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The Effects of Gusts on the Fluctuating Airloads
of Airfoils in Transonic Flow

W. J. McCroskey*
NASA Ames Research Center, Moffett Field, California

Unsteady interactions of distributed and sharp-edged gusts with a stationary airfoil have been analyzed in two-
dimensional transonic flow. A simple method of introducing such disturbances has been numerically im-
plemented within the framework of unsteady transonic small-disturbance theory. Representative solutions for
various airfoils subjected to chordwise and transverse gusts show that the strength and unsteady motion of the
shock wave on the airfoil significantly affect the flowfield development and, consequently, the dynamic
airloads. Also, a study was made of the reductions in the unsteady airloads that can be achieved by the proper
active control motion of a trailing-edge flap, and a simple gust-alleviation strategy was developed. However, the
chordwise pressure distributions associated with gusts are very different from those produced by trailing-edge
flap oscillations. Consequently, this simple device cannot eliminate both the fluctuating lift and the unsteady pit-
ching moments simultaneously.

I. Introduction

THE unsteady interaction of gusts and similar vortical
disturbances with lifting surfaces often plays a significant

role in the aerodynamics, dynamic loading, aeroelasticity, and
acoustics of modern aircraft, missiles, helicopter rotors, and
turbomachines. The interaction phenomena can be especially
acute in the transonic flow regime, where shock wave posi-
tions and strengths are sensitive to small changes in the flow
parameters and the resultant airloads may deviate significantly
from the predictions of linear theory.

A previous paper1 described the adaptation of an efficient
two-dimensional transonic flow computer code to the interac-
tions of strong concentrated vortices with airfoils, simulating
the rotor blade/vortex interaction problem of helicopter
aerodynamics. The application of the basic method to
distributed disturbances, in the form of transverse gusts, was
also discussed briefly. This paper concentrates on several
aspects of the gust problem that have not been treated
previously for transonic flow conditions, such as the onset of
significant nonlinear effects, the differences between chord-
wise and transverse gusts, the differences between the gust-
induced airloads on supercritical and conventional airfoils,
and active control strategies for gust alleviation.

II. Formulation and Numerical Method
The problem is formulated within the framework of the

transonic small-disturbance approximation for a thin airfoil in
an inviscid, isentropic fluid, with small vortical disturbances
superimposed on an otherwise uniform, nearly sonic free-
stream. These prescribed disturbances are assumed to convect
with the mean freestream velocity U^ and to remain unaltered
by the interaction with the airfoil. According to Goldstein and
Atassi,2 this latter assumption may not be justified in some
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cases, but it permits nonlinear transonic effects to be examin-
ed by a straightforward application of existing finite dif-
ference methods for cases that would presently be untractable
otherwise.

The combination of unsteady flow and rotational distur-
bances in the freestream requires some special attention, if
potential flow concepts and numerical algorithms are to be re-
tained. However, the prescribed disturbance or perturbation
methods of Refs. 1, 3, and 4 allow this to be done, as outlined
below. Under the aforementioned assumptions, the governing
equations are

continuity:

Dp

momentum:

D^ p

and the relevant isentropic relations are

n/pT — const

y-1

(1)

(2)

(3a)

(3b)

Various Bernoulli equations are commonly derived as com-
binations of Eqs. (2) and (3), e.g., see Ref. 5, under the
assumption that the flow is either irrotational or steady, or
both. Here, we multiply Eq. (2) by an incremental position
vector dr and integrate over a suitable path from an upstream
reference point to obtain

dt -qx V xq ) -dr + Vq2

(4)

Next we define a quantity g, which plays a role analogous
to a scalar potential for irrotational flow, but which is more
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general here, namely,

— qx V Xq (5)

With this definition, Eqs. 1 and 4 can be combined in the usual
ways that are employed for steady rotational or unsteady ir-
rotational flow, giving

dQ
~ar~v' Bt

or in two dimensions,

dQ du dv . -du—— + 2u—— + 2v—— + (a2 - u2)-—
dt dt dt dx

(6a)

du dv
-+-idy dx

dv—
dy

Finally, for small disturbances, v<u,

dO du
dt

du——
dx

dv——
dy

(6b)

(7)

Up to this point, we have skirted the issue of what Q really
represents and how it could be evaluated. Now we decompose
the total velocity field into the following components: 1) a
uniform freestream (7^, 2) a prescribed far-field gust field qG,
and 3) an irrotational perturbation velocity field V<p due to
the airfoil in the presence of the gust. That is,

(8)

Then

It should be emphasized that this decomposition of the veloci-
ty does not imply linearity. For the nonlinear cases considered
in this paper, both the boundary conditions and the governing
equation for the airfoil disturbance potential p may be altered
by the introduction of qG; independent solutions are not
superimposable.

The governing equation for y is obtained by substituting
first the quantity q0 = U00 + qG and then q given by Eq. (8) into
Eq. (7). Next, the former resulting equation is substracted
from the latter. Then the quantity

JC dt — q0XVXqG

which is common to both, drops out and

V xqG)-dr =

if dr is aligned with V<p. Finally, the local speed of sound a is
evaluated using the isentropic relations and the usual transonic
small-disturbance scaling laws and approximations,5'6 coupled
with the observation that the prescribed disturbances con-
sidered herein produce only second-order variations in densi-
ty, pressure, and temperature.7'8 This gives the following
modified form of the unsteady transonic small-disturbance
equation (in strong conservation form):

i' ^yy

(10)

where $2 = 1 - Ml and C2 = - l/2 (y + l)Mj,. Linear theory is
recovered by setting C2 = 0.

Similarly, the boundary condition on the airfoil is obtained
by substituting Eq. (8) into the small-disturbance approxima-
tion to flow tangency, giving

As noted above, the small vortical disturbances produce no
pressure fluctuations to first order in the freestream.7'8
Therefore, consistent with the aforementioned assumption
that the gust remains undistorted as it passes by the airfoil, we
retain the small-disturbance pressure coefficient in its usual
form,

Cp=-2(<pt + <px) (12)

Equation (10) has been solved using the numerical
algorithm of the well-exercised transonic code LTRAN26 with
the high-frequency terms included.1 This latter improvement
extends the range of validity of the original code and allows
more accurate indicial-response calculations to be made. As
discussed in Ref. 1 and in Sec. Ill, the revised code was check-
ed out by comparing with linear theory for pitching oscilla-
tions of a thin airfoil and for the response of an airfoil to a
sinusoidal transverse gust.

Finally, brief mention should be made of the related decom-
position of the velocity field used by Goldstein,7 Kerschen and
Myers,9 and others following Goldstein's lead. These in-
vestigators have dealt with the fully linearized form of the
small-disturbance equations to order ea, where e is a small
parameter denoting the magnitude of the gust and a. a measure
of the thickness or mean incidence of the airfoil. In the present
notation, their decomposition would be

(13)

where U is the steady solution of the mean flow past the air-
foil; qGoo the undistorted, prescribed gust field as before;
(qGoo + AgG) the distorted gust field due to the mean flow C7,
i.e., u(I) in Goldstein's notation; and <p' the first-order irrota-
tional perturbation caused by the gust. Including the effect of
the distortion of the gust as it convects past the airfoil goes
beyond the present investigation in that sense, but the
nonlinear interactions associated with transonic flows have
not been considered. Combining the two analyses would be
more complete and exact, but much more complicated, since
the function Q would have to be dealt with explicitly and on a
case-by-case basis.

III. Periodic Transverse and Horizontal Gusts
Numerical calculations have been performed for a number

of transonic flows with sinusoidal gust fields, corresponding
to examples that have already appeared in the literature for in-
compressible or subsonic flows. These results illustrate the
special phenomena that arise in periodic flowfields with mov-
ing shock waves.

Symmetrical Airfoil, Sinusoidal Transverse Gust
The first case to be considered is the transonic counterpart

of the well-known10'11 sinusoidal traveling-wave gust with a
transverse velocity

(14)

where x/c = 2x- 1 is measured from the midchord of the air-
foil and c is the chord. This case is particularly straight for-
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Fig. 1 Instantaneous pressure distribution due to a sinusoidal transverse gust: NACA 0012 airfoil, 7^=0.80,
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Fig. 2 Harmonic components of the pressure distribution for a
sinusoidal transverse gust: NACA 0012, M^ = 0.80, a = 0, A1 = 0.017,

ward within the framework of the transonic small-disturbance
approximation, since the gust velocity does not enter explicitly
in the governing equation. The effect of the gust is felt
through the boundary condition on the airfoil as an effective
time- and space-dependent angle of attack [Eq. (11)].

A sketch of this problem and typical results for this type of
gust are shown in Fig. 1, computed for both the nonlinear and
linear (C2 = 0) mode of Eq. (10) at various "phases" during
the passage of the gust. Figure 2 shows the harmonic com-
ponents of the upper-surface pressure distribution, referenced
to the phase and amplitude of the prescribed gust; the lower-
surface pressures (not shown) are equal in magnitude and op-
posite in sign for this case of a symmetrical airfoil at zero in-
cidence. The nondimensional frequency parameter,
KG = uc/Uw, is inversely proportional to the wavelength X of
the gust; X = 27r(700/u = 47rc in this particular case. The
amplitude of the gust corresponds to an effective angle of at-
tack of 1 deg in this and in all of the following examples,
unless otherwise noted.

The main distinction of the nonlinear solution from linear
theory is the presence of a shock wave and its unsteady motion
as the gust passes by. This motion is the reason for the large
spikes in the harmonic components of the pressure coefficient
(Fig. 2), sometimes called a "shock doublet" in the
literature.12'13 The second- and higher-harmonic content is
essentially zero except for the section of the airfoil over which
the shock wave moves.

Figure 3 shows the amplitude and phase of the fluctuating
lift produced by gusts of different frequencies, or wave
lengths, for the NACA 0012 airfoil at zero mean incidence.
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Fig. 3 Lift response to a sinusoidal transverse gust: NACA 0012,
M^-0.80, a = 0,^7=0.017, (1 deg).

Also shown for reference are the results of the present linear
calculations and those of Graham11 and linear theory for
sinusoidal plunging oscillations of an airfoil in a uniform
stream. The magnitude of the nonlinear unsteady gust
response is much higher than the linear value at low reduced
frequencies, whereas the two types of linear problems, gust
and plunge, are almost identical for K< 0.4. However, the two
linear results diverge for #>0.4; on the other hand, the
nonlinear and linear gust solutions essentially merge at the
higher reduced frequencies.

The phases of the linear and nonlinear fluctuating lift
relative to the gust velocity at midchord are seen to be
significantly different over almost the whole frequency range.
The pitching moment behavior, not shown, follows similar
trends, except that the nonlinear magnitudes of CM for the
sinusoidal gust problem only merge into the linear values for
K>\.

Conventional vs Supercritical Airfoil Gust Response
Computed results for the Dornier CAST-7 supercritical air-

foil14 and the conventional NACA 0012 airfoil are compared
in Fig. 4. The gust wavelength for these results is the same as
in Figs. 1 and 2, but significant amounts of lift are developed
in this example and the nonlinear effects are stronger on the
upper surface than before. It is interesting to note that upper-
surface shock wave is much stronger on the NACA 0012 than
on the CAST-7 airfoil, with correspondingly larger mag-
nitudes of the shock-doublet spike. However, the shock wave
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Fig. 4 Comparison of gust response on highly-loaded airfoils at
M= 0.76: Aj = 0.017, KG = 0.50: a) steady solutions at the mean angle
of attack; b) upper-surface harmonic pressure distributions; c) lower-
surface harmonic pressure distributions.
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motion is much greater on the CAST-7 airfoil, to the extent
that the mean Cp distribution in Fig. 4b is significantly dif-
ferent from the Cp distribution without the gust (Fig. 4a).

The lower surfaces of both airfoils remain subcritical
throughout most of the cycle of the gust interaction. Conse-
quently, both curves of mean Cp in Fig. 4c are approximately
equivalent to the respective lower-surface steady values in Fig.
4a, there is negligible higher-harmonic content, and the fluc-
tuating pressures more nearly resemble the linear solutions
shown in Fig. 2.

It is also interesting to note that the differences in the results
between the two airfoils are significantly less than those bet-
ween the NACA 0012 at zero lift (Fig. 2) and high lift (Fig. 4).
Thus, the extent of supersonic flow and the strength of the
shock wave appear to be more important than the actual
details of the airfoil geometry. It is clear that linear theory is
inadequate in any of the cases with significant shock-wave
motion.

Streamwise vs Transverse Gusts
The second type of gust to be considered is a periodic

streamwise velocity perturbation,

uG=A1 — uxj (15)

where, as before, x/c = 2x- 1 is measured from the midchord
of the airfoil. In the incompressible linear case, Horlock,15

Morfey,16 and Goldstein and Atassi2 have identified three
primary effects of this type of gust on the unsteady airloads.
First, the surface speed distribution is altered symmetrically
on the upper and lower surfaces of the airfoil, producing no
net lift to first order with respect to the gust amplitude. Se-
cond, the vorticity distribution on a lifting airfoil couples with
the fluctuating streamwise velocity to produce fluctuating lift
and pitching moment that are proportional to the mean (time-
average) lift. This falls into the category of the second-order
0(ea) effects mentioned at the end of Sec. II; and Horlock15

has derived an analytical solution to account for it. Third, the
distortion of the gust by the mean flow field of the lifting air-
foil is also a second-order effect 0(eo:), which Goldstein and
Atassi2 claim to be as important as the basic phenomenon
treated by Horlock.
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Fig. 5 Comparison of horizontal and vertical gust response: NACA
0012, A/,*, =0.80, a = 0, Aj= 0.017, KG= 0.10.

The first and second effects outlined in the previous
paragraph are automatically captured by the present nu-
merical method in either subsonic or transonic flow. Unfor-
tunately, the gust-distortion effect is much more difficult to
analyze and its importance in the transonic regime remains
unknown. It also violates one of the key assumptions of this
paper, and thus lies outside the present scope. Consequently,
we shall consider only the first of the three effects outlined
above; namely, the effects of a purely chordwise gust on the
symmetrical mean pressure distribution. This becomes a first-
order effect as M^^l, according to our transonic small-
disturbance formulation.

Figures 5 and 6 show a comparison of the harmonic
pressure distributions due to chordwise and transverse gusts.
These results are for the same Mach number and airfoil that
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Fig. 6 Comparison of horizontal and vertical gust response: NACA
0012, MO. =0.80, a = 0, Aj =0.017, KG = 1.0.
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Fig. 7 Linear indicial lift response.
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Fig. 9 Nonlinear indicial lift response for a sharp-edged gust: NACA
64A006 airfoil, A1 = 0.017 (1 deg).

were considered in Figs. 1-3, but for higher and lower reduced
frequencies. In both figures and for both types of gust, large
shock-doublet spikes are evident, again due to the oscillatory
motion of the shock waves. However, the solutions at each
frequency are significantly different, just as the solutions for a
given type of gust differ greatly at the two different frequen-
cies because of the differing shock wave motions.

In a qualitative sense, the two types of gusts produce
pressure fluctuations of comparable overall magnitude in the
vicinity of the moving shock waves. This transonic behavior
contrasts importantly with the concentrated-vortex cases con-
sidered in Ref. 1, where the effect of the u component of the
vortex was shown to be much less than the effect of the v
component.

IV. Sharp-Edged Gusts—The Indicial Problem
Ballhaus and Goorjian17 showed how transonic indicial

solutions can be used to advantage in oscillating airfoil pro-
blems with small-amplitude motions. The validity of this ap-
proach is generally limited to cases in which the shock wave
motion is negligible and the unsteady fluctuations are essen-
tially linear perturbations about a nonlinear steady or mean
flow. Although the preceding examples tended not to satisfy

Fig. 10 Reduction of gust-induced airloads by a trailing-edge flap.

this condition, situations with smaller-amplitude gusts or
weaker shock waves would be amenable to the indicial
method.

Figure 7 shows a comparison of the linear response of a thin
airfoil at Moo=0 and 0.80 to two types of indicial inputs,
namely,

plunge:

(16)
gust:

| 0 for U00e<x

\Aj for U00t>x
(17)

Both gust responses rise monotonically from zero at t-0 to
the value CL = 2TrAj/(l -M^Y2 as f—oo , whereas the plunge
responses18 start at CL = irAj for M^ =0 and at 4Ai/M^ for
MO, >0. In either case, the approach to the steady-state value
is progressively slower as M^ increases.

A comparison of some mildly nonlinear indicial gust
responses for several different airfoils is shown in Fig. 8. The
Mach number is 0.80 for these results, with the exception of
the CAST-7 airfoil, for which meaningful steady-state solu-
tions could not be obtained at this Mach number.

The solution for the NACA 64A006 at M^ =0.80 is only
slightly supercritical as the asymptotic steady state correspon-
ding to a-\ deg is approached and, consequently, the lift
response is not much different from the linear solution.
Nonlinear effects are slightly more important for the CAST-7
airfoil under these particular conditions and much more im-
portant for the NACA 0012, even though the amplitude of the
gust is only 0.2 deg.

Fig. 9 shows the effect of Mach number on the gust
response of the NACA 64A006 airfoil. The overshoot in lift at
A/,*, = 0.9 is due to a complex, nonlinear motion of the shock
wave on the lower surface. The upper-surface shock wave
moves monotonically rearward from its initial position of
A>0.85 and stabilizes at the trailing edge at U00t/c»25.

In both Figs. 8 and 9, the most significant transonic effects
tend to occur for U^t/OlQ, when the changes in the
flowfield are occurring less rapidly. This behavior corresponds
closely to the effects of reduced frequency that were illustrated
previously in Figs. 3,5, and 6, wherein the low-frequency, or
long-wavelength, sinusoidal gusts perturbed the mean flow
more significantly, and with greater higher-harmonic content,
than did the high-frequency gusts.

V. Strategies for Gust Alleviation
A number of calculations were performed to examine the

possibility of cancelling gust-induced unsteady airloads by the
appropriate motion of a simple trailing-edge flap, using the
combined capability of the original LTRAN2 code and the
present modifications for calculating the gust response. The
basic strategy is outlined in Fig. 10. Starting with a specified
gust wave form, we perform the first iteration as if the pro-
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Fig. 11 Gust alleviation by a trailing-edge flap: NACA 0012 airfoil,
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Fig. 12 Reduction in the gust-induced unsteady lift by a trailing-edge
flap: NACA 0012, M^ =0.80, a = 0, Aj =0.017.

blem were linear and superposition were valid; that is, the flap
is deflected so as to produce a lift that is equal and opposite to
that caused by the gust. For the sinusoidal gusts considered
above, this requires

dF= -67sin(W-0,) (18)

where 6; = G/F\ 97 = 6G — 6F; G and 6G are the magnitude and
phase of the unsteady lift due to the gust, but without flap
deflections; and F and 6F are the magnitude and phase of the
unsteady lift due to a flap deflection of unit magnitude and
reduced frequency KG in a uniform freestream.

As we shall see below, this first cycle of calculations reduces
the gust response substantially. In some cases, however,
nonlinear effects are so strong that a second iteration may be

(19)

where <5, = G//F; 0, = 0Gi - 6F; and i = 1,2, • • •; and Eq. (18) is
used to specify the amplitude <57 and phase Gj . Then the
resulting response, G2 and 0G2, are used to determine
52 = G2/F and 02 = 6G2 - 0F, etc.

Figure 11 shows the resultant pressure distributions for the
example given previously in Figs. 1 and 2 after the first and se-
cond iterations of the gust iteration strategy. In this case, the
magnitude of the unsteady lift coefficient is reduced by about
a factor of four, from 0.081 to 0.019, after one iteration,
although the pitching moment actually increases. The second
iteration reduces CL to 0.0022 and the higher-harmonic con-
tent becomes negligible.

The reduction in the magnitude of the unsteady lift by this
strategy is shown in Fig. 12 for a range of gust frequencies or
wavelengths. In this figure, CL is the basic gust response
without the flap, G7, and CL is tne net response with the flap
deflected according to Eq. (19). The results show that the lift
response is reduced by an order of magnitude or more at low
and high gust frequencies with only one iteration, but the mid-
frequency range requires two iterations.

Figure 11 shows that, even though the lift was essentially
cancelled, the unsteady pressure fluctuations remained large.
Furthermore, this behavior was observed over the entire range
of gust frequencies shown in Fig. 12. In fact, these fluctuating
pressures produced significantly larger pitching moments for
^>0.1 with flap oscillation than without. Conversely, at-
tempts to reduce the pitching moment by the same strategy
generally produced larger fluctuating lift. The basic difficulty
is that the gust-induced loading tends to be centered close to
the quarter chord, whereas trailing-edge flap deflections pro-
duce an aft loading. These differences are clearly evident in
the figures and they tend to be even more acute in transonic
flow than in purely subsonic flow. This phenomenon amounts
to a fundamental difficulty for active control systems that rely
solely on trailing-edge flaps, since it appears to be impossible
to surpress both CL and CM with such a flap. Some of the ad-
vantages of combined leading- and trailing-edge flaps19 or
spoilers20 over a single trailing-edge flap have been pointed
out heretofore, but perhaps the present results and discussion
will provide alternate and additional insights into the
aerodynamic aspects of various active control systems.

VI. Summary and Conclusions
Transonic small-disturbance theory has been extended to in-

clude distributed vortical disturbances superimposed on a
uniform freestream, under the assumption that the prescribed
disturbance remains undistorted as it convects past a thin air-
foil. A number of unsteady airfoil/gust interactions have been
calculated within this framework, using a modified form of
the well-established numerical code LTRAN2.6 Sample results
illustrate the essential effects of transverse and streamwise
periodic gusts on the transonic flow around conventional and
supercritical airfoils. Also, several examples of sharp-edged
gusts have been studied, including the dependence of the in-
dicial lift response upon Mach number, airfoil geometry,
mean angle of attack, and amplitude of the gust. In all cases,
the strength and unsteady motion of the shock wave were
found to play major roles in the flowfield development and,
consequently, in the airloads on the airfoil.

Combined gust response and oscillating control surfaces
were also examined, with the aim of reducing the gust-induced
airloads by activating a trailing-edge flap. A simple but effec-
tive strategy was developed for suppressing either the gust-
induced lift or pitching moment by oscillating the flap with the
proper phase and amplitude. However, the chord wise pressure
distributions associated with gusts are very different from
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those produced by trailing-edge flap oscillations. Consequent-
ly, this simple device cannot cancel both the fluctuating lift
and pitching moments.
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Practical combustion systems are almost all based on turbulent combustion, as distinct from the more elementary
processes (more academically appealing) of laminar or even stationary combustion. A practical combustor, whether
employed in a power generating plant, in an automobile engine, in an aircraft jet engine, or whatever, requires a large and
fast mass flow or throughput in order to meet useful specifications. The impetus for the study of turbulent combustion is
therefore strong.

In spite of this, our understanding of turbulent combustion processes, that is, more specifically the interplay of fast
oxidative chemical reactions, strong transport fluxes of heat and mass, and intense fluid-mechanical turbulence, is still
incomplete. In the last few years, two strong forces have emerged that now compel research scientists to attack the subject
of turbulent combustion anew. One is the development of novel instrumental techniques that permit rather precise
nonintrusive measurement of reactant concentrations, turbulent velocity fluctuations, temperatures, etc., generally by
optical means using laser beams. The other is the compelling demand to solve hitherto bypassed problems such as iden-
tifying the mechanisms responsible for the production of the minor compounds labeled pollutants and discovering ways to
reduce such emissions.

This new climate of research in turbulent combustion and the availability of new results led to the Symposium from
which this book is derived. Anyone interested in the modern science of combustion will find this book a rewarding source
of information.
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