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Reduction of Coolant Fuel Losses in Hypersonic Flight
by Optimal Trajectory Control

Gottfried Sachs* and Michael Dinkelmann1^
Technical University of Munich, 80290 Munich, Germany

Engine cooling demands of a hypersonic carrier vehicle propelled by a turbo/ramjet combination are considered
for a three-dimensional range trajectory with a return to the launch site. The fuel flow required for cooling the engine
is included in an overall fuel optimization problem, so that the flight phases during which more fuel is required
for engine cooling than for producing thrust are adequately accounted for. It is shown that a significant fuel saving
can be achieved compared with the classical trajectory optimization approach that takes into consideration only
the fuel required for producing thrust.

Nomenclature
A = cross-sectional area, m2

CD = drag coefficient
CL = lift coefficient
cp = heat capacity, J/(kgK)
D = drag, N
fa = thrust factor for angle-of-attack dependency
g = acceleration due to gravity, m/s2

h = altitude, m
L = lift, N
M = Mach number
m = mass, kg
mf = fuel mass consumed, kg
Nu = Nusselt number, ccqx/X
n = load factor
Pr = Prandtl number, r}cpl\
p = pressure, N/m2

q = dynamic pressure, (p/2) V2, N/m2

Re = Reynolds number, Vpx/rj
re = radius of the Earth, m
S = reference area, m2

T = thrust, N
T - temperature, K
t - time, s
tf = final time, s
V = speed, m/s
x = distance along surface, m
a = angle of attack, deg
otq = heat transfer coefficient, W/(m2K)
P - shock wave angle, deg
y - flight-path angle, deg
A = geocentric latitude, deg
8T = throttle setting
sT = thrust vector angle, deg
T] = dynamic viscosity, kg/(ms)
$o = angle between zero lift direction and a body reference

line, deg
K = specific heat
A = geographic longitude, deg
A = heat conductivity, J/(msK)
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[ia = velocity bank angle, deg
p = atmospheric density, kg/m3

a = specific fuel consumption, s/m
c/)f = equivalence ratio
X = velocity azimuth angle, deg
o)e = angular velocity of the Earth, 1/s

Subscripts
cooling
t
thrust
0

= with mf consumption for engine cooling
= with p total pressure
= with mf consumption for thrust production
= with g at zero altitude

Introduction

N EW concepts of aerospace plane type vehicles are currently
being considered as a means for expanding the usable flight

regime to hypersonic speeds and for providing an improved space
transport capability. There are various differences among these con-
cepts. However, airbreathing propulsion and lifting capability rep-
resent common features.

Hypersonic flight poses challenging problems. This particularly
holds for the propulsion system. One problem concerns the hot
environment that the engine is exposed to at hypersonic speed. A
sophisticated thermal management system is required to cope with
high-temperature problems.1'2 A technique for efficiently solving
this problem is to use hydrogen fuel in a cooling circuit before
it is fed to the engine for producing thrust. At each instant along
the flight path there are two instantaneous fuel rates of interest: the
fuel rate required for thrust production and the fuel rate required for
cooling. The actual fuel rate must be the larger of the two; thus, if the
cooling requirement exceeds the thrust requirement, then unburned
fuel is considered to be dumped. This problem is addressed, and it is
shown that an appropriate trajectory optimization provides a means
to substantially reduce the fuel losses caused by engine cooling.

Temporary storage of the excess fuel in phases with a higher fuel
demand for cooling than for producing thrust and for use for thrust
production at a later time may be a possibility for avoiding a fuel
loss. This possibility is not considered as feasible because additional
installations would be required, which are rather complex. Further-
more, there may be safety risks because of the hot temperature of
the excess fuel after the cooling process.

Optimization techniques for trajectory control are necessary to
fully exploit the performance capability of hypersonic vehicles. Be-
cause of extreme performance requirements for these vehicles, fuel
minimization is a primary goal in trajectory optimization. Papers on
trajectory optimization have so far considered only fuel consump-
tion necessary for thrust production,3"14 without accounting for the
fuel required for engine cooling. However, cooling requirements can
be so large that a need may exist for reducing the fuel loss caused
by cooling. It will be shown that the overall fuel consumption can
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be significantly reduced if fuel losses due to engine cooling are
explicitly accounted for in a trajectory optimization formulation.

Heating problems and fuel-rate requirements for cooling the en-
gine/airframe structure have been addressed in recent research. In
Ref. 15 a method for determining the near-optimal operation of the
propulsion system of a single-stage-to-orbit vehicle is presented.

The trajectory optimization technique proposed for reducing
cooling fuel losses is applied to a hypersonic vehicle consisting of
an airbreathing carrier and a rocket propelled orbital stage. The air-
breathing propulsion system of the carrier consists of a turbo/ramjet
combination that uses hydrogen fuel. The flight path of the carrier is
considered, including a range requirement for releasing the orbital
stage at a specified location.

Cooling Fuel for Engine Thermal Management
Hot engine components require adequate cooling, for which a

concept is shown in Fig. 1. There are two different cooling circuits:
the first uses an indirect technique and the second a direct one. The
first circuit provides air for various components: 1) cooling air for
the intake, 2) cooling air for the turbo engine, and 3) sealing air for
the intake and nozzle flaps. The sealing air is needed to avoid damage
of the flap mechanism due to the hot air-flow passing the gaps. The
air extracted from the flow in the subsonic diffusor intake is passed
through a heat exchanger that is used for reducing the air temperature
to a sufficiently low level. Then, a compressor feeds the air through
the engine components. After cooling the components, most of the
air is again transferred to the mainstream flow of the engine.

The second circuit concerns the hydrogen fuel used for cooling,
which offers a large heat-absorption capacity for cooling purposes,
not only due to its temperature (T = 20 K), but also due to its mass.
The hydrogen is heated to 900 K and then is fed to the engines or
blown off. The heat transferred to the fuel may be considered to
increase the thermodynamic efficiency. However, there is a corre-
sponding cooling effect on the airflow through the engine. Since the
air and the fuel are mixed in the burner, it is assumed that the heating
effects balance each other. Therefore, no increase in thermodynamic
efficiency is assumed for the overall process.

One part of the fuel is used for cooling the air in the heat ex-
changer. The other part is used for the direct cooling of engine
components: the ramduct, the ramburner, and the nozzle. A mathe-
matical model is developed for describing the cooling requirements.
Each engine component is treated separately, according to its indi-
vidual cooling demands. As an example, the model for calculating
the airflow required for cooling the intake is presented in detail.

As a starting point, reference flight conditions (Fig. 2), which
cover the flight parts where the engines are in the ramjet mode,
were used with fixed combinations of M, h, a, and ST. For these
flight conditions, material for describing the cooling demands of all
engine components was provided by an industry company. This is
used as reference data for developing a more general mathematical
model. As an example, the cooling demands of the intake are shown

Turbojet (closed)

Fig. 1 Thermal management concept,2 ramjet mode.
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Fig. 2 Reference flight conditions for cooling model.
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Fig. 3 Airflow required for intake cooling.

in Fig. 3 for the reference flight conditions (with letters A-O used
for cross reference with Fig. 2).

Based on the reference values, a mathematical model was devel-
oped that allows the determination of the cooling demands for a wide
range of M, h, a, and 8T. This model includes several computational
steps, which are described in the following for the intake.

The flow conditions at the intake are described with the use of ap-
proximative formulas. The oblique shock wave angle at the aircraft
nose can be approximately expressed as16

where

D/4]2

0 = 00 + a

= gl (M, a) (1)

(2)

Using /?, the flow condition ahead of the intake shock system (de-
noted by the subscript 1) can be computed. The deceleration of the
flow to subsonic conditions in the intake (denoted by the subscript
2) leads to a total pressure loss. With the total pressure in the intake

Pt2 = (3)

the subsonic flow conditions in the intake can be computed. The
function #2(^1) describes the pressure loss at the shock system of
the ramps and the intake configuration.17

The coefficient for the heat transfer from the air to the intake walls
can be expressed as18

aq = Nufr/x) (4)

For computing the heat transfer, the flow is considered turbulent.
Assuming flat plate characteristics, the local dimensionless heat
transfer coefficient is related to the flow and fluid properties by18-19

(5)

With the use of Eqs. (4) and (5), the heat transfer coefficient can be
expressed as

aq = 0.0296 ^0.47^0.2

where subscript 3 denotes the flow conditions at the wall and x is
the local coordinate in flow direction. With the air mass flow

"lair =
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the expression for ctq can be rewritten as

0.0296 ,.0.33

From Eq. (6) it follows that

oc

The following functional relationships hold:

X3 = X3(f3, p3)

where

mair oc (m/)thrust

(ftt/)thrust = (ra/)thrust(M, p, «, <5r)

p3 = p3(M, p,

P =

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

As a result, o^ can be described as a function of flight Mach number,
altitude, angle of attack, and throttle setting:

<*q — aq(M,h,a,8T) (16)

The heat flux through the intake walls is assumed to be equal to
the heat flux transferred to the cooling air, so that the following
proportionality exists:

(^cooling air) intake A Tcool QC aq(T^ — Tw) (17)

where Arcooi is the temperature difference of the cooling air before
and after cooling and Tw is the maximum allowable wall temperature
(here, Tw = 1600 K).

From Eqs. (16) and (17) it follows that a mathematical model can
be generated for the cooling airflow:

cooling air /intake =~
T3-TW

Arcool
(18)

Equation (18) is scaled with a factor k for best agreement with
the reference data (Fig. 3). To sum up, the cooling airflow can be
expressed as a functional relationship

(^coolingair)intake = /l(M, h, Oi, 8T) (19)

Similarly, models for the other engine components using air
for cooling are developed. These components are intake flaps,
(Wcooiingair)intake flaps = /2(M, h, a); turbo engine, (mcooiingair)turbo =
/3(M, h,a, 8T)\ and nozzle flaps, (mcooiingair)nozzieflaps = /4(M,
h,a).

The overall airflow required for the addressed engine components
is cooled in a heat exchanger with hydrogen fuel. The hydrogen fuel
flow necessary for operating the heat exchanger can be expressed
as a functional relationship

(m/)indirect - #exch , h, «, 8T) = /5(M, h, «, 8T) (20)

where Kcxc^ represents a factor describing the heat exchange char-
acteristics of the heat exchanger:

4 5 6 M[-] 7

Fig. 4 Hydrogen fuel flow required for engine cooling.

The mathematical model developed for describing the fuel flow for
direct ramduct cooling basically shows a functional relationship

(m/)ramduct = /6<Af, h, «, 8T) (22)

The other engine components directly cooled with hydrogen fuel
can be modeled in a similar way, yielding

(^/)burner = fj(M, h, «, 8T)

(^/)nozzle = f*(M, h, a, 8T)

(23)

(24)

The overall demand of hydrogen fuel for cooling the engine is the
sum of the described contributions for the individual components.
Thus,

(25)
i = 5

As a result, the overall fuel flow for engine cooling can be described
by a functional relationship

(w/)cooling = , h, Oi, 8T) (26)

This model is compared with data of the reference flight conditions
in Fig. 4, which shows good agreement (with letters A-O used for
cross reference with Fig. 2).

From Eq. (26) it follows that the cooling fuel flow depends on
state and control variables. This relationship is incorporated in the
mathematical and computational process for describing the dynam-
ics of the system and its optimization.

Dynamics, Aerodynamics, and Propulsion Model
Modeling of vehicle dynamics is based on the equations of motion

with reference to a spherical rotating Earth. The equations of motion
read20 (Fig. 5)

V = (l/m)[T cos(a + eT)-D]-g sin y

+ a?er cos A (sin y cos A — cos y sin A cos x)

y = (l/mV)[T sin(a + eT) + L] cos fjua

H- cos y [(V/r) - (g/ V)] + 2coe cos A sin x

+ (a>2
er/ V) cos A (cos y cos A + sin y sin A cos x)

mV cosy
(27)

+ — cos y sin x tan A + ——-—
r V cos y

— 2&>e(tan y cos A cos x — sin A)

sin A cos A sin x

A =
V cos y cos x

h = V sin y,

A =
V cos y sin x

r cos A

where

exch = /exch(M, h) (21) r = r,+h, g = ga(re/r)2 (28)
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South

Fig. 5 Forces acting on the vehicle and coordinate systems.

A complex mathematical model involving multifunctional depen-
dencies for describing aerodynamics and powerplant characteristics
of the vehicle is applied. Emphasis is put on a realistic modeling.
The aerodynamics model describes the lift and drag forces, which
can be expressed as

= CL(p/2)V2S, = CD(p/2)V2S

where (Fig. 6)

(29)

(30)

The powerplant consists of a turbo/ramjet combination. The math-
ematical model of this system describes rather complex thrust and
fuel consumption characteristics, which depend on throttle setting,
Mach number, and altitude. As a unique effect of hypersonic flight,
angle of attack also exerts an influence. The mathematical model
developed for describing the addressed effects reads

= 8TT*(M,h)ftt(Mtct)

, M)cr*(M, h)T*(M, h ) f a ( M , a)
(31)

where T* and cr* denote reference values at stoichiometric combus-
tion (Fig. 7). The engine model accounts for nonzero fuel consump-
tion at idling and the possibility of overfueled combustion (0/ > 1)
in the ramjet mode. Switching from turbo to ramjet operation and
vice versa is modeled as a linear process between Mach 3 and 3.5.
An afterburner mode is assumed to be used for turbojet operation at
transonic and supersonic Mach numbers.

Control variables for the problem are angle of attack, throttle
setting, and bank angle.

A realistic modeling involves constraints that exert a substantial
effect on the performance of hypersonic vehicles. There are various
reasons for the existence of constraints in hypersonic flight, such
as aerodynamics and engine and structural limitations. The numer-
ical values of the applied constraints are presented in Table 1. The
boundary conditions for the return-to-base flight problem are shown
in Table 2. The flight condition at the separation is considered to
be fixed. The values chosen for the separation condition are based
on an overall trajectory optimization for the combined flight of the
carrier and the orbital stage.14

The mission type, which is of interest, consists of a trajectory
from the base to a location for releasing the orbital stage and then
back to the base again. The optimization problem is to minimize the
overall fuel consumption m f ( t f ) , where tf is the final time, which is

CL(-}

0.4

0.2

0.0

CD(-}

0.2

0.1

0.0

Fig. 6 Lift and drag coefficients.

a* [s/m]

Fig. 7 Reference thrust T* and thrust-related fuel consumption <r*.
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Table 1 Constraints

Minimum Maximum

«, deg
<t>f (ram)
8T (turbo)
ST (ram)
I A ^ I J deg
g,kPa
n

-1.5
<f>f(M, <$rmin)

0
0

free
10
0

20
3
1

<$7-(M, 0/max)
varied

50
2

Table 2 Conditions at the initial and final points
of the trajectory, and at separation

/z, m
M
X,deg

A, deg
A, deg
m, kg

t = 0

500
0.44

3

43.5
0

340,000

Separation

33,800
6.8
8.7
90

16.5

' = '/
500
0.44
-3

43.5
0

treated as free. A performance criterion for describing this problem
may be formulated as

J = m f ( t f ) (32)

For computing fuel consumption, the following relation is applied:

mf = max[(m/)thrust, (m/)Cooiing] (33)

This relation means that the fuel rate required for thrust production
and the fuel rate required for cooling are compared, and the larger
of the two is used for the trajectory optimization computations.

The optimization problem is to find the control histories that min-
imize the fuel consumed for the trajectory in question. For solving
this type of optimal control problem, efficient numerical optimiza-
tion methods and computational techniques are required, which are
capable of coping with complex functional relationships including
various kinds of constraints. The procedure, which was successfully
applied, is a parameter optimization technique.21

Results
As a reference, an optimal trajectory is considered first where

the fuel needed for producing thrust is minimized while the fuel for
cooling the engine is not included in the optimization process. This
is the classical approach to fuel-optimal flight-path optimization.
Results are presented in Figs. 8—11. Figure 8 provides a perspective
view for the type of trajectory in mind. The trajectory basically
consists of a three-dimensional motion where the turn constitutes a
significant part of the overall flight.

The histories of state and control variables are presented in Figs. 9
and 10. They show that the flight trajectory is rather unsteady and,
thus, differs from usual aircraft cruise, which is practically a steady-
state flight. The separation maneuver, which the carrier vehicle per-
forms for releasing the orbital stage, is a highly dynamic motion.

Fuel consumption characteristics that are of particular concern
are given in Fig. 11, which shows the fuel rates necessary for thrust
production and for cooling. There are two phases during which more
fuel is required for cooling than for thrust production. The differ-
ence, which represents a significant portion of the overall fuel con-
sumption, is regarded as a loss since it is considered to be blown off.

When the fuel flow for engine cooling is included in the opti-
mization process, as described in a previous section, a significant
saving can be achieved. This is illustrated in Fig. 12, which shows
fuel flow characteristics for the overall optimization case. As a main
result, only a small phase after the separation maneuver exists, dur-
ing which more fuel is required for engine cooling than for thrust
production (i.e., where there is no need for more thrust). The loss
has been reduced to an insignificant level. It may be of interest to
note that there is some increase in the fuel required for thrust pro-
duction, when compared with the thrust-fuel optimal case. However,
the overall amount of fuel consumed is significantly smaller.

500km

3000 kmN South

Fig. 8 Perspective presentation of a three-dimensional cruise trajec-
tory for a two-stage hypersonic flight system.

0 1000 2000 3000 4000 t [s]

Fig. 9 State variables for thrust-fuel optimal trajectory.

20

-100

Angle of Attack

Equivalence Ratio

0 1000 2000 3000 4000 t [s]

Fig. 10 Control variables for thrust-fuel optimal trajectory.

mf

/s]
60

40

20

Thrust: 82891 kg
Loss: 22653 kg

Total: 105544kg

""Fuel Loss

0 1000 2000 3000 4000 t [s]

Fig. 11 Fuel flow for thrust-fuel optimal trajectory.
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TTLf

kg/s]
60

40

20

Thrust: 85917 kg (+3.7 %)
Loss: 545 kg (-97.6 %)

0 1000 2000 3000 4000 t [s]

Fig. 12 Fuel flow for overall fuel optimal trajectory.

h
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30
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10

Height
M
H

0.2 0.4 0.6 */*/ H
Fig. 13 State variables: ——, overall fuel optimal trajectory,
5680 s; and - - - -, thrust-fuel optimal trajectory, tf = 5452 s.

*/</[-]
Fig. 14 Control variables: ——, overall fuel optimal trajectory, tf =
5680 s; and - - - -, thrust-fuel optimal trajectory, tf = 5452 s.

Further insight into fuel-optimal flight that includes the cooling
requirements is provided in Figs. 13 and 14, which show the history
of state and control variables. There is a significant reduction in
speed during the phases where the thrust-fuel optimal trajectory
shows a fuel loss. Since speed is a significant factor for cooling
demands, a decrease in speed contributes to a reduction of cooling
fuel flow.

Additional insight into the mechanism for reducing the cooling
fuel flow by an appropriate control of the trajectory can be provided
by considering the cooling demands of the various engine compo-
nents. The trajectory for minimizing only the fuel flow for thrust
production is considered first (Fig. 15). In the first phase (before
separation), the directly cooled components show a higher fuel de-
mand than the indirectly cooled components. In the second phase
(after separation), the overall cooling fuel demand is significantly
reduced. The directly cooled engine components again require the
greater portion.

In the case of the overall fuel-optimal trajectory, the cooling de-
mands show remarkable changes (Fig. 16). There is a significant
reduction that primarily concerns the directly cooled engine com-
ponents.

60

m
[kg/s]

40

20

Burner &: Nozzle

Ramduct

^Tlu-bo Engine

Sealing Air

0 1000 2000 3000 4000 * [s]

Fig. 15 Fuel flow for cooling the engine components for thrust-fuel
optimal trajectory.

20

771

[kg/s]

o
20

o
10

10

Burner &; Nozzle
(-21 %)

Ramduct (-31 %)

Turbo Engine (-43 %)

Sealing Air (-27 %)

Intake (-61 %)

0.4 0.6 */*/ H
Fig. 16 Fuel flow for cooling the engine components: ——, overall fuel
optimal trajectory, tf = 5680 s; and - - - -, thrust-fuel optimal trajectory,
tf = 5452 s.

36.1 Mg

Thrust Fuel Optimal Trajectory

Overall Fuel Optimal Trajectory

•

j^Mg

3.0 Mg
5.3Mg

Inlet Sealing Air Turbo Engine Ramduct Burner/Nozzle

Fig. 17 Fuel consumption for cooling the engine components.

Further information is provided in Fig. 17, which shows the
amount of fuel for each engine component. The major cooling de-
mands are due to ramduct, burner, and nozzle. These engine com-
ponents show the greatest savings when the cooling demands are
included in the optimization process. Note that the greatest relative
saving concerns the intake.

Conclusions
The fuel demand for cooling the engine of a hypersonic vehicle is

considered and included in an overall trajectory optimization prob-
lem. A mathematical model for describing the cooling fuel demand
of the individual engine components is developed and combined
with the model for describing the dynamics of a hypersonic flight
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system. This system is a combination of a turbo/ramjet propelled
carrier vehicle and a rocket driven orbital stage. A three-dimensional
range flight is considered, during which the carrier vehicle releases
the orbital stage at a specified location and then returns to its launch-
ing site.

It is shown that the overall fuel-optimal trajectory provides a sig-
nificant saving compared with a classically optimized trajectory (for
which only the fuel consumed for thrust production is minimized).
In particular, it is shown that the optimization approach presented
yields practically no flight phases of fuel loss where more fuel is
required for cooling the engine than for producing thrust. An in-
sight into the mechanism of reducing fuel flow for cooling is also
presented.
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