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TECHNICAL AND ECONOMIC SUBSTANTIATION
OF THE AIR LAUNCH AEROSPACE SYSTEM PARAMETERS

The substantiation of the technical and economic parameters of the air launch aerospace system, which consists of a reusable un-
manned aerial vehicle and integrated launch vehicle, is given. A combination of a turbofan engine and a ramjet engine is used as the
unmanned aerial vehicle propulsion system. The considered vehicle is capable of delivering a payload into low- Earth orbits without
the use of a spaceport. We have developed the methodology of the technical and economic substantiation of the parameters of the air
launch aerospace system. The results were obtained by searching for the minimum of the objective function, which established the
relationship between the technical and economic parameters of the aerospace system. For the objective function solution, the design
parameters of the integrated launch vehicle and unmanned aerial vehicle were determined, as well as the limitation of the total accel-
eration velocity of the aerospace system. The methods used allowed us to determine the velocity constraints provided by the operation
of the turbofan engine, ramjet engine, and the three solid propellant motors of integrated launch vehicle stages, as well as maximum
dynamic pressure and maximum permissible temperature on the unmanned aerial vehicle surface. We determined the scheme for es-
timating the cost of launching the spacecraft into Earth orbit by the air launch aerospace system. The result of the substantiation is the
determination of the technical and economic parameters of the integrated launch vehicle, unmanned aerial vehicle, and the aerospace
system as a whole. The influence of the maximum temperature on the surface of the unmanned aerial vehicle and the specific impulse of
the ramjet engine on the parameters of the aerospace system was also evaluated. The substantiation is the first step towards the creation
of the Ukrainian aerospace air launch system.
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INTRODUCTION

Using space around the Earth is essential for human
life. It is difficult to imagine a world without satellite
communication, the Internet, television, positioning
systems, space images, and weather forecasting.
Many countries of the world use outer space. Active
participation of Ukraine in this type of activity is
difficult because the country does not have its own
launch site and infrastructure required for launching
vehicles from its own territory, which is due to the
territorial features and geographical location of
Ukraine since there is a question of ensuring the
safety of integrated launch vehicle drop zones.

An alternative option for delivering satellites to
near-Earth orbits is the use of an air-launched aero-
space system (ALASS) consisting of a reusable un-
manned aerial vehicle (UAV) and an expendable
integrated launch vehicle (ILV). Such a system can
be operated from existing airfields. For Ukraine, the
implementation of such a project will allow launch-
ing of both its own satellites and commercial satel-
lites independently of other countries.

It should be noted that the leading countries of the
world are conducting studies aimed at determining
the technical and economic parameters of the air-
launched payload delivery system. Pursuant to Or-
der #1581-r of the Cabinet of Ministers of Ukraine
dated 16 December 2020, a list of priority investment
projects has been determined for the state until 2023,
which provides for investment into the air-launched
system project.

METHODOLOGY

The methodology of the technical and economic
substantiation of the parameters of the air launch
aerospace system (ASS) consists of the following
main phases:

1. Analysis of the current status of payload delivery
systems and selection of the ASS basic configuration;

2. Selection of a range of ASS technical and eco-
nomic parameters;

3. Selection of a criterion for ASS costs minimiza-
tion;

4. Establishing dependencies between technical
and economic parameters and the criterion of ASS
costs minimization and determining the target func-
tion;

4

5. Definition of:

e ASS main design parameters of the first
approximation;

e Limiting the ASS total acceleration velocity;

* Allowable dynamic pressure for the UAV;,

e Maximum allowable UAV surface temperature;

e Cost of the ASS development;

* Speed and altitude at UAV and ILV separation

6. Technical and economic substantiation of the
ASS parameters.

An analysis of the current status of payload delivery
systems was carried out in [8], as a result of which a
basic configuration of the ASS was determined, con-
taining a high-altitude hypersonic unmanned aerial
vehicle as the first stage and a three-stage integrated
launch vehicle as the second stage. A combination of
a turbofan engine and a ramjet engine (RJE) is used
as the UAV propulsion system. Selecting the range of
parameters and the minimization criterion and es-
tablishing the relationship between them was carried
out in [9], where the target function (1) was formed,
reflecting the main design parameters that affect the
efficiency of the ASS.
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where Bp are the costs for the development and de-
velopment tests of the ASS components, i. e., one-
time costs, BS’; is the averaged specific depreciation
expenses of the design of reusable ASS components,
M ;g is the ASS launch mass, M, is the ILV mass,
m, is the UAV structure relative mass, # is the num-
ber of ASS launches, B° is the average unit cost of
fabrication of the structure of expendable ASS com-
ponents, |, is the relative propellant mass, Bpp is the
cost of routine maintenance and services of the aero-
drome, p ey is the relative payload mass.

For a feasibility study of the ASS parameters, it is
necessary to find the minimum of the dependence
(1). Relationship (2) was used to determine the
mass of the entire ASS. At the same time, the rela-
tive masses of propellant consumed for acceleration
using the turbofan and ramjet engines are functions
that depend on the specific impulses and velocities to
which the turbofan and ramjet engines operate, re-
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spectively, and are determined as a result of searching
for the minimum of the target function (1). The ILV
and ASS masses are found from expressions (2) and
(3), respectively.

1-¢
M V3,V4,V5)=M k1 X
ILVf( ) pay 1—I_,LPf(V3, IS) _ Skl
I-¢, I-g,,

X : , (2)

1-p, f(V4,I)—g, 1-p,f(V515)—¢g,
where V3, V4, V5 are the velocities provided by the
operation of the ILV first, second, and third stages,
Mp ay is the payload mass, €, ;,, 5 is the relative
mass of the ILV stage (booster) structure, /g is the
specific impulse of solid propellant.

MASSf(Vl)Vz,V3,V4,V5) =
=M, f(V3V4V5)/{I=[m, +m, +m,+
gy + 1 f (VLT o) H 1, F (V2,01 (3)

where V1, V2 are the velocities provided by the
operation of the turbofan and RJE, m, is the relative
mass of the UAV equipment, m, is the relative mass of
the UAV engines, 1 ppis the relative mass of propellant
for the UAV return, 1 Turbofan is the turbofan specific
impulse, I, is the RJE specific impulse.

To find the minimum of the target function (1), it
is necessary to determine the following:

¢ Design parameters ILV and UAV used in
expressions 2 and 3;

e Limiting the ASS total acceleration velocity;

¢ Allowable dynamic pressure;

e Maximum allowable UAV surface temperature;

¢ Plan for estimating the ASS development cost.

PROBLEM SOLUTION

First of all, the design parameters of the ILV and UAV
were determined. The relative mass of the ILV stages
structure was determined from the dependencies
given in [4] for solid-propellant ILV. The following
relative masses of the ILV stages structure were
obtained: g,; = 0.173, g, = 0.206, g, = 0.296. The
function of the relative mass of the propellant was
determined by expression (4), where g is the free fall
acceleration.

qu(V,I)zl—expi—Kj. 4)
gl
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The vacuum specific impulse for HTPB fuel for
air-launched ILV solid-propellant motors, taking
into account the research [10], was taken equal to
~290s.

The relative mass of the UAV structure, the rela-
tive mass of the UAV equipment, and the relative
mass of the UAV engines were determined taking
into account the relative masses of aerospace vehicle
components [1, 6]. The following relative masses
were adopted: m;, = 0.362, m, = 0.09, m, = 0.145.
The specific impulse of the turbofan engine in the
afterburner mode was determined from the results
of an analysis of the characteristics of similar mod-
ern engines for the afterburner mode of the engine,
which amounted to 1800 s. Determining the specific
impulse RJE is hampered by the lack of close ana-
logues and the complexity of the technique for deter-
mining the parameters of the air intake device [11].
Therefore, to determine the design parameters of the
first approximation, we use the RJE specific impulse
ranging from 500 to 1000 s.

The limitation of the total acceleration velocity of
the ASS was determined, which is equation (5), in
which the velocity provided by the turbofan, RJE,
and ILV stages is equated to the required circular ve-
locity, taking into account the losses.

V, +AV=3Vf(VLV2,V3,V4,V5)  (5)

where 2 Vis the total acceleration velocity of the ASS,
V., is the circular velocity in orbit, AV'is the losses of
velocity.

The ASS total acceleration velocity was deter-
mined by expression (6).

SVF(V1,V2,V3,V4,V5)=

=1 gln : "
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1w, f(V2,1,,)]
+I,gln m +
+I,gln 1—[upf1(V4,15)] +
+Isgln[m : (6)
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Figure 1. Limitation of the dynamic pressure in analogous
systems
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Figure 2. ASS cost estimation plan

Table 1. ASS basic technical and economic parameters

The following constraints were also set to solve
equation (5):

e The velocity provided by the operation of the
turbofan engine 0 < V1 <600 m/s;

¢ The velocity provided by the operation of RJE
V2 <2065 m/s — V1;

e The velocities provided by the ILV stages are
assumed equal V3 = V4 = V5.

The value of the maximum dynamic pressure affects
the UAV strength: the greater the dynamic pressure,
the stronger the structure must be and the heavier. The
magnitude of the dynamic pressure at UAV and ILV
separation also affects the ability to achieve shock-free
separation, and therefore, to reduce loads, the 1LV
must separate at lower dynamic pressure. Based on
the results of the analysis of similar projects, shown in
Fig. 1, and scientific articles [2, 3], the maximum dy-
namic pressure of 3500 kgf/cm? was adopted.

The maximum permissible temperature on the
UAV surface was determined by expression (7) de-
pending on the ILV / UAV separation velocity. At
the same time, when searching for the minimum
of the target function, it was limited by the maxi-
mum operating temperature of the available struc-
tural materials, namely, a BH-2AE heat-resistant
niobium-based alloy, which has sufficient strength at
the maximum operating temperature of 1400...
1500 °C without special coatings.

Tof (V2+V1)=T, (1 +rt%Mf(V2+V1)2j , (7)

where 7o is the UAV skin surface temperature, 7',
is the temperature of the approach flow, which
depends on the UAV/ILV separation altitude, r, is

Parameter Value

RIJE specific impulse, s 500 600 700 800 900 1000
Velocity at stages separation, M 6.03 6.4 6.4 6.4 6.4 6.4
Altitude at stages separation, km 29.1 29.8 29.8 29.8 29.8 29.8
Payload mass, kg 30 30 30 30 30 30
ILV mass, kg 3438 3140 3140 3140 3140 3140
ASS mass, kg 27234 21881 18577 16640 15367 14468
UAV skin surface temperature, °C 1329 1500 1500 1500 1500 1500
ASS launch cost, USD million 2.81 2.55 2.46 2.41 2.37 2.34
1-kg payload delivery cost, USD thousand/kg 94 85 82 80 79 78
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the boundary layer recovery coefficient, which is 0.89
for the turbulent boundary layer, k is the adiabatic
coefficient, which is 1.4 for air, M is the Mach
number of the approach flow.

The cost calculations were based on the recom-
mendations and methods given in [5, 7, 12]. The cost
estimation plan is shown in Fig. 2.

The following expressions were used to determine
the cost (8)—(13).

B,,f(V3,V4,V5)=M, ¢&,,b, +

+M35t“’Pf(V5’ IS )bP + M2$t8k2bk +

+M2$t“’Pf(V4’ IS )bP +Mlst
+M, 1, f(V3,1)b,,

g,b, +
(®)
B, f(V1,V2,V3,V4,V5) =B, f(V3,V4,V5)+
+M , b+ M, mb +M,.mb, +
+M gt f(V, L rbofan by + M o f(V2, I )by 5 (9)

B, .f(V1,V2,V3,V4,V5)=B,, f(V3,V4,V5)n,  +

+B, f(V3,V4,V5)n,,, +B, . (10)
B, f(V1,V2,V3,V4,V5)=
=[Bdesign mtf(Vl V2,V3,V4,V5)]-1.1, (11)
BAf(Vl V2,V3,V4,V5)=
M, by + M m b + M, m,b, 11, (12)

n
Bluunchf(Vl’ V2, V3,V4, VS) =
= BAf(VL V2, V3, V4, V5) + BILVf(V3> V4’ VS) +
Mot f(V, IT“fbvftm )by + My, f(V2, IR]E)bP + BPP.
(13)

In the expressions (8)—(13), b is the relative mass
of the corresponding component.

Having determined all the initial data and limi-
tations, a search was made for the minimum of the
target function (1) for delivery of a payload mass of
30 kg to an altitude of 500 km. The calculation results
are shown in Table 1.

The effect of the reduction of the UAV maximum
surface temperature to 1200 °C (for XH70IO alloy)
and 1000 °C (for Inconel 718 alloy) on the velocity
at separation was analyzed. The results are shown in

Fig. 3. The effect of the RJE maximum operating ve-
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Figure 3. Effect of UAV maximum surface temperature on

velocity at UAV/ILV separation: 1, I’ —at T, = 1500 °C
(BH 2AE); 2, 22 —at T,,,, = 1200 °C (XH7010); 3, 3’ — at
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Figure 4. Effect of RJE maximum operating velocity on ASS
mass and 1 kg payload launch cost: /, 2, 3 — ASS mass, 1, 2’
3’— 1-kg PLcost (I, I’—at I=500s; 2, 22— at I =700 s;
3,3 —at I=1000s)

locity on the ASS mass and the cost of 1 kg payload
delivery was analyzed. The results are shown in Fig. 4.

CONCLUSIONS

The technical and economic substantiation of the pa-
rameters of the air launch system capable of launch-
ing payloads into Earth orbit without a launch site
has been carried out. The substantiation is the first
step towards the creation of the Ukrainian aerospace
air launch system.
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TEXHIKO-EKOHOMIYHE OBI'PYHTYBAHH [TAPAMETPIB
ABIALIMHO-KOCMIYHOT CUCTEMU MOBITPAHOIO CTAPTY

[TpoBeneHo oOrpyHTYBaHHS MapaMeTpiB aBiallilHO-KOCMiIYHOI CUCTEMM MOBITPSIHOTO CTApTy Y CKJaJi 6araTopa3oBoro ri-
TIeP3BYKOBOTO OE3IMIJIOTHOTO JITAThHOTO arapara Ta OIHOPAa30BOi pakeTW KOCMIYHOTO TMPU3HAYEHHs 3a TeXHIYHUMU Ta
€KOHOMIYHMMU XapaKTepUCTUKaMU. B SIKOCTi CMIOBOI ycTaHOBKHM OE3MiJIOTHOTO JIITATbHOTO arapaTta 3aCTOCOBYETHCS TO-
€IHAaHHS TypOOPEaKTUBHOIO IBOKOHTYPHOTO ABUIYHA Ta MPSIMOTOYHOIO MOBITPSIHO-PEAKTUBHOTO ABUTYHA. Po3rissHyTHit
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