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Abstract

The optimization of the overall cruise trajectory of a two-

Nomenclature

. .
staged dual-fuel hypersonic flight system with in-flight re- Z} :Ere;lcézr;sumptlon factor
fueling of the carrier stage is subject of this paper. The f thrust factor for angle of attack dependency
flight system performs a range cruise until separation af- « leration due to gravit
ter which the carrier stage equipped with an air breathing g accelera ion d & . Y for h=0
powerplant (turbo and ram jet engines combination) re- io a;:tc.te Zr:tlon ue to gravity for i =
turns to its launch site. The rocket propelled orbital stage m ;als: of the flight system
conducts an ascent to nominal orbit. Mier  mass of kerosene in tanks
The performance requirement for the carrier stage is to migs mass of liquid hydrogen in tanks
reach any latitude on the northern hemisphere from a rp fuel mass flow
launch site in Southern Europe. A promising approach for Mg total fuel mass
Fal concapt, Tris concens bascally cuploys korosne ¢ lond factor
. i _ . _ 2
and liquid hydrogen of which kerosZne i: u);ed for the 7 dyn'amlc pressure, § = (p/2)V
rE radius of the Earth
turbo jet engines in subsonic and supersonic flight while Ch drag coefficient
hydrogen is applied for the ram jet engines in the hy- CDO zero lift drag coefficient
personic region. The use of kerosene provides an in- - Cpr friction drag coefficient
flight refueling capability which is not possible with an Cpp profile drag coefficient
all-hydrogen-propelled vehicle because of safety reasons. Cow  wave drag coefficient
Investigations were made for one, two and three in-flight o lift coefficient
refuelings. In the case of three in-flight refuelings it is D drag
possible to reach the equator from a start point at 43.5° I ift
latitude. Thus, it is possible to attain every latitude on M Mach number
the northern hemisphere. S reference wing area
T thrust
T* thrust with equivalence ratio of 1
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Figure 1: In-Flight Refueling

Tz, T for a=6° the highly flammability. As an alternative, the turbo-
V. velocity jet engine may be operated with kerosene till Mach 3.5,
V' volume of fuselage and then the ram-jet engines with liquid hydrogen are
o angle of attack used. This application of different fuels is known as dual-
d.  elevator deflection fuel concept [1, 2, 4, 5]. Thus, a range flight at Mach
ér  throttle setting numbers below 3.5 with in-flight refueling of kerosene can
er  thrust vector angle be performed.

0% flight path angle

Le  bank angle Dual-Fuel Concept

¢r  equivalence ratio

X azimuth angle

wg  angular velocity of the Earth
A geocentric latitude

A geographic longitude

Two aspect are of concern with regard to the range im-
provement offered by the dual-fuel concept.

The first aspect relates to a drag reduction which is basi-
cally due to a fuselage decrease. Considering the overall
flight system mass as constant, the volume of the tanks
Introduction can be reduced because of the higher density of kerosene
when compared with liquid hydrogen. As a consequence,
the fuselage volume can be decreased so that a reduction
of the zero lift drag results.

New concepts for space transportation are proposed and
investigated in various countries as a means for improv-
ing the space transportation capability and for reducing
costs. . A promising co.ncept which is c‘on.sidered irj« this density | calorific value
pager isa two—-staged ﬂ.lght sys.tem cor.mstmg of a wmged [kg/m®] [MJ/kg]
carrier S‘Fage Wlth.an airbreathing engine (turbo-ram-jet) kerosene 703.0 20

and a vvm.ged orb.:téll sta.ge propelled by rockets. liquid hydrogene 70.8 120.0
The goal is a flexibilisation of the reachable orbit from a
fixed starting point. For the investigations the starting Table 1: density and calorific value of fuels

point is assumed to be at 43.5 deg northern latitude. A

maximum flexibility is considered to be obtained when the

flight system can perform the separation at the equator. ~ The second aspect with regard to a range improvement
To achieve this goal it is necessary that the carrier stage ~ concerns the possibility of in-flight refueling (Fig. 1).
has a corresponding range capability. In-flight refueling is basically a means for range improve-
For the investigated flight system the range of the carrier ~ ment. Further, it can be used to compensate for the ef-
stage is basically not sufficient. In order to enlarge the  fect of the lower mass specific calorific value of kerosene
range, in-flight refueling is considered. The nominally  (Table 1).

used liquid hydrogen is not qualified for in-flight refueling, ~ An illustratiori showing schematically the flight profile
due to the low boiling point (about 20K at 1bar) and  considered in this paper is presented in Fig. 2.
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Figure 2: Flight Plan

Modelling of the Nominal Flight System m=—mpg
For the trajectory optimization problem, the usual mass | .
point modelling is applied for describing the flight system
dynamics. With reference to a rotating spherical Earth, , 2
the equations of motion can be expressed as (Fig. 3): 9=go <r f—h) . (2)
E
. Tcos(aa+er)~D . Y
V= ( 7) —gsiny+ wg{re + h)
m
-cos A (sinycos A — cosy sin A cos y) . L
T sin(a + +L .
4= (o + er) COS y + €OSA - 2
mV re+h V v
wg(re +h
+2wpcosAsiny + %—Z cos.\ (cos~ cos A
+sinysin Acosy), me
T sin{a + +L v .
;= in(a . €r) siny, — cos~ siny tan A
mV cosy re—~h North__
—2wg(tanycos Acosy — sinA) Prime
Meridian
2
z(re+h) . .
u)—E(E—)smAcosAsm X- (1 -~
V cos Y ) Equator 777
A:Vcosvcosx’ - S
e+ h SOLRIT/
V cosysin
= Z?’_E-%—Z)c—osXA_’ Figure 3: Forces on flight system
h=V sin v,

These equations are basically valid for the overall system
as well as for the single stages.
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The flight system considered in this paper is similar to the
german SANGER-concept. The carrier and the orbital
stage are winged vehicles, whereby the carrier stage is
propelled by turbo-ram-jet engines and the orbital stage
by rockets.

dry mass of carrier stage | 149 Mg
fuel mass of carrier stage | 95 Mg
mass of orbital stage 96 Mg

| total mass | 340 Mg |

Table 2: Mass survey

Table 2 shows a mass survey of this flight system. The
mass survey includes 2 Mg of the fuel consumed during
taxiing before start and another 2 Mg needed for landing
and taxiing after landing.

The aerothermodynamics model of the nominal flight sys-
tem powered by hydrogen only may be written as:

L = C.-3-8, (3)
D = Cp-@-S
with C, = Cr(a, M) and Cp = Cp(a,b., M).- The

model of the propulsion system of the carrier stage is
given by

o

]|

T =
T =

ér - T, 4)
foa(M, a) - Tgo (M, h). (5)
The fuel consumption model reads

mp = ¢r-b"(M,h) -T*(M,h,a). (6)

The quantities Cr, Cp, T* and rhr were computed from
data fields to obtain smooth functions with [6].

Modelling of Drag Coefficient Changes

With regard to the effect of fuselage volume decrease on
zero lift drag, the wave drag decrease is considered. An
estimation is presented in the following.

In the supersonic regime Cpg may expressed as

Cpg = Cpr + Cpw. (7)

The wave drag coefficient Cpw and the friction drag
coefficient Cpp are assumed to be equal. Further, Cpr

is considered as constant in regard to the fuselage volume .

change. The change of the wave drag coefficient Cpw
is estimated as

Vnew
Vnom ' (8)

With the use of this relation, a first approach for the
change of the zero lift drag coefficient may be modelled
as:

CDW,new = C’DW,nom .

Vnew
Vnom

CDO,new = ODO,nom ’ [f + (1 - f) ) (9)

with
Fe % {1 —tanh[(M —0.8)-10 -2} +0.5 (10)

The continuous function f yields a value of about 1 for
Mach numbers below 0.8 and 0.5 for higher Mach num-
bers. Therefore, only a change of Cpg for Mach numbers
larger than 0.8 according to the wave drag coefficient
change is obtained.

The above model for the zero lift drag coefficent change
may be considered as a conservative estimation.

Optimization Problem

The major aim of trajectory optimization is to find a con-
trol law for a flight mission, which makes it possible to
transfer a flight system from a starting to a final point
with a minimum cost function, subject to boundary con-
ditions and path constraints.

The controls are angle of attack ¢, bank angle y, and
throttle setting 4.

The initial conditions for the flight system are given by
the conditions of the climb at subsonic speed. They are
presented in Table 3.

state variable | value at initial climb flight
500 m
3deg
150 m/s
338 Mg
435 deg

0 deg

=P 3 <2

Table 3: Initial flight conditions

The final conditions are given by the landing approach
flight conditions. They are presented in Table 4.

state variable | value at landing approach
500 m
-3deg
150 m/s
151 Mg
43.5deg

Odeg

=D 3 << >

Table 4: Final flight conditions

The path constraints are shown in Table 5.

The cost function is the distance between the launch
site and the geographical latitude for separation. The
optimization goal is to achieve a separation as far south
as possible.

For solving this type of optimal control problem, effi-
cient numerical optimization methods and computational
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minimum maximum
o [deg] -1.5 20
6T,Turbo it 1
5T,Ram 0 5T(M7 ¢L,maz)
¢L,ma:c ¢L (M, 6F,min) 3
g [kPa] 10 50
Ty 0 2

Table 5: Flight path constraints

techniques are required which are capable of coping with
complex functional relationships including various kinds
of constraints.

The procedure which was successfully applied in this
paper is a parameterization optimization technique [10]
with the graphical environment GESOP [7].

Optimization Results

The first results concern the flight path for the flight
system powered only with hyrogen [3, 9]. This is used
as a reference for showing the improvements of the dual-
fuel configuration. Further results concern the dual-fuel
concept with and without in-flight refueling.

Reference Flight Path (Fig. 4)

The reference trajectory is shown in Fig. 4. A separation
point at 10.21° northern latitude can be reached. This
flight lasts 106 minutes. In Figs. 4-8 the vertical lines
denote constant time intervals.

The flight consists of six different phases. The first phase
is a climb with speeding up to supersonic flight. After this
phase the flight system performs a level range flight with
speed increase. To reach the separation configuration the
flight system performs a pull up. After separation the
carrier stage descends to the return flight altitude. At
this altitude, a practically level range flight with speed
decrease takes place. As a sixth phase the carrier stage
finally performs a descent flight to the landing site.

Dual-Fuel Flight without In-Flight Refueling (Fig. 5)

The above assumption according to which the overall fuel
mass is considered to be constant implies that the total

fuel mass mp o is fixed (mptor = 95 Mg). The mass .

of kerosene mg., represents an optimization parameter.
The mass of liquid hydrogen can be calculated as

(11)

For an optimal m g, of 52.0 Mg the maximum reachable
latitude is 21.07°. The reduction compared to the refer-
ence trajectory is basically due to the lower mass specific
calorific value of kerosene. The flight lasts 86 minutes.

MLH2 = MFtot — MKer-
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S~
f— \
30+ C\ T
20 -
10} -
— N 20
0 ] 30
20 Ty ——70 20
6
Aldeg] g0 Aldeg]

Figure 4: Reference flight path (only hydrogen fuel)

The flight path shows some similarity with the reference
case, Fig. 5.

h[km]
30 = [+
20 -

Aldeg]

Figure 5: Dual-fuel flight path without in-flight refueling

Dual-Fuel Flight with In-Flight Refueling (Fig. 6-8)

An additional phase for in-flight refueling is now intro-
duced. The in-flight refueling is considered to take place
at a Mach number of 0.8.

Fig. 6 shows the optimized flight path for one in-flight
refueling. For an optimal mass of kerosene m g, of 43.2

Mg the reachable latitude improves to 12.5° for a flight =

of 160 minutes.

In the first flight phase, the system performs a subsonic
range flight at an altitude of about 10 km. After in-
flight refueling the flight path is basically similar to the
case without refueling.

Fig. 7 shows the flight path with two in-flight refuel-
ings. The optimal mass of kerosene is now 43.7 Mg.
The reachable latitude raises to 6.5° for a flight lasting
245 minutes.
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Figure 6: Dual-fuel flight path with one in-flight refueling
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Figure 7: Dual-fuel flight path with two in-flight refuel-
ings

The first part of the flight consists of a subsonic range
flight phase and after the first refueling another subsonic
range flight phase follows. After the second refueling the
flight system conducts the similar flight as before without
refueling.

Three in-flight refuelings make it possible to reach the
equator for separation. The corresponding flight path is
shown in Fig. 8. The flight lasts 323 minutes. The shape

of the flight path is basically similar to that one with two -

in-flight refuelings, except for the third refueling process.

For comparision reasons Fig. 9 shows projections of all
flights on the surface of the Earth.

To evaluate the influence of the mass of kerosene mger,
optimal flight paths for different kerosene masses were
calculated. The achievable ranges are shown in Fig. 10.
It turns out that the optimal mass ratio of kerosene to
hydrogen for the considered flight system with in-flight
refueling is about one to one.

hlkm]

Aldeg]

Figure 8: Dual-fuel flight path with three in-flight refuei-
ings

Conclusions

A flexibilisation concerning the reachable orbit of a two-
staged space transportation system can be achieved by
enlarging the range of the carrier stage with in-flight refu-
eling. This possibility is offered by the dual-fuel concept
according to which hydrogen is used for ram jet opera-
tion and kerosene for turbo jet operation. Up to three
in-flight refuelings were considered. To reach any orbit
inclination three in-flight refuelings are sufficient.
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Dual-fuel with three in-flight refuelings

Figure 9: Projections of the trajectories

30 T 1 i i
Aldeg]

o5 L Without in-flight refueling

One in-flight refueling /

Two in-flight refuelings

Three in-flight refuelings

! i 1 !

40000 45000 50000 55000 60000 65000

Figure 10: Reachable latitude
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