CHAPTER 2 Aircraft loads

Consider an airplane moving through calm air. Particles of air affected by the airplane are accelerated and the
reaction of the accelerated particles isfelt over the surfaces of the airplane as a distribution of pressures. The
pressure distribution acting on the surfaces of the airplane can be resolved into the total lift and drag forces. In
addition to the aerodynamic forces of lift and drag, there are so-called inertia loads resulting from the accelera-
tion of the airplane. Other loading conditions such as landing loads, ground-handling loads, horizontal and verti-
cal tail loads, and monocoque body loads are discussed in detail by Lomax (1996).

Load analysisisimportant in aircraft design, and a design cannot proceed without information on loads. The
aircraft loads analysis presented in this chapter isused in preliminary design, which is defined in the next section.
In this chapter we define load factors, discuss the aerodynamic data required for structural analysis, develop the
basic maneuver V-n diagram, and discuss gust load factors used in design.

2.1  Aircraft design process

Phases of the aircraft design may be divided into a concept formulation, a concept design, a preliminary design,
and adetail design. Concept formulation is where the basic requirements for new aircraft are developed. Require-
ments are developed by a combination of market and customer surveys, and statistical analyses. Concept design
begins with the basic requirements and sizes the aircraft. Only the most simple analysis methods and historical
dataare used. In preliminary design the sized conceptual baseline aircraft is further developed. Increased level of
analysisis used to define the aerodynamics, performance, weight, propulsion, acoustic and cost parameters of the
design. Detailed design is where the various parts of the aircraft are designed for fabrication. Part and assembly
drawings are developed for manufacturing.

2.2 Inertialoads

The maximum load on any part of the airplane structure occurs when it accelerates. In preliminary design, inertia
force calculations are usually based on rigid body dynamics of the airplane. Once these loads are determined they
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are imposed on the airplane, and the structural design proceeds by assuming the airplaneisflexible (i.e., a
deformable body). Determining inertialoads for adeformable body is more complex, and may be warranted later
in the structural design process.

221 Coordinate systemsand Newton’s laws of motion

The right-handed Cartesian coordinate system OXYZ isfixed to the Earth, origin at point O, and it is assumed that
thisisan inertial system. That is, Newton’'s laws of motion are valid in the Earth axis system. The unit base vec-

torsin the OXYZ system are denoted by (/, J, K) . The right-handed Cartesian coordinate system Gxyzisfixed in
the body of the aircraft, with its origin at the center of gravity, which islabeled G. The unit base vectorsin the

Gxyz system are denoted by (i, j, k) . Consider planar motion of the aircraft — that is, symmetrical maneuvers of

the aircraft, and where the aircraft is symmetrical about its vertical fore and aft plane. Body axis Gx is directed
forward, axis Gy is directed toward the starboard wing, and body axis Gzisin the normal direction. For symmet-

rical maneuversthereisnoroll or yaw of the airplane, so symmetrical maneuversimply} = :] for al timet. Let

f?c denote the position vector of the center of gravity G with respect to fixed point O. The flight path is a plane
curve in the X-Z plane with the arc-length along the curve denoted by s. The unit tangent vector to the flight path

at sisdenoted by ; , the unit normal vector at s by ;z , and the angle between the flight path and the unit tangent

vector, or the x-axis, by 6. Note that ; = ; . Angle 6 represents the clockwise rotation of the aircraft in pitch. See
figure 2.1.

flight path

Fig.2.1 Acceleration of the center of gravity tangent and normal to theflight path.

The unit tangent vector and its derivative aong the path are

t = s
ds ds ds

21

Let 0’ = dO/ds . Thechangein slope of the flight path with respect to arc-length 6’ defines the curvature of the
path, and the radius of curvatureis R = 1/0'. The velocity of the center of gravity G along the flight path is

— _ df(’G _ dIA?Gds _ "
= 480 - 42048 _ 4, 2.2
Vo= T T asar O (2-2)

where the speed of the center of gravity of the aircraft along the flight pathis v; = ds/dt. The acceleration of
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the center of gravity is
g = Mo _di, oy, dids oG g 2.3)
S dr  dt ¢ 9 C
where v-G = dv/dt isthe acceleration component tangent to the path. The acceleration component normal to

thepath vZ0' = vZ/R, or centripetal acceleration, is directed toward the concave side of the path.

A free body diagram of the aircraft at timet and its time rate of change of momenta are shown in figure 2.2.

Time rate of change of momentum FBD at timet

Fig.2.2 Freebody and rate of momenta diagramsfor symmetrical motion of
an aircraft at timet.

Derivatives with respect to time of the pitch angle are written as

2
do _ do _ »

—~ =f,and=_ =160. 2.4
dt o dr? @4

The mass of the aircraft is denoted by m, the moment of inertia about the center of gravity by 7, the local accel-

eration dueto gravity by g, and the weight of the aircraft by Wwhere W = mg . Equations for Newton's second
law at timet are

BN

F = mvgt+vi0'n) Mg =1L Mo = Roxm(vgt+v36'n)+1,6j, (2.5)
where the resultant force is denoted by Ii" , the moment about the center of gravity by A?G , and the moment about

the fixed point by A?o . These force and moment vectors are determined from

F = EFm Mg = EVm/GXFm Mo = Mg+RgxF, (2.6)

m =1 m=1
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where /¢ isthe position vector of the point of application of force £, with respect to the center of gravity.

2.2.2 Principleof D’ Alembert

D’ Alembert in 1743 proposed a principle that would reduce a problem in dynamicsto an equivalent onein statics
by introducing so-called inertial forces. The inertial force acting at the airplane’s center of gravity is defined as

—m;z(; , and theinertial moment about the center of gravity isdefined as —Iyé} . Theseinertial forcesare drawn on

the free body diagram of the airplane in addition to all the applied forces. D’ Alembert’s principle states that the
applied forces together with theinertial forces forma systemin equilibrium. Thus we write Newton’s second law
as

F+ (—m\;G;—mvg;G';z) =0 A710+ (—Iyé;') =0. (2.7)

The free body diagram is modified accordingly as shown in figure 2.3. In the free body diagram the inertial
forces and moment are indicated by dashed lines. From the free body diagram we proceed as in statics to write
the conditions of (dynamic) equilibrium.

. ]

mvg0'(—n) ' WK

Fig.2.3 Aircraft freebody diagram at timet including theinertial forces and the inertial moment.
The curvature of the flight path 6’ can change sign. As shown in figure 2.4, the curvature is positive for a

pull-up maneuver from a dive, and the curvature is negative for a push-down maneuver from a climb. Conse-
guently, the inertiaforce normal to the flight path is directed toward the convex side of the path.

6=00<0
(b)
flight path lg
Fig.2.4  Sign of the curvaturefor (a) pull-up
from a dive, and (b) push-down from a climb.
6=006>0
@)

10 Aerospace Structures



Inertia loads

2.2.3 Relativevelocity and acceleration

Often it is necessary to determinetheinertial forces at |ocations within the airplane not coincident with the center
of gravity. For these computations we need the relative velocity and acceleration formulas from rigid body
dynamics. Consider two points A and G fixed in the body. The position of point Arelativeto G istaken as x , /G; ,
as shownin figure 2.5.

Xy,6t

Fig.2.5 Relative position of two pointsfixed in arigid body.

The position vectors of points A and G are related by

R4 =Rc+x,,4l. (2.8)

The velocity vectors of points A and G are then

N N

- d p
va = vc;+d7(xA/Gt). (2.9)

Since vector x G; is embedded in the rigid body for all time, itsrate of change is determined from its cross
product with the vector of the time rate of change of pitch rotation. That is,

%(xA/Gt) = éjxxA/Gt = xA/Gén. (2.10)

Hence,

N N ~

v4 = vg+ xA/Gén . (2.11)
Thetime rate of change of this velocity expression (2.11) relates the acceleration of A relativeto G by
a4 = ac +%[xA/Gé;z] = a4+x,,50n+ é%[xA/G;;] = ag+x,,00n+0[0j xx,,cn]. 2.12)

Perform the vector cross product in eg. (2.12) to find

AN

a4 = ac +xA/Gén—ézxA/Gt. (2.13)
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2.24 Uniform linear and angular accelerations

In some inertial load problemsit is reasonable to assume that the acceleration of a particle and/or the angular
acceleration of arigid body are constant over atime interval. Let s denote the distance of a particle along a
straight line, v its speed along the line, and a its constant acceleration. Then, we have the following formulas

v = at+v, s = %at2+v0t+s0 2a(s —sy) = v?=v§, (2.14)

wheres = s, and v = v, attime s = 0. Similarly if the angular acceleration 6 is constant over some time
interval, then

6 = 0r+86 o = %ét2+éot+60 20(0-0,) = 6% -63, (2.15)

where 6 = 6 and 6 = 0, attimes = 0.

2.3 Load factors

It is convenient to combine the inertial forces and gravity forcesin the analysis of aircraft structural components.
Consider an airplane in genera plane motion as depicted in figure 2.6.

AL

24 .
Teng P

wr

Fig.2.6 Inertial force, weight, and other forces acting on an airplanein general plane motion.

The actions shown in figure 2.6 represent: Z = lift force (wing and tail), B = drag force, }eng =thrust force,

—LVZG =inertiaforce, and ZG = acceleration of the center of gravity given by eg. (2.3). We are not considering
g

the moment of momentum equation for now. However, 60 in general . For the configuration shown in figure
2.6 dynamic equilibriumis

g
Let thetotal applied force on the airplane excluding weight be noted by EIA? . Thetotal applied force, in general,

may include other effects than those shown in the sketch above (e.g., wheel reactions on landing.) Then dynamic
equilibrium is written as
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The V-n diagram

- [—WK+ —Wac} =0
g
_\f—/
combined weight and inertia force _

Asshown in figure 2.7, the projection of the gravity unit vector on the tangent and normal

directionsis IA< = sine(—;) + cose(—;z) . Similarly, we define the projections of the resultant
forcesin the tangent and normal directions as

EF-} = (EF)x EF-; = (EF)H. 2.18)

Dynamic equilibrium (2.17) separated into tangent and normal directionsis

Ve T vZ0'\ 71~
F) —W| 'e+—G}t+ F) —W([cos®+-9—)|n = 0. 2.19
{(E )x (sm g> [(E )n (cos p ”n (2.19)
Rewrite dynamic equilibrium (2.19) in the form
[(EF)x—an];+[(EF)n—nZW];l =0, (2.20)
where the load factors in the tangent and normal directions are defined by
- —
n,= (sin@ + V—G> n, = (cos@ + ‘i> . (2.21)
4 g

Also, eq. (2.20) shows that the load factors can be determined from

n, = (EF)X/W n, = (EF)n/W . (2.22)

Note that the load factor is a dimensionless number, and it can be negative, zero, or positive. The free body dia-
gram for dynamic equilibrium of the airplane employing load factorsis shown in figure 2.8.

)

Fig.2.8 Inertial forcesand gravity forces
represented by load factorsfor dynamic
equilibrium of the airplane. (> F);

n.Ww

24 TheV-ndiagram

First, some definitions:

Limit load — the maximum load that an aircraft may be expected to encounter at any timein service
Limit load factor —n associated with limit load n W = LL

Ultimate load — force necessary to rupture

Ultimate load factor — n associated with ultimate load n W = UL

Factor of safety — ultimate load/limit load > 1; usually 1.5

Aerospace Structures 13
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24.1 Airplanedesign requirements

1. All parts of the airplane are designed so they are not stressed beyond the yield point at the limit load
factor.

2. Theairplane structure must carry the ultimate loads for at least 3 seconds without collapsing, even
though the members may acquire permanent deformation.

24.2 Regulations

Limit load factors are specified by regulations, which depend on the type of aircraft (e.g., transport, aerobatic,
etc.). Criteriafor civil aerospace vehiclesin the United States.

Code of Federal Regulations
Title 14, Aeronautics and Space
Parts1—-59
Federal Aviation Administration (Department of Transportation is the regulatory agency.)
Military requirementsin the United States. issued in M | L —Specs covering specific topics of structural
design of USAir Force, Navy, and Marine aircraft.

24.3 Specified data

Specified maximum positive load factor; n,,, > 1.

Specified maximum negative load factor; n
Specified design airspeeds:

<0.

min

Ve = maximum level flight cruise speed

V) = maximum dive speed ~ 1.2 to 1.5V,

24.4 Basic maneuver V-n diagram

Thisis predicated on pilot-controlled, symmetrical maneuvers in flight through calm air (i.e., no gust). Assump-
tions made for analytical purposes are that the pitching acceleration is assumed zero or negligible, the airspeed is
constant during the maneuver, and there is no rolling or yawing of the aircraft, although rolling or yawing

maneuvers may be considered in design as well. For no pitching accel eration the pitch rate 6 is constant with
respect to time. Use the chain rule to write the pitch rate as

o= do - dods _

Tdr dsar 9 @29

Hence, in asteady state maneuver 6'v; isconstant with respect to time. The load factors (2.21) for asteady state
maneuver are

20’
n, = sin0 n, = (cosG+vG—>. (2.24)
g

A pull-up from adive, and a push-down from a climb are examples of steady state symmetrical maneuvers and
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The V-n diagram

are depicted in figure 2.4. Also, alevel flight, coordinated turn is considered a symmetrical maneuver even
though the airplane does have alateral acceleration in the turn. (Refer to practice exercise 2.) In general, the
steady state symmetrical maneuvers will produce the maximum design wing loads. See figure 2.9.

" A M max

maneuvering within this
envelope is acceptable on
P the basis of structural con-
siderations only

Fig.2.9 Maneuver V-n diagram based on
structural considerationsonly. 0

¢
V. Vb

min

245 Aerodynamic data

When atwo-dimensional airfoil is subject to arelative wind there is a net pressure distribution over the airfoil
that depends on the angle of attack, which is denoted by a.. The angle of attack is the angle between the relative
wind and the chord of the airfoil. The chord is the width of the airfoil and itslength is denoted by c. The resultant
action of the pressure distribution is aforce R and no moment at the center of pressure, which islabeled C.P.in
figure 2.10(a). The center of pressure location varies with the angle of attack. The resultant action of the pressure
distribution is aforce and a moment at any other location. The standard reference point for aerodynamic datais
the aerodynamic center, which islabeled A.C. in figure 2.10(b). The aerodynamic center is the point where the
pitching moment is independent of the angle of attack. For most subsonic wing sectionsthe A.C. is around 25
percent of the chord.The net force of the pressure distribution is resolved at the aerodynamic center into alift
force perpendicular to the relative wind and adrag force parallel to the relative wind and the pitching moment.

stall

(©

Fig. 2.10 Characteristicsof atwo-dimensional airfoil: (a) center of pressure, (b) aerodynamic
center, (c) stall.

Thelift increases asthe angle of attack increases. At some point, however, the flow can no longer stay attached to
the upper surface and detaches. Thisresultsin adecreasein lift, which is called aerodynamic stall as shown in
figure 2.10(c). The sharpness of the decrease in lift is dependent on the type of airfoil.

Airplanes are three-dimensional vehicles with three-dimensional aerodynamic surfaces, so the aerodynamic
loads are spread over these surfaces. This distribution in the spanwise direction of the wing resultsin aforce and
moment at the root of the wing. The spanwise distribution of the airload is afunction of the wing planform shape,
the airfoil sections, and the geometric twist. The basic aerodynamic reference for three-dimensional wingsisthe
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mean aer odynamic chord (MAC). Thethickness, chord length, and angle of attack of the MAC airfoil sectionis
used as areference for all aerodynamic data. For arectangular wing planform, the MAC is equal to the wing
chord, and for atrapezoidal planform of the semiwing the MAC is equal to the chord at the centroid of the trape-

zoid.

Methods of data acquisition. Basic methods to calculate aerodynamic data for aircraft design and analysis are
preliminary design estimates, wind tunnel testing, numerical fluid analysis, and aircraft flight test. The wind tun-
nel test isthe major source for aerodynamic data in the preliminary design phase, and it involves construction of
ascale model of the aircraft. The model is instrumented with pressure and force transducers. Data required for
the structural analysis are thelift, drag, and pitching moment curves for the complete airplane with the horizontal
tail removed through the range of angles of attack from the negative stalling angle to the positive angle. Data for
the combination of the wing and fuselage, or the wing, fuselage, and nacelles, are more difficult to calculate
accurately from the published data, because of the uncertain effects of the aerodynamic interference of the vari-

ous components.

Thelift force L isnormal to the relative velocity (flight path), the drag force D is parallel to the relative
velocity, and the pitching moment A4, ,5 is nose-up positive at the mean aerodynamic chord as shown in figure

2.11(a). The angle 6 is measured from the flight path to the x-axis and is equal to the difference between to the
angle of attack o and the angle of wing incidencei.

chord line

Fig.2.11 (a) Lift force, drag force, and pitching moment at the MAC.
(b) Lift and drag resolved along the body x- and z-axesat MAC.

Thelift force, drag force, and pitching moment for the tail-off are expressed in terms of the dynamic pressure q,
wing reference area S, and dimensionless aerodynamic coefficients C, , C,, and C,,, ,5 - The dynamic pressure

is
q = lp vz, (2.25)
2
where the air density at atitude is denoted by p . The aerodynamic actions are expressed as

L= C,qS D = CpqS Myrs = ChpoasqSC, (2.26)

where the mean aerodynamic chord is denoted by c.
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The aerodynamic actionsL, D, and M, ,s at the mean aerodynamic chord are statically equivalent to the
aerodynamic actions f, , f,, and M, at the center of gravity. The lift and drag forces are resolved into compo-
nents normal f, and parallel /. to the flight path by

f, = Lcos®+ Dsin®,and f, = Lsin® —DcosB. (2.27)
The moment at the center of gravity is determined from figure 2.11(b):
M, = Myrs+xc 68 —2c 6y - (2.28)

The forces acting on the airplane are shown in figure 2.12, in which the tail force L, acts perpendicular to the
flight path at the center of pressure of the horizonta tail.

Fig.2.12 Forcesacting on the airplane during steady state symmetrical maneuvers. No pitching
acceleration.

The dynamic equilibrium equations for no acceleration in pitch are

fo+ Tepg—n, W+ L;sin® = 0, (2.29)
f,—n,W+L,cos8 = 0,and (2.30)
M,+z,T,,,—x7,6L,cos8 = 0. (2.31)

Substitute the moment at the center of gravity (2.28) into eg. (2.31) to get

Myrs+xc,6fn=2c/6fx ¥ Z2eLone —Xp,6L,c0s0 = 0. (2.32)

eleng
Introduce aerodynamic coefficients C,,, C, and C, by therelations
f,=CqS.f, = CqS,andL, = CgqS. (2.33)
Substituting £, and f, from the definitions (2.33) into eg. (2.27) determines the coefficients C, and C, as
C, = C,cos0+ Cpsin®,and C, = C,;sinB —Cjcos6. (2.34)

The balancing tail force coefficient C, isto be determined from the equations of dynamic equilibrium. From the

relations (2.33) and (2.34), the equilibrium eguations (2.29) and (2.30) are written as
nW = (C,+C,sinb)gS+T,,,and (2.35)

nW = (C,+ C,cos0)gS. (2.36)
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Let n,W = CyqS, where the airplane normal coefficient is denoted by C,,. From eq. (2.36) the normal coeffi-
cientis
Cy = C,+C,cos0. (2.37)

In terms of the aerodynamic relations introduced, the moment about the center of gravity (2.32) is

Cur02595¢ +X0,6CoqS =20, cCoqS + 2,T,, . —x7,cC,gScosd = 0. (2.38)

eteng

Rearrange eg. (2.38) to

(Chioas¢ *+ %/ 6Cr=2¢,GC—x7,6C,c080)qS +2,T,,, = 0. (2.39)
Consider the case of power-off so that 7,,, = 0, and solvefor C,cos6 to get
Cieos8 = (¢/x7,6)Cuoas + (e 6/%1/6)C = (2¢/6/X1/6) C. - (2.40)

If the term on the right side containing longitudinal coefficient C, isassumed small with respect to the other
terms and neglected, then the resulting expression for coefficient C, is consistent with the traditional equation for
the balancing tail load (Lomax, p. 9). Substitute C,cos8 from eq. (2.40) into eg. (2.37) to get the expression for

the normal coefficient determined from the aerodynamic coefficients with the tail off:
Cy = (¢/%71,6)Cho s * (c/6/%1/6) Cu = (2¢/6/%1/6) Cr - (2.41)

Thetotal normal forceisdenoted by L. . Fromeq. (2.30) L, = f,+ L,cos6 = n,W,and n,W = C,qS . Hence,

z

= nW = CyqS = (%sz)SCN. (2.42)

From wind tunnel datafor complete airplane the aerodynamic coefficient of lift along the z axisis plotted against
the angle of attack as depicted in figure 2.13. Generally, the magnitudes of the maximum and minimum values of
the normal aerodynamic coefficient corresponding to stall and inverted stall, respectively, satisfy

‘(CN)min‘ < ‘(CN)maX‘ ’

CN
A
(CN)max e
Fig. 2.13 Normal force coefficient asa
/ > O function of the angle of attack.

/ 0
- = 7 (CN)min

Substitute C,, from eq. (2.34) into eg. (2.35) to find the longitudinal load factor as
nW = [(C,+C,)sinb —Cpcos0]gS + T, - (2.43)

At agiven airspeed
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Hence,

1 .
(L) = (zp Vz) S(Cy)pax = MW pull-up from dive

. (2.44)
(L) = (%_ p V2) S(C\) iy = Mot W push-down from climb.
(pr?/2) (pV?/2)
Mrmax = (CN)max ( W/S) Momin = (CN)min ( W/S) ! (2.45)

which are quadratic functions of 7.

24.6

Maneuver V-n diagram including aerodynamic stall

The maneuver V-n diagram including aerodynamic stall is shown in figure 2.14.

Note:
1.

A
n,ultimate b — — — — — — — — =
npacstructural limit £ — — -
stall
(0/2) 1
1+ (Cma (775"
14
0 + >
4 c V. D
1 inverted
Y stall
AgipStructural limit | — — — —/2
n_ultimate & — — -
0/2) 1n
(Cy). V-
min( 7/ §)

Fig. 2.14 Maneuver V-n diagram including aerodynamic stall and specified data.

Cy varies with compressibility, and varies with the C.G. location as shown in eqg. (2.41). Generally we must
consider different altitudes and weight configurations.

For flight in incompressible air, the dynamic pressure ¢ = %sz,where V' isthe airspeed and p istheair

density, both at altitude. Define equivalent airspeed Vy,g at sealevel by

_1 1
q = 5|0V2 = 5P V2Eas - (2.46)

Then the equivalent airspeed isgivenby 7, = |£-¥.Use V. onV-ndiagram to cover all altitudes. Some
Ps.1.
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typical values of the load factors are shown in table 2.1

Table 2.1 Structural limit load factors

Structural limits

Category Nmax Nmin
U.S. civil transports (Boeing) 2.5 -1.0
U.S. military heavy bomber 3.0 -1.0
U.S. military subsonic attack 8.0 30
U.K. civil aerobatic 6.0 -3.0
U.K. sailplane, aerobatic 7.0 -5.0

Transport category airplanes. The airworthiness standards for transport category airplanes are specified in

Part 25 of the Federal Aviation Regulations (FAR). Flight maneuver and gust conditions are specified in subsec-
tions 25.331-25.351. The maneuver V-n diagram is shown in figure 2.15. The strength requirements must be met
at each combination of airspeed and load factor on and within the boundaries of the representative maneuvering

envelope (V-n diagram). The stalling speed with the flaps retracted at n, = 1 isdenoted by 7, .

Equivalent air speed

3L ( CN)max
Flaps up "\ A
|
2 1L
(CN)max !
Flaps down )
n, 14+ - -- e
1
1
1
1
0 .
Vsl VF VD
-1
H
(CN)min
Flaps up Fig.2.15 Flight maneuvering envelope per FAR 25.333.
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2.5 Design gust load factors

Turbulent conditions of varying intensity occur in air through which an airplane flies. For example, atmospheric
phenomena that create turbulence are thermal s (convection), mountain waves (terrain effects), wind shears, and
jet streams. Assume steady level flight from still air, n= 1, into an ideal sharp-edged gust as shownin figure 2.16.

U
V ooooooooooagm oooooo
U « V usually U~ 0(50 ft./s) V ~0(300 ft./s)

Fig.2.16 Steady level fight into a sharp-edged gust.

The change in the angle of attack due to the idealized sharp-edged gust is depicted in figure 2.17.

Ao
A v
Ao = atanU/V=U/V

Fig.2.17 Equivalent relative wind.

Thelift curve slope between stall pointsis m = (dCy)/(do) . Therefore, the change in the aerodynamic coeffi-
cientis
ACy = m(Aa), (2.47)

and the changein lift is
ALift = (lpW>Sm(Aa) = Lovsmu. (2.48)
2 2
Now the change in the load factor due to the gust is

An

_ ALift _ [(pm)/Z

v, |
v Lm/s) } v (2:49)
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where /S isthewing loading in Ib./ft.2 The changein

{s]ope = <pm_/2> y theload factor An varieslinearly with airspeed V as

I w/s depicted in figure 2.18.

—_ — = d

|14 L
I > 2.5.1Gust alleviation factor

A morerealistic, semiempirical treatment of gust effects,
based on experience and analysis, isto replace the sharp-
edge gust speed U by K, U, where K, isthe gust alleviation factor. In reality there is no such thing as a sharp-

edged gust so we account empirically for gust build-up and airplane response. For transport airplanes, NACA
specified

Fig. 2.18 Thelinear changein theload factor

0.88
K = —2Me (g3, (2.50)
£ 53+u,

where u, isthe airplane massratio defined by

w/S

g = — T, (2.51)
(pcgm)/2

w

and where ¢ isthe mean aerodynamic chord; c=5S/b ,and b isthewing span. Seefigure 2.19.

_ w
*(pgS(c/2) )m

weight of a chunk of air —/

Fig.2.19 Depiction of the airplane massratio.

252 Gust load factor
For steady level flight, the gust load factor is

n= 1+(M)K ur | (2.52)
w/S) &

Notethat alightly loaded airplane is more susceptible than when heavily loaded. Thisis because theincrement in
lift isindependent of the weight. A heavily loaded airplane has more inertia with which to smooth out gusts than
alightly loaded airplane, all other things being equal.

25.3 NACA discrete gust conditions

Discrete gusts refer to sudden changes, or alleviated sharp-edged gusts, as opposed to continuous turbulence air-
craft gust analysis. In continuous turbulence gusts are represented as a stationary Gaussian random process lead-
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ing to specification of a power spectral density (Hoblit, 1988). For civil transport airplanes 0—20,000 ft., three
discrete gusts are specified:

1. Roughairgust: U = 66 ft/s a V' = V, aspeed related to the stall speed.
2. Highspeed gust: U = 50 ft/s at cruise speed V..
3. Divespeed gust: U = 25 ft/s at dive speed V), .
The gust V-n diagram is shown in figure 2.20, and it is almost symmetrical with n= 1 linesince gusts are as
likely to act down as up.
U = 25 ft/s

n A

U = 66 ft/sﬂ\/
Fig.2.20 Gust V-n diagram.
1 & < | _
U= 66tvs— v,
0-¢ > Veas.
-1
U = 25 ft/s

U = 50 ft/s

254 DesignV-n diagram

The extreme load factors of both maneuver and gust diagrams must be met. Superimpose the two and take the
outer boundaries as shown in figure 2.21. Generally, large airplanes are designed primarily by gust load factors.
Small military and aerobatic airplanes are designed by maneuver |oad factors.

(1)
-
-
Ll
Fig.2.21 Design V-n diagram. T
v, V
0 ~ NgY) #C 2> Veas
~~@__43
-1 ¢
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2.6 Design V-n diagram example

Thisexampleistypical of asmall aerobatic or perhaps military airplane, with specified data given figure 2.22.

W = 10, 000 Ib.
S = 100 fi2

b =25 ft.
c=S/b=4ft

V. = 500 mph V, = 650 mph (Cx)yy = 207

b
dCy/da. = 4.37 per radian |< |

(CN) iy = —1.2 m
str. limit load factors Ry = 1.5 Rin = =3

Fig. 2.22 Datafor the small aerobatic or military airplane.

Problem statement: Determine the design V-n diagram at sea level using the NACA formulas for gust loads.

First, draw the maneuver V-n diagram. The stall boundary is given by

/2
Ps.1. V2

Rt = (CN)max W/S

The density of air at sealevel is
P = 0.002378%?—8,Where 1 1b. = (1slug)(1ft/s?).
Thewing loading is

w/S = (10,000 1b.)/(100 ft.2) = 100 Ib./ft.2.
Substitute egs. (b) and () into eg. (a) to get

(0.002378%‘22/2)

Ry = (2.07) 00T /f;z V2, or

Ny = 2.46x107 12 Vin ft./s .

Theinverted stall boundary is

/2 _

@

(b)

(©)

(d)

(e)

®
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Design V-n diagram example

Mgy = —1.43%x107 12 Vinft/s. )

The airspeeds at stall and structural limit factors are

— 60 mph
2.46x10°V2 = 75 V. = 552 ft./s( 2212 = 376 mph, and h
=T r S( %8 ft./s) op "
—1.43x10° (V') = =3.0 V', = 459 ft/s = 313 mph. 0

The maneuver V-n diagram is shown in figure 2.23.

Second, draw the gust V-n diagram using NACA formulas. Find the value of the gust alleviation factor as
givenin eg. (2.50). The airplane massratio is

w/S  _ 100 Ib./ft2
(pegm)s2  (0.002378 b s2/ft4)(4 ft.)(32.2 f/s?)(4.37) /2

Wy = , Where 1)

w, = 149 dimensionless .

Hence, the gust alleviation factor is K, = 0.85 . The change in the load factor due to the gust is

An = (M)K uy = Q002378(437)/2 0 o5y iy o ©
& w/S) 100
Ang, = 442x10°UV U, Vinft/s. 0)

Forgust (1) U = 66 ft/s at V' = V. Tofind the airplane speed /, on the stall boundary we set the load factor
ineq. (2.52) equal to itsrelationship to the airplane speed on the stall boundary; i.e.,
246x10°V3 = 1+ 4.42x10°(66) V,
—

S ——

3
stall 2.91x10 m)

Solve eg. (m) for speed V', asfollows:

_ 2.91x107 + J(2.91x10°) + 4(2.46x107)(1)

Vi -
2(2.46x107)

Q)]

_ 2.91x10” + 1.03x10°
2(2.46x107)

Vg choose +. (0)

Hence, V; = 269 ft/s = 184 mph, and the change in load factor for gust (1) is

An, = 4.42x10°(66)(269) = 0.78.. ®)

Forgust (2) U = 50 ft/s a V. = 500 mph . Hence, the change in load factor is

_ 88 fi/s
An, = 4.42x107°(50 [500 h J - 1.62.
2 X (30) mp (60 mph) @
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For gust (3) U = 25 ft/s at 650 mph, and the change in load factor is

- 88 ft/s
An, = 442x107°(25 [650 p(381Us J = 1.05.
"3 8 (25) P (60 mph) ®

Thus, the six points on the gust V-n diagram are

1.78,0.22 Vy = 184 mph

1 =An,

1 =An, = 2.62,-0.62 Ve = 500 mph

1 +An, = 2.05,-0.05 V), = 650 mph ©

A sketch of the gust V-n diagram is shown in figure 2.23. Here the design V-n diagram is the maneuver V-n dia-
gram since the gust V-n diagram is contained inside the maneuver V-n diagram.

8 - Myax = 7.5

Gust V-n S

(3)

““““““““““ - Vb
3

inverted
stall

1
100 200 300 400 500 600 700

MPH

Fig. 2.23 Maneuver and gust V-n diagramsfor the example of a small aerobatic or military airplane.
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don: Arnold, a member of the Hodder Headline Group, 1999.

Peery, D. J., 2011, Aircraft Structures. Dover Publications, Inc., 2011. (Unabridged republication of the work
originally published in 1950 by the McGraw-Hill Book Company, New York.) Chapter 3.

2.8 Practice exercises

1. Anairplane weighting 8,000 Ib. has an upward acceleration of 3g when landing. If the dimensions are as
shown in figure 2.24, what are the wheel reactions R, and R, ? What is the time required to decelerate the air-

plane from avertical velocity of 12 ft./s? What is the shear and bending moment on avertical section A-A, if the
weight forward of this section is 2,000 Ib. and has a center of gravity 40 in. from this cross section. (Peery, 2011,
p. 54).

Fig.2.24 Exercisel.

A
40 in.
Ry 240 in. R

2. An 8,000 Ib. airplane is making a horizontal turn with aradius of 1,000 ft. and with no change in atitude.
See figure 2.25. Find the angle of bank and the load factor for a speed of (a) 200 mph., (b) 300 mph, and (c) 400
mph. Find the loads on the wing and tail if the dimensions are as shown (Peery, 2011, p. 72).

AL

CE.@0 ——

10in. 200 in.

nw Y *P

Fig.2.25 Exercise 2. Level flight coordinated turn.

3. Theairplane shown infigure 2.26 is making an arrested landing on a carrier deck. At the position shown, the
angular velocity is 0.5 rad/s counterclockwise and the vertical velocity of the center of gravity is 12 ft./s. The

radius of gyration for the mass of the airplane about the center of gravity is 60 in. Find the load factors », and

n,,, paralel and perpendicular to the deck, for apoint at the center of gravity, a point 200 in. aft of the center of

gravity, and apoint 100 in. forward of the center of gravity. Find the vertical velocity with which the nose wheel
strikes the deck. Assume no change in the dimensions or loads, and the downward accel eration of the nose wheel
is constant in the 10 in. of vertical travel (Peery, 2011, p. 72).
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Macy I
o = 0.50 r/s ccw -t \Ica g = 386 in./szl
Macx
-+

Fig.2.26 Exercise3. ) y
Arrested landingon a 10in. 7 20 kips
carrier deck. _ X

IOklpS*

_ 30 kips
&—L——l—min.

4. Theaircraft shown below weighs 135 kN and has landed such that at the instant of impact the ground reac-
tion on each main undercarriage wheel is 200 kN and its vertical velocity is 3.5 m/s. (Adapted from Megson,

L

N oleo strut
™ A
VIS SIS SIS SIS SIS SIS SIS IS SIS SIS IS /sy

Fig.2.27 Exercise4: Instant of impact upon landing. 150 mm

1999, P8.1, p. 272.)

Each undercarriage wheel weighs 2.25 kN and is attached to an oleo strut.

a) What isan oleo strut? What isits purpose? Describe is components and how it functions.

b) Calculatethe axial load N and bending moment M in the strut, assuming the strut is vertical.
c) Determine the shortening of the strut when the vertical velocity of the aircraft is zero.

d) Cadlculate the shear force and bending moment in the wing section A-A if the wing outboard of section
A-A weighs 6.6 kN and has a center of gravity 3.05 m from A-A.

5. Anairplane has atotal weight of 40,000 Ib. and total rolling moment of inertia about the C.G. of 1,000,000
Ib.-s%-in. Each wi ng-tip store weighs 2,000 Ib. In steady level flight, each wing's resultant liftis L, = 21, 000
Ib. (Thetail carries stabilizing a negative lift of 2,000 Ib.) In a sudden evasive roll maneuver from steady level
flight, each aileron introduces alift increment L, = =3, 000 |b. Assuming the airplane to be rigid and, neglect-
ing wing weight, calculate the total root bending moment for each wing (i.e., M, and M} ). Neglect the moment
of inertia of each wing-tip store about its own C.G.

6. Usethedatagivenintable 2.2 and the NACA gust formulas to develop the design V-n diagram for the Boe-
ing 727 aircraft at sealevel. The airspeed should be in knots. One knot equals one nautical mile per hour, and
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1000 b 1000 Ib

Fig.2.28 Exerciseb:
Evasiveroll maneuver

) D
from steady level flight. Ly w
All dimensionsin 30 30
inches. 100 100

180 180
220 220

»
-

v, M
O NG O

approximate one nautical mile as 6,080 ft.1 Clearly label the plot. Also calculate the level flight stall speed Vs, .

Table 2.2 Exercise 6

S 1560 ft.2

b 108 ft.

W 170,000 Ib.
(dC.,)/(do) | 5.0 per radian
C.omax 0.951

C.amin —0.400

Nmax 2.5 (structural)
Nmin —1.0 (structural)
Ve 350 knots

Vp 440 knots

7. Shown below isthe maneuver V-n diagram at sealevel for an aircraft of wing span 27.5 m, mean aerody-
namic chord 3.05 m, and total weight 196,000 N. The aerodynamic center is 0.915 m forward of the center of
gravity and the center of lift for the tail unit is 16.7 m aft of the C.G. The pitching moment coefficient is

Cymozs = —0.0638(nose-up positive) .

1. A nautical mileisbased on the circumference of the planet Earth. If you were to cut the Earth in half at the equator, you could pick up one
of the halves and look at the equator asacircle. You could divide that circle into 360 degrees. You could then divide a degree into 60 minutes.
A minute of arc on the planet Earth is 1 nautical mile. This unit of measurement is used by all nationsfor air and seatravel. A nautical mileis
1,852 meters, or 1.852 kilometers. In the English measurement system, a nautical mileis 1.1508 miles, or 6,076 feet. [http://www.howstuff-
works.com]
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Both the pitching moment coefficient and the position of the aerodynamic center are specified for the complete
aircraft lessthe tail unit.

n |

35 o
| |
| |
| | e
: Cruise point :
ol S L N 25 po. = 1223 Kg/m?
’ |
| |
: ! ! V /
0 \61.0 915 1525 183 e
0 1) R '

Fig. 2.29 Exercise7: Maneuver V-n diagram at sea level (U.K. regulations).

For steady level flight at sea level the fuselage bending moment at the C.G. was recorded by test equipment to
be 600,000 N m. Calculate the maximum value of this bending moment for the given flight envelope, or V-n dia-
gram. For this purpose it may be assumed that the aerodynamic loadings on the fuselage structure itself can be

neglected; i.e., the on
lage.

ly loads on the fuselage aft of the C.G. are those due to tail lift and the inertia of the fuse-
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