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ABSTRACT

The space sector is undergoing rapid expansion due to the transformations it is experiencing, evolving from
government-funded traditional space initiatives to commercially driven NewSpace activities. The surge of gov-
ernment and private investments in the space domain has positioned it as one of the world’s fastest-growing
sectors, making it crucial to assess the impact of already operational launch assets and to adopt design-to-
sustainability strategies for under-development and future launchers. To actively contribute to this transition,
this paper proposes a methodology for deriving novel analytical formulations to estimate nitrogen oxide (NOy)
emissions of a hydrogen-fueled reusable access-to-space vehicle. Throughout the paper, the Skylon spaceplane
and its Synergetic Air Breathing Rocket Engine are used as a case study. In particular, the SABRE engine presents
a highly integrated dual propulsion architecture supporting both air-breathing and rocket modes. This study
specifically focuses on the former, enabling the Single Stage To Orbit (SSTO) Skylon reaching the hypersonic
speed regime before transitioning to rocket mode. This paper proposes novel analytical formulations to be in-
tegrated into the Fuel Flow (FF) and P3-T3 methods for estimating NOx Emission Index (EINOy), since the early
design phase. These estimation techniques currently enable the calculation of the emission index of pollutants
and GreenHouse Gases (GHGs) produced by any subsonic aero-engines powered by traditional fuels (i.e. kero-
sene) only. The methodology presented in this paper allows for upgrading the original mathematical formula-
tions of the methods to ensure the applicability to high-speed flight and hydrogen fuel conditions. This involves
the propulsive modelling of the engine and the chemical-kinetic modelling of the combustion process, repre-
sentative of various on-ground and in-flight operating conditions, to generate updated and reliable propulsive
and emissive databases for the engine. To this end, 0D chemical-kinetic air/hydrogen combustion numerical
simulations are employed. The results of the performance analysis and emission modeling of the SABRE engine
are reported and discussed. Regarding the calculated EINOy trend for the air-breathing phase of the engine
operation, it reaches a peak of 45 gnox/kguaburnt under hypersonic conditions. Through the analysis of corre-
lations between the propulsive characteristics of the SABRE and its NOy production, a series of parameters (such
as Mach Number, Fuel to Air Ratio, Water to Fuel Ratio, and others) are selected to be integrated into the original
formulations of the P3-T3 and FF methods via mathematical interpolation to adapt them to the case study.
Finally, the EINOy trends resulting from the application of the new H2-P3T3 and H2-FF methods to the SABRE
are graphically reported, along with the corresponding estimation errors relative to the reference trend from the
engine emission database. Additionally, a discussion regarding the chemical-physical justifications for the
mathematical contributions to the formulations for EINOy of the newly introduced parameters is provided.
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Nomenclature
3 Pressure ratio between FL and SL standard conditions
0 Temperature ratio between FL and SL standard conditions
P3 Pressure at the inlet of the combustion chamber
T3 Temperature at the inlet of the combustion chamber

Acronyms/Abbreviations

BFFM2 Boeing Fuel Flow Method 2
cC Combustion Chamber

Cco Carbon monoxide

CO, Carbon dioxide

CoP Conference of the Parties

EI Emission Index

FAR Fuel to Air Ratio

FFM Fuel Flow Method

FL Flight Level

FT Flame Temperature

GHG GreenHouse Gases

H Air humidity factor

Hy Hydrogen fuel

Hy0 Water Vapor

H2-FFM Hydrogen and High-speed FFM formulations

H2-P3T3  Hydrogen and High-speed P3T3 formulations

HE ratio Ratio between He mass flow at the He turbine inlet and total air mass
flow at the air compressor inlet powered by the He turbine

HeT Helium turbine

HT Hydrogen turbine

HX Heat Exchanger

ICAO International Civil Aviation Organization

ISA International Standard Atmosphere

LEO Low Earth Orbits

LES Large Eddy Simulations

LH, Liquid Hydrogen fuel

LOx Liquid Oxygen propellant

M Mach number

NOx Nitrogen Oxides

P3-T3 P3-T3 method

PB Preburner

PBratio Ratio between PB air mass flow and total air mass flow
REL Reaction Engines Limited

SABRE Synergetic Air Breathing Rocket Engine SL Sea level

UNCC UN Climate Change Conference

uUsD United States Dollars

WEFR Water to Fuel Ratio at the inlet of the combustion chamber

Y Mass Fraction

1. Introduction

As global temperatures reached record highs and extreme weather
events increasingly impacted communities around the world, the 28th
Conference of the Parties (COP28), held from November 30th to
December 12th, 2023, in Dubai, United Arab Emirates, served as an
international forum to highlight the necessity of collective action in
addressing the climate crisis. Participating governmental and interna-
tional institutions produced the first global assessment of progress to-
ward achieving the climate objectives outlined in the Paris Agreement to
limit global warming to 1.5 °C by 2050. During the COP28 UN Climate
Change Conference (UNCC), it was established the necessity to reach the
peak of global GreenHouse Gas (GHG) emissions by 2025, followed by a
43 % reduction by 2030 and a 60 % reduction by 2035 compared to
2019 levels [1]. In this scenario of attention towards emissions reduc-
tion, the aerospace sector has proven to be one of the hardest to abate.
The space industry, expected to exceed a global revenue of 1 trillion USD
by 2040 [2,3], stands out as one of the world’s fastest-growing sectors.
In recent years, the global rocket engine sector has experienced signif-
icant growth due to increasing commercial, governmental, and scientific
interest in space exploration. This rapid expansion is due to the trans-
formation that the space field is experiencing, evolving from
government-funded traditional space initiatives to commercially driven
NewSpace ventures [4]. This era has marked a historic shift in the space
domain, transforming it from a government-dominated sector to a dy-
namic, competitive one that attracts private market allocations [5]. This
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surge has resulted in a notable increase in annual space launches,
causing concerns regarding both the accumulation of space debris in
orbit and the cascading effect known as the Kessler syndrome, as well as
the chemical emissions from space access vehicles [6,7]. Alongside the
concerns regarding space debris, the rapid expansion of space-related
activities has led to increased emissions in the upper atmosphere,
where the residence times of emitted species vary, and the environ-
mental impact of emissions, particularly nitrogen oxides (NOy), proves
to be critical [6]. Assessing the Aerospace Sector Emission Index (ASEI)
has thus become increasingly critical to evaluate the magnitude of the
potential impact of anthropogenic climate forcing and develop targeted
strategies to curb emissions. In this regard, previous studies have shown
that focusing solely on the impact of CO, emissions on stratospheric
ozone depletion, while neglecting the broader range of pollutants and
their interactions in the upper atmosphere, significantly underestimates
the contribution of rockets to climate change [8]. In this context,
emissions of water vapor (H,0) and nitrogen oxide (NOy) from rocket
engines can contribute to the formation of polar mesospheric clouds and
other climate-altering phenomena, which are still not fully understood
[9]. The issue of high-altitude emissions raises concerns not only in the
domain of space access but also within the aviation industry, especially
regarding high-speed flights and future reusable access-to-space vehi-
cles. For these advanced applications, Hydrogen (Hy) stands as a
promising energy vector, given its high efficiency and zero-carbon
combustion characteristics. The primary advantage of utilizing liquid
hydrogen (LH2) as a fuel lies in its exceptionally high gravimetric energy
density, enabling the storage of significantly more energy compared to
conventional fuels. However, when considering its volumetric energy
density, other alternatives offer notably greater advantages. The pro-
duction, handling, and particularly the storage of cryogenic hydrogen
remain challenging due to the extreme pressure and temperature con-
ditions required for its liquefaction and maintenance. Moreover, the
high costs associated with liquefaction processes, cryogenic infrastruc-
ture, and material compatibility further complicate its widespread
adoption [10]. Compared to other fuels, hydrogen exhibits a signifi-
cantly higher laminar flame speed, which improves flame propagation
and overall combustion efficiency. Consequently, hydrogen is often
utilized as a combustion promoter to address the slower flame speeds of
alternative fuels, optimizing performance even in fuel blends [11,12].
Indeed, H; offers the highest heat release and the shortest kinetic time
among available fuels, with wide flammability limits (4-75 % in air),
making it efficient and reliable in supersonic combustion engines [13,
14]. Additionally, Hy has optimal mixing characteristics, excellent
cooling properties and it can be considered an ideal gas over a wide
temperature range and even at high pressures, simplifying the modelling
of its thermodynamic behaviour [15-18]. Regarding LH2-Air combus-
tion, it produces only water and NOy emissions, eliminating CO,, CO,
unburned hydrocarbons, and soot, making it environmentally advanta-
geous. However, when non-CO, emissions resulting from hydrogen
combustion occur in the stratosphere, as in the case of supersonic and
hypersonic aircraft, they exhibit longer atmospheric lifetimes compared
to emissions from subsonic aircraft, which predominantly operate
within the troposphere. The consequences of these emissions, particu-
larly those of NOy, can be critical for the ozone layer, which acts as a
shield for the Earth and influences global warming [19,20]. Indeed, NOy
emissions during high-speed flights at high altitudes can both increase
and decrease ozone levels, depending on flight conditions, thus
complicating the environmental implications [21-23]. Ongoing
research activities on reusable access-to-space systems highlights a sig-
nificant gap in established methodologies for accurately estimating
emissions during the design phases. While adopting hydrogen as an
alternative fuel is a key strategy to reduce environmental impact,
assessing and addressing this impact comprehensively remains
challenging.

The present paper discloses novel conceptual design formulations to
predict pollutant and GHG emissions for hydrogen-fueled reusable
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access-to-space vehicle during atmospheric flight, with a specific focus
on nitrogen oxide emissions. Indeed, NOy emissions are particularly
important in hydrogen combustion, especially when occurring above the
troposphere. However, the in-depth literature review reported in Sec-
tion 2 reveals the following gaps:

(i) no analytical formulations are currently available to estimate
emissions from hydrogen combustion;
(i) no analytical formulations are currently available for combined-
cycle engine for reusable space transportation
(iii) the applicability of available estimation methods has not been
verified beyond the subsonic speed regime

Therefore, the goals of this paper are:

(i) to identify already available methods to be used as reference;
(ii) to reveal the limitations of already available methods for NOx
estimation when applied to hydrogen fueled combined-cycle
engines in high-speed regimes. Indeed, when they are applied
to non-conventional engines—such as non-subsonic engines or
those not fueled by kerosene—the resulting emission estimates
exhibit significant divergence, yielding unrealistic trends un-
supported by physical or chemical justification.;

to develop novel analytical formulations for a specific hydrogen
fueled combined-cycle engine, namely the Synergetic Air
Breathing Rocket Engine (SABRE) installed on the Skylon Single
Stage To Orbit (SSTO).

(iii)

In details, two NOy emission index estimation methods (P3-T3 and FF
methods), developed within the context of general aviation, have been
selected to expand their applicability to the considered case study. In
addition, this paper specifically examines the air-breathing phase of the
engine, enabling the SSTO Skylon to reach hypersonic speeds before
transitioning to rocket mode. To achieve these ambitious goals, the
authors integrate simplified yet precise propulsive system models with
0D chemical-kinetic combustion models. These models are designed to
be useful during the conceptual design phase by requiring only a mini-
mal set of input data, consistent with the information typically available
at this stage, and minimal computational resources, ensuring compati-
bility with rapid design iterations.

The paper begins with a comprehensive review of nitrogen oxide
(NOy) emission prediction techniques for traditional subsonic aeroen-
gines and fuels, presented in Section 2, to evaluate their potential
extension for high-speed air-breathing engines using hydrogen. Among
all available methods, the analytical formulations proposed by the Fuel
Flow and P3-T3 methods for estimating NOy Emission Index (EINO,)
were selected for modification and adaptation to the characteristics of
the case study, considering their applicability during the early design
phases. These methods provide mathematical formulations for evalu-
ating EINOy in Flight Level conditions (FL) based on EINOy data recor-
ded at Sea Level conditions (SL), appropriately corrected using easily
obtainable or estimable chemical-propulsive parameters during con-
ceptual design, such as combustion chamber inlet pressures and tem-
peratures (ps, T3), Fuel to Air Ratio (FAR), and fuel flow (wg). Section 3
offers insights into the case study: the SABRE technology is described,
and the propulsion and emissions models and databases available to the
authors are discussed. From this state-of-the-art analysis, requirements
for upgrading existing propulsion and emissions models were identified.
Section 4 provides an in-depth description of the methodology devel-
oped to derive new formulations of the Fuel Flow and P3-T3 methods for
high-speed aircraft using hydrogen (H2-FF, H2-P3T3). This strategy
involves updating the propulsion model of the engine, recalculating the
propulsive and emissive databases, and analysing the correlations be-
tween the chemical-propulsive parameters of the engine and its NOy
production. Once the two databases are updated, the adaptation of the
methods is conducted by introducing additional parameters compared

44

Acta Astronautica 228 (2025) 42-57

to the original formulations, selected based on a correlation-based
approach. This strategy involved the study of correlations between the
chemical-propulsive characteristics of the SABRE and the NOy formation
during the combustion process. This correlation analysis led to the se-
lection of a set of key parameters that determine the flame temperature
profile achieved during combustion, which was found to be the most
influential factor in NOy production within the combustion chamber.
The parameters chosen for integration into the new formulations
directly affect the flame temperature and were selected to represent the
unique configuration of the SABRE combined cycle. These parameters
include the Mach number, Fuel-to-Air ratio (FAR), airflow rate into the
PreBurner (PBratio), water flow rate into the main Combustion Cham-
ber, i.e., Water to Fuel Ratio (WFR), and helium flow rate utilized for
regeneratively managing the engine thermal load (HEratio). These pa-
rameters, expressed as FL/SL ratios, feature in the new mathematical
relationships that calculate the EINOxgy, as a correction of the EINOxg;..
Each proposed new formulation entails a different combination of these
parameters, yielding different curve-fitting optimization coefficients
and consequently resulting in varying errors for the modified formula-
tions. Thus, the progressive addition of parameters to the original for-
mulations of the methods leads to a series of new formulations
characterized by different levels of estimation accuracy. This allows for
the selection of the most appropriate formulation to estimate the EINOy
of the SABRE depending on the available data, including non-
proprietary data, or based on the desired level of accuracy to be ach-
ieved. Finally, the updated mathematical formulations of the H2-FF and
H2-P3T3 are applied to the case study as presented in Section 5. Addi-
tionally, the absolute and relative errors of the newly formulated H2-
P3T3 and H2-FF models, calculated with respect to a subset of EINO
data under flight-level conditions from the updated emissive database,
are reported. This enables a comprehensive assessment of the estimation
accuracy achieved by the two methods.

2. State of the art in NOy emissions modelling for aeronautical
applications

Numerous methodologies are available for estimating emissions of
pollutants and greenhouse gases from the aviation sector, each requiring
different input data and yielding varying levels of accuracy. According
to Ref. [24], NOy emission estimation methods can be categorized into
five groups: (i) correlation-based models, (ii) P3-T3 methods, (iii)
Fuel-Flow methods, (iv) simplified physics-based models, and (v)
high-fidelity simulations. Following thorough investigations, the au-
thors selected the P3-T3 method and the Fuel-Flow (FF) method, spe-
cifically its Boeing Fuel Flow Method 2 (BFFM2) variant, as a
foundational framework for developing innovative predictive analytical
formulations. Behind the selection of the P3-T3 and BFFM2 methods, the
applicability of each method category in the conceptual design phase of
high-speed aircraft propelled by liquid hydrogen is analysed.
Correlation-based models assess the EINOy of the engine using empirical
or semi-empirical relationships derived from correlations between NOy
emissions and primary or secondary propulsion-emission variables [25].
This data is integrated into mathematical formulations to estimate the
NOy Emission Index, utilizing a combination of parameters. However,
achieving an acceptable accuracy in estimations with these methods
necessitates using a considerable number of variables. Indeed, each
variable is subject to detection or estimation errors, which accumulate
when combined into a single formulation for the calculation of EINOy.
On the other hand, simplified physics-based models and high-fidelity
simulations are excluded from this discussion due to their limitations
and incompatibility with the conceptual design phase. These methods
represent medium-to-high reliability tools for emissions prediction.
Simplified physics-based models broadly describe the combustion pro-
cess from a physical perspective by dividing the combustion chamber
into distinct regions, each characterized by specific chemical concen-
trations and assumptions. This segmentation allows the chamber to be
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modeled as a network of ideal reactors, leading to reduced computa-
tional costs by simplifying NOy formation kinetics. While these models
balance computational efficiency and predictive accuracy, they fail to
capture the intricate kinetic pathways of pollutant formation, particu-
larly limiting their application to hydrogen-powered aeronautical sys-
tems [26]. Conversely, high-fidelity simulations represent the most
accurate approach for predicting emissions, requiring a detailed un-
derstanding of combustor geometry and NOy formation kinetics. Com-
mon high-fidelity methods include Reynolds-Averaged Navier-Stokes
(RANS) solutions, which require known combustor boundary condi-
tions, Direct Numerical Simulations (DNS), which are computationally
efficient but impractical for complex configurations, and Large-Eddy
Simulations (LES), which incorporate small-scale turbulence modeling.
The reliance of these simulation techniques on extensive specialized
knowledge of the combustor, combined with their significant compu-
tational resource demands, presents substantial challenges during the
conceptual design phase. For this reason, the methods selected for this
study are P3-T3 and BFFM2, which represent two specializations of the
correlation-based models characterized by a limited number of variables
involved and acceptable accuracy. These methods calculate EINOy at
flight level (FL) based on sea level (SL) measurements, corrected for
altitude conditions. The P3-T3 method requires temperature and pres-
sure profiles at the combustion chamber inlet, while FF methods use
ambient conditions and fuel flow profiles. Furthermore, these methods
feature unified coefficient formulations designed to apply to all types of
subsonic aircraft engines powered by traditional fuels. Notably, the Fuel
Flow (FF) methods are derived from the P3-T3 method, addressing the
need for a methodology applicable even in the absence of proprietary
engine data. There are two primary FF methods: the Boeing Fuel Flow
Method 2 (BFFM2) developed by Boeing and the DLR Fuel Flow method
developed by the German Aerospace Centre. These two formulations
differ only in their exponential correction factors. Therefore, this paper
will focus solely on the BFFM2, as it is more commonly referenced in the
literature.

2.1. P3-T3 method

The P3-T3 method stands as the most used approach for estimating
NOy emission indices. This method directly stems from Correlation-
Based Models, focusing on a limited range of parameters of interest,
which include temperature and pressure at the inlet of the combustor
(P3, T3), and the Fuel-to-Air Ratio (FAR). These variables are included in
the compact mathematical formulation provided below.

" (FARp \™
EINO,, = EINOys. <@> ( FL) exp(H)

Psst. FARy, W

H = 19""‘(1‘13[1 - hFL) (2)
where H represents the humidity factor, introduced to consider hu-
midity impact on NOy formation in the combustion chamber. As hu-
midity rises, combustion temperature decreases, reducing NOy
production. The H factor is calculated based on the relative increase in
specific humidity h due to altitude gain. Despite not being explicitly
included, the combustor inlet temperature T3 implicitly influences the
application of the method and serves as a key parameter in the pro-
cedure documented in the literature [24]. The generalized formulation
typically employs exponent coefficients (n = 0.4 and m = 0), but opti-
mized coefficients can be used for specific cases to enhance accuracy.
Despite the accuracy in estimating Emission Indices that this method
offers, it requires access to proprietary engine data. If this data is un-
available, alternative ways to estimate it with a precision level
compatible with the conceptual design phase shall be found. The P3-T3
method, as well as the FF method, can be employed to perform a
Landing-Take-Off (LTO) emissions assessment by referencing the four
throttle conditions outlined in Ref. [27] for the LTO cycle. The P3-T3
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method is highly versatile and can therefore serve as an excellent tool
for estimating NOy emissions, even in the case of high-speed hydro-
gen-fueled aircraft, as documented in the literature [28] for an Air
Turbo-Rocket Engine concept using hydrogen.

2.2. Fuel-flow method

The fuel-flow methods are developed starting from the P3-T3
method, with the intent of using only non-proprietary engine informa-
tion, even if at the cost of the prediction accuracy. The main parameter
considered by these prediction methods is the fuel flow, which repre-
sents the engine power setting and it can be retrieved from the user
manual of the engine under study. In addition, these methods take into
account the effect of ambient pressure and temperature, humidity, and
Mach number. Three fuel-flow methods are presented in the literature:
the Boeing Fuel-Flow Method 2 developed by Boeing (BFFM2) [29] and
its applications [30,31] and the sustainable supersonic fuel-flow method
[32]. This family of methods can be very useful for a preliminary esti-
mation of the emissions even if the achievable accuracy is lower than
those attainable from P3-T3 formulations. The variations of the
fuel-flow method differ only in the introduced coefficients in the
mathematical formulations. Therefore, it is decided to refer only to the
BFFM2 below, as it is more commonly used in literature. The BFFM2 is
selected as the baseline for the proposed update methodology for
adapting to the estimation of NOy for high-speed aircraft powered by
hydrogen, similarly to what was proposed in Ref. [32] for a supersonic
speed regime scenario and the use of Sustainable Aviation Fuel (SAF).
Similar to the P3T3 method, the EINOygr, is derived from a correction of
the EINOyg;. However, for the BFFM2 method, this correction is per-
formed based on the profiles of environmental conditions, the fuel flow
profile Wy, and the Humidity Factor H. Unlike the P3-T3 method, the
BFFM2 involves an additional intermediate fitting step concerning the
fuel flow parameter. To derive this parameter under SL conditions from
that under FL conditions, a mathematical formulation is provided which
includes the Mach number. Although the fuel flow parameter is not
directly included in the final mathematical formulation of the method
used for evaluating EINOygy, it serves as the parameter based on which
EINOygy, are plotted and interpolated. These interpolated values are then
used for environmental correction, leading to EINOyg. The mathemat-
ical formulations prescribed by the FF method to estimate the fuel flow
parameter under sea-level conditions, and consequently the produced
EINOy, are provided in Egs. (3)-(6). The complete procedure for
applying the original BFFM2 is documented in the literature [29] and
includes an additional interpolation step compared to the P3T3 method.

02 ,
Wigr, = wﬂ:Laz’“b exp (c""Md) 3
amb
Oamb = Tamb[K]/288.15 4)
Samb = Pamp|P2]/101325 (5)
5\
EINO,z = EINOyg. <egm"> exp (H) (6)
amb

where we is the fuel flow, H is the humidity factor introduced earlier for
the P3-T3 method, and the parameters & and 0 represent the pressure
and temperature ratios of environmental conditions (Tamp, Pamb) at
varying altitudes to those under standard sea level conditions. Similar to
the P3-T3 method, it is possible to use exponent coefficients specifically
tailored for the engine under study, although the original formulation of
the method prescribes the following values: d = 1.02, e = 3.3, f = 0.5.
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3. Case study: Synergetic Air Breathing Rocket Engine fueled
with hydrogen

This section provides an overview of the Skylon Reusable Launch
Vehicle (RLV), a horizontal take-off and landing (HTOL) spaceplane
developed by Reaction Engines Limited since 2009 to address the
challenges of sustainable access to space [33]. Designed for
Single-Stage-To-Orbit (SSTO) missions, Skylon operates like a conven-
tional aircraft, taking off and landing horizontally, which simplifies its
operational logistics and reduces the costs associated with dedicated
launch facilities. The Skylon utilizes the Synergistic Air-Breathing
Rocket Engine (SABRE) technology, a combined-cycle engine capable
of both air-breathing and rocket modes throughout the mission. The
SABRE engine operates initially as an air-breathing engine, using
hydrogen fuel and atmospheric air up to an altitude of 25 km and speeds
reaching Mach 5. Beyond this point, the engine transitions to rocket
mode, switching to liquid oxygen (LOyx) for combustion, enabling the
ascent to low Earth orbit. This dual-mode operation allows for a
reduction in onboard propellant, increasing the payload capacity. This
paper focuses on the air-breathing mode of the SABRE engine. In Fig. 1,
the mass flows of the gases managed by the SABRE engine during the
air-breathing phase and the Skylon mission profile are shown as a
function of Mach. In air-breathing mode, SABRE employs a deeply
precooled combined cycle, using helium for thermal management.
Incoming air is cooled by helium in the PreCooler (PC) before
compression in the Air Compressor (AC). The airflow then splits, with
portions directed to the PreBurner (PB) and the main Combustion
Chamber (CC) for staged combustion. The helium cycle regenerates heat
from the initial combustion, heating the stored liquid hydrogen and
powering the air compressor. This design maximizes efficiency and
thrust during air-breathing mode, producing significant values of spe-
cific impulse, enabling efficient operation at high speeds without per-
formance degradation [33-35]. The SABRE engine innovative
architecture offers a high thrust-to-weight ratio, moderate specific fuel
consumption during air-breathing mode, and optimal performance
during the rocket phase, making it the best candidate for efficient and
reusable space access.

3.1. State-of-the-art in propulsion and emission modeling

The SABRE propulsive system and the Skylon SSTO represent
cutting-edge advancements in sustainable space access. However, pub-
licly available data on the thermodynamic evolution of gases within the
engine and resulting chemical emissions is minimal. Due to the absence
of certified propulsive and emissive databases specific to the SABRE
engine, simplified yet accurate models are employed to obtain necessary
input data for developing new analytical formulations to estimate NOy

100 : :
~
>
<
; 60 ¢ = Air mass flow 1
S == Hydrogen mass flow
= 40 === Helium mass flow ]
o
a)
3
= .
ot . . |
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Mach

Altitude [km)]

Acta Astronautica 228 (2025) 42-57

emissions from this high-speed hydrogen-fueled engine concept. During
the state-of-the-art analysis on available data and models for the SABRE,
two existing propulsion and emission models were selected as the
starting point for refinement and optimization [36,37]. The reference
propulsion model [36] outlined a strategy for the thermodynamic and
propulsion modeling of the main air cycle of the engine operating in
air-breathing mode. Building upon this model, several upgrades are
implemented, allowing for a more precise estimation of the temperature
and pressure values of the flows entering the mixers preceding the
preburner and the main combustion chamber. These temperature and
pressure data sets are then utilized to evaluate the mass fractions of
species present in the exhaust gases of the two combustion stages of the
SABRE using dedicated software, and consequently, to assess its EINOy
using the same strategy proposed by the reference emissions model [37].
The engine consists of four thrust chambers, two preburner-reheater
units, two hydrogen turbo-pumps, two regenerators, and two helium
circulators, each driven by a hydrogen turbine. Therefore, the engine
model can be effectively scaled down to one-quarter size to simplify the
analysis. Assumptions include no incoming air to the ramjet burners
throughout the mission profile and maintaining nominal pressure re-
covery at the intake while ensuring the air compressor matches the
required mass flow. Fig. 2 illustrates the representative propulsion
scheme of the propulsion model [36], depicting two distinct combined
thermodynamic cycles.

As depicted in the propulsion schematic shown in Fig. 2, the SABRE
engine encompasses two combined thermodynamic cycles: the complete
air cycle and the regenerative helium cycle. The reference model [36]
primarily focuses on the complete air cycle, tracing the path of the
airflow entering the engine through the intake. Upon intake, the airflow
is cooled by a cold helium stream within the precooler (PC), and then
compressed in the air compressor (AC). Subsequently, the airflow splits
into two streams at the PB-CC node, regulating the airflow directed to
the engine two combustion stages. One stream undergoes rich fuel
combustion with hydrogen in the PB, where exhaust gases exchange
heat with helium before rejoining the remaining airflow upstream of the
main combustion chamber (CC). Here, combustion concludes with the
still fuel-rich mixture from the PB. The total exhaust gas flow from the
CC then expands through a nozzle. The Matlab propulsion model [36]
does not incorporate the study and implementation of the helium
auxiliary thermodynamic cycle. The regenerative helium cycle,
designed to ensure thermal balance among gas flows in the engine, is
particularly significant for deeply precooled combined cycles like the
SABRE. Therefore, integrating this regenerative cycle into the main
model is essential for enhancing its reliability and thus the accuracy of
the resulting data. Additionally, the model employs a conventional
approach to simulate the SABRE, modelling the combustion processes
under isobaric and isochoric stoichiometric conditions. While this
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Fig. 1. SABRE engine mass flows and Skylon mission profile, as a function of Mach number.
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Fig. 2. Propulsion scheme of the SABRE engine from the reference propulsion model [36].

method yields reasonably accurate results, significant improvements can
be achieved by integrating specialized software to address thermody-
namic balance and equilibrium issues. Indeed, although the assumption
of stoichiometric combustion is widely used during the conceptual
design phase for preliminary combustion modeling, it fails to represent
the highly fuel-rich conditions expected in the SABRE combustion pro-
cess. Furthermore, dedicated software can enhance the accuracy of the
mixing processes modelling and simplify the evaluation of gas thermo-
dynamic characteristics. With these areas identified for potential
refinement to advance the sophistication of SABRE propulsion model,
the actual update of the model follows the approach outlined in Section
4.

Regarding the engine emission modelling, a previous study by the
authors [37] serves as a reference. The approach involves utilizing the
propulsive database generated from the model [36] to simulate mixing
and combustion processes using specialized software. Specifically,
Cantera, an open-source software for 0D/1D mathematical-chemical
modelling, is employed via its Python interface. Cantera conducts 0D
time-dependent simulations of homogeneous, isochoric, and adiabatic
batch reactors with premixed gaseous reacting hydrogen/oxygen mix-
tures. For this purpose, the kinetic mechanism Z24_NOx20 developed by
the Swedish Defence Research Agency FOI modelling group was effec-
tively utilized [37]. The Z24_NOx_20 chemical kinetic mechanism is part
of a suite of mechanisms used to model combustion processes and the
formation of nitrogen oxides (NOy), in hydrogen-rich combustion sys-
tems specifically. This mechanism is designed to simulate various
chemical reactions that lead to the production of NOy during Hj-Air
combustion, including the thermal NOy formation via the extended
Zeldovich mechanism, as well as other less common pathways such as
the NNH route and the prompt NOyx mechanism, which are more rele-
vant in rich combustion conditions. The Z24 NOx_20 mechanism in-
cludes detailed reactions between nitrogen, oxygen, and hydrogen
species, with a particular focus on the formation of NOy under
high-temperature combustion conditions (above 1700 K), incorporating
results from low and high pressure experiments, and covering a wide
range of equivalence ratios. The specific use of species like NNH, a key
intermediate, reflects a deeper understanding of NOy formation over a
wider range of temperatures and residence times. For this reason, this
mechanism is particularly suitable for estimating emissions and prod-
ucts resulting from the combustion of hydrogen and syngas [38,39]. The
preburner combustion modelling was conducted under isobaric condi-
tions, while the 0D simulations for the main combustion chamber
assumed isochoric conditions. Additionally, the composition of the
exhaust gases leaving the preburner was used as input for the main
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combustion chamber after mixing with the additional air stream from
the intake. The required input data for the software included pressure
values at the inlets of the two combustion stages and temperatures of the
flows at the mixer inlets. The outputs provided temperature values of the
flows exiting the mixers and the temperature and mass fractions of
species present in the chamber at the end of combustion. Once the gas
composition entering and leaving the main combustion chamber is
known, the NOy Emission Indices (EINO4) can be calculated. Specif-
ically, these indices were evaluated for each Mach condition based on
the mass fraction of Hy injected into the combustion chamber at the start
of the simulation and the mass fractions of NO and H at the end of
combustion. The relationship for calculating the EINO in [gno/kgn2]
based on the mass fractions (Y) of NO and Hj is provided in Eq. (7).

Yno

H2inj — YH2out

EINO =1000* (@]

where Yno, Yhoinj and Ymoour are the mass fractions of NO produced
during combustion, injected fuel Hy in the chamber, and unburned Hy,
respectively. It’s important to note that for SABRE, and more broadly for
hydrogen-air combustion, the mass fraction of NO produced during
combustion is predominantly used for estimating the engine NOy
Emission Indices, as it is several orders of magnitude higher than other
NOy compounds. Considering this emission modelling approach, what
requires updating is not the modelling technique itself, which is
considered accurate for conceptual design, but rather the emissive
database resulting from the application of this technique based on the
propulsion database formulated using model [36].

4. H2-P3T3 and H2-BFFM2: methodology and novel
formulations

A step-by-step methodology is proposed to update the classical for-
mulations of the P3-T3 and the FF methods. Specifically, novel mathe-
matical formulations are derived for estimating the NOy emissions
produced by the hydrogen-fueled SABRE engine during its air-breathing
phase, starting from the original formulations of two selected emission
estimation methods, as documented in Section 4.1, namely the P3-T3
and the BFFM2. The initial step of the adopted methodology involves
recalculating the propulsive and emissive databases of the engine. The
reference propulsion and emission models are updated based on the
refinement criteria identified in Section 3. In Sections 4.2 and 4.3 the
new mathematical formulations H2-P3T3 and H2-FF for estimating
EINOy are described, focusing on the correlation logic behind the
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introduction of the new parameters compared to the original P3-T3 and
BFFM2. The recalculated EINOy from the updated emission database are
then compared with those predicted by the novel H2-P3T3 and H2-FFM
formulations in Section 5, and the results are discussed in terms of the
accuracy of the new relationships.

4.1. Methodology for updating the emissions estimation methods

The proposed methodology for deriving new mathematical formu-
lations for estimating the EINO, from the SABRE engine involves several
key steps and considerations, summarized in the block diagram shown in
Fig. 3.

4.1.1. Update of the propulsion model

Developing a more reliable propulsion model, accurately represent-
ing the actual functioning and performance of the studied engine, is
crucial to achieve the most accurate estimation possible of its emissions
during the conceptual design phase. In fact, the Propulsive Database
shall be then used as input for the chemical-kinetic modelling of the
engine, and consequently for the development of the Emissive Database.
This database shall include mass fractions of chemical species in the inlet
and outlet flows of the engine combustion stages, along with the
resulting EINOy evaluated with Eq. (7). In details, the SABRE engine
model already available in literature [36] is updated by:

(i) integrating the regenerative thermodynamic cycle of helium. While in
the original model [36] the Helium properties were assumed
constant and fixed at their mean value within the cycle, this work
considers the thermodynamic evolution of helium within its
regenerative closed-loop. This is facilitated by utilizing the Mat-
lab interface of the Cantera software, that enables the assessment
of specific properties of the gas at each intermediate temperature
and pressure conditions within each component of the cycle.
Essential inputs for the cycle modelling, i.e. the helium flow rate
data and helium inlet pressure profile to the helium turbine are
obtained from Ref. [40].

(ii) allowing for the simulation of thermodynamic equilibrium in the
combustion chambers using Cantera in Matlab. The simulation of
chemical equilibrium conditions during fuel-rich combustion of
the SABRE engine, performed using Cantera in Matlab, allows for
the refinement of the original combustion modeling strategy,

| Update of the propulsion model
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which was initially based on the assumption of stoichiometric
conditions. Furthermore, the use of Cantera for combustion
modeling enables the preliminary estimation of EINOy within the
propulsion model by leveraging the mass fractions of species
when chemical equilibrium is reached. It is worth noticing that,
while these EINOy are not suitable as references due to being less
reliable compared to those resulting from 0D chemical-kinetic
simulations executable with Cantera via Python, they nonethe-
less provide an estimation of the profile in NOy formation in the
combustion chamber across varying Mach numbers.

(iii) integrating the results of the mixing processes modelling using Cantera
in Python. The Cantera Python modelling takes as input the
pressure and temperature data of the incoming flows to the
mixers, derived from the developed propulsion model, and
returns the same parameters referred to the mixed state. These
parameters are then subsequently integrated into the Matlab
model to continue with the cycle modelling.

After implementing the described updates to the reference propul-
sion model [36], it is possible to evaluate the engine performances. The
specific thrust and specific impulse resulting from the performance
analysis are plotted and compared with the corresponding reference
data from the high-level simulation of the SABRE [40] conducted using
the EcosimPro framework in Fig. 4.

4.1.2. Update of the chemical emissions model

Regarding the chemical-emissive modelling of the engine, Cantera
via Python interface and the kinetic mechanism Z24_NOx20 are used as
suggested in Ref. [37]. For the combustion processes, both the chemical
equilibrium of the mixed gases and their time-dependent chem-
ical-kinetic evolution within ideal reactors are simulated. Specifically,
isobaric combustion conditions are simulated for the preburner, while
isochoric conditions are considered for the main combustion chamber.
Regarding the PB exhaust gases, the attainment of chemical equilibrium
conditions is assumed. The composition and properties of the exhaust
gases are evaluated applying the principle of Gibbs free energy mini-
mization to the system. Similarly, the main combustion chamber (CC) is
initially modeled based on Gibbs free energy minimization, thus
assuming chemical equilibrium conditions. In the chemical equilibrium
calculation, Cantera searches for the final composition of a combusted
gas mixture that minimizes the Gibbs free energy, under constraints of

Matlab Propulsive Model [36] Helium Thermodynamic Cycle
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Fig. 4. SABRE propulsive performances of the updated propulsion model compared to the reference performances [40].

mass, energy, and momentum conservation. This approach considers the
chemical reactions to be infinitely fast and assumes chemical equilib-
rium as the state in which the forward and reverse reactions are fully
balanced. From the evaluated gas mixture composition in the main CC, a
preliminary set of thermodynamic EINOy for SABRE was derived i.e.,
under chemical equilibrium conditions computed by minimizing the
system Gibbs free energy. However, to gain further insights into the
combustion process in the main CC, time-dependent chemical-kinetic
simulations of the gas evolution during combustion are conducted too.
Starting from the temporal evolution profiles of species mass fractions in
the combustion chamber, obtained from kinetic simulations, the kinetic
EINOy were evaluated at the simulation end time. In kinetic calculations,
differential equations that describe the temporal evolution of chemical
species concentrations are solved, accounting for reaction rates, mass
and heat transfer dynamics. Unlike the chemical equilibrium calcula-
tion, the process is not instantaneous: it analyzes how the system ap-
proaches equilibrium over time, considering slow reactions, reactive
intermediates, and reaction pathways. Thus, the kinetic EINOy represent
a more accurate evolution of gases within the combustor over time and
better capture the chemical-kinetic dynamics of the hydrogen oxidation
process. Therefore, these EINOy are assumed as reference EINOy for
updating the P3-T3 and FF methods for NOy estimation. Fig. 5 provides a
comparison between the EINOy values from the original [37] and
updated emissive databases. For the purpose of this study, the emissive
database is massively expanded compared to that reported in Ref. [37]
by studying 50 different Mach conditions equally spaced between Mach
0 and Mach 5.

4.1.3. Update of the methods formulations

The final step of the methodology involves modifying the classical
formulations of the P3-T3 and the Fuel-Flow methods to extend their
applicability to the characteristics of the case study. According to the
authors, the best approach to adjust the traditional analytical formula-
tions of the EINOy estimation methods to high-speed, hydrogen-fueled
case studies is to enhance the already existing formulations by

60
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Fig. 5. Comparison between EINO from the original [37] and updated emis-
sive databases.
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integrating novel parameters which closely correlate with NOy emis-
sions indices along the mission profile. Therefore, this adaptation and
enhancement process from the original P3-T3 and BFFM2 is carried out
through two sequential modifications: (i) the inclusion of new param-
eters in the form of ratios between FL and SL conditions, coupled with
(ii) the curve fitting of the resulting mathematical formulations based on
a subset of EINOy under flight level conditions from the emissive data-
base. The parameters selected to be introduced into the new formula-
tions are the result of the correlations analysis assessing the links
between the chemical-thermodynamic variables and the processes of
NOy emissions formation within the engine. Indeed, it is reasonable to
assume that the best approach to adjust the traditional analytical for-
mulations of the EINOy estimation methods to the high-speed, hydrogen-
fueled case study is to integrate parameters into the formulations whose
profiles during the mission closely correlate with those of the NOy
emissions indices to be estimated.

Notably, the primary correlation observed for the SABRE is between
the NOy produced and the Flame Temperature (FT) in the combustion
chamber. Indeed, an increase in the temperature reached in the com-
bustion chamber results in an increase in NOx produced by the engine.
However, FT is proprietary data that is challenging to estimate in con-
ceptual design. For this reason, parameters easily estimable yet signifi-
cantly influencing flame temperature were selected for adapting the
EINOy estimation methods to the case study. Specifically,

(i) the Mach parameter was introduced to account for the effects of
high speed on the temperature and pressure of the incoming
airflow through the engine intake, and consequently, on the
temperature achieved within the combustion chamber;

the FAR ratio was introduced to consider the decrease in tem-
perature reached during fuel-rich combustion as a function of the
increase in the fuel percentage. Indeed, an increase in the FAR
leads to a higher fraction of H: at the combustion chamber inlet,
causing a deviation from the stoichiometric combustion condi-
tion and consequently resulting in a decrease in the temperature
reached within the combustion chamber;

the PBratio parameter was introduced, i.e. the ratio between the
air flows directed to the PreBurner and the main combustion
chamber following the split downstream of the air compressor.
This parameter was selected to account for the decrease in tem-
perature reached in the combustion chamber due to the
segmented combustion of the SABRE;

the Water-to-Fuel Ratio (WFR), closely related and with the same
trend as the PBratio, was introduced to consider both the effect of
the decreasing temperature reached during combustion due to
the presence of a water fraction at the inlet of the main com-
bustion chamber resulting from the combustion stage in the PB
and the chemical-kinetic influence of the hydrogen oxidation
process. Water vapor affects NOy formation through three pri-
mary mechanisms. As reported in Ref. [41], water vapor dilution
of the combustion mixture reduces NOy emissions in premixed

(i)

(iii)

(iv)
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flames by lowering the flame temperature, creating an oxygen
deficiency, and through chemical action;

(v) the HEratio parameter was introduced to consider the increase in
the temperature reached in the chamber as a function of the
thermal power that the engine must manage through the helium
regenerative cycle.

These new parameters, which vary along the SABRE mission profile,

were integrated into the new formulations of the H2-BFFM2 and H2-P3-

T3

methods. They were expressed as ratios between conditions at Flight

Level (FL) and Sea Level (SL), ensuring continuity with the original
methods. Different combinations of parameters resulted in different
curve fitting optimization coefficients and thus in resulting errors for the
modified formulations, evaluated against the reference EINOy from the
emissive database.

4.2. H2-P3T3 - new formulations of the P3-T3 method

Considering the absence of certified standards for the inlet temper-

ature to the main combustion chamber (T3) and EINOy values at sea level
conditions for the SABRE, the steps required for the application of the
updated H2-P3T3 formulations to the case study can be summarized in
the following list:
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temperature can be mathematically expressed using the fitting
functions shown in Fig. 6, in comparison to the values under sea level
conditions from the updated databases. For the sake of simplicity,
given the limited sea level data available from the two databases, the
most commonly used interpolation method was linear polynomial
interpolation. However, for FAR and HEratio, exponential interpo-
lation was preferred to avoid encountering unreasonable values for
these parameters as T3 increases. From these fittings, it is possible to
compute the ratios between sea level (SL) and flight level (FL) con-
ditions, also utilizing the databases for the values corresponding to
the latter.

. Once the ratios are determined, it is possible to evaluate the EINOgy,

starting from the EINOg;, employing one of the formulations pre-
sented in Egs. (8)-(11). The exponent coefficients in the new for-
mulations are optimized using a subset of EINOy from the updated
emissive database. Specifically, data corresponding to 32 of the 50
Mach conditions studied are used as references for optimizing the
exponents, while the remaining 18 conditions, corresponding to
those in the original emissive database (Fig. 5), are utilized to test the
accuracy of the new formulations. For each new formulation, the
multiplicative coefficient k and the exponent coefficients are opti-
mized starting from the initial guess of the original P3-T3 method,
ensuring the best possible estimation of the reference EINOgy.

a b
% Psr FARg o
ek %
1. As the initial step, it is necessary to construct fits based on the known EINOp. =k*EINOs. <P3SL FARq, M**exp (H) (®)
data under sea level conditions collected in the propulsive and
emissive databases, in order to study their trend with varying flight s\ (FARg b )
sps . . — Te* FL * : Langc*
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Fig. 6. Sea level conditions as a function of the combustion inlet temperature, in terms of a) pressure at the inlet of the combustion chamber, b) Fuel to Air Ratio, c)
air mass flow rate i.e., PB.a0, d) Water to Fuel Ratio at the inlet of the combustion chamber, €) He-air mass flow rate i.e., HE 4o, f) NO Emission Index.
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where the parameters defined by the original P3-T3 formulation are the
inlet pressure of the main combustion chamber (p3) and the Fuel to Air
Ratio (FAR), while the newly introduced parameters are the Mach
number, the Water to Fuel Ratio (WFR), and the mass flow ratios PBratio
and HEratio defined in Section 4.1.2. The subsequent steps consist of the
progressive addition of one, two, or all of the ratios of the newly
introduced parameters. In Eq. (11), all the ratios of the new parameters
introduced can be observed, while in Eq. (9) and Eq. (10), the terms
"ratiol” and "ratio2" are used to generalize the equations for all combi-
nations of ratios. The optimized coefficients for each combination of
introduced ratios, thus for each new formulation of the P3-T3 method,
are reported in Tables 1 and 2. Please refer to the first column of the
tables and to Egs. (8)-(11) to identify the corresponding mathematical
correlation for each table.

Overall, significant variations can be observed in the sign of the
optimized exponents as the number of parameters and ratios introduced
in the new formulations increases. This fluctuation in the behaviour of
the coefficient exponents may be due to the purely mathematical opti-
mization performed in Matlab, which disregards the physics and
chemistry of the processes and bases the recalculation of these co-
efficients solely on the input data. Since the ratios between FL and SL
conditions exhibit markedly different trends with respect to Mach, it is
expected to obtain different optimized exponents for different combi-
nations of these ratios. Indeed, the optimization process refers to a single
set of EINOy for determining the best fit for all the new mathematical
formulation, which nonetheless present different ratio values that are
involved. Considering the most comprehensive formulation (see Eq.
(11)), whose optimized coefficients are reported in Table 3, it is possible
to derive some physical-chemical conclusions and justifications about
these coefficients. Some of the parameters included in the new formu-
lation, i.e., FAR and Heratio, provide mathematical contributions to the
calculation of EINOy that are not consistent with the physical expecta-
tions derived from the correlation analysis. The mathematical contri-
butions of the parameters are determined by the sign of their optimized
exponents and their magnitude. These contributions and their justifi-
cations are thoroughly discussed by the authors in a previous publica-
tion [42].

4.3. H2-FF - new formulations of the FF method

Analogously to the process outlined for the new H2-P3T3 formula-
tions, the step-by-step approach for the H2-FF method is explained
below. Unlike the P3-T3 method, this update involved an additional
optimization step concerning the coefficients in Eq. (3) used to evaluate
the fuel flow at sea level conditions from the flight level conditions.
Considering the absence of certified standards for fuel flow and EINOy
values at sea level conditions for the SABRE, the steps required for the

Table 1
EINOg;, = f (EINOgy, ps, FAR, Mach, ratiol).
k a b c i

Original EINOg, = f (EINOsy, ps) 1.00  0.40 0.00 - -
EINOg;, = f (EINOs;, p3, FAR) 1.00 3.26 3.32 - -
EINOpy, = f (EINOgy, ps, FAR, M) 0.98 3.24 3.47 -0.14 -
EINOg;, = f (EINOg, ps3, FAR, M, 1.00 0.69 1.12 —-0.37 —5.05
PBratio)
EINOpy, = f (EINOgy, p3, FAR, M WFR) 1.00 2.48 1.10 -0.39 -2.33
EINOg;, = f (EINOg, ps3, FAR, M, 0.78 1.78 15.36 —0.83 3.56

HEratio)
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application of the updated H2-FFM formulations to the case study can be
summarized according to the following list:

1. Asafirststep, it is necessary to derive the fuel flow values at sea level
by applying the following correction to the fuel flow values in FL
conditions. The relationships are the same employed in the original
version of the fuel-flow method (sees Eq. (3), Eq. (4), and Eq. (5)).
The trend of the fuel flow profile at sea level, evaluated using the
classical formulation of the BFFM2, exhibits an exponential increase
with rising Mach numbers, as depicted in Fig. 7. Consequently, an
initial correction is undertaken by recalculating the exponents of the
original mathematical formulation through Matlab curve fitting
functionalities. This fit is depicted in Fig. 7 alongside the values of
wigr, from the propulsive database. Evaluating the value of this linear
fit for each Mach condition from 0.1 to 5, it is possible to recalculate
the exponents a, b, ¢ and d using curve fitting. The original and
updated exponents are listed in Table 4. The profile of wegy, as a
function of Mach resulting from the application of the wgg, correction
with the updated coefficients is presented in Fig. 7.

. EINOg;, FARg;, PBratios;, WFRgy, and HEratiog;, obtained from the
updated propulsive and emissive databases for the first four Mach
conditions are curve-fitted as a function of the corrected Wgg;, from
step 1. For the SABRE engine, reference sea level conditions as a
function of the fuel flow at sea level, evaluated as in step 1, can be
mathematically expressed using the fitting functions shown in Fig. 8,
in comparison to the values under sea level conditions from the
updated databases. Similarly to the P3-T3 method, due to the limited
availability of sea level data from the two databases, linear poly-
nomial interpolation was employed to construct these fits. From
these fittings, it is possible to compute the ratios between sea level
(SL) and flight level (FL) conditions, also utilizing the databases for
the values corresponding to the latter.

. Once the ratios are determined, it is possible to evaluate the EINOgy,
starting from the EINOg;, employing one of the formulations re-
ported in Egs. (12) and (13). The exponent coefficients for the FF
method are also updated using a reference subset of 32 EINOy from
the updated emissive database.

c
. 5,
EINOp, =k*EINOg;, | 222 | *M?*exp (H) (12)
amb
Table 2
EINOg, = f (EINOgy, ps3, FAR, Mach, ratiol, ratio2).
k a b c ) q
EINOg, = f (EINOg, 1.00 -3.31 3.80 0.04 —18.89 8.99
P3, FAR, M, PBiatio,
WEFR)
EINOgy, = f (EINOg, 0.79 —1.58 —13.52 —0.48 —3.64 —11.51
P3, FAR, M, PBragio,
HEatio)
EINOgy, = f (EINOg;, 1.08 -3.55 0.62 -0.10 —2.82 4.89
ps, FAR, M, WFR,
HEatio)
Table 3
EINOgy, = f (EINOgy, p3, FAR, Mach, PByatio, WFR, HEratio)-
k a b c r N t
1.04 —3.51 12.79 0.07 —19.56 11.40 2.11
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Original and updated exponents for fuel flow correction.

Acta Astronautica 228 (2025) 42-57

5.9, 9 T T T T
- -
B '{Z/SI. upfdated formulation 4 - 8.5 |—W;sr updated formulation|
« Wygy reference .
*
_ 5.8 - - 8
= . T
g Lo 275
257} . =
N x S 7 1
wn i W
S . S
= -
6.5
56¢ Rl
-
L7 ’ 6 1
550 . . ] 55 . . . . J
0 0.1 0.2 0.3 0.4 0.5 1 2 3 4 5
Mach Mach

Fig. 7. wig, profile and linear fit as a function of Mach.

where the parameters defined by the original FF formulation are the

a b c d environmental pressure and temperature ratios & and 6, while the newly

Original g, = f Oamb, Samp> M) 3.8 1 0.2 2 introduced parameters are the Mach number, the Fuel to Air Ratio

Updated Wi, = f (Qamb, Samb, M) 0.0084 0.0207 0.0089 1.4917 (FAR), the Water to Fuel Ratio (WFR), and the mass flow ratios PBratio

and HEratio defined in Section 4.1.2. For each new formulation, the

multiplicative coefficient k and the exponent coefficients are optimized

N - Z i s starting from the initial guess of the original BFFM2 method, ensuring

EINOp, = k*EINOs;, ei'“ *(ratiol)*M**exp (H) 3 the best possible estimation of the reference EINOg. The optimized
amb . . . . . .

coefficients for each combination of introduced ratios, thus for each new

2 \°© formulation of the FF method, are reported in Tables 5 and 6. Please

EINOy;, = k*EINOyg;, E‘"b *(ratiol )P*(ratioz)q*Md *exp (H) 14 refer to the first column of the tables and to Egs. (12)-(15) to identify the

Oamb corresponding mathematical formulation for each table.

c

In contrast to the findings observed for the H2-P3T3 method,

r s t u
EINOy = k*EINO Szmb (HEratioFL> (WFRFL) (FARFL) (PBratioFL> Md eH (15)
FL — X SL 0
. HEraios./ \WFRs./ \FARs./ \PBratiost.
19.45 - = 0.22
o - s e' ~
_ & -7 0218 ®~_
g 194} e “
3‘ - - x - -3 ~ e
3 e 0216 Sso -
Z10.35 - £ S = o5k e e e e e e e @ mm—mm = S
39.35’”‘ S ,&\ 20.5 - -5 -o ©
IS % « Sea level condition ?E:J 0.214 ~o E
z - -Fit: EINOgy = 0.447 « Wysz, + 16.83 S~.
19.3+ o Linear fit at Sea level condition b o
. 0.212} « Sea level condition - S ¢ Se'a level cou'dxtwn
- -Fit : HEratiogy, = —0.03 x Wygy, +0.388 . = -Fit : PBratiogy = le — 17+ Wpsy + 0.5
x o Linear fit at Sea level condition o Linear fit at Sea level condition
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Fig. 8. Sea level conditions as a function of the combustion inlet temperature, in terms of a) NO Emission Index, b) He-air mass flow rate i.e., HE 440, ¢) air mass flow

rate i.e., PB .0, d) Water to Fuel Ratio at the inlet of the combustion chamber, €) Fuel to Air Ratio.
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Table 5
EINOgy, = f (EINOsy, 8ambs Oamb, Mach, ratiol).

Original EINOyg, = f 1
(EINOsy, Sambs Oamb)
EINOgy, = f (EINOsy, Samb,
eamb, M)

EINOgy, = f (EINOsy, Samb,
Oamb, M, FAR)

EINOgy, = f (EINOsy, Sambs
eambv M; PBraﬁn)

EINOgy, = f (EINOsy, Samb,
Oamb, M, WFR)

EINOgy, = f (EINOsy, 8amb,
Oambs M, HEratio)

094 027 240 -237 -0.09 -

1.00  0.30 2.73 -2.17 -0.06 0.47

1.00 023 217 -258 -0.06 —-0.14

1.00 040 386 —-1.52 -0.06 -0.16

3.8 —-1.62 -0.08 0.15

Table 6
EINOgy, = f (EINOsy, 8amb, 0amb, Mach, ratiol, ratio2).

k a b c d p q

EINOg, = f
(EINOst, 8amb,
Oamb, M, PBratio,
FAR)

EINOg = f
(EINOsy, Samb,
eamh’ M, PBralioa
WEFR)

EINOp, = f
(EINOst, 8amb,
Oamb> M, PBratio
HE:atio)

EINOp, = f
(EINOst, Samb,
Oamb, M, FAR,
HEatio)

EINOg, = f
(EINOst, 8ambs
Oamb> M, FAR,
WEFR)

EINOg;, = f
(EINOst, 8amb,
Bamb, M, HEratio,
WEFR)

1.00 0.32 2.99 -1.88 —0.05 -0.12  0.08

1.00 0.33 3.14 -1.82 —0.06 -0.14 -0.17

1.00 0.77  0.99 -0.04 -1.62

1.00 0.31 3.02 -1.79 -0.05 0.08 0.10

1.00 0.04 074 273 -0.05 0.68 —0.83

1.00 055 547 -1.10 -0.09 -0.09 -0.22

Table 7
EINOgy, = f (EINOst, Samb, Oamb, Mach, HE 440, WER, FAR, PBiaio).

k a b c d r s t u

1.00 0.21 1.98 —1.88 -0.17 0.40 —0.99 —0.02 —0.82

regarding the new formulations of the FF method, a relatively stable
trend in the optimized exponents emerges as the number of introduced
parameters and ratios increases. With the addition of each new ratio, the
optimized coefficients for the ratios evaluated in the previous formula-
tion are therefore validated by the non-oscillation of the recalculated
coefficients. Considering the most comprehensive formulation (see Eq.
(15)), whose optimized coefficients are detailed in Table 7, it is possible
to derive physical-chemical insights and justifications regarding these
coefficients. Similarly to H2-P3T3, some of the parameters included in
the H2-FF new formulation, i.e., FAR, Mach, and ambient pressure ratio,
provide mathematical contributions to the calculation of EINOy that are
not consistent with the physical expectations derived from the correla-
tion analysis. These contributions and their justifications are thoroughly
discussed by the authors in a previous publication [43].

5. Result and discussion

This section reports the results of the application of the newly
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Fig. 9. EINOg, from (i) Updated Emissive Database, (ii) H2-P3T3 most
comprehensive formulation, (iii) H2-FF most comprehensive formulation.

developed formulations to the SABRE engine case study. The more
comprehensive formulations of the H2-P3T3 and H2-FF methods,
applied to the SABRE engine, return the EINOgy, trends shown in Fig. 9,
compared with the EINOgy, values from the updated emissive database.
These formulations, which incorporate all the newly introduced pa-
rameters, proved to be the most accurate in estimating NOy emissions
indices for both the H2-P3T3 and H2-FF methods.

5.1. H2-P3T3 formulations for the SABRE engine

Finally, it is possible to graphically compare the EINOg;, evaluated
with the different formulations to the reference EINOg;, from the emis-
sive database obtained through OD chemical-kinetic simulations by
deriving the corresponding absolute and relative estimation errors.
Fig. 10 compares the predictions from the various H2-P3T3 formulations
reported in Table 1.

Regarding the more comprehensive formulations derived for the P3-
T3 method, Fig. 11 compares the predictions from the various formu-
lations reported in Tables 2 and 3, showing the evaluated emissions
estimation errors with reference to the EINOgy, trend from the updated
emissive database.

5.2. H2-FFM formulations for the SABRE engine

Finally, Fig. 12 compares the predictions from the various H2-FF
formulations reported in Table 5, specifically the formulations that
include only a single additional parameter. Similarly to what was done
for the H2-P3T3, the absolute and relative emissions estimation errors of
the novel H2-FF formulations were evaluated against the reference
EINOg, trend from the emissions database.

The novel H2-FF formulations result in significantly larger estima-
tion errors compared to those from the novel H2-P3T3 formulation. This
error trend highlights the inherently higher accuracy of the P3-T3
method compared to the FF method, as already documented in the
literature regarding the application of the original formulations of these
methods in subsonic applications using conventional fuels. The superior
accuracy of the P3-T3 method relative to the FF method, also observed
in the updated H2-P3T3 and H2-FF formulations, can be attributed to
the different nature of the parameters involved in the two estimation
methodologies, proprietary and non-proprietary. In the P3-T3 method,
thermodynamic variables such as the pressure and temperature at the
inlet of the combustion chamber are employed, which have a direct and
predominant impact on the profiling of NOy emissions for the engine
under study. Conversely, in the FF method, the fundamental parameter
for interpolation is the fuel flow. While fuel flow is indeed an important
factor in emission studies, it remains an engine-level parameter. To
minimize emission estimation errors, it is therefore preferable to adopt
the P3-T3 methodology, which relies on parameters that more
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comprehensively characterize the combustion process. Moving forward 6. Conclusions
with more comprehensive formulations, Fig. 13 compares the emissions
estimation errors of the novel H2-FF formulations reported in Tables 6
and 7

To support and promote the aerospace sector increasing commitment
towards the development of strategies for reducing emissions and
mitigating environmental impact from the initial stages of the design
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Fig. 13. Novel H2-FF estimation errors evaluated for 14 Mach conditions ranging from 0.5 to 5, compared to the reference EINO from the updated emissions
database: EINOgy, absolute estimation errors [gno/kguaburnt] (left) and percent relative estimation errors [%] (right) from the new H2-FF formulations reported in

Tables 6 and 7.

process, this study introduces novel analytical formulations for esti-
mating pollutants and greenhouse gas emissions from reusable access-
to-space vehicles. Specifically, this research aims to expand the appli-
cability of NOy emissions estimation techniques originally developed for
subsonic aircraft powered by conventional fuels to the Skylon Single
Stage To Orbit (SSTO) vehicle. The propulsion system of this sustainable
space access spaceplane, the Synergetic Air Breathing Rocket Engine
(SABRE), operates in both air-breathing and rocket modes. This paper
focuses on the air-breathing phase of the engine, allowing the SSTO
Skylon to achieve hypersonic speed before transitioning to rocket mode.
To forecast nitrogen oxide emissions during the conceptual design
phase, two documented methodologies, BFFM2 and P3-T3, were
selected for their accuracy and compatibility with available data in the
conceptual design phase. Originally designed to assess the Emission
Index of greenhouse gases and pollutants emitted by engines powered by
traditional fuels for subsonic flight, these methodologies were adapted
for (i) synergetic air-breathing-rocket propulsion systems for high-speed
flights and (ii) hydrogen-sustainable aviation fuel. The systematic
approach employed to develop these innovative formulations, H2-P3T3
and H2-FF, customized for the SABRE, is outlined. The methodology was
applied to the SABRE case study, revealing the correlation between ni-
trogen oxides production within the engine and key chemical-
thermodynamic parameters including Mach number, Fuel-to-Air ratio
(FAR), airflow rate into the PreBurner (PBratio), water flow rate into the
main Combustion Chamber i.e., Water to Fuel Ratio (WFR), and helium
flow rate utilized for regeneratively managing the engine thermal load
(HEratio). Regarding the proposed updating methodology, based on the
results of the new emissions estimation formulations, the achievements
and the research future developments can be summarized as follows:

e The first step of the proposed methodology for refining the P3-T3 and
Fuel Flow methods for NOy estimation from the SABRE engine
involved updating the propulsion model and recalculating the engine
propulsive and emissive databases. At present, this innovative engine
concept has not yet entered the operational phase, resulting in the
absence of official certified databases. In this regard, through the
improvements made to the engine models described in the paper, the
reliability level of the updated databases was enhanced. Regarding
the estimation of NOy emissions produced by the SABRE engine,
although these levels are significantly higher than those documented
in the literature for subsonic aircraft, they are consistent with the
emission levels estimated by the designer company, REL.

e The key innovation of the proposed engine modelling strategy lies in
its integrated approach, addressing both propulsion and chemical-
kinetic processes. Thanks to the Cantera Matlab interface, it was
possible to propose an initial version of a unified propulsive-emissive
model of the engine. This model integrates the thermodynamic cycle
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analysis of the engine with chemical equilibrium condition simula-
tions of the combustion process, thereby enhancing results reli-
ability. However, given the current limitations of the Cantera Matlab
interface 3.0.0, it is necessary to utilize the Python interface for
kinetic-chemical combustion simulations, enabling a higher level of
accuracy in emission estimates. Transitioning to a fully Python-based
model would not only convert the models to an open-access pro-
gramming language but also significantly reduce simulation times.
Thus, developing a unified tool with a seamless flow of information
for thermodynamic and chemical-kinetic modeling of the engine,
capable of automatically and simultaneously generating both the
propulsive and emission inventories, promises to reduce simulation
time and risk of errors (due to manual data transcription) and re-
mains a milestone for the future evolution of this research.”.

The H2-P3T3 and H2-FF estimation techniques follow a similar
methodology to the original P3-T3 and BFFM2 methods, predicting
in-flight emissions by adjusting sea-level data. The introduction of
new parameters has increased accuracy but also complicated the
process due to limited data availability. Indeed, the results of these
new formulations indicate a significant reduction in absolute esti-
mation errors for both H2-P3T3 and H2-FF compared to the original
methods. Simultaneously, as the number of introduced parameters
increases, the application of the methods becomes more challenging
due to the lack of publicly available data.

The original methods involve a single analytical formulation with
adjustable parameters to effectively model various engine architec-
tures. In contrast, the new H2-P3T3 and H2-FFM methods offer
multiple formulations tailored for the same engine architecture
(SABRE). This provides greater flexibility in applying the two
methods, as it allows for selecting which formulation to use not only
based on available data but also depending on specific requirements
for more accurate modelling.

e As already documented for the original P3-T3 and FF methods, the
H2-P3T3 has demonstrated greater accuracy in emission estimation
resulting from the new formulations compared to those of the H2-FF.
Therefore, the accuracy gap observed in the updated methods is
considered reasonable. Furthermore, the reduction in estimation
error compared to the original formulations for both H2-P3T3 and
H2-FF confirms the effectiveness of the adaptation strategy of the
estimation method to the case study, regardless of the initial emis-
sion estimation techniques.

To refine the emission estimation strategy proposed for the SABRE
and ensure its applicability to other case studies, including a new
category of RLV, it is essential to investigate and resolve the physical-
mathematical inconsistencies that have emerged during the analysis
of the results from the new mathematical formulations. Indeed, the
purely mathematical optimization of coefficients in these new
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formulations has sometimes proven inconsistent with physical ex-
pectations derived from the analysis of correlations between engine
chemical-propulsion parameters and emission profiles during the
mission. Addressing these inconsistencies can enable the develop-
ment of a unified formulation for these new methods that align
mathematically with the chemical-physical expectations based on
correlation analysis.

The SABRE case study allows the emission estimation strategy to
expand beyond air-breathing concepts to include the engine rocket
mode. Upcoming developments in the SABRE engine announced by
REL will require further updates to propulsion and emission models,
highlighting the value of the versatile emission estimation strategy,
which can accommodate unplanned design changes.

The proposed methodology can be considered as a general frame-
work to adapt classical analytical formulations for emission estimation
to other innovative engine configurations characterized by different
requirements. This flexibility is achievable thanks to the versatility of
the two software tools used for propulsion and emission modelling.
Furthermore, the developed analytical formulations can quantitatively
support trade-off analysis during the definition phase of propulsive ar-
chitectures, alongside considerations of costs and consumption as dis-
criminants.The authors believe that the impact of these new
formulations for emission estimation on the conceptual design stage is
twofold. (i) At the moment these novel formulations allow for a-poste-
riori assessment of nitrogen oxide emissions at a very early design stage.
The newly derived formulations for the P3-T3 and FF methods represent
an effective mathematical tool for the immediate and preliminary esti-
mation of emissions. These tools can be utilized in the short term to
easily and rapidly estimate emissions from already operational high-
speed assets or in advanced design stages. (ii) However, the availabil-
ity of these novel formulations paves the way towards a paradigm shift
in conceptual design, enabling a design-to-sustainability approach. In
the long term, the novel formulations can be integrated within the
conceptual design framework for high-speed vehicles, enabling the
verification of the compliance against future environmental sustain-
ability requirements. The authors are currently working on this last
point. Therefore, these new analytical estimation formulations can
significantly contribute to proactively reducing engine emissions.
Indeed, integrating these simplified formulations into emission mini-
mization route optimization strategies can enable emission reduction
right from the outset of the design process [44-50].
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