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Abstract

In the context of hypersonic propulsion for civil purposes and a more sustainable
aeronautic industry, the air-turbo-rocket expander engine (ATR-EXP) has been
studied through a transient lumped model. To fulfill the trajectory mission of
the EC-funded MORELESS project, based on previous works, three throttle
variables have been identified. A sensitivity analysis has been conducted proving
how and which combination of actuators can satisfy the control requests. The
turbomachinery off-design behavior has been considered in simulating the ascend
trajectory. A control strategy has been identified compliant within a subspace of
throttle variables. The system stability has been demonstrated for a selection of
critical steady-state conditions.





“Abbiamo due vite. La seconda inizia
quando ci rendiamo conto di averne solo una.”

Confucio
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time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.26 locus of fan operating point during ascend trajectory. The color goes

from red to green as time progresses. . . . . . . . . . . . . . . . . . 74
4.27 locus of pump turbine operating point during ascend trajectory. The

color goes from red to green as time progresses. . . . . . . . . . . . 74

x



4.28 locus of fan turbine operating point during ascend trajectory. The
color goes from red to green as time progresses. . . . . . . . . . . . 74

4.29 Sankey diagram showing the power flow in kW for Mach 0.75. . . . 75
4.30 Sankey diagram showing the power flow in kW for Mach 2. . . . . . 75

A.1 Engine scheme with parallel turbines. In the mixer (MX), the two
fuel flow rejoin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

A.2 Parallel turbines, throttle variables and ṁf , Isp, thrust over time. . 79
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Introduction

Mach 5 Flight: Challenges and Advantages
The Air-Turbo-Rocket Expander engine, the subject of this thesis, is designed to
contend with various flight regimes. Understanding these regimes is crucial to grasp
the technical challenges involved. The Mach number, defined as the ratio between
the fluid velocity and the speed of sound in the fluid, determines the flight regimes:

• Subsonic: Mach number less than 1. If Mach is below 0.3, compressibility
effects are negligible.

• Transonic: Mach number between 0.8 and 1.3. Fluid moves at speeds
comparable to sound.

• Supersonic: Mach number above 1. It is characterized by shock waves and
sonic booms.

• Hypersonic: Mach number exceeds 5. High temperatures cause dissociation
and the creation of partially ionized plasma. Therefore, structural design is
heavily influenced by high thermal loads. Rounded shapes are preferred. In
the LAPCAT and STRATOFLY projects, it is proposed that cryogenic fuel
also be used as a structural coolant. Supersonic combustion chambers are
needed.

Moreover, during a launch mission, a vehicle faces various atmospheric conditions
and can experience trans-atmospheric flight. Initially, gas dynamics follow a
continuous air model, transitioning to a rarefied air model at higher altitudes.
Historically, multi-stage vehicles have been designed with a single type of propulsion
system for each stage, optimizing for different altitude/Mach number regimes
along the trajectory to increase overall system-specific impulse. For example,
NASA’s hypersonic aircraft demonstrators, the X-43 series, utilize subsonic aircraft
propulsion for the first stage, followed by a Pegasus rocket for the second stage,
with the scramjet-based research vehicle as the third stage. This configuration
allows for autonomous flight from take-off to speeds greater than Mach 7 [11].
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Introduction

Figure 1: Illustration of Boeing X-43 [2].

Another critical aspect of propulsion is determining the altitude for nozzle
matching, where exit pressure equals ambient pressure, optimizing net thrust.
Below this altitude, the jet is overexpanded; above, it is underexpanded, leading
to complex jet structures and possible Mach disk formation, affecting thrust. To
mitigate these effects, solutions include double bell nozzles, variable geometry
nozzles, and aerospike nozzles, which optimize flow expansion and efficiency across
different altitudes and conditions. Studies related to the hypersonic flight are
significant for several compelling reasons:

1. Reduced Travel Time: Hypersonic flight dramatically reduces travel time
for long-distance journeys. For instance, a flight from New York to London
could take less than an hour compared to the current 7-8 hours. Hypersonic
flight can revolutionize global connectivity, enabling quicker delivery of goods
and services. This speed can enhance global trade, emergency response, and
disaster relief efforts.

2. Enhanced Space Access: Hypersonic technology is essential for the develop-
ment of spaceplanes that can take off and land like conventional aircraft. This
capability can lower the cost of access to space, streamline launch processes,
and expand commercial spaceflight opportunities.

3. Technological Innovation: The pursuit of hypersonic flight drives advance-
ments in various fields, including materials science, propulsion, aerodynamics,
and thermal management. These innovations have the potential to benefit a
wide range of industries beyond aerospace.

4. Economic Impact: The development and commercialization of hypersonic
technology can stimulate economic growth by creating high-tech jobs, fos-
tering new industries, and attracting investment in aerospace research and
development.

2
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5. Military Superiority: Hypersonic vehicles offer strategic advantages in
defense. Their high speeds and maneuverability make them difficult to detect
and intercept, providing a significant edge in rapid response and precision
strikes.

In summary, hypersonic flight offers transformative benefits in terms of speed,
military capability, space exploration, technological progress, global connectivity,
and economic impact. These advantages make it a key focus of modern aerospace
research and development.

3



Chapter 1

Mission and Goals

1.1 MORE&LESS project
The International Project MOREandLESS - MDO and REgulations for Low-boom
and Environmentally Sustainable Supersonic Aviation is funded by the European
Commission under the Horizon 2020 framework. This project aims to establish new
standards for environmentally sustainable supersonic aviation in Europe and the
broader international community. These standards will address noise, pollutants,
and greenhouse gas emissions. Through a multidisciplinary approach encompassing
aerodynamics, propulsion systems, emissions, and climate impact sciences, the
project seeks to develop comprehensive guidelines for the European Union and the
global community [12]. The project is based on LAPCAT I/II and STRATOFLY
projects [13, 14, 1], vehicles designed to cruise at Mach 8 and 30 km of altitude. A
re-design is under current study [15], which aimed at designing vehicles to cruise
at a Mach number of 5, and an altitude of 25 km. Being in the early stage, the
STRATOFLY project vehicle and LAPCAT II trajectory are described instead.

1.2 Vehicle
The concept of a hypersonic aircraft is practical primarily for long-haul routes,
especially those reaching antipodal destinations, as these routes maximize the
benefits of hypersonic travel. To meet the mission requirements of long-haul routes,
the waverider configuration has been chosen for the STRATOFLY MR3 vehicle,
ensuring a lift-to-drag (L/D) ratio higher than 6.

Liquid hydrogen is used as the propellant due to its higher specific energy
compared to common carbon-based jet fuel. The use of liquid hydrogen enables
complete decarbonization. Lightweight bubble structures are considered to achieve
higher initial-to-final mass ratios. The STRATOFLY MR3 is designed to fly along
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antipodal routes at a stratospheric altitude of about 30 km, carrying 300 passengers
as payload. At elevated Mach numbers, conventional engines are no longer viable

Figure 1.1: MR3 vehicle external confguration [1].

Technical data Value Unit of
measurement

Length 94 m
Wing span 41 m
Height 17 m
Maximum take-off gross weight 400 tons
Overall volume 10,000 m3

Fuel weight 200 tons
Maximum thrust at take-off 3070 kN
Thrust during cruise 500 kN

Table 1.1: MR3 vehicle main technical data [1].

in terms of fuel efficiency. The combustion temperature of these engines is limited
by the survival of the turbine blades. Consequently, new engine architectures
must be explored. The Air-Turbo-Rocket Expander (ATR-EXP) is a turbine-based
engine [16]. The core concept is to exploit the stored fuel, cryogenic hydrogen, as a
coolant and working fluid while gathering air from the atmosphere as an oxidizer.
This approach allows for higher combustion temperatures, similar to a rocket
engine, and the absence of an oxidizer tank, as in a jet engine. The STRATOFLY
propulsion plant consists of six ATR-EXP and one Dual Mode Ramjet (DMR).

5
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Low Speed
Intake 

High Speed
Intake 

Figure 1.2: MR3 propulsive plant layout.

The six ATR-EXP engines positioned around the DMR engine, are responsible for
propelling the aircraft during takeoff, subsonic cruise, and supersonic acceleration
(Mach 0 to 4.5). The DMR engine, in its ramjet mode, kicks in after the aircraft
reaches a cruise speed of Mach 1.5 and gradually increases its thrust contribution as
the flight Mach number rises. At Mach 4.5, the ATR-EXP engines are completely
shut down, and the DMR engine alone provides thrust. Both engine bays share
common intake and nozzle sections. Incoming air is split into two streams, feeding
the ATR-EXP engine bays and the DMR engine before the DMR isolator. The
exhaust flows from both engines merge in a common nozzle downstream of the
DMR combustor outlet.

The MORE&LESS project shares the same root waverider vehicle design
of the STRATOFLY. Due to the early stage of design,The MORE&LESS and
STRATOFLY and LAPCAT II share the same propulsion plant.

6
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1.3 Trajectory

Figure 1.3 displays the whole trajectory and required thrust for the vehicle.

Figure 1.3: LAPCAT II trajectory [3]. The dashed line is the raw data provided
by ESTEC, the solid one are used in the simulations.

The overall uninstalled thrust Futotal
, which is independent of the number of

propulsion units, and altitude H are shown with respect to the flight Mach number
M . The mission of the ATR is to accelerate from takeoff to Mach 4.5 at an
altitude of 24 km, where a dual-mode ram/scramjet (DMR) further accelerates
to a hypersonic cruise. The raw altitude data provided by ESTEC (dashed line)
was smoothed for the simulation (solid line) [3]. For the purpose of this thesis, the
trajectory has been simulated up to Mach 3, and the requested thrust has been
divided by the number of engines.

7
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1.4 Conventional cycle limitation
The figure clearly shows the performance of different conventional cycles with
respect to Mach flight. The Specific Impulse is a figure of merit that measures how
efficiently the chosen cycles use fuel while generating thrust [17]. A higher value
represents a more efficient design. Turbofans are not capable of flying faster than

Figure 1.4: Specific Impulse over Mach number for different engines [4].

Mach 3 due to temperature constraints. Figure 1.4 illustrates that above Mach 3
the ramjet,where combustion occurs subsonically, becomes the only feasible cycle.
However, beyond Mach 5, its specific impulse decreases rapidly, and the scramjet,
where combustion occurs in the supersonic regime, offers a higher specific impulse at
higher speeds. While the rocket’s specific impulse is considerably lower than other
propulsion systems, it uniquely provides operational capabilities from sea-level static
conditions to beyond the atmosphere, which none of the other propulsion systems
can achieve. The rocket’s low specific impulse makes it unsuitable for long-range
cruise, but as the Mach number increases into the hypersonic regime, the scramjet’s
specific impulse approaches that of the rocket engine. Optimizing for long-range,
broad-speed regime operation requires the use of a combination of propulsion
systems, known as combined cycle propulsion (CCP) systems. These systems adapt
to various flight regimes and achieve synergistic performance enhancements over
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individual cycles. Airbreathing combined-cycle engines are primarily intended for
missions involving high-speed cruise in the atmosphere, with the capability to
switch entirely to rocket mode for reaching orbit.

1.5 Hypersonic airbreathing propulsion
The preferred solution to the challenge of hypersonic airbreathing propulsion—achieving
acceptable thrust and fuel efficiency throughout the entire flight spectrum—is to
integrate multiple propulsion concepts within a single internal flow path. These
airbreathing engines are referred to as combined cycles [18]. Different examples
can be found in literature [19].

A classification, proposed by C. Segal [20], consists of:

• Rocket Based Combined Cycle - RBCC

• Turbine Based Combined Cycle - TBCC

The first category includes engines that can operate in rocket, ramjet, scramjet,
and rocket-ejector modes. The second category can be further divided into:

• The Liquid Air Cycle Engine (LACE). The Scimitar engine is a an evolution
of this concept [21]

• The Air Turbo Ramjet or Air Turbo Rocket

Based on Thomas et al. work [22], this second category is also divided into:

• Bipropellant gas generator

• Monopropellant gas generator

• Regenerative or expander cycle

Examples of the expander cycle include the ATREX by JAXA and the Air
Turbo Rocket Expander engine (ATR-EXP) according to Villacé et al. work [23].

1.5.1 ATREX
The ATREX engine is the most close engine that can be compared with the ATR-
EXP. The following section provides a brief description of the ATREX concept.
The fuel, cryogenic hydrogen, is heated up by cooling jackets around and in the
chamber and by an intake precooler before it is expanded in the turbines. The
turbines power the fan and turbo pump. The hydrogen is then injected into the
chamber, taking part in combustion reactions generating thrust. Cooling the
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incoming air for the fan results in an inter-cooling effect on the Brayton cycle,
thereby increasing both specific power and thermal efficiency. By cooling the
high-temperature air—approximately 1700 K at Mach 6—the use of a turbojet
system becomes feasible at high flight speeds. Additionally, adopting a tip turbine
system allows for a smaller and lighter core engine. A plug nozzle is chosen because
of its ability to adapt to varying conditions. The flowchart in 1.5 shows one of the
first iterations of the engine. Over time, an evolution has brought differences [5],
but the working principle has not changed. A smaller engine has also been tested
[24].

Figure 1.5: ATREX scheme [5].
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1.6 Air Turbo Rocket Expander

The Air Turbo Rocket Expander engine (ATR-EXP) is a specialized type of engine
that integrates features from both turbojet and rocket motors, resulting in a distinct
set of performance benefits. This engine boasts a high thrust-to-weight ratio and
specific thrust across a wide range of speeds and altitudes, making it an option for
acceleration up to high supersonic speeds.

The engine is illustrated in 1.6. The main components of the engine are:

• Fan (F)

• Pump (P)

• Pump turbine (T1)

• Fan turbine (T2)

• Heat exchanger (HEX)

• Combustion chamber (CC)

• Nozzle (NZ)

The free-stream air enters through the inlet duct, reaching the fan. At the
fan outlet, both static and stagnation pressures of the air have increased due to
intake dynamic compression and the fan’s work. The fan is powered by a turbine
exchanging work with the fuel, i.e., hydrogen. The liquid hydrogen, stored at
cryogenic conditions, passes through the turbo pump, then the heat exchanger
(HEX), and then reaches the turbine. The combustion chamber and the nozzle are
surrounded by a heat exchanger that cools down both of them. The regenerative
heat increases the stagnation enthalpy of the hydrogen, now supercritical. The
hydrogen expands through two turbines, propelling both the pump and fan. Finally,
the hydrogen is introduced into the combustion chamber, where it mixes and
combusts with the air from the atmosphere.

11
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Figure 1.6: ATR-EXP engine scheme.

For control reasons, it is necessary to have two spools. To independently change
the mixture ratio (MR) and the combustion chamber pressure (Pc), a power
partition between the fan and pump is needed. The turbomachinery are directly
connected without gearbox.

In this architecture, the cooling channels are no longer merely an accessory
system to ensure engine survivability but they are the core of the engine cycle.
The regenerative heat powers the engine. Indeed, the cryogenic fuel is used as a
coolant, working fluid, and propellant. It is possible to think of the engine as two
subsystems that work in symbiosis: the cycle powering the turbomachinery and
the cycle generating thrust.

The heat exchanger represents the link between the two systems. This is clearly
visible in Figure 1.6. The green lines indicate the power system, while the blue
and orange lines indicate the thrust system. The power system is a Rankine cycle,
whereas the thrust system is a Brayton cycle.

In Appendix A can be found a different configuration called Parallel Turbines.
As the name indicates the pump and fan turbine are placed in parallel leading
to differences in terms of control system and performance. Due to less engine
controllability, it has been preferred to focus on the series turbine configuration.
The results shown are preliminary.

1.7 Objectives
On-design studies of the propulsion plant, including the DMR, have been performed
in the past [25, 26, 27] at the von Karman Institute for Fluid Dynamics. In those
works, the off-design behavior of the turbomachinery was not considered. To
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evaluate them, a transient model of the ATR-EXP engine and a control strategy
are needed. Based on these works, the proposed goals are:

• Study how multiple actuators can be implemented inside the ATR-EXP engine
architecture and their effects.

• Study a control strategy able to independently control the throttle variables
through the implementation of a set of bypass valves.

• Take into account the turbomachinery off-design effects during the ascent
trajectory up to Mach 3 and throttling, including operability limits and
component matching.

13



Chapter 2

Metodology

2.1 ECOSIMPRO and ESPSS
Simulations are conducted utilizing EcosimPro [28] in conjunction with the ESPSS
library. EcosimPro is a versatile, object-oriented software package designed for
modeling continuous systems across various disciplines. It operates by assembling
multiple individual components, each equipped with a mathematical description
of its behavior, to construct a comprehensive system model. By interconnecting
these components and specifying the necessary boundary conditions, a closed
system of differential equations is formed, which is subsequently solved using
the Differential-Algebraic System Solver (DASSL) [29]. This solver employs an
implicit Newton-Raphson method, wherein the time derivative is substituted with
a backward differentiation of order k. During runtime, the timestep δt dynamically
adjusts based on the solution’s evolution, facilitating the efficient integration of
problems featuring both rapid and gradual temporal variations.

The ESPSS library, specializing in the simulation of spacecraft propulsion
systems, provides essential components for these simulations. These components
include databases pertaining to fluids, combustion chambers, turbomachinery,
nozzles, and more. The combustion process is resolved using the minimum free
Gibbs energy approach via the CEA solver. In this framework, air and combustion
gases are modeled as mixtures of ideal gases, while hydrogen is treated as a real
fluid, with its properties derived through interpolation from REFPROP tables.

2.2 Components
In ESP all physical component behaviour is mathematically encapsulated in classes.
This section provides an overview of all components which are used in the engine
model.
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2.2.1 Ports
A connection port establishes links between components, facilitating the exchange
of values required for communication with their environment. A so called "fluid"
port exchanges different values among which:

• Total mass flow

• Static Temperature

• Static Pressure

• Total enthalpy
The Torque port exchanges:

• Torque

• shaft speed
The Thermal ports exchanges:

• Temperature

• Heat flux
When two or more ports are connected, equations are generated. There are two
behaviors of interest:

• equal, the value at each connected port has to be the same. The speed shaft
is an example.

• sum, one port flow variable is the sum of the other ports. The heat flux in a
node for example.

2.2.2 Abstract components
Every component in EcoSimPro is an object in the programming sense. They can
inherit the attributes and methods of the base class. Abstract components embody
a physical behavior that doesn’t constitute a complete component but serve as a
foundation for other components by being base classes.

There are two main base classes in ESPSS fluid networks: capacity and junction.
The first is a capacitive component that processes the flow variables to return the
state variables as output. The second is a resistive component that receives the
state variables and calculates the flow variables. Each capacitive component must
be connected to a resistive component and vice versa. This computational scheme
is designed to avoid algebraic loops and high-index differential-algebraic equations.
The following description of components is limited to the aspects relevant to this
project [30].
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Capacity

This component contains the mass flow conservation equation and the energy one.

dρ

dt
V + ρ

dV

dt
=

NØ
i=1

ṁi

dρ

dt
V u + ρ

dV

dt
u + ρV du =

NØ
i=1

ṁhi + Qin − PdV

ρ density, V Volume, ṁ mass flow, u total specific energy, mh enthalpy flow, Qin

heat, P static pressure. When dV
dt

= 0 and Qi = 0 it is a volume.

Junction

This component embodies the fundamental abstract junction, where no mass
accumulation is taken into account. Consequently, the outlet mass flow and the
energy flow are preserved from changes.

minlet = moutlet

mhinlet = mhoutlet

Differently, other fluid properties ( specific enthalpy and density ) can change
according to the following equation:

x = 1
2[(1 + c) ∗ xupstream + (1 − c) ∗ xdownstream]

c represent the flow direction, the reverse flow is allowed.

2.2.3 Intake
In supersonic flight, the presence of shocks induces a total pressure loss. The total
pressure recovery coefficient TPR quantifies the intake’s ability to slow down the
air while minimizing irreversibilities:

TPR = p0
out

p0
in

To avoid instability, the external shocks cannot lay on the intake lip. Conse-
quently, part of the air mass flow does not pass through the intake. The mass flow
capture ratio is the ratio between the ideal mass flow and the real one:

µ = ṁreal

ṁideal
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TPR and µ can be expressed as functions of Mach number and normal shock
position, describing the intake performance.

Figure 2.1: Intake sketch.

Figure 2.2: Intake front view and lateral view [6].

Figure 2.3: Intake top view [6].

There are two intakes for the MR2.4 vehicle concept. The first one, called the
high-speed intake (HSI), is for the DMR, while the second, called the low-speed
intake (LSI), feeds the ATRs. The LSI has been developed by reverse-engineering the
XB-70 intake [31] [6]. The LAPCAT LSI intake is an internal-external compression
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multiple shock inlet duct. It consists of three movable external ramps and three
movable panels. This technology allows:

• Control of the normal shock position

• Minimization of spillage

• Maximization of total pressure recovery

It has been chosen to model the intake using only the total pressure recovery
coefficient (TPR), ignoring the mass flow capture ratio (µ). This assumes that the
captured mass flow rate always exceeds the mass flow rate consumed by the ATR
engines. Any excess airflow is bypassed from the end of the inlet to the nozzle.

In subsonic flight, the skin friction pressure losses can be neglected, i.e., TPR is
assumed to be equal to one. In supersonic flight, for the simulation, a compromise
between two cases is assumed as indicated in 2.4 [32]. The worst-case scenario TPR
corresponds to a theoretical calculation with no shock reflections; the optimistic
case is an empirical correlation based on the XB-70 intake with shock reflections in
the duct.

Figure 2.4: Intake total pressure recovory coefficient [7].

2.2.4 Fan and turbines
A turbomachine is a mechanical device that transfers energy between a rotor and
a fluid. Our interest lies in fans and turbines. A fan is a specific class of axial
compressors. An axial compressor is a rotating, airfoil-based compressor in which
the gas or working fluid has an extremely limited or nonexistent radial speed
component. The blades exert torque on the fluid, increasing its stagnation enthalpy
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as expressed by the Euler compressor equation:

Ẇc = τAΩ = ṁ(U2cθ2 − U1cθ1)

where:

• Ẇc is the rate of work done by the compressor

• τA is the torque applied by the blades to the fluid

• Ω is the angular rotational shaft speed

• ṁ is the mass flow rate passing through the control volume

• U is the blade tangential speed

• cθ is the fluid velocity component perpendicular to both the radius and the
axis

An increase in temperature and pressure is a consequence of the work done by
the fan. A fan is characterized by its ability to ingest large airflow with a limited
compression ratio.

A turbine is a rotary mechanical device that extracts energy from a fluid flow
and converts it into useful work. The following equation (Euler turbine equation)
can be written for the axial type:

Ẇt = τAΩ = ṁ(U2cθ2 − U1cθ1)

Figure 2.5: Control volume for a turbomachine [8].

The following equations are valid for both the turbine and the fan, using the
subscript t for the turbine and f for the fan.
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The off-design behavior of a turbomachine is described by its characteristic map.
A turbomachine map is a mathematical construct that represents the functional
relationships between pressure ratio, adiabatic efficiency, mass flow rate, and
rotational shaft speed. Through dimensional analysis, the number of independent
variables is reduced to two dimensionless numbers: corrected mass flow rate and
corrected rpm.

Nc = N

Nref

√
θ

Wc = ṁ
√

θ

δ
These two variables are sufficient to express all operating conditions of the

turbomachine, given the inlet stagnation temperature and pressure. The stagnation
quantities are expressed with respect to the reference conditions.

θ = T 0
in

T 0
ref

δ = p0
in

p0
ref

The pressure ratio π and efficiency η are functions of corrected mass flow rate
and are parameterized by corrected rpm.

πf = P 0
out

P 0
in

πt = P 0
in

P 0
out

In ESPSS, a turbomachine is modeled as a resistive component. Two volumes are
needed, one for the inlet and one for the outlet. To uniquely define a point on the
map, further equations are needed to resolve the system. If the inlet and outlet
conditions and a shaft torque are imposed as boundary conditions, the average
of the capacity heat ratio as well as specific heat is calculated, and the outlet
stagnation enthalpy is obtained. Within a timestep, the outlet stagnation enthalpy
calculated has to match the stagnation enthalpy of the outlet volume. Iteratively,
π and η are determined to satisfy the condition. The corrected mass flow rate and
corrected rpm values were also found.

γavg = 1
2(γin(Pin, hin) + γout(Pout, hout))

Cpavg = 1
2(Cpin(Pin, hin) + Cpout(Pout, hout))

h0
out = h0

in + CpavgT 0
in

A
π

1− 1
γavg

f − 1
B

1
ηf
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h0
out = h0

in − CpavgT 0
in

1 − 1

π
1− 1

γavg

t

 ηt

Integrating the mass balance, the mass flow rate variation is calculated. τ is
a characteristic time that takes into account the fluid inertia [m−1] (If) and how
fast the pressure waves travel.

τ = (Ifin + Ifout)R2

Vsound

τ
dṁ

dt
= ṁ − ṁin

where:

• ṁ is the mass flow calculated based on the map

• ṁin is the inlet mass flow

• R is the characteristic blade tip radius

• V is the speed of sound

The stagnation enthalpy jump represents the power generated or requested by
the turbomachinery. This power can also be viewed as mechanical power.

ω · Torque = ṁ · (h0
out − h0

in)

By integrating the torque balance, it is possible to determine if the spool is
accelerating, decelerating, or steady.

I
dω

dt
= Torqueport − Torque

where:

• Torqueport is the torque that other components on the same shaft are applying.

Map scaling

In a preliminary design stage, when turbomachinery needs to be developed, existing
maps are scaled to evaluate engine performance [33]. Scaling ideally keeps the
same component geometry while resizing it. The component map is manipulated
to ensure the intended performance regardless of the physical implications induced.
Commonly, linear scale factors are implemented. By choosing a point on the map,
usually the on-design working point, and knowing the target values of pressure
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ratio, adiabatic efficiency, and corrected mass flow rate, the scaling coefficients are
calculated.

From a numerical perspective, a turbomachine map is a table. Reading it by
corrected speed and corrected mass flow can be problematic at high and low speeds.
To address these issues, auxiliary coordinates known as β-lines are introduced [9].
The linear coefficients Kπ, Kη, and KW are calculated as follows:

Kπ = π − 1
f1(Nc, β) − 1

Kη = η

f2(Nc, β)

KW = Wc

f3(Nc, β)

where:

• f1(Nc, β) is the pressure ratio of the original map at the chosen scaling point
identified by Nc and β.

• f2(Nc, β) is the adiabatic efficiency of the original map at the chosen scaling
point identified by Nc and β.

• f3(Nc, β) is the corrected mass flow rate of the original map at the chosen
scaling point identified by Nc and β.
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̃ṁ [kg/s]

1.0

1.5

2.0

2.5

3.0

Π 
[-]

0.36
0.53

0.66
0.79

0.88
0.95

1.01.03
1.14

Fan Map

0.08

0.20

0.32

0.44

0.56

0.68

0.80

ef
fic

ie
nc

y 
[-]

0.30 0.35 0.40
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Figure 2.6: Unscaled maps used for the fans (left) and turbines (right) [9].

22



Metodology

2.2.5 Turbo pump
Pumps can be cataloged based on specific rpm and specific diameter.

Ns =
rpm

ñ
Qref

H0.75
ref

Given the total dynamic head and the volume flow rate at reference conditions,
the pump off-design performance depends on θ.

v = Q

Qref

n = N

Nref

θ = π + arctan v

n

The efficiency and torque are tabulated as functions of Ns and θ. See the ESPSS
manual [30].

ω Torque = m(h0
out − h0

in)

This represents a power balance.

I
dω

dt
= Torqueport − Torque

I
dṁ

dt
= P 0

in − P 0
pump + 9.806(H − Hmin)

By integrating these equations over time, the mass flow rate and rotational speed
variation are calculated.

2.2.6 Combustor
The properties of an arbitrary mixture of chemicals (transport and heat capacity)
are obtained from the CEA coefficients [34]. Assumed chemical equilibrium, the
mass fractions and equilibrium temperature of an arbitrary mixture of reactants
are derived from the Minimum Gibbs Energy Method. The injectors are modeled
with a volume 2.2.2 and a junction 2.2.2 that also considers pressure losses. The
momentum balance becomes:

(I1 + I2)
A

A
dG

dt
+ G

dA

dt

B
+ lv

dG

dt
= P 0

1 − P 0
2 − 1

2

A
ζ + ζcrit

G|G|
ρup

B
(2.1)

where:
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• P 0
1 , P 0

2 : stagnation pressure at inlet and outlet

• A: cross-sectional area

• I1, I2: half of flow inertia at inlet and outlet

• lv: small added area preventing the equation from becoming singular if A = 0

• G: mass flow per unit area

• ζ: pressure drop coefficient

• ρup: upstream density

The MR equation:

ṁoxy = ṁoxy · MR + dMR

dt

(ρV )chamber

1 + MR
(2.2)

The combustor is meshed in a 1D domain in the axial direction with 5 nodes. A
center scheme is used to calculate the convective terms between nodes. For each
node, mass and energy balance are applied:

Vi
dρi

dt
= ṁjun,i−1 − ṁjun,i i = 1, . . . , n (2.3)

A
dui

dt
ρi + ui

dρi

dt

B
Vi = ṁhjun,i−1 − ṁhjun,i (2.4)

where:

• ṁ: mass flow

• ṁh: enthalpy flow

• u: volume internal energy

The chamber pressure is calculated by:

Pi = ρiRiTiη (2.5)

where:

• η: combustion efficiency
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2.2.7 Nozzle
The nozzle is a convergent-divergent type. As in the combustor chamber, it is
meshed in a 1D domain in the axial direction with 2 nodes. The convergent part is
considered part of the combustor. For the divergent part:

• Frozen flow condition is applied. The molar fractions of the hot gases mixture
remain constant for the whole axial length of the nozzle.

• Isentropic assumption is made.

Thus, the following equations model the supersonic part.

θi = T 0

Ti

= 1 + 1 − γi

2 M2
i (2.6)

δi = P 0

Pi

= θ
γi−1

γi
i (2.7)

Applying mass conservation between each nozzle section and the throat, given the
section area it is possible to calculate the Mach number for each node.

Mi
Ai

Ath

=
A

2θi

γi + 1

B γi+1
2(γi−1)

(2.8)

γ is a function of temperature, for each node it is valued:

γi(Ti) (2.9)

Variable nozzle

Because of control needs, a nozzle with variable throat area and outlet area has
been implemented using the Ecosim-Pro Language (EL). A new component has
been created, allowing the simultaneous and independent change of the throat
area and outlet area. During the COUNTINOUS phase, in which the differential
equations are being solved, the mesh function is called to generate a new mesh.
This happens at every timestep. The mesh function does not take part in the
equation box but is executed sequentially.

The throat diameter, initially a DATA value that does not change during
simulation, becomes a signal value received from a dedicated port. Another port is
used to receive the geometrical expansion ratio value. If this value is fixed during
the simulation, changing the throat diameter implies changing the outlet diameter.
All the physical equations present in the standard nozzle remain the same. The
throat is no longer a constraint limiting the engine but a throttle variable.
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2.2.8 Heat Exchanger
Cooling of the combustion chamber and nozzle is achieved using a closed regenerative
cooling system. To underline the fuel’s role as a working fluid, the term "heat
exchanger" is used instead of "cooling jacket". Heat exchangers are devices designed
to transfer heat between two or more fluids, either to cool or heat them, without
mixing the fluids. In this case, the chosen arrangement is counterflow. Fluids
enter the heat exchanger at opposite ends and flow in opposite directions. This
arrangement provides the highest temperature difference between fluids, improving
efficiency.

The fundamental heat transfer equation used in heat exchangers is:

Q = UA∆Tm

where:
• Q is the rate of heat transfer,

• U is the overall heat transfer coefficient,

• A is the heat transfer area,

• ∆Tm is the mean temperature difference between the fluids.
Thus, maximizing the temperature gradient enhances the heat flow. Figure 2.7
shows a sketch of the heat exchanger in the axial direction. The inner nozzle wall
is the separation surface between the two fluids, hydrogen and combusted gases.
Figure 2.7 also provides a back view of the nozzle, where the cooling channels
are sketched. The channels follow the nozzle’s curvatures, with a rectangular
cross-section and are disposed side by side along the axial direction. There is no
defined design for the supply circuit, and no pressure loss of it is simulated.

Figure 2.7: heat exchanger lateral view sketch (right) and back view (left).Dth is
the throat diameter , a is the height of cooling channels.

All channels are aggregated into one element. This element is spatially discretized
along the axial direction, with each section representing a node, for a total of 7
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nodes. This more accurate model leads to a better representation of the strong
hydrogen temperature and pressure variations. Each section of each channel can be
represented by a thermal network as shown in Figure 2.8. As shown, the conductive
heat flux between adjacent channels is considered. At the outer channel wall, an
adiabatic condition is applied, so no heat flux is exchanged with the atmosphere.
Rc is the conduction resistance between the faces of the same wall. Rhv is the
convective resistance between hydrogen and walls. Rhd is the convective resistance
between the hot gases and the nozzle wall.

Figure 2.8: thermal network of a heat exchanger node.

Hot side

The hot side refers to the combustion gases. The mass and energy balance can be
found in 2.2.6. Heat is transferred by convection and radiation.

qwall,i = hciAwet,i(Ti,aw − Ti,act) + qrad i = 1, ..., n

Convective heat transfer coefficient is model by bartz equation [35]

hci = 0.026η0.2
i,ref (λ/η)0.2

i,refCp0.4
i,refm0.8

th /A0.9
i (π Dth

4Rcurv

)0.1

where:

• ηi,ref viscosity of burned gases at volume no. i and Tref temperature

• conductivity of burned gases at volume no. i and Tref temperature
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• Rcurv Curvature radius of the throat

• Dth Throat diameter

• mth Throat mass flow

• Ai Cross section at volume no. i

The adiabatic wall temperature is the nozzle wall static temperature under adiabatic
conditions. It differs from the stagnation temperature because the boundary layer,
especially in supersonic flows, is not adiabatic [36]. The recovery factor relates the
magnitude of the adiabatic wall temperature with the stagnation one.

r = Taw − T

T 0 − T

where:

• Taw is the adiabatic wall temperature

• T is the gas free stream static temperature

• T 0 is the gas free stream stagnation temperature

The recovery factor can be approximated with a function of Prantl number leading
to the following equation for the adiabatic wall temperature:

Ti,aw = Ti(1 + Pr0.33
i,ref

γi − 1
2 M2

i ) i = 1, ..., n

Pri,ref = (Cpiλi/ηi)ref

The difference between the adiabatic temperature and the actual nozzle wall
temperature quantifies the heat flux. Radiation within the combustion chamber
and nozzle is primarily caused by the presence of soot, carbon dioxide, and water
vapor. However, since the concentration of carbon dioxide in atmospheric air is
minimal (less than 0.4% by volume), and soot is only significant when hydrocarbon
fuels are used, the radiative heat flux during the combustion of air with hydrogen is
primarily influenced by water vapor. It is computed from the following expression,
reported by Barrére et al. [37]:

qrad = 4.07( pH2O
i

98066.5)0.8L0.6
i (( Ti

100)3 − (Tw,i

100 )3)
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Cold side

For each node of the coolant side, mass, momentum, and energy balances are
evaluated.

ρ + ρv = −ρAkwall
∂P

∂t
(2.10)

ρv = ρv2 + P + qn (2.11)

ρu + ρvh − λ
∂T

∂x
= −ρuAkwall(

∂P

∂t
) + ∆Q

∆x
+ ρgvA (2.12)

The heat coefficient is calculated starting from the definition of the Nusselt number:

hfilm = Nuλ

D

Depending on the flow regime, based on the Reynolds number value, the Nusselt
number is estimated:

Nulaminar = 4

Nuturbulent = 0.023Re0.8Pr0.4

The second equation is an empirical correlation known as the Dittus–Boelter
equation [38]. where:

• Re Reynolds number

• Pr Prantl number

∆Qi = hfilm,iAwet,i(Twall − Tliq) i = 1, ..., n

where:

• Awet lateral surface of one cooling channel section

• Twall cooling channel wall temperature

• Tliq hydrogen temperature

A linear approximation is used for the conductive exchange inside the channel
walls.

Q = Awetλ(Touterwall − Tliq)/th

where:

• λ thermal conductivity

29



Metodology

• th wall thickness

The pressure losses are considered in the momentum balance as a source term ∆ζ

∆ζi = ∆xi

Di

f

An empirical correlation is proposed for the different flow regimes:

f = 8
C
( 8
Re

)12 + 1
(A + B)3/2

D1/12

A =
C
2.457 ln 1

(7/Re)0.9 + 0.27ϵ/D
]16
D

B =
A

37530
Re

16B
where:

• D channel hydraulic diameter

• f Darcy-Weisbach friction coefficient

• D channel hydraulic diameter

• Re Reynolds number

2.2.9 Valve
The valve is a junction as described in Section 2.2.2. It shares the same momentum
balance equation with a pressure losses source term as the injector (see Section
2.2.6). The valve area is controllable value during simulation trough a signal input.
The full open valve area has to be defined.
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2.3 Gas models

2.3.1 Air
Air is treated as a mixture of gases modeled by the perfect gas law.

P = ρ
RT

MW

where:

• ρ density

• R Universal Gas constant

• T Gas temperature

• MW molecular weight

The specific heat at constant pressure is a function of temperature that interpolate
CEA database.

Cp

R
= a1T

−2 + a2T
−1 + a3 + a4T + a5T

2 + a6T
3 + a7T

4

Enthalpy and entropy are calculated by

H = H(T0) +
Ú T

T0
Cp(T )dT

S = S(T0, P0) +
Ú T

T0

Cp(T )
T

dT − R

MW
log(P/P0)

Viscosity and thermal conductivity are temperature functions. Being a mixture the
properties are calculated with linear mixing rules assuming the same temperature
for all constituents.

xk = ρkqnchem
k=1 ρk

xk is the molar fraction of each components. H, S, Cp, Cv of the mixture are
calculated as following

y =
nchemØ

k=1
ykxk

The atmosphere pressure changes over the altitude are considered trough the
international standard atmosphere [39].
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2.3.2 Hydrogen
Hydrogen is treated as a real fluid, and for a given pair of temperature and pressure,
all fluid properties are obtained by table interpolation. Ortho hydrogen has been
used, even though the storing temperature and pressure are 21 K and 3 bar. The
tables are generated based on the REFPROP database [40].

2.4 PI controller
A Proportional-Integral (PI) controller is a common control mechanism used in
various engineering applications to regulate the behavior of dynamic systems. It is
designed to improve the stability and performance of processes by minimizing the
error between a desired setpoint and the actual output of the system.

u(t) = Kpe(t) + Ki

Ú
δt

e(t)dt

where:

• u(t) is the control output at time t,

• Kp is the proportional gain,

• Ki is the integral gain,

• e(t) is the error at time t, which is the difference between the setpoint and
the measured process variable.

The proportional control term helps provide a prompt reaction to error but does
not eliminate it completely, leading to a steady-state error. The integral term
accounts for the accumulation of past errors. Integrating the error eliminates the
steady-state error but can lead to a wind-up issue. This problem arises when the
integral term of the PI controller accumulates a large error over time, leading to
excessive overshoot or prolonged response times. An integral clamping scheme is
implemented to avoid wind-up. When the control output u(t) reaches its limit, the
integral term is frozen, preventing further accumulation. This technique involves
adjusting the integral calculation to exclude periods when the actuator is saturated:Ú t

0
e(τ)dτ =

Ú t′

0
e(τ)dτ
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2.5 Engine Model
Figure 2.9 shows the exact engine model implemented with all the volumes (C) and
junctions (J). CCN1 is the combustion chamber and nozzle. The boxes highlight
the control modules implemented.

1. bypass pump turbine

2. heat capture control

3. bypass fan turbine

4. injectors control

5. throat area and aspect ratio control

2.5.1 Model Limitations
Although the simulation is transient, some aspects have been simplified in the
modeling approach that could further enhance the accuracy with which the transient
engine behavior is captured.

• The maps used in the modeling of the turbomachinery describe the steady off-
design performance and loss of accuracy during quick transients. Additionally,
heat-soakage effects and varying tip gaps due to differential cooling of the
blades and casing are not included. However, this method is still often
implemented in literature sources [9, 41], hence it was deemed sufficient for
this study, where the main purpose is to investigate practical control strategies.

• Transients in mass flow rate will cause changes in the inlet shock structure,
altering the total pressure recovery ratio (TPR) and the mass flow capture
ratio during the engine transient. These transients could also lead to inlet
unstart. These effects have not been taken into account, starting from the
assumption that a bypass duct will divert all excess airflow from the inlet to
the nozzle. Furthermore, the transients in mass flow rate are assumed to occur
sufficiently slowly.

• The volumes and spool inertias have not been assessed in detail. As such,
the transient times are not accurate compared to what would occur in a real
fabricated engine. The conclusions drawn from the control studies should still
remain valid. An accurate assessment of the spool inertias and volumes is
planned for a follow-up project, where the turbomachinery components will
be subjected to detailed design. This will also increase the suitability of the
specific turbomachinery maps used.

33



Metodology

Figure 2.9: Engine schematic.

34



Metodology

2.6 Genetic Optimization Algorithm
This section refers to the steady state optimization conducted previously at Von
Karman Institute. The data produced is the foundation of this thesis; therefore, it
was decided to briefly address how it was obtained. A single-objective optimiza-
tion of the ATR engine’s fuel consumption is conducted using Computer-Aided
Design and Optimization tool (CADO) [42]. This process employs a differential
evolutionary algorithm, which is non-gradient based. The algorithm mimics Dar-
winian natural selection, where a population of individuals evolves to better adapt
to their environment. It uses numerical methods to replicate natural processes
such as mutation, crossover, and selection. Being a gradient-free method, this
approach necessitates a relatively large number of function evaluations compared
to gradient-based methods, making it less suitable for problems with numerous
optimization parameters. In this algorithm, each design, referred to as an individual,
is assessed within a population T. An individual is represented as a vector of length
n corresponding to the n design variables.

xt = (x1, x2...xn)

Three individuals at, bt and ct are randomly chosen from the population to evolve
the individual and form the trial vector y. This evolution is carried out using a
mutation operator, which is defined as follows:

yi = ai + F (bi − ci)i = 1, ..., n

The amplification factor F changes with generations, with smaller values reaching
convergence. The recombination operator is responsible for the individuals of next
generation.

zi =
yi if ri > C

xi if ri < C

With ri a randomly generated number. The crossover constant C determine if the
new gene yi will be present in a new individual zi of the next generation. The new
individual is evaluated and the selection operator decide if it will survive or not.

xt+1
i =

xt
i if f(xt

i) < f(z)
zi if f(xt

i) ≥ f(z)

The design variables are the nozzle throat area, combustor pressure and mixture
ratio.
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2.7 Throttle variables
This section is based on the work of Miranda et al. [16], with a detailed description of
the equations modified to model a two-shaft engine. To understand which variables
have a major impact relative to others, and which ones are worth controlling, it
is essential to take a step back. In this section, a mathematical model of the
engine cycle is proposed to demonstrate which variables can be chosen to throttle
the engine. The following equations are not actually implemented in the engine
schematic.

∆hf =
T 0

ambCPf

ηf

π

γf −1
γf

f − 1
 (2.13)

∆hp = T 0
tankCPp

ηpMR

A
π

γp−1
γp

p − 1
B

(2.14)

MR (mixture ratio), π compression ratio, η isentropic efficiency.

MR = m.
air

m.
H2

(2.15)

η = ∆hs

∆h
(2.16)

π = p0
e

p0
i

(2.17)

In 2.18, the MR is present because everything is referenced to ṁair, but the pump
is only crossed by the fuel. The same can be said for the turbines.

∆ht = ηt

T 0
i,tCPt

MR

1 −
3 1

πt

4 γt−1
γt

 (2.18)

ηt = ∆h

∆hs

(2.19)

πt = p0
i

p0
e

(2.20)

To model the heat exchanger (HEX), it is necessary to introduce qh [J/kg] repre-
senting the specific heat capture and δh for the percentual pressure drop. Equation
2.21 provides the definition, while Equation 2.22 is a convenient rearrangement.

δh = p0
i − p0

e

p0
e

(2.21)

p0
e

p0
i

= 1
1 + δH

(2.22)
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It is still necessary to define Cp as the specific heat and the specific heat ratio γ. In
steady-state, five equations are in place. The energy balance states that the energy
generated by the turbines drives the fan or pump. First spool energy balance:

∆hp = ∆ht1 (2.23)
T 0

tankCPp

ηpMR

A
π

γp−1
γp

p − 1
B

= ηt

T 0
i,tCPt

MR

1 −
3 1

πt

4 γt−1
γt

 (2.24)

Second spool energy balance:

∆hf = ∆ht2 (2.25)
T 0

ambCPf

ηf

π

γf −1
γf

f − 1
 = ηt

T 0
i,tCPt

MR

1 −
3 1

πt

4 γt−1
γt

 (2.26)

The pressure balance conveys the fact that in the combustion chamber, both the
airflow and fuel have the same pressure Pc. Pressure balance:

p0
∞TPRπf = p0

tankπp
1

1 + δH

1
πt1

1
πt2

(2.27)

With TPR being the intake recovery efficiency. In 2.28, the heat exchanger is
treated with the same logic as a combustion chamber, just without specifying the
origin of the heat. In the case of a combustion chamber, it would be the chemical
energy in the fuel; here, it is the fraction conveyed by the HEX. Energy capture:

T 0
i,t1 = CPp

CPt1

T 0
tank

1 + π
γt1−1

γt1
p

ηp

+ qH

CPt

(MR + 1) (2.28)

Combustion energy balance:

LHV = MR∆hch + qh (2.29)

T 0
c = LHV

MRCpc

+
T 0

i,t2

π
γt1−1

γt1
t2

+ qh
MR + 1
MRCpc

(2.30)

Equation 2.30 underscores how a portion of the chemical energy flows through the
HEX, while the rest contributes to thrust. To close the system, Equation 2.31 is
introduced, stating that the outlet stagnation temperature of the first turbine is
the inlet of the second one.

T 0
i,t2 = T 0

i,t1π
γt1−1

γt1
t1 (2.31)

Considering:
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• the efficiencies (η,TPR) , the flight conditions (p∞,M0) and the storage
condition (T 0

tank,p0
tank) fixed

• specific heat (Cp) and capacity heat ratio (γ) and lower heat value (LHV )
known at each station

It is a system with 6 equations and 10 variables:

(πf , πp, πt1, πt2, δh, T 0
i,t2, T 0

i,t1, T 0
c , MR, qh)

To close the system, 4 variables must be fixed. The chosen variables are Pc, MR, qH ,
and δH . These variables define the cycle. Defining a cycle means generating a family
of engines because the cycle is referenced to specific quantities, i.e., enthalpy and
entropy are per kg/s of flow. Once a cycle is defined, it is possible to calculate the
exit flow speed using Equation 2.33, thus determining the specific thrust. It can be
demonstrated that T 0

c , γ, and Rgas are functions of MR. Dividing the uninstalled
thrust required by Fsp will define an engine.

Ve =

öõõô2γRgT o
c

γ − 1 (1 − pamb

po
c

γ−1
γ ) = g(po

c, MR) (2.32)

Fsp = Fu

ṁair

= [(1 + 1
MR

)Veηn − V∞] (2.33)

ṁth = po
t Athñ
RgT o

c

f(M = 1) = h(po
c, MR, Ath) (2.34)

To exploit the supersonic expansion inside the divergent nozzle, the throat must be
choked. Thus, the thrust Fu is limited by the size of Athroat as shown in 2.35.

Fu = ṁair[(1 + 1
MR

)Veηn − V∞] (2.35)

The HEX geometry is defined, thus the HEX pressure drop, which is a function
of it, cannot be considered a throttle variable. It is now clear that the focus of
our research is to control MR, Pc, and Athroat, as these directly impact thrust.
Conveniently, the first two also affect the cycle, influencing the work and thermal
efficiency of the engine. Controlling these variables means controlling the engine.
Furthermore, conceptually, MR is intimately related to fuel consumption, Pc is
measurable during tests, and Athroat is a geometrical feature. It is reasonable to
think that having three variables allows for an optimal combination in terms of
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efficiency relative to others. The following figures of merit are used to assess this:

Isp = Fu

ṁH2g
= 1

TSFCg
(2.36)

ηth = 2FuV∞

ṁthV 2
e − ṁairV 2

∞
(2.37)

ηp = ṁthV 2
e − ṁairV

2
∞

2ṁH2LHV
(2.38)

ηo = FuV∞

ṁH2LHV
= ηthηp (2.39)
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2.8 Validation

This thesis aims to demonstrate the controllability of the engine with the aforemen-
tioned throttle variables. Given the interest in simulating the ascent trajectory, a
specific individual from an initial flight condition was chosen. The best individual
resulting from the optimization has been selected.

After choosing the individual, the first step was to replicate the steady results
within the off-design model. To achieve this goal, the system was initially broken
apart into subsystems as the fuel circuit and the air circuit. The last step was to
assemble each subsystem and test the overall system. Forty-seven variables were
evaluated to assess the match, focusing on the most important components: turbo
machinery, heat exchanger, and combustion chamber.

Studying only one ATR-EXP instead of the entire propulsion plant (including
the DMR) required redesigning the nozzle. Consequently, the geometries of the
heat exchanger changed. These changes led to different pressure losses, 8% lower
concerning the steady reference case. Pressure losses in the injectors also contributed
to a different stable condition. Additionally, various difficulties were encountered
in scaling the turbines, as the steady-state model only included one. In the steady
reference, only one turbine has been modeled for both pump and fan. This has
been possible because only power matching has been performed- For engine control
purposes, it is beneficial to split the turbine into two, one powering the pump and
one powering the fan. As this allows for more flexibility. As such, steady results
could not directly be used for the map scaling. The thrust presents an error of less
than 1%, while the chamber pressure (Pc) has an error of -2%. The mixture ratio
error is -9%.

Lower pressure losses led to a higher hydrogen flow rate, while errors in scaling
the fan resulted in a lower air flow rate. The throat area is fixed. In this case,
validation resulted in a lower specific impulse. In general, the errors are always
under 10% except for the fan turbine outlet pressure as a combined result of map
scaling and differences in HEX pressure losses. This result has been considered
acceptable.
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Figure 2.10: Table comparison between engine steady-state model with engine
transient model in steady-state.
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Figure 2.11 and 2.12 shows a transient simulation at Mach 0.75. The simulation
starts with the engine operating point different from the equilibrium one causing
the transient. The engine in this simulation is without any kind of control. After
the initial speed up the shafts reach the maximum speed at the thrust outputs
remain constant. Proving the open-loop stability at least in this trajectory point.

Figure 2.11: Mach 0.75, system without control, throttle variables and ṁf , Isp,
thrust over time.

Figure 2.12: Mach 0.75, system without control, pump turbine expansion ratio
and speed shaft over time and fan turbine expansion ratio and speed shaft over
time.
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Control Strategies

Some adjustments have to be made to control the engine. The validation described
in section 2.8 was performed in open-loop, demonstrating that, at least for this
operating condition, the engine is inherently stable. The mixture ratio (MR) and
combustion chamber pressure (Pc) are the throttle variables, along with the throat
area. At first glance, based on the definition in equation 2.16, to control the MR,
the mass flow rate of the air or the hydrogen has to change. The fuel circuit load
pressure or the turbo pump working point influences the fuel flow, while the fan
working point influences the airflow. The Pc depends on the fan compression ratio;
the chamber pressure is imposed by the air pressure minus the injector losses. Two
options are available to control the Pc: changing the fan working point or changing
the air injector size. Thus, even if MR and Pc are throttle variables, with the
feedback loop passing these variables as set signals for the controllers, the actuators
will change other parameters to achieve the desired effects.

We are now interested in understanding which kinds of actuators can be im-
plemented and quantifying their effects first on the fuel circuit and then on the
throttle variables, as discussed in section 3.5. The throat area can be modified
directly. On a shaft, the turbine provides energy for the fan in according to the
energy balance equation 2.24. Consequently, moving the turbine working point
means a variation in turbine power and a shift in the fan working point. This is
also true for the turbo pump. Changing the turbine’s working points induces a
shift in turbopump and fan working points.
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Figure 3.1: engine scheme with actuators.

Multiple are the options to change the turbines power output, within this engine
cycle described in section 1.6:

• cut the energy source by lowering the turbine inlet total temperature.

• diverting part of the fuel mass flow rate away from the turbine with a bypass
valve.

• modifying the fuel circuit pressure losses, hence the fuel flow by moving the
turbo pump working point.

During flight, valves can be used as actuators to accomplish these options. For
each throttle variable, an actuator must be in place. The position of the valve on
the fuel circuit affects the overall system. There are four strategic positions where
the valves can be placed, as shown in Figure 3.1.

• bypass HEX (V1) actuating the first option

• in line valve (V4) implementing the third option

• bypass Pump Turbine (V2) realizing the second option

• bypass Fan Turbine (V3) performing the second option

Each valve in its strategic position is a control strategy. Each control strategy
can be assigned to one throttle variable. Having the throat area directly imposed,
and being interested in controlling Pc and MR, two control strategies must work
together, forming a control system. Different control strategy combinations, i.e.
control systems, can exist which will be discussed in section 4.
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To evaluate the effects of opening and closing of each valve a study is conducted.
It has been performed as follows: starting from Mach 0.75, the engine described in
section 2.8 is brought to Mach 2. Once steady-state conditions are reached, the
control system is shut off.

Figure 3.2: Fuel circuit stations on T-S chart.Station 1 and 2 are respectively
inlet and outlet pump. Point 3a is the outlet of valve V1, the heat exchanger
(HEX) bypass. Point 3b∗ is the HEX outlet without considering the pressure losses
inside it. Point 3b is the actual HEX outlet. Point 3 is the volume where the
bypassed hydrogen flow encounter the one passed through the HEX. Point 4 and 5
are respectively the pump turbine outlet and the fan turbine outlet.

One valve is kept in the same position, while the other is perturbed by a certain
percentage of its initial position. For each control strategy, the corresponding
control system is used, as described in section 4. For the pump turbine, the test
is conducted with both turbines bypassed (CS1). In Figure 3.1 the fuel circuit
stations are shown. Station 1 and 2 are respectively inlet and outlet pump. Point
3a is the outlet of the V1 valve, the heat exchanger (HEX) bypass. Point 3b∗ is the
HEX outlet without considering the pressure losses inside it. Point 3b is the actual
HEX outlet. Point 3 is the volume where the bypassed hydrogen flow encounters
the one passed through the HEX. Point 4 and 5 are respectively the pump turbine
outlet and the fan turbine outlet. The entropy and stagnation temperature are
shown in Figure 3.2. The T-S chart shows the case when V1 is not completely
closed. The chart is intended to show each transformation to which hydrogen is
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subjected. If V1 is completely closed, point 3b collapses on point 3 as shown in
Figure 3.5.

In the following subsections, each chart presents three cycles. To qualitatively
assess the effect of the valve position for each control actuator, three valve positions
are evaluated. The blue case represents the most closed position, the green one
the most open, and the orange one represents a valve opening between the two.
Indeed, the valve opens progressively from the blue case to the green one. In the
case of a bypass valve, as the valves open a pressure drop is introduced and fuel
flow is deflected. In the case of the in line valve control the valve opening reduces
the fuel circuit pressure losses. The throat area is kept constant.
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3.1 Heat Capture Control

A bypass valve (V1) is placed parallel to the heat exchanger. For a fixed inlet
temperature and fixed wall temperature, depending on the fuel mass flow rate, the
Reynolds number will change, affecting the heat transfer coefficient on the coolant
side as shown in Figure 2.2.8. In this way, it is possible to control the heat capture
and consequently the turbines’ operating points. Additionally, providing an easier
passage with less flow resistance diverts part of the fuel flow.

Figure 3.3: Heat capture control, cycle comparison, valve position: most closed
(blue), mean position (orange), most opened (green).

Unlike Figure 3.2 where the transformations are recognizable, in this T-S chart
the pump transformation, the hex pressure losses, and the turbine expansions are
not distinguishable but still present. As shown in Figure 3.3, removing the heat
source results in a smaller enthalpy jump available for the turbine. Intuitively,
opening the valve lowers the stagnation temperature entering the turbine but
simultaneously increases the temperature at the outlet of the heat exchanger
(HEX). Deflecting the fuel flow implies less thermal capacity, resulting in higher
temperatures even with a lower heat convective transfer coefficient. In this case, the
fuel’s cooling role is reduced. There is also a slight effect on the isobaric pressure
inside the HEX, induced by the decreased pump head, as shown in Figure 3.3.
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Figure 3.4: Heat capture control, fuel flow comparison, HEX power comparison,
Throat wall temperature comparison, Fan Turbine power comparison.

The first row of Figure 3.4 shows how the valve opening induces a reduction
in fuel flow, providing evidence for the earlier discussion and indicating a lower
expansion of the pump turbine. The heat capture is reduced, as illustrated in the
second row. Indeed, the wall temperature of the throat increases (third row), and
the fan turbine power output decreases (fourth row). This control is effective in
slowing down the spools.
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3.2 In Line Control

The valve in series can be viewed as a change in the size of the fuel injector.
Being in series with turbines, the valve shares the same mass flow rate. The valve
introduces a pressure drop, altering the fuel circuit load pressure. Regarding the
in line control, the opening of the valve allows for an increase in hydrogen flow,
as shown in the first row of Figure 3.6. This can be explained by the momentum
balance presented in equation 2.2.6 and illustrated in Figure 4.12.

In the equation discussed in section 2.2.6, the pressure loss source term depends
on the valve area. A larger passage area (a more open valve) results in lower
pressure losses, thus shifting the intersection with the pump head curve to a higher
mass flow. Therefore, opening the valve increases the amount of hydrogen flow.

Focusing on Figure 3.6, when the valve is more closed, the stagnation temperature
is the highest due to the lowest fuel flow, as shown in Figure 3.5. Opening the
valve induces a higher working pressure inside the HEX. A slight entropy reduction
is also visible. Dividing the fan turbine power by the HEX power provides a good
approximation of the fuel circuit efficiency, as clearly seen in Figure 3.6. The green
case shows the lowest hydrogen stagnation temperature at the HEX outlet, along
with the highest heat pickup and the highest throat wall temperature. Compared
to the heat capture control case, the variation in working pressure is more evident.

Figure 3.5: Injector size control, cycle comparison, valve position: most closed
(blue), mean position (orange), most opened (green).
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Figure 3.6: Injector size control, fuel flow comparison, HEX power comparison,
Throat wall temperature comparison, Fan Turbine power comparison.
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3.3 Pump Turbine Control

Figure 3.7: Pump Turbine Control, cycle comparison, valve position: most closed
(blue), mean position (orange), most opened (green).

Figure 3.7 shows the strongest effect on the pressure inside the HEX. Similar to the
injector case, the predominant movement occurs along the x-axis. In this scenario,
the green cycle is not only the least efficient. It is operating at the lowest pressure
and it reaches the lowest maximum temperature. The valve opening induces
another effect, slowing down the spools. As shown in Figure 3.8, the fuel flow
decreases, HEX Power reduction follows causing a smaller turbine expansion ratio
and consequent limited power output. As an outcome, the throat wall temperature
diminishes. In comparison with the Heat Capture Control, where the V1 valve
opening increases the HEX outlet temperature, here the coolant role of the fuel is
maintained. This control has an opposite behavior to the in line Control where the
valve opening induces a spools speed up.
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Figure 3.8: Pump Turbine Control, fuel flow comparison, HEX power comparison,
Throat wall temperature comparison, Fan Turbine power comparison.
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3.4 Fan Turbine Control

Figure 3.9 illustrates the effects of V3 valve opening. V3 is in parallel with the Fan
turbine. The opening induces a flow deflection and expansion ratio reduction. In
this case, the isobaric heat addition occurring inside the HEX seems unaffected,
pressure wise. Thus, the opening of the valve slightly affects the pump turbine.
Instead, the HEX outlet temperature is strongly influenced. As shown in Figure
3.10, the increased fuel flow improves the hydrogen heat capacity lowering the HEX
outlet temperature, simultaneously the HEX power remains essentially constant.
The higher fuel flow improves also the heat transfer coefficient.

Figure 3.9: Fan Turbine control, cycle comparison, valve position: most closed
(blue), mean position (orange), most opened (green).

The throat wall temperature decreases with valve opening. With the fan
compressing less and the fuel flow increasing, the mixture ratio (MR) exceeds the
stoichiometric ratio causing a lower combustion temperature thus a lower throat
wall temperature. In the case with the more opened valve the MR is about 22
while the stoichiometric is about 34 [43]. A lower MR is a richer mixture, less
kilograms of air are burned for one kilogram of fuel.
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Figure 3.10: Fan Turbine control, fuel flow comparison, HEX power comparison,
Throat wall temperature comparison, Fan Turbine power comparison.
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3.5 Sensitivity Analysis
The opening and closing of a valve reflect on the entire system, highlighting the
strong interaction between subsystems, the propulsive cycle, and the fuel-feeding
system. In this section, all the previous controls are compared based on the changes
in the mixture ratio (MR) and chamber pressure (Pc) induced by the valve opening,
from the most closed position (blue case) to the most open position (green case).
The analysis of controls is strongly affected by the starting conditions, such as flight
conditions, how the analysis is conducted, and the system itself. Even though the
perturbation imposed is a percentage of the initial position, the size of the valve
still impacts the analysis. Moreover, the major changes are related to what happens
inside the chamber in relation to the valve openings. The heat flow exchanged by
the HEX depends on the chamber temperature, as demonstrated by the equations
presented in section 2.2.8. Consequently, this also affects the turbines’ expansion
ratio. The fuel feeding system influences the propulsive system and vice versa. The
injector size control is an example. The valve opening induces a higher fuel flow so
the MR decreases while the fan turbine power output increases so the combustor
pressure increases. Starting from a rich mixture as shown in Figure 3.5 approaching
the stoichiometric, the combustor temperature increases leading to a higher heat
capture by HEX. The starting condition is for all the same MR 37.3 Pc 136 kPa.

Figure 3.11: Effects on MR and Pc produced by fan turbine control (left) and
pump turbine control (right) at different valve positions according to section 3.

Two trends are identifiable:

• MR and Pc have the same negative trend (Heat capture control, Fan Turbine
control)

• MR and Pc have an opposite trend ( Injector size control, Pump Turbine
control)
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Figure 3.12: Effects on MR and Pc produced by heat capture control (left) and
injector size control (right) at different valve positions according to 3.

It is now clear, how it is not possible to change one of the two throttle variables
independently without affecting the other. Hence, to set both values the two valves
have to compensate for their effects. Furthermore, two controls with opposite
trends have to be selected. Such as the pump turbine and fan turbine control. To
determine which combination of controls is more suitable, the table 3.13 is presented
which summarizes figures and . To produce the table number the following formula
has been used:

Sc =
x(v+∆v)−x(v)

x(v)
∆v
v

100%

with Sc being the sensitivity coefficient, x being the parameter to evaluate,v being
the valve position between 0 and 1. So the percentual variation of the parameter is
divided by the percentual variation of the valve position.

Figure 3.13: Sensitivity table: percentual variation of MR and Pc respect valve
positions according to 3.

From the blue case to the green one the respective valve of each control is more
and more opened. The Pump control seems to be the most effective.
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Figure 3.14: Sensitivity table: row data.
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Control System

In Figure 3.1 it is shown where the valve can be placed. Each valve is a system degree
of freedom. Hence, to control MR and Pc, two valves are needed. Theoretically, it
is thinkable to use any valve to control MR or Pc. Practically, some engine stations
are more sensitive to the control, making them more effective at changing engine
performance.

Figure 4.1: Ineffective control strategy.

For instance, it has been tried to modify MR with V1 and Pc with V3. Changing
the heat addition involves a different enthalpy jump on the pump turbine, inducing
a variation in hydrogen mass flow rate, thus resulting in a new MR. Instead,
more air introduced into the chamber will increase Pc. At least, this is what logic
would say. The variation of heat capture to reach the MR is so severe that the fan
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turbine is no longer able to provide enough energy to the fan, as shown in Figure
4.1. Different combinations have been tried with the same result. The only one
that worked was the bypass on the pump turbine controlling MR. The control
strategies that are actually capable of following the set signals are:

• Injectors variable size. V4 controls Pc. (CS3)

• HEX bypass. V1 controls Pc. (CS2)

• Turbines bypass. V2 controls Pc. (CS1)

The best control system ensures as much as possible controllability range for MR
and Pc with the lowest cross-coupling effects between actuators. Therefore, what
makes a good control system is the valve combination that allows, as much as
possible, the decoupling of turbines. In fact, to achieve the most extensive range of
MR and Pc combinations, perfect decoupling is desirable—that is, having a valve
that impacts only MR or only Pc, as seen in section 3.5. However, this is not what
happens within this engine. Figure 4.2 shows the chosen control system: the pump
turbine bypass (V2) is implemented to control MR, while the fan turbine bypass
is used to control Pc.

Figure 4.2: Engine scheme with chosen actuators.

To explore the limits of throttling MR and Pc different experiments have been
conducted. The Ath is kept constant to highlight the effect of the other two throttle
variables. MR and Pc are inversely proportional to Ath. For Mach 0.75, MR is
kept constant while Pc decreases as shown in Figure 4.3. The MR control is not
actually able to follow the signal.
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Figure 4.3: Throttle experiment 1, constant MR and decreasing Pc.

As shown in Figure 4.4, to decrease the Pc, V3 will open decreasing the power
delivered to the fan causing lower compression ratio and air flow. The shaft slows
down. From section 3.5 V3 opening results in a decreasing MR to compensate this
effect V2 also opens.

Figure 4.4: Throttle experiment 1, valves position over time.

As shown in Figure 4.5 the spool keeps slowing down until there is not enough
energy in the system that the turbine can extract to power the fan. This simulation
indicates that it is not possible to maintain the same MR for all Pc values, and
lowering Pc results in a slowdown of the engine as shown in Figure 4.6. Within
the control strategy, there is a limit on throttle range. In the second experiment,
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both MR and Pc are imposed to increase. To achieve this, the controllers will
close the valves. This attempt is the opposite of the previous one; in this case,
the engine is speeding up. Valves V2 and V3 close simultaneously. Increasing
Pc means increasing the airflow; clearly, the imposed MR is lower than the MR
without control, so V3 closes as well. After that, the system is unable to speed
up any further. The closure of V2 causes a discontinuity. Valves and turbines can
be viewed as resistors in parallel; the equivalent resistance will be lower than the
lowest individual resistance. When the valve is completely closed, the pressure
drop increases, causing a lower power extraction.

Figure 4.5: Throttle experiment 1, fan shaft speed over time.

Figure 4.6: Throttle experiment 2, increasing MR and Pc.
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Figure 4.7: Throttle experiment 2, valve position over time.

Also in this case, it is not feasible to set MR and Pc independently, but there
is a range where both valves can be fully open or fully closed. Ath could increase
the controllability range, as it lowers the mass flow rate for example. Focusing on
the last 2000 seconds of Figure 4.6, the valves are completely closed. The flight
conditions and tank conditions remain constant, as does the system response. For
some operating conditions and throttle parameter settings, there isn’t sufficient
controllability range, even with fully closed valves, as there simply is not enough
energy in the hydrogen loop to be extracted.

4.1 Control System Stability

A stable control system is one in which the output remains bounded and does
not exhibit uncontrolled or oscillatory behavior, even when subjected to external
forces or variations in input. Three points along the ascend trajectory have been
replicated which will be discussed in more detail in section 4.4. For each point, a
certain period of time is observed to assess how the control system reacts. The
signals in Figure 4.8 between 0 and 1000 seconds, 10000 and 12000 seconds, 20000
and 22000 seconds are constant lines. Consequently, the control system is stable
under those flight conditions. Additionally, 4.9 shows the valve behavior as further
proof of stability; in fact, the valve opening remains constant.
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Figure 4.8: Steady state at Mach 0.75-1.5-2,throttle variables and ṁf , Isp, thrust
over time.

Figure 4.9: Steady state at Mach 0.75-1.5-2, valves position.

To prove stability a transfer function analysis should be conducted. For a linear
time-invariant system, this is possible. For a non-linear MIMO system like this
engine is not possible to pursue this path. Some speculations can be made to
explain this stability behavior. First of all, the pressure drop across the heat
exchanger is a quadratic function of the mass flow rate, while the heat capture is
shown to be linear. Thus, moving away from the optimal point results in a less
convenient trade-off 4.10. In the figure, the percentage variation is shown with
respect to the mean value along the ascent trajectory.
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Figure 4.10: Trajectory, percentual
variation of HEX pressure losses,
HEX Power, fuel mass flow.

Figure 4.11: Fan,fan turbine, fan
spool efficiencies (blue), pump, pump
turbine, pump spool efficiencies (or-
ange).

Figure 4.12: Sketch of Head pump and system load vs volume flow rate [10].

Second, the consequence of higher energy availability is the possibility for the
turbines to spin faster thus the compressor will increase the Pc, thus limiting
the turbine’s pressure jump. In the chamber, both fuel and air have the same
pressure. So to avoid counter flow, the pressure at the inlet of injectors has to
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be higher. The turbine expansion ratio is limited. Another reason is the turbo
machinery efficiency drop moving off the optimal point.4.11 Further explanation
reveals that the pump map illustrates how, at higher volume flow rates, the system
load increases rapidly, while the pump head decreases. Beyond a certain value, it
becomes impossible to increase the mass flow rate. This represents another negative
feedback loop, resulting in an upper limit for the system, specifically a maximum
shaft speed. Additionally, there is a minimum heat capture required to keep the
engine operational.

4.2 Step Response

The resulting accuracy of the following experiment is strongly affected by the model
limitations described in section 2.5.1. To better represent the factual reality, an
accurate fluid and spool inertia have to be estimated and a more sophisticated
intake model introduced. Within this limitation, the turbomachinery behavior
described should still be realistic but the time frame and exact values could change.

The experiment consists, at fixed flight conditions Mach 0.75, a throttling up,
and a throttling down. Imposing directly the throttle variables (Pc, MR, At) it
has been possible to increase Fu from 350kN to 375kN and back to starting value
as shown in Figure 4.13.

Figure 4.13: Step response of the thrust output and specific impulse.

In Figure 4.14 the orange lines refer to the set signals the blue the controllers
response.
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Figure 4.14: The bottom plots show the response of the engine throttle parameters
(blue) for a step input (orange). The top plots show the response of the control
valves.

Figure 4.15: Step response, first row shows HEX outlet pressure (blue) and HEX
outlet fuel flow (orange) over time. Second row shows H2 mass inside fuel injector
cavity over time.
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Instantly valves close almost completely. A pressure wave reaches the HEX
outlet with a consequent mass flow drop at the same time the hydrogen mass inside
the injectors increases. This explains the smaller spikes at 400 s shown in Figure
4.15. As a result, less fuel is reaching the chamber thus the Pc drop and the MR
rise as illustrated in Figure 4.14.

The fuel flow is forced to pass through the turbine thus the flow resistance across
the turbine-valve system increases. As shown in Figure 4.17 the turbomachinery
pressure fields quickly adjust to the new conditions, way faster than the mass
flow penalized by the fluid and spool inertias. This is particularly evident on the
map of Turbine 2 (Fan turbine). When the step-up occurs, the pressure rapidly
adjusts to the new conditions, resulting in a sharp increase in the pressure ratio.
This is observed as an upward shift of the operating point, parallel to the black
constant speed lines. The increased pressure ratio boosts the power available in the
spool, causing it to accelerate, which is indicated by the operating point shifting
to the right, towards higher constant speed lines. Shortly after, the valves open
again to counteract the overshoot of Pc and MR reaching the set signals without
steady-state errors.

Figure 4.16: Step response, first row shows Pump expansion ratio (blue) and fuel
flow passing through(orange). Second row shows pump shaft speed. Third row
show Fan expansion ratio (blue) and fuel flow passing through(orange). Fourth
row shows fan shaft speed.
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This turbomachinery behavior is visible also on their map making it clear the
hysteresis cycle. What happens during the down-throttle step is similar but in the
opposite sequence during the up-throttle phase. The PI gain values are particularly
important in this case because based on that the valves will open with possible
jeopardy of let shut-down the engine if the closing period after the overshoot is not
quick enough.

It is also interesting to note that, in contrast to conventional turbojet engines, an
upward thrust step is beneficial to the compressor stall margin, while a downward
step is detrimental.

Figure 4.17: Locus of the turbomachinery operating points for the step experiment.
The green curve indicates the up-throttle step and the red curve the down-throttle
step.
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4.3 Throttle Curve
Figure 4.18 summarizes the results of the steady-state optimization. At Mach 0.75,
all individuals are displayed and compared based on thrust and fuel consumption.
Each individual represents an engine at the same time and can be viewed as a
throttle setting for a single engine under the same flight conditions. The Pareto front
can be interpreted as a throttle curve. Each individual is a unique combination of
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order 4.

Pc, MR, and At. In Figure 4.19, the variables of the Pareto front individuals are
shown. The curves from 4.19 are replicated in the transient model following the
polynomial regression of order 4 (red line in Figure 4.19). To reduce control lag,
the experiment is conducted over a simulated period of 20,000 seconds, allowing
the engine to operate in a quasi-steady state.

Figure 4.20 compares engine performance and the throttle variables for the
steady and transient models. The control system can set the throttle parameters
to the required values effectively. It differs from the on-design performance, which
is not unexpected given how much ultimately the system has been altered. The
nozzle from being one for the whole propulsion plant in the steady-state simulation,
is resized for just one ATR. Consequently, the HEX design changed to meet the new
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Figure 4.20: Throttle curve, throttle variables and ṁf , Isp, thrust over time.

requirements in terms of size and power dissipation. In the steady state analysis,
only the power balance between turbomachinery was considered, instead in the
transient one the speed matching is also performed. The transient turbomachinery
model is more realistic, taking into account the turbomachinery map, with respect
to the steady one where the efficiency was constant independently of the operating
point. These results mainly show that while the methodology that was outlined
can be used, it differs too much from the steady model. Hence, it is necessary to
perform an optimization like the one performed for the steady model, but for the
transient one, to take all these changes into account. Looking at equation 4.1, Ath

and Pth are imposed, resulting in the best match for fuel flow.

ṁ = AthP 0
thñ

RgasT 0
th

f(M = 1) (4.1)
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Figure 4.21: Throttle Curve, specific thrust over time.

Figure 4.22: locus of fan operating point during ascend trajectory. The color
goes from red to green as time progresses.

Figure 4.21 illustrates how burning at lower MR induces a lower specific impulse,
but at the same time results in a higher specific thrust. These two figures of merit
measure different aspects: the first indicates how efficiently the fuel is used, while
the second measures the engine’s capability to accelerate the air. It is now evident
that a richer fuel mixture leads to a higher specific thrust, but also to a lower
specific impulse. Figures 4.22, 4.23, 4.24 show the turbomachinery operating points.
The color of the locus indicates the time of the simulation, with red representing
the start of the simulation and green representing the end. It was not possible to
keep all the working points on the maps during throttling. For the Fan turbine,
there are two small excursions towards both the high and low ends of the throttle
curve, the limiting factor seems to be the corrected mass flow rate range. For
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Figure 4.23: locus of pump turbine
operating point during ascend trajec-
tory. The color goes from red to green
as time progresses.

Figure 4.24: locus of fan turbine
operating point during ascend trajec-
tory. The color goes from red to green
as time progresses.

the pump turbine, a large excursion is found at high throttle settings towards
the high corrected mass flow range. The expansion ratio also exceeds the limit
of the map, although this could realistically be resolved by adjusting the scaling.
For the Fan, the operating point lies well within the boundaries of the map. To
ensure wider operability of the turbines, the scaling procedure can no longer be
used, as this methodology is unable to extend the range for both high and low
mass flow rates. Either another scaling needs to be implemented, or maps of more
representative machines need to be sourced. Furthermore, this behavior indicates
how the turbomachinery limits the throttle range.
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4.4 Ascend Trajectory
Due to a lack of simulation convergence, only the trajectory from Mach 0.75 to Mach
3 is simulated, as presented in 1.3. For each flight condition, the controllers receive
a value for each throttle variable as set signals. The reasons for the divergence are
still to be identified. The points of major interest are at Mach 0.75 and 1691 m
altitude, Mach 1.5 and 14102 m, and Mach 2 and 15871 m.

Figure 4.25: Trajectory until Mach 3, throttle variables and ṁf , Isp, thrust over
time.

The simulation starts from Mach 0.75 and progresses to Mach 3, with a simulated
time of 60,000 seconds to avoid overshoots and complications related to PI tuning.
Furthermore, the analysis can be considered as a quasi-steady state. It is not
expected a linear behavior of the engine performance. In fact, in between the
points, the behavior is unknown a priori. The controllers can follow the set signals
up to Mach 2 see Figure 4.25. To reach Mach 3, the time between the two steady
states has been reduced until the simulation converges. Interestingly, the transient
model shows Isp, and thrust values are above the references for the entire trajectory.
The fuel flow and Pc are well matched, but MR is not above Mach 2. The not-
matching seems to be more related to the control than the engine in itself. A MR
spike can be noticed over the requested value. Additionally, there is a noticeable
wavering in the MR signal, indicating that the control system is struggling to match
the requested throttle values and is not functioning stably. Also the turbomachinery,
even after the scaling procedure, is not compliant. With respect to the throttle
curve experiment, there is an even bigger excursion which can be noted on the
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turbine maps. For the Fan, the pressure ratio is moving towards unity, showing the
engine is starting to behave more like a ramjet than an ATR-EXP as illustrated in
Figure 4.26. In the sense that, the intake dynamic compression is already sufficient
to fulfill the Pc request. This however leads to behavior that is numerically difficult
to resolve.

Figure 4.26: locus of fan operating point during ascend trajectory. The color
goes from red to green as time progresses.

Figure 4.27: locus of pump turbine
operating point during ascend trajec-
tory. The color goes from red to green
as time progresses.

Figure 4.28: locus of fan turbine
operating point during ascend trajec-
tory. The color goes from red to green
as time progresses.

The Sankey diagrams illustrate the relative magnitude of energy flows throughout
the engine. The pump power is an order of magnitude smaller than the fan power,
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resulting in the expansion ratio of the pump turbine being a tenth that of the fan
turbine as shown in Figure 4.29 and Figure 4.30. Additionally, the energy used by
the fuel line is modest compared to the total energy released during the combustion
process. This is primarily due to the heat capture rate being constrained by the
heat exchanger technology and weight, which limits the fan compression.

Figure 4.29: Sankey diagram showing the power flow in kW for Mach 0.75.

Figure 4.30: Sankey diagram showing the power flow in kW for Mach 2.
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A mathematical formulation to define the ATR cycle has been proposed for steady-
state conditions. This model suggested that the system can have three degrees of
freedom or throttle variables. The chosen ones are combustion chamber pressure,
mixture ratio, and throat area. The chamber pressure has a major impact on the
performance of the fuel feeding system, which itself forms a Rankine cycle. The
mixture ratio is strongly linked with fuel consumption. The throat area scales the
net thrust output by controlling the air mass flow rate admitted by the engine.

These throttle variables are controlled by several valves, also called control
actuators, which can be placed in series or parallel with respect to the turbines
and heat exchanger. Four possibilities for actuators have been compared in terms
of their effect on the throttle variables and other critical engine state variables.
A large cross-coupling was noted, with each actuator having a large effect on all
throttle variables. The four controls proposed are:

• Heat capture control, able to modify the heat exchanger working point,

• In line control, the usual solution for controlling the fuel flow,

• Pump Turbine control, alternative solution to shift the turbopump working
point,

• Fan Turbine control, an option to control the fan working point.

The present work has been able to develop a control system based on the control
strategies described through the implementation of PI controllers. The control
system has been proven to be capable of tracking the imposed control variables
in different numerical experiments such as step response, ascend trajectory, and
so-called, throttle curve experiment. Strong cross-coupling phenomena have been
noticed. The intended controller influences not only the interested throttle variable
but also the others. Nevertheless, the control system has been proven to be stable
both in openloop and closed loop at Mach 0.75, Mach 1.5, and Mach 2.

The turbomachinery off-design behavior has been taken into account during the
ascend trajectory up to Mach 3 and throttling. This has been possible thanks to the
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introduction of the turbomachinery with performance maps and turbomachinery
speed matching with respect to previous works. The fluid and spools inertia have
been considered. This crucial aspect heavily influences the ATR overall performance,
being the main cause for the differences noticed between steady-state and transient
simulations.

Future works
While the produced model is capable of answering the research questions, the
following enhancements could further increase the accuracy:

• A deeper study on the transient phenomena occurring withing the air intake,

• a better estimation of fluid and spool inertias,

• a more detailed study of the turbomachinery components, including the use
of more representative maps and map scaling procedures,

• modelling the ATR integration into the full propulsion system, including
DMR,

• implementation of more advanced controllers and tuning methods, able to
account for non-linear behavior and cross-coupling.
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Parallel Turbines

The Parallel turbines configuration has also been tested as alternative to the turbines
in series. The work presented is in early stage of development and represent a
starting point for further considerations. Nevertheless, some peculiarities can be
already observed.

Figure A.1: Engine scheme with parallel turbines. In the mixer (MX), the two
fuel flow rejoin.

The parallel turbines configuration has also been tested. The idea is to have
the turbines arranged in parallel (A.1) with both branches experiencing the same
pressure drop but different fuel flows, where the Pump Turbine receives a fraction
of the total flow. For this to work without control, the expansion ratio scaling
coefficient of the two turbines must be the same, while the mass flow scaling
coefficient is calculated based on the requested power. Each branch is equipped
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with a valve for control. Conceptually, maintaining a constant pressure drop in
one branch while adjusting the valve in the other changes the turbine’s operating
point. However, within this model, this architecture has proven more challenging
to control, resulting in poor performance in matching the references A.2.

Figure A.2: Parallel turbines, throttle variables and ṁf , Isp, thrust over time.

Comparing the throttle curve for the turbines in series versus those in parallel,
the parallel configuration demonstrates significantly greater efficiency (see the
specific impulse in A.2, generating more thrust even at a lower chamber pressure.
Within this model, approximately a 10% difference in chamber pressure does not
appear to affect thrust output significantly. The fuel flow is also reasonably matched.
Despite the poor control, the parallel turbine configuration shows indications of
better performance than the series arrangement.

The valve openings over time, illustrated in A.3, highlight the reasons behind
the poor ability to match MR and Pc. To achieve the desired MR, the valve nearly
closes completely. Even when the valve in series with the fan turbine opens fully,
the resulting expansion ratio and mass flow are insufficient to provide adequate
power to the fan. Improving the scaling of the fan map could position the operating
points in a more efficient region of the map, thereby enhancing the system’s ability
to follow the set signals.
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Figure A.3: Parallel turbines, valve position over time.

Figure A.4: Parallel turbines, zoom in of pump turbine valve opening over time.

Figure A.5: Parallel turbines, locus of fan operating point. The color goes from
red to green as time progresses

Figure A.5 shows how the operating points are within the map limits as in
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previous cases with similar compression ratio and corrected mass flow rate. Even if

Figure A.6: Parallel turbines, locus
of fan turbine operating point. The
color goes from red to green as time
progresses

Figure A.7: Parallel turbines, locus
of pump turbine operating point. The
color goes from red to green as time
progresses

the points are outside the map, the measured movements can be indication that a
better scaling with the current procedure of turbines could be sufficient to model
properly the turbines.

Figure A.8: Parallel turbines, shaft speed and turbines expansion ratio over time

As pictured in A.8 at lower MR the spools speed is higher. The parallel turbines
configuration seems promising and viable alternative to the series one.
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