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of the leading-edge boundary layer resulting in an apparent
increase of the “‘effective Reynolds number.”
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of power spectral densities and load exceedance rates that indicate how much the expected
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QyyQz = lateral and vertical acceleration of a point on the
empennage

B,BH = vertical tail and horizontal stabilizer total angles of
sideslip due to motion and gust

BM1,2,3 = bending moments in horizontal stabilizer, fin tip, and
fin root

b = span of wing

Ci; = nondimensional empennage load coefficient [see Eq.
(10)]

¢ = wing mean aerodynamic chord

d(n) = perpendicuiar distance from elemental mass location
to bending moment axis

fo = natural frequency, Hz

foss fwy = lateral and vertical gust forces

H = complex one-dimensional frequency response func-

tion
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7 = incidence angle

k1 k2 = longitudinal (wZ/2u,) and lateral (wb/2u,) reduced
frequencies

k! = reduced frequency, oL /ug

l = length between wing and tail

L = atmospheric scale of turbulence

m(n) = distributed tail masses

o = average number of zero load crossings with positive

slope per unit time

N(x) = average number of load crossings of level z with posi-
tive slope per unit time

81,82 = complex longitudinal and lateral reduced frequencies,
ik, and ks

i = airplane freestream velocity

Vg Wy = lateral and vertical gust velocities

« = stability axis angle of attack, w/uo, rad

awr = wind-tunnel body axis angle of attack

B = gtability axis angle of sideslip, v/uo

€o = tail downwash angle at level flight conditions

¢ = damping ratio

NHNT = nondimensional stabilizer semispan coordinate (2y/
Bpg) and fin coordinate (—z/br)

0 = piteh angle, rad

7 = root-mean-square value

T1, T2 = time lag between c.g. and stabilizer ({x/uy) and fin
(Ir/uo) for gust penetration effect

¢ = roll angle, rad

P = power spectrum

¥ = yaw angle, rad

12 = circular frequency, rad/sec

Subscripts

D,F,V = Dryden, analog filter, and von K4rm4n gust repre-
sentations

FW = fuselage wing

Gy = gust

H = horizontal stabilizer

I = inertia

M = motion

T = vertical tail

w = wing

1 = airplane longitudinal equations

2 = ajrplane lateral equations

Introduction

N the fall of 1966, a commercial T-tail transport crashed
while approaching a thunderstorm, and evidence from the
wreckage indicated that a gust overload caused the horizontal
stabilizer and vertical fin to fail.! This aceident raised ques-
tions concerning design methods and requirements for han-
dling the gust loads on T-tailed aircraft. Builders of T-tail
transport airplanes have conducted extensive analyses of the
gust loads on the tail surfaces for their own particular con-
figurations. However, practically none of the results are
available in the open literature. The Langley Research
Center, therefore, considered desirable an exploration of some
aspects of this general problem. The highlights of the study
and some of the results are described herein.

Airworthiness standards for transport airplanes® specify
empennage gust load design procedures in which the empen-
nage is loaded in response to the vertical component of atmo-
spheric turbulence and to the lateral component as separate
design conditions, that is, simultaneous response to vertical
and lateral components is not required.  These separate de-
sign conditions together with the possibility of unusual aero-
dynamic wmterference effects on the T-tail configuration
prompted a study of interactions involving additional loads
on the horizontal surface from responses to the lateral com-
ponent of turbulence and loads on the vertical surface from
responses to the vertical component; both components of
turbulence acting simultaneously and continuously as they
do in the atmosphere.

Tail loads were determined in terms of bending moments on
the stabilizer and fin of a rigid but otherwise representative
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T-tailed transport in a cruise flight condition. The short-
period longitudinal mode and the lateral modes of motion
were simulated on an analog computer. The equations for
tail loads provided for quasi-steady aerodynamic interference
effects that were determined from wind-tunnel tests for com-
bined angles of attack and sideslip. The turbulence velocity
components were simulated by two separate, appropriately
filtered noise generators. The random loads were statis-
tically analyzed by a digital computer and results were ob-
tained in the form of power spectral density functions and
load exceedance rates. The results were examined for effects
of nonlinear relations between loads and turbulence intensity
and were compared to results based on loads from each tur-
bulence component acting separately, as specified in the Air-
worthiness Standards.

Airplane Representation

Mathematical Model

Since this study is exploratory in nature, the airplane was
approximated by the simplest model that was felt to retain
the essential loading characteristics of the T-tail configura-
tion. Specifically, the geometry selected is representative of
a large jet transport or cargo airplane. The structure is con-
sidered a rigid body and the airplane motion is described by
degrees of freedom in plunge, pitch, sideslip, roll, and yaw.

Equations of Motion

The motions and the resulting forces are related by the clas-
sical equations for dynamic stability plus certain additional
terms that describe nonlinear force and motion relations.
The coordinate system used to describe the motion is shown
in Fig. 1, and the resulting equations, using the notation of
Etkin,? are expressed in matrix form

@ —1
(o} = v 0
8
¢r = [NT71{fo} 2
2
where
. 2w — Cza)Dl — Coa — Qu + CZQ)Dl
R R CuDs | ®
[N] =
(2M2D2 -— CYﬁ) - (CY,,D2 + CLa) (2:“'2 - CYr)D2
—Cis(e) (@aDs — C,) Dy — [EeDs + Cr(@) 1D2
— Cup(a) — [teDs + Coy(e) 1D: (teD2 — Cr)Ds
)

where D; and D, are nondimensional time derivatives (D =
¢/2uo-d/dt, Dy = b/2uy-d/dt) and {f.,} and {f,,} are the
generalized vertical and lateral gust forces of atmospheric
turbulence.

Fig.1 Airplane sta-
bility axis coordi-
nates.
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Fig. 2 Empen-
nage coordinates.
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Aerodynamic Forces

Forces due to airplane motion are treated as quasi-static
forces using the conventional stability equations expressed in
terms of stability derivatives except for the following terms:
the lateral derivatives Cig, Ci,, Cng, and C,, are considered
functions of airplane angle of attack (see Chaps. 3 and 5 of
Ref. 3), and hence the motion equations are nonlinear. The
effects of a yaw damper are approximated by an appropriate
decrease in the value of C,,. :

The gust forces, f., and f,,, are also treated as quasi-steady
and are expressed in terms of the gust forces on wing and tail
surfaces individually. Gust penetration is accounted for by
transport lags 71 = Ix/uo and 73 = lr/us. The gust forces
are expressed as

_ l (Cza)iV (C.)m w, (1)
{fwa} - Uo [(Cma)w (Cma)H] {wa(t - 7'1)} (5)
(CYB)FW (CYB)T v (t)
{fva} = - 170 (Clﬁ)FW (CI.B)T {vﬂ(t 3 TQ)} (6)
Cop)rw Caplr ‘
Tail Loads

Tail loads are obtained by a summation of aerodynamic
loads from airplane motion and gust velocities and inertia
loads from accelerations. For this investigation representa-
tive tail loads are expressed as bending moments at selected
locations on the stabilizer and fin. Figure 2 shows the loca-
tions chosen (denoted BM1, BM2, and BM3) and also defines
the tail geometry necessary for the load computations.

For the case of tail aerodynamic loads, the combination of
body motions and gust velocities can be defined by total angle
of attack and sideslip in the form

A = alt) — (de/dayat — 1) +
A/u) [lad ~ (1 — {de/daj)w,(t ~ )] (7)
B(t) = BM) + (L/ug)lhre — lrp — v,(t — )] (8)
BH(t) = B®t) + (L/uo)[(hg — k) — (In — lo)§] (9)

where A is the stabilizer angle of attack, B is the fin angle of
sideslip, and BH is an approximation to the stabilizer angle of
sideslip for a T-tail. The constant downwash term ¢ and
tail incidence angle ¢z are neglected in A because ¢ and iz
represent only a constant download for undisturbed flight
which will be included later.

The bending moment at station 7 due to the aerodynamic
loads is approximated by a polynomial of the form

(BM?)aure = Cad + CuB + CiA? + CudB + CisB2 (10)

J. AIRCRAFT

where the coeflicients C;; are constants to be discussed later
and A and B are defined by Eqs. (7) and (8) or (9).

The inertia loads are formulated from the accelerations, the
geometry, and the mass distributions. For example, the
stabilizer bending moment due to inertia is

@0 = [ mmarad(nedy oy

where 5y is the nondimensional stabilizer spanwise coordi-
nate, 7z is the intersection of the elastic axis and bending-
moment axis, m is the mass distribution, and d is the perpen-
dicular distance from the elemental mass at 7z to the bending-
moment axis. The vertical and lateral accelerations, a. and
ay, at & point on the tail are given by

' 12)

ay = [W'¢ — I + u(B + ¥)] (13)

where by is the stabilizer span, Ix' is the horizontal distance
from the airplane c.g. to the intersection of the tail elastic axis
and airplane vertical plane of symmetry, and A is the sweep
angle of the elastic axis, and where 2’ and I’ are vertical and
horizontal distances which may be functions of g or nr. For
example, for the stabilizer

U =1g + (bu/2) (sinkm)nz

The fin inertia bending moment is expressed in a form simi-
lar to Eq. (11); however, for a T-tail the stabilizer and bullet
nacelle inertia effects must also be included.

The total bending moments at the various empennage loca-
tions are then

BM¢ = (BMi)uye — (BMi); (14)

Turbulence Representation

Atmospheric turbulence experienced by airplanes is, of
course, a random variation of air velocities that is intermit-
tent, and variable in intensity. Current practice is to con-
sider this turbulence experience as synthesized from many
short patches of turbulence of various intensities, each of
which is assumed to be isotropic, statistically stationary and
having a Gaussian probability density. This patch concept
is the representation of turbulence for the present study.

The statistical properties include: 1) no correlation be-
tween the vertical and lateral velocity components, and 2)
equality of mean-square values of the components, that is,
w2 = 5,°. The statistical nature of the turbulence is further
described by a power spectrum. Both of the two commonly
used mathematical formulations of the transverse velocity
components,? the Dryden and the von Kdrmdn, are employed
in this study.

The Dryden spectrum is defined by

[®(w)]p = (B,2L/7ue)[1 + 3(k")21/[1 + (&")*]* (15)
and the von Kdrman by

[$,(w) v = (W,2L/7ue) - {14 §(1.339%")2]/11 + (1.339k’)2]11/5

(16)
where

k' = Lo/uo

The von Kérmsn spectrum is considered the more realistic
model of the atmosphere. However, the Dryden spectrum is
mathematically somewhat simpler and is often used in ex-
ploratory studies.

1t should be noted that the turbulence model is one-dimen-
sional; that is, the gust velocities are assumed to vary in the
direction of flight and to be invariant along the span as is
implied by the form of the gust forces in Egs. (5) and (6).
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Solutions for Tail Loads

Nonlinear Equations

Solutions of Egs. (1-12) were obtained by an analog simula-
tion for a representative airplane configuration using vertical
and lateral turbulence velocities having an approximate
Dryden power spectrum. The simulation is broadly indi-
cated by the block diagram on the left side of Fig. 3. HEach
turbulence velocity component was separately simulated by
an electronic white noise generator passed through a first-
order band-pass filter as diagramed in Fig. 4.

The bending-moment response and gust input random time
functions were analyzed statistically with a digital computer
to determine mean values, mean-square values, probability
distributions, chi-squared test for Gaussian distribution,
average frequency of load level crossings, autocorrelation
functions, and power spectral density functions as indicated
on the right side of Fig. 3.

Solutions of Eqs. (1-6), linearized by removing the de-
pendency of Cyg, C1,, Cag, and C,, on «, were also obtained
from the analog simulation. In this case the airplane motion
equations are uncoupled into the familiar longitudinal and
lateral independent sets of equations.

Linear Equations

Solutions of the linear airplane equations and the loads
equations with the coefficients Cis-Cis in Eq. (10) set to zero
were obtained both from the analog simulator and by analyti-
cal means. The simulator results were compared with the
analytical results in order to assess the accuracy of the simu-
lator system.

The analytical solutions were obtained in terms of fre-
quency response functions to a sinusoidal gust field using the
uncoupled longitudinal and lateral motion equation sets indi-
vidually. For this purpose the gust velocities in Eqgs. (5) and
(6) were replaced by complex exponentials so that

we(t — 11) > w, exp(—ilyk’/L) (172)
v,(t — T2) — v, exp(—ilok’/L) (17b)

Equations (1-4) are Fourier transformed, so they become
complex frequency response functions H,(k"), Hy(k"), and so
forth. Substitution of these responses into Egs. (7-9) pro-
vide solutions for tail angles of attack and sideslip. Similar
substitutions into Eqs. (11-13) yield inertia frequency re-
sponses, and combining these results gives a bending-moment
frequency response function analogous to Eq. (14).

The statistical quantites of interest are then obtained from
these frequency response functions, Hr(k"), and the power
spectra of the vertical and lateral gust components. Since
®,, = ®,, = &, the following relations can be written from
random process theory*s:

Response spectrum,

Pz = (|Hvay|2 -+ |HR'”0|2)(I)U (18)

ANALOG COMPUTER DIGITAL COMPUTER
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Fig. 3 Computer simulation techniques.
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Fig. 4 Analog model for continuous turbulence.

where subscript R denotes any given response.
Mean-square response, '

oxt = fo ® ®pdh! (19)
Sensitivity factor,
Ap = ar/o, (20)
where
o = 0“’ ®,dk’ @1)

Average frequency of zero crossing with positive slope,
© /
Now = uo/2nl) [ [7 ket [0 " (20

Average frequency of crossing level z with positive slope,
N(z)r = Nog exp (—x2/205%) (23)

Wind-Tunnel Tests

The lack of information in the literature on both experi-
mental and theoretical T-tail loads under combined angles of
attack and sideslip led to the choice of special wind-tunnel
tests to provide the necessary data. (Calculation of the
theoretical loads by nonplanar lifting-surface methods was
considered impracticable because no program was at hand
that had been proven by comparison of calculated and experi-
mental results.) In tests conducted in the 16-ft transonic
dynamics tunnel at the Langley Research Center, the bending
moments BM1, BM2, and BM3 on the stabilizer and fin, pre-
viously referred to with respect to Fig. 2 and Eq. (10), were
obtained from strain measurements on an essentially rigid
model. In addition to empennage loads, total airplane forces
and the relative contributions of wing and tail components to
these forces were obtained using the equipment indicated in
Fig. 5. To measure total forces, the model was supported by
a single balance (number 1 in Fig. 5) with a separation plate
holding the fore and aft model parts together; then to mea-
sure separate wing and tail terms a second balance (number 2)
was installed and the separation plate removed. This was
necessary in order to define the lagged forces in Egs. (5) and
(6).

The data obtained define a load ‘““surface;” that is, the load
(bending moment or airplane foree) is expressed as a function
of the tunnel body axes’ two independent variables, awr and
B. A second-order polynomial is determined from the non-
dimensionalized data by means of a least-squares fit; and the
independent variable awr is transformed to stability axis
angle of attack for a specified flight condition so that each
load is finally expressed in the form

Load = C, + Cha + Cs8 4 Cia® + Csaf + CeB? (24)

where « and 3 are referenced to stability axes. For example,
if the load is total lift C, is Cr, and C: is Cr, and the other
C/s should be zero. However, if the load is one of the empen-
nage bending moments some of the out-of-plane coefficients
may be nonzero (e.g., C; for stabilizer bending moment).
Second-order or nonlinear effects are present if any of the
Cy — Cs coefficients are significant.

For the case of empennage bending moments, the inde-
pendent variables o and 3 given in Eq. (24) must be trans-
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formed to tail angles of attack and sideslip before the results
can be applied to the dynamic motions defined by Eqs. (1-4).
The total tail angle of attack a7 is

ar = (1 — 0¢/da)a — (& + in) (25)

where iy is the tailplane geometric angle of attack relative to
the stability z-axis, and e and 0¢/da are wing downwash
effects. The values of e and d¢/da were determined from a
third model configuration in which the wing and forward
fuselage were replaced by a simple forebody. The changes in

(CLa)tail and (CLa)tail

between this configuration and the previous one yielded the
values of & and O¢/da. For the horizontal stabilizer, the
constant load created by € .and ¢z was removed for the com-
puter simulation and is added back when considering the total
loads.

The tail angle of attack, neglecting the constant downwash,
is given by

A = a(l — 0¢/0a) (26)

Once the assumption of quasi-steady aerodynamics is applied,
A becomes identical to the A defined in Eq. (7), and the
steady-state load coefficients determined by putting Eq. (26)
into Eq. (24) become the coeflicients of the dynamic loads
defined by Eq. (10).

Results and Discussion

The general configuration of the example airplane is illus-
trated in Fig. 1. Some pertinent physical dimensions are
listed in Table 1, and the flight parameters for the simulation
and analytical solutions are indicated in Table 2.

Verification of Turbulence Simulation

Time functions of simulated gust velocities from the filtered
noise generators were processed to obtain power spectra. A
typical sample is shown in Fig. 6 and shows excellent agree-
ment between the samples taken and the theoretical spectrum
of the filters in the frequency range 0.05-2.0 Hz (i.e., 0.7 <
k' < 30, for uo = 430, L = 1000). This is the frequency

10 T T T T T

- O SIMULATION 1
N ——THEQOR, FILTER
R ~~-—=~DRYDEN

10
FREQUENCY (Hz}

Fig. 6 'Theoretical and simulated turbulence spectra.
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Table 1 Physical dimensions of example airplane

Vertical
Dimension Wing Stabilizer tail

b, ft 160.0 50.35 22.7
¢, ft 22.2 10.3 18.5
S, sq ft 3228 483 416
Ao-ase, deg 25 35
Ac.a., deg 22.5 32.7
1 (c.g. to 0.25 MAQ), ft 0.0 4.7 64.6
h (c.g. to MAC), ft 27.39 15.11
U, (c.g. to e.a.) 71.9 60.7

range where the filter closely simulates the Dryden spectrum,
as is also indicated in Fig. 6.

Wind-Tunnel Results

The location of the three empennage bending moments are
shown in Fig. 2 and their load coefficients are listed in Table 3
in nondimensionalized form (i.e., C = BM/¢Swé). For the
stabilizer bending moment, location 1, it is noted that the
sideslip angle produces a load about 209, of that produced by
angle of attack. Very little of this response to sideslip is at-
tributable to the swept stabilizer by itself; most of the re-
sponse appears to be a result of aerodynamic interference
caused by the intersection of stabilizer and fin. The bending
moment on the upper fin, location 2, is very close to the top
and is therefore a measure of the unsymmetrical loads on the
stabilizer (i.e., tailplane rolling moment) as a result of aero-
dynamic interference. This effect is seen to be about 409,
of the fin root bending moment, location 3.

Tail Loads

The bending-moment responses to simultaneous vertical
and lateral turbulence components were examined for
significance of the nonlinear relationships considered. For
this purpose, responses were obtained from the nonlinear
simulation for three different levels of gust intensity. These
responses were observed to be proportional to the gust in-
tensity; mean-square values remained essentially zero; and
probability distributions were constant and Gaussian. It is
indicated, therefore, that the nonlinear effects are not signifi-
cant and that, consequently, single values of 4 and N, are
sufficient to define the load at a particular location.

The proper functioning of the simulation and of the associ-
ated program for statistical analysis was checked by compar-
ing results from the linear version of the simulation with those
from analytical solutions of the linearized equations. These
results in the form of the ratio of the average frequency of
crossing various bending-moment levels to that of crossing the
zero level N/N,, together with the results from the nonlinear
simulation are shown in Fig. 7 for the stabilizer bending
moment BM1. The simulation configurations are identified
as 1) linear, 2) linear airframe motion equations and non-
linear tail-loads equations, and 3) nonlinear motion and loads
equations. The close agreement of the data confirm both the
performance of the simulation and the linear analysis as satis-
factory for this particular airplane and flight condition.

SIMULATION

T T 3
b CONFIGURATION
L B, o1 ]
N \ .2
%= o3 . .

° Fig. 7 Typical load

level exceedance re-

sults (BM1).

—— THEORETICAL \g\ h

¥ t 1 L ! 1 :o\i

0 10 2 30 40 50 .60 4.70
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Table 2a Flight parameters for example airplane

A, ft 10,000

uo, Tps 430

W, 1b 180,000

L, ft 1,000

Cr, 0.31
e.g., % MAC 25

tm, rad 0

€0y rad 0.0349
e /O 0.288

Table 2b Natural frequencies and damping ratios

Short-period Dutch roll
mode mode
fo, Hz 0.37 0.21
¢ 0.62 0.38

The results from linear analysis were then used to compare
the load from simultaneous vertical and lateral turbulence
components with the load from each component acting
separately and to assess other loadings peculiar to the T-tail
configuration. Pertinent results in terms of 4 and N, for fin
and stabilizer bending moments from simultaneous turbulence
components are given in Table 4. Values of 4 for the sta-
bilizer bending moment for the vertical, lateral, and simul-
taneous gust velocity components are shown in Table 5.

With regard to loads on the fin, there is no evidence either
on the basis of aerodynamic loads from the wind-tunnel tests
or from the response calculations that there is any increase in
load from simultaneous turbulence components over that
from the lateral turbulence component only. There is, how-
ever, an additional load over that for a conventional tail due
to the presence of the stabilizer above the fin. Part of this
load is a bending moment imparted to the fin by a stabilizer
rolling moment due to asymmetrical loading of the stabilizer
from sideslip as was previously mentioned with respect to
wind-tunnel test results in Table 3. The remainder of the
additional fin load arises from inertia forces from the sta-
bilizer. The extent of the total additional loading can be
deduced from the values of A in Table 4 for BM2 and BM3.
The bending moment BM 2 is located at the top of the fin and,
therefore, this moment is a result of the stabilizer aerodynamic
and inertia rolling moment. For a conventional tail, any
stabilizer rolling moment would be resisted by the fuselage,
not the fin. Therefore, the ratio of root bending moment
BM3 of the T-tail fin to that of a conventional fin is Aga/
(Apms — Azwus). The magnitude of this ratio, based on
values of A’s from Table 4, is almost 2. The relative con-
tributions of the asymmetrical aerodynamic forces and the
inertia forces eannot be deduced from the 4 values because
complex frequency relations exist between the two. However,
the effect of stabilizer aerodynamic forces on the fin should
be given consideration.

The magnitude of the stabilizer load from simultaneous
vertical and lateral turbulence components relative to that
from the vertical component only is indicated in terms of 4
for stabilizer bending moment BM1 in Table 5. Values are
given for the Dryden spectrum and also for the more realistic

Table3 Nondimensional empennage load coefficients
from wind-tunnel tests

Load coefficients, Cs;

Linear terms/rad

Nonlinear terms/rad?

0 100 I 2.00 3.00 4.00
. FREQUENCY (Hz)

Fig. 8 Vertical and lateral gust contributions to BM1 re-
sponse spectrum.

von Kdrmdn spectrum. The stabilizer bending moment for
the simultaneous (total) turbulence components is greater
than that for the vertical component alone by about 509 for
the Dryden spectrum and by about 309, for the von K4rmdn
spectrum. The relatively smaller contribution of the lateral
component for the von Kdrmén spectrum reflects the lesser
attenuation at the higher frequencies of this spectrum rela-
tive to the Dryden spectrum. In both cases, however, the
lateral component contributes essentially as much to the
stabilizer load as does the vertical component.

Some insight with regard to the physical reasons for the
appreciable stabilizer bending moment from the lateral
turbulence component relative to that from the vertical com-
ponent can be obtained from the power spectra shown in Fig.
8. The spectrum for the total or combined load consists of
the sum of the individual spectra from the uncorrelated verti-
cal and lateral gust velocities. It is observed that the areas
under the spectra (mean-square values) from the vertical and
lateral gusts acting individually are approximately equal.
However, most of the area associated with the lateral gust is
concentrated in the frequency range below 0.6 Hz, whereas
the area associated with the vertical gust is spread over a
range of frequencies above about 0.5 Hz.

The shapes of the bending-moment spectra are determined
for a given turbulence spectrum by the square of the modulus
of the bending-moment frequency response functions. Ex-
amination of these functions in Fig. 9 reveals that the re-
sponse to the lateral gust is maximum at the natural fre-
quency of the Dutch roll mode, 0.26 Hz, whereas the response
to the vertical gust exhibits no peak at the natural frequency
of the short-period mode, 0.34 Hz. In fact, even though the
damping ratio is less than eritical (0.62), the response is very
small in comparison to that at the larger frequencies. The
lack of response to the vertical gust near the short-period mode
frequency is due primarily to the phase shift accompanying
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Fig.9 Frequency response functions (amplitude squared)
for stabilizer bending moment BM1 from vertical and
lateral gust velocities.
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Table 4 Results from linear analysis

J. AIRCRAFT

Table 5 Vertical and lateral gust component
contributions to stabilizer bending moment, BM1

BM Sta A X 105/fps No/sec
Bending-moment contributions
1 2.17 1.77 g/f X 10%/fps
2 1.25 0.622 Gust
3 2.64 0.583 model Vertical Lateral Total
Dryden 1.474 1.598 2.174
von Kdrmén 1.922 1.630 2.520

the lag of the gust field between the wing and the tail. The
phase shift is such as to cause the tail loads due directly to the
gust to oppose those from the tail motion for this particular
configuration. The effects of this phasing are expected to
vary with differing flight conditions and airplane configura-
tions.

It should be noted that although the magnitude of the sta-
bilizer bending-moment frequency response to the vertical
gust is much higher than that to the lateral gust for frequen-
cies greater than 1.5 Hz, the characteristic shape of the tur-
bulence power spectrum heavily attenuates the response spec-
tra at increasingly higher frequencies and results in response
spectra from the vertical and lateral gusts having nearly the
same area as illustrated in Fig. 8.

Generalization of the results obtained by analyzing a sim-
plified model of a T-tail airplane must be considered with
caution. Other geometric configurations, flight conditions,
flexibility, and so forth, may have appreciably different gust
response characteristics. However, the fact that a substan-
tial increase in stabilizer loading by simultaneous gusts over
the loading by the vertical gust only is indicated for one exam-
ple, means that it would be wise to estimate the effects of
simultaneous gust loading for the tails of other airplanes for
which the gust loads might be critical.

Concluding Remarks

A study of the loads due to gusts on the empennage of a
rigid but otherwise representative T-tail transport indicated
that the bending-moment responses to simultaneously acting

vertical and lateral gust velocity components can be ealcu-
lated by conventional linear system methods. Effects of non-
linearities in the airframe dynamics and the tail load equa-
tions were found to be insignificant.

Bending moments in the fin are not affected by the vertical
gust component; however, an aerodynamic rolling moment
on the stabilizer due to interference effects from the lateral
gust component induces an additional bending moment in the
fin.

The stabilizer loads created by simultaneous vertical and
lateral gusts were found for the example airplane to be sig-
nificantly higher than those from the vertical gust only. Al-
though the present results may not apply to all T-tail air-
planes and to all flight conditions, they do suggest that the
effects of simultaneous gust velocities should not be ignored.
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