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Abstract. This paper describes an analytic method for the
determination of gust load fatigue spectra considering
flight condition and relevant aircraft aerodynamic/inertia
characteristics. It applies to airplanes which are
sufficiently rigid that during flight through turbulence the
loads due to structural dynamic response are small in
comparison to those arising from rigid-body motion. This
is a condition met by the majority of small aircraft
certified under CFR14 Part 23, and may be more
generally applicable to certain other classes. No novel
concepts are introduced. Rather, the method is the one
already described for transport-category airplanes in
CFR14 Part 25 Appendix G, though it is considered here
only for the special case of rigid-body response. The
aircraft frequency response function may then be defined
analytically in terms of basic aerodynamic and inertia
properties, and the resultant simplified computational
procedures are easily implemented in an electronic
spread-sheet, or by hand calculation.

Nomenclature.

A =root mean square response per unit gust

b = reference (wing) span, ft

b, b, = gust intensity coefficients (FAR25, App G)

¢ = reference (wing) chord, ft

Cy = aero axial force coefficient, Fx/QS, aft

Cy= aero side force coefficient, Fy/QS, right

C = aero vertical force coefficient, Fz/QS, up

C; = aero rolling moment coefficient, Mx/QSb

C,, = aero pitching moment coefficient, My/QSc

C, = aero yawing moment coefficient, Mz/QSb

f =frequency, Hz

F, = force in direction n, Ib

g = acceleration due to gravity =32.2 ft/sec’

H = load factor transfer function (complex)

|H] = amplitude of response to harmonic forcing
=\(H, +H7)

1,4 = mass moment of inertia about axis A, sl-ft?

1,3 = cross product of inertia about axes A,B

L = scale of turbulence (2,500 ft)

M = mass, slugs (= weight, 1b / 32.2)

M, = moment about axis 7, ft-1b

Ny = incremental lateral gust load factor, positive right

Ny = incremental vertical gust load factor, positive up

Ny = characteristic frequency, rad/ft

N(¥)= number of positive or negative exceedances of

value y in a given time or distance.
p = roll rate, positive right wing down, r/sec
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p1,P2 = gust probability coefficients

q = pitch rate, nose up, r/sec

O = dynamic pressure, [b/ft*

r = yaw rate, r/sec, positive aircraft nose right
rms = “root-mean-square”

Re = real part of a complex value.

S = reference area, ft*

ug = gust velocity, ft/sec true

u4, = root-mean-square gust intensity, ft/sec true
V' = aircraft true velocity, ft/sec

W = airplane weight, 1b

a = angle of attack, rad

f = sideslip, positive aircraft nose left

¢ = bank angle, positive right wing down, rad
6= pitch attitude, nose up, rad

@, = gust PSD, ft*/(rad.sec?)

@y, = load factor PSD, ft/rad

= airplane mass ratio, M/QS

o= frequency, rad/sec

wy= natural frequency of unforced motion, rad/sec
2= reduced frequency, rad/ft

¢'= damping ratio of unforced motion

Background. Substantial amounts of operational data
have been gathered for load exceedance counts during
flight through turbulence, and these are available for
predictive analysis of likely exceedance spectra on new
small airplane programs. References 5,6,7,8, and 9 are
some of the data sources which have been used to develop
design data. However, it is not necessarily the case that
measured data from previous designs can be applied to a
new design. An inherent difficulty is that gust response is
strongly influenced by aircraft configuration, gross weight
at the time of the event, airspeed, and altitude, and this
combination of factors can cause a marked variability in
the severity of repeated gust loads between aircraft
models and operating conditions. = The problem is
exacerbated by recent developments which have seen the
flight envelope of small aircraft expand into areas once
reserved for larger aircraft. Thus the full range of small-
aircraft operations now ranges between “low-and-slow”
trainer aircraft with modest wing loading, to high-altitude
operations of business jets with swept, highly-loaded
wings and transonic capability. Other special-use
categories such as agricultural or fire-fighting operations
further expand the range of missions which might need to
be addressed. Each of these types operate in the same



atmosphere, and yet have significantly different gust load
spectra.

With this in mind, a rigorous method is sought which is
able to calculate airplane gust fatigue spectra considering
all relevant airplane characteristics and operating
envelope variables, and therefore able to predict
appropriate spectra for each fatigue mission flight
segment.

Mission Analysis Overview.

Mission analysis is a well-established power spectrum
method implemented for large aircraft design in
Reference (4), Section (c). An excellent discussion of the
subject will be found in Reference 1. Since a complete
knowledge of the mathematical basis is not needed for
present purposes, only a summary is presented here.

Briefly, the method is based on assumptions that
continuous random turbulence can be idealized such that
(i) turbulence is isotropic, with an equal probability of
gust velocity in any direction, (ii) random measurement of
gust velocity would follow a Gaussian distribution, and
(ii1) the frequency content of turbulence is unique, and
invariant over time. This latter amounts to the
specification of a single power spectral density function
(PSD) of atmospheric turbulence intensity. The standard
turbulence model used here is the so-called Von Karman
gust PSD function defined in Reference (4).

With these assumptions, random turbulence can be
synthesized from an infinite number of randomly-phased
elemental harmonic gusts occupying the complete
spectrum from zero frequency to infinite frequency. The
PSD function defines the relative strength of these
elemental harmonic gusts as a function of frequency,
where the term “strength” is interpreted as their
contribution to the overall mean-square gust velocity.
Figure 1 and Equation (1) define the Von Karman
spectrum for a gust field of unit root-mean-square gust
intensity.
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Fig 1: Von Karman Gust Spectrum
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Note that the reduced frequency (2 is a spatial
measurement of the frequency at which gusts are
encountered in terms of radians per unit distance traveled
along the flight path, and is related to the temporal
frequency o at which the airplane encounters gust peaks
through the true airspeed V:

rad rad ft

o——=QF
sec ft sec

Consider a continuous harmonic gust (Fig 4) and let H(Q)
be the transfer function which defines the response of
some aircraft response parameter [Nz say] to unit
amplitude gust forcing at frequency Q, so that:

Hy@|=|N,|fu,| &/ (Wscc)

then the PSD of load factor response N; will be given by:

Dy, =|H | ®, g/ (rad/ft) )
Any response parameter or load could be considered, but
here we will consider only two, (a) the incremental
vertical load factor Ny at the aircraft center of gravity for
symmetric vertical gusts, or (b) the incremental lateral
load factor Ny at the aircraft center of gravity for lateral
gusts.

Then, for the complete spectrum of infinitesimal gusts
having unit total rms gust intensity (u, = 1) distributed
per the Von Karman spectrum, the rms N, response is
given by:

A, = /J'q)NZdQ g's/ft/sec 3)
0

Also, the characteristic frequency of N is given by:

NO,NZ=% [©,,0%dQ rad/ft ©)
Nz 0

The wusual approach is to discretize the frequency
spectrum and determine the value of H((2) at a large
number of fixed forcing frequencies (2, and to replace the
integrals of Equations (3) and (4) with equivalent
summations over finite intervals.

Ay, =2 @ AQ
Ny, = Kl 3,070 rad/ft (6)
Nz

There is no difficulty with the infinite upper limit of
integration in (3) since it will be found that A tends to an
asymptotic limit, and the integration can be truncated
without loss of accuracy at an appropriate upper cut-off
frequency. The integral defined for Ny in (4) does not

g/ (ft/sec) 5)




generally close to an asymptotic value at high frequency,
and will usually be obtained by integrating only up to the
same upper frequency cut-off as defined for A (see
Reference 1, Appendix E, for discussion on cut-off
frequency).

Characteristic frequency Ny, provides a measure of the
frequency of occurrence of positive N, response peaks,
representing the average time or distance traveled
between successive positive crossings of Nz=0 (see figure
2). Between each such crossing there is one positive
maximum Nz value. At airspeed V the average number
of positive (or negative) peaks per unit time is given by:

) N, 0 NzV
Average positive Nz counts = ——— per second
2w
M V period between positive crossings of N;=0
N; ‘
] <=

distance

Fig2 Gust Load Factor Time History

The airplane is not operated exclusively in turbulence.
Most of the time it will be flown in a smooth atmosphere,
and for those times when it is subject to turbulence the
gust field is liable to be of variable intensity. Studies of
atmospheric gust characteristics have shown that
turbulence encounters can be roughly split into two
categories; relatively frequent low-intensity gust fields
(“non-storm turbulence”) and less frequent high-intensity
gust fields (“storm turbulence”). The statistical
probability of being exposed to storm and non-storm
turbulence, and the severity of gust intensity during
exposure, has been estimated and this information is
captured in the so-called “p’s and b’s”. These are
properties of the atmosphere only, unrelated to aircraft
type or operating condition.

As a result of the formulations employed a fundamental
relationship is obtained for N(N,), the average number of
peaks exceeding a given value of N in a flight segment
of duration T seconds, considering the combined
probability of exposure to smooth air, non-storm
turbulence, and storm turbulence. This relationship is:

Non, V - _
N(N,) = T%{ple_N”b'A +p2€—Nz/b2A} %
T

A typical exceedance spectrum is shown in Figure 3.
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Fig3 Typical Exceedance Curve

Equation (7) is the desired incremental load factor
exceedance spectrum at a specific flight envelope point
In this equation the p’s represent the fraction of flight
time the aircraft is exposed to non-storm and storm
turbulence. [p; = non-storm, p, = storm turbulence, while
the probability of being in smooth air is (1— p; —p»)]. The
b’s may be thought of as scalars which represent the gust
intensity occurring in non-storm and storm turbulence.
Appropriate values are defined as a function of altitude
above sea level in reference (4).

The utility of the power-spectrum method is therefore that
spectrum definition is reduced to only the determination
the transfer function |Hy.| for harmonic forcing. This,
together with the Von Karman unit rms gust spectrum,
leads directly to the Nz response spectrum using equation

(2) and then to the parametersAy,and N, using
equations (5) and (6).

In the present case we have a system with a limited
number of rigid-body degrees of freedom, and an
opportunity to establish an analytic definition of the load
factor transfer functions.
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Fig4  Steady State Response to Unit Continuous
Harmonic Gust

The nature of steady-state incremental load factor
response is illustrated in Figure 4. At any fixed forcing
frequency a unit harmonic gust, u,=1, will drive N at the



same frequency, but there will be both a phase-shift and
gain between u, (input) and Nz (output).

Rigid-Body Gust Response

Equations of Motion. The exact six degree-of-freedom
equations of motion, when linearized for small
perturbations about initial datum conditions (denoted by
subscript 0), become de-coupled and may be separated
into symmetric and asymmetric 3-freedom sets:

Symmetric equations of motion

Cy + ugbcosf, = —,u(V cosa, +Vysinay(q - 0'5))

C, +uglsing, = —y(V sinayy +V, cosay(d — q)) (8a)
C,, =1Iyyq/0OSc

Lateral / directional equations of motion

Cy +uggcosb, = yVO(ﬁ’+rcosa0 —psinao)

C, =Ly p—1y,7")/ OSb (8b)
C, =(Iz7~1y,p)/ OSb
Neglecting unsteady terms the airplane aerodynamic force

coefficients may be written as the sum of linear
derivatives, as follows:

Cx =Cxq0+Crg+CyyV +(Cx )gyy
Cy; =Cr0+Crq+CpyV+(Cy ) gy (%a)
Cm = Cmoca+ Cmqq + CmVV +(Cm )gust
Cy =Cyf+Cy,p+Cyr+(Cy)

C=Cpf+CLp+Crr+(C)) gy
Cn :Cnﬁﬁ+cnpp+cnrr+(cn)

gust

(9b)

gust

(Note that for small angles
C, = Crcosa. + Cpsina. = Cp, where C = lift coefficient.,
Cx = Cpcosa — Cysina = Cp, where Cp = drag coeft.)

A vertical gust of modulus |u,] imposes a continuous
harmonic angle of attack = (uy/V)coswt, while a lateral
gust of modulus [u,] imposes a continuous harmonic
sideslip = (uy/V)coswt. Hence vertical and lateral gust
forces are represented by, for example:
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(Cl)gust = CZO( (ug/V)cosa)t (loa)
(Chauss = Cyp (ug/V)cosart (10b)

Equations of Symmetric Motion : Combining (8a), (9a),
(10a), and noting that ¢ = d@/dt the symmetric equations
of motion may be written:

[A]4,4 Py + [3]4,4 Piby = {Fgust }4 (1)

where:

Cxqg wgcosy, Cy Cyy
Czo wgsingy Cyz Cyy

=

——

Il
— ——
e R

mq
0 0 1 0
—uVysing, uVysing, 0 HCcosa
(8= uVycosa, — ul,cosa 0 psina,
N 0 0 —1Iyy/0Sc 0
0 -1 0 0
CXO!
C
{Fgust}= ~(ug V) CZ”‘ cos ot
ma
0
Equations of Lateral/Directional Motion : Combining

(8b), (9b), (10b), and noting that p = d¢/dt the asymmetric
equations of motion may be written:

[l e + 1B 61y = P, (12
where:
s
=1
,
e

C cos 6
wo e O w,sina, uVycosa

[4]=| Cp 0 Cp C,
Cnﬁ 0 Cnp Cnr
0 0 1 0



-uV, 0 0 0
(8] 0 0 —Iyw/0Sh 1y,/0Sh
| 0o 0 1,,/08b —1,/08b
0 -1 0 0
CYﬂ
C
{Fgust}:—(ug/V) Cl’; cos wt
0
Numerical Solution

The equations of vertical and lateral gust response, (11)
and (12), are eigenvalue problems, and in each case it is
anticipated that the steady-state solution for {x} will be
harmonic, at the same frequency ® as gust forcing, so we
start by assuming that the solution is as follows:

{x} ={X}cosot = ReL’X}ei‘*”J
whereupon  {x} = Re[ia){X }ei”’J

Substituting into either (11) or (12) and dividing by the
common factor ¢, we obtain:

[4]+io[Blix}={F)

gy =lc )

The solution is therefore:

tg =reie[=rc e

where [C]=[A]+iw[B]

(13)

Both the matrix [C] and its inverse [C™'] are complex, but
if we separate [C'] into real and imaginary components
such that:

[CT]=[DI+iE]
where [D] and [E] are real, we obtain:

{x} = Re[([D]+[E]}F}(cos ot +isin 1))
(14)
=([D]cos ot —[E]sin wt ){F}

Provided the relevant inertia and aerodynamic coefficient
data is known, Equation (14) provides an exact solution
for the steady-state response of the aircraft to gust forcing
at any defined forcing frequency . It will be noted that
o is embedded in matrix [C], so a new matrix inversion is
required for each new frequency.
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The normal load factor response of the aircraft is obtained
as follows. (lateral load factor response is not shown but
is analogous).

Nz(t)=FAtyW = CAt)QS/W

where F; is the total aerodynamic vertical force, this
being the linear superposition of the forces due to the
gust, uy(t), plus the forces due to aircraft response, {x(t)}.
From (9a) and (14) the vertical force due to aircraft
motion is:

(Fz )motion = QS{CZa > CZq > CZV 70}1,4 {x} 4,1
= OS[M ] 44{x} 4,y
= OS[M[D]{F}cos ot —QOS[M ][ E{F} sin ot
= 0S(k, cos wt + k, sin t)

While the vertical force due to gust is:

(FZ)gust = QSCZa (ug /V) cos wt

The vertical force due to aircraft response therefore has a
component in phase with the gust, and a component 90°
out of phase, and the amplitude of load factor response is
given by:

-5

u
g
Cp—+

v (15)

2
klj +k,’

Analytic Solution

The solution outlined above is by way of numerical
matrix inversion, once for each frequency, and while there
is no difficulty in implementing this in an Excel
spreadsheet it would require repeated execution over a
range of forcing frequencies in order to fully define the
transfer function. An analytic solution which is valid for
any arbitrary forcing frequency provides an easier route to
an automated procedure for fatigue spectrum
development. Such solutions are available using Laplace
transform methods.

Vertical Gust Response : the symmetric equations of
motion, 8(a), are reduced to two degrees-of-freedom in
pitch and vertical heave, by neglecting the axial force
balance on the assumption of constant airspeed. The
resultant 2 d-o-f system has a single complex-conjugate
root corresponding to short-period mode. Also, the datum
pitch attitude and angle of attack may be assumed small,
such that cosoy = cosOy = 1; sinoy = sinBy = 0. The small
perturbation vertical force and pitching moment equations
8(a) are then simplified to:

F, +MV(g—-q)=0

. (16)
My -Iyg=0



Including the effect of a continuous harmonic gust u(t) =
ugsinot, the aerodynamic forces are defined by:

Fy =0S(Crga+Cpyq+Cpyluy /V)sinar)

1

My =08cC,,a+C,,q+Cy\ug /V)sin ot 17
Combining (16) and (17):
ka+kya+kyg=g,sinot

; : (18)
kjoa+ksq+keg=g,sinwt
where
k, =08C,, ky, =MV ky =0SCy, —MV
ky =08cC,,, ks =08cC,, ke =—lyy

81 ==08Cz, (ug V) gy =—08cC,,, (u, /V)

Take the Laplace transforms of equations (18) with initial
conditions a(0)=q(0)=0 :

_ _ g0
(ky +ky$)T +k3q =—7—
key@ + (ks + kes)g =——
ST t+w

and solve for o by eliminating g from equations (19) to
obtain:

fio+ fros
2 4 o? |s? +d2s+d1)

a= ; (20)

where:

Ji=(ksg —k3g5) / ky kg
fr=g 'k,

dy = (kjks —ksky) / ky kg
dy = (kyks + kike) ! kake

Note the following identity, which may be readily verified
from the characteristic equation of unforced motion:

(s2 +2Cc00s+c002)z (32 +d2s+d1)
= (s—a)2 +b?
where

ay = natural frequency of unforced short-period mode
¢ = damping ratio

Hence:

oy =+Jd;
£ =dy/2)d;

b= 4d,-d," 12 = wy1-¢7

Equation (20) has a partial-fraction expansion of the form:
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Aw + Bs N Cb + D(s—a)
(s2+a)2) (s2+a)2) (5—11)2+l)2 (s—a)2+b2

21

a =

where A,B,C and D are constants, and for which the
solution in the time domain may be directly written by
inspection as:

a(t) = Asinwt + Beoswt + Ce™ sinbt + De™ cosbt (22)

Comparing the numerators of (21) and (20), and equating
the coefficients of like powers of s we obtain four linear
equations in the coefficients A,B,C and D

0 1 0 1 (4 0

@ —-2a b —-a B 0
“2a0  (@+bY) 0 @* || | fe
w(a* +b%) 0 bo* -aw®||D| |fiw

the above equations can be solved numerically, although,

after some algebra, explicit expressions for the
coefficients can be derived as follows:
2 2
Y= N (a)02 wz )2+ fza)(Z{a)c;)O) (23a)
(" —07)" +(2¢wm, )]
_ 2 2
B= N (2wwy) + fro(w,” —o7) (23b)

[(@y” —@*)* +(2{wm,)*]

—Zjiwz(woz —ru2)+ fi(ZwaO)z —fzru(Zé‘wwO)(wz +1u02)

woz -0’ )2 +(2§a)mn )2

1

2004 1-¢2 ’
D=-B

C=

Coefficients A and B determine the steady-state (general)
solution, while coefficients C and D represent a transient
(particular) solution for the specified boundary conditions
a(0)=q(0)=0. We shall require only A and B.

Normal load factor is assumed to be a function of & only,
where « is now considered to be the total angle of attack
arising from the incident gust plus resultant aircraft
response, and making use of (22) we have:

AN (1) = CZaaW(/t).QS

= —CZ;VQS [(A sin wt + B cos ot ) + (ug /V)sin a)t]

So the modulus of steady-state normal load factor
response is given by:

[Nz |_ €205
lug | u W

A+u, /Vf +B?
( )

|H .| = (24)

4

Lateral Gust Response : For ease of analysis the
lateral/direction equations of motion 8(b) are reduced to a
two degree-of-freedom system in yaw and lateral heave




only. Freedom in roll is neglected, so that ¢ = p =0. The
resultant system has a single pair of complex conjugate
roots with a natural frequency which approximates that of
the dutch roll mode. The datum pitch attitude and angle
of attack are assumed to be small, such that cosa,, = cosO,
=1 ; sinag = sinBy = 0. The small perturbation side-force
and yawing moment equations 8(b) now become:

Fy—mv(g+r)=0

25
My —1,,7=0 ()

Including the effect of a continuous lateral harmonic gust
uy(t) = u,sinot, the aerodynamic forces are defined by:

Fy = 0S(Cyy B+ Cpyr + Cyplu, 1V )sin oot )

. 26
M, = 0Sb(C,p B+ Copr+ Coplu /7 )sin ot (26)
Combining (25) and (26):
ko3 + ko 3+ kyr = g, sin oot @7
where
k4 = QSanﬂ k5 = QSanr k6 = _[ZZ

&1 = _QSCYﬁ(ug V) 82 = _QSanﬁ(ug V)

Equation (27) will be recognized to be identical in form to
(18). Hence the solutions for steady-state sideslip and
lateral load factor response, f(¢#) & Ny, are identical in
form to that shown for vertical gust response in (22) and
(24), except that coefficient values A and B are now to be
derived using the coefficient constants specified in this
section.

Step-by-Step Calculation Procedure :

1. Based on aerodynamic coefficient data at the flight
condition under consideration, and the inertia
properties of the airplane, determine the coefficient
values k; through kg, g1, g5, per eqn (18). Note that
aerodynamic coefficients are per radian and are at the
airplane center of gravity. Use u, = 1, unit gust
amplitude.

2. Calculate f,,f5d; d;, and hence the unforced natural
frequency @y and damping ratio &, eqn (20).

3. Determine coefficients A and B, eqn (23), for a range
of discrete forcing frequencies. Start around ® = 0.5
rad/sec and continue to around 30 rad/sec in 0.5
rad/sec increments

4. Hence determine the value of the load factor transfer
function |[H(w)| at each selected frequency, eqn (24).
For each frequency o determine reduced frequency
Q, and thereby define [H(Q)|.
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5. Multiply the gust PSD values from the Von Karman
spectrum, Eqn 1, with [H (Q)]* to obtain the load
factor power spectrum @y, Eqn. 2.

6. Numerically integrate the area under the load factor
PSD curve, terminating the integration when the
integral nears its asymptotic maximum, Eqn 5. Note
the cut-off frequency. Determine Ay, as the square
root of the integral value.

7. Perform the similar integration and root-taking
process defined in Eqn 6 to obtain Njy,. Use the
same cut-off frequency as in step 6.

8. Refer to Reference (4) to establish the numeric values
of p;, p, by, b; at the altitude under consideration.

9. Apply the derived data values in Eqn 7 to determine
the fatigue load factor spectrum. Use T = 3600
seconds to obtain load factor exceedances per hour.

Results and Discussion

Techniques suitable for small aircraft design are often
those requiring minimal aerodynamic design data, and it
will be noted from (17) and (26) that only the following
terms are specified as input:

(a) For vertical gust analysis: Czq, Cia, Czg> Crng-
(b) For lateral gust analysis: Cyp,Cpg,Cyr,Cir

Figure 5 shows transfer functions Hy, and Hy, for

different solution methods and data availability, using a

specimen aircraft and flight condition, and demonstrates

the following:

(i) A 2-dof pitch/heave vertical gust solution very
closely matches the 3-dof numerical solution, proving
the validity of the constant-speed assumption.

(i1) Pitch rate terms are significant in determining
resonant response near short-period frequency.
Omission of pitch damping terms C, and C,,, causes
locally increased amplification, and hence an over-
estimate of the gust load spectrum severity.

(iii)) A 3-dof numerical solution which is extended to

include un-steady aerodynamic terms
C245Cha»>Cyz,C,y results in minimal change to the
transfer  function,  verifying that  unsteady

aerodynamic effects are generally negligible.

(iv) Comparative aircraft response parameters at a high-
speed condition (V¢ at sea level) are as follows:

Ay, (9) Nox: (Hz)
2-dof, analytic 0.0367 1.230
3-dof, exact numerical 0.0367 1.230
2-dof, no pitch damping 0.0465 1.064
3-dof + unsteady aero 0.0368 1.248




(v) A 2-dof yaw/heave lateral gust solution which omits
freedom in roll is a good approximation to the exact
3-dof solution. Neglect of the roll freedom has little
impact.

(vi) Omission of the yaw damping terms Cy, C,. for
lateral gust gives artificially increased aircraft
response near dutch roll frequency, and results in a
somewhat conservative estimate of lateral spectrum
severity.

It can be concluded that the most accurate solutions
require the inclusion of aerodynamic rate damping terms,
even if these are only estimated values due to the
empennage, which is usually the primary source. The use
of only angle of attack (or sideslip) derivatives will result
in slightly conservative estimates of fatigue spectra.

Table 1 and Figure 6 present representative mission-
analysis fatigue spectra for different categories of small
aircraft operating at nominal cruise conditions. It will be
seen that the load factor frequency of exceedance is
expected to vary widely across the range of models, by 2-
3 orders of magnitude.

Figures 7,8,9 and 10(a) show comparisons of mission-
analysis with results from AC23-13A and ESDU 69023.
In general, there is reasonable agreement between all data
sources at nominal cruise conditions, with the exception
of aircraft operating at the higher altitude typical for a
light business jet (above 20,000 ft). The diminished
probability of turbulence with increasing altitude is
accounted for by ESDU 69023 and the present method,
but not by AC23-13A (see Fig 7(a)). For this same
business jet operating at a lower altitude and speed the
agreement between all methods is good (see Fig 7(b)).

AC23-13A differentiates between selected aircraft types
and missions by providing a different spectrum for each,
for example agricultural crop-duster usage shown in Fig
8. The present mission-analysis technique is a single
method which appears able to match these various spectra
by the use of appropriate basic airplane data and operating
condition, and has the further advantage that it will
automatically accommodate any defined variations from
the mean, as may occur within an overall aircraft
category.

Figures 10(b),(c) and (d) illustrate fatigue spectrum
variability for one of the base-lined models, a pressurized
twin-turboprop.  Airspeed, altitude, weight and CG
position are all seen to have substantial effects on the
repeated gust loading, with specific consequences for
individual designs. Not shown are the effects of airplane
configuration on aerodynamic characteristics, which may
give rise to additional variability. STOL aircraft with
large tail volume, or specialist aircraft with ultra-high
aspect ratio wings, are among those where wing loading
and lift curve slope may alone not be sufficient to fully
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characterize gust response. The present method may
therefore be of particular value when applied to specialist
configurations, unusual operating conditions, or in
determining the incremental effects of changing operating
conditions on a given airplane model, as for example in
adapting an aircraft to a new low-altitude mission.

The present method relies on FAR 25 Appendix G for the
atmospheric turbulence definition provided by the p’s and
b’s. While these data have been used successfully since
their introduction in the 1960’s it should be noted that
gust properties are to some extent dependant on the
operating limitations of the aircraft used in their
measurement. Thus an aircraft which today has weather
radar will often divert around storms and not be exposed
to the worst atmospheric conditions. To the extent that
current General Aviation airplanes operate in different
circumstances than air transport operations in the 1960’s
some future re-appraisal of the gust coefficient data for
small aircraft might be in order.
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Figure 5 C.G. Load Factor Transfer Functions, [Hn,| and [Hyy/
For Various Levels of Solution
(Light Business Jet at V/sea level)
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Table 1 Typical Operating Parameters (Cruise) for Various Airplane Categories
Class Weight Opsireaéltl;g Altitude ::lx?r?j \é\gzg \i\vrlgg Sweep
Lb Kteas |mph, true Ft. Ft Ft Ft? deg
1 |2-seat piston basic trainer 1,500 78 90 1,000 4.8 32.7 157 0
2 |High performance piston single 2,750 137 170 5,000 54 33.4 180 0
3 |Light piston twin 4,500 150 192 7,000 5.6 37.2 208 0
4 |Light Air taxi, jet 5,000 230 382 23,000 4.1 35.6 144 0
5 |Agricultural crop-duster 7,000 108 125 200 6.0 50.0 300 0
6 |Pressurized exec twin-turboprop 9,800 175 258 16,000 5.8 50.3 294 0
7  |Light high-performance business jet 12,000 275 538 32,000 4.5 42.4 191 29
8 |Large business jet 25,000 240 506 36,000 7.3 51.2 374 22
Class nee | Cio | O | ioadng| rato | P | K9 | sssiwis)
Lb.ft? rad” | rad" | Lb/ft (note 1) | gs (note2)
1 |2-seat piston basic trainer 32,000 5.08 -0.761 9.6 6.8 0.971 0.585 0.0832
2 |High performance piston single 87,000 5.09 -0.815 15.3 6.2 0.862 0.669 0.0971
3 |Light piston twin 160,000 478 | -0.670 | 21.7 6.7 0.811 0.732 0.0665
4 |Light Air taxi, jet 210,000 5.63 | -0.844 | 346 8.8 0.481 0.827 0.0751
5 |Agricultural crop-duster 252,000 5.30 -0.794 233 8.3 0.994 0.690 0.0492
6 |Pressurized exec twin-turboprop 479,000 5.33 -0.799 33.3 8.6 0.609 0.789 0.0562
7 |Light high-performance business jet 1,050,000 5.18 -0.881 62.8 9.4 0.347 0.858 0.0456
8 |Large business jet 2,770,000 5.51 -0.826 66.8 7.0 0.298 0.849 0.0397

Notes:

(1) Kgis the discrete gust alleviation factor per the Pratt 1-dof approximation, from FAR 23.341
(2) Normal load factor for unit sharp-edge gust (uq. = 1 ft/sec equivalent) at the specified operating condition

Figure 6

Design Cruise Points (Using Mission Analysis)
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Figure 7 Comparison of Exceedance Curves for a High-Performance Business Jet
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(a) Comparison of Methods at Nominal Cruise
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Figure 10

Effect of Operating Conditions on Gust Load Spectrum
Pressurized Executive Twin turboprop

(b) Effect of Airspeed
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