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Abstract

Aiming to build a 6DOF flight simulation model for NASA-CRM and, in the lack of experimental lateral-directional
data, three different methodologies were assessed and compared: usual semi-empirical method based on his-
torical wind tunnel experiments and first principals physics, vortex lattice method (using XFLR5 software), and
panel method (using OpenVSP software). The comparison presented is exhaustive in the aspect of isolating
each component aerodynamic contribution and presents a clear view of the agreement between the studied
methodologies. This work serves as basis for a first assessment of the uncertainty of the stability derivatives,
associated with each methodology, usually used during preliminary design of aircraft.
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1. Introduction

This work was envisioned as part of the development of a 6DOF(degrees of freedom) model for the
cruise condition of NASA-CRM aircraft to be used for academic purpose. As more data become
available, which include now icing accretion and high-lift configuration, this “open source” aircraft be-
comes more relevant as a standard to be used by the academic community.

Semi-empirical method was set as the baseline method for estimating the lateral-directional deriva-
tives, but the interest to understand what kind of agreement the lower fidelity numerical methodologies
have with the semi-empirical one is an additional interesting research topic.

Regarding the numerical methodologies the goal was to use simple user standards, and not to aim
for industrial or high-fidelity numerical simulations. In this aspect the open-source numerical software
XFLR5 and OpenVSP were chosen. Especially OpenVSP is quite configurable, but aligned with the
objectives of what a simple user can get from this kind of tools without too much tuning, the simula-
tions used standard setting recommended by each software.

It is important to highlight that the results here presented does not represent limitations of the used
methods or software. It is judged that more careful numerical simulation will achieve better results.
Semi-empirical methods are used as the baseline for comparison. This decision was taken because
the aircraft type and configuration is within the range of the method and reasonable agreement with
real physics is expected for cruise configuration. Additionally, numerical simulations can be quite
sensible to mesh and settings.

2. Defining the NASA CRM aircraft

The Common Research Model (CRM) was conceived at Langley Research Center and defined by
a NASA-led group of U.S. aerodynamics leaders with detailed outer mold line design led by Boeing.
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The purpose was to provide a modern, relevant standard and open geometry aircraft to also provide
experimental data for the worldwide research community in order to validate and improve transonic
computational fluid dynamics simulation of a modern transport aircraft. The first geometry included
wing/body/nacelle/pylon/horizontal-tail in cruise configuration (flap not deflected) [1], [2], [3]-

A wind tunnel model of the geometry was built and tested in NASA Ames 11-Ft Transonic Wind
Tunnel [4][S], NASA NTF (National Transonic Facility) [7] [6], JAXA 2m x 2m Transonic Wind Tunnel
(JTWT) [8] [9] [10Q] and European Transonic Windtunnel (ETW) [11].

The wind tunnel data encompass longitudinal runs (angle of attack sweep for zero angle of sideslip)
of different configurations for Mach number from 0.20 to 0.92, and Reynolds number from 2 to 30
million. Although this data was generated for CFD validation and used in different Drag Prediction
Workshop [12] [13], it is also useful for building a longitudinal flight dynamics model for studies of a
modern transonic transport airplane dynamics. This model could be used for open and closed loop
analysis, including the possibility to exercise the design a flight control law.

In terms of longitudinal modeling the available data lacks geometrical definition of the elevator and
associated experimental results. This can be easily surpassed by defining a elevator based on sim-
ilar aircraft types and using the experimental data of the horizontal tail along with numerical and
semi-empirical methods to estimate the elevator control derivatives. In terms of lateral-directional the
geometry lacks definition of ailerons, spoilers, vertical tail, rudder and associated experimental data.
Aiming to develop a 6DOF flight dynamics model it was necessary to define the remaining geome-
tries for NASA-CRM aircraft.

A vertical tail for the NASA-CRM model, based on 777-200 aircraft, was proposed by Atinault and
Hue [14] aiming to build a wind tunnel model that was tested at ONERA S1MA and S2MA transonic
wind tunnel facility [15], [16], [17]. In the present work, the proposed vertical tail was used for the
NASA CRM model. Based on comparison of aircraft of the same class [18] the rudder was defined
as 33% of the chord along the complete vertical tail span.

Regarding the aileron, the definition of the flaps along the wing span defines the inboard starting
point of this control surface. Only outboard ailerons where considered. A high-lift CRM model used
in the 3rd AIAA CFD High Lift Prediction Workshop, based on the NASA-CRM aircraft, was taken as
a reference for the flaps definition. The flapped configuration was used to define the position of the
retracted flap in the cruise configuration. The outboard flap ends at 72.3% of the semi-span. Taking
this into account, and based on comparison of aircraft of the same class [18] the aileron was defined
from 76% to 98% of the semi-span with 18% of local wing chord along its complete span.

The present work does not include spoilers because its intrinsic detached flow characteristics cannot
be represented by the proposed numerical methodologies (vortex lattice and panel method). This
variant of the NASA-CRM was named CRM-PEA] and the 3 views of the aircraft used in this study
are presented in Figures and 3. The study was only accomplished for cruise configuration.

3. Evaluated methodologies
Three methodologies were chosen for evaluation:

1. Semi-empirical method.
2. Vortex Lattice (XFLR5) method.
3. Panel method (OpenVSP).

Although it is a physical inconsistency it was decided to decouple Mach number from Reynolds num-
ber in the methodologies for comparison purposes. Mach number = 0 was used for all methodologies,

TPEA stands for Portal da Engenharia Aeronautica, in Portuguese, meaning Aeronautical Engineering Hub. That is an
aeronautical engineer training provider institution in Brazil.
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Figure 2 — CRM-PEA - Side View
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Figure 3 — CRM-PEA - Front View

and Reynolds number of 35 million was used in semi-empirical and XFLR5. OpenVSP panel method
is fully potential, so there is no Reynolds number effect. Wing reference area was used for deter-
mination of the coefficients. Stability axis was used for all methods and the necessary conversions
were applied to numerical methodologies results. In order to provide the breakdown of the effects for
the comparison with the semi-empirical methodology, several configurations were simulated in the
numerical methodologies: W, WB, WBV, WV, WVH, WBVH, and For both numerical cases mesh
convergence studies were performed for WBVH and WVH configurations. The mesh properties used
in mesh convergence study for both methodologies are presented in Table [f]and

Table 1 — XFLR5 - Vortex Lattice + Panel method (only fuselage) meshes

Wing Fuselage VT HT
Mesh name | Span | Chord | Total | Length | Circumference | Total | Span | Chord | Total | Span | Chord | Total
Ultra-low 46 10 460 40 20 800 23 10 230 46 10 460
Low 64 15 960 40 20 800 32 15 480 64 15 960
Medium 96 20 1920 40 40 1600 48 20 960 96 20 1920
High 96 50 4800 60 80 4800 48 50 2400 96 50 4800
Table 2 — OpenVSP - Panel method meshes
Wing Fuselage VT HT
Mesh name | Span | Chord | Total Length | Circumference | Total Span | Chord | Total | Span | Chord | Total
Low 50 21 1664 40 20 1464 25 21 1064 50 21 1984
Medium 104 53 9344 60 81 7120 50 21 2064 102 21 4064
High 104 81 14384 153 81 22000 50 49 4976 | 102 49 9776

The airfoil of 9 sections along the semi-wingspan were extracted from the NASA-CRM CAD geometry
in order to build the geometry for the numerical analysis (Figure [4). For the horizontal and vertical
tail 2 sections were taken, being it the root and tip sections. For the fuselage, 14 cross sections were
taken along its length (Figure [5).

3.1 Semi-empirical method

The book Aircraft Design of Jan Roskam [18] was taken as the reference for the semi-empirical
method. It presents a compilation of several other references and selection of relevant effects ac-
cording to the author experience. Most of the methods proposed by Roskam are exactly the same or
have similarity to DATCOM [19] and/or NASA semi-empirical methodologies [20].

Although the methodology herein applied considers the angle of attack as a variable, it is applicable
only for low angle of attack, compatible with cruise condition.

2W—wing, B-body, H-horizontal tail, V-vertical tail
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Figure 4 — Wing sections used to build the geometry in numerical methodologies
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Figure 5 — Fuselage sections used to build the geometry in numerical methodologies
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3.2 Aerodynamic numerical simulation restrictions

The aim of the study is to present what is attainable to obtain in low fidelity numerical simulations
using open-source codes (XFLRS and OpenVSP). The size of the meshes were constrained in time
by about 8 minutes per simulated point using a standard notebook (Intel 4 Core i7-8550U CPU @
1.80GHz with 24GB of RAM memory).

3.3 Vortex Lattice method

The vortex lattice method was assessed using the software XFLR5(v6.47). The method is not a
pure potential vortex lattice method because the 2D data of the airfoil is interpolated in respect to
the local angle of attack from a previous generated databank using an embedded XFoil code [22].
This means that this methodology has a bi-dimensional representation of the viscosity in the lifting
surfaces, through the XFoil integral boundary layer methodology. In any case, tridimensional effects
in boundary layer are not taken into account. The nominal Reynolds number used in the simulations
was 35 million, referenced to the mean aerodynamic chord, defined at the aircraft cruise condition.

Although not recommended by the software, the fuselage, by means of panel method, was also in-
cluded in the relevant configurations together with the vortex lattice simulation of the lifting surfaces.
The “high” mesh of the configuration WBVH is presented in Figures [6|and[7]

Because XFLR5 runs dynamic derivatives only with vortex lattice method, the dynamic derivatives
were simulated for WVH configuration.

Figure 6 — XFLR5 - Iso view of “high” mesh  Figure 7 — XFLRS5 - Iso view zoom of “high” mesh

3.4 Panel method

The panel method was assessed using the OpenVSP(3.21.2) software [21]. All the surfaces, lifting
and non-lifting ones, were simulated by panel method and no viscosity is considered in the methodol-
ogy. The simulations considered 64 nodes for the flexible wake and a standard number of 5 iterations
for the wake. The “high” mesh of the configuration WBVH is presented in Figures [8]and [9]
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Figure 9 — OpenVSP - Iso view zoom of “high”

Figure 8 — OpenVSP - Iso view of “high” mesh mesh
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3.5 Numerical methods test matrix

The semi-empirical method usually provides a breakdown of contribution of each aircraft component.
For the numerical methods the simulation test matrix was defined in order to provide such breakdown
by the comparison of different configurations. This test matrix is presented in Table (3 it consists of
153 numerical simulation points. The simulation was executed in terms of angle of attack (Alpha)
sweep (0°, 5°and 10°) for two different sideslip angle (Beta), 0°and 5°. The stability derivatives were
obtained by linear approximation using the 2 simulated sideslip angles for each angle of attack. For
the control surfaces, aileron and rudder, the simulations were only performed for Beta = 0° and the
control derivatives obtained by linearization of the simulated deflections. Control derivatives were
only simulated in the vortex lattice method.

Table 3 — Numerical methods test matrix

Configuration | Software | Mesh | Alpha[9 | Beta[9] | Aileron[?] | Rudder[? | N°of Points
w
w XFLR5 High 0,5,10 0,5 0 0 6
w OpenVSP High 0,5,10 0,5 0 0 6
WB
WB XFLR5 High 0,5,10 0,5 0 0 6
WB OpenVSP High 0,5,10 0,5 0 0 6
WBV
WBV XFLR5 High 0,5,10 0,5 0 0 6
WBV OpenVSP High 0,5,10 0,5 0 0 6
AY
wv XFLR5 High 0,5,10 0,5 0 0 6
LAY OpenVSP High 0,5,10 0,5 0 0 6
WBVH
WBVH XFLR5 Ultra-low | 0,5,10 0,5 0 0 6
WBVH XFLR5 Low 0,5,10 0,5 0 0 6
WBVH XFLR5 Medium | 0,5,10 0,5 0 0 6
WBVH XFLR5 High 0,5,10 0,5 0 0 6
WBVH OpenVSP Low 0,5,10 0,5 0 0 6
WBVH OpenVSP | Medium | 0,5,10 0,5 0 0 6
WBVH OpenVSP High 0,5,10 0,5 0 0 6
WVH
WVH XFLR5 Ultra-low | 0,5,10 0,5 0 0 6
WVH XFLR5 Low 0,5,10 0,5 0 0 6
WVH XFLR5 Medium | 0,5,10 0,5 0 0 6
WVH XFLR5 High 0,5,10 0,5 0 0 6
WVH OpenVSP Low 0,5,10 0,5 0 0 6
WVH OpenVSP | Medium | 0,5,10 0,5 0 0 6
WVH OpenVSP High 0,5,10 0,5 0 0 6
\"
V XFLR5 High 0,5,10 0,5 0 0 6
V OpenVSP High 0,5,10 0,5 0 0 6
Aileron
W | XFLR5 | High | 0510 | 0 |+10,-10] 0 | 6
Rudder
WVH | XFLR5 | High | 0510 | 0 | 0 | +i0 | 3
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4. Results
4.1 Mesh convergence
It is recognized that the mesh convergence study herein presented (Table [f]and[2) is not complete in
terms of assessing individually the effect of different variables in the mesh, as the number of chord
and span elements, and number of panels in the fuselage and other variables were usually changed

at the same time. The aim was to consistently increase all the number of panels during the mesh
definition to create different resolution meshes.

XFLRS5 - Vortex Lattice + panel method (fuselage)

For the vortex lattice method (XFLR5) the mesh distribution of the fuselage is automatically generated
by the software and the use of fuselage with the panel method is not recommended by the software.
Although problems of the interface between the lifting surfaces, using vortex lattice method, and the
fuselage, using panel method, are expected, the goal was to evaluate how far those problems affect
the overall results.

Because of this expected problem of the fuselage representation the mesh convergence is presented
with and without the fuselage (Figures[10]and[11]respectively). The convergence is presented as the

relative percentage value of the lateral-directional stability derivatives in respect to the “high” mesh
configuration.

Difference to "high" mesh [%]
Difference to "high" mesh [%]

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 0 2000 4000 6000 8000 10000 12000
Total number of elements Total number of elements

— & —dCvdBeta —@—dCNdBeta —X: -dCldBeta — & —dCYdBeta —@—dCNdBeta ~——x- -dCldBeta

Figure 10 — XFLR5 - WVBH - Mesh convergence Figure 11 — XFLR5 - WVH - Mesh convergence

The overall trend of convergence with the increased number of elements presented in Figures[T0]and
[11]for WBVH and WVH is similar and satisfactory for all stability derivatives. Even for the “Ulta-low”
resolution mesh the differences are within + 10 %. For the “Medium” mesh configuration differences
for Cyg and Cyg are within 1% and 4% for C;.

Although no higher fidelity mesh than the named “high” one is presented, the convergence is satis-
factory in terms of relative difference between meshes. The maximum number of the elements were
also constrained by the amount of simulations required for the work, associated with the solving time
using a standard notebook. It is also important to highlight that XFLR5 presented convergence prob-
lems for higher resolution meshes in the fuselage.
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OpenVSP - Panel method

The mesh convergence for WBVH and WVH is presented in Figures and respectively. The
configuration with fuselage shows large differences between the meshes, the difference between the
“Medium” and “High” meshes are within & 15%, but the Cyg in the order of -70% is not satisfactory.
Constrained by computational limitations the decision was not include a higher resolution mesh and
continue the study with the already defined “high” mesh.

Difference to "high" mesh [%]
Difference to "high" mesh [%]

0 10000 20000 30000 40000 50000 60000 0 5000 10000 15000 20000 25000 30000 35000
Total number of elements Total number of elements

— & —dCYdBeta —@—dCNdBeta —X- -dCldBeta — & —dCYdBeta —@— dCNdBeta ~——X: -dCldBeta

Figure 12 — OpenVSP - WBVH - Mesh Figure 13 — OpenVSP - WVH - Mesh
convergence convergence

For the WVH configuration the overall difference during the convergence study is better than for
WBVH. For the “low” mesh the differences are within + 16 % and within + 11 % for the “medium”
one. Differently than the XFLR5 convergence, the trend indicates that a higher resolution mesh could
improve the results significantly, especially for the WBVH configuration.

4.2 Numerical X Semi-empirical

The results are presented for the “high” resolution mesh for both numerical methods. Two graphs are
presented for each stability or control derivative:

* Absolute value.

* Relative percentage difference in respect to semi-empirical method.
There are 3 blocks of results in each graph:

* 1-Alpha=0°.

* 2 - Alpha =5°.

* 3-Alpha=10°.

In the next topics the presented numerical methods are referenced only by the name of the software
used: XFLR (section [3.3) and OpenVSP (section 3.4).

The agreement level between the numerical and semi-empirical methods were set as:

* Good: within £=15%.
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» Reasonable: within £30%.

» Bad: higher than +30%.
Crp

The Cyp is presented for the following aircraft components:

d W|ng (Cyﬁw)
Fuselage (Cygg).

Wing-fuselage (Cygws)-

Vertical tail (Cygy).
* Wing - vertical tail - horizontal tail (Cygwy#)-
+ Complete aircraft (Cygwayn)-

Cypw

Results are presented in Figures |14 and Other than the reasonably good agreement between
semi-empirical and OpenVSP at Alpha = 0° (8%) the differences between methodologies is high. It is
important to highlight that the wing contribution to the complete aircraft Cyg is small. Semi-empirical
method does not account for angle of attack effect in this stability derivative.

0.05 - : : 500% - T T
4 4
T 0.00 A ; i T 400% : :
i (2 : :
E B | = a0
= : i 1 j
= 005 : ! < 200% : '
= i i ‘6 H H
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3 | | o oo | |
S 015 - - B 100% : ;
O ' ! g ' '
S .20 | i 1 = 00 1 H
1 2 3 8 200% 1 2 3
\lSemiempiricaI -0.037 -0.037 -0.037 \lSemiempiricaI 0% 0% 0%
|mXFLRS High -0.049 -0.080 -0.183 |mXFLR5 High 33% 118% 401%
|mOpenVSP High -0.040 -0.014 0.015 |mOpenVSP High 8% -62% -141%
Figure 14 — Cygw Figure 15 — A Gygw
Cypp

The fuselage contribution is directly obtained in the semi-empirical method. For the numerical meth-
ods the fuselage contribution was defined as the difference between the WBVH and WVH configura-
tion. For XFLR5 results of WBVH only converged at Alpha = 0°, so the other angles of attack are not
presented. Results are presented in Figures[T6/and[17] Differences observed are high and even have
opposite value than the differences already seen in the wing alone case. This is indicating that the
adequate simulation of the side force of the fuselage in the used numerical simulations is challenging.

Cypws

The constant angle of attack Cygwp of the semi-empirical method has a better agreement with the
numerical methodologies as the angle of attack is increased (Figures[18|and[19). For Alpha = 0°the
differences are in the order of 80% and decrease to 27% at Alpha = 10°.

10
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Figure 18 — Cygwsp

Figure 19 — A Cygws
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The vertical tail results are presented for the difference between the WV and W configurations (Fig-
ures [20] and [21). The numerical results are within +15% in respect to the semi-empirical method,
except at Alpha = 10°. It shall be noted that the fuselage effect in the vertical tail was not considered in
semi-empirical method for this comparison, as the fuselage is not present in the numerical simulation.

dCY/dBeta V [1/rad]
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Delta dCY/dBeta V [%]
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Figure 20 — Cygy - V=WV - W

Cypwvh

Figure 21 — A Cygy - V=WV - W

@ Semiempirical -0.336 -0.282 0.237 @ Semiempirical 0% 0% 0%
m XFLR5 High -0.322 -0.306 0.280 m XFLR5 High -4% 8% 18%
= OpenVSP High -0.289 -0.288 0.287 ® OpenVSP High -14% 2% 21%

The configuration without the fuselage is presented because the fuselage can be the source of aero-
dynamics differences in numerical methods. In Figures 22| and [23]it can be seen a good agreement
of OpenVSP for all angles of attack. XFLR5 has a good agreement for Alpha = 0°, but the angle of
attack effect presents a different trend than the other methodologies. This effect was already seen in
the isolated wing and is also present in this configuration.

11
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Figure 22 — Cygwyy

Figure 23 — A Cygwyn

In Figures |26| and [2/]the absolute values and relative percentage difference in respect to the semi-
empirical methodology are presented, being 1 for Alpha 0°, 2 for Alpha 5° and 3 for Alpha 10°. For
this configuration XFLR5 only converged in the sideslip cases for Alpha = 0°. The results show
a good agreement between OpenVSP and semi-empirical and a bad agreement of XFLR5. As de-
picted in the component’s breakdown before, the fuselage effect in XFLRS5 is not adequately captured.
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Figure 24 — CYBWBVH
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The difference in the aircraft components contribution is clear in Figures [26] and [27] that presents the
relative contribution of WB and VH to the Cygy vy at Alpha =0. In Figure1 stand for wing-fuselage,
2 for tail, being the values the contribution of each component to the overall stability derivative. In this
case, the tail effect was obtained considering the fuselage for numerical methodologies (VH = WBVH
- WB). The vertical tail of numerical methods is overestimated in respect to the semi-empirical and

the wing-fuselage contribution is underestimated.
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Figure 26 — Cygwpyy - Contribution - Alpha = 0° Figure 27 — A Cygyyy - Contribution - Alpha = 0°

Cnp

The Cyg is presented for the following aircraft components:
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M W|ng (CNﬁW)
Fuselage (Cypp)-

* Wing-fuselage (Cigws)-

Vertical tail (Cygy)-
* Wing - vertical tail - horizontal tail (Cygwyr)-
 Complete aircraft (Cygwpya)-

Cnpw

The semi-empirical methodology applied is focused on cruise condition, low angle of attack, and the
effect of the wing in Cyg is neglected. As there is no semi-empirical reference for this parameter
only the absolute values are presented in Figure 28] As prescribed by the semi-empirical method the
numerical methodologies indicate negligible Cygy at Alpha 0°and larger values at higher angles of
attack. Large differences between numerical methodologies occur at Alpha = 10°, XFLRS5 results are
about 78% larger than OpenVSP.
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Figure 28 — Cygw

Cnpa

The fuselage contribution is directly obtained in the semi-empirical method. For the numerical meth-
ods the fuselage contribution was defined as the difference between the WBVH and WVH configura-
tion. XFLR5 result is limited to Alpha = 0°. OpenVSP presents a reasonable agreement ( -20%) with

semi-empirical methodology while XFLR5 result is significantly off.
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Figure 29 — Cypp - B=WBVH-WVH Figure 30 — A Cypp - B=WBVH-WVH

Cnpv

For the numerical methods the Cygy was obtained by the subtraction of WV by the W configuration.
The fuselage effect in the vertical tail was not considered for the semi-empirical method. OpenVSP
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presents a constant offset of about -15% and XFLR5 presents a larger angle of attack effect that
makes it loose agreement at larger angles.
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Figure 31 — Cygy - V=WV-W
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Figure 32 — A Cygy - V=WV-W

Numerical results presented a good agreement with semi-empirical methodology, within +14%, as
can be seen in Figures [33]and [34]

CnpwavH

Figure 33 — CNﬁWVH

Figure 34-A CNﬁWVH
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In Figures [35] and [36] the absolute values and percentage difference in respect to the semi-empirical
method are presented. XFLR5 closely matches the semi-empirical method at Alpha = 0°, similarly to
the WVH result. OpenVSP is off by -28% at Alpha = 0°. The decrease in the agreement in respect
to the WVH configuration, from -12% to -28%, may indicate that the fuselage is the source of the
discrepancy. OpenVSP difference decreases with angle of attack but is still off by about -19%. at

Alpha = 10°.
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Figure 35— CNﬁWBVH

Figure 36 —-A CNﬁWBVH

In Figure the contribution of the tail, wing and fuselage is presented for each methodology. In
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Figure [38]is presented the relative contribution of each component in respect to the overall derivative
for Alpha = 0°. 1 stands for wing-fuselage, 2 for tail. Numerical methodologies overestimate the tail
contribution in respect to the semi-empirical.
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Figure 37 — Cygwpyy - Contribution - Alpha = 0° Figure 38 — A Cygwpyy - Contribution - Alpha = 0°

Cip

The Cp is presented for the following aircraft components:

* Wing (Cigw)-

- Fuselage (Cjgp)-

Vertical tail (Cjgy).

Wing-fuselage (Cigws)-

Horizontal tail (C;gp)-

Wing - vertical tail - horizontal tail (Cigwv#)-

+ Complete aircraft (Cigwayn)-
Cipw

Figures 39 and [40] presents results for of the wing for C;g. It is important to highlight that for this
derivative the angle of attack of the semi-empirical method was interpolated to match the Cpy of
the numerical methodologies, that presented a close match of this parameter. XFLR5 has a good
agreement with semi-empirical in the order of -9% to +4% while OpenVSP presents differences in
the range of +14% to +29%.

Figure 39 — Cigw

15

Figure 40 — A Cjgw
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Cign

For all methodologies, including the semi-empirical, the fuselage contribution to C;g, that is mainly in
terms of effect in the wing by modification of the local angle of attack in the wing root, was obtained
by the subtraction of the WBVH by WVH configuration. XFLRS5 results are limited to Alpha = 0° as
previously commented.

As presented in Figures[41]and[42, XFLR5 captures reasonably the effect of the fuselage in the wing,
with a difference of -16% to the semi-empirical methodology, while OpenVSP presents very large dif-
ferences. The mesh convergence study, presented in section 4.t indicates that the main reason for
such discrepancy is the numerical problems associated with the WVH geometry. The better results
of OpenVSP for Cigywpyy supports this theory.
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Figure 41 — C;g5 - B=WBVH-WVH Figure 42 — A Cjgp - BEWBVH-WVH
Cipwa

Results for wing-fuselage configuration are presented in Figures |43| and OpenVSP presents a
better agreement with semi-empirical methodology that improves with angle of attack. XFLR5 over-
estimates Cgy by about 20%.
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Figure 43 — Cigwp Figure 44 — A Cigwp
Cipy

For the numerical methods the C;3, was obtained by the subtraction of WV by the W configuration.
Fuselage effect in the vertical tail was not considered for the semi-empirical method. At Alpha =0°
there is an offset of -11% for XFLR5 and -22% for OpenVSP. The numerical methodologies capture
the trade of angle of attack effect, but it is largely overestimated by XFLR5, leading to larger percent-
age values in higher angles of attack. The percentage analysis is also affected by the fact that the
derivative of the reference (semi-empirical) decreases in value with angle of attack.
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Figure 45 — Cgy - V=WV-W

Cign

Figure 46 — A Cjgy - V=WV-W

The effect of horizontal tail is about 3% of the total C;5, and although the differences presented in
Figures [47|and [48] are large, the impact in the total derivative is small.
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Figure 47 — Cigp Figure 48 — A Cigy

Cipwve

Results considering only the lifting surfaces are presented in Figures [49]and [50] OpenVSP overes-
timates the angle of attack effect, possibly because of the potential flow nature of the panel method
used. The lack of mesh convergence for this configuration may also play a role. For Alpha = 0° it
presents a difference of 9% in respect to semi-empirical, and this difference increases with angle of
attack. XFLR5 captures the angle of attack effect in agreement to the semi-empirical methodology,
but has a offset of about 8% for all angles of attack.
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Figure 49 — ClﬁWVH Figure 50-A ClﬁWVH

Cipwsve

For the total lateral stability derivative, although it has been presented larger differences in compo-
nents, the results are good (Figures [51] and [52). The larger difference is for XFLR5 at Alpha = 0°,
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-13%. Results from OpenVSP are good for Alpha = 0° and reach a maximum of +7% at Alpha = 10°.
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Figure 51 — Cigwayvn Figure 52 — A Cigwpvn

In Figure [53]the contribution is grouped in WB and VH for Alpha = 0°. OpenVSP presents a better
distribution of the effect in respect to the semi-empirical methodology than XFLR5. In Figure [54]the
group 1 is related to WB and 2 to the VH contribution for Alpha = 0°. It is clear that although XFLRS
has captured the overall derivative within 13% in respect to the semi-empirical method, the contribu-
tion of each component does not agree.
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Figure 53 — Cigwpyy - Contribution - Alpha = 0°  Figure 54 — A Cgy vy - Contribution - Alpha = 0°

Dynamic derivative - p (roll rate)

Cyp

In Figures [55|and it is presented the contribution of vertical tail to the Cy,. Only OpenVSP and
semi-empirical methods are presented, due to the XFLR5 limitations discussed in section 3.3 The
agreement between methodologies is good at Alpha = 0° and OpenVSP largely overestimates the
effect of angle of attack for the higher values.
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In Figures[57]and[58]it is presented the derivative of the complete aircraft for the three methodologies.
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It is important to highlight that the simulations in XFLR5 are for WVH configuration and WBVH for
in OpenVSP. Only Alpha = 0°is available for XFLR5. Both comments apply to all dynamic derivatives.

At Alpha = 0° XFLRS5 presents -15% than the semi-empirical and OpenVSP -43%. For higher angles
of attack the absolute and relative difference of OpenVSP increases to large values.
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Figure 57 — CYpWBVH Figure 58 - A CYpWBVH

Cnp

The vertical tail contribution in Cy, is presented in Figures@and@ There is a good agreement be-
tween methodologies at Alpha =0°, but as seen in Cy, the differences increases with angle of attack.
In this case OpenVSP effect decreases less than the values of the semi-empirical method.

For the complete aircraft, Figures and XFLR5 largely overestimates the derivative at Alpha
=0°, while the agreement of OpenVSP is reasonable at low angle of attack and decreases with the
increase of it. It is important to highlight that this is not a main dynamic derivative and the impacts in
flight simulation of the aircraft are judged to be small.
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Figure 61— CNpWBVH Figure 62— A CNpWBVH
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Cip
Ci, is one of the main dynamic derivatives. In Figures 63| and [64] the vertical tail contribution is pre-

sented with reasonable agreement at Alpha =0° and large differences for larger angles of attack as
seen for other dynamic derivatives.
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Considering the complete aircraft at Alpha = 0° (Figures [65and [66) the agreement between method-
ologies is good. OpenVSP presents the same good agreement at higher angles of attack.
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Dynamic derivative - r (yaw rate)

CYr

Cy, together with Cy, are one of the main dynamic derivatives in respect to yaw rate. The compari-
son for the complete aircraft Cy, is presented in Figures[67]and[68] XFLR5 presents the same good
agreement seen in C;,, but OpenVSP underestimates the derivative in the order of -25% for all angles
of attack.
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CNr

In Figures [69] and [70] the comparison between Cy, for the three methodologies is presented. All
methodologies have a good agreement for Alpha = 0°, with XFLR5 presenting results more similar to
semi-empirical. OpenVSP maintain the same order of difference with increasing angle of attack.
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Figure 70—-A CnywBvH

Cl r

For C;, the discrepancies between methodologies is higher, as can be seen in Figures [71] and [72]
Both numerical methodologies underestimate the semi-empirical values with a significant difference
(about -50%). As commented for Cy,,, the impact of this difference in the flight simulation of the air-
craft is judged to be small.
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Aileron

Aileron effect were simulated only in vortex lattice method (XFLR5) for the isolated wing configuration.
The derivative was obtained by the linear approximation of -10°, 0° and +10° of aileron deflection.
For semi-empirical methodology there is no angle of attack effect in Cyuiier0n, SO the same value is
presented for all.

The results are presented in Figures [73] and [74] XFLR5 overestimates the aileron effect by about
+40% in respect to semi-empirical method for all angles of attack.

Regarding Cnuireron, Presented in Figures |75 and the differences are large and the angle of attack
effect for this secondary control derivative is opposite between the methodologies.
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Rudder

Rudder deflection +10° was simulated in XFLR5, WVH configuration. The results for Cy,uqqer are
presented in Figures[77]and There is a good agreement at Alpha = 0° with 12% difference. The
difference increases with angle of attack to 25% as both methodologies indicate opposite effect of

angle of attack.
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For the Cj,uq4er the difference is larger at Alpha = 0°, 33%, with XFLRS underestimating the effect in
respect to the semi-empirical at Alpha = 0°and overestimating the angle of attack effect, as presented

in Figures[79 and
A summary of the results is presented in Figure[81] The agreement level between the numerical and
semi-empirical methods were set as:

» Good: within +15%.
» Reasonable: within +=30%.

» Bad: higher than +30%.
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5. Conclusion

The lateral directional stability and control derivatives of the defined NASA-CRM aircraft were evalu-
ated by semi empirical, vortex lattice and panel method. The method compiled/proposed by Roskam
[18] was used as the semi empirical method. XFLR5 software was used for vortex lattice method,
combined with panel method for fuselage in the configurations that the fuselage was present. For
the wing, this method includes viscous effects by providing 2D data of the airfoils using XFoil [22]
simulations. For the panel method OpenVSP was used and no viscous effect is considered. All the
methods were calculated for a Reynolds number of 35 million and Mach number of zero.

Semi empirical method was set as reference for comparison as the numerical results presented here
are not expected to be the state of art regarding what is possible to achieve within the methodologies
and software. Another point for this decision, was that the NASA-CRM aircraft is within the semi-
empirical methodology validation range.

Regarding the stability derivatives, a detailed breakdown of the effects was presented and although
large discrepancies of results were found during component contribution analysis, the complete air-
craft configuration derivatives presented a better agreement between methodologies. The differences
for XFLR5 in respect to the semi empirical method for C;gy vy Was -13% at Alpha = 0°in respect to
the semi-empirical method. OpenVSP results presented between -1% and +7% agreement with the
semi-empirical for this derivative. For Cygw vy XFLRS presented -21% for Alpha = 0° and OpenVSP
results between -17% and -26%. For Cygw gy the differences were larger for XFLRS which presented
between -41% at Alpha = 0°. OpenVSP presented good agreement with values about -7%. All values
are presented in respect to the semi-empirical method.

Taking the defined thresholds as reference, it can be said that a regular user of OpenVSP is able
to achieve good agreement with semi-empirical method for C;sw sy and reasonable agreement for
Cnpwave and Cygwpyy. For XFLRS good agreement can be achieved for Cigy sy, reasonable agree-
ment for Cygwayn- XFLRS Cygwpyy presented bad agreement with semi-empirical method, mainly
associated with the fuselage side force simulation as seen in the component breakdown.

For dynamic derivatives OpenVSP panel method simulations were performed for the complete con-
figuration (WBVH) while vortex lattice method (XFLR5) was evaluated only considering lifting sur-
faces and limited to angle of attack of 0°. For the main dynamic derivatives, C;,,Cy, and Cy, ,
XFLR presented results between -4% and -11% and OpenVSP between -9% and -27%. For the
secondary dynamic derivatives both methods presented larger differences in respect to the semi-
empirical method. As those derivatives values are usually smaller in terms of magnitude the per-
centage difference reached values above 100%. In any case it does not mean that the impact in
flight simulation would be large. For Cy, XFLR5 presented +127% difference, while OpenVSP was
between -23% and +39% For Cy, XFLR5 presented -15% difference, while OpenVSP was between
-43% and -233%. For Cg, XFLRS presented -60% difference, while OpenVSP was between -51%
and -53%. All values are presented in respect to the semi-empirical method. For the main dynamic
stability derivatives XFLR5 presented good results and OpenVSP reasonable results. For the sec-
ondary dynamic stability derivatives, the results agreement with the semi-empirical method were bad.

For the control derivatives only vortex lattice method was used. Differences in the main aileron(Cigizeron)
and rudder(Cyuader and Cyuaqer) derivatives were larger than expected, being +40% (bad agreement),
-18% (reasonable agreement) and -19% (reasonable agreement) respectively. No clear reason for
the difference was identified.

If it is possible to present a final conclusion about the above described it should be that the numerical
methods may be used with care by a regular user. Especially regarding Cygwpyy in XFLRS, probably
because of lack of representative fuselage side force. It worth highlighting that use of fuselage is not
recommended by the software. For the control derivatives, especially the aileron, it was expected a
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better agreement because the vortex lattice method should be able to capture adequately the effect.
The reasons for the discrepancy were not identified.

6. Future work

One possibility that could be interesting for the use of vortex lattice method, regarding numerical sim-
ulations limitations in respect to the real aerodynamic flow and also aiming for small computational
resources, would be to use this method for the lifting surfaces together with semi-empirical methods
for accounting the fuselage effect.

As presented in section[4.Jl the mesh convergence and simulation setup was not depicted in detail,
especially for OpenVSP panel method. A more accurate analysis of this simulation may lead to better
simulation standards in order to achieve more consistent results. This detailed analysis was out of
the scope of the presented work.

For the 6DOF model continue development spoiler will be defined and a flapped configuration added
to the model. It is expected that experimental data from NASA CRM high lift configuration will be
available soon and used together with semi-empirical method for the completion of the flight dynam-
ics model.
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