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Abstract

Liquid hydrogen (LH2) aircraft concepts with rear-fuselage tanks often necessitate a larger horizontal tailplane (HTP) due
to the increased centre of gravity longitudinal travel. However, most studies focus on point designs of individual aircraft.
In contrast, conventional kerosene aircraft are typically developed as families that share a common empennage across
multiple variants. Whether such empennage commonality is feasible for LH2 families remains largely unexplored. This
paper therefore investigates the performance trade-offs associated. A preliminary design methodology is developed to size
an aircraft, influencing the design of its tailplane, based on the definition of two potential shorter family variants. All air-
craft are sized simultaneously, resulting in a family with a common empennage. When maintaining fuel capacity across a
kerosene aircraft family, the smallest member serves as the design driver for tailplane dimensions, as its shorter fuselage
results in a reduced tailplane lever arm. For LH2 families using the same strategy, the results revealed that the fuel penalty
due to tailplane commonality is halved when compared to an analogous kerosene family. The effect of the shorter lever
arm on the HTP area in the case of the smallest variant is compensated by a reduced centre of gravity longitudinal range
resulting from the placement of the tanks. However, family design strategies that do not assume tank commonality, now
present significant design challenges.
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1 Introduction

Liquid hydrogen (LH2) is emerging as a promising solu-
tion to achieve zero carbon emissions by 2050. Recent tech-
nological advances have renewed interest in LH2-powered
aircraft [1, 2]. Numerous studies indicate that rear-fuselage
tank concepts are among the most effective approaches for
integrating LH2 into conventional tube-and-wing aircraft
designs. As highlighted by Verstraete et al., these tanks offer
superior gravimetric efficiency and lower integration mass
penalties compared to alternative solutions [3—5]. A notable
drawback is the requirement for a larger horizontal tailplane
(HTP) relative to conventional kerosene aircraft, to ensure
feasible operations [6]. The variable mass of rear-fuselage
tanks significantly increases the aircraft’s longitudinal cen-
tre of gravity (CQG) range, necessitating a larger HTP to
maintain longitudinal stability and control authority.

In the aircraft industry, manufacturers commonly develop
families of aircraft based on a shared platform. An aircraft
family consists of products that share key components and
processes while allowing each variant to meet specific oper-
ational requirements [7]. Typically, there is a base model
which serves as the reference, with other variants derived
from it [8]. Families enable different combinations of range
and payload with minimal modifications to the base design.
The most common design strategy maintains constant fuel
capacity to preserve wing commonality, achieving a trade-
off between payload and range by stretching or shortening
the fuselage, as exemplified by the Airbus A320 family.
Other approaches involve creating extended-range (ER)
variants by increasing fuel capacity. These variants can also
carry higher payloads compared to the base family mem-
ber, as illustrated by the Boeing 777 family, where the 777-
200 serves as the reference model [9]. The empennage size
is strongly affected by family design. Changes in fuselage
length alter the horizontal and vertical tailplanes (HTP and
VTP) lever arms, requiring adjustments in sizing to meet
stability, trim, and control requirements [ 10]. While tailored
tailplanes are ideal, manufacturers often share the same tail
across family members to maximize commonality, resulting
in oversized surfaces and a trade-off between performance
and commonality. This approach has proven feasible in con-
ventional aircraft families such as the A320 [11-13] and
Airbus A350 [14].

Although empennage commonality is well established in
conventional kerosene-powered aircraft families, existing
studies on LH2 aircraft have largely focused on individual
point designs. To the authors’ knowledge, no prior work has
systematically investigated family-level commonality for
hydrogen-powered aircraft. While a limited number of stud-
ies address LH2 aircraft family design [15, 16], they do not
explicitly examine the degree of component commonality
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across the family. Consequently, it remains unclear whether
a shared empennage, as used in conventional families, is
feasible for LH2 configurations, particularly in light of the
stability and control challenges introduced by rear-fuselage
hydrogen storage. To address this limitation, the study for-
mulates a set of research questions, all evaluated using the
block fuel penalty of a family design relative to its corre-
sponding point-optimized configuration as the primary per-
formance metric. First, what is an acceptable performance
penalty, in terms of block fuel, for a conventional kerosene-
powered aircraft family compared to its optimized point
design? Second, how does this penalty compare to that of an
LH2 aircraft family using a traditional shared-tank design
approach? Finally, how does the penalty evolve when the
degree of commonality is reduced, allowing for variations in
tank size across family members? By addressing these ques-
tions, the study systematically evaluates the performance—
commonality trade-offs associated with shared empennage
design in LH2 aircraft families.

The document is structured in the following way: Section
2 explains the methodology developed to conduct the air-
craft designs studies. It details a simultaneous design meth-
odology that mirrors industry practice by sizing all family
members concurrently, ensuring each variant’s design influ-
ences the others [8]. Section 3 defines the reference, base-
line, and LH2 aircraft concepts used as the starting point.
These are based on the existing aircraft concepts within the
German Aerospace Center (DLR) EXACT project [17].
Section 4 outlines the calibration and verification proce-
dures followed, using publicly available data. In Section 5,
the results are presented for the different family design stud-
ies and trade-offs conducted. Lastly, Section 6 summarizes
the general trends and guidelines resulting from the design
space exploration, that can be applied for the design of LH2
aircraft families with rear-fuselage tanks.

2 Design methodology

A DLR in-house conceptual aircraft design workflow has
been modified to address the objectives of the paper. The
baseline methodology was originally developed within the
DLR EXACT project, where it was applied to conduct mul-
tiple trade-off studies and to generate several LH2 aircraft
design concepts ([4, 18, 19]). A schematic of the workflow
is shown in Fig. 1. The framework is supported by the Com-
mon Parametric Aircraft Configurations Schema (CPACS),
facilitating data exchange between tools; and the Remote
Component Environment (RCE) software, used to link the
different tools. The tools coupled, represented by squares in
Fig. 1, include two different levels of fidelity.
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Fig. 1 Modified EXACT workflow schematic

e [evel-0 methodologies: based on handbook methods,
mainly statistical or empirical expressions. They allow
for the exploration of the design space at a low compu-
tational cost [20]. This is the case for openAD, which is
the in-house DLR overall aircraft design software [21].
It mainly determines the initial aircraft geometry, mass-
and aerodynamic breakdown. It creates engine decks as
well based on a simplified engine thermodynamic cycle
calcualtion with constant component efficencies.

e The rest of the tools can be classified as Level-1 fidelity
methodologies. Each of them focuses on a specific disci-
pline within overall aircraft design. The methods inside
them are more complex, and based on simplified phys-
ics models, that are applicable to simple extensions of
the design space [22]. These are the aircraft fuel mission
calculator tool [4], the low speed performance tool [23],
the hydrogen tank sizing routine (from [24]), and meth-
odologies for the estimation of the fuselage and wing
structural masses [25-28].

As depicted in Fig. 1, the workflow is composed of three con-
vergence loops or sub-workflows. Each of them corresponds
to a family member. For each aircraft, the design process
begins with openAD, which defines a preliminary aircraft
configuration. This initial design is then refined using the
Level-1 fidelity tools that recalculate key parameters for the
different disciplines. In the next iteration, openAD receives
new inputs based on the Level-1 tool results through the
“Synthesis” script, resulting in a refined design. The process
is repeated until convergence. The “main” family member is
designed first. Then, the results of the design are passed to
the family “versions” 1 and 2. Here, the “Family transfor-
mation” scripts are introduced, which are used to define the
family “versions” based on the “main” family member out-
put. The “versions” 1 and 2 are defined based on the change
in total fuselage length (Aly), the change in fuselage length
due to sections placed behind the wing (Aly 1 p), the change

. . . d
in mass per meter of cabin section (%ff, where my repre-

sents the fuselage mass), and the change in payload-range
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capability, with respect to the “main” family member. At
the same time, the “family scripts” ensure that certain con-
straints for aircraft family design are met. For instance, hav-
ing the same relative position of the main landing gear to the
wing chord (&), or having a feasible wing root position
along the fuselage length (2,0t,7,£) based on a fixed length
for the fuselage family sections. The expressions applied to
go from the “main” member to the “family versions” can be
found below:

length of the fuselage : 5., ;... = {fpwin + Alf (1)

dm]c

mass of the fuselage : my, . ... =my, .. + . Aly )
f

main landing gear position : {mg,ervion = Smamain 3)

wing r0ot position : @yeot,LEyen—eizing = Lroot,LEazing T Aly — Alyrp (4)

The meaning of the subscripts “sizing” and ‘“non-sizing”
in expression (4) are explained further down in Sect. 2.2.
The components highlighted in red in Fig. 1, constitute the
modifications done to the EXACT workflow with respect
to the base methodology. The improved version is able to
systematically size an aircraft, with special emphasis on its
tailplane, considering not only the given Top Level Aircraft
Requirements (TLARS), but also potential family members.
Two main changes were implemented, explained in the fol-
lowing sections.

2.1 Horizontal tailplane sizing tool

Special emphasis is placed on the sizing process of the
HTP, as mentioned in the introduction. A new Level-1 fidel-
ity tool based on the scissors plot methodology [10, 29] is
implemented into the workflow. The methodology is based
on the analysis of the moment equilibrium of the aircraft
among different flight phases. This more detailed assess-
ment allows to model the main differences between kero-
sene and LH2 aircraft regarding the mass distribution along
the longitudinal axis. The original semi-empirical and statis-
tical methods available in openAD are still used to size the
vertical tailplane (VTP).

The so-called X-plot or scissors plot, is a graph that rep-
resents the required area ratio of the HTP to the wing (S, /S
) as a function of the longitudinal CG range, commonly
shown as a percentage of the length of the mean aerody-
namic chord (MAC) (z.,/M AC). Multiple lines are plot-
ted, each representing a specific sizing requirement for the
HTP and indicating the necessary tailplane area for a given
CG position along the MAC under a particular flight condi-
tion. The equations defining these lines are based on dif-
ferent HTP sizing criteria. In this study, three criteria are
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considered: take-off rotation, controllability (trim), and sta-
bility. A brief description of each is provided below:

o Controllability requirement (trim): the HTP has to be
able to generate a moment in a way that ensures a longi-
tudinal equilibrium of all forces, that in the end, results
in a moment equal to zero around the aircraft CG. At
this point, the aircraft is said to be trimmed [10]. When
moments are evaluated about the aircraft CG, the result-
ing expression may be rearranged into a linear form (see
(5)). This formulation, which parallels the derivation in
[29], allows the controllability boundaries to be mapped
directly onto the scissor plot:

Sh

—_ = . ‘ng
S A MAC

+B 4)

The A and B coefficients depend on the aircraft geometry
(such as the horizontal tailplane lever arm and aecrodynamic
centre positions), as well as on the engine characteristics and
overall aerodynamics [10, 29]. The coefficients vary with
the flight condition and flap setting, with the most critical
trimming scenario typically occurring in the landing config-
uration, which imposes a limit on the most forward in-flight
CG position of the aircraft [ 10]. This implies that the farther
forward the CG is located, the larger the horizontal tailplane
(HTP) must be to satisfy the trimming requirement.

o Stability requirement: the aircraft has to be longitudinal-
ly statically stable for all its CG positions. This means
that the derivative of the pitching moment coefficient
with respect to the angle of attack has to be negative
[10]. This condition can be re-arranged also as a linear
equation like (5), giving the required HTP area (S} /S
) as a function of the CG position (z.,/M AC'). In this
case, it is the cruise condition the one that usually repre-
sents the sizing case for the HTP from a stability point of
view, limiting the most aft in-flight CG [10, 29].

o Take-off (TO) rotation requirement: the HTP is not only
responsible for trimming the aircraft and ensuring sta-
bility, but also for providing sufficient control through
the elevator during certain manoeuvres. Take-off is es-
pecially relevant, as the HTP has to be able to provide
enough lift to rotate the aircraft around the main landing
gear at an acceptable angular acceleration [10, 30]. Con-
sidering all forces and moments acting on the aircraft
during rolling, a third expression can be deducted that
can also be rearranged in the form of a linear equation.
The model used for this requirement is taken from [30].
The requirement can be analysed for different aircraft
weight configurations, being often the most critical the
one with the most forward CG. This latter requirement
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Fig. 2 Example of minimum HTP area for trim and stability

then imposes a limit for the most forward CG of the air-
craft, in this case for ground operations. For the study,
it is expected to be slightly behind the most forward in-
flight CG (5% of MAC behind), as indicated in some
available commercial aircraft data [31].

The equations for each HTP sizing requirement include
multiple aircraft geometric, aerodynamic, and engine per-
formance parameters. In case these are not given in the
CPACS data structure, they are estimated using semi-
empirical methods taken mainly from the USAF-DATCOM
[32]. The first two requirements are analysed along the dis-
cretized flight envelope boundary for clean, take-off, and
landing configuration. The take-off rotation is analysed for
different take-off masses. Only three lines are shown in the
final plot, the most limiting ones, one for each requirement.
The CG range is plotted, including the most forward and
aft in-flight CG positions, and most forward on-ground CG
position. The lines define a region with the shape of a scis-
sor, where the CG range has to be contained. Therefore, the
minimum HTP area is found when the range lies perfectly
between two of the boundaries. Examples of the two pos-
sible solutions are shown below in Figs. 2 and 3.

A link is implemented between openAD and the HTP siz-
ing tool through the synthesis script (see Fig. 1) to find the
minimum HTP solution. The wing longitudinal position is
iteratively changed. After each iteration, the scissor plot is
analysed.

1. If the HTP area is smaller/bigger than it should be, the
size is adjusted.

—— Controllability
—— Stability
TO-Rotation

0.30 \

0.25 \
0.20

0.15 \
0.10 \

00%> 00 02 04 06
Xcg/MAC

Sh/S

Fig. 3 Example of minimum HTP area for stability and TO rotation

2. The relative position of the CG range to the boundaries
of the scissors is studied. The wing position is adjusted
accordingly.

e [f the wing is too far aft, the situation is identified
in the plot with the most aft CG being far in front
of the stability limit. The control requirement (or
take-off rotation requirement) is oversizing the HTP,
being the most forward CG for in-flight operations
(or on-ground) over the controllability boundary (or
take-off rotation boundary). The wing can be shifted
forward, resulting in a more optimal wing position
and thus smaller HTP.

e If the wing is too far in front the opposite case is
given. Both most forward centers of gravity for
in-flight and on-ground operations are positioned
behind the controllability and take-of rotations lim-
its respectively, with the stability requirement act-
ing as the constraint for the HTP area. To reduce the
required area, the wing can be shifted backwards.

The methodology identifies which case applies, and cor-
rects the wing position.

3. The new HTP area and wing longitudinal position are fed
back to openAD through the synthesis script. The values
are fixed for the next iteration of the design, repeating the
process until the design has converged, resulting in the
minimum HTP area. Two possible outcomes exist for the
routine, depicted in Figs. 2 and 3, for an aircraft whose
in-flight CG spans from 15% (20% for TO) to 45% of the
MAC. Both cases result in an S, /S = 0.245.
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o Minimum HTP for trim and stability: the in-flight
CQG lies perfectly between the control and stability
requirements. All requirements are meet. The tail is
slightly oversized for take-off rotation, as the CG for
rotation lies behind its limit (orange line). Adjust-
ing the wing position to solve this worsens the other
requirements. Figure 2 shows an example.

e Minimum HTP for stability and take-off rotation:
the most forward CG for on-ground operations (TO)
lies now perfectly over the take-off rotation limit. It
is represented in Fig. 3. The tail is now oversized
for the controllability requirement, since the most
forward CG is slightly behind the blue line. Shifting
the wing, leads to a sub-optimal result regarding the
stability boundary.

2.2 Outer-Family convergence loop

The second addition to the workflow consists of an outer
loop that feeds information gathered from all family mem-
bers back into the main family design. Initially, the main
aircraft was sized independently, determining the required
VTP and HTP areas for the design. Then, the information
was passed and fixed as an input for the family versions.
Thus, it was always considered that the main family version
was sizing for both the HTP and VTP. The workflow can
now assess whether any of the family versions requires a
larger tailplane, influencing the design of the main family
member. The sizing routine is divided into two parts now:

e Point design phase: firstly, all aircraft are sized inde-
pendently. The required sizes for both the HTP and VTP
are determined, along with the optimal wing position.
At this stage, the wing can be positioned freely along
the longitudinal axis, without considering family design

Ay

Fig.4 Example of the change in fuselage length and wing position for
an aircraft family
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constraints. Thus, expression (4) is not used. At the end
of this phase, the results for the HTP and VTP sizes
across all aircraft are evaluated in the decision-making
block, which identifies the most critical variant.

e Family design phase: once the sizing aircraft for both
the HTP and VTP is identified, the corresponding em-
pennage sizes are fixed and imposed on the other two
variants. The aircraft design loops are reiterated for all
aircraft, this time incorporating the common empennage
into each design. The wing position of the “non-sizing”
aircraft is readjusted in this phase. During the point de-
sign phase, the wing location was unconstrained. How-
ever, in practice, when designing a family of aircraft,
the wing position cannot be arbitrarily defined. It must
be coordinated across all family members, taking into
account the overall change in fuselage length (Aly) and
the change in fuselage length due to added or removed
fuselage sections behind the wing (Alyp), as illustrat-
ed in Fig. 4. The final wing position of the “non-sizing”
variants is selected so that, after adjusting the fuselage
length, the resulting wing location for the “sizing” vari-
ant aligns with the optimal position for minimum HTP
area. This is done with expression (4).

The point design executes each aircraft design loop only
once. However, the family design phase might need a few
more iterations of the outer loop to converge, recalculating
each aircraft design loop multiple times. This is because
the main aircraft design is linked to the family versions as
depicted in Fig. 1. Changing the main design impacts the
family versions, and as a result the critical HTP and VTP
sizes for the family. Thus, once the sizing aircraft is iden-
tified, the empennage and wing position of the remaining
members are adjusted until achieving a converged family
with a common tail size. The HTP and VTP sizes are con-
verged in parallel.

The calculation method for the VTP size is compara-
tively simple. An empirical formulation is implemented
in openAD to estimate the vertical tail volume coefficient
based on key aircraft geometric parameters, including the
fuselage length. The equation used is considered sufficient
for the purpose of the study to account for the variations
in VTP size among the different family members due to its
consideration of the difference in fuselage length.

Each aircraft design sub-workflow runs all disciplinary
tools in parallel. After each iteration, the OEM (operating
empty mass) and MTOM (maximum take-off mass) val-
ues are evaluated to check for convergence. In contrast, the
outer family loop monitors the HTP and VTP surface areas
at the end of each iteration. To ensure consistent conver-
gence criteria, the tolerances for the inner-aircraft design
loops are set such that a mass difference (in kg) corresponds
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to an acceptable surface area difference (in m?) for the con-
vergence of the outer-family loop. For this study specifi-
cally, a difference of 0.5 m? was considered for a converged
empennage size.

Note that the methodology described is applicable only
when the stretched variant serves as the main family mem-
ber. The “Family transformation” scripts adjust component
positions and centers of gravity based on the change in
fuselage length of each variant relative to the main design.
During the point design phase, only the HTP and VTP are
resized for each aircraft; all other components, such as
the engines and landing gear, are sized based on the main
design and remain fixed for the other variants. Since these
components are typically driven by the requirements of the
largest family member, only that variant is suitable to serve
as the base or main design. This ensures that all shared com-
ponents, and not only the empennage, are sized for the most
demanding variant.

3 Aircraft concepts for the study

In this section the concepts used for this study are presented.
All aircraft are existing concepts derived from the DLR
EXACT project. Their design has been refined due to the
enhanced methodology for HTP sizing.

3.1 Reference aircraft: the DLR D239 concept

The reference aircraft is used as the basis to calibrate the
methodology applied during the aircraft design study, serv-
ing at the same time as a model for comparison and sensitiv-
ity studies. The reference chosen is the DLR D239 aircraft
concept, shown in Fig. 5. It resembles the DLR interpreta-
tion of an aircraft similar to the Airbus A321neo with tech-
nology factors from 2016, based on publicly available data
[11-13]. It was used for the EXACT project short-medium-
range class concepts [18]. The TLARs are summarized in
Table 1 (TOFL stands for Take-Off Field Length).

3.2 Baseline aircraft: DLR D250 concept

The concept of baseline aircraft is also widely used in the
overall aircraft design context. It represents an evolved
version of the reference aircraft. Technology factors are
applied that account for aircraft performance improvements
in different disciplines. This configuration serves as a con-
ventional baseline, assuming an Entry into Service (EIS)
concurrent with the technologies under investigation. As
its name indicates, the baseline is used as a base for the
development of new aircraft concepts and to compare the
obtained results. The D250 kerosene aircraft concept is a

Fig.5 D239 ISO-view

Table 1 D239 reference aircraft concept TLARs [18]

TLAR Value Units
Design Range 2500 NM
Design PAX (single class) 239 -
Mass per PAX 95 kg
Design Payload 25000 kg
Max. Payload 25000 kg
Cruise Mach number 0.78 -
Max. operating Mach number 0.80 -
Max. operating altitude 40000 ft
Approach speed 136 kt
TOFL (ISA +0K SL) 2200 m
Rate of Climb @ TOC >300 ft/min
Wing span limit <36 m
Table 2 D250 baseline aircraft concept TLARs [18]

TLAR Value Units
Design Range 1500 NM
Design PAX (single class) 250 -
Mass per PAX 95 kg
Design Payload 23750 kg
Max. Payload 25000 kg
Approach speed 140 kt
TOFL (ISA +0K SL) 1900 m
Wing span limit <42 m

short-medium range (SMR) turbofan powered aircraft. It
was developed as the baseline model for the EXACT LH2
concepts [18]. The TLARs are summarized in Table 2. The
TLARs are derived from the D239 baseline, with the main
modifications being an updated range and payload to ensure
comparability between the D250 kerosene configuration and
an LH2 concept [18], as well as an increased wingspan limit
reflecting a higher aspect ratio wing. The aircraft is pow-
ered by an incrementally improved version of the geared
turbofan employed on the D239. Furthermore, technology
factors have been applied across the various disciplines to
reflect the EIS of 2040. A summary of these modifications is
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Table 3 D250 baseline technology factors compared to the D239 refer-

ence [18]

Parameter Technology Factor

BPR + 15% from Reference (BPR = 12)
OPR + 25 % from Reference (OPR = 36)
Gas Turbine + 5% efficiency and no thrust reverse
Fuselage — 5% mass vs. state of the art

Wing CFRP wing with foldable wingtips
Empennage — 8% mass

Table 4 Family versions definition for the D239 family concept

TLAR D239  D239-mid D239-short Units
Design Range 2500 2900 3300 NM
Design PAX (sing. class) 239 185 156 -
Design Payload 25000 17000 16400 kg
Max. Payload 25000 19200 19000 kg
Al 0 -6.93 —10.67 m
AZVTP 0 -2.70 —4.70 m
dmy /diy - 275 275 kg/m

@ FWDCG

@® AFTCG

CG TO Rotation
---- Flight CG Range

0.30

0.25

0.20

SH/S

0.15

0.10

Fig. 6 D239 (Point design) scissors

presented in Table 3 (where CFRP stands for Carbon Fiber
Reinforced Polymer).

3.3 LH2 aircraft: D250-LH2 concept

The D250-LH2 concept was developed from the D250
baseline, and represents a SMR aircraft with two turbofan
engines powered by direct combustion of liquid hydrogen.
The TLARs of this concept are the same as shown in Table
2 for the D250 kerosene baseline. The concept is also part of
the results of the EXACT project. It incorporates two cryo-
genic non-integral hydrogen tanks for redundancy, located
behind the cabin at the unpressurized rear of the fuselage.

@ Springer
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The tanks are made from aluminium, and insulated using
multi-layer insulation (MLI) [19]. Note that the concept pre-
sented in [19] featured a conventional horizontal tail config-
uration, as also does the kerosene D250 baseline. However,
in more recent updates of the concept, this configuration has
evolved into a T-tail. It ensures a better integration solution
for the cryogenic tanks, while also decreases the required
HTP area.

4 Calibration

This section showcases the calibration and heuristic valida-
tion procedure and results of the enhanced EXACT work-
flow. The D239 reference aircraft (see Figure 5) is used as
the calibration case, and is sized as the main family member.
Two shorter versions are derived from it. These are inter-
pretations similar to the A320neo and A319neo aircraft, and
named for this study D239-mid and D239-short respectively.
The three aircraft constitute the D239 family. The definition
of the two shorter family versions is done based on a series
of parameters used in the “Family transformation” scripts,
as explained in Section 2 of the document. Their values are
shown in Table 4.

Each family member, D239 (L), D239-mid (M) and
D239-short (S) is designed independently first to reach
the design points specified in Table 4. The empennage is
sized for minimum area. Once the sizing member for the
empennage is identified, the tailplane tools requirements are
manually calibrated to fit the CG range of the sizing family
member. Lastly, all family variants are redesigned until a
common empennage size is found. The HTP sizing process
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Fig. 8 D239 (Family design) scissors

can be seen in the scissor plots shown in Figures 6-7 and 8-
9. The first two illustrate the point designs, and the last two
the family designs of both D239 and D239-short.

Starting with the point design, the HTP area is constrained
for both aircraft by take-off rotation and stability require-
ments, similar to the example in Fig. 3. The aircraft’s CG
range, which is estimated by using 6 different combinations
of design masses, payload and fuel, must remain within the
region defined above the intersection of the red and orange
lines. The trim (or controllability) requirement (blue) does
not limit the HTP area. In both plots, the CG range lies
perfectly within the bounds set by the take-off rotation and
stability constraints, indicating that the HTP area has been
minimized and tailored for each point design. The CG range
is similar for both aircraft. However, the shorter lever arm of
the -short variant is reflected in the scissor plot as a narrower
feasible region, ultimately resulting in a larger S}, /.S value.
Note that in both cases, the wing reference area is assumed
to be 129 m?.

For the final D239 family design, the HTP is oversized
for the long-fuselage variant (compare Figs. 6 and 8), as
indicated by the CG range lying well within the scissor plot
boundaries with a noticeable margin relative to the point
design. A similar trend is observed for the D239-mid final
family design. Consequently, the HTP area is dictated by
the short variant and subsequently applied across the fam-
ily, while the short variant itself remains largely unchanged
between the point and family designs. These trends can only
be partially assessed through consistency with established
aircraft design principles, as no publicly available data
exists regarding the actual sizing aircraft within the D239
similar A320 family or the corresponding point-design tail-
plane areas of the remaining variants. Identifying the D239-
short as the sizing family member is consistent with the
expected trend resulting from its shorter tail moment arm.
Based on this assumption, the employed methodology was
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Fig. 9 D239-S (Family design) scissors

calibrated to reproduce the publicly available HTP area of
the overall family design [11-13]. The resulting tailplane
surface area predictions for the D239-M and D239 variants
follow the expected physical trend, although a direct quan-
titative validation is not possible due to the lack of publicly
available reference data. Additional qualitative support for
these findings can be drawn from an incident report pub-
lished by the Air Accidents Investigation Branch (AAIB)
concerning an Airbus A321 [33]. The report suggests that
the aircraft possesses a comparatively oversized tailplane
and reaches its forward CG limit through take-off rotation
constraints rather than controllability limitations. Despite
operating at an excessively forward CG position outside of
the operational range, the aircraft remained controllable but
barely achieved sufficient rotation for lift-off. Both tenden-
cies are predicted for the D239 family design (see Fig. 8).
Appendix A provides three-view drawings of the final D239
and D239-short designs.

The results for all family members in the initial design
loop (point design) and the final family design are summa-
rized in Table 5. Both the horizontal and vertical tailplanes
are sized by the short-fuselage variant, which features the
smallest tail moment arm. The table presents the variations
in key geometric parameters, including empennage areas
(S, and Sp) and wing position (Z,0t,1), for both point
and family designs, and links these changes to their impact
on operating empty mass (OEM) and maximum take-off
mass (MTOM). Ultimately, these geometric and mass varia-
tions translate into differences in mission fuel mass (MFM),
which is used to quantify the block fuel penalty associated
with adopting a family design relative to the optimized point
designs.

As observed, the largest penalty occurs for the long-fuse-
lage variant, as its optimal empennage size deviates most
from the common family configuration. Overall, adopting
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Table 5 Comparison of the D239 aircraft variants point and family designs

Point design Family design
L M S L M S
Troot,LE [M] 16.68 12.68 10.85 16.77 12.54 10.85
S, [m?] 18.07 19.19 20.50 19.92 19.92 20.06
Sh, [m?] 26.20 29.28 31.81 31.45 31.45 31.19
Payload [kg] 25000 19000 16400 25000 19000 16400
OEM [kg] 50029 43806 42010 50378 (+0.7%) 44055 (+0.57%) 42164 (+0.37%)
MTOM [kg] 92717 79576 75889 93350 (+0.68%) 79948 (+0.47%) 76073 (+0.24%)
MFM [kg] 17688 16872 17581 17972 (+1.6%) 16997 (+0.74%) 17613 (+0.18%)

Table 6 A320neo family data [11-13]

A320 neo family

A321 (L) A320 (M) A319 (S)
Troot,LE [M] 16.80 12.71 10.86
Sy [m?] 20.4 20.4 20.4
Sh [m?] 31.0 31.0 31.0

a family design for the D239 (L) increases the OEM by
approximately 0.7%, primarily due to the larger empen-
nage required by the short variant. This increase propagates
through the design in a compounding manner: heavier tail
surfaces require larger engines, which in turn drive increases
in wing and fuselage structural weight. As a result, a mis-
sion fuel mass penalty of approximately 1.6% is observed
for a 2500 NM mission. This level of penalty is consistent
with industry practice and is generally considered an accept-
able trade-off given the benefits of component commonality.
The members of the Airbus A320neo family share a com-
mon empennage configuration [11-13]. The results there-
fore provide a useful reference point for benchmarking the
performance impact of commonality in kerosene-powered
aircraft families, which can subsequently be compared to
LH2 configurations.

The wing position, during the point design phase it is
optimized independently for each aircraft to minimize
empennage size. However, in the final family design, the
wing position of the non-critical members deviates from
these individual optimum (see Table 5), as it is readjusted
to satisfy the family design constraints defined in Table
4, following Equation (4). For the D239-short variant,
which acts as the sizing member, both the tailplane areas
and wing position differ slightly from those obtained in the
point design iteration. These variations propagate to small
changes in OEM, MTOM, and MFM. This discrepancy is
caused by the iterative coupling within the family design
process, whereby modifications to the main family mem-
ber influence the subsequent sizing of the -short variant. A
minor difference also remains between the horizontal and
vertical tailplane areas of the D239-short and those of the
other family members. However, this difference is below
the convergence tolerance of 0.5 m? defined for the outer
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Fig. 10 D250 main family member (long version) ISO-view

loop. The family design can therefore be considered con-
verged to a common empennage area.

The final results for the reference D239 aircraft fam-
ily shown in Table 5 can now be compared to the publicly
available data for the A320neo family [11-13]. The main
parameters are summarized in Table 6. The values for the
reference closely align with the numbers in the table below.

5 Results and discussion

This chapter provides a comprehensive evaluation of the
results obtained across the different aircraft family concep-
tual design studies. The present work is based on the meth-
odology and findings of the DLR EXACT project, utilizing
both the D250 baseline [18] and D250-LH2 [19] concepts to
conduct the various studies. Both concepts are represented
in Figs. 10 and 11 respectively.

First, both concepts are redesigned using the enhanced
aircraft sizing workflow. The improvements introduced
in Chapter 2 enable trade-off analyses that were not pos-
sible during the initial design phase. Following this, aircraft
families are derived from both the D250 and D250-LH2
concepts, following the same strategy applied to the D239
reference family. In each case, two shorter variants are
generated, with their corresponding definitions provided
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Fig. 11 D250-LH2 main family member (long version) ISO-view

Table 7 Family versions definition for the D250 and D250-LH2 family

concepts

TLAR D250/D250-LH2 ~ D250-mid D250-short Units
Design 1500 1700 2000 NM
Range

Design 250 220 190 -
PAX (sing.

class)

Design 23750 20090 18050 kg
Payload

Max. 25000 22000 19000 kg
Payload

Aly 0 -3.7 -74 m
Alyrp 0 -1.85 -3.7 m
dmg/dly - 305 305 kg/m

in Table 7. The range of the shorter variants is determined
based on the main D250 family member, using a propor-
tional scaling consistent with that applied to the D239 fam-
ily. Similarly, the passenger capacity of the shorter variants
is defined using the same passenger ratio adopted for the
reference aircraft family.

In the final section of the chapter, the sensitivities of the
D250-LH2 family design are further examined.

5.1 Landing gear integration trade-off study

The modifications done to the workflow led to new design
trade-offs for both the D250 and D250-LH2 configurations.
A significant trade-off emerging is between wing-mounted
and body-mounted landing gear. The D250 concept features
a shorter inner wing chord. The optimization of the horizon-
tal tailplane area, achieved by the implemented algorithm
through a shift of the wing, results in a wing position that
prevents integration of the landing gear within the wing
structure. Shifting the wing forward causes the aircraft’s
CG range to move aft relative to the wing chord, which

D250 wing-mounted gear

Belly fairing
Main landing gear visible

D250 fuselage-mounted gear \

Fig. 12 Plan view of the D250 concept (point design) with fuselage-
mounted (bottom) and wing-mounted landing gear (top)

in turn displaces the landing gear location rearward. This
leads to a point where the wing is positioned so far forward
that wing mounted landing gear integration becomes unfea-
sible. Thus, the D250 design requires a trade-off between
fuselage-mounted and wing-mounted landing gear, which
affects its final wing position and HTP area. The main geo-
metric differences between both concepts are depicted in
Fig. 12, which presents both possible D250 point designs.
Under the symmetry line, the fuselage-mounted solution
is shown, featuring a belly fairing. Above the symmetry
line, the wing-integrated concept is depicted, displaying a
slightly aft wing position.

The landing gear integration trade-off is even more criti-
cal for LH2 aircraft with rear-mounted tanks. Due to the
larger CG range, the main landing gear must be positioned
further aft to ensure ground stability. In a wing-mounted
landing gear configuration, this requirement can drive the
wing position significantly rearwards, leading to a non-opti-
mal HTP area. A potential mitigation strategy is to reduce
the allowable operational CG range [4]. Since the landing
gear position is determined by the most aft CG condition,
which for LH2 aircraft with rear tanks typically corresponds
to ferry flight conditions, operational constraints can be
introduced to limit aft CG excursions. For instance, enforc-
ing a minimum payload requirement can restrict the aft CG
shift, enabling a more forward landing gear position and,
consequently, a more favourable wing placement and HTP
sizing. For LH2 aircraft, this approach implies a reduction
in maximum fuel load during ferry or low-payload missions,
effectively decreasing the achievable ferry range. The nomi-
nal range can still be maintained when sufficient payload is
carried. Additionally, the use of a tail stand may be required

@ Springer



A. Garmilla Manzano et al.

during refuelling of an empty aircraft to full tank capacity.
However, these measures reduce the overall flexibility of
both the aircraft design and its operational envelope [4].

The effect of the landing gear integration trade-off on the
scissor plot can be observed in Figs. 13 and 14 for the D250
main family member. The same behaviour is found for the
shorter variants as well as for the LH2 configurations. For
the wing-integrated solution (see Fig. 14), the relative posi-
tion of the main landing gear along the wing chord (&) is
constrained. Its value is fixed to &,,; = 0.8, leaving the aft
20% of the wing chord available for high-lift device mecha-
nisms. This constraint introduces an additional limitation
in the scissor plot, effectively restricting the allowable aft
centre-of-gravity (CG) position, as illustrated in Fig. 14.
Although the aft CG limit remains ahead of the stability
boundary, further forward wing movement without modify-
ing the landing gear integration becomes unfeasible. This
results in a sub-optimal wing position and, consequently,
an oversized horizontal tailplane. Once this constraint is
reached, the wing cannot be shifted further forward.

At first glance, the HTP areas for both configurations
appear similar, as shown in Figs. 13 and 14, which may
seem counter-intuitive. However, this is a coincidental
result arising from differences in mass distribution between
the configurations. When considering all family members,
the overall trend supports the initial hypothesis: configura-
tions with fuselage-integrated landing gear generally require
smaller horizontal tailplane areas across the family (see also
the LH2 designs shown in Table 8).

Table 8 presents the results of the landing gear integra-
tion trade-off. The D250 configuration is evaluated with
both wing-mounted and fuselage-mounted landing gear.
The D250-LH2 concept is assessed under the same configu-
rations, additionally considering both full and reduced CG
range cases to constrain aircraft operations. For the reduced
CG range variant, no specific regulatory limitations were
identified. A shift of the aft CG limit forward by 0.4 m (10
% MAC) was considered a reasonable compromise between
performance and operational flexibility, effectively reduc-
ing the CG range by 15%. The minimum payload without
operational constraints at maximum tank capacity is 28 %,
which is well below an average or profitable capacity fac-
tor and thus would rarely occur in regular airline operations
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Fig. 13 Scissors plot for the D250 with fuselage integrated landing
gear (Point design)
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Fig. 14 Scissors plot for the D250 with wing integrated landing gear
(Point design)

Table 8 Impact of landing gear integration on geometry and performance of the D250 and D250-LH2 point designs

Wing-Mounted

Fuselage-Mounted

D250 D250-LH2 D250-LH2 D250 D250-LH2 D250-LH2
(red. CG) (red. CG)
Troot,L E [M] 16.54 21.62 22.84 16.05 20.11 19.60
Sh [m?] 24.72 36.74 47.20 25.05 32.64 37.02
Emg [-] 0.80 0.80 0.80 0.96 1.05 1.23
MFM [kg] 9123 3835 3930 9207 (+0.9%) 3816 (-0.5%) 3820 (-2.8%)
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[34]. This leads to a total of two configurations for the D250
and four configurations for the D250-LH2. The table sum-
marizes the resulting geometric variations, with particular
emphasis on wing position and horizontal tailplane area, as
these represent the main values affected by changes in land-
ing gear integration and CG range. The table also depicts
the value for the relative position of the main landing gear
with respect to the wing, &,,,4. These geometric changes are
directly linked to aircraft performance, which is evaluated in
terms of block fuel for the mission, using mission fuel mass
(MFM) as the primary performance metric. The results are
presented for the point design and provide an initial indi-
cation of the relative performance of the different configu-
rations. The corresponding trends for the shorter family
members are not shown, as they follow the same behavior.

For the D250 baseline, both landing gear integration
concepts show comparable performance, with the wing-
mounted configuration achieving less than a 1% improve-
ment in mission fuel mass. These results exclude trim drag,
which would likely penalise the wing-mounted concept
due to its increased static margin (17.5% MAC versus 10%
MAC). Within modelling uncertainties, no clear selection
can be made based on performance alone. However, the
wing-mounted configuration may still be preferred due to
improved fuselage aerodynamics, better turning stability,
and more efficient cargo space utilisation, consistent with
typical industry practice for low-wing aircraft.

For the reduced-CG D250-LH2 case, both configura-
tions again show similar performance, although the wing-
mounted design exhibits slightly lower performance in
this case. The optimal landing gear position shifts aft to
&mg = 1.05 (compared to 0.96 for the kerosene baseline).
Consequently, the forward shift of the wing is more limited
for the LH2 design, as the gear remains constrained at the
&mg = 0.8 limit. This results in a more pronounced differ-
ence between the horizontal tailplane areas of the two land-
ing gear integration solutions.

When the CG range constraint is removed, performance
degrades for both configurations, but more strongly for
the wing-mounted case. The optimal landing gear position
moves further aft to &,y = 1.23, while the wing-mounted
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Fig. 15 D250-LH2 family concept with constant fuel capacity and
varying payload

design remains constrained at §,,,, = 0.8. Consequently, the
wing position is severely limited. For the D250 baseline,
the difference in wing position between the two landing
gear integration solutions was approximately 0.5 m. For the
D250-LH2, this difference increases to almost 3 m, mean-
ing the wing is positioned almost 3 m aft of its optimum
location. Therefore, a wing-mounted landing gear configu-
ration without operational constraints leads to an unfeasible
solution for the D250-LH2. The unfavourable wing position
results in an impractically large horizontal tailplane, yield-
ing a 3% lower efficiency for the same mission compared to
the fuselage-mounted design (note that these results do not
account for trim drag, which further strengthens this conclu-
sion). In the fuselage-mounted configuration, the horizontal
tailplane also increases under unconstrained CG conditions;
however, since the main gear position is not fixed, the over-
all performance impact is smaller.

Overall, the results indicate that a wing-mounted land-
ing gear configuration is preferred for conventional designs
(like the D250), as the favourable aircraft characteristics
outweigh the sub-optimal HTP size and wing position.
Fuselage-mounted gear solutions, on the other hand, should
be considered when they offer clear performance advan-
tages, which is the case for the D250-LH2 aircraft con-
cept. Improved performance, together with the possibility
of increasing the CG range without major penalties, are the
deciding factors.

5.2 D250 and D250-LH2 family results

Two shorter family variants are derived from both concepts
following the requirements in Table 7. The family design
strategy follows the same approach as for the D239, where
payload is varied through fuselage length while maintaining
a constant fuel tank capacity, resulting in a payload-range
trade-off for the shorter variants. The D250 and D250-LH2
(Figures 10 and 11) serve as the reference member.

The family strategy selected for the D250-LH2 con-
cept follows the conventional approach used in industry
for kerosene-powered aircraft. An example of the resulting
LH2 family design is shown in Figure 15. Unlike the D250
family, the ranges of the D250-LH2 mid and short variants
are not prescribed, but instead a result from the fixed tank
capacity, which is sized for the 1500 NM design mission
of the long family member, and the associated reduction
in payload. The resulting foam-insulated aluminium tanks
achieve gravimetric efficiencies of up to 54 % (Table 9). The
gravimetric efficiency values given do not consider masses
originating from tank mounting and tank systems. The
remaining family definitions are identical to the D250 base-
line (Table 7). Due to the limited payload—range flexibility
imposed by the cryogenic tank configuration, additional

@ Springer



A. Garmilla Manzano et al.

Table 9 D250-LH2 family tank characteristics

Value Forward Aft Unit
Shell material Aluminium -
Insulation material Foam -
Shape Cylinder Cone -
Max. pressure 2.0 bar
Sizing volume 47.8 17.8 m’
Outer radius 1.68 1.46 m
Empty mass 2457 1210 kg
Max. fuel mass 2935 1100 kg
Unusable fuel 170 63 kg
Gravimetric efficiency 54 48 %
54 T
— D250
41 3 D250-LH2
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Fig. 16 Point design results for the required HTP area as a function
of the change in fuselage length for both D250 and D250-LH2 family
concepts. Results are shown for all base (or long) (B) mid (M) and
short (S) family variants

family strategies with a lower degree of commonality, i.e.
without shared tank, are explored in section 5.3.

Figure 16 depicts the relationship between change in
HTP area and reduction in fuselage length. It is shown for
both the D250 and D250-LH2 concepts and their respective
shorter variants. The base (long) family member serves as a
reference for the variations in fuselage length and HTP area.

The findings from the D239 analysis in Section 4 are
confirmed for the D250 baseline family. A established trend
in HTP sizing for kerosene aircraft families is observed: a
reduction in fuselage length leads to a shorter tail moment
arm and, consequently, a larger required HTP. As a result,
the short family member typically governs the HTP sizing.

Despite the D250-LH2-short is still sizing for the HTP,
the aforementioned ascending trend is not exactly mimicked
for the D250-LH2 family. The reason behind relies on the
noticeable variation of the CG range with fuselage length
that is given for an LH2 aircraft family. For an LH2 concept,
the tank position relative to the wing increases with fuselage
length. When the fuselage is stretched, the tank is shifted
backwards a distance equal to Aly, whereas the wing is only
shifted backwards a distance equal Aly — Alypp. There-
fore, a larger longitudinal CG range results for the stretched
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Fig. 18 Scissors plot for the D250-LH2-short (Point design)

family member. Figures 17 and 18 present the scissors plots
for the long and short members of the D250-LH2 family.
Two effects are given for the shortest member, when
compared to the long. On the one hand, the shorter fuse-
lage results in a smaller lever arm. The shorter lever arm
decreases the amplitude between the bounds of the scissors
plot, limiting the allowable CG range for a given HTP area.
This effect mirrors the behaviour observed in the kerosene
family. On the other hand, the CG range is also shorter for
the short family member. For the D250-LH2, the CG range
is around 60% of the MAC, and reduces to around 50% for
the -short. This effect is only given for LH2 aircraft due
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to its tank position. For a kerosene family, the fuel mass
is positioned in the wing, resulting in similar longitudinal
CG ranges among all members (see scissor plots for the
D239 family in Figs. 8, 9). In the end, the lever arm effect
is compensated by the shortened CG range, resulting into a
smaller HTP area variation compared to the D250 baseline.
As observed in Fig. 16, the increment in HTP area due to the
same fuselage length reduction for the D250-LH2, is halved
compared to the D250. The same trend is observed for the
D250-LH2-mid, which also has a shorter lever arm together
with a shorter CG range. For this concept, the resulting HTP
area does not change, despite the reduction of 3.7 meters in
fuselage length.

Since the short variant remains the sizing case for the
empennage, the HTP and VTP areas (for both the D250 and
D250-LH2 families) are used to resize all family members
following the methodology described in Chapter 2 until
convergence is achieved. While the shortest configuration
continues to govern both horizontal and vertical tailplane
sizing, a different behaviour is observed for LH2 compared
to kerosene aircraft. This motivates the quantification of
empennage commonality effects by evaluating the block
fuel penalty of the family design relative to the correspond-
ing point-optimized configurations, as done in Sect. 4 for
the D239 reference family. Table 10 compares the final
D250 and D250-LH2 family designs to the point designs.
As observed for the D239 reference family, the long (main)
family member is the one with the biggest performance
penalty due to empennage commonality (see Table 5),
thus only the long family member is shown in this case for
simplification.

Both family designs exhibit a similar increase in operat-
ing empty mass (OEM) of approximately 0.7-0.8% to main-
tain empennage commonality across variants. Although the
variation in empennage size is smaller for the D250-LH2
family compared to the D250 baseline (Fig. 16), the result-
ing OEM increment remains comparable in both relative
and absolute terms. To better understand the origin of this
increase in the LH2 case, Fig. 19 presents a breakdown of
the OEM increment by component, expressed as a percent-
age of the total increase, for both the D250 and D250-LH2
main family members.

The change in OEM due to the empennage for the LH2
design is indeed smaller. However, there are mass changes
that are given for an LH2 aircraft family design that are
not given in the case of the kerosene family. As explained
before, the D250-LH2 tank is sized for the design mission.
Thus, fitting a larger empennage results into an enlarged
tank and longer fuselage to still fulfil the range for the
design mission. This corresponds to almost 25 % of the
total increase. However, the impact that the OEM increment
has on the performance is lower for the LH2 design. Fuel

Table 10 Comparison of D250 and D250-LH2 point and family
designs (long variant)

Point design Family design
D250 D250-LH2 D250 D250-LH2
Troot,LE 1654 19.50 16.51 19.94
[m]
So [m?] 17.38 2039 21.12 21.41
Sh [m?] 2472 37.02 29.90 39.00
Payload [kg] 23750 23750 23750 23750
OEM [kg] 47199 56497 47561 (+0.77%) 56890 (+
0.73%)
MTOM [kg] 80073 84038 80621 (+0.68%) 84464 (+
0.54%)
MFM [kg] 9123 3820 9310 (+2.04%) 3856 (+
1.0%)

D250 D250-LH2
Bl HTP & VTP I Tank
[ Fuselage [ Other

Fig. 19 OEM-breakdown by component increment due to tailplane
commonality for the D250 and D250-LH2

consumption is more sensitive to an oversized HTP than to
a heavier fuselage and tanks. As a result, the fuel penalty
for the same family design strategy is halved for the LH2
design. For the same fuselage length reduction, the penalty
on the long member is 1% for the D250-LH2 when compar-
ing the final family design to the corresponding optimized
point design, while being 2.04 % for the D250 baseline.
Tailplane commonality is feasible for an LH2 aircraft fam-
ily with shared tanks, and results in a smaller penalty than
for conventional designs.

The performance penalty associated with tailplane com-
monality for the D250 baseline results in a 2% increase in
mission fuel mass (MFM). This value represents a marginal
increment over the penalty observed for the D239 refer-
ence (1.6%). Such a trend suggests that for next-generation
aircraft featuring high-aspect-ratio wings, the reduction
in inner wing chord length and the subsequent trade-offs
required for landing gear integration, may amplify the per-
formance decrement when the empennage is shared across
family members. Conversely, the proximity of these results
suggests that the benefits of commonality remain consistent
between the two families.
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To conclude, a comparison between the final D250 and
D250-LH2 aircraft concepts is shown in Fig. 20. This fig-
ure illustrates key architectural differences, specifically in
HTP area, fuselage length, and landing gear integration. For
a more detailed comparison, Appendix A provides compre-
hensive three-view drawings of both designs. The HTP area
for a hydrogen aircraft with rear tanks is substantially larger
than for a kerosene aircraft. Based on the plots on Figs. 17
and 18, the take-off rotation requirement is the main driver
for the HTP sizing process. It is significantly more restric-
tive than the controllability requirement, being clearly the
limitation for the most forward CG of the aircraft. The aft
landing gear position characteristic of LH2 concepts with
rear tanks results in a short tail lever arm, which significantly
increases the HTP area that is required for rotation. Even
for this case, in which the HTP for the kerosene baseline
was not minimized due to landing gear integration issues,
the volume coefficient is more than 40% larger. The values
of the HTP area and volume coefficient for all main fam-
ily members designed in this study are compared in Table
11. Note that the values presented in the table are those for
the point design, without considering potential family mem-
bers. This allows for a better comparison between the LH2
and kerosene designs, focusing purely on the different air-
craft mass distribution and its impact on tailplane area from
a flight mechanics perspective.

5.3 Hydrogen aircraft family design space
exploration

The D250-LH2 family designed in Sect. 5.2 from the
D250-LH2 concept, is further studied in this section. The
goal is to identify trends in empennage commonality among
family members by comparing different family strategies. In
the previous sections, the conventional family approach of
constant fuel capacity with varying payload has been ana-
lysed. In this case, for kerosene aircraft, the fuel require-
ments are usually defined for the stretched version. Since
kerosene is stored in wing volumes that typically exceed
design mission requirements, conventional aircraft feature
a surplus of fuel capacity. This allows smaller variants with
lower structural and payload weights to leverage this extra
volume for extended range or operational flexibility [5]. In
contrast, the LH2 family is volume-constrained. To avoid
the substantial drag and structural weight penalties associ-
ated with oversized tanks [6], the maximum fuel capacity
is precisely matched to the design mission fuel mass of the
largest family member. Consequently, the range is no longer
a TLAR for the shrinked family variants but a fixed result
of the shared tank capacity. The payload-range diagrams
in Fig. 21 illustrate the difference between kerosene and
LH2 family designs. The base (long) family members are
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Fig.20 D250-LH2 (bottom) and D250 (top) concepts

Table 11 Comparison of key horizontal tail parameters for D239,
D250, and D250-LH2 aircraft concepts

D239 D250 D250-LH2 Units
Sh 26.20 24.72 37.02 (+ 47.8%) m?
cHT 1.0 1.2 1.7 (+ 42.5%) -

compared to the shorter variants of all families from Sects.
4,and 5.2.

A notable difference arises in the length of the substitu-
tion segment, where payload mass is inverted to fuel mass
to gain range. For kerosene-powered variants, the short
members exhibit a longer substitution segment. In contrast,
for the LH2 aircraft, the substitution segments of both the
long and short variants are approximately equal in length.
Consequently, kerosene aircraft families following the clas-
sic design strategy of keeping a constant fuel capacity can
cover a much wider range spectrum than their LH2 counter-
parts. From an airline’s perspective, the latter may therefore
appear less attractive, as they exhibit lower payload-range
flexibility and are unable to cover as many routes as their
kerosene equivalents. Therefore, it is reasonable to consider
LH2 family design strategies that account for different tank
sizes.

In this section, two more design strategies are explored
and compared regarding tailplane commonality to the one
shown in Fig. 15. The first one considers constant payload
and increased fuel capacity. An extended range version (ER)
is derived from the main family member. The second strat-
egy considers a variation of both payload and range among
family derivatives. In this case, the payload is reduced com-
pared to the main family member, while the tank capac-
ity is increased. It focuses on a scenario where the market
demands a family of aircraft with range requirements for
the shorter version that exceed what can be achieved with
shared tanks. Kerosene aircraft do not usually follow this
design approach, as shorter variants generally have relaxed
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Fig. 21 Payload-range diagram

comparison for the -long and -short 25000 *
members from the D239, D250,
and D250-LH2 families 20000

< 15000 \ ey

el

(]

2

>.10000

ol

5000
0 \‘a S
0 2000 4000 6000 8000
Range (km)
—e— D239 D250 —e— D250-LH2

—--e--- D239-short

Fig. 22 LH2 family concept with constant payload and varying fuel
capacity. D250-LH2 (top) and D250-LH2-ER (bottom)
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Fig. 23 LH2 family concept with varying fuel capacity and payload.
D250-LH2 (top) and D250-LH2-ER-short (bottom)

range limitations. A common practice for such aircraft is
increasing both the fuel capacity and payload of the base
member. Replicating this for the D250-LH2 concept is not
feasible, as the aircraft fuselage would quickly reach fine-
ness ratio exceeding the state of the art. A switch to a twin
aisle fuselage concept is required at some point, which is
out of the scope for this publication. Therefore, the strategy
of reducing payload and increasing range is studied. Based
on the results, some final conclusions can be drawn for the
strategy in which both are increased. A representation of
both families is shown in Figs. 22 and 23. The main member
(D250-LH2) is sketched on top.

Other authors, such as Huete et al. [15] or Almarzooqi et
al. [16], have adopted a constant-fuselage-length approach
to LH2 aircraft family design, in which payload-range flex-
ibility is achieved by varying the proportions of pressurized

D250-short —--e--- D250-LH2-short

and unpressurized fuselage sections. However, this fixed-
fuselage approach imposes significant design constraints.
With a constant fuselage length, payload and range become
strongly coupled through the fixed internal volume, limiting
the ability to independently specify both as design require-
ments. Additionally, varying tank size within a fixed fuse-
lage does not provide meaningful commonality benefits.
Although the external geometry remains unchanged, differ-
ences in tank dimensions and the associated repositioning
of pressure bulkheads result in substantial internal redesign
across family members. These limitations, both in terms of
requirement flexibility and effective commonality, together
with the fact that this approach does not reflect established
kerosene aircraft family design practices, motivate its exclu-
sion from the present study. Instead, the focus is placed
on more conventional family strategies based on shared
tank configurations (see previous sections), as well as on
approaches that increase tank size (Figs. 22 and 23). These
strategies provide greater insight into mitigating the pay-
load-range flexibility limitations inherent to LH2 aircraft,
while remaining consistent with industry practices such as
extended-range (ER) variants in kerosene-powered aircraft.

Increasing tank size leads to a wider CG range. Conse-
quently, both the D250-LH2-ER and D250-LH2-ER-short
configurations drive the sizing of the HTP for the overall
aircraft family. In previous analyses, the D250-LH2-short
variant was also found to size the tailplane, resulting in a
block fuel penalty of approximately 1% due to tailplane
commonality for the main family variant (about half the
penalty observed for the kerosene design). The next step
is to evaluate how reducing the degree of commonality by
allowing variations in tank size affects this performance
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penalty. For kerosene-powered aircraft, the strategies dis-
cussed earlier neither reduce the tail moment arm nor sig-
nificantly increase the CG range. Fuel capacity can typically
be increased by adding a center tank, which has only a lim-
ited effect on mass distribution and CG position. As a result,
such configurations do not pose significant challenges for
tailplane commonality.

Figure 24 illustrates the impact of increasing fuel capac-
ity on both HTP area and the associated block fuel pen-
alty due to empennage commonality, comparing the final
D250-LH2 family design with the optimized configuration.
Results are shown for both the D250-LH2-ER (Fig. 22) and
D250-LH2-ER-short (Fig. 23) variants.

The two configurations differ only in payload: the former
retains the baseline payload, while the latter reduces it by 60
passengers. A sensitivity analysis was performed by varying
the fuel capacity from the baseline value of 3800 kg of LH2
and tracking the resulting changes in tailplane area. The
variation in fuel is expressed as the change in tank mass and
associated systems (Amrn2,sys). All results are referenced
to the D250-LH2 optimized point design, which has a tank
mass of 5900 kg and an HTP area of 37.1 m?.

The HTP area of the -ER variants is significantly more
sensitive to changes in tank mass than that of the -ER-short
configurations. Counterintuitively, integrating a larger tank
while reducing payload (and fuselage length) has a smaller
impact on HTP commonality than maintaining the original
payload. This is because reducing fuselage length limits the
increase in CG range, despite the shorter tail lever arm. HTP
sizing is highly sensitive to CG range, and increases in CG
excursion can offset the benefits of a longer lever arm. This
trend is consistent with earlier findings in Sect. 5.2. Based
on the results from Fig. 24, it can be concluded that the most
critical case for LH2 aircraft family tailplane commonality
arises when both payload and range are increased. In such

configurations, a longer fuselage combined with a larger
tank significantly expands the CG range, driving higher
HTP sizing requirements and shifting the landing gear fur-
ther aft. This behavior contrasts with kerosene-powered air-
craft, where increasing fuselage length primarily improves
the lever arm and reduces tail size requirements.

In summary, increasing tank size alone can be tack-
led, particularly if fuselage length is reduced to limit CG
variation. However, increasing both tank size and fuselage
length, or maintaining fuselage length while enlarging the
tank, leads to larger CG ranges that negate lever arm ben-
efits and result in significant HTP commonality penalties.

6 Conclusions and outlook

This paper adapted the industry approach of tailplane com-
monality into the DLR methodology for preliminary aircraft
design. The enhanced aircraft design workflow can simul-
taneously size three aircraft while enforcing common hori-
zontal and vertical tailplanes. This improved methodology
enables a better understanding of the interaction between
tailplane sizing and commonality in the design of LH2 air-
craft families equipped with rear-fuselage tanks, allowing
the associated performance penalties in terms of block fuel
to be compared with those of conventional kerosene aircraft.

In kerosene-powered aircraft families following the
conventional design strategy of constant fuel capacity, the
short-fuselage variant typically defines the required hori-
zontal and vertical tailplane areas. This occurs because of
the reduced tail moment arm, which necessitates larger sur-
faces to satisfy stability and control requirements. This trend
was corroborated during the sizing of the D239 and D250
families. In both cases, a moderate mission fuel mass pen-
alty of approximately 2% was observed for the long-family

Fig. 24 Effect of tank mass 8 4.0
increase on HTP area and empen- —e— _ER version
nage commonality block fuel 7 : 3.5
penalty for D250-LH2-ER and ~ER-short version
ER-short variants 6 3.0
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derivatives when utilizing a common empennage, with
respect to the optimized point designs. This is considered a
reasonable trade-off, as it aligns with the commonality strat-
egies of existing commercial aircraft families.

However, for LH2 aircraft families using the same
strategy, the positioning of the tanks and their impact on
the aircraft’s overall CG range, alters the trends observed
in kerosene designs. The tail moment arm effect changes,
and a shorter arm no longer necessarily results in a larger
horizontal tailplane. A shorter fuselage brings the wing and
tank closer together, reducing the CG range, which partially
compensates the reduction in tail lever arm. In the case of
the D250-LH2 aircraft family, derived using the same strat-
egy as the kerosene D250 family, the short-fuselage variant
remains the sizing case for both the horizontal and vertical
tailplanes. However, the resulting block fuel penalty asso-
ciated with tailplane commonality is reduced by approxi-
mately 50% compared to the D250 kerosene reference case,
when comparing the final LH2 family design to the corre-
sponding optimized point design of the D250-LH2 configu-
ration. The difference in optimal HTP area among members
is smaller, due to the counteracting effects of reduced lever
arm and reduced CG range of the -short.

The achievable gravimetric and volumetric energy
densities of the LH2 storage system, and the fact that it is
typically sized for the design mission of the largest fam-
ily variant, results in limited payload-range flexibility of
the family when compared to kerosene aircraft families
with constant fuel capacity. Therefore, it is reasonable to
consider family design strategies with different tank sizes
among the various members. In contrast to the observations
made for the constant fuel capacity family strategy, design
strategies that involve increasing fuel capacity, payload, or
both, now require special attention when sizing an LH2 fam-
ily with a common tailplane. Conversely to kerosene fami-
lies, all cases result in increased CG ranges due to the tank
positioning. The HTP area appears to be highly sensitive to
variations in the CG range, even more so than to changes in
the tail lever arm. Consequently, significant challenges are
anticipated in achieving tailplane commonality.

A critical observation regarding the designs considered in
this study and the resulting conclusions is the assumption of
full CG range coverage. Under this assumption, a fuselage-
mounted landing gear was found to provide the best com-
promise for an LH2 aircraft with rear tanks, as it allows an
optimal wing position, a feasible HTP area, and no opera-
tional limitations. However, reducing the CG range through
the strategic use of trim weight represents a viable alterna-
tive to avoid the extremely aft CG positions as explained in
section 5.1. Adopting such an approach may have different
implications for empennage commonality within the aircraft
family. Furthermore, the influence of trim drag remains a

decisive factor in performance validation. Incorporating
trim drag into the modelling process would significantly
refine the evaluation of the various design concepts, par-
ticularly for wing-mounted gear configurations which often
exhibit high static margin values.

At a broader level, this work highlights the significant
potential of empennage commonality in LH2 aircraft fami-
lies, providing initial guidelines for the design of such fami-
lies. Future research should therefore focus on expanded
design space exploration, including the interaction between
CG management, landing gear integration strategies, and
their impact on empennage sizing. In addition, opera-
tional strategies and regulatory considerations should be
further investigated. Such developments would strengthen
the applicability of the present methodology and support
the design of LH2 aircraft families with a high degree of
commonality.

One final remark can be made on the methodology side.
The additional outer convergence loop for the family sig-
nificantly increases the calculation effort. Since the tailplane
is sized for the whole family, all aircraft design loops are
triggered multiple times to converge to a common tailplane
size, resulting in a calculation time that is roughly doubled
to tripled when compared to a family design in which
empennage commonality is not considered. Future work
can focus on estimating the empennage size for the fam-
ily already within the main aircraft design loop, avoiding
the need to recalculate the complete family version designs
afterward. This would lead to a calculation time comparable
to a process in which commonality is not considered.

Appendix

Appendix A: Three-dimensional views: D239,
D250 and D250-LH2 final family conceptual
designs

The appendix details the primary aircraft concepts via stan-
dard plan, front, and side views, with its corresponding gen-
eral dimensions.

e D239 Family (Figs. 25 and 26): Display the reference
D239 and its shortened variant. Both share a tail sized
for the D239-short.

e D250 Family (Fig. 27): Shows the final design of the
D250 main family member, with wing-integrated land-
ing gear and an empennage sized for the short variant.

e D250-LH2 Family (Fig. 28): Depicts the final design
of the D250-LH2 main family member. The gear is
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Fig. 25 Three standard views for the D239 final concept
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Fig. 26 Three standard views for the D239-short final concept
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Fig. 27 Three standard views for the D250 final concept
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Fig. 28 Three standard views for the D250-LH2 final concept
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integrated in this case into the fuselage. The tailplane
is still sized for the shorter variant (D250-LH2-short).
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