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SUMMARY

The purpose of this study is to develop laboratory techniques
for the implementation of a new approach to the problem of allevia-
tion of airplane response to rough air. The literature reporting the re-
sults of previous investigations of the response alleviation are re-
viewed and summarized. The theoretical considerations of the new
approach are discussed briefly, and the test program to obtain the re-
quired experimental data is outlined. A dynamically scaled model air-
plane is designed to be used in conducting the test program. Servo
systems are designed to operate the movable control surfaces in the
model in response to electrical input signals. A two-component bal-
ance system and a dynamic suspension system with two degrees of
freedom are also designed. The portions of the outlined test program
defining the static and dynamic characteristics of the model are com-
pleted, and unsteady aerodynamic effects also are evaluated. A
method of obtaining sustained oscillations of a moving-bump type
gust generator is developed to simulate sinusoidal atmospheric dis-
turbances in a wind tunnel.

The components which are designed and tested generally are
found to operate satisfactorily. Some modifications to the dynamic
suspension system are suggested to improve its operation. The devel-
opment and tests were conducted at the University of Michigan under
the supervision of Professor J, D. Schetzer. The tests were conducted
in the 5' x 7' low-speed, low-turbulence wind tunnel at the University's
Aeronautical Engineering Laboratory.



INTRODUCTION

Since the late 1930's, various attempts have been made to devel-
op effective devices to alleviate thes response of airplanes to rough air.
These attempts consist of both analytical and experimental investiga-
tions. The literature reporting the results of these studies is reviewed
and discussed. These previous efforts are found to have resulted in
alleviation systems which are "closed loop" in nature in that the air-
craft motion is fed back to the control system by the aerodynamic effects.
Hence, the systems are limited in effectiveness by the dynamic
instability which naturally arises. A study 41 was undertaken at the
University of Michigan to explore the possibility of circumventing the
instability problem by devising a gust-sensing mechanism that is nearly
independent of the control measures used to alleviate the gust response.
In such a system, the gust input alone commands the control output and
the system responds in an "open loop” manner. The general alleviation
problem is resolved into two parts in the "open loop" approach. The first
part involves the programming of the gust input to the controls such that
the gust is cancelled as nearly as possible., The programming is designed
to provide cancellation in the critical frequency range which is deter-
mined by the input spectrum and the natural frequency of the airplane.
The second part of the problem involves making the gust sensor indepen-
dent of the airplane motion. The gust is sensed by means of an auxiliary
airfoil or vane, and the effects of motion of the airplane are removed by
adding signals from pitch and plunge sensors directly to the control sur-
faces. A block diagram of the alleviation scheme is shown in Figure 1.

The implementation of the "open loop" approach to alleviator
design requires certain physical data which can best be obtained by
experimentation. A test program has been outlined 41 to provide the
required data, The reported study was concerned with the developmeut

of laboratory techniques to carry out the test program to obtain the neces-
sary data.
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HISTORICAL REVIEW

Alleviation Techniques

Most schemes for alleviation of the response of aircraft to
rough air disturbances obtain the alleviation by structural deformation
or operation of control surfaces, or both., Alleviation systems using
structural twist and bending of the wing are reported by Shufflebarger1
and Reisertz. Hirsch3 and many NACA researchers investigated various
means of using control surfaces as alleviation devices., A combination
of wing bending and flap deflection was proposed and tested by Douglas
Aircraft Company4.

The theoretical and experimental procedures which are employed
in these investigations are discussed in the following paragraphs.

Theoretical Analyses

Three fundamental theoretical methods are used to analyze
the response of aircraft to atmospheric disturbances. These are the
Stability Derivative Analysis, the Superposition of Elemental Solutions,
and the Generalized Harmonic Analysis,

In the Stability Derivative Analysis, the dynamic stability and res-
ponse of rigid body aircraft is described by a set of non-linear differen-
tial equations of motion®. Stability and response to atmospheric con-
ditions and disturbances are analyzed ordinarily in terms of small motions
from a steady-state condition; therefore, the set of equations can be linear-
ized and, due to the airplane symmetry, analyzed as two independent sets
of equations. The longitudinal oscillations of concern in dynamic stability
and response at moderate airplane speeds are of small frequency® and,
therefore, the aerodynamic constants are assumed to be independent of
frequency in many early analyses. The aerodynamic constants are then
derived from time-varying boundary conditions using steady flow theory.
Later studies add correction terms to account for the finite time for wing
vorticity to reach the tail. The above considerations lead to the assump-
tion that the aerodynamic reactions to the airplane motion depend only
on position and velocity, and not upon higher time derivatives or integrals
of the motion. Assuming the forces and moments to be linearly dependent
on their respective variables, the second and higher degree terms may
be dropped and the equations written as first degree differential equa-
tions. As an example, the equation defining the change in pitching
moment following a small displacement is written by Tobak" as follows:

G ICor JCrr
3:3 * = (520 [2"‘%1/)/2 /;’(?f/zz/)jz"w

e
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The partial derivative coefficients may be treated as constants under the
above assumptions; hence, the equations are linear, second order, differ-
ential equations with constant coefficients. The coefficients are termed
stability derivatives; hence, the name of the analysis.

The systems of linear, differential equations thus derived may be
solved by any of the standard methods of analysis available for the solu-
tion of such equations, Operational calculus methods are particularly
well suited to the solution of such systems of equations with arbitrary
forcing functions., Three such methods are the Fourier transform, Laplace
transform, and the Impulse Method. The first two of these operational
mathematical methods transform functions of time into frequency func-
tions which are summed over all frequencies to obtain time functions
representing the system response, The Impulse Method remains entirely
within the time domain and uses the superposition integral to obtain the
system response to arbitrary forcing functions. The response of the sys-
tem to the unit impulse at a time z is summed by convolution over all
values of z. This unit impulse response is called the weighting function,
and is an elementary solution for the system. Hence, the Impulse Method
may be considered to be one form of the second fundamental method of
analysis.

The superposition integral is used in the Method of Superposition
of Elemental Solutions to write the equations of motion. Elemental force
and moment functions are superimposed and equated to the inertial forces
and moments in accordance with Newton's second law. The indicial
aerodynamic functions defined by Tobak® as the aerodynamic response
of the airplane as "functions of time to instantaneous change in one of
the conditions determining the aerodynamic properties of the airplane in
steady flow", are a type of elemental solution. The expressions for the
indicial functions are obtained by use of linearized, unsteady aerodynamic
theory. Such functions were first derived by Wagner’ for the two-dimen-
sional wing in incompressible flow, and have since been obtained by
Heaslet!7 and Lomax18 for subsonic and supersonic compressible flow,
An example of one of the equations of motion written by the above pro-
cedure by Tobakl4 is as follows:

¢ ¢

) 2L [C G-t + % [ Blg@-5)tf # £5Cpct

where dimensionless mass parameter = Ml/z/_?”S»C
flight path angle
@ = chord lengths of travel in time ¢, = Vi,
&= variable of integration
A= angle of attack

Idr: step change in dimensionless gust velocity = “3/V
C..C(®)= indicial lift response to unit step change in o
CL' C¢) = n 1" 1 i " 4
CL: @@= " " . " "oy

¢ = dimensionless pitching velocity = %‘9

e
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A system of linear equations defining the response of the airplane
in the degrees of freedom considered is written as indicated in the above
example, This system is then solved for the variable of interest by stand-
ard methods of solution of linear differential eguations., A convenient
means of solution of the system is by the use of Laplace transforms, The
system of equations developed as outlined above is exact (within the
limitations of linearized theory) with complex expressions for the indicial
functions, The solution of the system in its exact form is a formidable
task; consequently, various approximations have been introduced to simpli-
fy the problem, Some of the more basic of these approximations are men-
tioned briefly below:

The exact mathematical expressions for the indicial functions are
not expressible in terms suitable for analytical studies; therefore, approxi-
mate expression such as the Wagner or Kussner/ functions are usually
substituted. Wagner's approximation is a function which defines the
response of a rigid airfoil to a step change in angle of attack as the ratio
oi the lift at any instant to the steady-state lift,

~ao¥55 -
PCs)=r-0m5 e 77 - gszs @

Q.3 S
where s = fl/-& distance traveled relative to
the free stream in half-chords,

The Kussner function has a definition analogous to that of the
Wagner function, but is in response to the penetration of a sharp-edged
gust, The approximation for this function as derived by Sears and
Spark59 is

~S

-0./3
5&/5)=/—a5e : —ose

where s is defined as before,

Another approximation frequently used coansists of replacing the
indicial lift and moment functions by their steady-state values, i.e,,
replace Q“m) by & £(® , etc. These steady-state terms are the
stability derivatives. A further simplification frequently made is the
replacement of the indicial gust functions by constants equal to their
respective steady-state values, i.e., replace C}_’(¢) by C,:;(as) , etc.,

Analyses are often made in which the pitching degree of freedom
is neglected. This approximation reduces the degree of the character-
istic equation, thereby simplifying the solution of the system, Another
common practice is to consider forces and moments due to loads on wing

and tail only.
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The response of an airfoil to an arbitrary atmospheric disturbance
may also be obtained by the superposition of another type of elementary
response function -- the Sears function for a sinusoidal gust, The lift
and moment per unit span experienced by a rigid airfoil on passing through
a sinusoidal gust of reduced frequency w are found by Sears9 to be ex-
pressible as

Lempc Ut PE o) £ ) +E U (ws) K,y )
K @) + &, (w)

M, = Lefy

where e= density
£ = chord length
(/ = velocity passing through gust
W= max. amplitude of gust
U= frequency of waves passing
w = reduced frequency = v< /2
J,(w)= Bessel functions of the first kind, order n

,(,,é‘w)a 1 1" " gecond " " n

Defining the Sears function as @(w) , the expressions for lift and
moment per unit span become

L = rec UWe ‘.v{¢(w)
M= r(a?c_‘(jﬁ/e ‘.ﬂ%(w)

Aolw) £, () 4 ¢ J (@) Ko (lw)
£ ((w) + KoClw)

where @#(w)=

The expression for M,, indicates that the resultant lift acts through the
quarter-chord point.,

An arbitrary gust profile may be obtained by the superposition of
sinusoidal functions; therefore, the forces and moments experienced by
the airfoil, due to anarkitrary disturbance, may be obtained by super-
position, The forces and movements due to oscillations of the airfoil
are neglected and the aerodynamic forces and moments are obtained by
superposition using the Fourier integral, The forces and moments thus
obtained are then equated to the inertial forces to obtain the equations
of motion. The general result is a system of differential equations which
may be solved for the airfoil response by standard methods.

The method of superposition of elemental solutions may be applied
to obtain the airplane response to arbitrary atmospheric disturbances.
However, the method has usually been restricted to the determination
of the response to ramp-type disturbances by superposition of indicial
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step responses., An exception is a study by Richardsoal0 in which indicial
impulse responses are superposed to obtain the response to random disturb-
ances, a technique which introduces the third fundamental method of ana-
lysis, Generalized Harmonic Analysis,

The response of a linear system to an arbitrary function of time may
be expressed by the superposition integral as®

¢
gt = /’ Wt-2) Lee) o

where W/(¢-7)=weighting function of the system
#(7) = arbitrary forcing function
T = variable of integration
yéé)s system response

The weighting function is defined as the response of the system to a unit
impulse applied to the system at time ¢ ==z ; hence, the weighting functioa
is the indicial impulse function discussed previously. If f¢z) is a random
function, statistical methods must be applied to obtain a stochastic
measure of the response. Generalized Harmonic analysis is such a
statistical method. In such a case, the response may be written as

Yt < / Wt -2t dlr = / Wee) Lcé-z)ofr

where a change of variables has been introduced to obtain the second in-

tegral from the first, The response, y(é} . is a random function because
#£(r) is a random function. Assuming the forcing function to be a sta-

tionary random process, a statistical prediction is possible. A measure

of this statistical prediction can be obtained from the relationship be-

tween the response at time ¢ with the response at a time (¢+Z, ).

This relationship is indicated by the auto-correlation function, which

is defined as follows:

Byy (4) = JGE) g b+2) = /’/ W W) £C-cIF(4+¢ ~77) olr e

where the bar indicates the mean value, and the subscript ( )”indicates
an auto-correlation. The auto-correlation function for zj=a is the mean
square value of é{(é) and may be used as measure of the response inten-
sity; i.e.,

et

¢” (0) =~ 4%(<)
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Any continuous function, such as y(b‘) , may be considered to be composed
of an infinite number of sinusoidal components with frequencies between

o and e ., If that portion of gza‘) obtained from components having cir-
cular frequencies between w and w+agw is denoted by Frw)dw , then
the mean square value may also be written as

y‘(zf) = / P (w) Lew

Since g*(t‘) is analogous to power, the function @¢w) is called the
power spectral density function.

The power spectral density function is introduced because of a
valuable relationship which exists between the power spectra of the sys-
tem input and output and the system frequency response function. It is
possible to show? that, for linear systems,

@on) = @l—(w)/r(c'w)/z

where Q;(w) = power spectral density of system output
¢‘_(w)= " 1" 11 " input

[7¢cw)/=modulus of the mechanical admittance
of the system.

It can also be shown that the power spectral density function is recipro-
cally related to the auto-correlation function by the Fourier transform.
Hence, the input spectral density function may be obtained from an
experimentally determined auto-correlation function of the input. The
output spectral density function can then be determined, and the mean
square value of the system response can be evaluated as

g‘(m‘) =/¢° (w) few

Certain basic assumptions are made in order to apply the power
spectral analyses to the determination of airplane response to random
atmospheric disturbances. One such assumption is that the atmospheric
disturbance is a stationary random process. A stationary random process
is one which depends only on the differences in the values of the inde-
pendent variable (usually time) involved, and for which the statistical
parameters remain unchanged for every translation of the independent
variablell, In gust analyses, the independent variable concerned is
time or space, As previously indicated, this assumption allows a statistical
prediction of the response of the system to the disturbance. In the large,
atmospheric turbulence can be expected to vary with time and space (i.e.,
from day to day, or between widely separated locations), but the varia-
tions are slow enough so that the disturbance can normally be assumed
stationary for any given flight.
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The disturbance frequently is assumed to be homogeneous
or isotropic for the purpose of analysis. A turbulence field is homogene-
ous if its velocity components are statistically independent of the space
coordinates; i.e., the statistical parameters do not change with location
in the field>. The assumption of homogeneity makes it possible to trans-
late time histories of atmospheric turbulence experienced by an airplane
flying through the turbulence into a spatial structure of roughness. An
isotropic turbulence field is one in which the statistical properties are
independent of reflection or rotation of the coordinate axes. In such a
field, the mean square value of the three components of turbulence velo-
city are equal, and the mean values of all cross products of the compon-
ents are zero (i.e.,z?= z~*=w? and&o <aw = vw=0). Flight
test results12 indicate that the assumption of isotropic turbulence may
be valid, at least to the extent of two-dimensional (v and w- ) isotropy.

One may frequently be able to assume the atmospheric turbulence
and the airplane response are both normally distributed, As a conse-
quence of the central limit theorem of probability theory11 and the pro-
perties of linear systems, the response may be considered normally dis-
tributed if the disturbance is normally distributed, Flight test results
tend to verify the validity of the assumption that the disturbance is so
distributed12, Some of the benefits of making this assumption are,

(1) the Gaussian distribution has been widely studied, (2) it may be
characterized entirely by its mean square (standard deviation), and (3)
the mean-square parameter provides a link between amplitude spectra
and power spectra,

Other less basic assumptions are made to simplify specific ana-
lytical treatments of the rough air response problem. Some of these
assumptions are as follows:

(1) airplane assumed to be a rigid body

(2) consideration of normal velocity components
in the vertical plane (wr)

(3) consideration of a two-dimensional airfoil

(4) consideration of wing only
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Application of Stability Derivative Analysis

An extensive study, based on the stability derivative method of
analysis, is reported by Phillips and Kraft!3, Analyses are made of various
systems for increasing the smoothness of flight through rough air. In
the systems considered, the wing flaps and elevators are operated auto-
matically in response”to the indications of an angle-of-attack vane or an
accelerometer. The effectiveness of the alleviation system considered is
determined by calculations of the airplane response to steady, sinu-
soidal atmospheric disturbances. The gust disturbance is assumed to
consist of alternate regions of upward and downward vertical velocity in
the path of the airplane, and is assumed to be invariant with time and
wing span., The response of the basic airplane is obtained for charac-
teristics which are fairly representative of a modern transport flying at
sea - level and 200 mph. Various combinations of flaps and elevators
are used as control surfaces to obtain the alleviation. Conditions are
found under which alleviation may be obtained by the use of flaps alone,
without causing pitching, and modifications to standard flaps are suggest-
ed which will result in approximate satisfaction of these conditions.
Alleviation of the aircraft response to about one-fifth of that of the basic
airplane is found to be theoretically obtainable. Stability and control
characteristics are found to be satisfactory with suitable choice of para-
meter values.

The stability derivative analysis is used by Tobak14 to derive
approximate longitudinal responses of a rigid airplane to step and har-
monic gusts. These approximate solutions are compared with those of
more exact methods to evaluate the validity of the approximations made
in the stability derivative analysis. The results of the stability deri-
vative studies are found to provide excellent approximations to the true
values for the cases considered.

Boucher and Kraft!® use the stability derivative approach in an
analogue computer simulation of an airplane equipped with a vane-
controlled gust-alleviation system. The analysis considers a twin-
engine light plane with flaps and elevators modified as suggested by
Phillips and Kraft!3, Refinements are made in the analysis to include
downwash lag, servomechanism characteristics, etc. Unsteady aero-
dynamics are neglected, and constant forward velocity is assumed.
Responses to step gusts and control deflections are obtained for an
"optimum" alleviation system (i.e., a system such that normal force
and moment due to @ are zero) and for a system such that the airplane
has a small positive static margin. Effective alleviation is obtained,
but complete alleviation is not obtained because of lag in servo res-
ponse.

Applications of the Superposition of Elemental Solutions

Tobakb applies the method of Superposition of Elemental Solutions
to study the motion of isolated wings and wing-tail combinations, A
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single degree of freedom (pitching) is considered; the wing executes a
harmonic pitching motion while the c.g. traverses a level path at con-
stant velocity. The aerodynamic forces and moments are functions of the
normal velocity which is composed generally of that due to the instantan-
eous angle-of-attack and that due to the pitching velocity. The lift and
moment coefficients are expressed in terms of the superposition of four
indicial solution components, ¢, , G, , Cuw a#d Cn, . The four com-
ponents are found to be frequency dependent functions and to be basically
different for subsonic and supersonic speeds, The effect of wing vor-
ticity or wing damping is considered for the wing-tail combination. A
simplified supersonic case is considered for wing-tail combinations., Exact
solutions for the tail load are obtained for the special case of a yawed
triangular wing in a supersonic stream by use of strip theory, and the re-
sults are compared with those obtained by superposition of the gust func-
tion used in gust analyses. Gust analyses results are found to be suit-
able. The results are applied to the dynamic stability analysis of the
single degree-of-freedom case in rotary oscillation, A comparison is made
to evaluate the choice of an "effective tail length" used in the usual
dynamic stability analyses. This choice is found to be surprisingly
accurate.

Tobak!4 also uses the Superposition of Elemental Solutions in a
study to obtain the response of an airplane to step and harmonic gusts.,
Two degrees of freedom are considered (pitch and plunge) and the equations
of motion are written, using the superposition of indicial solutions which
are assumed known. The resulting equations are solved, using Laplace
transform theory. Numerical calculations for the step and harmonic gust
responses are obtained for a rectangular wing of aspect ratio 3 flying at
Mach 1.2, and comparisons are made with results obtained by the Sta-
bility Derivative Analysis,

Reisert? and Croom1 apply the Superposition of Elemental Solu-
tions to determine the responses of model airplanes to ramp gusts from
experimentally determined step-gust responses. Donely and Shuffle-
barger19 study the effectiveness of a dynamically overbalanced flap as
a gust alleviator by the superposition method of analysis.

Application of Generalized Harmonic Analysis

One of the first applications of the generalized harmonic theory of
communications to problems of airplane dynamics is that rmade by Liepmannzo.
The theory is applied to determine the response of a linear, second-order
system to a random forcing function, The felationship between the input
and output power density spectra is derived for a random forcing function,
and an expression is obtained for the mean-square displacement of the
system. Liepmann applies the results to a two-dimensional airfoil in
incompressible, turbulent flow to obtain an expression for the mean square

lift coefficient, The mean-square lift coefficient is obtained in terms of
the normal velocity component and the turbulence scale by using an assumed
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form for the power spectral density of atmospheric turbulence. The lift

due to large scale turbulence over a wing of small chord is shown to be

the same as obtained by quasi-steady theory. The mean-square lift due

to small scale turbulence over a large wing is shown to be negligible.

The prcbability and frequency of obtaining excessive values of the response
are evaluated,

The statistical approach to the buffeting and gust response problem
is extended by Liepmann ! 46 include wings of finite span. The finite
span airfoil is replaced by finite span lifting line in a free stream moving
with a constant velocity. An integral expression is obtained for the mean-
square lift in terms of the input power spectral density and the admittance
of the wing. Three limiting cases are considered; (1) the two-dimensional
case with three-dimensional velocity fluctuations, (2) indicial response
to a step change in o independent of span, and the turbulence assumed
isotropic and homogeneous; and (3) the turbulence spectrum assumed to be
the same as used previously14. Expressions are obtained for the mean-
square lift coefficient in each case in terms of the wing admittance and
the input power spectra.

Press, Mazelsky and Houbo‘ltzzl 23 report studies of applications
of generalized harmonic to gust loads on airplanes. The basic concepts
of the theory are reviewed and the normal acceleration of the airplanes due
to gusts are obtained in terms of the input power spectral densities and
the airplane admittances. The normal acceleration increment is assumed
to be normally distributed with zero mean, and the standard deviation of
the normal acceleration is shown to be a useful measure of the intensity
of the applied load. The power spectral density of the normal acceleration
is obtained from the input power spectrum and the airplane admittance.
The airplane admittance is obtained by integrating the airplane response
to a step gust. The step gust response is assumed to be defined by the
Kussner function up to the response peak, and by the airplane dynamic
characteristics thereafter., The admittance is found to be very sensitive
to changes in aerodynamic damping; hence, the airplane short-period
characteristics are found to have an appreciable effect on gust loads. A
numerical procedure for the estimation of power spectra, based on results
by Tukey24, is outlined by Press and Houbolt?3, Criteria for the design of
experiments for spectra determination are outlined. The effects of c.qg.
position, low short-period damping, and wing-bending flexibility on air-
craft gust loads are studied. A rearward shift of c.g. position is found to
cause a shift of the power spectrum peak to a lower frequency and to in-
crease the magnitude of the peak, Low, short-period damping and a high
degree of wing flexibility are found to seriously amplify gust loads in
rough air,

Richardson!0 extends the concepts introduced by Liepmann to include
the complication introduced by a multiple degree-of-freedom system. The
analysis includes the three rigid-body degrees of freedom (plunging, pitching,
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and rolling), and an unspecified number of elastic degrees of freedom.
The equations of motion are written, using Lagrange's equation, in a
matrix notation with coordinates for plunge (2 ), pitch (&), roll (@),
and elasticity ( & ). The equations are solved for acceleration of the
airplane ¢.g. and wing root bending moment in response to random forc-
ing functions. The auto-correlation function of the normal acceleration
is obtained, assuming the forcing functions to be stationary, random
functions. Numerical solutions are given for some simple examples
with a one~dimensional gust structure. Unsteady aerodynamic effects
are found to be small for turbulence with a scale large compared to the
wing chord. Large values of the relative density of the airplane are
found to further decrease the importance of unsteady aerodynamics, and
to decrease the importance of the pitching degree of freedom. The
pitching degree of freedom is found to become increasingly important as
the scale of turbulence increases,

Diederich and Drischler25 present an analysis which parallels,
to some extent, that of Richardson. The purpose of the analysis is to
determine the effect of spanwise variation in gust intensity on the lift
due to atmospheric turbulence. The lift spectra and correlation functions
are obtained for several spanwise weighting functions and various atmos-
pheric spectra. These calculations are made for both the normal and
longitudinal components of turbulence which are assumed to be station-
ary and isotropic. An "average" gust power spectral density is defined
as an approximate method of considering the spanwise variations in
gust intensity. The power spectral density of the lift due to the normal
turbulence component is written in terms of this "average" spectral
density and the admittance of the system. A similar expression is ob-
tained for the lift due to the longitudinal turbulence component, but no
such "averaging" technique is available in this case. The power spec-
trum of the total lift is obtained by superposition of the component spectra.
Six special cases are considered and the calculated spectra are found to
agree closely with experimental data. The changes in mean-square normal
velocity, due to the spanwise load variations, are small for small values
of the ratio of span to the scale of longitudinal turbulence.

A recent theoretical analysis which considers the response of a
complete airplane to flight-through-random turbulence is presented by

Etkin®®, The four elements of the problem, as coasidered by Etkin, are

(1) the statistical description of the turbulent field, (2) the calculation

of the aerodynamic forces and moments due to the field, (3) the calcu-

lation of the transfer functions, and (4) the combination of the input and
transfer functions to obtain the output. The analysis considers one elas-

tic and five rigid-body degrees of freedom. Spanwise gust variations are
considered. The turbulence is represented as the superposition of sinu-
soidal waves of shearing motion, as suggested by Ribner27. Only the
vertical gust component is considered. The turbulence waves, which are gen-
erally inclined with respect to the airplane plane of symmetry, are resolved
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into components along the body axes. The turbulent field is assumed
stationary and isotropic. The mean square gust velocity is written as the
double integral of the two-dimensional power density spectrum of the
turbulence. The integration variables are the two wave numbers of the
turbulence components. The power density spectrum of the turbulence is
assumed to be of the same form as applies to wind-tunnel tests. The re-
sultant two-dimensional spectrum is integrated with respect to the wave
number of the lateral turbulence component to obtain a one-dimensional
power density spectrum. Each spectral component of the gust velocity is
approximated by a modified two-dimensional Taylor’s series in which each
term describes a certain periodic rigid or elastic motion, All turbulence
components having wave lengths of less than two chord lengths are neg-
lected. An error analysis indicates that the approximations are accep-
table. The relationships between forces and moments are expressed in
matrix notation and the lateral and longitudinal motions are separated.

The transfer functions relating the unknown variables to the mean gust
velocity are calculated from the inverse characteristic matrix and the forc-
ing matrices. The mean-square response is formulated from the transfer
functions and the input power density spectra, The author calculates the normal
force coefficient and moment coefficient for a flat-plate, two-dimensional
airfoil and compares the results with Sear's exact solutions as a check on
the approximations involved in the analysis. The errors are found to be
small.

Another aspect of communication theory, Weiner®s optimum filter
theory, is applied to the gust alleviation problem by Tobakl4, The parti-
cular problem considered is the design of a vane-controlled alleviation
system which minimizes the deviation of the airplane from a straight and
level flight path with no pitching. The degrees of freedom considered are
the normal acceleration and the pitch rate, It is assumed that (1) the
control system commands result in independent forces and moments on
the airplane, (2) the statistical nature of the gust is known, and (3) the
indicial lift and moments due to gust and control deflections are known.
Two equations of motion are written for the Laplace transforms of the
normal acceleration and pitch rate in terms of airplane system functions
(i.e., the airplane responses to impulsive inputs), the transform of the
gust, and the system functions of the control system. The system require-
ments to obtain perfect alleviation with one or both controls are determined,
and the implementation of a system is found to be impractical. An analysis
is made assuming perfect alleviation to be impossible and only one control
to be available to obtain the desired alleviation. The equations of motion
are written as convolution integrals involving the inverse transforms of the
aircraft system functions and the gust input, Tobak seeks to minimize a
linear combination of the normal acceleration and the pitch rate; namely,
the mean-square error as defined by

2z _ / A2
E*=g +Z(/‘)
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By proper substitution, &2 is expressed as a sum of three integrals, in-
volving one unknown function. Application of Weiner’s optimum filter
theory28 results in a Weiner-Hopf integral equation which can be solved
for the one unknown function. The formulation of the Laplace transform of
the required control system is then obtained. Tobak applies the results of
the analysis to a tailless, triangular-wing airplane flying at high subsonic
speeds., The resulting control system is checked for adequate stability,
significant alleviation, and practical feasibility. The control transfer
function and the minimum mean-square error are obtained for various oper-
ating conditions and a turbulence scale of 300 feet, A range of the weight-
ing factor "a" is found for which approximately 50% alleviation is obtained
for both the normal acceleration and pitch rate, The control force required
to obtain such alleviation is found to be about one-third of the gust force.

Experimental Studies

Considerable experimentation has been undertaken to investigate
the problems associated with the determination and alleviation of the re-
sponse of airplanes to atmospheric disturbances, Some of these experi-
ments have attempted direct verification of the theoretical results of studies
previously discussed?9s 30, 31, while others have been studies which
could not be made thc—:oretically1 » 19, 32. Still others have been devoted
to the measurement of the characteristics of atmospheric disturbances12: 33,
and the simulation of those disturbances in the laboratory34' 35, The ex-
periments may be classified as laboratory (wind-tunnel) tests and field
(free flight) tests.

Wind Tunnel Tests

Wind tunnel tests have been made to test various components and
systems for gust alleviation, and to develop means of simulating atmos-
pheric disturbances. Tests of alleviating systems and components generally
have been made in gust tunnels where the models are subjected to step or
ramp~type gusts. A majority of such experimentation has been conducted by,
or with the support of,the NASA,

One early test program undertaken by NASA is reported by Donely

and Shufflebargerld, The effectiveness of a long-period, dynamically over-
balanced flap as a gust alleviation was tested. A rectangular wing,
equipped with the overbalanced flaps, was subjected to sharp-edged and
ramp-type gusts. The flap displacement was directly proportional to the
upward displacement of the wing; hence, the system was not expected to

be very effective for sharp-edged gusts. Theoretical analysis made of

the same system was found to be in excellent agreement with the experiment.
The flap is found to be effective for long gradient gust, but to have, also,
an adverse effect on stability and coatrol,
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Tests were also made of the effectiveness of a torsionally flexible
wing in reducing airplane accelerations due to gustsl. Models with rigid
and torsionally flexible wings were flown through sharp-edged and ramp
gusts and the pitch, normal acceleration, speed, and wing torsional de-
flection were measured, The alleviation obtained varied between 5% for
the sharp-edged gust, and 17% for ramp gusts of 15-chord lengths. The
torsional wing deflection increased the wing washout and, therefore, re-
duced wing bending moment, However, some type of leading edge control
device was found to be required to eliminate flutter and control reversal,
The use of wing torsion as an alleviation device appears to be impractical
for this reason.

Micklebom32 made wind tunnel tests to evaluate a fixed spoiler,
located near the wing leading edge, as a gust alleviator., A fixed spoiler,
2,5% of a chord length high and extending over 90% of the span, was lo-
cated at the 10% chord point of the wing, and the model was flown through
sharp-edged and ramp gusts, The spoiler was found to have no effect on
the maximum acceleration due to sharp-edged gusts, but a 30% reduction
was obtained for ramp gusts of 12-chord lengths., The practicability of
the spoiler as an alleviator was undetermined because the results for nega-
tive disturbances were not obtained.

The effects of wing bending on the gust loads experienced by a
sweptback wing were Investigated by Reisertz. A model with the semi-
chord line of the wing swept back at a 45 degree angle was prepared with
the wings hinged along a line perpendicular to the semi-chord line,

Flights were made with rigid wing and flexible wing models at 60 mph
through sharp-edged gusts of the 10 ft,/sec, velocity, The acceleration
and pitching motions experienced by the models were compared, Responses
of both models to ramp-type gusts were obtained theoretically by superim-
posing the sharp-edged gust respoanses, Reductions in normal accelera-
tion of 8% for the sharp-edged gust and 14% for a ramp gust of 9-chord
lengths were obtained, An adverse pitching motion was found to occur due
to the wing bending and subsequent forward shift of the aerodynamic center,
This pitching motionireduced the effectiveness of the flexible wing as an
alleviator; hence, the use of such a system requires some means of reducing
the adverse pitching motion,

Croom, Shufflebarger, and Huffmanl® tested combinations of fixed
spoilers and deflectors as gust alleviators, Spolilers, deflectors, or both,
were mounted on the wing of a transport model which was flown through
sharp-edged gusts at 10 and 15 ft,/sec. Spollers were mounted on the upper
surfaces and deflectors on the lower surface at the 12% chord position.,
Static aerodynamic tests revealed that a decrease in tail effectiveness and
an increase in longitudinal stability were caused by both types of surfaces,
The normal accelerations and pitch angles were recorded, The deflector re-
duced the maximum acceleration by 20% to 40% without a significant change
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in pitching. The spoiler combinations were found to be effective also, but an
appreciable increase in pitching resulted. The alleviation obtained was found
to be relatively constant for gust gradients up to 20-chord lengths.

A series of wind tunnel tests which were designed to augment the
power spectral density analyses was conducted by Lamson31. The aero-
dynamic admittance of a rigid wing in turbulent flow was calculated from
the measured power density spectra of the lift and turbulence. The turbu-
lence spectrum was measured by putting the output of a hot wire into a
wave analyzer. The lift spectrum was calculated from the measured turbu-
lence spectrum and the mechanical admittance of the wing. Hence, the
aerodynamic admittance was obtained from

%
/ / /7ty [ Flw)

where Pw) = complex aerodynamic admittance
£(w) = turbulence power spectral density
A(w) = displacement power spectral density
7 (¢w) = mechanical admittance of the wing

The effects of span variations were determined by 'the use of sliding end
plates. A 20% thick airfoil with a 2-1/2 inch chord was tested. The model
was mounted on a floating plate balance with a Schaevitz pickup. The out-
put of the pickup was fed to one of three instruments for the determination
of the mechanical admittance, The instrument used depended upon the
frequencies being measured, A wave analyzer was used for frequencies
above 70 cycles per second, mechanical resonance of the balance system
was used for frequencies between 10 and 70 cycles per second, and a
Krohn-Hite low-pass filter was used for frequencies.between 2 and 10 cycles
per second, The mechanical admittance was obtained by measuring the dis-
placement as a function of frequency for a constant amplitude magnetic
force. The turbulence was created by the use of grids upstream of the
model. The absolute value of the aerodynamic admittance was plotted as a
function of the reduced frequency (4) for the airfoil, with and without end
plates. With end plates and £ >0.&, the aerodynamic admittance obtained
agreed with Sear’s results., However, the results were less than those ob-
tained by Sears for .4 <o.8.

Attempts have been made to simulate atmospheric disturbances in
wind-tunnels. One such attempt was made by Hakkinen and Richardson34.
The series of tests constituted a two-phase program to (1) create sinusoidal
gusts in a low-speed wind tunnel in order to obtain experimental proof of
Sear?’s results, and (2) create a stationary, random disturbance in order to
measure the velocity and lift power density spectra of a rigid airfoil as a
check of the theoretically determined aerodynamic admittance. A constant
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cross-section airfoil with a one-foot chord was mounted vertically span-
ing the height of a low-speed wind tunnel. A four-inch section in the
center of the span was mounted in a floating manner supported by three
load cells, Sinusoidal gusts were generated by a one-foot by five-foot
wing oscillating in a vertical plane upstream of the test section. The rms
gust velocity was found to be indistinguishable from free-stream turbu-
lence. It was concluded that Sear's function can only be checked experi-
mentally by use of a low-turbulence wind tunnel and with an oscillator
capable of creating large downwash amplitudes,

Random disturbances were generated in the wind tunnel by use of
a coarse grid located ten feet upstream of the test section. The scale of
the turbulence generated by the six-inch mesh was found to be too small
for close matching of the results. The magnitude of the rms fluctuations
was found to be about 3% of the free-stream velocity, The turbulence
measurements were made using hot-wire techniques, and the lift measure-
ments were obtained from the load cells, These measurements were simul-
taneously recorded on magnetic tape which was played into a thermo-
couple squaring unit through a narrow-band filter to obtain the power
spectral measurements., Because of difficulties encountered in calibra-
tion of the filter, accurate absolute measurements of the power spectra
were not obtained. It was possible, however, to accomplish the main
objective -- the determination of the transfer function between the input
and output power spectra. This was obtained for frequencies between 3
and 150 cycles per second by running hot wire and load cell signals through
the filter successively, thereby cancelling the unknown proportionality
factors. Statistical errors were introduced by measuring power spectra
as finite time averages, and the rms value of these errors was found to
be approximately 5%. Theoretical analyses were made and the results
were found to agree well with experiment at high reduced frequencies.

A facility for the automatic processing of randomly fluctuating data
is discussed by Smith36. The random data are recorded on magnetic tape
and played back into an analogue computer facility which performs the
desired analysis and automatically plots the results. The facility con-
sists of four basic units: (1) magnetic tape data storage and playback,

(2) a probability distribution analyzer, (3) a power spectral density ana-
lyzer, and (4) a cross spectral density analyzer. The increase in reli-
ability, due to the economy of obtaining the data from longer records, is
found to more than compensate for the relatively small errors (approxi-
mately 10%) introduced by the use of analogue equipment,

Two methods of achieving the passage of a gust over a fixed model
are discussed by Kuethe, Schetzer, and Garby*“, A "Vortex Gust Gene-

rator" for introducing a disturbance in the flow upstream of a model
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is built and tested in a small, open-return wind tunnel. The generator
consisted of a venetian blind arrangement, mounted vertically upstream

of the model, A spring-loaded mechanism allowed the angle of attack of
the slats to be changed up to 10° and return to zero in 1/25 secoad, The
vortex sheets shed by the slats were carried over the model to stimulate a
gust., Tests of the pilot model were made at wind speeds of 15, 30, and

60 ft, /sec., and the velocity measurements were made with hot-wire equip-
ment, The model was a constrained two-dimensional wing for which the
theory is well understood, A second method of simulating the passage of

a gust over a model is by changing the boundary conditions at the tunnel
wall such that an angle-of-attack change is caused to sweep past the
model. A "Moving Bump Gust Generator" was designed and tested in

the same wind tunnel to implement such a simulation, The wall boundary
conditions are changed by moving an airfoil-shaped bump along the floor of
the tunnel, The resulting flow field over the model simulates emergence

of the model from a gust, the severity of which depends on the speed of the
bump and the airspeed., The position of the bump is measured by a poten-
tiometer, and may be measured within £ 0, 05 inches, Hot~-wire anemom-
eters were used to measure the angle of flow to within + 0,1 degrees.

The normal force on the model was measured by a single-component balance
system, The pilot tests were made in the small, low-speed tunnel, and

a five-foot by seven-foot, low-speed tunnel was used to extend the re-
sults of the pilot tests to higher Reynolds numbers. The results of the tests
on both types of gust generators demonstrated the feasibility of generating
reproducible gusts of sufficient intensity and scale at Reynolds numbers
high enough to permit extrapolation to full scale.

A system for the generation of a sinusoidally varying gust in a low-
speed wind tunnel was designed and tested by Wade and Thom 7. Two
symmetrical airfoils were mounted vertically in the wind tunnel, on each
side of the centerline, such that they could be rotated simultaneously
about their respective quarter-chord lines, A constant speed motor was
used to drive the vanes in an oscillatory manner at frequencies up to 50
cycles per second, Measurements of the flow velocity fluctuations were
made with a directionally sensitive hot-wire probs, The phase lag and
amplitude of the sinusoidal flow variation were measured at various sta -
tions along and across the wind tunnel test section, The wave developed
in the test section was found to be a close approximation to a sine wave,
The amplitude of the wave was found to b2 as much as 3 degrees for a speci-
fied frequency range,

Flight Tests

Test of full-scale airplanes in free-flight have been made to deter-
mine the effectiveness of alleviation devices and systems, Tests have
also bean made to obtain data for the determination of the characteristics
of atmospheric turbulence, Kraft and Assadourian38 made flight tests to
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determine the effectiveness of a vane as a sensing device for an accelera-
tion alleviation. The specific purpose was to determine whether or not a
single vane, mounted ahead of the nose of an airplane, would give a
sufficiently accurate measure of the average airplane angle of attack due
to gusts over the entire wing span., A pair of mass-balanced, 4-inch by
5-inch balsa vanes were mounted on either side of a 5-foot boom in the
nose of a C-47 airplane. The vane angle of attack was measured photo-
graphically inside the boom. Other measured quantities were normal accel-
eration, indicated airspeed, thrust axis inclination angle, and airplane
angle of attack. The system was calibrated in steady level flight through
smooth air at various indicated airspeeds. Flight tests through rough air
were made at 150 mph, and the resulting vane angles followed closely the
variation in normal acceleration. Hence, the vane was found to provide

a good indication of the average angle of attack of the entire wing.

'Kraft39 reports the results of a flight investigation of a complete
acceleration alleviation system, A twin-engine light plane was modified
in accordance with the results of an analytical study13 and flown through
rough air, Full-span flaps were used, and auxiliary flaps were provided
to obtain the proper downwash at the tail, The elevator was split into
three parts; the two outboard parts being used to counteract the pitching
moment due to flaps. The control column was geared to the flaps as well
as the elevator, in order to accomplish changes in direction. The plane
was flown through smooth and rough air at 150 mph and 2000 ft, altitude.
The vane position, normal acceleration, and pitching velocity were re-
corded as functions of time, The power spectral densities of the recorded
quantities were obtained by the use of analogue computer data reduction
equipment36_ The recorded time histories showed that the normal accel-
erations were reduced to about 1/2 to 1/3 those of the basic airplane. The
pitching velocities were found to be about the same in both cases. Com-
parison of the power spectra of the basic and alleviated airplane indi-
cated an alleviation of approximately 50% at the natural frequency of the
airplane, The controllability of the alleviated airplane was tested by
performing pull-up and hold maneuvers. The response to the pull-up was
found to be slightly faster for the alleviated airplane.

A series of flight tests of the same airplane and control system, as
discussed above, were performed by Cooney and Schott30 1o study the
effect of the alleviation system on wing and tail loads. The strains at
the wing root and 40% tail semi-span were measured to determine the
strain distribution due to gusts.

The application of Generalized Harmonic Analysis to the rough air
response problem requires a knowledge of the power spectral characteris-

tics of the atmospheric disturbances. The first flight tests performed for
the determination of such characteristics of rough air were conducted by

Clementson33, He presented data and a method for obtaining the power
spectrum of gust velocities in the short-period range of an airplane. The
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results were applicable for gust wave lengths between 200 and 2000 feet.

Chiltonl?2 performed flight tests to provide power spectral characteristics
for turbulence wave lengths between 10 feet and 200 feet. Flow direction
vanes were mounted on a fighter airplane to measure angle of attack and
angle of sideslip. Tests were made with the airplane in a straight and
level flight at 1000 feet in altitude in clear air. The measurements of
Clementson33 and Chiltonl? show that the power spectral density of
atmospheric turbulence may be expressed as the following function of
frequency:

Ple)= 0Ll 1+3R2 =
T (t+r2332)?

This expression may be reduced to a simple proportionality which is valid
for gust frequencies ordinarily of concern in gust analysis, as follows:

() oc?zﬁz

The results also indicate that at least two-dimensional isotropy exists in
turbulent air.

A study which does not fit into the category of experimental flight
tests, but which is pertinent to the discussion of the characteristics of
atmospheric turbulence, is reported by Press, Meadows, and Hadlock39.
A theoretical study was made in which the available measurements of the
power spectra of atmospheric disturbances were reviewed, and estimates
were made of the probability of encountering the various spectra in opera-
tion. The gust time histories were considered to be non-stationary (be-
cause of the dependence of turbulence intensity upon weather) Gaussian
processes, varying only in rms gust velocity. Techniques were developed
for the estimation of the probability distributions of rms acceleration and
rms gust velocity from data available on peak accelerations due to rough
air. The basic method assumed the turbulence to be locally Gaussian and
stationary, and that the overall turbulence experienced consisted of a
summation of exposures to elemental Gaussian processes for appropriate
times. Rice‘s4 relationship between the average number of maximums per
second, exceeding a given value [ MCa,,)] were applied to the elemental
discrete conditions and summed over the various conditions. The result-
ing expression for /7(0,,) was allowed to go to the limit to obtain a similar
expression for gust velocities which cover a continuous range of values.
The resultant expressions relate the mean-square acceleration ( Oa,) and

M(a,,) for the cases in which rms gust velocity assumed both discrete
values and a continuous range of values. The rms accelerations were esti-
mated from operationally obtained A7(=,) , and then transformed into the
distributions of rms gust velocity by use of the airplane transfer function.




PROPOSED TECHNIQUE

The design of an automatic control system for the alleviation of air-
craft response to rough air requires certain physical data, Some of the data
may be obtained with sufficient accuracy by theoretical estimates, but most
must bs obtained by measurement, The data measurements that must be ob-
tained are best seen by a short review of the theoretical aspects of the
proposed approach to the design problem,

Theory

The primary objective is to design a control system that will allevi-
ate the forces on the constrained airplane due to random gust disturbances,
The components of the input which are most important from the standpoint
of platform stability are those near the longitudinal short period of the
airplane, Since this natural frequency is generally small 1, wake and
apparent mass effects are assumed negligible,

The problem is formulated in terms of sixteen transfer functions,
as shown in Figure 2, These transfer functions relate the forces and mom-
ents on the constrained airplane to the gust input, the control deflections
to the gust input and airplane motion, the control forces to the control de-
flections, and the airplane motions to the forces due to the gust input and
controls, The equations of motion may be written as follows:

‘wt
(5//+Z//)w+(5;z+é,‘?)9 —Ge‘w [Z'_/_Z’-z;*z;%]

(S, +Ly)wr+(Sytdy)) 0= G LT+ 70 + 7 T0]

where

The S; j represent the differential coefficients in the airplane eguations of
motion with no alleviation system acting, and the Z,; represent the forces
introduced if the gust sensor is influenced by the motion, The control sys-
tem will effect the stability of the airplane if the L;j are different from zero,
but if =0, the alleviator will act as an open-loop system, The L‘;}-

will be zero if the following equalities are satisfied:

r+lg =0 77'+7,"=0
7% * 7=0 Tg+ 7Tz =0

A major design difficulty is to satisfy these equalities.
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The velocities, «r and ¢ , shown in Figure 2, are the same
quantities, They have been separated in the diagram because e~ is a
geometric quantity that affects the vane directly, while @5 is a sensed
quantity. Similar remarks apply to & and &; . Hence, the dynamics
of the sensors are neglected.

Experimental Procedure

The measurements necessary for the design and appraisal of the
alleviator are to be obtained from wind-tunnel tests of a dynamically scaled
model airplane. The test prograrr‘lﬂoutlined below obtains sufficient mea-
surements for the design and appraisal of the alleviation:

Test Program A

I. Stability Derivatives

A) Static derivatives - Cy , O
B) Damping derivatives - C’,yg?) Cotos
C) Elevator power -- G e CM;e
D) Flap power - Qs C’M&

II. Gust Input (Constrained Airplane)
Measure Q and Cu for bump oscillating between 0 - 2 cps
III. Controls Input (Constrained Airplane)

Measure C, and G, for flap and elevator oscillating
(separately) between 0 - 2 cps. Check against IC and
ID for non-stationary effects.

IV. Short Period Check (Free Airplane)

Find short period by oscillating bump in neighborhood of
0.75 cps and noting resonance.

V. Time Lag of Alleviator (Constrained Airplane)

Measure phase shift between

1) bump position and flap displacement

2) bump position and elevator displacement
for a range of frequencies near critical (Critical fre-
quencies will depend upon the period of the airplane
and the frequency spectrum of the random atmospheric
disturbances).
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Test Program B

1. Input Cancellation (Constrained Airplane)

A) Find gearing for which gust input is cancelled by
controls input at the critical frequency,

B) Check the effectiveness under "off critical” conditions,
Select the best compromise,

II. Influence of Motion (Free Airplane)

A) Check the effectiveness (including stability) of
the alleviator at and near critical frequency.

B) Eliminate effects of airplane motion on the gust
sensor by detecting the motion with an accelerometer,

C) Check effectiveness and stability of the modified
allevlator from 0 to 2 cps,

A dynamically scaled model airplane, a fixed mount and balance
system, and a dynamic suspension system were designed and constructed
for the tests outlined above, All items of Test Program A which did not
require oscillation of the bump have been completed as a means of proof-
testing the technique, The tests to date have been conducted in the low-
speed, low-turbulence gust tunnel at the University of Michigan Aero-
nautical Engineering Laboratories, Wind tunnel tests to determine static
characteristics of the model were performed with a coastrained model,
mounted on an internal strain-gauge balance system. Measurements of
dynamic characteristics were made with the model mounted on a suspension
system which had two degrees of freedom -- pitch and glunge. The gust
input was simulated by the moving bump gust generator 5 previously dis-
cussed, A method of oscillating the bump has been developed and tested
under no-flow conditions,

Model

A dynamically scaled model airplane was used for the experiments
performed, The model was designed to be adapted to the type of gust
generator used by placing the horizontal tail and elevator either in the
conventional aft position or forward of the nose in a Canard configuration,
The latter configuration was found to be the most suitable for use with the
moving bump gust generator because a conventional configuration experi-
enced a tail stall in the strong upwash near the bump leading edge., The
model constructed was a 1/9 scale model of a prototype having the general
size and shape of a straight-wing fighter airplane, The considerations
of dynamic similarity and the details of the model, the supports and the
controls, are discussed in subsequent paragraphs,
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Dynamic Similarity

The airplane was considered to have degrees of freedom in plunging
and pitching., The equations of motion were non-dimensionalized and the
governing non-dimensional parameters were isolated in order to assure
that the aerodynamic and inertia forces were in the same relation on the
model as on the prototype. The wind tunnel axis system used in writing
the equations of motion is shown in Figure 3, The origin of the axis sys-
tem is located at the model support which is also the c.g. of the airplane.
The equations of motion are written as follows:

Z/—“z=0
M3 +.@2V:~Ton_% -£ \&2\5}”"{%9 +:§_ Vo Sm € =0

e -£ VEiSe CMo( e —g%fﬁc C”o(-%: o

Define the following non-~dimensional parameters:

<& =4 P2

Vo
-2 ' Elo
/a-__g_ é —

The two non-dimensional equations of equilibrium become:

(e B'%m) 3 s (~my X £ a'rm)e =0

(C‘,%,)j" + (-u %’(%"i %‘_4; B'+Gr)e =0

The dynamic response of the model and prototype will be similar if the
following coefficients are identical:

/“/ ’é/')mszlgt)é{tz CMO() CM,Q
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Hence, requirements are placed on the mass, mass distribution, and aero-
dynamic coefficients. The aerodynamic requirement implies that the Rey-
nolds number and Mach number for the model and prototype are equal and
that the model and prototype are geometrically similar, Aerodynamic inter-
ference effects that have been omitted from the equations are strongly in-
fluenced by the trim angle of attack ( &, ); therefore, the further requirement
is imposed that &, must be equal for the model and prototype.

A scale factor @ is defined as follows:

@ - Size of model
size of prototype

Hence, for the model and prototype to have the same value of A ,,6} . and
X, , the following equalities must be satisfied:

M. a3 (%.),.m = g
7 - g ©

(Ws. ),ﬂ

Consequently, it is not possible to duplicate Reynolds numbers and Mach
numbers simultaneously.

4P

A comparison of the weight, wing-loading, and flight speed of the
1/9th scale model with those of its prototype is shown in Table I.

Table I
Model Prototype
W (#) 20 14,600
Wis (%8 5.95 60
Vo (f£/se) 100 300

The trim lift coefficient for the model is

C:_(do)-'-' _f{/é:_g 6’:?6‘= o0.50
? /A%

Construction Details
The model used in the experimental portion of the program was not

intended to be a replica of any particular aircraft now in existence. In-
stead, its design was dictated by the objective of the study and the capa-
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bilities of the test facilities, Since the objective of the problem was to de-
termine the control laws which must be followed to alleviate the response of

a rigid aircraft to symmetrical disturbances, the model was constructed with-
out regard to simulating aeroelastic effects, Also, since the disturbances

are to be symmetrical (i,e,, with respect to the plane of symmetry of the model),
the model was constructed without such lateral control devices as dihedral and
movable rudder,

The model was designed to simulate as closely as possible, within the
restrictions of the test objectives and facilities, some realistic but hypotheti-
cal, aircraft, The size of the model, which was dictated by the size of the
wind tunnel to be used, indicated that the model would be about a 1/9 scale
model of a typical modern fighter aircraft. Hence, the physical character-
istics were derived by applying the dynamic similarity conditions to the corres-
ponding characteristics of an aircraft with a wing loading of 60 #* /ft, 2. The
characteristics thus obtained are presented in Table II,

The actual configuration of the model, as shown in Figures 4 and 5, is
a low-wing monoplane with the horizontal tail mounted slightly forward of the
nose, The tail was mounted in this position to prevent a tail stall when
generating the gust with the moving bump, The unswept wing and elliptical
fuselage cross-section were chosen to render the model construction as simple
as possible, The wing contour at all stations is that of a standard NACA 2415
airfoil, and the tail contour is that of a symmetrical NACA 0009 airfoil,

The model has full-span wing flaps which may be displaced more than
+ 45°, The tail has full-span elevators which also may bes displaced more
than % 45°, Provisions have also been made to mount the horizontal tail in
the conventional aft position, as shown in Figure 6,

The range of C,G, positions of the model, with respect to the wing
aerodynamic center, are shown in Figure 7,

Instrumentation

Dynamic Suspension System

In certain of the tests, the model is suspended by a system which allows
it to pitch and plunge in response to the generated disturbance, This sus-
pension system is shown in Figures 8, 9, and 10,

The internal tube (a) supports the model on the yoke (b) and is free to
translate vertically through the external tube (e), The ball bushings (c) re-
duce the frictioa to a negligible amount. The external tube (e) is fixed to the
collar (f) which is rigidly attached to the floor of the tunnel, The model is
mounted on the yoke at its center of gravity with a 1/4 inch diameter steel
rod as shown, The ball bearings which are located in the yoke reduce
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Table IT

Model Characteristics

(w)

Radius of gyration (42(7‘)

Wing --

area (s)

Span (6)

 taperratio( A )

Tail -~

aspect ratio (AR )
root chord ( £, )
tip chord (£, )
mean chord ( £,,)

section (all stations)

area (S:)

span (by)

taper ratio ( Ag)

aspect ratio (A;)

mean chord (Gm,)

Length ( A¢) - tail aft

" - " forward

section (all stations)

Flap area ( Sp )

Elevator area ( S.)

20.0 lbs,

8.3 in.,

485 in.
47,4 in,
0.52
4.6
13.6 in.
7.0 in,
10.6 in,

NACA 2415

40 in.2

10 in.

0.67

2.5

4,0 in.
24,73 in, aft
23,98 in, fwd
NACA 0009
2

111 in.

40 in. 2
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Model - Canard Configuration.

Figure 5.
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Figure 6. Model - Conventional Configuration.
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Figure 8. Model Suspension Systems.
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Figure 10. Dynamic Suspension System Installed
in Wind Tunnel.
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the friction in this connection to a negligible guantity.

This suspension system allows the model to perform vertical trans-
lation of its ¢.g. and pitching motion about its c.q.

Pilot tests on this suspension system have been made to determine
if the model could be stabilized in the wind tunnel, and if a reasonable re-
sponse to a disturbance could be obtained, Positive answers to both of
these questions were found,

Fixed Mount and Balance System

The mount to be used to support the constrained model is shown in
Figure 8, 11, and 12, It consists of a steel post and rail about four feet
long, mounted in a parallelogram arrangement. The post is fixed to the
floor of the tunnel and the rail is free to slide in a groove in the post. The
position of the rail is determined by the position of the handle at the lower
end of the post. The handle is pinned to both the post and the rail and is
held in position by a pin through the handle and one of the holes through
the sector, The purpose of this arrangement is to make it possible to
change the angle of attack of the model without entering the tunnel test
section. The sector allows the control of the angle of attack to 2° inter-
vals, Set screws are provided at the lower end of the post to allow a much
finer adjustment of the angle of attack.

The model is attached to the fixed mount through the balance sys-
tem, as shown in Figure 13. This balance system is essentially a beam
pinned to the model at each end and to the mount at two points near the
center. Four Huggenberger strain gages are bonded to the beam at each
of the notches to form two Wheatstone bridges. A load applied to the model
causes an unbalance of the bridges, and thereby generates an output sig-
nal from each bridge. These output signals are recorded on two channels
of a Sanborn recorder,

Control System

Servosystems were designed and fabricated to operate the flaps and
elevators in such a manner as to cancel, as nearly as possible, the forces
and moments applied to the model by the generated gust. Small electric
motors drive the flaps and elevators through gear trains, and rotary poten-
tiometers providing position feedback. The motors were driven by signals
provided by a portable analogue computer, A block diagram of the flap
control system is shown in Figure 14, The elevator control block diagram
is similar to that of the flap control, Figures 15 and 16 are sketches of
the control hardware assemblies,



-40-
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Figure 11. Fixed Mount and Balance.
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Figure 12. Fixed Mount Installed in Wind Tunnel.
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Figure 13. Model Mounted on Balance System.
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Disturbance Sensor

Some type of device is required which senses the presence of the
disturbance, At present, it is planned to employ a constrained-vane type
of sensor, A vane of small mass is mounted on the model, and electrical
strain gauges are bonded to the vane so as to detect the force on the vane,
The generated disturbance changes the angle of attack and thereby ex-
erts a force on the vane which is detected by the strain gauges, The out-
put signal thus generated is used as inputs to the flap and elevator con-
trol systems,

Pitch and Plunge Sensors

As outlined in the second part of the problem, the motion of the
model is removed from the output of the vane by adding signals from
pitch and plunge sensors directly to the elevator and flap. Instruments
are required to sense both the velocity «~ and the pitch angle &,

The use of accelerometers to measure the pitch and plunge accelerations
is suggested. The outputs of these instruments may be integrated with
operational amplifiers to obtain «r and &€ ,

Disturbance Generator

The disturbances are generated in the windstream by using the
Moving Bump Gust Generator ”. A sketch of the gust generator is shown
in Figure 17, The bump is oscillated fore and aft by use of the mechan -
ism indicated in the sketch, A "T" bracket is attached te the lower side
of the bump and extends through the floor of the wind tunnel test section.
Two sets of extension coil springs are attached to the bracket, parallel
to the flow direction, and thus provided a lightly damped mass-spring
system which tended to oscillate at a natural frequency defined by the
mass of the bump and the spring rates. A forcing function was applied
to the bump by a variable speed motor through the pulley-crank-spring
arrangement shown. The anchor of the upstream spring is adjustable to
provide a spring force which counteracts the unperturbed aerodynamic
drag on the bump and allows the undisturbed bump to be in the center of
its travel with the wind tunnel in operation, Resulting bump motion is a
nearly sinusoidal oscillation with peak~-to-peak amplitude of ten inches,
The frequency of oscillatien is varied by changing the extension coil springs,
A time trace of the bump position obtained at zero wind velocity and a
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specific set of springs is shown in Figure 18. The oscillation shown has
a frequency of about one cycle per second.

Results

A dynamically scaled wind tunnel model has been designed and
constructed. The model has movable flaps and elevators which are con-
trolled by servosystems and driven in response to signals from an analog
computer. An internally mounted two-component balance system has been
constructed, using bonded Huggenberger electrical strain gages. The
balance system calibration curves are shown in Figure 19. The stability
derivatives and controls input (Parts I and III - Test Program A) have been
measured and are discussed below,

A means of obtaining sustained oscillations of the gust generating
bump has been devised and tested under no-flow conditions, The bump
was found to oscillate in a near-sinusoidal manner, A dynamic model
suspension system which allows the model freedom to pitch and plunge
has been designed, constructed, and subjected to pilot tests. The pilot
tests indicate some stiction due to the deflection of the movable rod.

The curves from which the static-stability derivatives were
measured are shown in Figures 20 and 21. Curves defining the elevator
and flap power are presented in Figures 22 through 25. The following
numerical values were obtained fa these derivatives:

- - ~
G, = 0070 oy Cp,. = —Q 0/ g

5

(CM“);_{=6‘ =~0 0076 0@;4 C//& = QO0RR aéy"
_‘:0

(’,ya; = 0.022 deg™ ( (’M&)d“: Q003 aly™

The derivative C’Mq was found to vary significantly with o« and c?; ; hence,
the value shown was taken for an unperturbed angle of attack of 6° and a
flap deflection of zero. Similarly for CM&. The following value was ob-
tained for the damping derivative:

C’M$

The experimental method of measuring C'M?_ is discussed in Appendix B.

= -~ /3 Sec



-ho.

"OWIL "sa uoljrsodg dwung - 8T @21nb1rg

I
Q
Y
Y9

~

: 4 M T
(1t Wi (K H ﬁ i
, Vigls s i 1 |
* i regind= gy B . :
¢ E
L . .
H T
1 T .l
i P
a8 1
- 7 !
77 71 1 H H |
1 rl 1
1T
ne 1T 8 HS
i 1 a 2 2 T
1 H N T T T
$ T 1 4 e
HH T : 58
TN ) IIJU+ b1 T .. _“
1 1 1
ISuua g ) T
T 1
HMW T H7 JT I 1 = T
: : - f
- 1 RN FE 18 B! T i I T
sss HHH HHH CHEH » : !
: fe e saas e : : L
e SR ik _ FH T f] -
1 1 1 I3 1T | SEnt
H HHH R HH H Em S A B aE sanE Anans nannsSannsae, Ht i




-50-

oz

z/

() PP

o/

*S$2AIND UOTIRIQITED JUNOW PexId

‘61 @Inbid

o




-51-

*¥Q snouep 107 v csa Yo 0z sunbrg

oDTn..wW [s]
S-=ky
z £ = :
(%% ro60) A
27~ o
oy~
[~}
o~
b30 oupp= 2L - 2P
yEe KOO = = P 70- "




-52-

FAL FLI 2D Do
AO Q\H\:N\\M\; QNLD‘\UQV .W.U

3o snomrep soy » rsa TBONG 17 einbrg

eo.

Jol-=32 a

s-=fg v
A =Yg
S=%x
O"Wml

o=}
9=x
oo Y2

8/—




*®Q snowep 107 ©  csa No -7z emnbrg

oz =% o
JO/= = PG 9
02 =5 o
by -
7 ol = ®e x
Q= & -
27~ i
[

(93p) Yo

(=4 &/ 4 7/ =74

-53-

g = . Ay




-54-

99 snouep 107 o

.m>.@.0§0

"g7 aunbrd




-55-

Cnvs & zom X=0°
o8
Cu
aé
/ Yy~ p.ozz c/e?'/
78
C 4
oz
-/0 -5 o = ) S
Cr Crovs 8¢ soe A=4°
a.04
ooz
@
<70 -5 = 70 s
-0.902
dor o 0,007 oy
7 i
e )
-208
-0/
-0./2
-0./4

Figure 24. Cp and CMc.g.VS-

Of for &

6°.



-56-

CN Vs Sg FOR d'..—.. 6’
Cu
a.70
albo .
/// °(= 6‘
e
o0.4o
dCn -t
aso gL o.0022 oey
-20 - /0 10 20
Se (deg)
M ovs Sg For (=4 68"
Cm
v , X —X o= Y°
-20 -/0 o *20 .
S (o) / T o= 6
ﬁ/———*o =¥
o
e 0
[
it 0.0043 ey
ISs
220

Figure 25. Cn and CMc.g.vs.

8o fora = 4, 6, 8°,



-57-

The phase angles measured between the control surface deflec-
tions and the forces thus generated are presented in Figure 26. The
change in phase angle with frequency is small; hence, the unsteady
aerodynamic effects appear to be negligible.

Conclusions and Recommendations

The tests performed have indicated the feasibility of performing
dynamic wind tunnel tests of the type required for the design and evalu-
ation of an automatic control system for the alleviation of airplane
response to rough air. The method of sinusoidal gust generation appears
to be satisfactory on the basis of no-flow tests. Since the perturbation
aerodynamic forces on the bump are expected to be a small percentage of
the dynamic and spring forces, the bump oscillation in the windstream is
not expected to be significantly different than that obtained with no flow.

The strain gauge balance system has proven to be reliable and
accurate, as indicated on the calibration curves. The servosystems for
the operation of the control surfaces operate smoothly and supply
sufficient torque to hold the controls at maximum deflection with maxi-
mum test airspeed. The instrumentation used to obtain the data for
determination of the pitch damping, as described in Appendix B, was
adequate but subject to improvement, It is recommended that a method
be devised of forcing the oscillation in pitch only, rather than in pitch
and yaw. It is also recommended that the pen-ink recording system be
replaced by a reflected light or a photographic system. Results from the
pilot-tests on the dynamic suspension system indicate that such a sup-
port is feasible, but it also should be improved. The necessary im-
provements can probably be obtained by using a movable post of ex~
truded, rectangular aluminum tubing which is laterally constrained by
bearing-mounted rollers. The results of the controls input tests justi-
fy the assumption that unsteady aerodynamic effects are negligible.
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APPENDIX A
Estimate of Gust Input

The airplane is trimmed in the non-uniform stream associated with
bump position .4, as shown in Figure A-1, The perturbation angle of attack
at any station ; is given by

Ot = (A, ~AK,) sin et

«

m/;’/'c + ¢
mz;‘/c"'az

R

a, = 0(/2"‘0(1. - (m:z+mz);/'c+ Q, + Q.

Z

5@:[(’”1;'”7;1)% + (dzz— a_f/d‘/h w?

The quasi-steady lift due to the non-uniform distribution of angle
of attack is computed from the formulae42 below:

/;G—ZTé”:Z,.é_”

Z=25b cos &
5= .rme
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The equivalent uniform angle of attack is given by
_ [ 3 (it 2,.- & ]:/' wt
Y [7( z ) + o

The gust input, therefore, is equivalent to a uniform sinusoidal
updraft as shown in Figure A-2,

A plot of angle of attack distribution in the tunnel at various points
upstream of the bump is shown in Figure A-3, The position of the airfoil
in the stream with the bump in its forward position ( _¢, in Figure A-1)
is indicated between points A and B, With the bump rearward, the airfoil
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between C and D, We have, therefore:
Q@ = L/#° ”m, = 0.86

QZ= 4 P = £56
and

Sapp = Q.OIR/ St T



APPENDIX B

Determination of Pitch Damping

The method used in the evaluation of the pitch damping coefficient
is based upon that suggested by Durant42. The equation of motion is
written for a single-degree-of-freedom forced oscillation with and without
wind-tunnel flow, Resonance conditions are obtained and the necessary
physical data are measured to calculate the pitch damping coefficient,

A detailed discussion of the method used is given below,

Tha model was mounted in the wind tunnel as shown in Figure B-2
on the dynamic suspension system near the center of the test section.
The mount was clamped in position to prevent plunging motion; hence,
the model was free to move in pitch only. The forcing functioan was
applied to the medel through spring &sby displacing the spring with a
motor-driven eccentric, The speed of the eccentric rotation was con-
trolled by controlling the input voltage to the motor with a variac. The
equation of the motion of the model was written as follows:

-Z};(é 7‘(/“. -74)9 - (M - R, L7 —g,,&z)é = 4@,4&, cos wi

where Ao aerodynamic damping

A = friction damping

This was rewritten as:
o . ¢'uJ'L‘
J;; 6+ 4& r o - £ e

where = Mo+ 4 (wind on)
M= 4 (wind off)
B (My-847-4.20°)
fo= Ky 4 4,

At resonance, the inertia and spring forces cancel, and

/‘( = ".7&0’

Wy Gmax

or

£54. 4
Wy ©max

V24
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Assuming only the wings and tail to contribute to A< Durand shows that:

Mo <M s 2 = (v My i)
2 =" 4 7

where /'120 - pitching moment due to wings

4
/% - pitching momert due to tail

Aot

The upwash at the forward mounted tail was assumed negligible ( ce, % -—-a/j
hence,

/MMe/ = L) - (A4
The damping coefficient was- then formulated as

Cors = =/l
2 611/;:'2 Sc*

The damping coefficients, éa/ and /& / , were calculated from measured
values of 4€, + 4, , and 4, and experimentally determined values of w,,
and ©

max *

The values of w;, and &,n,, were obtained by recording the verti-
cal displacement of the downstream end of the model using an ink pen
from a Brown recorder attached to the cable as shown in Figure B-2.
The modulus of the ratio 9«/9‘. . was then calculated and plotted versus
forcing frequency, as shown in Figures B-3 and B-4, The natural frequency
was taken to be the value of the frequency at the indicated resonance,
The calculations for the determination of CM? are shown below,

Calculations of //d,/ (wind off):

[ ket by = 0248 %/,
Wy Gpax
é, = OR0 7
b, = 38 s

From Figure B-3, w, = 85 rad/sec

From recording, /_9_._ / < ¥z
& /mvrax
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PITCH DAMPING DATA (Vv=0)
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Figure B-3. Pitch Damping Data (V = 0).
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And & = % = 0,0052 rad,
A
Hence, Gya, = (42) (0.0052) = 0,22 rad.

.2 -
i, * DAL - L

//{/ £1.0 in#sec
Calculation of éa/ (wind on):
Lo = Lilihe

(73 emax
From Figure B-4

Wy = 975 rad/sec

From recording,

/_?_'_"_eé./e 75
e(.

Hence, Epmax = (7.5) (0.0052) = 0,039 rad.

e U

//a/= 4,97 in*

Calculation of Cy g

M) = fal Y/

4,97 - 1.00 = 3.97 in ¥ se

1

H

//‘4;/ 0.33 ft # sec

V = !—%- where ? = 2,300 '{Aé_ at 75°F

Since 7z = 75°F, the correction to 42 = -0.13 “ 44 . Hence, the
corrected barometric pressure = 28,90 ”//3 . and the test-section tempera-
ture (7 ) = 460 + 87 = 547° &,

Hence, e-=e (_77_;;_)(%) = 737810 (s'/? 28.90

s47/\29.92,



-72-

es .?./78-/0'35/a7/#f3
Also, g = (2.300) (0.0361) (144) = 11.95 * /a2

Therefore, the wind tunnel speed was

L = [RULIDNCY | o5 b frec
R(.78

. -4(0.33) - ~4(0,33)
Then  Cpmg TS (2.31) (104) (0,337) (0.78)

C = 2,13
Mg
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