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Abstract. The gust response of a Typical Section is investigated in term of both high-
fidelity Computational Fluid Dynamics (CFD) and low-fidelity analytical solutions of
the aerodynamic flow around it, in order to assess the suitability of the two approaches
in the preliminary design of a flexible wing. The aerodynamic forces acting over the
oscillating airfoil are calculated using the high-fidelity commercial tool FLOW-3D and
in term of the low-fidelity Theodorsen and Wagner theories formulated in a state-space
form. A sinusoidal vertical gust acts as the aerodynamic perturbation to the static
equilibrium of the aeroelastic system, the static and dynamic responses of which are
provided for different airfoil shapes, Typical Section elastic properties, gust intensities
and approaches. The effects of the physical differences between the two models are
identified in the case of both attached and separated flow during the airfoil’s
aeroelastic response. For attached flow the low-fidelity gust response agrees well with
the high-fidelity one, whereas for separated flow the low-fidelity model is unable to
predict the strong oscillations of the Typical Section in dynamic stall conditions and
suitable tuning of its response is needed.























Berci M., Mascetti S., Incognito A., Gaskell P.H., Toropov V.V.

12

to the highest springs stiffness) is considered, since the springs displacements are
actually small and the unsteady flow is attached: the boundary layer is thin (see Figure
6) and an unsteady potential-based theory is very efficient for estimating the purely
dynamic aerodynamic load of the airfoil and predicts the dynamic aeroelastic behavior
of the Typical Section reliably enough at very low computational cost.

Figure 5: Typical Section dynamic response to a light gust: vertical and torsional spring displacement.

Figure 6: Velocity magnitude contours for the Typical Section “A1-S2” dynamic response to a light gust.

In particular, agreement between the low- and high-fidelity results is generally better
for the torsional spring displacement than for vertical spring displacement. However,
during the initial transient of the gust response the opposite is true since the low-fidelity
displacement of the torsional spring presents quite a high initial peak which is followed
by very fast oscillations, especially in the case of the Theodorsen theory with the
“global” gust approach. In fact, the presence of the initial peak in the low-fidelity results
is due to the fact that the gust profile is initially described by a perfect step which is not

A2-S1

A1-S2



Berci M., Mascetti S., Incognito A., Gaskell P.H., Toropov V.V.

13

maintained in the CFD simulations, the gust profile of which is initially described by a
very steep ramp instead. Moreover, the “global” gust approach employed along with
Theodorsen theory provides the aerodynamic flow with additional apparent inertia, due
to the variation in time of the vertical component of the free-stream velocity: this is not
realistic in fact, since in a real situation the profile of a vertical gust is “frozen” in space
(i.e., each point of the gust profile has a constant vertical speed) and the airfoil simply
passes through it. No separation of the boundary layer being observed (see Figure 6),
the small and very fast oscillations in the high-fidelity solutions represent the marginal
effects of turbulence on the dynamic gust response of the Typical Section.

In order to overcome the issue of considering two slightly different gust profiles
within the two models, the initial ramp of the gust profile provided by the high-fidelity
model has been suitably approximated via an arctangent function and then employed
within the low-fidelity model. Also, the contribution of the aerodynamic flow apparent
inertia to the gust load of the “global” approach has been removed and the new results
obtained are shown in Figure 7, focusing on the initial transient of the gust response.

Figure 7: Typical Section dynamic response to a light gust: actual transient.

The agreement between low- and high-fidelity results is also very good during the
initial transient of the gust response, especially for the torsional spring displacement. In
particular, the results provided by Wagner’s theory with the “local” gust approach are
very accurate, whereas those provided by Theodorsen’s theory with the “global” gust
approach are slightly less accurate (since the airfoil’s gradual penetration of the gust is
not accounted for in the “global” approach) but computationally slightly cheaper (since
there is no need for the additional differential equation for aerodynamic state describing
the gust evolution in time). It’s worth nothing that while Theodorsen’s and Wagner’s
theories are formally equivalent, slightly different results can still be obtained due to the
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accuracy of the particular approximations employed for both Theodorsen’s and
Wagner’s functions in the range of the reduced frequencies and Strouhal number of the
unsteady flow which characterises this study.

For the case of a heavy gust, the aeroelastic gust response of the Typical Section is
shown in Figure 8 for the two extreme configurations “A2-S1” and “A1-S2”, where the
gust profile associated with the high-fidelity model has been suitably approximated and
then employed within the low-fidelity model too.

Figure 8: Typical Section dynamic response to a heavy gust: vertical and torsional spring displacement.

The low-fidelity results does not agree well with the high-fidelity ones, since the
springs displacements are not small (especially that of the vertical spring) and the
unsteady flow is separated: a linear potential-based theory is not effective for estimating
the purely dynamic aerodynamic load of the airfoil and predict the nonlinear aeroelastic
behavior of the Typical Section reliably enough in dynamic stall conditions19.
Therefore, when a low-fidelity nonlinear stall model20 is not employed, the low-fidelity
response needs to be corrected according to the high-fidelity response, by employing a
suitable tuning technique21. Nevertheless, it is possible to see how the results of the
linear low-fidelity models agree well both at the very beginning and towards the end of
the gust response: in the former case, the airfoil has not fully penetrated the gust yet and
most of the flow around is still attached, whereas in latter case the vertical gust speed is
gradually vanishing and the flow around the airfoil becomes attached again.

Figure 9 shows the evolution of a dynamic stall cycle for the Typical Section in
terms of velocity field. It is possible to see the large periodic separation occurring at
both the leading and the trailing edge (where a large eddy is shed in the airfoil wake),
with detachment and reattachment of the aerodynamic flow around the airfoil; in
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