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Abstract: The influence of model deformation needs to be corrected before the aerodynamic force data
measured in the wind tunnel is applied to aircraft design. In order to obtain the aerodynamic forces
on rigid model shape, this paper presents a fast correction method by establishing a mathematical
modelling method connecting aerodynamic forces and wing section torsion. The aerodynamic force
coefficients on rigid model shape can then be calculated quickly just by setting section torsion to zero.
A 25-point simulation dataset of the High Reynolds Number Aero-Structural Dynamics (HIRENASD)
model generated by Computational Fluid Dynamics (CFD) and Static Computational Aeroelasticity
(CAE) approach is used to investigate the influence of section locations, basis function type, support
radius, and deformation perturbation on the prediction accuracy. Finally, the present correction
method is applied to predict the aerodynamic forces on the rigid shape of a NASA common research
model. The results of parametric analysis and application show that the present correction method
with the Wendland’s C6 function and a support radius of 1.0 can provide a reasonable prediction of
aerodynamic forces on the rigid model shape.

Keywords: fast correction method; model deformation; aerodynamic force modelling; radial basis
function; wing section torsion

1. Introduction

With the increasing competition in the civil aviation market and the effects of global environmental
pollution, the manufacturers of modern commercial airplanes prefer light-weight designs with low
aerodynamic drag in order to improve the fuel efficiency as well as reduce the emissions [1]. Accurate
aerodynamic data plays a significant role in designing a good aircraft. Wind tunnels are still the main
experimental facility used to obtain the aerodynamic characteristics of an aircraft. For most regular
wind tunnel tests, the aircraft designers think the measured force data is about the rigid shape under
the hypothesis that the structure does not deform under aerodynamic loads or the deformation is so
small that the influence can be ignored [2].

However, the influence of wing structural deformation on wind tunnel test data must be taken
into consideration in some cases [3]. Firstly, the modern transport aircraft usually adopts layout with
a large aspect-ratio as well as a swept wing. The wing bending will induce a negative wing section
torsion due to the sweep angle of the wing elastic axis [4]. The induced wing section torsion will
decrease the local angle of attack to which the aerodynamic force is extremely sensitive. In the transonic
wind tunnel test of the DLR-F6 model, a configuration designed and tested by Deutschen Zentrums

Aerospace 2018, 5, 125; doi:10.3390/aerospace5040125 www.mdpi.com/journal/aerospace

http://www.mdpi.com/journal/aerospace
http://www.mdpi.com
https://orcid.org/0000-0001-7428-6935
http://www.mdpi.com/2226-4310/5/4/125?type=check_update&version=1
http://dx.doi.org/10.3390/aerospace5040125
http://www.mdpi.com/journal/aerospace


Aerospace 2018, 5, 125 2 of 19

für Luft- und Raumfahrt (DLR), the wing tip torsion is up to −0.4◦ at low flow dynamic pressure [5].
In addition, the decrease in drag coefficient caused by model deformation is up to 10 drag counts [6].
Besides, in high Reynolds number wind tunnel tests, the flow dynamic pressure is often very high
to obtain high Re. As a result, model deformation is obvious because of increasing aerodynamic
loads [7]. Many published researches have demonstrated that the effects of model deformation and
Reynolds number on the aerodynamic force coefficients have the same magnitude, but the influences
are opposite [8,9]. In most conditions, model deformation will mask the influence of Reynolds number
and cause a pseudo-Reynolds number effects [7]. This will bring a potential risk to the aircraft design
if the aerodynamic characteristics at flying Reynolds number are not predicted accurately. A typical
case is that the wing structure of the military C-141 transport was redesigned since the aerodynamic
forces at flying Reynolds number were seriously underestimated [10].

Moreover, the shape inconsistency induced by model deformation causes a great discrepancy
between the numerical prediction and experimental data, which has long influenced the development
of verification and validation of Computational Fluid Dynamics (CFD) [11,12]. A Drag Prediction
Workshop (DPW) has become one the most prestigious activities in evaluating state-of-the-art of CFD
software around the world [13]. However, during the fourth and fifth DPW where the common research
model (CRM) was selected as the computational case [14,15], the discrepancy between numerical and
experimental data does not decrease when the number of grid cells increases. Rivers and Hue have
noticed this phenomenon and used a numerical approach to investigate it [16,17]. They found that the
model deformation has a significant influence on the aerodynamic moment. In order to eliminate the
influence of model deformation and improve the consistency between numerical and experimental
results, the organizing committee of DPW IV published a series of CFD computational grids with
different deformed wing shapes [18,19].

Thus, before applying the wind tunnel test data to aircraft design, it is necessary to correct the
model deformation effects. Now, there are three kinds of methods to obtain the aerodynamic forces on
rigid model shape. The first method is to use test data at different dynamic pressures to extrapolate
the data at zero dynamic pressure where the aircraft model has no deformation [20–22]. This type
of test requires the wind tunnel to be able to adjust the temperature and pressure independently.
Only several facilities all over the world, such as European Transonic Windtunnel (ETW), National
Transonic Facility (NTF), have such ability [23,24]. However, the test condition is limited by the
strength of model material. Another method is based on the computational aeroelasiticity approach
to determine the influence of model deformation [25–27]. Although the computational aeroelasticity
method has been widely used in aircraft design [28,29], there are still some problems predicting
the model deformation and variation of aerodynamic force coefficients accurately [19,30]. The third
method is a combination of CFD and model deformation measurement (MDM) [31]. MDM firstly
measures the model deformation and constructs the deformed model shape. Then, CFD calculates the
aerodynamic forces on the rigid and the elastic shape to determine the variation of the forces. Finally,
the test data is corrected to aerodynamic forces on the rigid shape. NASA has been developing MDM
technology since the 1980s and many high-precision MDM tools have been applied in wind tunnel
tests [32]. The third combined method is of high fidelity and can be applied to most wind tunnels in
the world. It is an extremely promising alternative for the correction of model deformation effects.
In spite of having many advantages, the combined method still needs a lot of computation resources
to obtain the CFD results on deformed and non-deformed shape, which leads to costly computation.

In this paper, a fast correction method of model deformation effects by establishing a mathematical
modelling method connecting aerodynamic forces and wing section torsion is presented. In Section 2,
the construction of the fast correction method through the use of radial basis function interpolation is
introduced. In Section 3, the effects of parameters on prediction accuracy are investigated through
numerical simulation datasets. In Section 4, the fast correction method is applied to predict the
aerodynamic forces on the rigid shape of a NASA CRM model based on the deformation and forces
measurement data in ETW.



Aerospace 2018, 5, 125 3 of 19

2. Fast Correction Methods

2.1. Introduction to Method

Aerodynamic forces on wind tunnel model can be determined as long as the running parameters
of wind tunnel and the model shape are fixed. Therefore, the aerodynamic force coefficients can be
expressed as

C f = f (F, P, D) (1)

where C f represents the aerodynamic force coefficients of the wind tunnel model; F is the flow
parameter set, including Mach number, Reynolds number, etc., P is the position parameter set,
including angle of attack, sideslip angle, roll angle, etc., D is the deformation parameter set, including
wing bending and wing section torsion. Function f is the relationship between C f and F, P, D.

The idea of the fast correction method is to first establish the function between C f and F, P, D
based on force and deformation data. Then, the aerodynamic force coefficients can be obtained by
setting the model deformation to zero, shown as follows:

Crigid
f = f (F, P, 0) (2)

where Crigid
f is the aerodynamic force coefficients on the rigid model shape.

2.2. Parametric Description of Wing Deformation

Since the deformation of the model mainly happens on the wing, the wing deformation is used
to respresent model deformation in this paper. The key objective of the fast correction method is to
establish the relationship between aerodynamic force coefficients and wing deformation parameters.
Therefore, it is necessary to describe the wing deformation using a finite number of parameters rather
than bending and torsion at all wing sections. For a large aspect-ratio wing, the structural deformation
is similar to that of a cantilever beam. In beam theory, the deformation under load at a fixed point
can be described by a cubic spline. Thus, a high order polynomial can be used to parameterize the
wing deformation.

Figure 1 shows the polynomial fitting of bending and torsion of a large aspect ratio wing.
In Figure 1, dytrailing and dθ are wing bending at the trailing edge and wing section torsion, respectively;
η, which equals 2y/b, is the normalized spanwise location; wing deformation data is from static
aeroelasiticity computation results of the wing in a real flow condition.

Figure 1. Polynomial fitting of bending and torsion of a large aspect ratio wing: (a) bending at trailing
edge; (b) wing section torsion.

From Figure 1, it can be concluded that a 2nd or higher order polynomial fitting can obtain enough
accurate data for wing bending while a third or higher order polynomial fitting is essential to obtain
enough accurate data for wing section torsion. This means that the third order polynomial fitting
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is accurate enough to describe the structural deformation of a large aspect ratio wing. As a result,
the wing bending and section torsion can be expressed as

dy = a1η3 + a2η2 + a3η + a4

dθ = b1η3 + b2η2 + b3η + b4.
(3)

In Equation (3), there are four unknown coefficients in bending or torsion expression which need
four section data to be determined. Thus, the wing deformation parameter set can be written as

D = D(dy1, dy2, dy3, dy4, dθ1, dθ2, dθ3, dθ4). (4)

2.3. Modelling of Aerodynamic Forces

Substituting Equation (4) into Equation (1) yields

C f = f (Ma, Re, ..., α, β, ..., dy1, dy2, dy3, dy4, dθ1, dθ2, dθ3, dθ4). (5)

In present paper, the aerodynamic force model is based on the longitudinal aerodynamic force
data from one single wind tunnel test where wing deformation changes with angle of attack while the
other parameters remain constant. So Equation (5) can be expressed as

C f = g1(α, dy1, dy2, dy3, dy4, dθ1, dθ2, dθ3, dθ4). (6)

Besides, pure wing bending has little influence on longitudinal aerodynamic force coefficients.
Thus, we can neglect the effect of wing bending and Equation (6) can be approximately expressed as

C f ≈ g2(α, dθ1, dθ2, dθ3, dθ4). (7)

Defining wing section angle of attack as

αi = α + dθi, i = 1, 2, 3, 4. (8)

Substituting Equation (8) into Equation (7) yields

C f = g3(α, α1, α2, α3, α4). (9)

The geometric angle of attack, α, which equals the angle of attack of the wing root section, can also
be determined by the angle of attack at four wing sections: α1, α2, α3, α4. Therefore, Equation (9) can be
changed into

C f = g(α1, α2, α3, α4). (10)

In Equation (10), for a single wind tunnel test with only the angle of attack varying, the
longitudinal aerodynamic force coefficients can be expressed as the function of the angle of attack at
the four wing sections.

Radial basis function interpolation (RBF), which has a good precision in describing continuous
functions, can transform a multivariate interpolation into an univariate problem through the basis
function. Therefore, the present paper aims at establishing the relationship between C f and wing
section angle of attack αi by the use of RBF. In RBF form [33], Equation (10) is expressed as

C f = g(α) =
N

∑
i=1

γi ϕ(‖α− αi‖) (11)
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where N is the number of total sample data; γi(i = 1, ..., N) are the interpolation coefficients; ϕ is the
basis function; the independent variable α is defined as α = [α1, α2, α3, α4]

T; the distance ‖αi − αj‖ is
calculated as

‖αi − αj‖ =

√√√√ 4

∑
k=1

(αi,k − αj,k)2. (12)

On the basis of the N sample data (C f ,i, αi), linear equations about coefficients γi through
Equation (11) can be constructed.

ϕ11 ϕ12 . . . ϕ1N
ϕ21 ϕ22 . . . ϕ2N

...
...

. . .
...

ϕN1 ϕN2 . . . ϕNN




γ1

γ2
...

γN

 =


C f ,1
C f ,2

...
C f ,N

 (13)

where ϕij = ϕ(‖αi − αj‖). By solving the linear equations, the interpolation coefficients γi are obtained,
shown as follows: 

γ1

γ2
...

γN

 =


ϕ11 ϕ12 . . . ϕ1N
ϕ21 ϕ22 . . . ϕ2N

...
...

. . .
...

ϕN1 ϕN2 . . . ϕNN


−1 

C f ,1
C f ,2

...
C f ,N .

 (14)

Substituting Equation (14) into Equation (11) yields

C f = g(α) =
[

ϕα,1 ϕα,2 . . . ϕα,N

]


ϕ11 ϕ12 . . . ϕ1N
ϕ21 ϕ22 . . . ϕ2N

...
...

. . .
...

ϕN1 ϕN2 . . . ϕNN


−1 

C f ,1
C f ,2

...
C f ,N

 (15)

where ϕα,i = ϕ(‖α− αi‖). The prediction accuracy of Equation (15) is dependent on the types of basis
function. The basis function in RBF may be divided into three types: global, local, and compact [34].
Global functions remain non-zero and grow as the independent variable increases. Local functions
also remain non-zero but decay as the independent variable increases. Compact functions are similar
to local functions, decaying as the independent variable increases, but reach zero at some finite
distance, termed support radius. More details about the basis function in RBF can be obtained
from Buhmann [35].

Table 1 gives some common basis functions in RBF interpolation. In Table 1, c is a free parameter;
η = x/R, in which R is the support radius. For compact basis functions, ϕ(η) equals zero when
distance x is larger than the support radius R. This means that the contribution of sample point is
strictly limited in the radius R. In the next section, the influence of the basis function type and support
radius is investigated through a large aspect-ratio wing case.

There are some free parameters in the basis function, such as the support radius. In practice,
the wing section angle of attack in Equation (15) is often normalized between 0 and 1 so that the
parameters selection in RBF can be used for different cases. The normalization angle of attack αnorm

can be written as
αnorm =

α− αmin
αmax − αmin

(16)

where αmin, αmax are the minimum and maximum angles of attack, respectively.
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Table 1. Common basis function in RBF interpolation.

Type Name Definition

Global Thin Plate Spline (TPS) ϕ(x) = x2ln(x)
Global Volume Spline (VS) ϕ(x) = x
Global Hardy’s Multiquadric (HMQ) ϕ(ν) = (c2 + ‖ν‖2)1/2

Local Gaussian (G) ϕ(x) = e−cx

Local Hardy’s Inverse Multiquadric (HIMQ) ϕ(ν) = (c2 + ‖ν‖2)−1/2

Compact Wendland’s C0 (C0) ϕ(η) = (1− η)2

Compact Wendland’s C2 (C2) ϕ(η) = (1− η)4(4η + 1)
Compact Wendland’s C4 (C4) ϕ(η) = (1− η)6(35η2 + 18η + 3)
Compact Wendland’s C6 (C6) ϕ(η) = (1− η)8(32η3 + 25η2 + 8η + 1)

2.4. Correction of Model Deformation Effects

From Equation (15), the value of aerodynamic force coefficients at any α can be calculated directly.
For rigid model shape, the wing section torsion [dθ1, dθ2, dθ3, dθ4]

T is zero. As a result, the parameter
αrigid of rigid shape is [α, α, α, α]T . The aerodynamic force coefficients on the rigid model shape can be
obtained by subsituting this value of αrigid into Equation (15), shown as follows:

Crigid
f =

[
ϕrigid,1 ϕrigid,2 . . . ϕrigid,N

]


ϕ11 ϕ12 . . . ϕ1N
ϕ21 ϕ22 . . . ϕ2N

...
...

. . .
...

ϕN1 ϕN2 . . . ϕNN


−1 

C f ,1
C f ,2

...
C f ,N

 (17)

where ϕrigid,i = ϕ(‖αrigid − αi‖).
The main time cost for the aerodynamic force modelling method is in solving the linear equations

related to the interpolation coefficients γi. The time cost is less than 1 s, which can be ignored compared
to CFD simulation time, when the number of sample data N is less than 100. As a result, the present
method can immediately obtain the aerodynamic force coefficients on the rigid model shape as soon as
the force and deformation are measured in the wind tunnel.

In the present paper, the effect of wing geometric twist has not been taken into consideration in
calculating the local wing section angle of attack in the aerodynamic force modelling method. In fact,
this effect is zero since the geometric twist of wing sections remains constant in wind tunnel test and
will be eliminated in calculating the value of the basis function.

3. Parametric Analysis

From the description of the fast correction method in Section 2, it can be seen that the accuracy
of the present method is dependent on some parameters, such as selection of wing sections, types
of basis function, and the support radius in compact basis functions. Thus, the influence of these
parameters on the correction results is investigated through a large aspect-ratio wing model in this
section. Since there is not enough experimental aerodynamic force or deformation data to support the
parametric analysis, CFD and Computational Aeroelasticity (CAE) methods are used to provide the
sample and verification data for the aerodynamic force modelling.

In the following subsection, the large aspect-ratio wing model is first introduced. Then the
CFD and CAE solvers used in this paper are briefly described and a validation case is provided to
demonstrate the accuracy of the coupling solver. In Section 3.3, a modelling case is presented to provide
comparison data for the parametric analysis. In Sections 3.4–3.7, the effects of wing section location,
basis function type, support radius, and deformation perturbation on the results of aerodynamic force
modelling are investigated, respectively.



Aerospace 2018, 5, 125 7 of 19

3.1. HIRENASD Model

The High Reynolds Number Aero-Structural Dynamics (HIRENASD) wing model is selected
as the research model in this section. The HIRENASD wing is a benchmark case in the first AePW
(Aeroelastic Prediction Workshop) [36]. Figure 2 gives some information of the HIRENASD wing
model. In a wind tunnel test, a pseudobody was installed to eliminate the boundary effects of the
wind tunnel wall. But the wing and the body were not connected and the balance only measured the
aerodynamic force on the wing. More details about the HIRENASD wing can be found in Ballmann [20].

Figure 2. The High Reynolds Number Aero-Structural Dynamics (HIRENASD) wing model: (a) wing
shape; (b) geometry information [37].

3.2. CFD and CAE Solvers

In this paper, an in-house CFD flow solver Trisonic Platform (TRIP), which has been developed by
the China Aerodynamics Research and Development Center (CARDC) since the late 1990s, is used to
obtain aerodynamic forces on the rigid shape. TRIP is a cell-center-based, finite-volume, Euler/RANS
and multiblock grid flow solver. There are different spatial discretization and time integration schemes
in TRIP. In this paper, Reynolds Average Navier-Stokes (RANS) equations are used. A second-order
Roe scheme is used for the inviscous term discretization and a second-order central scheme is used for
the viscous term discretization. The Menter’s SST model [38] is used for the turbulence simulation.
The Lower-Upper Symmetric Gauss-Seidel (LU-SGS) scheme [39] is used for the time integration.
Multigrid and MPI-based parallel technology are used to accelerate the convergence speed.

The CAE solver used in this paper was developed based on the flow solver TRIP. A flexibility
matrix method is used to calculate the wing deformation. The Thin Plate Spline (TPS) interpolation
is used to exchange the aerodynamic forces and structural deflection between different solvers.
A combined dynamic grid method based on RBF and Transfinite Interpolation (TFI) is used to update
the CFD grid after wing deforms. A weak coupling scheme is used to couple flow and structure solver.

The CFD and the CAE solver used in this paper have been validated in many cases, including the
HIRENASD wing. A coupling case of the HIRENASD wing, which is used in Reimer [40], is provided
to demonstrate the solver accuracy. Table 2 gives the computational parameters of the HIRENASD
wing in the validation case. In Table 2, q/E is the nondimensional loading factor, in which q is the
dynamic pressure of farfield flow and E is Young’s module of the wing material.

Table 2. Computational parameters of the HIRENASD wing in the validation case.

Case No. Ma Re/107 αmin/◦ αmax/◦ q/E/10−7

I 0.80 1.0 -2.0 3.0 3.4
I I 0.80 1.4 -2.0 3.0 4.8
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Figure 3 gives the CFD grid used in this validation case. This multiblock grid is generated by the
AePW organizing committee and provided to submitters to use in the first AePW. There are 319 blocks,
3,158,849 grid nodes, and 3,088,384 grid cells in this grid. An O-type grid is generated around the
wing and body to simulate the boundary flow. The thickness of the first layer is 4.4× 10−7 m, and the
corresponding y+ is 0.66 for Re of 1.4× 107. This CFD grid can be downloaded from the AePW website
where more information about this grid is provided. In the following parametric analysis, this CFD
grid continues to be used to obtain aerodynamic forces on rigid and elastic shape.

(a) (b)

Figure 3. Computational Fluid Dynamics (CFD) computational grid of HIRENASD wing model:
(a) grid topology; (b) surface grid.

The finite element model of the HIRENASD wing is also obtained from the AePW website.
Then, a reduced flexibility matrix [37] is extracted from the finite element model and used for the
calculation of the wing deformation. Figure 4 gives the wing tip deformation of the HIRENASD
model by different methods. In Figure 4, we can see the SOFIA data represents the results from the
CAE package, which is developed and used in Aachen University, Germany.The deformation data of
ETW and SOFIA in Figure 4 was extracted from Reimer [40]. The good consistency among the wing
deformation results of ETW, TRIP, and SOFIA indicates that the TRIP solver used in this paper can
provide accurate data for the parametric analysis of the aerodynamic force modelling.

Figure 4. Wing tip deformation of the HIRENASD model: (a) deflection; (b) torsion.

In the following parametric analysis, the CAE solver is used to calculate the aerodynamic forces
on the elastic shape and wing deformation, which are used as sample data of aerodynamic force
modelling. The CFD solver is used to provide aerodynamic forces on the rigid shape, which are used
to check the results of aerodynamic force modelling.

3.3. Modelling Case

The computational parameters for the modelling case are: Mach number Ma is 0.80; Reynolds
number Re is 7.0× 106; model angle of attack α ranges from −2◦ to 4◦; loading factor q/E is 2.2× 10−7.
The aerodynamic forces and wing deformation are calculated per 0.25◦ interval of angle of attack, so
there are a total of 25 sample data points for aerodynamic force modelling.
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In this modelling case, four wing sections, which are isometrically distributed from wing root
to wing tip, are selected. Figure 5 shows the selection scheme of wing sections and torsion angle of
these sections.

Figure 6 gives the aerodynamic force modelling results for the HIRENASD wing model. In Figure 6,
‘Rigid’ represents aerodynamic force coefficients of rigid shape, which are used to evaluate the precision
of modelling; ‘Elastic’ represents aerodynamic force coefficients of elastic shape, which provide the
sample data for the modelling; ‘modelling’ represents aerodynamic force coefficients predicted by
modelling method. In this case, the Wendland’s C6 function is selected as the basis function and a
support radius R = 1.0 is used.

Figure 5. Selection scheme of wing sections and torsion: (a) section locations; (b) torsion angle.

Aerodynamic force coefficients predicted by the modelling method agree well with the force
calculated on the rigid shape, especially for lift and drag coefficients, shown in Figure 6a,b. There is a
small Cm difference between predicted value and rigid shape data, shown in Figure 6c.

Figure 6. Aerodynamic force modelling results for HIRENASD wing model: (a) CL; (b) CD; (c) Cm.

3.4. Effects of Wing Section Location

In Equation (3), bending and torsion are evaluated at four different wing sections to determine
the coefficients of cubic polynomial and calculate the torsion at any spanwise location. Figure 7
shows four different selection schemes of wing sections. Scheme I has the same wing section selection
as the modelling case in Section 3.3. The wing sections in scheme I to scheme III are isometrically
distributed but the distance between the two adjacent wing sections decreases from scheme I to scheme
III. Scheme IV is an area-based selection where each wing section has the same projected wing area in
the plane xoy.

Figure 8 shows the aerodynamic force modelling results for the HIRENASD wing with different
selection schemes of wing sections. All the modelling parameters in Figure 8 are the same as that
in modelling case in Section 3.3, except the wing section location. Here, the ∆C f instead of absolute
value of C f is used to evaluate the precision of aerodynamic force modelling since the variation of C f
induced by wing deformation is a small value relative to absolute C f . The ∆C f is defined as

∆C f = Cmodelling
f − Crigid

f (18)



Aerospace 2018, 5, 125 10 of 19

Figure 7. Different selection schemes for wing section: (a) scheme I; (b) scheme II; (c) scheme III;
(d) scheme IV.

A smaller value of ∆C f indicates a better prediction of the aerodynamic modelling. There is a total
of 25 aerodynamic force data points on the rigid model shape obtained by the CFD solver. In order to
show more detail information of the ∆C f , a cubic spline interpolation is used to obtain aerodynamic
force data per 0.1◦ from −2◦ to 4◦. Thus, there are 61 ∆C f data points in Figure 8. As a result, the data
in Figure 8 is shown as smooth solid lines instead of discrete points.

Figure 8. Aerodynamic force modelling results for HIRENASD wing with different selection schemes
of wing sections: (a) ∆CL; (b) ∆CD; (c) ∆Cm.

Figure 8 shows: (a) aerodynamic force modelling with selection scheme I, II, III all overestimated
the value of CL, CD, Cm; the ∆CL and δCD increases from selection scheme I to scheme III while ∆Cm

decreases; (b) aerodynamic force modelling with section selection scheme IV underestimated the CL
and CD and overestimated the Cm; (c) the ∆CD and ∆Cm obtained by scheme IV are much larger than
that from the other three selection schemes. Figure 8 shows that the isometric section selection has
better modelling results than the equal-area based scheme.

3.5. Effects of Basis Function Type

In this subsection, the effects of basis function type on aerodynamic force modelling are evaluated.
Six basis functions were selected for comparison. These basis functions involve four compact
Wendland’s functions (C0, C2, C4, C6) and two globe basis functions (Thin Plate Spline, Volume
Spline). Figure 9 shows the aerodynamic force modelling results for the HIRENASD wing model
with the six different basis functions. All the modelling parameters in Figure 9 are the same as that in
modelling case in Section 3.3, except the basis function type.

Figure 9 shows that all these six basis functions have good aerodynamic force modelling results
when the geometry angle of attack α is less than 3◦. For α larger than 3◦, aerodynamic forces from
modelling with the C0, C2, TPS, and VS basis functions have an obvious discrepancy with force data of
rigid shape. For all angles of attack, Wendland’s C4 and C6 functions can provide good aerodynamic
force coefficients of rigid shape.
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Figure 9. Aerodynamic force modelling results for HIRENASD wing model with different basis
functions: (a) ∆CL; (b) ∆CD; (c) ∆Cm.

3.6. Effects of Support Radius

The compact Wendland’s C6 basis function is used to investigate the effects of support radius
on aerodynamic force modelling results. All parameters are the same as that in the modelling case in
Section 3.3, except the support radius.

Figure 10 shows aerodynamic force modelling results for the HIRENASD wing model with
different support radius values. It is shown in Figure 10 that the aerodynamic force modelling results
at R = 1.0 are better than the data at the other R values. For a small value of R, the contribution
of a sample data is also limited in a small range according to the definition of the support radius.
Then, the number of the sample data points, which contributes to evaluating the aerodynamic forces
on the rigid shape at an angle of attack, decreases. This will cause accuracy loss when the R is
extremely small. However, for a very large value of R, all the sample data are used to evaluate the
aerodynamic forces on the rigid shape at an angle of attack. This may bring a local error related to
the sample data into the calculation of the aerodynamic forces on the rigid shape and cause a large
discrepancy. The results shown in Figure 10 indicate that a value of R close to 1.0 can provide better
prediction results.

Figure 10. Aerodynamic force modelling results for the HIRENASD wing model with different support
radius values: (a) ∆CL; (b) ∆CD; (c) ∆Cm.

3.7. Effects of Deformation Perturbation

In model deformation measurements in wind tunnel tests, there might be oscillation of wing
section torsion due to the influence of some factors, such as vibration of the model and cameras. In this
subsection, the effects of deformation perturbation on aerodynamic force modelling are investigated.
The perturbation of wing section torsion is added by the use of random number generated in program,
defined as

dθp = Am frdθ (19)
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where dθp is the perturbation of wing section torsion; fr is the random number, which ranges from
−1.0 to 1.0; Am is the amplitude of perturbation. Thus, the wing section torsion after perturbation is

dθnew = dθ + dθp = (1 + Am fr)dθ. (20)

Figure 11 shows the wing section torsion with and without perturbation. Here, the amplitude of
perturbation Am is 10.0%. ‘-’ in Figure 11 represents the three-order polynomial fitting of wing section
torsion with perturbation.

Figure 11. Wing section torsion with and without perturbation.

Figure 12 shows the aerodynamic force modelling results for the HIRENASD wing model with
different perturbations. Results indicate that ∆C f increases quickly as Am increases, even for very
small perturbation values. However, when Am is larger than 2.0%, ∆C f changes little as Am increases.
The results in Figure 12 demonstrate that the aerodynamic force modelling method is extremely
sensitive to the perturbation of wing section torsion. Moreover, the influence of perturbation on the
modelling results is large enough and we need take into account the influence when modelling the
aerodynamic forces.

Figure 12. Aerodynamic force modelling results for the HIRENASD wing model with different
perturbations: (a) ∆CL; (b) ∆CD; (c) ∆Cm.

Figure 13 shows the aerodynamic force modelling results for the HIRENASD wing model with
smoothed wing section torsion. Here, the wing section torsion from the three-order polynomial fitting
is used, as shown in Figure 11. Figure 13 shows that the aerodynamic force modelling method with
different perturbations of section torsion gets nearly the same results after smoothing the torsion angle
of wing section. This means that the smoothing can effectively reduce the influence of perturbation.
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Figure 13. Aerodynamic force modelling results for the HIRENASD wing model by smoothing the
wing section torsion: (a) ∆CL; (b) ∆CD; (c) ∆Cm.

4. Application

In this section, the present fast correction method is applied to predict the aerodynamic forces on
the rigid shape of the NASA CRM model.

4.1. NASA CRM Model

The NASA CRM model is a general wide-body commercial transport configuration designed
for evaluating state-of-the-art of CFD software development around the world. This model has been
selected as the benchmark case in DPW IV [14], DPW V [15], and DPW IV [18]. Figure 14 shows the
shape and geometry parameters of the wind tunnel test model of CRM wing/body/tail configuration,
which is used in this paper. More geometry details of CRM model can be found in Vassberg [41] or
from NASA’s website [42].

Figure 14. Geometry parameters of Common Research Model (CRM) wing/body/tail configuration.

4.2. Experimental Data of CRM Model

The CRM model has been tested in Langley’s NTF [43], Ames 11-ft transonic wind tunnel [44],
ETW [45], JAXA wind tunnel [46], ONERA-S1MA [47]. These tests provide different types of
experimental data, such as aerodynamic force and moment, wing deformation, surface pressure,
and flow structure visualization. In this paper, the force, moment, and deformation data of the CRM
model obtained in ETW are used for aerodynamic force modelling. These experimental data can be
downloaded from the website of the European Strategic Wind Tunnels Improved Research Potential
(ESWIRP) [48], which sponsored the wind tunnel tests of CRM model in ETW.

Two cases are selected for use in this section from the available data. Table 3 gives the parameters
of the two selected cases. In Table 3, Rundis is the serial number of the wind tunnel test in which model
deformation are measured. Runforce is the serial number of wind tunnel test in which aerodynamic
forces are obtained. q is the flow dynamic pressure and E is the Young’s module of the material of



Aerospace 2018, 5, 125 14 of 19

which the wind tunnel model is made. The ratio q/E is called loading factor, which is used to describe
the magnitude of wing structure deformation under aerodynamic loads.

Table 3. Selected cases of CRM-WBT model in ETW.

Case No. Ma Re/106 αmin/◦ αmax/◦ Rundis Runforce q/E/10−7

I 0.85 5.0 −2.0 5.5 182 153 3.342
I I 0.85 19.8 −2.0 5.5 227 226 3.342

Figure 15 gives the wing section torsion of the NASA CRM-WBT model obtained in ETW. Sections
η = 0.11, η = 0.40, and η = 0.70, η = 1.00 were selected, which were nearly isometrically distributed
along wing span. Figure 15 shows that there are small oscillations of wing section torsion for both
cases when the angle of attack α is larger than 3◦. In Section 3.7 it is demonstrated that deformation
perturbation has an important influence on the aerodynamic force modelling. In order to avoid this
influence, a three-order polynomial fitting is implemented to obtain smooth wing section torsion at
different angles of attack. According to the parametric analysis results, Wendland’s C6 is selected as
the basis function of RBF and a support radius of 1.0 is used in this application case.

Figure 15. Wing section torsion of NASA Common Research Model (CRM) wing/body/tail
configuration: (a) case I; (b) case II.

4.3. Pseudo-Experimental Forces on the Rigid Shape

In this section, a method, which uses experimental forces at different loading factors to correct
the influence of wing deformation, is adopted to provide experimental forces on the rigid shape for
comparison. Since this method does not directly measure the forces on the rigid shape in wind tunnel
tests, so the obtained forces are called the pseudo-experimental forces on the rigid shape, marked as
‘Pseudo Rigid’.

The method to obtain the ‘Pseudo Rigid’ data is briefly introduced in the following. Firstly,
the variation of aerodynamic forces induced by wing deformation can be expressed as

Celastic
f

( q
E

)
= Crigid

f + ∆Cde f ormation
f

( q
E

)
(21)

where Celastic
f ( q

E ) is the aerodynamic force coefficients of the elastic shape at loading factor q
E ; Crigid

f is

the aerodynamic force coefficients of the rigid shape; ∆Cde f ormation
f ( q

E ) is the variation of C f induced

by wing structural deformation at loading factor q
E . The relationship between the ∆C f and the loading

factor q
E is nearly linear. Therefore, the ∆Cde f ormation

f ( q
E ) can be calculated by linear extrapolation of

force data on the elastic shape at different loading factors q
E .

∆Cde f ormation
f

( q
E

)
=

(
Celastic

f

(
q2
E2

)
− Celastic

f

(
q1
E1

))
q2
E2
− q1

E1

q
E

. (22)
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Substituting Equation (22) into Equation (21) yields

Crigid
f = Celastic

f

( q
E

)
−

(
Celastic

f

(
q2
E2

)
− Celastic

f

(
q1
E1

))
q2
E2
− q1

E1

q
E

. (23)

In wind tunnel tests, Reynolds number always varies when the loading factor changes. In this
paper, the influence of variation of Reynolds number on the wing deformation and the ∆Cde f ormation

f is
ignored. Thus, the aerodynamic force coefficients data of elastic shape at different Reynolds numbers
can be used in Equation (23) to calculate the ∆Cde f ormation

f . Two experimental data at Re = 19.8× 106,

in which the loading factors q/E are 3.342× 10−7 and 5.058× 10−7, respectively, are used in this
application case. The run serial numbers of wind tunnel tests of the two experimental data are 227 and
218, respectively. More detailed information about the two experimental data sets can be obtained
from the ESWIRP’s website.

4.4. Results and Discussion

Figures 16 and 17 give the aerodynamic force modelling results for the NASA CRM-WBT model in
case I and case II, respectively. In Figures 16 and 17, the data on elastic shape are from the measurement
in ETW and the ‘Pseudo Rigid’ data are from correction of measurement in wind tunnel by the method
described in Section 4.3. The ‘Pseudo Rigid’ and ‘Elastic’ data are plotted for comparison.

Figure 16. Aerodynamic force modelling results for NASA CRM-WBT model (case I): (a) CL; (b) CD;
(c) Cm.

Figure 17. Aerodynamic force modelling results for NASA CRM-WBT model (case II): (a) CL;
(b) CD; (c) Cm.

For both cases in Figures 16 and 17, it shows: (a) the predicted CL by the modelling method
agrees well with the ‘Pseudo Rigid’ data; the CD is overestimated by the modelling method compared
with the ‘Pseudo Rigid’ result; the Cm predicted by the modelling method is well consistent with the
‘Pseudo Rigid’ data in the linear part of the Cm curve, but there is a great discrepancy between the
two results as regards the high angles of attack. Table 4 gives the value of the aerodynamic force
coefficients in application case I. The obvious differences between the CD data of the modelling and
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‘Pseudo Rigid’ results in Table 4 indicates that the present modelling method still lacks the ability to
accurately predict the aerodynamic force on the rigid model shape for such a complex configuration.

Since the aerodynamic force modelling is based on some assumptions, it is not a very accurate
method compared with other correction methods. The present correction method can only predict a
reasonable rather than a very accurate result on complex wind tunnel model shape, which has been
demonstrated in Figures 16 and 17 and Table 4. However, as a result of its high efficiency and low cost,
the present correction method can be used for quick analysis on the influence of wing deformation in
wind tunnel tests. The quick analysis is meaningful to making decision whether to start a more accurate
correction on the experimental data. Besides, the quick analysis can also provides aerodynamic forces
on rigid shape for comparison.

Table 4. Aerodynamic force coefficients by different methods in application case I.

Pseudo Rigid Elastic Modelling

α/◦ CL CD Cm CL CD Cm CL CD Cm

−2 −0.18205 0.02290 0.26426 −0.18005 0.02233 0.25520 −0.19336 0.02284 0.26004
−1 −0.03632 0.01870 0.20577 −0.04133 0.01882 0.20373 −0.03801 0.01878 0.20252

0 0.10560 0.01814 0.15168 0.09332 0.01833 0.15673 0.11390 0.01836 0.14923
1 0.25180 0.01976 0.10116 0.22700 0.01970 0.11394 0.26285 0.02020 0.10151
2 0.39403 0.02371 0.05735 0.36452 0.02309 0.07595 0.41715 0.02505 0.05710
3 0.55556 0.03358 0.00192 0.51631 0.03105 0.03129 0.55103 0.03674 0.02548
4 0.62776 0.04992 0.02517 0.60804 0.04540 0.03195 0.62349 0.05355 0.03688
5 0.69648 0.06829 0.03308 0.67883 0.06267 0.04112 0.65914 0.06717 0.04951

5. Conclusions

This paper presented a fast correction method to obtain aerodynamic force coefficients by
establishing the mathematical modelling between aerodynamic forces and wing section torsion through
the radial basis function interpolation. The parametric analysis of the aerodynamic force modelling
method is investigated and the test results show that: (1) Wendland’s C6 function with a support radius
of 1.0 has a better prediction accuracy of the aerodynamic forces on rigid model shape; (2) deformation
perturbation has an obvious influence on aerodynamic force modelling but this influence can be
reduced effectively by smoothing the deformation data. Furthermore, the present fast correction
method can be applied to predict the aerodynamic forces of a general model, the CRM wing/body/tail
configuration. The comparison between prediction and corrected test data demonstrates that the
present method can obtain reasonable aerodynamic forces on rigid model shape. However, there is
still much space to improve the prediction accuracy on a complex model shape.
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