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Within a conventional aircraft design process, the horizontal tail and vertical tail are generally sized via volume coefficient methods. In
this manuscript, an improved method for conceptual aircraft tail design based on multidisciplinary design optimization (MDO)
approach with stability and control constraints has been developed. To develop this method, first, the tail design requirements have
been derived from the regulations and the fundamental functionalities of tail plans. Then, the empennage design is formulated as
an MDO problem. Eventually the design optimization of horizontal and vertical tail is combined with the design optimization of
the aircraft wing. A test case is presented for concurrent wing and tail plane design, which resulted in more than 9% reduction in
aircraft block fuel weight and more than 3% reduction in aircraft maximal takeoff weight, which indicates a great potential for fuel

burn and carbon reductions with empennage design optimization at conceptual aircraft design phase.

1. Introduction

The need for significant reduction in aircraft fuel burn, carbon
and NOx emissions, noise, and costs moves the aviation
industries towards continuous improvements of the transport
airplanes by introducing new engines, modifying the aircraft
aerodynamics and structures, etc. However, there is still a huge
gap between the current development and the ambitious goals
set by aviation authorities such as Flightpath 2050 [1]. To
address the challenging goals, IATA technology roadmap [2]
and the US NASA N+ programs [3, 4] have identified a bunch
of potential airframe and propulsion technologies which
might be available in 2050 time frame according to technology
readiness level. Investigating the effect of these technologies, it
has been concluded that the technology development alone
cannot reach the desired emission reduction goals. New tech-
nologies need to be augmented with new aircraft configura-
tions, as well as new operational scenarios.

Except for the general challenge of aircraft design for
new technologies and new configurations, design of tail
plans within conceptual/preliminary design is a challenge

by itself. Conceptual aircraft design and optimization,
including detailed tail design with stability and control con-
straints, are more complex compared to the detailed main
wing design alone due to the coupling effect to the design
of the tail plane and the control surfaces, which is usually
done in later and more detailed design stages. Due to the
complex and iterative process, most aircraft design tools
have neglected the tail design or used simplified tail sizing
process, such as tail volume coefficient methods [5, 6].

To design tail plane for new aircraft configurations, it is
important to formulate the tail design as a Multidisciplinary
Design Optimization (MDO) problem. To do so, all the prin-
ciple trim, stability, and control requirements need to be
defined as design constraints. Galloway [7] has designed air-
craft tail plane with stability and control constraints included.
Most of the stability derivative calculations and performance
estimations in Galloway’s work have been taken from the book
of Smetana [8], where the empirical methods are focused on
small aircraft. Morris [9] has carried out MDO studies with
constraints on aircraft dynamic stability for reducing aircraft
gross weight and cruise trim drag, where the empennage area
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TaBLE 1: Tail design requirements from regulations.
Requirements Subpart Paragraph General description
Each airplane must meet the trim requirements of this
. FAR/CS part 25 section after being trimmed, and without further pressure upon,
Trim . 25.161 [14] . . . .
Subject group 77 or movement of, either the primary controls or their corresponding
trim controls by the pilot or the automatic pilot.
The airplane must be longitudinally, directionally, and laterally
FAR/CS part 25 stable in accordance with the provisions of §§ 25.173 through 25.177.
Stability . b 25.171-25.181 In addition, suitable stability and control feel (static stability) are
Subject group 78 L o . .
required in any condition normally encountered in service,
if flight tests show it is necessary for safe operation.
Controllability and FAR/CS part 25 25.143-25.149 The airplane must be safely controllable and maneuverable
maneuverability Subject group 76 ’ ’ during (1) takeoft, (2) climb, (3) level flight, (4) descent, and (5) landing.

Control anticipation parameter

Flying qualities for aircraft: normal states within the operational

Handling quality MIL-F-8785C flight envelope shall be level 1. Flying qualities for aircraft: normal
states within the service flight envelope but outside the operational
flight envelope shall be level 2 or better.
TaBLE 2: A full list of design variables.
Design variables Initial value Lower bound Upper bound
Area of HTP (m?) 32.23 18 40
AR of HTP 4.82 35 5.5
TR of HTP 0.32 0.28 0.35
Leading edge sweep of HTP (°) 35 10 45
t/c of HTP 0.12 0.09 0.13
Incidence angle of HTP (°) -1.2 -3.0 1.0
Area of VTP (m?) 28.21 18 40
AR of VTP 1.67 1.2 1.8
TR of VTP 0.32 0.28 0.35
Leading edge sweep of VTP (°) 40 10 45
t/c of VTP 0.12 0.09 0.13
Area of wing (m?) 122.41 90 130
AR of wing 9.45 6.5 16
TR of wing 0.24 0.21 0.28
Leading edge sweep of wing (°) 27 15 40
t/c of wing 0.125 0.09 0.13
Longitudinal reference point of wing (m) 11.7 11 13

is sized in the beginning and fixed during the optimization.
Fixing the empennage area might narrow down the full design
space for optimization as compared to simultaneously opti-
mizing empennage area and other empennage planform
parameters. More recently, Cosenza and Vos [10] have studied
the handling quality optimization, but only the longitudinal
constraints are considered. The work of Garmendia [11] and
Denieul [12] represent the tail optimization work with a focus
on the design of control devices.

To identify and further study possible aircraft level fuel
burn and carbon emission reduction potentials for civil
transport aircraft with new airframe technologies, new pro-
pulsion systems and new operations, it is very important to
extend the aircraft design space via introducing more air-
craft components at conceptual aircraft design stage instead

of wing design and optimization alone [13]. In this context,
the focus of the current manuscript is to present the
improvement of the tail design process based on an MDO
approach for large aircraft design space exploration. First,
the fundamental requirements on tail design are introduced.
Based on the requirements, the total tail design is formulated
as an optimization procedure, where the design constraints,
design variables, and design objectives are introduced. In the
end, case studies with a typical medium range transport air-
craft are carried out using the proposed MDO approach.

2. Materials and Methods

2.1. Tail Design Requirements. In order to formulate the tail
design for large transport aircraft as an MDO problem, it is
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TaBLe 4: Calculated
reference [15].

component mass as compared to

Calculated (kg)  Reference (kg)  Difference (%)

MTOW 75985.7 77000.0 1.32
OWE 42059.2 42092.0 0.08
Block fuel 14609.2 14733.0 0.84
Wing mass 8165.3 8097.0 -0.84
HTP mass 676.9 682.0 0.75
VTP mass 538.5 522.0 -3.17

reasonable to derive the constraints directly from regulations
such as FAR/CS part 25 (as the focus of the manuscript is on
large transport aircraft) for trim, stability, and control and
MIL-F-8785C for handling quality requirements. Table 1
summarizes these design requirements together with the
related sources.

2.2. Tail Design Formulation as an MDO Problem. In this
section, the detailed formulation of aircraft tail plane design
optimization is presented. First, a general description of the
MDO approach is introduced. Then, the derived design con-
straints are listed. In addition to the optimization process, a
brief overview on the analysis modules for the aircraft design
and technology assessment tool is given.

2.2.1. General Description of MDO Setup. The whole tail
design process is formulated as an optimization problem,
which is defined in the following. Since the design of the tail
is coupled with the wing geometry, a concurrent optimiza-
tion of wing, horizontal tail plane (HTP), and vertical tail
plane (VTP) is considered. It has to be noted that two sce-
narios for optimizing (minimizing) are considered: minimiz-
ing the aircraft maximum takeoff weight (MTOW) and
minimizing aircraft block fuel weight. It has to be noted that
in our aircraft design process, the top-level aircraft require-
ments such as takeoff and landing distance requirements
are always satisfied via initial sizing process. That being said,
the paper has considered the takeoff and landing require-
ments during each optimization.

Min {MTOW or Block fuel weight},

WLt Xying (S AR TR, @ g, 16, X o),

Xpre (S AR, TR, @, t/c, i), (1)
xyrp(S, AR, TR, ¢, 5, t/c),

s.t. Constraints given in Table 3.

A full list of all design variables used in this paper is
listed in Table 2. For wing, HTP, and VTP, the planform
parameters, i.e., area, aspect ratio, taper ratio, leading edge
sweep, and average thickness to chord ratio are chosen as
design variables. In addition, the incidence angle of HTP
and the longitudinal reference point of the wing are selected
as design variables. Based on the reference data of a medium
range transport aircraft [15], the initial values, lower bound
and upper bounds, of all the design variables are selected
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and shown in Table 2. For better optimization performance
(convergence, computation time, tolerance, etc.), scaling
strategies [16] have been applied to the design variables,
design constraints, and design objectives.

2.2.2. Design Constraints for Stability, Control, and Trim.
Based on the functionality requirements of horizontal and
vertical tail plans discussed previously, a full list of design
constraints for stability, control, and trim has been derived.
A detailed mathematical formulation of all the design con-
straints on stability, control, and trim is summarized in
Table 3.

2.3. Analysis Methods for Conceptual Aircraft Design Tool.
The aircraft design tool utilized in this study follows a typical
aircraft conceptual/preliminary design logic [5-8]. The tool
is capable to conceptually design transport aircraft with both
conventional (tube and wing) and blended wing body con-
figurations. The effects of new technologies, such as bound-
ary layer ingestion, active load alleviation, and boundary
layer suction are included in the analysis. The general
descriptions of the aircraft design framework have been
introduced in ref. [13]. The analysis disciplines of the design
tool explicitly related in the current studies are briefly intro-
duced below.

The geometry file is written in XML format with CPACS
[25] compatible methods, which can be read by geometry
software such as TiGLViewer and can be further exported
to watertight CAD format such as step file for high-fidelity
simulations and visualization. Component-based build-up
methods are employed for aerodynamic drag polar estima-
tion. The induced drag of the wing and tail plans is calcu-
lated using potential flow based solver [26], with fuselage
and nacelles corrections; viscous drag is calculated using
semiempirical methods with high-fidelity corrections; wave
drag is estimated semiempirically based on the method pre-
sented in [27]. Analytical methods are used for the primary
structure of wing and fuselage, and semiempirical methods
are used for secondary structure weight. Datcom-based
semiempirical methods [22] are used for calculating both
static and dynamic stability derivatives. Engine performance
is achieved by GasTurb software [28] with reliable gas tur-
bine cycle analysis capability. The mission is studied by solv-
ing the equations of motion with detailed stepwise
aerodynamics, mass, and engine performance data. To vali-
date the design and analysis codes, the outputs of the tool
for an A320-like medium range aircraft are compared with
literature [15] (see Table 4). As can been seen in this table,
the calculation deviations from the literature are below 5%.

3. Results and Discussion

In this section, the results of only HTP optimization, HTP-
wing optimization, and HTP-VTP-wing optimization are
shown to give a better insight into the impacts of different
components optimization.

3.1. HTP Optimization. For the first step, we carry out case
studies on only HTP optimization. Note that in this case
the wing and the VTP planform parameters are fixed to
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the initial values. The HTP is optimized for two different
cases, i.e., for minimizing block fuel weight and for mini-
mizing the MTOW. The optimization results are presented
in Figure 1. As can be seen from the results, the HTP area
is slightly reduced for both MTOW and block fuel optimi-
zations. For both scenarios, the reduction for block fuel
and for MTOW is within the same order, ie., around
0.56% for block fuel weight and around 0.27% for
MTOW. During the initial optimizations, it has been
found out that the constraint on static margin has an
important influence on the horizontal tail area. Since only
low-fidelity analysis is considered in this work, in order to
make sure the tail area is defined properly, the static mar-
gin constraint is modified to keep the value of the static
margin larger or equal to that of the reference aircraft,
9.2% MAC in this case. The maximum constraint violation
of 0.2% for optimizing block fuel scenario is due to a very
slight decrease in the static margin value compared to the
reference case. However, it is still much larger than the 5%
minimum requirement.

3.2. HTP and Wing Optimization. In this optimization case,
the wing and HTP geometries are defined as design vari-
ables, while the geometry of the VTP is fixed to the initial
values. The detailed results for the initial aircraft configura-
tion and the optimized configurations are presented in
Figure 2. As compared to the only HTP optimization case,
including the wing in the optimization can significantly
increase the optimization impacts for both block fuel and
MTOW reduction, which was obviously expected. As can
be seen, the block fuel can be reduced by 7.3% with an
almost unchanged MTOW. When optimizing the MTOW,

the reduction is 1.97% with no benefit of block fuel saving.
Note that the maximum constraint violation of 0.2% for
the block fuel optimal case is due to a very slight increase
in short period damping ratio. Note that the reason why
the VTP mass has been slightly changed after optimization
with fixed VTP parameters is due to the maximal takeoff
weight change for HTP-wing optimization case. The analytic
mass calculation method of VTP involves both VTP param-
eters such as trapezoidal area, span, taper ratio, sweep, but
also MTOW [6].

3.3. HTP, VTP, and Wing Optimization. In the third case all
the geometrical variables of the wing, HTP, and VTP are
included in the optimization. Similar to the previous case
studies, the planform parameters of the empennage and
the wing are optimized for two different cases, i.e., for block
fuel weight and for MTOW reduction. Figure 3 shows the
geometric changes of HTP, VTP, and wing optimized for
minimal block fuel and MTOW as compared to the original
case. A detailed summary of relevant aircraft parameters
including design variables for both block fuel optimal and
MTOW optimal scenarios are presented in Figure 4. As
can be found in this figure, block fuel weight is reduced
by 9.42% with 1.68% reduction of the MTOW for the block
fuel optimal scenario. The benefit comes from a combina-
tion of increasing sweep (wave drag reduction), increasing
aspect ratio (induced drag reduction), reducing area of
HTP, VTP, and wing (mass and viscous drag reduction),
and the snow-ball effects. For the MTOW optimal scenario,
the reduction of MTOW is slightly higher, about 3.28%;
however, there is almost no reduction in block fuel weight.
It has to be noted that for both MTOW and block fuel



International Journal of Aerospace Engineering

170% - - - - - - 120.0%
160%
150% 110.0%
140%
o o
E E
S 130% E}
2 2 100.0%
£ 120% k|
E &
110%
100% 90.0%
90%
80% 80.0%

Area of HTP (m?)
AR of HTP
TR of HTP
Leading edge sweep
of HTP (°)
t/c of HTP
Incidence angle
of HTP (°)
Area of wing (m?)
AR of wing
TR of wing
Leading of edge sweep
of wing ()
t/c of wing
al reference
point of wing (m)

120.0%

115.0%

110.0%

105.0%

100.0%

Relative value

95.0%

90.0%

85.0%

80.0%

MTOW (kg)
OWE (kg)

Block fuel (kg)
Mass of wing (kg)
L/D cruise

SM (% MAC)

Mass of HTP (kg)
Mass of VTP (kg)

B Initial value
1 Optimal for BF
I Optimal for MTOW

FIGURE 2: Relative changes of design variables, design constraints, and design objectives for HTP-wing optimization.

A

— [Initial configuration

— [Initial configuration

—— MTOW optimal — MTOW Optimal
—— Block fuel optimal —— Block fuel Optimal
(a) Top view comparison (b) Side view comparison

F1GUrEe 3: Comparison of HTP, VTP, and wing optimized for minimal block fuel and MTOW.



International Journal of Aerospace Engineering

170.0%
160.0%-—
150.0%-
140.0%-
E]
= 130.0%-
>
[
£ 120.0%-
=
& 110.0%-
100.0%-1 -
90.0%-1 -
80.0%— -
70.0%-
< E E 0§ B %
g = s g z 5
= S S o 15} =
B B8O A, o E
m & & < &5 2 5 L
5 < on T e
g £ =
:
130.0%
120.0%
]
=~  110.0%-
>
£
=
S 100.0% -
90.0% + -
80.0% -

AR of wing
TR of wing
t/c of wing

—~
(]
g
=
=Is)
=]
=
B
[
o
<
O
=
<

[ Initial value
[ Optimal for BF
I Optimal for MTOW

Leading edge sweep
of wing (°)
Longitudinal reference
point of wing (m

110.0% : :
100.0% - 2 L

o o .

32 ‘

< .

> P

123

£ 90.0%4 -

ke

)

4
80.0% - -

70.0% - || | |

< & & & B

E > > £ >

o ks k) o k)

g o~ [~ gb: Q

z < = e S

) ;02

i+ £ 3

-

120.0%
115,00 << <2 SR S T SR
110.0% - - <= - - oot S P S
105.0% - - - - oo T 1

L 100.0% - g . R )

E 1N N

S 95.0%- . - | P . . B

£ 90.0% - - : B | B - -

k | B : :

S 85.0% - . | | A ER | RN . B
80.0% - - . Hem - . B
75.0% - - » | | . | . B
70.0% - - » | | | - . B
65.0% ] - N I . , I . ) -
60.0% | |

—~ —~ —~ —_ —_~ —_ (9] —~
g £ £ £ 2 2 3 g
g
[<3] o oI+ =9 [=9
% = E g = = a2 i
E © =% £ I =z 3 =
=}
> £ 3 3 3 3
< < <
= = =

FIGURE 4: Relative changes of design variables, design constraints, and design objectives for HTP-VTP-wing optimization.

optimal scenarios, the area of HTP and VTP has been
reduced as compared to the baseline configuration. How-
ever, further higher fidelity analyses are required to validate
these results.

One important outcome of the optimization is the
increased sweep angle of the wing. From higher fidelity wing
aerostructural optimization, such as [29], it is expected that
the optimizer reduces the sweep angle of the wing. This reduc-
tion in sweep angles can be justified by noting that higher
sweep angles result in higher structural weight and for the
same wing area reduced wing aspect ratio, which increases
the induced drag. However lower sweep angle causes higher
wave drag. In high fidelity wing optimization, the wing shape
(airfoils) is defined as design variables, so the optimizer is able
to compensate the increase in wave drag by optimizing the

shape of airfoils. In conceptual design optimization, such as
the presented framework, no high fidelity CFD analysis is
included, so the airfoil shapes cannot be optimized in details.
The effect of airfoil shape on wave drag is considered via a
“technology factor,” which is the same for all the airfoils with
the same technology class, in this case, supercritical airfoils.
Therefore, to reduce the wave drag the optimizer needs to
reduce the wing thickness to chord ratio and/or increase the
sweep angle. This could be the main reason for getting higher
sweep angles for the optimized wing.

4. Conclusions

To deal with the aviation carbon emission reduction goals, it
is very important to extend the design space at conceptual



aircraft design phase. In this context, also for better captur-
ing the fundamental stability, control, and trim require-
ments, the tail design procedure has been formulated as an
MDO problem. In particular, detailed constraints have been
derived and imposed to the optimization process according
to the functionalities of empennage. For case studies, both
MTOW and block fuel weight have been optimized with
respect to the wing and tail plane geometrical parameters.
It has been shown that a block fuel reduction can be
achieved by 0.55% via only optimizing the horizontal tail
plan with a reduction of MTOW of 0.27%. In comparison,
the benefit via concurrent wing and tail plane optimization
is quite significant, with 9.42% block fuel reduction and
3.28% MTOW reduction. For the next step, it is meaningful
to carry out studies with new technologies, such as active
flow control or boundary layer ingestion, integrated for
exploring the maximal achievable benefit in block fuel and
MTOW reduction, with all constraints especially the stabil-
ity, control, and trim requirements satisfied.
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