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Abstract: In recent years, there has been a considerable growth in the demand for low-orbit satellites,

leading to a need for more flexible and cost-effective launch systems. This study presents a low-

cost “carrier-launcher” configuration designed for space missions in low earth orbit. The carrier

is a remote-controlled unmanned flying wing that can fulfil the role of the first stage of a multi-

stage earth-to-orbit launcher rocket. Making the carrier a flying wing increases its effectiveness

and efficiency compared to other state-of-the-art options. The flying wing architecture allows for a

significantly lighter carrier compared to the traditional aircraft. The launcher is carried on the wing’s

upper surface and is released during a high-altitude almost “zero g” parabolic manoeuvre. A state-of-

the-art analysis has been conducted to initialize and develop the carrier’s conceptual configuration.

The aerodynamics and flight mechanics of the flying wing carrier were studied using the potential

aerodynamic code Athena Vortex Lattice. The high-altitude launcher’s release manoeuvre has been

investigated to properly assess the required installed thrust. Finite element analyses were also

performed using NASTRAN to preliminarily evaluate the aeroelastic behaviour of the proposed

“carrier-launcher” configuration. The overall results show the conceptual feasibility of the flying wing

carrier for launching small satellites in low earth orbit. This study provides valuable insights into the

development of cost-effective launch systems for the growing demand in the low-orbit satellite sector.

Our proposed design has a maximum take-off mass of 122,000 kg, uses 4 Rolls-Royce UltraFan model

engines, has a wingspan of 54 m, and can carry a 10,000 kg launcher to put a 460 kg payload in LEO.

As it is an initial conceptual study, this investigation establishes an initial benchmark for forthcoming

inquiries, hence providing a starting point of a breakthrough concept to foster its future development.

Keywords: flying wing; satellite launcher; unmanned aerial vehicle (UAV); low earth orbit; parabolic

manoeuvre; aeroelastic analyses; reusable launcher stages

1. Introduction

Currently, space missions are increasingly expensive, largely due to the rising com-
plexity of components, the need for overall advancements in technology, and the desire for
missions to travel greater distances in space. In response, the concept of “re-use” has be-
come a crucial consideration in the development of novel solutions [1–5]. Companies such
as SpaceX and Blue Origin have pioneered the development of technologies that enable
the re-use of various components and assemblies, resulting in significant reductions in the
overall costs of missions or launches. Additionally, SpaceX has leveraged its experience to
develop technology for the safe re-entry of vehicles and boosters, further reducing overhead
costs. A development of carriers, launchers, and boosters following this technological path
constitutes an essential area of focus for space engineers; thus, seeking to reduce costs and
improve efficiency by pushing towards re-using concept and facilitating earlier re-access to
components is the guiding idea behind the study proposed in this research.
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The objective of this study is to investigate a carrier capable of transporting a launcher
to a designated altitude, where it should be released for civil or private purposes, such as
by deploying a constellation of satellites in low earth orbit (LEO). LEO satellites are cost-
effective, provide effective communication, advanced imaging and sensing technologies,
and can be launched with smaller launchers. These benefits have led to a significant
growth in demand for LEO satellites, particularly for internet connectivity, environmental
monitoring, and space exploration applications [6–9]. The proposed carrier is a remote-
controlled flying wing designed to transport a launcher up to the designed latitude of
release, where the launcher is then released during a parabolic manoeuvre [10,11] at
approximately 8000 m. With a long operational range of approximately 8000 km, the carrier
can fly from a wide set of possible ground stations to reach the designed position for
launcher release. Flying wing configurations [12–15] are candidates to be high-efficient
aircraft configurations to be used for these purposes; this study will focus on the initial
sizing and conceptual design phases to define the main wing/aircraft design parameters.
The potential of the proposed air-to-launch solution may lie in several different aspects.
Although the idea is an early-stage concept, different improvements to the current scenario
deriving from its utilization can be hypothesized. In the first instance, as previously
remarked, the intrinsic re-usability of the concept allows for cost cutting and flexible
utilization; indeed, with a flying wing, it is possible to assume a rapid re-arrangement
of the whole carrier system to increase the number of monthly missions. The increased
potential operating flexibility of this concept derives also from less sensitivity with respect
to the weather conditions that currently affect ground-based launch systems, and from a
better positioning of the launch point in order to easily intercept the desired orbit for the
LEO satellite [16,17]. Launch operations do not need launch pad infrastructures, and this
aspect coupled with the reusability of the aircraft carrier allows a reduction in the overall
cost [17,18]. Furthermore, as is the case with all air launch systems, the flying wing allows
for starting the mission even at high latitudes, since the increase in speed necessary to put
a satellite into orbit is reduced [18,19]. A critical issue of the air-to-launch operation is the
deploy system, since it has to guarantee no contacts between the aircraft carrier and the
launcher because any contact would compromise the success of the mission. Additionally,
this air-launch configuration will benefit from a system engineering characteristic endemic
to all flying wing concepts: horizontal integration. The benefits of horizontal integration are
lower cost and complexity during launch vehicle integration with the payload compared to
conventional vertical launchers. This is a major advantage of air launch systems and has
the possibility to reduce launch costs further.

The relevant literature [20–25] have been analysed to examine the key aspects of
conceptual design of such a configuration, including weight analysis, aerodynamics, and
flight mechanics [26–29]. These analyses led to the collection of critical technical information
to determine the main design field to perform the conceptual study of the flying wing here
proposed [30].

The conceptual study proposed in this research considers several aspects: trade-off
study performed in parallel with a state-of-the-art analysis, evaluation of velocity budgets
for the air launch system, initial sizing of the configuration, preliminary aerodynamic
analysis, preliminary stability analysis, and aeroelastic analysis. The sizing has been
performed by selecting the main parameters that define the geometry, such as airfoil, aspect
ratio, taper ratio, dihedral angle, wingspan, sweep angle, and preliminarily assessing the
overall mass breakdown by estimating structural mass, masses of on-board systems, fuel
mass, and payload. The aerodynamic characteristics for steady level flight, such as lift and
drag coefficients and lift distribution, have been computed by using the Athena Vortex
Lattice software [31]. The same software has been used to evaluate the static longitudinal
stability characteristics of the flying wing, together with a comprehensive trim assessment.

After defining the preliminary structural configuration and selecting aluminium as the
material for the inner structure, each structural element was sized following the indications
provided in previous research [32–34]. Since aeroelastic issues are very relevant for the
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flying wing configurations, they may be taken into account from a very early stage of the
design process. Several research articles are indeed devoted to aeroelastic study and the
characterization of flying wing structures [35–38]. For this reason, aeroelastic analyses were
performed on the wing model using the commercial software NASTRAN; the preliminary
results provided favourable outcomes to increase the confidence level of the feasibility of
the proposed flying wing model. These findings are consistent with those of the recent
literature on aeroelastic analyses on flying wing configurations [39,40].

To summarize, the main task of this unmanned flying wing is to release a small
satellite launcher at an altitude of approximately 8000 m; this research has focused on
the feasibility of this manoeuvre, as well as the requirements for the necessary propulsive
system. The preliminary evaluations lead to the integration of four high-trust engines [41].
The preliminary mission performance analysis indicates that this novel concept of a flying
wing carrier requires less than half the weight of the Virgin Cosmic Girl 747 [42].

The main aim of this initial investigation is to introduce a novel concept of a reusable
launcher for more flexible and efficient launching operations of small satellites in low earth
orbit. The proposed flying wing carrier may represent a breakthrough step forward in this
scenario, and this work is intended to serve as a kick-off for research and development on
this subject.

The paper is organized as follows: first, in Section 2, the initial sizing process of the
flying wing carrier is proposed; Section 3 provides the multidisciplinary analysis related
to aerodynamics, flight mechanics, propulsion integration, and flutter analysis; a critical
discussion of the proposed solution is then given in Section 4 and in the Section 5.

2. The Flying Wing Carrier-Launcher System

Several flying wings configurations have been studied and analysed, in order to define
a set of historical data to be used for a conceptual geometry definition. Unfortunately, not
all the technical specifications of the actual configurations have been made public. This
section is divided as follows: Section 2.1 reports the main data, available in the literature,
regarding designed flying wings; specifically, mass data and geometrical parameters have
been extracted in order to define correlations useful for the initial sizing; Section 2.2 reports
the main assumption regarding to the velocity budget; Section 2.3 reports the main data
regarding the flying wing developed in this study.

2.1. Historical Data Analysis

Table 1 shows a list of the examined flying wings with their relevant technical data.
The data reported in Table 1 were collected by consulting several available sources [43–50].
The analysis of historical data provided a series of graphs that summarize the following
relationships: empty weight vs. wingspan (Figure 1), maximum take-off weight (MTOW)
vs. wingspan (Figure 2), wing area vs. wingspan (Figure 3), wing loading vs. wingspan
(Figure 4), and aspect ratio (AR) vs. empty weight (Figure 5). The wing loading W/S data
are calculated considering the maximum take-off weight condition. In the figures, we also
reported the linear regression curves, and red-filled triangles indicate the configuration
examined in this work, which was defined thanks to a trade-off study.

Even if flying wing configurations generally use airfoils with a reflected trailing edge,
(as sketched in Figure 6), for flight stability reasons, (see as example [51]), we selected the
Boeing BACXXX airfoil [52–54], which has a maximum thickness of 11.3% at 35% of the
chord, and a maximum camber of 1.4% at 15% of the chord (Figure 7). Since, generally, the
sign of the aerodynamic moment acting on an airfoil is negative (nose down effect), with a
reflected trailing edge (Figure 6), the aerodynamic moment acting on the airfoil can change
sign and become positive (nose up effect). This circumstance proves useful for designing a
swept flying wing that is aero-mechanically stable.
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Table 1. List of flying wings and data used in the present study [30].

Note Flying Wing Model
Wingspan

[m]
Aspect
Ratio

Wing Area
[m2]

Empty
Weight

[kN]

Max T.O.
Weight

[kN]

Wing
Loading
[kN/m2]

Airfoil

Northrop B-2 Spirit [43] 52.12 5.78 478.00 703.38 1673.59 3.501 NACA 0018

Northrop YB-35 [44] 52.00 7.40 370.00 533.98 929.99 2.513
tip: NACA

653-018
root: NACA

653-019

Northrop YB-49 [45] 52.43 7.20 370.00 393.54 862.98 2.322
tip: NACA

653-018
root: NACA

653-019

Northrop XP-79B 11.58 5.19 n.a. * 26.00 38.57 1.495
NACA
662-018

Blended Northrop X-47B [48] 18.90 4.03 88.59 62.29 198.31 2.239 n.a. *
Northrop N-1M 11.79 4.21 33.00 15.70 20.42 0.732 n.a. *
Northrop N-9M 18.30 7.35 45.50 26.22 73.01 1.605 NACA 65-019

Blended/UAV
Northrop Grumman

X-47A Pegasus
8.50 2.00 35.98 17.07 26.27 0.730 n.a. *

McDonnell
Douglas/General
Dynamics A-12
Avenger II [46]

21.41 3.75 121.50 173.54 355.98 2.930 n.a. *

Horten Ho 229A 16.76 7.80 52.80 45.13 79.46 1.505 13% thickness
Horten H.XVIIIA [47] 40.00 10.70 150.00 107.91 313.92 2.093 16% thickness

Interstate XBDR-1 15.75 7.40 33.60 22.62 56.54 1.683 n.a. *
DINFIA IA 38 32.00 7.70 133.00 83.39 184.66 1.388 n.a. *

Baynes Bat 10.16 7.00 14.86 3.40 5.04 0.339 n.a. *
Blended Boeing X-48B 6.40 4.10 9.34 1.75 2.62 0.280 n.a. *

Blended/UAV Boeing X-45A [49] 10.30 n.a. * n.a. * 35.60 14.24 n.a. * n.a. *
Boeing Phantom Ray 15.00 n.a. * n.a. * 64.97 162.41 n.a. * n.a. *

Blended
Lockheed Martin RQ-3

DarkStar [50]
21.00 n.a. * n.a. * 19.42 44.55 n.a. * n.a. *

Dassault nEUROn 12.50 n.a. * n.a. * 48.07 80.79 n.a. * n.a. *
Supersonic Sukhoi S-70 Okhotnik 20.00 n.a. * n.a. * 147.15 245.25 n.a. * n.a. *

* Not available.
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Figure 1. Historical data of flying wings: Empty weight vs. wingspan; red triangle represents the

configuration developed in this paper.
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Figure 5. Historical data of flying wings: aspect ratio vs. empty weight; red triangle represents the

configuration developed in this paper.

Figure 6. Sketch of an airfoil with reflected trailing edge [51].
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Figure 7. Boeing BACXXX airfoil sketch (airfoil adopted in the present study) [54].

Despite the specific characteristics of the reflected trailing edge airfoils, in this prelimi-
nary study, the choice to use a “traditional” airfoil was made with the aim of verifying that
the stability of the wing could also be guaranteed with the use of control surfaces.

2.2. Comparison of Ground and Air Launch Systems: Velocity Budgets Estimation

The use of a flying wing as a carrier was motivated by a feasibility analysis based on
the calculation and comparison of the velocity budgets, ∆v, necessary to place a satellite in
low earth orbit (about 180–200 km); in this regard, Table 2 shows some reference data taken
from [55]. The column ∆vtot represents the velocities due to LEO orbital velocity added
to the effects of gravity ∆vgrav, atmospheric drag ∆vdrag, and steering losses ∆vsteer. The
column ∆vtot indicates the velocity budgets without the effect of the rotation of the earth
∆vrot, whose ta are reported in the last column of Table 2 for each launch system. The last
column ∆vprop, which represents the propulsion velocity budget, is calculated by adding
the total velocity budget and the velocity budget due to earth rotation,(∆vtot + ∆vrot), and
also contains the ascent velocity ∆vs, that varies between 8.8 and 9.3 km/s [55]. The row
Mean Values of Table 2 was added in this contest to estimate the velocities to be used in
our conceptual analysis.

Table 2. Velocity budgets for Ground Launch to Low-Earth Orbits for selected Launch Vehicles [55].

Launch
System

vLEO

[m/s]
∆vgrav

[m/s]
∆vdrag

[m/s]
∆vsteer

[m/s]
∆vtot

[m/s]
∆vrot

[m/s]
∆vprop

[m/s]

Ariane A-44L 7802 1576 135 38 9551 −413 9138
Atlas I 7946 1395 110 167 9618 −375 9243

Delta 7925 7842 1150 136 33 9161 −347 8814
Space Shuttle 7794 1222 107 358 9481 −395 9086

Saturn V 7798 1534 40 243 9615 −348 9267
Titan

IV/Centaur
7896 1442 156 65 9559 −352 9207

Mean Values 7846 1387 114 151 9498 −372 9126

Table 3 shows the data estimated for the proposed flying wing carrier-launcher system
assuming, as a starting point, the mean value of ∆vtot = 9498 m/s (Table 2). Because the
engine of the launcher ignites at an altitude of about h = 8.0 km with an attitude angle
θ= 45◦, we assumed a reduction in the absolute values for gravity, drag, and steering losses
of about the 20% of the mean values indicated in Table 2. Moreover, to be conservative,
the assumed effect of earth rotation ∆vrot = −100 m/s is set small enough to account for
launches at higher latitudes.
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Table 3. Velocity budgets for Air Launch to Low-Earth Orbits for the Flying Wing.

Launch
System

∆vtot

[m/s]
∆vgrav

[m/s]
∆vdrag

[m/s]
∆vsteer

[m/s]
∆vrot

[m/s]
∆vcarrier

[m/s]
∆vprop

[m/s]

Flying Wing 9498 −284.27 −22.23 −29.38 −100 −260 8802

A major advantage of using an atmospheric carrier is due to the initial velocity of
the launcher when its engine ignites, i.e., ∆vcarrier = −260 m/s. As expected, the final
estimated ascent velocity for the flying wing launch system is lower than the references
collected in Table 2 for ground launch systems; namely ∆vprop = 8802 m/s, with a reduction
of about 320 m/s is obtained.

Starting from the estimated velocity changes ∆vprop = 9126 m/s for ground launch
systems (Table 2) and ∆vprop = 8802 m/s for the flying wing (Table 3), we calculated the
mass of propellant Mprop needed to reach the low earth orbit assuming a specific impulse
of Isp = 400 s and applying the well-known rocket equation of Tsiolkovsky (where g0 is the
standard gravity):

Mprop = M0

{

1 − e−[∆vprop/(Ispg0)]
}

, (1)

M0 is the launcher mass. To obtain an estimation of the available payload mass, for both
launch systems, we made, as an example, the assumptions summarized in Table 4.

Table 4. Hypothesis about launcher’s mass budgets.

Launcher Mass
M0 [kg]

Structural Mass
3.0%×M0 [kg]

Mass of Systems
3.0%×M0 [kg]

10,000 300 300

Finally, the propellant mass and the payload masses for the two examined launch
systems are summarized in Table 5.

Table 5. Comparison of propellant and payload masses of GLTO and ALTO (Flying Wing).

Launch System
∆vprop

[m/s]
Propellant Mass

Mprop [kg]
Payload Mass
Mpayload [kg]

Ground Launch to Orbit 9126 9023 377
Air Launch to Orbit (FW) 8802 8939 461

The absolute value of the payload mass will depend on effective mass allocation, but
whatever the mass allocation, when adopting the proposed air launch system, we would
have savings of about 0.32 km/s in the ascent ∆v, which would translate into at least 0.84%
of the total launcher mass becoming available for the payload mass.

2.3. Description of Geometry and Mass Properties of the Carrier-Launcher System

Since our research is preliminary, and with the aim of verifying the effectiveness
of the use of control surfaces for wing stabilization in each phase of a flight, the airfoil
adopted in the present study does not have a reflected trailing edge; in fact, the selected
airfoil is BACXXX, depicted in Figure 7 [54]. Table 6 reports the data of the configuration,
and, in accordance with [26,27], the estimated mass and weight of the components of the
carrier-launcher system. Thanks to a trade-off study, a wingspan of about 54.0 m has been
selected to obtain increases in the lift-to-drag ratio without severe penalizations of the wing
weight. We obtain an empty weight of 488.4 kN and a wing loading of 3,940 N/m2 for
the complete configuration at take-off, considering a total mass of about 122,000 kg and a
reference surface of about 304 m2. These values agree with historical data, as can be seen
from the previous graphs (Figures 1–5).
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Table 6. Geometric data and Mass/Weight data of the carrier-launcher system configuration.

Geometry Parameter Component Mass/Weight

Surface Area [m2] 304.00 Structure [kg] 23,535
Root chord [m] 10.60 Engines [kg] 18,300
Kink chord [m] 5.70 Landing gears [kg] 3660
Tip chord [m] 3.77 On-board systems [kg] 3520

Kink section position [m] 7.00 Control surfaces [kg] 495
Half wingspan [m] 27.09 Batteries [kg] 200

Aspect Ratio 9.64 APU [kg] 80
Angle of Sweep at L.E. [deg] 35.00 Fuel [kg] 62,190

Max t/c [%] 11.30 Launcher (payload) [kg] 10,000
Dihedral angle [deg] 7.00 Carrier’s Structural Mass [kg] 49,790

Winglet cant angle [deg] 35.00 Carrier’s Take-Off Mass [kg] 121,980
Empty Weight [kN] 488

Max Take-Off Weight (MTOW) [kN] 1196

Wing loading [kN/m2] 3.936

Winglets have been added at the tip of the wing to increase the lift-to-drag ratio.
Figure 8 shows the CAD model of our conceptual flying wing configuration, and Figure 9
shows a plan sketch of the flying wing with its main dimensions, and with the selected
layout of the control surfaces of the configuration [30].

 

Figure 8. CAD model of the flying wing conceptual configuration [30].

Figure 9. Plan sketch of the flying wing with its main dimensions [30].

The control surfaces consist of a pair of tip ailerons, a pair of centre double-acting
flaps, and a pair of double-acting elevators; all the control devices are of single-surface type.
The chord dimensions chords of the control surfaces are reported in Figure 10, whereas
Figure 11 shows the dimensions of the winglet added to the flying wing tips with a cant
angle of 35 degrees.
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Figure 10. Dimensions of the chords of the flying wing control surfaces [30] (// not applicable).

 

Figure 11. Lateral view with dimensions of the winglet added to the flying wing tips [30].

3. The Carrier-Launcher System Performance: Preliminary Analyses and Results

This section describes the analysis techniques and the results obtained in the research
regarding the carrier-launcher system’s overall performance. This investigation is essen-
tially conceptual in nature. Consequently, during the calculations, certain simplifications
were applied, and, in certain instances, some data were predetermined to ensure that the
outcomes were both conservative and coherent from an engineering standpoint.

3.1. Aerodynamic and Aeromechanical Analyses of the Carrier-Launcher System

In the present conceptual study, the aerodynamic and aeromechanical performance (in
terms of stability characteristics) of the flying wing carrier-launcher system were performed
by means of the Athena Vortex Lattice (AVL) software [31]; this is a vortex-lattice solver,
which adopts linearized potential aerodynamic theory, discretizing the lifting surfaces with
panels. This code allows us to evaluate aerodynamic performance, stability characteristics,
and trim conditions. The geometric data of the wing and the geometry of the airfoil
(Figure 7) were properly modelled and introduced in AVL; Figure 12 shows a sketch of the
model of the flying wing implemented in AVL.

  
(a) (b) 

ℎ = 10,000 𝑚 𝜌 =0.41271 𝑘𝑔 𝑚ଷ⁄ 𝑈 = 239.60 𝑚/𝑠 𝑐 =299.5 𝑚/𝑠 𝑀 = 0.8 𝐶௅_௖௥௨௜௦௘
𝐶௅_௖௥௨௜௦௘ = 2 𝑀𝑇𝑂𝑊 ( 𝜌 𝑆 𝑈ଶ )⁄  = 0.33
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𝐶஽଴_௖௔௥௥௜௘௥ି௟௔௨௡௖௛௘௥ = 1.20 × 0.013 = 0.0156 

𝛿 =21.08 𝑑𝑒𝑔 𝛼௪ = 5.75 𝑑𝑒𝑔𝐶஽_௖௥௨௜௦௘_௜௡ௗ = 0.0156
𝐶஽_௖௥௨௜௦௘ = 𝐶஽଴_௖௔௥௥௜௘௥ି௟௔௨௡௖௛௘௥ + 𝐶஽_௖௥௨௜௦௘_௜௡ௗ = 0.0156 + 0.0156 = 0.0312

Figure 12. (a) AVL model of the flying wing: isometric view, (b) AVL model of the flying wing: front

view [30].
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For the flying wing carrier-launcher system, during the transfer flight, the cruise flight
condition corresponds to an altitude h = 10, 000 m (air density ρ = 0.41271 kg/m3) with a
cruise speed U = 239.60 m/s. The local sound speed is c = 299.5 m/s and the cruise Mach
number is M = 0.8 (ISO standard). Referring to the MTOW in a conservative way when
considering cruising, the estimated lift CL_cruise coefficient in a cruise flight is

CL_cruise = 2 MTOW/
(

ρSU2
)

= 0.33, (2)

and the drag coefficient is shown by

CD_cruise = CD0_carrier−launcher + C2
L_cruise/(π AR e), (3)

where the value of the Oswald coefficient, e = 0.9075, has been estimated by applying the
model described in [28]. The drag coefficient at zero lift has been calculated starting from
the analysis performed with the use of AVL; thus, for the flying wing, CD0_carrier = 0.013.
To take into account the effect of the launcher, we assumed a 20% increase in the carrier-
launcher zero-lift drag coefficient (a pure translation in the polar curve).

CD0_carrier−launcher = 1.20 × 0.013 = 0.0156. (4)

Moreover, for a stable and trimmed flight condition (i.e., pitching moment equal
to zero), we must rotate upward the central flap surfaces of an angle of approximately
δ = 21.08 deg; in the equilibrium condition, the trim angle of attack is αw = 5.75 deg.
This latter control maneuver produces, due to the induced drag, an increase in the drag
coefficient of about CD_cruise_ind = 0.0156, as estimated by AVL code, so we may assume
the finale value of the cruise drag coefficient as (adding up all the terms):

CD_cruise = CD0_carrier−launcher + CD_cruise_ind = 0.0156 + 0.0156 = 0.0312. (5)

In a cruise flight condition, the estimated lift-to-drag ratio (or lift-to-drag ratio L/D) of
the system is

L/D = CL_cruise/CD_cruise = 0.33/0.0312 = 10.58. (6)

As mentioned above, with the code AVL, it is possible to perform preliminary aerome-
chanical analyses and stability assessments; specifically, the cruise static stability margin
(SM), i.e., the distance between the centre of gravity of the system and the neutral point
divided by the mean aerodynamic chord (MAC), can be estimated in different flight condi-
tions. AVL is indeed able to calculate the longitudinal position of the aircraft neutral point;
then, by inserting the mass distribution of the model and the related longitudinal position
of the centre of gravity, the SM is computed (Figure 13).

𝐿/𝐷 = 𝐶௅_௖௥௨௜௦௘ 𝐶஽_௖௥௨௜௦௘⁄ = 0.33 0.0312⁄ =  10.58

 

𝑆𝑀௖௥௨௜௦௘ = ൫𝑥௡௣ − 𝑥௖௚൯ 𝑀𝐴𝐶⁄ = (9.60 − 7.64) 7.73⁄ = 0.25𝑥௡௣ 𝑥௔௖,௪ 𝑥௖௚

𝑥௡௣ = 𝑥௔௖,௪ = 9.60
𝑥௖௚ = 7.64

𝑆𝑀௡௢ି௟௔௨௡௖௛௘௥ = ൫𝑥௡௣ − 𝑥௖௚൯ 𝑀𝐴𝐶⁄ = (9.60 − 8.02) 7.73⁄ = 0.20

𝐶ெ௖௚,௦௬௦௧௘௠ = 𝐶ெ௔௖,௦௬௦௧௘௠ + 𝐶௅,௦௬௦௧௘௠ ∙ (ℎ − ℎ௡) − 𝐶் ∙ (𝑧𝑒 − 𝑧) = 0 

Figure 13. Stability Margin definition [30].

The MAC of the considered flying wing is equal to 7.73 m. Assuming the origin of the
longitudinal x coordinates at the vertex of the wing’s leading edge (nose of the wing), the
stability margin is computed by means of Equation (7):

SMcruise =
(

xnp − xcg

)

/MAC = (9.60 − 7.64)/7.73 = 0.25, (7)
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where xnp, xac,w and xcg are the longitudinal coordinates of the neutral point, aerodynamic
centre of the wing, and centre of gravity of the carrier-launcher system, respectively. It has
been assumed that the longitudinal position of the neutral point is equal to the longitudinal
position of the aerodynamic centre; all the data are reported in Table 7.

Table 7. Coordinates used for the Stability Margin calculation (cruise flight condition).

Reference Point x-Coordinate [m] Source

Aerodynamic Centre/Neutral Point xnp = xac,w = 9.60 AVL model
C. G.—Flying Wing/Carrier

(empty)
9.00 CAD model

C. G.—Fuel (full) 7.20 Geometry of the tanks
C. G.—Launcher 3.61 Launcher geometry

C. G.—Carrier-Launcher system xcg = 7.64 Calculation result

The estimated stability margin after the release manoeuvre of the launcher, assuming
a reduced fuel mass of about 37,300 kg, is

SMno−launcher =
(

xnp − xcg

)

/MAC = (9.60 − 8.02)/7.73 = 0.20. (8)

In both examined conditions, the stability margin is positive and reaches typical values
of a transport aircraft. The system is statically stable from an aeromechanical point of view
if, in a generic equilibrium condition, and assuming the centre of gravity as the pole of
moments, the overall moment is zero and the aerodynamic moment at zero lift is sufficiently
large and positive. Neglecting higher order infinitesimal terms and including the effect of
the thrust, we have for the overall moment coefficient (Figure 14):

CMcg,system = CMac,system + CL,system·(h − hn)− CT ·(ze − z) = 0 (9)

where h = xcg/MAC and hn = hac,w = xnp/MAC are, respectively, the dimensionless
coordinates of the centre of gravity and of the aerodynamic centre of the carrier-launcher
system. CT is the thrust coefficient; z and ze denote two dimensionless quantities, such that,
indicating with c = MAC the reference chord, zc is the vertical distance between the c.g.
and the reference plane of the wing, and zec is distance between the thrust axis and the
reference plane of the wing (Figure 14). The quantities zc and zec are positive in the upper
half plane.

ℎ = 𝑥௖௚ 𝑀𝐴𝐶⁄ ℎ௡ = ℎ௔௖,௪ = 𝑥௡௣ 𝑀𝐴𝐶⁄𝐶் 𝑧𝑐𝑧𝑒𝑐 𝑧𝑐 𝑧𝑒𝑐

 

𝐶ெ௔௖,௦௬௦௧௘௠ − 𝐶் ∙ (𝑧𝑒 − 𝑧) > 0 𝐶௅,௦௬௦௧௘௠ = 𝐶௅ఈ,௦௬௦௧௘௠ ∙ 𝛼௪ 𝜕𝐶ெ௖௚,௦௬௦௧௘௠ 𝜕𝛼௪⁄  = 𝐶௅ఈ,௦௬௦௧௘௠ ∙ (ℎ − ℎ௡) ൏ 0  𝛼௪ 𝐶௅ఈ,௦௬௦௧௘௠

𝛾 = 45°

Figure 14. Main parameters involved in the equilibrium condition of a flying wing [30].

For the system to be stable,

CMac,system − CT ·(ze − z) > 0 (10)

and CL,system = CLα,system·αw,

∂CMcg,system/∂αw = CLα,system·(h − hn) < 0, (11)
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where αw is the angle of attack and CLα,system is the slope of the lift curve.
The requirement of Equation (10) can be critical for a flying wing; this is the reason

why it is almost obligatory to use profiles with a reflected trailing edge (Figure 6). Anyway,
to ensure stability in the various phases of the flight, the aerodynamic control surfaces
(Figure 10) can be used in an appropriate and combined manner.

3.2. Choice of Engines Needed to Perform the Parabolic Manoeuvre

The engines adopted in the preliminary configuration are four Rolls-Royce UltraFan
engines [56]. These engines satisfy the requirements in terms of thrust to perform the first
phase of the launcher release manoeuvre. In the present case, from an altitude of about
6000 m, with a speed of 260 m/s, and M = 0.822, the launcher should perform a pull-up
manoeuvre. It should climb to an angle γ = 45◦ and up to an altitude of about 8000 m
to release the launcher at the beginning of the parabolic flight phase. Figure 15 shows a
typical trajectory flown during a parabolic flight [10].

ℎ = 𝑥௖௚ 𝑀𝐴𝐶⁄ ℎ௡ = ℎ௔௖,௪ = 𝑥௡௣ 𝑀𝐴𝐶⁄𝐶் 𝑧𝑐𝑧𝑒𝑐 𝑧𝑐 𝑧𝑒𝑐

𝐶ெ௔௖,௦௬௦௧௘௠ − 𝐶் ∙ (𝑧𝑒 − 𝑧) > 0 𝐶௅,௦௬௦௧௘௠ = 𝐶௅ఈ,௦௬௦௧௘௠ ∙ 𝛼௪ 𝜕𝐶ெ௖௚,௦௬௦௧௘௠ 𝜕𝛼௪⁄  = 𝐶௅ఈ,௦௬௦௧௘௠ ∙ (ℎ − ℎ௡) ൏ 0  𝛼௪ 𝐶௅ఈ,௦௬௦௧௘௠

𝛾 = 45°

Figure 15. Trajectory flown during a parabolic flight [10].

During the 1.8 g phase of flight (pull-up manoeuvre), the lift (L) is

L = (1/2)ρS(V)2CL_climb = 1.8Wred, (12)

and the requested thrust Treq is calculated, considering no acceleration along the climbing
trajectory, by

Treq = D + Wredsen(γ) = (1/2)ρS(V)2CD_climb + Wredsen(γ), (13)

where ρ is the air density, S the reference surface of the wing, V = 260 m/s the velocity, D
the aerodynamic drag, Wred the reduced weight of the carrier configuration at the beginning
of the pull-up maneuver, γ is the trajectory angle (the velocity vector and thrust axis are
aligned with the trajectory), and CL_climb and CD_climb are the aerodynamic coefficients of
lift and drag of the carrier-launcher configuration, respectively. To evaluate Wred at the
beginning of the manoeuvre, we assume that the mass of the remaining fuel is 60% of its
initial mass; therefore, the mass of fuel is 37, 300 kg and the actual reduced weight of the
carrier-launcher configuration with four engines is Wred = 952, 590 N.

In this preliminary analysis, to obtain coherent results, we assume that the carrier
starts the manoeuvre depicted in Figure 15 [10] at an altitude of h = 6000 m, and while
the carrier is climbing, it can safely reach a maximum altitude of about h = 8000 m (as a
reference, the final value of the trajectory radius is R = 6300 m). Therefore, to perform a
preliminary verification of the thrust requirements, we refer to the altitude h = 8000 m: in
this case, the air density is ρ = 0.52517 kg/m3 and from Equation (12) we estimate a value
of the lift coefficient CL_climb = 0.32 (very similar to the lift coefficient in cruise condition).
The same result was obtained with the use of the AVL software, as previously mentioned.
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Equation (13) allows us to estimate the maximum required thrust to execute the
manoeuvre. Again, from AVL calculation CD0_carrier = 0.013, and, as performed for the
cruise condition, we increase this value by 20% to account for the launcher during the
climbing phase of the parabolic manoeuvre, thus CD0_climb = 0.0156.

In this case, for a stable flight condition, we must rotate the central flap surfaces
(upward direction) of an angle of approximately δ = 19.84 deg, and, in the equilibrium
condition, the angle of attack is αw = 5.24 deg. These results were obtained with AVL
setting the pitching moment equal to zero.

The induced drag produces an increase in the drag coefficient of about (AVL result)
CD_climb_ind = 0.0145, thus the final value of the manoeuvre drag coefficient is

CD_climb = CD0_climb + CD_climb_ind = 0.0156 + 0.0145 = 0.0301. (14)

Inserting this value in Equation (13) we obtain

Treq =
[

(1/2)× 0.52517 × 304.36 × (260)2
× 0.0301 + 952, 590 × 0.707

]

/1000 = 836.4 kN (15)

and we must compare this value with the available thrust.
The PW4000-112 engine [41], considered as a candidate engine in first instance, devel-

ops a maximum thrust at a sea level of about 98, 000 pounds, i.e., 435.9 kN. To consider,
in a first approximation, the effect of altitude at h = 8000 m, we may use the relationship
based on density ratio:

Tmax−PWengine = T0(ρ/ρ0) = 435.9 kN × (0.52517/1.225) = 435.9 kN × 0.4287 = 186.9 kN, (16)

thus, estimating a reduction of the maximum thrust of about 57%. As a result, the maximum
thrust of four PW4000-112 engines is not sufficient to perform the required manoeuvre.

The Rolls-Royce UltraFan engine [56] develops a maximum thrust at sea level of about
110, 000 pounds, i.e., 489.3 kN. For this engine, we obtain

Tmax−RRengine = T0(ρ/ρ0) = 489.3 kN × (0.52517/1.225) = 489.3 kN × 0.4287 = 209.8 kN. (17)

Finally, with four Rolls-Royce UltraFan engines we have

4 Tmax−RRengine = Tmax−carrier = 4 × 209.8 = 839.1 kN > Treq, (18)

and the thrust requirement is satisfied, although with almost zero margin.
For the proposed carrier-launcher system, the altitude h = 8000 m represents the

maximum flight level at which the parabolic flight phase begins, when the thrust begins
to be reduced. These preliminary calculations demonstrate that to practically accomplish
this type of mission, four high-thrust engines must be installed on the flying wing carrier-
launcher system.

3.3. Modal Analyses and Aeroelastic Analyses of the Carrier-Launcher System

As a major issue in the development of such lifting architectures is related to aeroelastic
problems, because of the initial sizing processes, the last part of the research involved a
preliminary study of the aeroelastic behaviour of the flying wing. To conduct this study,
the finite element software MSC NASTRAN was used [57]. In this conceptual design phase,
a half-wing model was studied. A two-spar wing-box structure was modelled, making
standard assumptions in terms of sizing of the various components, and an aluminium
alloy was selected as the structural material [30]. Both ribs and spars (Table 8) are tapered,
and they were modelled with shell elements.
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Table 8. Sizes of Structural Components of the Wing-box Structure.

Component Thickness [mm] Size of Parts [mm]

Skin 2.5 —
Stringers—Z section 2.0 Flange: 16

2.0 Web: 15
Spar—I section 30.0 Flange Width: 300

30.0 Web—Root: 840
30.0 Web—tip: 300

Ribs 3.0 —

The landing gears have been modelled as concentrated masses positioned in the correct
stations, while the launcher and the two engines are connected to the structure with the
RBE2 connection of NASTRAN; the launcher is placed in the root section (half of its inertia
characteristics have been introduced). Tables 9 and 10 contain the data used to prepare the
finite element model.

Table 9. Inertia Characteristics of Engines, Landing Gears, and Launcher.

Component Mass [kg] Inertia [kg m2] C.G. Location

Engine 4273 16,750
3.4 m (from local leading

edge)
Landing Gear 1 732 — —
Landing Gear 2 1464 — —

Launcher 10,000 14,000 3.61 (from the wing nose)

Table 10. Engines and Landing Gears Locations.

Component Distance from the Wing Root [m] Distance from the Wing Nose [m]

Engine 1 7.0 —
Engine 2 17.0 —

Landing Gear 1 0.0 2.0
Landing Gear 2 3.0 9.0

The structural mesh of the wing-box is composed of 4165 nodes and about 4446
CQUAD4 elements. Figures 16 and 17 show, respectively, a sketch of the geometry of the
half-wing model and a sketch of the structural mesh implemented in PATRAN [58]. In
NASTRAN (Fight Loads tool), the aerodynamic surface covers the entire plan form of the
wing and is connected (through surface splines) to the displacements of the structural
nodes of the wing-box upper skin.

 

Figure 16. Sketch of Half-Wing geometry prepared with PATRAN [30].
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Figure 17. Sketch of Half-Wing structural mesh prepared with PATRAN [30].

As for as the aerogrid, it is built by fragmenting the surfaces into panels; each panel
is numbered and perfectly defined. We built two aerogrids: one for the inboard surface
and one for the outboard surface in a sequential way along the span. Figure 18 shows an
example of the aerodynamic mesh which can be implemented to carry out the aeroelastic
analyses with the software NASTRAN [57]. In this case, we used five subdivisions in the
wing chord direction and a total of ten subdivisions in the wingspan direction.

Figure 18. Example of aerodynamic mesh and panel numbering in NASTRAN [30] (circled numbers

indicate nodes of the aerogrid).

Two types of modal analysis were performed: the first with the root section free to
move in the vertical plane (in this case only the longitudinal translation is constrained for
all the nodes of the root section), and the second with the root section clamped. In the first
case (free wing), for all the nodes of the root section, the degrees of freedom “1345” are set
equal to zero (the two translations in the chord direction UX and in the wingspan direction
UZ, and the two rotations around the chord direction ROTX—rolling—and the in-plane
rotation ROTY—yaw). Vertical translation (UY) and pitching degrees of freedom (ROTZ)
are free. In the second case (clamped wing), all nodes at the root section have been fixed;
therefore, all degrees of freedom “123456” are set to zero (in a Global Reference Frame).

Table 11 shows the list and the comparison of first natural frequencies calculated with
the mentioned modal analyses of the free half-wing and clamped half-wing, respectively.
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Table 11. Free Wing and Clamped Wing Natural Frequencies (NASTRAN Model Results) [30].

Free Half-Wing Model Clamped Half-Wing Model

Mode 1 0 Hz
Mode 2 0 Hz
Mode 3 0.40 Hz Mode 1 0.35 Hz
Mode 4 0.60 Hz Mode 2 0.57 Hz
Mode 5 0.70 Hz Mode 3 0.62 Hz
Mode 6 1.15 Hz Mode 4 1.13 Hz
Mode 7 1.49 Hz Mode 5 1.48 Hz
Mode 8 1.74 Hz Mode 6 1.50 Hz
Mode 9 2.00 Hz Mode 7 2.00 Hz

Mode 10 3.52 Hz Mode 8 3.40 Hz
Mode 11 3.54 Hz Mode 9 3.54 Hz
Mode 12 3.95 Hz Mode 10 3.95 Hz

Table 12 contains a comparison of natural modes of vibration in terms of their qualita-
tive shape. As is known, due to the different constraint conditions, the free-wing model
has slightly higher frequency values.

Table 12. Free Wing and Clamped Wing Natural Frequencies (NASTRAN Model Results).

Free Model Clamped Model Mode Type

Mode 3 0.40 Hz Mode 1 0.35 Hz Bending
Mode 8 1.74 Hz Mode 6 1.50 Hz Bending—Torsion
Mode 9 2.00 Hz Mode 7 2.00 Hz In Plane Bending

Mode 12 3.95 Hz Mode 10 3.95 Hz Torsion

The aeroelastic analyses were performed at sea level and in cruise flight condition. In
these calculations, we assumed h = 11, 000 m as cruising altitude. To obtain preliminary
results, the half-wing clamped model was considered (neglecting rigid modes effect). We
selected the p-k method [57] to extract the complex eigenvalues (10 complex roots). A
structural damping of 0.02 was assumed. In both conditions, we inserted in the input file
of NASTRAN a suitable list of speeds to be analysed in order to identify the sign variation
of the overall damping parameter, and therefore the instability conditions. It is known that
with the p-k method it is also possible to identify the conditions of static divergence; in this
case, the imaginary part of the eigenvalue, which is related to the frequency of the unstable
mode, tends to zero. In fact, this happened in one of the flight conditions examined.

For the flight condition at sea level, we found a flutter instability in the range
170 ÷ 180 m/s corresponding to a flutter speed of about 176.5 m/s with a Mach num-
ber of M = 0.52 and frequency of 1.4 Hz. A second form of instability instead highlighted
a condition of divergence with a critical speed equal to about 220 m/s (M = 0.64). In the
cruise flight condition, we found flutter instabilities. The first instability occurred at a speed
of about 281.5 m/s (Mach number M = 0.954) with a frequency of about 1.9 Hz; other
forms of instability occurred for unrealistic Mach number values. The forms of instabilities
found are listed in Table 13. Damping and frequency, as a function of flight speed, are
shown in Figures 19 and 20 for the sea level condition. The data calculated for the cruise
flight condition are shown in Figures 21 and 22.

Table 13. NASTRAN Results: Static and Dynamic Instabilities.

Unstable Mode
Speed
[m/s]

Mach Frequency [Hz] Instability

Mode 6 (sea level) 176.5 0.52 1.4 Flutter
Mode 4 (sea level) 220.0 0.64 0.0 Divergence

Mode 8 (cruise) 281.5 0.954 1.9 Flutter
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Figure 19. Graph of damping for the First Unstable Modes (Sea Level).
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Figure 20. Graph of frequency for the First Unstable Modes (Sea Level).
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Figure 21. Graph of damping for the First Unstable Mode (Cruise Condition).

Thanks to the PATRAN animation tool, it was observed that for the sea level condition,
Mode 4 is a bending mode while Mode 6 is a bending-torsion mode. In a cruise flight
condition, Mode 6 appears as a pure bending mode, whereas another high-speed mode
highlighted a combination of bending and torsion. In these cases, it should be noted that
the term mode and its order number are related to the complex eigenvector list calculated
by NASTRAN with the available aeroelastic solver, and therefore are not to be confused
with natural modes of vibration.
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Figure 22. Graph of Frequency for the Unstable Modes (Cruise Condition).

In the cruise condition, divergence was found in the supersonic regime, but this result
was also considered unreliable. Figure 23 shows, as an example, the sketch of the unstable
Mode 6 (the flutter mode) calculated for the half-wing clamped model at the sea level flight
condition (figure shows only the wing-box structure deflections).

 

Figure 23. Sketch of Mode 6 (Flutter Mode) at Sea Level: 1.40 Hz.

4. Discussion

A system for deploying small satellites in LEO, in a range of 100–500 kg, has been
proposed and studied at a conceptual level. The flying system is unmanned and remotely
controlled; it is composed of a flying wing and a small launcher. The CAD visualization
of the carrier-launcher system discussed in this paper is shown in Figure 24. The research
proposed here has the aim of representing the first step in the development of a novel air
launch system to be a candidate for a more effective and efficient solution, with respect to the
current technical solutions. To do so, the first action needed is a conceptual feasibility study,
focused on conceptual design and preliminary performance assessment of the concept.

 

Figure 24. Rendering of the Proposed Carrier-Launcher System.
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The main feature that distinguishes this air launch system from others existing in the
technical literature [59] consists in the method by which the separation of the launcher from
the carrier takes place. The separation between the two components of the system occurs
during the execution of a parabolic manoeuvre that allows the internal forces, due to the
gravitational effect, to be reduced to a minimum, thus simplifying the mechanical procedure
for detaching the launcher. It has therefore been thought and verified that the launcher is
released and ignites its own thruster, with a high speed and at an altitude of about 8000 m,
at the end of a pull-up manoeuvre of the wing which performs a parabolic manoeuvre.

A conceptual configuration has been defined at the end of a state-of-the-art study.
The aerodynamic performance, the basic characteristics of the flight mechanics, and the
aeroelastic behaviour have been preliminarily studied thanks to the use of well-known
software (AVL [31] and NASTRAN [57]). The maximum take-off weight of the system,
which can cover a long cruise range (about 8000 km) up to the actual launch area, is about
1200 kN. The weight is therefore much lower than that of other conventional configurations
of air launch systems [42].

As is well known, the stability of the flying wing can be a critical issue. In this work, it
is demonstrated, at least preliminarily, that even in the most critical flight phase (parabolic
flight) aeromechanical stability can be ensured using conventional control surfaces, without
a strong reduction in lift-to-drag ratio.

The safe execution of the parabolic manoeuvre requires the use of four high-thrust
latest generation jet engines [56]. First-level analyses have shown that the system does not
present evident criticalities due to forms of aeroelastic instability. However, further analyses
are necessary to consider the effect of the launcher in a more realistic way, both from an
aerodynamic and an inertial point of view. A non-secondary topic that certainly falls within
the future developments of this research concerns the use of more reliable aerodynamic
calculation systems (CFD methodologies) for a more in-depth study of the aerodynamic
performance of the configuration, both at low speed (with a high angle of attack) and in
transonic flight conditions. Another technical topic to be explored concerns the design of
the system for connecting the launcher to the carrier. Among the technical requirements
that this system will have to guarantee, the reliability and simplicity of execution of the
separation phase of the launcher must certainly be considered.

5. Conclusions

This study presented a conceptual design of a flying wing carrier-launcher for satellites
in low earth orbit. The concept represents a breakthrough solution in the field of LEO
satellite launch systems, providing a more flexible and effective platform to accomplish
this type of mission. The primary objective of this investigation was to assess the feasibility
of the proposed system as a potential solution for satellite launches. Indeed, the main aim
of this conceptual research is to characterize a novel and innovative system that offers
a more efficient, effective, low-cost, and flexible solution compared to existing ground
launcher technologies, providing its main features in the very early design stage. The
proposed flying wing carrier-launcher is designed to address the limitations and challenges
of conventional launcher systems by leveraging on the concept of “re-use” of the launcher
platform. The introduction of such a system could potentially reform the sector of satellite
launches and provide a more efficient means of accessing space.

The study involved conceptual sizing to evaluate the flying wing carrier key perfor-
mance and possible issues; the results indicate that the proposed design may represent
a promising starting point to initialize a further detailed engineering process on the de-
velopment of such a carrier-launcher system. The investigation has been conducted by
assessing the initial sizing of the flying wing, in terms of aerodynamics, thrusts, weights,
and structural behaviour. The sizing process has taken the selected air launch operation
into account, namely a release at a zero g parabolic manoeuvre.

In this path, further research and development are necessary to refine and improve
the fidelity of the proposed analyses, and to technically develop the proposed concept.
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Critical issues that require further investigation include the optimization of the geometry,
mass distribution, propulsion system, and control systems; furthermore, the design should
be subjected to more detailed aerodynamic and structural analyses to assess its overall
performance more reliably. Indeed, to improve the fidelity of this study, future research
could focus on conducting more detailed multidisciplinary simulations and systems analy-
ses, based on higher fidelity tools, such as CFD analyses for aerodynamic evaluations, or
FEM-based structural design and optimization.

The proposed system allows saving the weight of the carrier (since there is neither
a fuselage nor a tail), and therefore produces an increase in the efficiency of the launch
system as a whole. Nevertheless, this study serves as an initial milestone for future research
aiming to stimulate and inspire further development for the proposed concept.
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