail surface is only dependent on the fin height andplanform is of secondary importance.Thus for vertical tail design:
• High aspect ratio → higher weight, Flutter analysis should be considered for T-tails
• High taper ratio → lower weight, could lead to premature tip stall (can be reduced by sweep)Dorsal fins:
• Generates leading edge vortices which stabilizes the flow and provides a low pressure region over themain surface
• Works identical to strakes at high α .
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high yaw characteristics:
• To ensure safe flight characteristics at high yaw angles the vertical tailplane must have a large stallingangle
• This is obtained by a low aspect ratio and sweepback and/or dorsal fin
• Racy swept back tails on slow propeller aircraft may well be functional.

15.2 Rudder design

Some handling considerations:
• Control forces should be acceptable for reversible flight controls
• The force should vary linearly with deflection and side-slip angleControl forces can be reduced by:
• Applying a horn balance
• Application of balance tabsSome structural considerations w.r.t. sweep angle:
• Aft spar of Vertical tail highly loaded when rudder deflected
• Thicker spar beneficial
• Compressibility effects at cruise Mach numbers requires higher sweep of the aft spar
• Rudder effectiveness decreases with sweep
• Careful trade-off needs to be made to arrive at sweep angle

15.3 Control surface design

Control surfaces perform three functions1. Control surfaces provide means to achieve a steady state of equilibrium (trim) either at zero or atnon-zero control force2. Control surfaces allow manoeuvring up to maximum roll, pitch and yaw rates. Also combinations ofmanoeuvres should be possible.3. Control surfaces are used to counteract disturbances such as gusts, both small and large, which mightotherwise cause the aircraft to deviate from its intended flight pathIn order to obtain a maximum lift force due to control deflection a deep control surface may seem attractive,however, increasing the control-surface-chord-to-airfoil-chord ratio decreases the linearity between lift forceand control-surface angle.On a swept airfoil the root of the spar is a heavily loaded structural element. To maximise the span heightmay therefore seem attractive. The resulting increase in the section tail angle will however decrease theaerodynamic effectiveness of the rudder.Dorsal fins not only increase the maximum sideslip angle which can be reached before control is lost. But,as both effects are caused by thickening of the boundary layer and flow separation, dorsal fins also increasethe sideslip angle where a significant rudder pedal force lightening and eventually rudder lock occurs.For ailerons:
• aeroelastic deformation may decrease the ailerons effectiveness
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• at high lift coefficients large aileron deflections may cause significant flight path disturbances withlarge adverse yaw.
16 Propeller slipstream effects

(chapter 36)Propellers generate thrust by adding momentum to a streamtube that flows through the propeller disc area.Each propeller blade may be compared to a wing and deflects a streamtube such that a resultant force iscreated in the desired direction. The propeller deflects the part of the streamtube behind the blade segmentover the induced angle θ. This deflection does not cause induced drag but an induced thrust resulting fromthe increased impulse in flight direction. The deflection of the flow over the angle θ is experienced as arotation or swirl with angle θ of the flow behind the propeller. The swirl is an energy loss and shouldtherefore be minimised. The stream tube behind a propeller in which the velocity of the axial flow is higherthan the undisturbed flow and a rotational velocity is present is called the propeller slipstream.Components located in the slipstream experience the slipstream as a variation in the oncoming airflow.Therefore, the oncoming flow is no longer homogeneous with parallel streamlines and so the pressuredistribution may differ considerably from a situation in which these components would be located outsidethe slipstream.In reality there is more complexity:
• Radial velocity varies with blade span
• Finite blade span causes induced velocities
• Multiple blades cause induced velocitiesThree power effects affect the longitudinal stability and control of the propeller aircraft1. Propeller forces:The propeller thrust will increase when the velocity of the aircraft is reduced. This increase in thrustmay destabilise depending on whether the thrust line is located beneath or above the centre of gravityof the aircraft. This is especially important at very low speeds, when the propeller thrust is at itsmaximum.2. Increase in wing lift, tail-off pitching moment and downwashThe increase in local wing lift due to the slipstream causes an increase in the downwash behind thewing. Therefore, the tail will experience a larger downwash, which will reduce the contribution of thetail to the longitudinal stability of the aircraft.3. Change in horizontal tail lift due to the increased dynamic pressure in the slipstreamIf the horizontal tail is partly or completely immersed in the propeller slipstream it will experience ahigher advantage dynamic pressure.This will result in a larger effective tailplane lift curve slope, andincreases the tailplane contribution to stability.When the flaps are deployed the slipstream will increase CLmax and increase CLα .An increase in CT has a destabilising effect. Two types of longitudinal stability exists for propeller aircraft:1. The response to ∆α at constant CT2. The response to ∆α due to change in speed (and CT )
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The downwash gradient at constant CT is:(
dε
dα

)
CT=constant = dε

dCL

{(
dCL
dα

)
CT=0 (1 + kCT )} (8)

This equation says that, when flying at constant airspeed and power setting, the higher the power setting ischosen and so the thrust, the more the contribution of the horizontal tailplane to the longitudinal stability ofthe aircraft decreases. This applies particular when the tailplane is outside the slipstream.On propeller driven aircraft two types of longitudinal stability at constant power setting exist:1. The response of the aircraft to a change in angle of attack at constant speed such as in a turn orpull-up manoeuvre2. The response of the aircraft to a change in angle of attack due to a change in speed in rectilinearflight.negative tailplane stall:
• High power, large flap deflection and low speed causes large downwash angles
• Very large negative angles of attack at the horizontal tail
• Might lead to flow separationPossible solutions are:
• Modify horizontal tail leading edge with negative camber
• Change stabilizer incidence with flap setting
• Change to T-tail configuration to increase the distance to the vortex sheet and reduce the negativeangle of attackSlipstream effects:
• Propeller forces

– Increase in thrust may destabilizing depending on whether the thrust line is located beneath orabove the centre of gravity of the aircraft. This is especially important at very low speeds whenthe propeller thrust is at its maximum.
– The propeller normal forces (Cnp) will become quite substantial if the propeller is at a higheffective angle of attack. Since the point of application is usually ahead of the centre-of-gravity,these too will often have a destabilizing effect

• Increase in wing lift, tail-off pitching moment and downwash

– The increase in local wing lift due to the slipstream causes an increase in the downwash behindthe wing. Therefore, the tail (also a T-tail) will experience a larger downwash, which will reducethe contribution of the tail to the longitudinal stability of the aircraft
– Usually the increase in wing lift, particularly when the flaps are deflected will increase the tail-offpitching moment in a nose-down sense

• Change in horizontal tail lift due to the increased dynamic pressure in the slipstream

– If the horizontal tail is partly or completely immersed in the propeller slipstream, it will experiencea higher average dynamic pressure. This will result in a larger effective tailplane lift curve slope,and increase the tailplane contribution to stability.
– Whether the tail is actually in the slipstream, depends on angle of attack, flap deflection andpower setting.
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• Oncoming flow at the horizontal tail differs from undisturbed flow due to

– The wind and engine nacelle wake, characterized by a lower average dynamic pressure thanthe undisturbed flow. A low-set stabilizer may, with the wing flaps retracted or at a take-offsetting, exhibit a diminishing effectiveness at high angle-of-attack if the stabilizer is immersedin the wing wake
– The propeller slipstream, characterized by swirl and an increased average dynamic pressurerelative to the outer flow and by an inflow of the outer flow on the slipstream boundary. Thelatter may further complicate the tailplane contribution to stability and control
– The downwash, which is a direct consequence of the wing producing lift and is primarily tied tothe lift coefficient with or without the presence of propeller slipstreamPropeller slipstream does not only affect the flow over the horizontal tail but also over the vertical tail andtherefore the directional stability and control of the aircraft. This effect is due to crossflow which is inducedthrough asymmetric lift distribution which again is caused by propeller swirl.When the outboard engine fails the cross flow due to the inboard-up engine increases which results in amoment imbalance. This induces a yaw rate and side slip and thus requires opposite rudder deflection.Critical situation for directional equilibrium is with flaps down and the outboard-up engine fails. This createsa large cross flow which is independent of tail size. A large vertical tail will then cause a larger yawingmoment at β = 0. Therefore, a balance must be such between moment from operative engine and momentgenerated by sideslip and rudder deflection.

16.1 lateral stability

power application will cause an asymmetric lift distribution and a rolling moment. When β > 0 the centreof lift shifts laterally, which causes the vertical tail to generate a force and therefore an opposite rollingmoment occurs. For high power this can cause lateral instability.
17 Engine intakes, exhausts, and reversers

(chapter 37, 38 and 39)Function of engine intake:
• Decelerate flow to approximately M = 0.6
• Raise the pressure in the flow in high-speed conditions
• Avoid shocks or separated flow
• Minimize loss in total energy of the flow (maximize total pressure recovery)The engine intake must deliver large amounts of air to the engine over a large envelope of operatingconditions, such as Mach 0 to 0.9 an angle of attack from -5 to +20 degrees and large mass flow variations.
• Mass flow and velocity determine streamtube diameter
• Fan RPS is a compromise between turbine and fan
• Fan tips may be supersonic
• High speed at the fan increases helical tip Mach numberCruise design requirements
• Minimizing drag
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– As low as possible supervelocities
– Mass flow ratio A∞/AHL as near as unity as other design requirements permit, such that thestagnation point is close to the highlight.

• The supervelocities on the outside of the intake will be critical which determines the intake area
• The cross section of the engine flow streamtube will be independent to the inlet shape
• Mass flow varies greatly with engine setting, altitude, and airspeed.
• The intake area should be tailored closely to the required mass flow
• The external cowling should prevent strong shock waves from occurringIntake design requirements at low speeds:
• MFR > 1.0
• Highest supervelocities occur near the throat area
• Velocity distribution over the throat area is not uniform (highest velocities occur near the wall)
• If MTH > 0.8 large decrease in total pressure recovery efficiency
• Maximum MTH is critical at low speed because the required engine mass flow is largest at take-offand initial climb
• Average throat Mach number should be limited to MTH < 0.8 to prevent strong shockwavesIn order to maximise the load-carrying capability of a transport aircraft after an engine has failed every effortshould be made to minimise the extra drag resulting from this flight condition.With engines on the wing there are then two additional drag sources and one possible drag source:1. In order to balance the resulting yawing moment a large rudder deflection is required leading to extradrag from the vertical tailplane (asymmetric drag)2. The failed engine will produce windmilling or blocked rotor drag. This is the internal drag of theengine itself3. The resulting low mass flow ratio on the failed engine will produce higher supervelocities on theintake exterior surfaces and increased friction drag and possible some wave drag. In combination withthe high angle of attack this may lead to flow separation, with additional drag, either on the lowerinside or on the upper outside of the engine nacelle. The sum of these drag contributions there termedforebody drag. When the basic external drag at mass flow ratios close to one is added the total dragis sometimes called cowl drag.To minimise shock wave strength in cruise and to prevent flow separation on an engine intake at take-offthe intake is as far as possible aligned with the local flow. As intakes on wing-engines operate in theupwash in front of the wing the intake can operate at high angles of attack. At high angles of attack thestagnation point at the top has moved far inboard. This creates a leading edge suction peak comparable tothe suction peak on an airfoil. On the other hand at the maximum thrust setting the operative engines willat low speeds operate at a high mass flow. this will move the stagnation point on the lower outside furtheraft with increasing angle of attack leading to high local velocities on the lower inboard nacelle.In order to align engine intakes with the local flow in cruise and to maximise the intake efficiency at fullthrust and minimize the added drag when an engine fails at high angles of attack at low speed engineintakes are usually drooped 3 to 5 degrees relative to the engine centre line.
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17.1 Engine exhausts

Compared to basic one-dimensional jet engine theory the real gas flow through and over engine exhaustsshows a number of differences:
• Both internal and external flow have boundary layers
• Because of the boundary layer and stream wise wall curvature the internal flow is not one-dimensional.The axial velocity varies over each cross-section
• Despite the application of nozzle guide vanes or stators to reduce swirl, a certain degree of rotationwill be present in the exhaust. This also leads to the internal flow not being one dimensional
• Because of the difference in velocity between external and engine exhaust flow or, on a by-pass engine,between the fan and the core flow mixing occurs on the flow boundaries. This leads to an exchange ofenergy between external and internal flow and between fan and core flow.To account for the above effects the following equations are used:

CV = Vactual
Videal

(9)
Vactual = Factual

ṁactualVideal
(10)

CD = ṁactual
ṁideal

(11)
CT = Factual

ṁidealVideal
= Factual

Fideal
= CVCD (12)

A high fan pressure ratio indicates high fan exhaust flow velocities. The fan flow is directed towards thecore exhaust and flow suppression occurs on the core flow. this reduces the mass flow from the core andconsequently the discharge coefficient deteriorates. This situation exists particular during take-off and initialclimb.
17.2 Thrust reversers

The main function of thrust reversers is to decrease the ground roll distance, either after landing or in anaborted take-off. Thrust reversers are also used for taxiing backwards from the gate on reversers thrust.There are two basic types of thrust reversers in use:1. Bucket- or target-type reversers2. Cascade thrust reversers.In the design of thrust reversers three design goals can be recognized:1. The maximization of reverse thrust (usually not more than 50% reverse thrust is realised)2. The minimization of the risk of ingestion of the hot exhaust gas and foreign objects3. The minimization of adverse effects on stability and control
18 Stall characteristics

(chapter 26)According to the CS-25 regulation:
CLmaxVmin < (1.06)2CLmax1−G (13)
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where:
• For certification purposes both values should be determined from test data obtained at the most forwardC.G. position
• Certification speed margins for 1-G and Vmin are different to obtain comparable take-off performanceIn order to determine the maximum lift coefficient of a full-scale aircraft, three different definitions of CLmaxare used:1. The maximum lift coefficient of the aircraft is steady, rectilinear flight:

CLmax1−G = nW12ρV 2SW (14)
This value of the maximum lift coefficient is usually considered at zero thrust (TC = 0).2. The maximum lift coefficient of the aircraft without tailplane in steady flight, CLmaxTO . This value cannotbe determined directly from flight tests but must be determined from CLmax1−G by subtracting the tailcontribution.3. The maximum lift coefficient based on the minimum speed measured in a stall manoeuvre.

CLmaxVmin = W12ρV 2SW (15)
CLmax is reached because at some part on the wing upper surface the flow in the boundary layer can no longernegotiate the large adverse pressure gradients and separates. This results in a change in the distribution offorces over the wing and a consequent change in downwash characteristics. As a consequence, the aircraftdevelops apart from the lift loss a tendency towards abrupt attitude changes.Medium-speed aircraft with straight or moderately-swept wings and thick leading edges may, even withoutleading-edge devices, reach maximum lift coefficients of around CLmax1−G = 3.0.The stalling characteristics of an aircraft determine the response of the full-scale aircraft to the occurrenceof significant flow separation on the wing. Satisfactory stalling characteristics means that the response tothe flow separation should be either favourable (such as a strong nose-down pitch tendency which restoresa condition of attached wing flow) or should be easily controlled by the pilot. Under no circumstances shallflow separation cause an abrupt pitch-up or yaw movement which may lead to auto rotation in a spin.Some general rules to prevent undesirable stalling characteristics are:
• Flow separation should start on the inboard wing so that spoilers and ailerons for roll control remaineffective in the stall. This can for example be achieved by making sure that peak Cpmin-values at theleading edge (either on the wing or on the slat) occur on the inboard wing.
• When the stall occurs the tailplane and elevator shall not lose effectiveness due to becoming immersedin the wake of the separated flow on the wing.For the spanwise distribution of the peak suction coefficient on the slat as a measure of the local lift coefficientfor various angles of attack:
• The low Cpmin near the root is due to the low local lift coefficient as a consequence of the strongtapering of the inboard wing
• Maximum lift is reached at α = 20.5◦.
• Above this angle Cpmin decreases on the inboard wing.On a T-tail the flow over the horizontal tail plane is initially largely undisturbed after the flow over thewing separates. Flow separation on the wing decreases the wing lift, so that the vertical balance of forceschanges, making the aircraft lose altitude and increase the angle of attack. A strong nose-down pitching
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moment at large angles of attack is required to compensate the tendency to pitch-up at an increasing rate.But if this large-enough nose-down pitching moment is not produced the angle of attack will keep increasinguntil the tail plane becomes immersed in the wake of the wing. If the tailplane is immersed in the wake ofthe separated flow of the main wing, the aircraft will loose its longitudinal stability. It will remain unstableand pitch-up until a new equilibrium is found at a very high angle of attack. This may result in a “locked-install” or “deep stall”, from which recovery may be extremely difficult. Next to deep stall the elevator will loseits effectiveness as well. Also, most of the aileron-effectiveness will be eliminated.
19 Take-off performance

(chapter 27, 44)Take-off performance
• Certification tests are performed to determine the performance and flight handling characteristics ofthe aircraft in order to guarantee a satisfactory level of safety in its commercial day-to-day operation.
• A large part of the regulations defines the flight test required to be performed in order to obtainthe basic data from which the take-off limitations can be calculated for inclusion in the official flightmanual.Engine failure during take-off has for may years been regarded as one of the most serious causes of accidents:
• During take-off the engine operates at its most critical condition
• If engine failure occurs the pilot has little time and space to react adequatelyThe use of high-lift devices during take-off and landing increases the maximum lift coefficient and thusdecreases take-off and landing field length, approach speed and decreases the wing area as required foroptimum cruise performance.At high fields a high L/D is necessary because both the climbout and climb gradient depend on the L/Dratio:

sair =√ W
σSCL

T − D
W (16)

sin γ = T
W −

D
L (17)

In the last years, due to limited maximum fuel volume, the interest of aircraft manufacturers has shifted fromsophisticated high lift devices in order to minimise the wing area, to simpler systems with more emphasis oncost, reliability and maintainability.Besides lift, high lift devices also increase the drag.Because CFD has only limited applicability for high lift devices theory can be used fro three-dimensionalconfigurations for certain particular applications:
• Analysing the spanwise lift distribution and the induced drag.
• Analysing chordwise pressure distributions and for smoothing irregularities in the pressure distribution.The effects on flaps on the lift/drag polar is that field attitude might require different flap settings in orderto comply with climb gradient requirements or maximum ground run.The effect of slats is that they increase the L/D for a given flap setting and required CL.Take-off performance;
• Best one-engine-out climb requires a high L/D and high CL
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• Increase one, decrease the other
• Induced drag is the largest drag component
• High aspect ratio is beneficialThe boundary layer and some partial flow separation on the flap upper surface has a de-cambering effect onthe flap causing the effective flap angle to be smaller than the nominal flap angle. If this effective flap angleis included in calculations based on lifting surface theory, good agreement between theory and experimentcan be obtained in particular with small flap angles. At higher flap angles the agreement may be less good,particularly at low angles of attack. This is due to the rear fuselage being placed in a strong down washresulting in vortices or flow separation on the lower fuselage and, with rear-engine configurations, on thelower surface or nacelles and pylons. For higher angles of attack the rear fuselage is better aligned withthe local flow direction.Non-planar lifting surface theory, combined with empirical data can be used to estimate lift-drag ratios fortake-off and landing configurations when no wind tunnel data is available.Large flap deflections in combination with low α result in bad predictions:
• Downwash makes large angles with fuselage
• Highly 3D flow in vorticesprediction versus wind tunnel tests:
• Prediction with empirical correction is fairly good
• No maximum lift coefficient can be predicted
• L/D can be estimatedHow to determine L/D:
• Calculate induced drag
• Calculate friction drag
• Calculate trim drag
• Calculate form (pressure) drag due to lift at each sectionTo find the trim drag the tail-off pitching moment coefficient curves are calculated. These are compared withwind tunnel data for a centre of gravity position.When the slope of the linearised C 2

L versus CD curve for the clean aircraft configuration is known, the averageincrease in the Oswald factor allow the estimation of the drag polar for speeds between 1.2Vs and 1.4Vs forevery flap angle.When no special measures are taken, boundary layer effects are not incorporated. This leads in the calcula-tions to higher supervelocities than in real flow. One way of reducing this shortcoming is to compare theoryand experiment not at the same angle-of-attack but at the same lift coefficient. This leads to a satisfactorycomparison of the chordwise pressure distribution and the spanwise distribution of the local lift coefficientparticularly when also aero-elastic deformation is taken into account.
19.1 Chapter 44

Engine failout during take-off has for many years been regarded as one of the most serious causes ofaccidents because:1. During take-off the engine operates at its most critical condition2. If an engine failout occurs the pilot has literally little time and space to react adequately
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In order to maximise the operational flexibility transport aircraft are certified for a range of take-off flapsettings. For each flap setting a complete free-flight and field performance test programme has to beexecuted.In order to find the necessary runway length three tests are conducted:1. Take-off with all engines operating, the necessary runway length is increased with 1.15 to account fornon-ideal conditions.2. Runway length while having a simulated engine failure just before V1, and still be able to fly over 35feet high obstacles3. Runway length while having a simulated engine failure just before V1, but the take-off is aborted, andthe aircraft has to be able to come to a safe standstillThe largest of the three runway lengths necessary is the required runway length for that particular aircraft.The minimum unstick speed, VMU , is the minimum speed at which the aircraft is able to take-off within thecertified take-off distance for the atmospheric and aircraft conditions under consideration. This speed isdetermined by three parameters:1. Wing stall in ground effect with the main wheels still on the ground2. Geometric limitations because the maximum usable CL in ground effect is determined by the rearfuselage striking the runway3. Through a limited elevator capacity (the aircraft rotates so late that due to the aircraft’s speed andacceleration the aircraft leaves the ground before the maximum lift coefficient in ground effect isreached)
20 Flight beyond buffet onset and MMO

The buffet onset boundary
• Just as the low speed stall the buffet onset boundary forms a limitation of the aircraft flight envelope
• Low-speed stall: trailing edge flow separation of the leading edge suction peak
• Buffet onset boundary: separation starts at the foot of the shock wave and creates oscillating pressuredistributionAirworthiness regulations require that in normal operation of civil transport aircraft the buffet onset boundaryis not surpassed. Buffet may not intrude the normal operating envelope of the aircraft. Buffet can thus onlyappear during a pull-up or turn manoeuvre.The certification regulations require the lift coefficient in operational cruise conditions to be limited suchthat a load factor of n = 1.3 can be reached without encountering buffet. This limits the maximum designlift coefficient.Buffet and safety:
• The airworthiness requirements demand that if the buffet regime is penetrated this should be in fullycontrolled flight
• Flow separation on a swept wing should therefore not start too far outboard, to prevent strong roll orpitch-up tendencies
• For certification the buffet regime is deliberately penetrated in flight to demonstrate acceptable flighthandling characteristics
• The maximum buffet penetration boundary or maximum demonstrated lift boundary has to be recorded
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The buffet onset boundary is not a uniquely defined physical phenomenon. Flow separation leads to vibrationand it is the latter which is recorded either by a human or by an accelerometer. This means that the intensityof the buffet as perceived by a human or recorded by a test equipment depends on their position relative tothe nodes and loops of the vibrating structure.In the wind tunnel the buffet onset boundary may be determined from a number of characteristics1. Breaks in CL − α , CM − α or Cx − α .2. Trailing-edge pressure divergence on the outboard wing3. Divergence of dynamic wing root strain gauge recordingsThe onset of buffet depends on the Reynolds number when the boundary layer is involved.
20.1 Chapter 29

Flight characteristics between MMO and MD :
• Civil transport aircraft normally do not exceed the Maximum Operating Mach Number (MMO)
• Requirement to comply with requirements on flying characteristics above MMO

• Failures or severe atmospheric upsets cause the aircraft to pitch down and to exceed MMO in a dive.
• Therefore the civil airworthiness requirements require that the aircraft demonstrates acceptable flightcharacteristics up to the design Dive Mach Number MD (MD = MMO + 0.05 to 0.09).
• It is common practice to design the wing such that the design Mach number Mdesign = MMO − 0.03to 0.05.When a jet transport aircraft is flying at or near its design condition and the flight speed is increased thepressure distribution on the wing changes rapidly. Initially the shock wave moves rearwards over a part ofthe wing and the pattern of the wing upper surface pressure distribution changes. When the speed is furtherincreased the boundary layer will separate behind the shock wave and the suction forces over the front partof the wing will decrease further. On the lower surface the supervelocities increase in a regular patternuntil, in particular at low lift coefficients, locally sonic speed is reached behind which point in the flow willfurther accelerate until a shock wave appears. This different development of upper and lower surface pressuredistribution causes, in particular on swept wings, that the development of the tail-off pitching moment atdifferent angles of attack or lift coefficients with a varying Mach number may show large variations fordifferent wing geometries.
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