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PART TI*

Incompressible Flow

Summary.—The report presents the theoretical calculations of gust alleviation factor made for rigid aircraft and with
one degree of freedom only (.., vertical motion). It is shown that for average gust lengths and for orthodox (tailed)
aircraft the influence of the second degree of freedom (.., pitching) on the value of the gust alleviation factor is negligibly
small, providing the pitching moment of inertia and damping are not unduly small.

The influence of aspect ratio, the importance of the mass parameter and the gust shape on the values of the gust
alleviation factor are shown. The large influence of the gust shape on the value of the alleviation factor makes the gust
analysis by simple measurements of maximum aircraft acceleration inedequate, and the full records of the time-history
of the aircraft are necessary. An alternative, more direct method of gust measurements is suggested.

The inadequacy of the present gust alleviation curve in Air Publication 970 is pointed out and a suggestion for
replacement of this curve by the curves calculated in this report is made.

1. Introduction.—The increasing speeds of modern aircraft have made the knowledge of gust
loads imposed on the airframe of paramount importance. Up to now most of the experimental
work in flight on this subject has been done by measuring the response of a typical aircraft to
an encountered gust. The results obtained by this way only give the combined effects of gust
structure and aeroplane response, and it is impossible to separate these two factors empirically.
In order to obtain information about the gust structure, the response of the aircraft has to be-
estimated theoretically.

As far back as 1936, Bryant and Jones' and Williams and Hanson™ did some calculations of
gust loads for a flexible aeroplane, but their results are applicable to a few particular cases only,
and cannot be used for rapid estimation of the response of any aircraft.

Some recent theoretical papers *** try to bring the gust response calculations of flexible aircraft
more up to date, but the computational work involved is prohibitive, and cannot be used in gust.
research, for each individual case would have to be computed separately.

The analysis of the gust loads is considerably simplified if the flexibility of aircraft is neglected.
Even with this simplification the calculations of the aeroplane response taking into account two
degrees of freedom (z.e., pitching and vertical motion) are very laborious, and no writer has yet
succeeded in producing general results which can be used rapidly in estimation of gust loads on
any aeroplane. The most useful papers published on this subject are the works of Greidanus and
Van de Vooren®?, where the wing and tail loads are calculated for a range of aircraft parameters,.
taking into account two degrees of freedom of the aeroplane. Similar calculations are reported
by Donely®, but his results differ widely from those of Greidanus and Van de Vooren®®. In the
opinion of the present writer the results of Donely seem to be in error.

* R.AE. Report Aero. 2421 dated May, 1951, feceived 10th September, 1952.



A short description of the factors called into play to control the pitching of a tailed aircraft
when it enters a gust may help to show the complexity of the problem. For instance, on the
calculations of the gust alleviation factor for an aircraft with two degrees of freedom made in
Refs. 1 and 2, the forces and moments acting on the fuselage, wing and tailplane are all taken
into account. When the aircraft penetrates into a vertical up-gust, first of all the gust acting on
the front portion of the aircraft fuselage produces a small lift and nose-up pitching moment,
which is followed by the main forces and moments from the wing, when the wing enters the gust.
The pitching moment of the wing can be nose up or down depending on the position of c.g. with
respect to the wing. It has to be remembered that, as shown by Glauert, the unsteady aero-
dynamic forces do not act on the quarter-chord point only ; the part of aerodynamic forces due
to change of circulation acts at the quarter-chord point and the part due to air inertia at midpoint.
The part due to the flow curvature (due to aircraft pitching velocity) acts at the quarter-chord
point, but incidence is measured at the three-quarter-chord point.

The further penetration of the aircraft into a gust brings the tailplane into the region of gust
velocities and produces a corresponding nose-down pitching moment. At the same time the
changes of downwash due to changes in the wing lift forces produce further changes of the tail
load and of the pitching moment. It can be seen from the above description that two aircraft
with identical static stabilities can have quite different responses in pitch due to a vertical gust,
and that the possession of zero static stability does not mean that the aircraft will not pitch when
entering a vertical gust.

The above description points to the complexity of gust load calculations retaining two degrees
of freedom, and above all to the difficulty of providing some general charts which could be used
in rapid estimation of gust loads on a given aircraft.

Further simplification is possible by neglecting the pitching degree of freedom. This line of
approach was taken by Kiissner and his paper’ gave results in the practical form of gust
alleviation factor calculated for rigid aeroplane with one degree of freedom (vertical motion) only.
This work however does not cover the range of parameters required at present and Kiissner’s
mathematical simplifications sometimes lead to numerical errors. ‘

The present paper extends Kiissner’s work, covering a wider range of mass parameter and
gust shapes, and using the exact solution of the equations of motion.

A comparison of the results of the analysis of Ref. 1 and of the present report seems to indicate
that the wing loadings can be estimated quite satisfactorily neglecting the pitching degree of
freedom. The calculations of Ref. 1 largely disagree with calculations of Ref. 3 on this point;
there are many indications, however, that the results of Ref. 1 are the numerically correct ones.
Also, the experimental evidence given in Ref. 3 (Fig. 35) substantiates the neglect of pitching
motion, provided the correct alleviation factors for vertical motion only as developed in this
report are used.

Fig. 1 shows the alleviation factor for a flat-topped gust as a function of mass parameter as
obtained in the present report together with points representing the results of Ref. 1 for two
lengths of gust gradient. A strict comparison is not possible as the present calculations are for
a linear increase in gust strength with distance, and in Ref. 1 a sinusoidal gust shape is assumed,
though this is not expected to make a large difference. To check this point some isolated calcula-
tion of gust load due to a gust of sinusoidal shape was made, and the agreement between the
results of calculation using present method and the result of Ref. 1 was excellent.

An examination of Fig. 1 reveals that, for practical values of the stability parameter dC,,/dC,
and the mass parameter u,, the difference between values of the alleviation factor as found in
present report and those in Ref. 1 are on average less than 2 per cent ; these small discrepancies
could be as well attributed to other differences in the assumptions made in both methods.

Calculations of gust loads on sweptback wings have shown that even for comparatively large
sweeps the contribution of pitching motion to the value of gust alleviation factor is small, provided
the moment of inertia and damping of the aircraft are not unusually small.
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It is thought therefore, that the wing loads due to a single gust for a rigid aircraft can be
estimated quite satisfactorily by the method using one degree of freedom only.

It is worth stressing that the tail loads cannot be estimated in such a simplified way, especially
when one considers that the inertia and aerodynamic loads of the tail can be out of phase, due to
certain inertia loads coming from the aerodynamic forces on the wing. For approximate and
rapid estimation of tail loads Refs. 1 and 2 should be quite helpful, in spite of fact that they
do not cover a wide enough range of mass parameters.

2. Method of Analysis.—The calculations were made using the following assumptions:

(a) The gust velocity is uniform across the span of the aeroplane at any instant, and is in
the vertical direction

(b) The aéroplane can rise vertically, but does not pitch

(¢) The aeroplane before entering gust is in steady level flight

(d) The forward speed of aeroplane is not changed during the action of the gust
(¢) The wing is assumed to be rectangular and unswept.

A wing entering a sharp edge gust, or changing instantaneously its incidence, experiences a
change in lift. The change in lift is not instantaneous but gradual and is a function of a distance
travelled by the wing. The mode of change of lift is described by the unsteady lift function,
which function is the ratio of the momentary to the ultimate steady lift of the wing.

The unsteady lift functions are given in the present paper by the approximate expressions, as
suggested by Houbolt® and Jones*. The unsteady lift function due to penetration into the sharp
edge gust is given by the equation:

W=1—Ade* —Be?® .. .. .. .. ..

where s is the distance travelled by the aerofoil measured from the instant at which the leading
edge strikes the gust, and expressed in chords. The coefficients 4, B, « and p are chosen to
achieve the best fit of the function ¥ to the rigorous solution of the unsteady lift function. The
values of these coefficients based on Ref. 4 are functions of the aspect ratio only.

The unsteady lift function due to an instantaneous change of wing incidence is assumed to be

of the form:
P =1—De% .. .. .. .. . .. (2)

where again coefficients D and ¢ are functions of aspect ratio only, and are chosen to give the
best approximation to the exact unsteady lift function.

It is worth pointing out that the rigorous solution of the unsteady lift functions can be used
in the present method of calculation, but the prohibitive amount of computational work would
not ‘be justified by the slight increase of accuracy of the numerical results. The values of the
coefficients of the unsteady lift functions are given in the Appendix, Table 1, and the functions
themselves are plotted in Figs. 2 and 3. The unsteady lift functions for aspect ratios 3 and 6
are obtained from Refs. 4 and 5, and for infinite aspect ratio approximations are used to conform
with equations 1 and 2. The rigorous solution as obtained by von Kdrméan and Sears® for aspect
ratio infinity is shown in Figs. 2 and 8 for comparison purposes. The magnitude of error in the
values of gust alleviation factor arising from these approximations in the unsteady lift functions,
can be judged by the examination of Fig. 4, where the calculated alleviation factors for different
aspect ratios are shown. In the worst case, when the value of the mass parameter is small and a
sharp-edged gust is assumed, the difference in the values of the alleviation factor for AR = <« and
AR = 6 is of the order of 9 per cent. Comparing the shape of the unsteady lift functions in
Figs. 2 and 8 for AR = and AR = 6, one can deduce that the error due to approximations in
unsteady lift functions is of the order of 1 per cent, and this becomes even less for larger values
of mass parameter and for gusts different from the sharp-edged gust.
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The solution of the equation of motion through a sharp-edged gust gives the vertical force
acting on the aeroplane as a function of distance travelled, s. From this, the dimensionless force
function 4 can be obtained. This function is defined by : :

tual force :
A = 35288 To1Te O
3pVSaU ~’ - @
where U is the maximum gust velocity. The maximum value of function 4 gives the alleviation
factor, K.

The sharp-edged gust force function 4 can be used to calculate the force due to a gust of any
shape. The calculations of the present report are limited to triangular and flat-topped gusts
with linear increase of gust strength. If the gust shape is given by the expression,

%:%s; (for 0 < s < H)
and ‘
w=U; (for s> H, flat-topped gust) .. .. . (4)

where H is the gust length expressed in chords and # the momentary gust velocity, the vertical
force function, defined as for sharp-edged gust equation 8, is given by

A__j s—o)de .. .. .. .. .. ... (5

for0<s< H

For s > H, the vertical force function is obtained by the addition of a new gust starting at
the point Z. Thus

Ag = A,s) —n X Ad,(s — H)
, (for s > H)
where # = 1 for flat-topped gust and # = 2 for triangular gust. The maximum value of the

function thus obtained gives the alleviation factor for a flat-topped or a triangular gust, whatever
the case may be.

The expressions for the force functions 4.and 4, are in the form of series of integrals. The
convergence of this series depends only on the value of the mass parameter u,, and for large
values of g, it is quite rapid.

The mass parameter is the measure of the ratio of inertia to aerodynamic forces for a given
aeroplane and is given by the formula: :

2W
, By = gp Sca ’ (6)
where: W is weight of aeroplane Ib
g acceleration of gravity ft sec™?
p  air density slug ft=*
S wing area : ft?
¢ wing chord ft

a  lift slope (per radian).

Substituting values for g and for p at sea level the mass parameter can be expressed more
simply :
w

b=

oca
where ¢ = p/p, is the relative density.

A full explanation of the analysis is given in the Appendix.
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3. The Gust Alleviation Factors for Gust of Different Shapes.—3.1. Flat-topped Gust.—It was
found the parameters affecting the value of the alleviation factor for flat-topped gust are as
follows, in order of their importance:

(i) mass parameter, x,
(ii) gust gradient length,
(ii1) aspect ratio of wing.

The gust gradient distance H is the distance measured in chords ¢ along which the gust velocity
-1s increasing linearly from O to U ; for a sharp-edged gust H = 0.

The aspect ratio effect is taken into account by using values of the unsteady lift function
corresponding to the chosen aspect ratio. The calculations without the Wagner effect, .., with
the unsteady lift functions constant and equal to unity, can be treated as the limiting case of
zero aspect ratio, for with zero aspect ratio the Wagner effect is absent. '

The calculated values of the gust alleviation factor for a flat-topped gust with a linear increase
of gust velocity along the distance of H wing chords, are plotted in Figs. 4 and 5.

In Fig. 4 the gust alleviation factors are plotted against the length of gust gradient H for a
constant value of mass parameter z,, and for three aspect ratios, co, 6 and 3 respectively. The
curve marked AR = 0 also shows the gust alleviation factor when no Wagner effect is taken
into account, and for larger values of u, (say u, = 20) for all practical purposes can be regarded
as the asymptotic curve for all the alleviation factor curves when AR s 0. It can be seen from
Figs. 4a and 4b that for small values of the mass parameter the alleviation factor curves for
AR = 0 and for AR = cross over and for sufficiently large values of the gust length the
numerical values of the gust alleviation factor calculated including the unsteady lift functions are
larger than those calculated neglecting unsteady lift functions. This phenomenon depends on
the relative magnitudes of the unsteady lift functions ¥(s) and @(s). If the unsteady lift function
due to penetration into gust, ¥(s), is relatively large in comparison with unsteady lift function
due to change of incidence, @(s), then the gain in alleviation due to function ¥(s) is offset by the
decrease in the aerodynamic force due to vertical motion, the magnitude of which is controlled
by the function @(s). Thus, for long gusts and light aircraft, where the alleviation due to vertical
motion of the aircraft is large, the value of the alleviation factor calculated including Wagner
effect can be larger than the value of the alleviation factor due to vertical motion only.

The vertical distance between line X = 1 and curve AR = 0 in Fig. 4 represents the alleviation
due to vertical movement of the aircraft. The amount of alleviation increases with increasing gust
gradient distance, because the aircraft has more time to rise before the gust reaches its full
strength. For a sharp-edged gust the amount of alleviation, without the Wagner effect, is of
course zero and K = 1. Theincreasing value of mass parameter decreases the amount of alleviation
~ due to vertical motion of the aircraft ; it is more difficult for the heavy aircraft to rise on the gust.

The vertical distance between curves AR = 0 and the appropriate gust alleviation curve is the
gain in alleviation due to the combined effect of unsteady lift functions (Wagner effect) and
mass parameter.

For the sake of comparison the alleviation factors, as calculated by Kiissner” for aspect ratio o,
are replotted from Ref. 8, in Fig. 4. For a sharp-edged gust, H = 0, the agreement between
Kiissner’s and the present calculations is good; the small differences of the order of 1 per cent
can be attributed to the approximations in the expressions for unsteady lift functions used in the
present report. With increasing value of H, however, the influence of Wagner effect on the value
of alleviation factor decreases, and the discrepancy between Kiissner’s and present results should
decrease, remembering that both calculations are made under the same assumptions of rigid
aircraft and one degree of freedom. An examination of Fig. 4 will show though, that, with
increasing H, the discrepancy between Kiissner’s and the present calculations is in fact increasing.
This is, it is thought, due to simplifying assumption made by Kiissner. In order to simplify the
mathematical analysis, he assumed that peak of gust force coincides with peak of gust.
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For small values of 4, the curves of the gust alleviation factor presented in this paper do not
extend throughout the entire range of gust lengths H shown in Fig. 4, because the method of
calculating the gust alleviation factor becomes inaccurate for small values of the ratio u,/H ;
and 1in this region the pitching effects will be appreciable.

Tig. 5 shows the gust alleviation factor plotted in the conventional way against the mass
parameter, for the range of gust gradients. Fig. 5a gives the alleviation factor for wings with
infinite aspect ratio and covers the range of mass parameters up to 200. Figs. 5b and 5c¢ give the
alleviation factor for wings of aspect ratio 6 and 3 respectively, for values of x, up to 80. For
values of p, in excess of 80 the difference in values of alleviation factor for different aspect ratios
becomes vanishingly small, and Fig. 5a may be used for any aspect ratio.

3.2. Triangular Gust—Experimental evidence indicates that the flat-topped gust is the
exception rather than the rule. In order to find the influence of the gust shape on the alleviation
factor, the calculations were extended to triangular and double-triangular gust shapes. The
triangular gust is defined as having a maximum gust velocity U, and a total length of 2 chords.
The diagrams of the gust shape are included in Figs. 6 and 7. The calculations were made for
an aspect ratio of infinity only. Fig. 6 shows the alleviation factor plotted against gust gradient
for the range of mass parameters. For longer gust gradients, the shapes of the alleviation factor
curves for a triangular gust are almost identical with those for a flat-topped gust, and with those
obtained by assuming no Wagner effect. For short triangular gusts the value of the alleviation
factor decreases rapidly, and in the limit (when the triangular gust degenerates into a pulse of
gust) approaches zero value.

Cross-plotting the curves of Fig. 6, Fig. 7 is obtained, showing the alleviation factor as a function
of mass parameter for the range of gust lengths. The striking feature of this diagram is the fact
that, for larger values of mass parameter, the alleviation for triangular gust is almost independent
of mass parameter, but varies with gust length, especially within the practical range of gust lengths,
i.e., H < 10. This phenomenon has to be borne in mind when analysing the experimental gust
loads. In the analysis of the measured gust loads, it has been a general practice up to now, to
estimate the gust velocity by using the value of alleviation factor for flat-topped gust, irrespective
of the shape of encountered gust. If, for instance, a large and small aircraft are flown through
the identical triangular gust, the larger aircraft will apparently register a smaller gust velocity
if a flat-topped gust alleviation factor is used. This may lead to an apparent relationship between
gust gradient and the length of the wing chord of the aircraft used for gust investigation. This
effect is not enough to account completely for the magnitude of such relationship as found
experimentally and is quoted in Fig. 12 of Ref. 3, but it is of appreciable order.

3.3. Double-triangular Gust.—In the calculations of the aircraft response to a double-triangular
gust, it was assumed that the single triangular gust was followed immediately by a similar gust
but with reversed direction of gust velocity. The values of peak gust velocities were taken as
+ U and — U respectively and the total gust length as 4H chords, 7.e., the distance to the first,
positive peak was H chords. The diagrams of the gust shape are included in Figs. 8 and 9. The
gust alleviation factor is defined as before:

: maximum actual force
K = (A)nex = 1,VSaU

Fig. 8 shows the gust alleviation factor for the second peak of gust of the double-triangular
gust. (The first peak will be that given by a single triangular gust.) The alleviation factor is
plotted against gust gradient length for the range of mass parameters. The alleviation factor
curves calculated without the Wagner effect are included and shown by thin lines. Fig. 8 should
be examined concurrently with Fig. 6, where the alleviation factor for the first peak of triangular
gust is shown. For better comparison of values of alleviation factors for the first and the second
gust peaks, Fig. 9 was prepared, where the gust alleviation factors are plotted against mass
parameter for the range of gust gradient lengths. The continuous curves show the gust alleviation
factor for the second peak as obtained by cross plotting the curves of Fig. 8, and the interrupted

6




curves show the alleviation factor for the first peak replotted from Fig. 7. It can be seen that
the gust loads due to second, negative peak could be larger or smaller than those due to first peak,
depending on the values of gust length and mass parameter. For all-given values of gust length
(H = const), the loads at the second peak are larger than the loads at the first peak at the lower
end of the x, range, but as g, is increased (at high A a large increase is necessary) there is a cross
over and the second peak load is then smaller than the first peak load. The explanation of this
is that the heavy aircraft has had insufficient time to obtain a large vertical velocity due to passage
through the first peak of the gust before meeting the second peak, and the loads due to this
second peak are diminished by the loads still building up from the first gust peak of opposite sign,
which are delayed by the Wagner effect. For the practical range of gust length, however, (H > 5)
the value of the alleviation factor for the second gust peak is larger than for the first one, even
for the practical range of heavy aeroplanes (z, < 200). For the very long gust and heavy aircraft
the alleviation factor can be larger than unity, but cannot be larger than about 1-04 (see Fig. 8,
gust alleviation factor with no Wagner effect).

It has to be remembered that, for long gusts, the present analysis is not accurate enough and
the presence of the pitching motion of the aircraft will modify the values of the alleviation factor.
Nevertheless the present calculations show that the gust shape has a very significant effect upon
the value of gust alleviation factor.

4. Discussion.—4.1. General Assumptions.—The comparison (given in Fig. 1) of the results of
the present calculations with those of Ref. 1 shows that the acceleration of the aircraft centre
of gravity due to a symmetrical gust can be estimated with a good degree of accuracy by the
present method, in which the pitching motion of the aircraft is neglected. A rough calculation
made for wider range of parameters than those covered by Ref. 1, indicates that for an aircraft
with tailplane, the contribution of pitching to the value of gust alleviation is always small,
provided the value of longitudinal moment of inertia, described by coefficient 7, and damping -
are not too small. Gust alleviation factor curves enable one to estimate the aerodynamic wing
loadings, once the gust characteristics are known. In order to estimate the tail loads, a more
complete analysis is required. Some approximate estimations can be made using data given in
Ref. 1.

The present report considers the aircraft as rigid. This assumption is quite satisfactory for
small aeroplanes, say of fighter type, but for large aeroplanes, where the natural frequency of
wings is low, the present analysis should be extended and wing flexibility taken into account.

4.2. Gust Shape—The general conclusions of the present calculations for the flat-topped gust
are in agreement with those of previous writers*. The numerical values of the gust alleviation
factor, calculated by Kiissner” and quoted by the National Advisory Committee for Aeronautics®
seem to be in error, and it is felt they should be superseded by the values given in this paper.
For a flat-topped gust the mass parameter is the most important factor in the estimation of the
alleviation factor, the gust gradient being of secondary importance.

For triangular and double-triangular gusts, the gust length is of primary importance in the
estimation of the gust alleviation factor. This is especially evident for larger values of mass
parameter (see Figs. 7 and 9). This phenomenon, unfortunately, makes the strict investigation
of the gust strength or gust structure by a simple measurement of maximum vertical acceleration
extremely difficult. In each case the time-history of gust load is required; the analysis of the
time-history can then give the full account of gust shape and strength. This process, however,
involves prohibitive amount of computational work; it is hoped that in practice a visual
examination of the time-history curve will be sufficient to decide what shape of gust and, therefore,
what corresponding alleviation factor has to be used in analysis.

* Since completion of the present paper, very similar work has been published in Journal of the Aeronautical Sciences,
Ref. 18, where the gust alleviation factor for a flat-topped gust and rigid aircraft with one degree of freedom was
calculated. The agreement with the results of the present paper is almost complete. Very small numerical differences
are due to differences in assumed unsteady lift functions.
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The present calculations are limited to gust shapes bounded by straight lines. It is hoped to
extend the calculations to the case of a sinusoidal gust, the shape which is most likely to be met
in practice. ‘

From the point of view of the airframe stressing the problem of the gust shape is simpler.
Once the standard gust shape and strength are established, the appropriate gust alleviation
factors can be used. For the time being, assuming that the design gust velocities are known, the
flat-topped gust alleviation factors should be retained, as their values are slightly higher than
those for the triangular gust. The large values of the gust alleviation factor for the second peak
of double-triangular gust (Fig. 9) may be significant from the stressing point of view, but not
enough is known of gust structure to assess their importance, and they indicate only what would
happen to the aircraft when flying through the series of bumps distributed ‘ in resonance ’ with
the aircraft motion.

4.3. Aspect Ratio—The present calculations cover the range of aspect ratios from 0 to .
The present, very scanty evidence® suggests, however, that for the orthodox aeroplanes the gust
alleviation factor for infinite aspect ratio seems to give better agreement with experiment than
the alleviation factor for the appropriate aspect ratio; other evidence from the same source
suggests that for very low aspect-ratio wings and flying-wing aircraft there is better agreement
if the true aspect-ratio is used. There are doubts about the effect of bodies in this problem.
The experiments by Kuethe®, specially designed to check the effect of the aspect ratio on gust
loads, have shown that the measured build-up of circulation due to a sharp-edged gust agreed
better with the theoretical build-up, if an aspect ratio infinity was assumed instead of the actual
aspect ratio corresponding to the wing used in experiment. Unfortunately the results of this
experiment are far from conclusive, as the circulation measurements were limited to the wing tip
only, and during the same experiment it was shown that the vorticity extended farther inboard
from the tip than the area included in the measurement, so that the measurements did not cover
the total changes in circulations.

It is felt, therefore, that at the present time the curves for the correct aspect ratio should be
used ; this involves no difficulty in the design case, if the design gust velocity is known for, as
previously suggested, a flat-topped gust should be assumed and all relevant curves are given in
this report. In the analysis of gust records, however, when gust shape affects the alleviation
factor curve to be used, interpolation between the curves given in this report will be necessary
for other than flat-topped gusts. -

4.4. Wing Plan-form.—The results of the analysis presented in this paper are strictly valid for
a rectangular wing. For moderate taper, the present method should be satisfactory if the mean
aerodynamic chord is used. For highly tapered wings the local rate of lift build-up will depend
on the local chord and the present findings could be in error; this would be especially true in
regard to the momentary spanwise lift distribution and the bending moments of the wing.

The effect of the sweepback on the gust loads is not yet properly understood. Experimental
investigations in the N.A.C.A. Gust Tunnel* indicate that the effect of sweep is less than might
have been expected. The relief in gust loads due to gradual penetration of swept wing into a gust
1s counterbalanced by the nose-up pitching motion of the aeroplane. ‘

It was suggested that an approximation to the gust loads on swept wings can be obtained by
using strip theory and the lift slope of the equivalent straight wing multiplied by the cosine of
the angle of sweep®'. The theoretical calculations using strip theory are presented in Part III
of this report. '

4.5. Compressibility —It is suggested in Ref. 3 after R. T. Jones that the allowances for air
compressibility in the gust alleviation factor for subsonic flight can be made by introducing the
‘ effective ” aspect ratio obtained by multiplying the geometrical aspect ratio by 4/(1 — M?).
In addition, the lift slope corresponding to a given Mach number for the particular wing should
be used. This suggestion is in disagreement with experiment and theory as shown in Part II
of this report.
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For supersonic flow, it was further suggested®, the Wagner effect would vanish altogether.
This is not entirely true, as due to sudden change, say of aerofoil incidence, pressure waves are
initiated which propagate with the sound velocity @', and the aerofoil has to travel the distance
s’ before it is clear of these pressure areas created before the sudden change of incidence. It can
be expected that the lift will not attain its steady value till the aerofoil covers a distance greater
than s’. The value of the distance s’ travelled by the aerofoil and necessary to attain its steady
lift can be calculated by a simple argument. Let us assume that at the time ¢’ after the sudden
change of incidence the aerofoil is just clear of its initial disturbances, ¢.c., the trailing edge is
just clear of the disturbance started by the leading edge ¢’ seconds ago. The distance travelled
by this disturbance is a’#' and the distance travelled by the aerofoil V¢'; the difference between
those two is the chord of the aerofoil. We thus have:

s‘lce=V¢t and Vi’ —a't' =¢

and introducing Mach number

m="
a
gives the value of
- S, - —M_
M—1

A theoretical analysis of the unsteady lift forces in supersonic flight was made by Heaslet and
Lomax ™ ; this shows the gradual build-up of lift in supersonic flight, not unlike the Wagner effect
in subsonic flight. The unsteady lift forces in supersonic flow act on the aerofoil only during the
distance of s’ chords. For values of s > s’ the theoretical lift of the aerofoil is given by Ackeret’s
theory of steady supersonic flow.

To show the magnitude of the unsteady supersonic lift forces, Figs. 10 and 11 are reproduced
from Ref. 14. In these figures the unsteady lift forces -are shown in the form of unsteady lift
functions ¥ and @ as have been used for the subsonic calculations in the present paper. The lift
slope used in the supersonic calculations is the two-dimensional lift slope:

4
VM — 1)
The unsteady lift functions shown in Figs. 10 and 11 are calculated for three Mach numbers.

The values of Mach numbers were chosen in such a way that the lift slopes are corresponding to
lift slopes of wings of aspect ratios o, 6 and 3 in incompressible flow.

The curves of function @ in Fig. 11 are slightly modified as compared with Fig. 6 of Ref. 14,
where the horizontal parts of the curves near s = 0 are not consistent with the theoretical findings

of the paper. .

It can be seen that the effect of unsteady lift is diminishing with increasing Mach number, and
for very high Mach numbers the gust alleviation factor can be estimated using the curves of
Fig. 5d for zero aspect ratio (no Wagner effect). ‘

4.8. The Comparison with Gust Alleviation Factor as given by A.P.970.—The comparison of the
values of alleviation factor as found in the present report with those as given by the standard
alleviation curve in A.P. 970, Chapter 203, indicates that generally A.P. 970 underestimates the
gust alleviation factor. The gust alleviation factor as given in A.P. 970 is based on the wing
loading only and not on the mass parameter x,. This simplification neglects the effects of lift
slope, the aeroplane size (¢) and what is most important, the effect of altitude. To show the
magnitude of error due to neglect of the altitude parameter Fig. 12 was prepared where the gust
alleviation factor is plotted against the altitude of flight. Two aeroplanes were used, geometrically
identical (¢ = 15 ft, a = 5), but one heavily loaded, marked ¢ aeroplane H’, with wing loading
of 80 Ib/sq ft,-and another, * aeroplane L ’, lightly loaded with wing loading of 30 Ib/sq ft. The"
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gust alleviation factors as calculated in this report are shown for a sharp-edged gust and for a
flat-topped gust of 100 ft length, which gives, for this particular aircraft, # = 6-7. The values
obtained from A.P. 970 which are independent of altitude are shown in Flg 12 by horizontal line.

At sea-level the error in the alleviation factor as given by A.P. 970 is small, but increases with
altitude and for altitude of 40,000 ft the error is of the order of 23 per cent. Thus, assuming that
the true gust velocities are known, the gust loads at altitude calculated using gust alleviation
factor as given in A.P. 970 can be underestimated very considerably. One can argue, however,
that since the design gust velocities as used at present were obtained from experimental data
using the A.P. 970 gust alleviation curve, and the same gust velocities are used to calculate gust
loads using again the gust alleviation factor from A.P. 970, the overall error in load calculations
is negligibly small. This reasoning seems to be quite correct as long as we do not have to
extrapolate our data, ¢.e., as long as the aircraft and altitude for which we want to calculate the
gust loads are not very different from the aircraft and altitude used to establish the gust strength
and shape. If we want to generalize our gust calculations, the true, not ¢ equivalent’, gust
strength and shape must be known, and only then can the true gust loads for any altltude and
any aeroplane be estimated.

It is expected that in the not too distant future more direct methods of gust measurements
will be developed, such as free balloon observation, smoke puffs, etc. The gust velocities measured
in such a way would be the true gust velocities, not distorted by the characteristics of the aircraft
response, as is the case in the present gust measurements from the analysis of the aircraft
accelerations. The comparison of the results of gust measurements by the direct and aircraft
response methods is possible only if the true values of gust alleviation factor are used.

Tt is suggested that for subsonic speeds the present gust alleviation curve in A.P. 970 should
be superseded by the curves of the present paper relating to a flat-topped gust. The appropriate
aspect ratio should be used and a gust length of 100 ft as used at present should be retained,
unless experimental evidence proves otherwise.

5. Conclusions.—(i) The estimation of the gust alleviation factor by the method neglecting
pitching motion of the aircraft seems to be sufficiently accurate for practical purposes up to
moderate values of H and for straight-wing aircraft.

(i) The numerical results of the present paper indicate that the values of the alleviation factor
now generally in use®? can be considerably in error. This may explain, at least partly, the
discrepancies between the theoretical and experimental results, which have been found from
time to time.

(iii) The value of the gust alleviation factor, as found in this paper, depends on three parameters,
the mass parameter, the gust shape measured relative to the aircraft size, and wing aspect ratio.

(iv) The mass parameter takes into account wing loading, altitude of flight and size of the
aircraft. The wing loading alone is not sufficient to define the value of the gust alleviation factor,
especially when a wide range of aircraft sizes and altitudes of flights has to be considered.

(v) For given aircraft and altitude, the value of gust alleviation factor depends on the relative
shape of gust, in other words the acceleration experienced by the aircraft depends not only on
the momentary gust strength but also on the past time-history of the aircraft motion after it
enters the gust. This is an obvious conclusion, but the present calculations show numerically
how large differences in the value of the gust alleviation factor can be expected due to different
shapes of the gust. It is worth emphasizing that the theory shows the importance of the relative
length of the gust with respect to the aircraft. This phenomenon could be responsible, partly at
least, for the curious relationship between the experimentally measured gust length and the size
of the aircraft used for this measurement, as found by some experimenters®.

This relationship between the gust shape and the value of gust alleviation factor makes gust
research based on measurements of the aircraft normal acceleration only very difficult. Simple
measurements of the maximum accelerations experienced in bumpy air, as by V'-g or H-g records,
“do not furnish any absolute information either about gust shape or gust strength. However, these
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~ simple V-g records do give stressing data suitable for aircraft with the same u, and at the same
altitude. If we continue to use the aircraft as the instrument for measuring the gust structure, the
full time-history of aircraft acceleration has to be measured and analysed. The wing flexibility,
which is not taken into account in the present paper, will add to the difficulties of this method.
Much better results should be obtained if the gust velocities are measured directly by use of
pitchmeters. The corrections due to aircraft vertical and pitching velocities should not be too
difficult to apply, provided these corrections are made small enough by mounting the pitchmeter
sufficiently far ahead of a suitable aircraft; an aircraft becomes more suitable as wing loading
increases, chord decreases, length increases and pitching moment of inertia increases. :

(vi) For stressing purposes the gust alleviation curve of A.P. 970 as at present used should b
superseded by the curves given in this paper. In the present state of knowledge the flat-topped
gust curves for appropriate aspect ratio are suggested. For the time being the standard gust of
50 ft/sec strength and 100 ft length should be retained at sea-level, but corrections should be made
to the design gust velocities at other heights, by re-examining the old acceleration records by
means of the new gust alleviation factors given herein. ‘

LIST OF SYMBOLS

‘é ‘ Coefficient describing function ¥

a Lift slope (per radian)

a’ Speed of sound (ft sec™™)

¢ Chord of rectangular wing (ft)

¢ Mean chord (ft)

D Coefficient describing function @

F Vertical force due to gust (Ib)

g Gravity acceleration (ft sec™?)

H Gust length to the first peak, in chords

K Gust alleviation factor. K — male‘;;an(‘}al force
M = K, , Mach number

s Distance travelled by the leading edge of wing, measured in chords
s’ Distance within which the unsteady lift functions attain value equal unity,
supersonic flow

S Wing area (ft?)

¢ Time (sec)

u Gust velocity, function of s (ft sec™)

U Maximum gust velocity (ft sec=?)

V Forward velocity (ft sec™)
w Weight of aeroplane (Ib)

w Vertical velocity of aeroplane (ft sec™?)

;f} Coefficients describing the function ¥

i) Coefficient describing function @
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APPENDIX TO PART I
The Details of the Method of Analysis

The gust loads are calculated using the following assumptions:
(@) The aeroplane, before entering the gust, is in steady, horizontal flight
(b) The forward speed of the aeroplane, V, is not changed during the action of the gust

" (¢) The aeroplane can rise vertically, but does not pitch. The vertical velocity of aeroplane
is denoted by w

() The vertical gust velocity # is uniform across the span of the aeroplane at any instant
(¢) The wing is assumed to be rectangular and unswept.

1. Sharp-edge Gust—The time and distance are measured from the instant when the leading
edge of the wing touches the edge of the gust. The equations of motion are written with respect
to variable s and not with respect to time £. The relation between time ¢ and variable distance s
is as follows:

V.it=c.s - e . .. (LY

and s is the distance travelled by the aerofoil measured in chords.

At any instant after entering the sharp-edged gust of- strength U the following forces are
acting on the aeroplane:

1.1. The aerodynamic force in the direction of (i.e., normal to the flight path) and due to gust:
LV SalU x ¥(s) .. .. .. . .o (L2

where p is the air density and S wing area, function ¥(s) is the unsteady lift function due to
penetration into sharp-edged gust. Function ¥(s) describes the way in which the lift is building
up on the wing. ,

1.2. During the vertical motion of the aircraft the vertical velocity w is variable and is some
function of s. At any instant ¢ measured from the same origin as s, the increment in vertical
velocity within distance increment do is:

dw = ;Zw do

which produces corresponding increment in incidence dw/V and the increment of lift 4Z. This
infinitesimal lift increment will not act instantaneously, but will grow gradually according to
the function @ where function @ is the unsteady lift function due to sudden change of incidence.
At the instant s, this infinitesimal lift will be equal to:

aL X ®(s — o)

the distance travelled being s — o. The total lift at instant s, due to all the previous infinitesimal
vertical velocities is the integral of all the infinitesimal lifts from instant O to s. The integration
is performed with respect to o, s being kept constant. Thus the aerodynamic force due to the
Vertlcal velocity of the aircraft w and acting in the direction opposite to that due to the gust is:

gpvsczjo (s—a)d—wda. O )}
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1.8. The aerodynamic forces are balanced by the ihertia force:

W dw
| o (L.4)
which can be expressed by the variable s using the equation (I.1);
WV dw
Ve, (L5)

The equation of motion due to a sharp-edged gust is obtained by summing all the forces acting
on the aircraft and given by the expressions (I.2), (I.8) and (I.5).

o dw , WV dw
1 1 — ) ¥
oV Sal ¥(s) szSaJO (s — o) ' do o @ =0. . .. (Le)
After rearranging terms and introducing the mass parameter
_ 2w
By = gpSﬂC (1'7)
the equation (I.8) can be simplified to:
dw | 1 (¢ dw 1
=42 (s —0)i2do — —U¥(s . - .o .
ds+ug . (s a)dada MgU (s)=0 (L.8)

The solution of equation (I.8) gives the vertical velocity, and hence the vertical acceleration
of the aircraft as a function of the distance travelled by the wing (measured in chords). To make
the analysis entirely dimensionless the vertical force (or vertical acceleration) function can be
introduced, defined as follows:

174
&
A = pfenF e e e (1)

The term (dw/dt)(s) is the actual vertical acceleration of the aircraft at point s due to the gust.

Remembering that
dw V dw
8V = ==(s)

and introducing the mass parameter as given by the equation (I.7), the definition of the force
function can be expressed in terms of variable s and not in terms of time ¢:

A@:%%@.“ | (1)

Substituting the value of dw/ds from the equation (1.10) into the equation of motion (1.8), the
equation in terms of the force function is obtained:

A + =

- [,8(s — o) Alo) do — ¥(s) = 0. e . (L1

The force function A(s) is the ratio of the actual force acting on the wing to the force that
would be acting if the Wagner effect and vertical motion of the aircraft were absent and its
maximum value corresponds with gust alleviation factor X.

To minimise the computational work in calculations of the gust loads approximate expressions
for unsteady lift functions were used. The form of simplification taken was that suggested by
R. T. Jones* and Houbolt?, and for aspect ratios 3 and 6 the actual functions as glven in Refs. 4
and 5 were used.
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The unsteady lift function due to penetration of the aerofoil into sharp-edged gust is given by :
P(s) =1— Ae~* — Be=". .. . . .. .. (1.12)

and the unsteady lift function due to sudden change of incidence by:
&(s) =1 — De~%, .. . .. .. . .. (1.13)

The numerical values of the coefficients as used in this report are given in the following table.

Aspect A

Ratio * B b D g

® 0-50 0-260 .| 0-50 2-00 0-458 0-265
6 0-48 0-588 0-334 1-93 0-361 0-762
0-679 1-116 0-227 6-40 0-283 1-080

The functions ¥ and @ are shown in Figs. 2 and 3, where for comparison the unsteady lift
functions for infinite aspect ratio as calculated by von Kdrmén and Sears' are included. It can
be seen that the approximations are generally good, and only the shapes of the function @ curves,
for AR = o do not agree; the difference arises from the use of only one exponential term in the
expression for function @. Some rough estimates show that, for the sharp-edged gust, the error
in the alleviation factor due to this approximation should be always less than 1-5 per cent.
For gust shapes different from the sharp-edged gust, this error is smaller, for then the alleviation
due to vertical movement plays a more important part than the unsteady lift functions. This
can be seen by examination of Fig. 4, where, for longer gust gradients, the values of gust
alleviation factor are rapidly approaching the values of alleviation factor calculated neglecting

Wagner effect.

The solution of the equation (I.8) was obtained by two different methods*. The first method
(used, it is believed, for the first time in this application) is the method of successive approxima-
tions ; the second is the solution of Fredholm’s equation by successive substitution.

2. Solution by the 1st Method.—This is the method of successive approximations. The first
approximation is obtained by neglecting the unsteady lift function due to change of incidence,
i.e., putting @ = 1; then the equation (I.11) can be simplified to

AS) + 2 (4@ do—®(s)=0.. .. .. .. .. (L14)
or by differentiation further simplified to a standard form:
adA(s) 1 _d¥(s) _
s _|_[;;A(s) o =0.. . .. . .. (1.15)

and in this form can be solved by any elementary method, once the function ¥(s) is given. In-
troducing the form of function ¥(s) as given by equation (I.12), the solution of the equation (I.15)
gives the first approximation of the force function (as defined in I1.9) in the form:

Aoz[ﬂg— 4 B >:|—1—e_”_s+——————oce “s‘|"————,8e ... (L16)
B

1 l_ Heg S — ——ﬂ

——
e Hg fe g

* A third, much simpler and exact solution is given in Part II.
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Using this equation of the vertical forces acting on the aircraft given by the first approximation
to the equation (I.11), the difference between the assumed variation of aerodynamic forces due
to vertical motion and the next approximate forces derived using the unsteady lift function @(s),
can be calculated. These differences in the aerodynamic forces have to be added to those originally
calculated, and this correction, expressed as the force function correction, is:

(AA)1=§f06_6(5—°)A0(a)-d0.. S 8 )

where D and ¢ are the coefficients defining the function @(s), equation (I.13).

The second approximation of the expression for the vertical force function is now used to
calculate the next correction due to vertical motion, which in turn gives the third approximation
of the vertical force function. Proceeding in the way described above the full solution of the
equation (I.11) is obtained in the form of series of integrals: '

A = 4, +2fe—6<s—«r> Ao(o) do
fig 0

~ Dl as — o) [Pe-5-2 44(0) do doy
Mg Vo 0 .

+ 2 o5 — oy f“’qs(s — &) Jnle“"““’)/lo(a) do doydoy — . ... (L18)
g Jo 0 0

The convergence of the series (I1.18) depends on the value of mass parameter u,.

3. Solution by the 2nd Method.—The second method for the solution of equation (I.11) is the
solution by successive substitutions, and is given in Ref. 6, Chapter II (Fredholm’s equation).
The solution is given by the series of integrals:

4 =w(s) — L[ o(s — o) (o) do

frgdo

-+ P% s@(s — 04) J,gldi(s — o) ¥(o) do do,

— A (a5 — o) J”Z(s — ) rldi(s — o) (o) do doydoy + . ... (1.19)
/./Lg [ 0 0

The solution by the second method is very similar in form to that by the first method, though
there is a difference in the physical interpretation. In the first method, the first approximation
A, is the solution when only the Wagner effect on the aerodynamic forces due to a sudden change
of incidence is omitted, and hence even the first term in equation (1.18) has a maximum value
and gives a fairly good idea about the magnitude of the gust alleviation factor. This especially
holds true for large values of the mass parameter.’ - :

The first approximation of the second method is the solution for no vertical motion of the
aircraft, and the first term in the equation (I.19) is simply the unsteady lift function due to
entering the sharp-edged gust.

A comparison of the different degrees of approximation given by the two methods is shown in
Fig. 13. "The gust force function is calculated for a sharp-edged gust, for a wing aspect ratio of 3
and a mass parameter of 10. The low value of the mass parameter was chosen to show better
the differences between different approximations, as the convergence of the series in equations
(1.18) and (I.19) is rather slow for u, = 10. '
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The curve calculated by the second method, expanding the series to the term with z,% can
be regarded as the exact solution, as the error is much less than can be shown in Fig. 13. The
other two curves were calculated by the first and the second method respectively, but using the
expansion up to the term including 4z,* only. The difference between these curves and the previous
one shows the magnitude of the errors involved in different methods. It can be seen that the
accuracy of the first method is not too good near the maximum of the gust force for sharp-edged
gust, but it improves as the aerofoil travels through the gust. The second method gives a good
approximation near the peak of the gust force function, but diverges rapidly for larger distances
travelled. '

In the present work the second method was used, and the expression for 4 was expanded to and
including the terms involving g ‘ '

4. The Avbitrary Gust.—Let us assume that the gust shape is given as gust velocity # as a
tunction of the distance s (measured in chords). At any point o, which is less than s, the increment
of gust velocity over a distance do is given by:

. du
du = %da'

This infinitesimal increment of gust velocity, du, can be regarded as an infinitely small sharp-
edged gust, due to which a gust force dF will build up according to the gust force function A, -
starting at the point o. At the instant s this infinitesimal sharp-edged gust force is by definition :

AF = $pVSadu A(s — o). .. .. . . . .. (I.20)

The total gusf force at the instant s is the sum of all infinitely small sharp-edged gust forces:
k 1 S e\ G

F(s) = 2pI/'sajOA(s o)omdo. .. .. .. .. L. (2]

The dimensionless gust force function for an arbitrary gust, 4,, is defined as the force F{(s)
divided by -
pVSalU

where U is the maximum gust velocity for a given gust shape. Using this definition, the force
function for an arbitrary gust shape is given by:

_ 1o ydu ~
d=pfAs—0)Tde .. .. L L L1

and again the force function 4, is the ratio of the actual gust force to the gust force that would
be encountered if no vertical motion and no Wagner effects were present.

The maximum value of this function gives the gust alleviation factor K for a given gust shape.

For the linear increase in the gust strength, as assumed in present calculations, the gust velocity
is given by

uzgs S §

where U is the gust velocity at the distance H. Differentiating equation (1.28) and putting into
(I.22), the force function for linearly increasing gust is obtained :

Llias—o)do. .. .. .. .. .1

26 =g,
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For flat-topped or triangular gust, with the maximum velocity U reached at the point H, the
force function for s > H is obtained by the addition of a new gust with reversed sign and starting
at the point s = H. Thus

AH:AH(S) —%.AH(S—-H) .o ) ae .. .o (1-25)
(for s > H)
where » = 1 for flat-topped and # = 2 for triangular symmetrical gust.

For double-triangular gust and for s > 3H, force function is obtained in a similar way by
adding further a new positive gust starting at point s == 8H. The force function for double
triangular gust of maximum velocity U and for s > 3H is given by:

Ay = Ax(s) — 24y(s — H) + 244(s — 3H) . - . .. (1.26)

~(for s > 3H)
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PART II*

Compressibility Effect

Summary.—Theoretical calculations of the gust alleviation factor for a range of Mach numbers show an appreciable
decrease in its value with increasing Mach number. The reduction in the value of the gust factor at M = 0-7 is about
10 per cent. for sharp-edged gusts and lightly loaded aircraft (¢, = 20) and decreases to about 5 per cent. for gust length
of 10 chords and heavy aircraft (i, = 100).

The analysis of existing flight records indicates that the gust loads at high Mach numbers can be estimated satis-
factorily if the gust factor and the lift slope are corrected for compressibility.

1. Introduction.—It is recommended in A.P. 970, Vol 2, Leaflet 203/1 that the gust load in
terms of normal acceleration for high-speed aircraft should be calculated according to the formula

[1 & gousan) aZ07 g
where  p, is density of air (slugs/ft?)
f(M)  compressibility correction factor
lift-curve slope
gust alleviation factor
gust velocity (ft/sec E.A—.S.)‘
aeroplane velocity (ft/sec E.A.S.)

8 N T W s

. wing loading (Ib/sq ft).

The compressibility effects are taken into account by using the compressibility correction factor
J(M), which is assumed to be the Glauert factor. No allowances for compressibility effects on the
gust alleviation factor K are made, thus increasing the gust loads with increasing Mach number
in proportion to the Glauert factor. It has been felt for a long time that this is too great a
simplification and that the Mach number must have some effect on the unsteady lift functions and
hence on the gust alleviation factor. Theoretical calculations of flutter derivatives show large
effects of the Mach number thus providing indirect evidence of Mach number effects on the
indicial lift functions. It is possible to calculate the indicial lift and moment functions from
known flutter derivatives, if a consistent set of such derivatives is available for a wide enough
range of the frequency parameter. This line of approach was used by Mazelsky and Drischler*
in order to evaluate the indicial lift and moment functions for sinking and pitching motion over
a range of Mach numbers. In the same paper the indicial gust function is also calculated for a
range of subsonic Mach numbers. The calculations show that the main effect of compressibility
is to decrease the rate of lift growth due to a sudden gust.

Experimental investigations of the Mach number effect on gust loads have been made in U.S.A.,
and to the knowledge of the writer two papers on this subject have been published®®. It might
be useful for further discussion to quote in full the summaries of these papers. The investigation
made by Goodall? is summarised as follows:

¢ The results are presented of a preliminary investigation of effect of Mach number on gust
load factor on high-speed airplanes. Tests consisted in measuring load factor, air speed and
altitude on a P-47D fighter flying through gusty air at various speeds. Conclusions reached
were that gust loads at high speed are apparently affected by other factors than Mach
number on slope of lift curve and these factors tend to reduce gust load factor. It was
recommended that further tests be conducted at high speeds and with adequate accelerations.’

* R.AE. Tech. Note Aero. 2254 dated August, 1953, received 7th November, 1953.
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The more recent investigation made by Binckley and Funk?® has the following summary:

* Two jet-propelled airplanes were flown at different speeds in rough air to investigate the
effects of compressibility on applied loads. Data were obtained over a Mach number range
~of 0-25 to 0-68 for effective gust velocities up to 15 f.p.s. An analysis of the results indicates
that no compressibility correction to the slope of the lift curve was necessary up to a Mach
number of 0-68 for gust velocities up to 9 f.p.s. Data obtained for gust velocities greater
than about 9 f.p.s. were insufficient for analysis.’ ‘ '

In both cases the experiment points to the conclusion that at high speeds the gust loads are
affected by factors other than mere change in lift-slope value, and that these factors tend to
decrease the gust loads. Ref. 3 goes even further in that it suggests no compressibility correction
to the lift slope for gust load calculations. It is very difficult to accept this suggestion, as this
implies discontinuity between the transient and steady state of flight in turbulent air. A more
plausible explanation of this phenomenon would be glven by a Mach number effect on the un-
steady lift functions, as shown in Ref. 1. :

In order to obtain a practical measure of the compressibility effects on gust loads, the gust
alleviation factor was calculated for compressible flow and the results were compared with the
incompressible case.

Analysis of the available experimental results indicates that the present theory should predict
the gust loads at high Mach numbers with sufficient accuracy.

2. Indicial Lift Functions.—The indicial lift functions for two-dimensional, compressible flow
determined theoretically and given in Ref. 1, are approximated by exponentlal series, expressed
as a function of distance travelled in half chords its asymptotic value being a Glauert factor
(1 — M*~/2 For the purpose of the gust alleviation factor calculations, these functions are
expressed in terms of distance measured in chords and their ultimate value is made equal to unity.

The indicial gust function, being a non-dimensional lift growfh function due to penetration
into a sharp-edged gust is given in the form:

Y=l 4 a6 % - a,e % + a,e "% .. .. . .. (1)

where s is a distance travelled by an airfoil measured in chords. The coefficients a, and «, are
given below in Table 1 for a range of Mach numbers.

TABLE 1
Indicial Gust Function (Two-dimensional Flow)

Mach :

number " 2 3 “ %2 %
0 —0-286 |—0-5183 |—0-171 0-116 0-728 4-84
0-5 —0-390 |—0-407 |—0-203 0-1432 | 0-748 4-33
0-6 —0-328 |—0-430 |—0-242 0-1090 | 0-514 2-922
0-7 —0-402 [—-0-461 |—0-137 0-1084 | 0-625 2-948

The gust functions are plotted in Fig. 1 and it can be seen at once that the rate of growth of
lift due to gust decreases with increasing Mach number.

The indicial incidence function, which is a non-dimensional lift growth function due to sudden
change of incidence is given in the form:

@———1—l—ble—ﬂls—|—bge_ﬁﬂs—l—bae—'%S; .. . .. . (2)
The Table 2 gives the values of coefficients &, and g, for a range of Mach numbers.
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TABLE 2

Indicial Incidence Function (Two-dvmensional Flow)

Mach |

oraber by By by A By By
0 —0-165 |[—0-335 — 0-090 0-600 —
0-5 —0-352 - |[—0-216 |4-0-670 0-1508 | 0-744 3-780
0-6 —0:362 |—0-504 [+0-715 0-1292 | 0-962 1-918
07 —0-364 |[~0-405 |4+0-419 0-1072 0-714 1-804

_ The incidence functions are plotted in Fig. 2. The effect of Mach number on the incidence
function is not so simple as that on the gust function, but for a distance traversed of more than
one chord, the rate of lift growth is also decreasing with increasing Mach number. The curves
of Fig. 2, which are for subsonic flow, are of similar character to curves of the incidence function
for supersonic flow calculated by Heaslet and Lomax and shown in Fig. 11 of Part I

3. Gust Load Calculations.—The gust load function, defined as the ratio of the actual gust load
to that when no aircraft response and Wagner effect are present, was calculated using the indicial
functions for compressible flow. The assumptions made are identical with those in Part I, thus
a direct comparison between gust loads for compressible and incompressible flow is possible.
The details of calculation are given in the Appendix. The solution of the integral equation
obtained by the Operational Method is very convenient for numerical computation and is an
improvement on the Fredholm’s equation solution used in Part I.

An example of gust load functions for a range of Mach numbers, calculated for a mass parameter
g = 60 and for a sharp-edge gust, H = 0Ois given in Fig. 3. It can be seen that the rate of growth
of the gust load function and its maximum value, which is defined as the gust alleviation factor K,
are considerably decreased due to the effect of compressibility.

The calculations of the gust alleviation factor were made for a flat-topped gust (Fig. 4) for a
range of gust lengths and aircraft mass parameters, using unsteady lift functions for Mach
numbers of 0-5, 0-6 and 0-7.

4. Results—The results of calculations are given in Fig. 4 where the gust alleviation factor is
plotted against the aircraft mass parameter for four Mach numbers and for a range of gust lengths.
The alleviation factor for Mach number M = 0 is replotted from Part I. It can be seen that the
Mach number effect is to decrease the value of the gust alleviation factor for the whole range of
mass parameters and gust lengths. A better picture of the relative decrease of a gust load due
to compressibility is given in Fig. 5, where the ratio of gust factor in compressible flow to that
in incompressible flow is plotted against Mach number for a range of mass parameters and gust
lengths. In the extreme case of the lightly loaded aircraft and a short gust, the additional
alleviation due to air compressibility amounts to 10 per cent. This gain progressively decreases
with increasing value of the mass parameter and gust length, but is always more than 5 per cent
for a practical range of parameters and Mach number 0-7.

The indicial lift functions are available at present only up to Mach number of 0-7, whereas for
practical application these functions are needed up to at least M = 0-9. A rough estimate of
the gust loads at higher Mach numbers can probably be obtained by an extrapolation of the
curves in Fig. 5, which should not produce large errors up to the critical Mach number of the
aircraft considered. '

5. Comparison with Experiment.—The effects of compressibility on gust loads were measured
experimentally and are reported in Ref. 3. The tests consisted of 21 flights over a course of about
55 miles. All flights were made through clear rough air at an altitude of about 2,500 ft. Each

33

(4074) ) (o]



flight consisted of successive runs over the course at speeds of 200, 350 and 450 m.p.h. A single
airplane was used in 14 of the flights (six flights with wing-tip tanks installed and eight flights
with wing-tip tanks removed) ; whereas two airplanes were used in the seven remaining flights.

The flights with tip tanks removed represent different elastic characteristic of the wing from
the flights with wing-tip tanks installed. The wing fundamental bending frequency with tip
tanks full was 2-4 c.p.s., and with tip tanks empty 5-8 c.p.s. The tests have shown that the
effect of aero-elasticity may be neglected for the purpose of the present investigation. Changes
in stability with speed for the test aeroplane have been shown by flight tests to be negligible over
the Mach number range flown.

The results were presented as miles flown to exceed a given gust velocity calculated assuming
(a) lift slopes uncorrected for compressibility and () corrected using finite aspect ratio correction
and (c¢) Glauert-Prandtl corrections; the alleviation factor was assumed independent of com-
pressibility. The results were not fully conclusive, but indicate that the best results are obtained

when no compressibility correction to the lift slope is applied.

The results of Ref. 3 were recalculated by scaling down the gust velocities in the ratio of gust
factor times lift slope in compressible flow to gust factor times lift slope in incompressible flow.
A constant gust length of 5 chords was assumed and the lift slope was corrected for compressibility
from the finite aspect ratio formula:

e N Y2
VA=) S

The gust alleviation factor was used as calculated in the present paper, ¢.¢., for two-dimensional
case.

2

The distributions of corrected gust velocities are shown in Figs. 6, 7 and 8 together with
gust distributions calculated without any compressibility correction and with Glauert com-
pressibility correction to the lift slope only replotted from Ref. 3. It is not known what value of
the gust alleviation factor was assumed in the original calculations, but this fact does not
invalidate the analysis, which is based on the relative decrease of gust loads due to compressibility.
It is worth mentioning that the gust velocities quoted in this paper are so called ‘ effective gust
velocities ” as used in U.S.A. and are numerically different from gust velocities as defined in this
country.

From inspection of Figs. 6, 7 and 8 it appears that the application of lift slope and gust
alleviation factor corrected for compressibility gives better results than those with no com-
pressibility correction to lift slope and gust factor. The application of compressibility correction
to the lift slope alone gives quite erroneous results, as was already shown in Refs. 2 and 3. It
can be argued that the gust load calculations as suggested in this paper are still pessimistic
(Figs. 6 and 8 as an example), but the error involved is small and can as well be attributed to
an error in the assumed value of the lift slope at high Mach numbers.

It is also possible that the two-dimensional compressibility corrections are not strictly applicable
to wings of finite aspect ratio. The test aircraft had a wing of aspect ratio 6-35 and inspection
of Figs. 6 to 8 seems to indicate that, with increasing Mach number, the increase in the value of
the product aK for this aircraft is slightly less than predicted by the present theory.

6. Concluding Remarks—The gust load for a given gust is proportional to the product of gust
alleviation factor and lift slope, K X a. The present practice of gust load calculations, assuming
compressibility effects on the lift slope only®, leads to an overestimation, which has been confirmed
by experiments®®. It has been shown that the compressibility of the air affects the unsteady
lift functions'and hence the value of the gust alleviation factor. The calculations of the gust
alleviation factor presented in this report show an appreciable decrease in its value with increasing
Mach number and this decrease is more noticeable for small values of aircraft mass parameter and
short gusts. It appears from the analysis of existing flight records that the calculations of gust
loads using values of lift slope and alleviation factor corresponding to a given Mach number should
give a satisfactory answer. It is worth mentioning that the above argument applies as well
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to the reverse process of calculating gust velocities from measured aircraft accelerations. The gust
velocity estimates based on acceleration records of a fast aircraft may show lower gust velocities
than those obtained from records of a slow aircraft, if no proper compressibility corrections
are applied. : - : ‘ :

The theoretical calculations of the gust alleviation factor are limited to two-dimensional flow
and Mach number of 0-7 only. , '

The experimental results appear to indicate that for wings of finite aspect ratio the gust loads
at high Mach numbers are even slightly less than those calculated using two-dimensional, com-
pressible indicial functions. It is quite feasible that for a given aircraft and altitude the product
aK is approximately independent of Mach number. In such a case the gust load can be calculated
for any Mach number neglecting the compressibility effects on the lift slope and gust alleviation
factor. - :

LIST OF SYMBOLS

4 Aspect ratio
a Lift slope (per radian) A
a, Coefficient in the indicial gust function
b, Coefficient in the indicial incidence function
c Wing chord (ft) N
c, Coefficient in the gust force function
g _ Gravity acceleration (it sec ~%)
H Gust lvengthy in wing chords
K Gust alleviation factor
M - Mach number .
S Wing area (ft?) o
s Distance travelled by leading edge of wing, measured in chords
% Vertical gust velocity (ft sec )
U Maximum value of gust velocity # (ft sec =%)
V- Aircraft speed (ft sec %)
w Weight of aircraft (Ib)
&, Coefficient in the indicial gust functionand force function
8, Coefficient in the indicial incidence function
@ Indicial incidence function
¥ Indicial gust function
4 Gust load function for sharp-edged gust
Ay . Gust load function for flat-topped gust of length H, 4 = 4y = actu? L gt;stéorce :
gpyoa
2W .
Yy = 2pSac’ Alrcraft mass parameter
P Air density (slug ft —*) S
¢ " Distance travelled by leading edge of wing in chords ; o is variable when s is kept

constant.
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APPENDIX TO PART II
Theory

A.1. Sharp-edged Gust.—The equation of motion in terms of guét‘ load function as a function
of distance travelled, as developed in Part I of this report

1 s

A(s) +M_ D(s — o) A(o) do — P(s) =0 .. .. .. .. (ILT1)
gJo '

is solved by my more direct and exact method.

Two methods of solving the equation (I1.1) were given in Part I, both giving a solution in the
form of a series of integrals. The convergence of these series was rather slow for small values
of u, and a considerable amount of computational work was involved.

In the present paper the solution of equation (II.1) obtained by an Operational Method is
exact and the computational work is much simplified. Use is made of the following theorem®.

Theorem.—1f @(p) and 4A(p) are the respective Laplace transforms of ®(s) and A(s), then
@(p) . A(p) is the transform of

f@(s — 5) A(0) do
[
and also of

f@(a)A(s—a) do o

0

The Laplace transform of equation (II.1) is then:

— 1 — —
A(p) _‘—l—i—g@(P)A(P) ——-‘P(p) = 0 .o .. .o .. (II.Z)
and the transform of the load function

Ap) =T

) O | § &)
1+@@@) :
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The approximate exponential expression for the gust function is

‘P(s):l—{—gane—%s . . .. . .. .. (I1.4)
the transform of which is of the form:
- Ap+ Bp + Cp+ D
. .. .. (I1.5
TU) =+ 2p L n = BhF (b )b T o (11.5)

The transform of the incidence function @ is identical in form and the denominator of the
expression (I1.3) is given by :
1 P +EP+FP+Gp+H
1+—9 = . .. . .. .. (I1.6
+ 0 2B =5 B + (B + B | (11.6)

Finally the transform of the gust load function is given by :

dip) — AP & BY -+ Cp o DI+ B)(p o+ F - B 1)
"B Rbr P rRP T EF PGP H)

Finding the roots of the cubic and quartic in equation (I1.7) the transform of the load function
can be expressed in the form:

_ n=7 c
A(p) = . . .. .o .. . . .. (IL8
(p) n=1p _I" Xy ( )
and transforming it back into s co-ordinates the gust load function is given by
=7 .
A(s) = >, c,e™ ™. - .. .o .. ‘e .. .. .. (I1.9)
#=1

A.2. Flai-topped Gust—The gust load function for any shape of gust is obtained from the
following relationship

Uf _ —do O 4 8 11)
where # is the variable gust velocity with maximum value equal to U.

For a flat-topped gust
u:%swhenO<s<H ce e .. . .. .. (IT.11)

and the load function is: :
: 1 1 (%=e, =7c,
AH(S) :FJOA(S_G) do =ﬁ{ 2&— "'a”s] .o ‘.(1112)

n=1°cn

0<s<H.

For s > H the load function is obtained by the addition of a new gust with reversed sign,
starting at the point s = H. Thus

Ag = Ay(s) — Ag(s — H) . .. .. .. .. ‘e .. (I1.13)
s> H.
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PART IIT*

Gust Loads on Swept Wings
(based on NACA Gust-Tunnel Tests)

Summary —The gust loads on swept wing aircraft can be split up into two parts, (@) gust load neglecting pitching
motion and () correction to gust load due to pitching. Gust loads neglecting pitching can be estimated using the’gust
alleviation factor of Part I, taking the appropriate aircraft mass parameter and wing aspect ratio and replacing the actual
gust length X in wing chords, by an effective gust length H,,, = H -+ B, where f is the sweep of wing tip expressed in
chords. The gust loads computed by this method give satisfactory agreement with gust-tunnel results,

For an aeroplane with high wing loading and small aspect ratio the overall effect of wing sweep on gust loads is small.

1. Introduction.—The value of the gust alleviation factor for straight-wing aircraft can be
satisfactorily estimated using Part I which gives the results of gust factor calculations covering
ranges of aircraft mass parameter, wing aspect ratio and gust length. The aircraft pitching due
to the gust was neglected. It has been realized for a long time that the gust theory as developed
for a straight wing is becoming unsuitable for swept wings, and some form of gust load prediction
for swept wings is needed. Unfortunately, no precise predictions are possible because no
mathematical theory of unsteady lift on swept wings is as yet available, but it was felt that even
a method capable of giving only approximate results would be useful. The method presented in
this paper has been checked against N.A.C.A. Gust-Tunnel results and the present method gives
results at least as good as the methods proposed by the N.A.C.A., and has the advantage of being
more consistent and logical.

2. Theoretical Considerations.—For simplification of analysis it is proposed to split the gust
effect on the aircraft into two parts, (i) the gust effect neglecting pitching motion, and (ii) the
additional load imposed on the aircraft due to the pitching motion. :

To estimate the gust load, neglecting the pitching degree of freedom, the following assumptions
were made:

(a) The gust velocity is uniform across the span of the aircraft at any instant and is in the
vertical direction : : '

b) The aeroplane can rise vertically, but does not pitch
¢) The aeroplane before entering the gust is in steady level flight

(

( .

(d) The forward speed of the aeroplane is not changed during the action of the gust

(¢) The wing is of constant chord, equal to the mean aerodynamic chord of the actual wing, ¢
(

f) The aircraft is rigid. The above assumptions are identical with those made in Part I,
further assumptions are relevant to the swept wing

(g) To allow for gradual penetration of the swept wing into the gust, the strip theory is used

(#) The Lift growth at each strip is independent of other strips and is a function only of the
aspect ratio of the whole wing.

The last assumption has no theoretical justification. It has been used because at present no
theory exists which would give even an indication of the effect of angle of sweep on the unsteady
lift functions. However, the satisfactory comparison of calculated and measured gust loads
(Table 1) seems to indicate that this assumption is not very far wrong.

* R.AE. Tech. Note Aero. 2200 dated November, 1952, received 30th January, 1953.
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_With the above assumptions, the gust loads can be estimated from the results given in Part 1
simply by increasing the actual gust length H by the sweep coefficient g, i.e., the effective gust
length for the aeroplane with swept wings is

Hy =VH + B
where the dimensionless coefficient of sweep g is defined by
btan 4 .
=gz (Fig. 1)

and b is wing span (ft)
¢ mean aerodynamic chord (ft)
A angle of sweep measured at quarter-chord line.

B is always positive irrespective of whether the wing is swept forward or back.

3. Comparison with Experimental Results—The gust loads on the aircraft with different
degrees of sweep were measured experimentally by the N.A.C.A. in a gust tunnel. The angle of
sweep was varied from — 45 deg (forward) to 60 deg back®**?, and one series of tests was made
on a delta-wing model®. The weak point of the above tunnel tests is that all the models were
very light, having the gust mass parameter of the order 4, = 10. This produces large response
of the model and hence the corrections due to pitching are fairly large.

In order to correlate the theoretical and experimental values of the aircraft accelerations when
flying through gusts, the experimental values of the accelerations were corrected to no pitch
conditions using approximate formulae of Ref. 2 (see section 4). '

The theoretical estimates of gust loads in Refs. 2 to 6 were made assuming strip theory and
unsteady lift functions for two-dimensional flow. In order to obtain satisfactory agreement
between experiment and theory it was suggested to use: ¢ the slope of the lift curve of the
equivalent straight wing multiplied by the cosine of the angle of sweep rather than the steady
- flow slope ’ (Ref. 2, page 9). The above assumption gave good agreement except for delta-wing
models, where it was suggested to use the ‘ slope of the lift curve derived from the simple aspect
ratio relation 64 /(4 + 2)’ (Ref. 6, page 5).

Calculations of the gust loads were repeated in the present paper, using the gust alleviation
factor of Part I and using the appropriate aspect ratio and effective gust length H; = H 4 8.
The gust mass parameters and gust loads were calculated using the value of lift slope obtained
from a wind tunnel under steady conditions. In some cases extensive interpolation of curves
in Part I was necessary as the aspect ratio of the models varied between 1-46 and 6. The results
of the calculations are shown in Table 3 together with the N.A.C.A. theoretical and experimental
values. To give a better picture of the magnitudes involved, Fig. 2 was prepared, where the ratio
of theoretical to experimental gust load is plotted against angle of sweep. It seems from Fig. 2
that the differences between theoretical and experimental values of gust loads are not related to
the angle of sweep and the scatter of points could well be attributed to the experimental errors.

The agreement between the experimental results and the values calculated by the method
suggested in the present paper is of the same order as the agreement with the theoretical values
predicted by the N.A.C.A. It has to be remembered, however, that the agreement of the N.A.C.A.
calculations was obtained by a suitable adjustment of the value of lift slope used in their calcula-
tions. The Table 1 below gives a mean value of (A4%)weory/(4%)exper. and mean error in
(A7) tpeory/ (AM) exper, @8 calculated by the two methods.
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The initial values of pitching response due to vertical gust, before the tail enters gust, depend
upon two factors:

(@) The position of wing with 1/es]bect to c.g.—For talled aircraft the wing aerodynamic centre
is usually in front of c.g., and the initial response is nose up, increasing the gust load.
For a tailless conﬁguratlon the wing aerodynamic centre is behind the c.g. and the’
initial pitching response is nose down. :

(6) The amount of wing sweep.—The gradual penetration of swept wing always produces
nose-up pitch, increasing the gust loads.

. The penultimate row in Table 2 shows the increment of the gust load due to sweep alone.
I't was assumed that the 4 per cent correction for an unswept wing, which is due to wing position
with respect to c.g., is applicable for the other models. "This is not entirely correct because of
the variation in c.g. position for different models tested. However, there is some indication that
the sweep increases the gust loadings by 6 to 7 per cent. This increment in load is independent
of the angle of sweep, but it has to be remembered that the sweep coefficient f is roughly constant
for all models. The measured correction to gust load due to pitching and sweep compares very
well with the unpublished theoretical calculations by Barrett. From his calculations the value of
this correction is about 7 per cent for u, = 11, § = 2, 43 = 0-5 and m, = — 0:5. The value of
15 is assumed, as no pitching moments of inertia of models tested are given in the mentioned
references. : :

For the value of x, = 50, more representative of modern aeroplane and altitude of flight, and
for the same values of f, ¢ and m, the correction to gust load due to pitching due to sweep is
of the order of 2 per cent, which indicates, as was already suggested, that for a full-scale aeroplane
the pitching effects are of secondary importance.

The results of delta-wing model test shown in the last column of Table 2 point to a very small
overall effect of pitching. This is not surprising, as a delta wing has its aerodynamic centre
behind c.g., and therefore the wing position and wing sweep effects are of opposite signs.

5. Conclusions.—(a) The gust load on a swept-wing aircraft, neglecting pitching motion, can
be estimated with a good degree of approximation using the gust alleviation factor as given
in Part I. The gust mass parameter and wing aspect ratio have to be taken into account and
the lift slope used is the lift slope measured in wind tunnel tests under steady conditions.
The gradual penetration of swept wings into the gust is taken into account by increasing the
actual gust length H by the sweep parameter g = (b tan 4)/2¢. This effect of sweep, which
mcidentally decreases the gust load, is however small, specially for heavier aircraft.

(6) For the models used in gust-tunnel experiments (x, = 10) the gust load increment due
to pitch is appreciable (about 10 per cent). For full scale aircraft, with mass parameter of the
order of g, =350 this increment is substantially smaller (say of the order of 4 per cent). This
increment is in the sense of increasing the load.

(¢) The effect of static stability and wing aerodynamic centre position on the gust loads is
not investigated and further experimental and analytical study is desirable.

(@) The overall effect of sweep on the gust load, being a sum of gradual penetration effect
(negative) and pitching effect (positive) is fairly small for heavily loaded and low aspect ratio
aircraft. In these cases it can be said that the main parameters affecting the gust loads on a
swept wing aircraft are the same as for straight-wing aircraft, namely mass parameter and aspect
ratio; the angle of sweep being of only secondary 1mportance For light aircraft and for aircraft
with hlgh aspect ratio and large angle of sweep, the effect of sweep can modify the gust loads
appreciably, but then the problem is complicated by the presence of dynamic overshoot and
aeroelastic phenomena and the present analysis, assuming a rigid aeroplane, is not applicable.
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TABLE 3

Reference No.

Angle of sweep, 4 (deg) (as defined
in N.A.C.A. Reps.)

p

Aspect ratio ..

W/S (Ib/sq ft)

¢ (ft) ..

a

Hy

H

K (from Ref. 1) gust allev. factor ..
An, exper. no pitch ..
An, theory present calc.
Ang theory, N.A.C.A.
Any/ Any

Angf Any

1

425
-66

-834
-07
-157
.09
-08
02

1-32
3-0
2-0
1-425
2-66
13-7
9
0-688
0-89
0-963
0-91
1-08
1-02

—t

-037
41

-744
-03

NN O O O

‘11

ot

-96
1-04
0-965

6-0
1-64
1-087
4-41
9-3
9
0-612
1-67
1-73
1-65
1-035
0-99

30

1-45
4-44

11-45

-783

o

1-72
1-61
1-78
0-935
1-035

4
30

1-45
444
1-61
1-16
3-15
11-45
5
0-709
1-59
1-46
1-60
0-92
1-005

30

1-45
4-44

11-45

-638

o

1-312
1-56
0-96
1-14

1-

45

44

-99
-61
-478
-58
-74

-808
34
-39
-35
-035
-01

45

1-44

1-478

2-58 °

10-74

0-652
1-03
1-09
1-05
1-06
1-02

60

1-56
2-06
1-95

0-846

1-18%
(1-08)
111

1-00

0-94
(1-025)
0-85
(0-93)

6

Delta 60
A1/4 =

15
2-33
1-69
1-73
2-4
10-6
0
0-815
127
192
1-97%%
0-96
1-00

6

Delta 60
52 deg

15
233
1-69
1-73
2-4

10-6
65
0682
1-07
1-02
1- 10**
0-95
1-03

* For this particular test seems that the tail contribution to the normal load is of the order of 0-1g. Figure in brackets shows the results corrected for

this tail contribution.

#* Load on delta wing calculated assuming straight wing and lift slope 3-23.
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LIST OF SYMBOLS

Aspect ratio
Lift slope (per radian)

. Wing span (ft)

Mean chord (ft)

Gravity acceleration (ft sec =%

Gust lengths of flat-topped gust, in chords

H + g, Effective gust léngth, as used for swept wings

.. maximum actual force
Gust alleviation factqr K = T,7Sal]

Vertical acceleration in ‘ g’

Wing area (ft?)

Maximum gust velocity (ft sec )

Forward velocity of aeroplane (ft sec %)

Weight of aeroplane (Ib)

(b tan 4)/2¢, Dimensionless coefficient of wing sweep
Angle of sweep measured at quarter-chord line

2W [geSac, Gust mass parameter

Air density (slug ft =)

Angle of pitch (radians)
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