Anpassungen an der Aufladung im Zusammenspiel mit dem Motortuning zur Erfüllung der thermodynamischen Anforderungen alternativer
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Abstract: Der Grossmotorenindustrie steht ein Wandel von fossilen in Richtung synthetische und biogene Kraftstoffe bevor. Dieser beinhaltet nicht nur
eine Änderung der Produktionsart der Kraftstoffe, sondern auch ein Wechsel
deren chemischen Aufbaus. Für stationäre Anwendungen zeichnet sich derzeit hauptsächlich Wasserstoff als Ersatzkraftstoff ab, für Schiffsanwendungen eher Methanol und Ammoniak. Während die Eigenschaften von Methanol noch recht nahe bei Dieselkraftstoffen und Erdgas sind, weichen Wasserstoff und Ammoniak deutlich stärker davon ab. Zur Sicherstellung einer
kontrollierten Entflammung und für die Verbrennungsführung werden
dadurch kraftstoffspezifische thermodynamische Bedingungen benötigt.
Die Aufladung spielt in diesem Kontext eine wichtige Rolle, da sie einerseits
den Motorbetrieb im Zusammenspiel mit der Wahl der Motortuning Parameter unterstützen kann, andererseits aber auf sich ändernde abgasseitige
Bedingungen angepasst werden muss. Bei Zweistoffmotoren, wo die Anforderungen zweier unterschiedlicher Brennstoffe gleichzeitig berücksichtigt
werden müssen, kann mittels geeigneten Regeleingriffen in die Aufladung
das Motorkonzept zusätzlich unterstützt werden.
Mittels Sensitivitätsstudien konnten die Einflüsse einzelner Motorparameter
auf die Aufladung und hiermit deren Relevanz ermittelt werden und die Anforderungen an die Aufladung für die zukünftigen Brennstoffe gemäss dem
heutigen Stand der Kenntnisse eingegrenzt werden. In dieser Veröffentlichung werden Ergebnisse von Studien zur Aufladung von Motoren mit alternativen Brennstoffen präsentiert, sowie Optimierungspotentiale gegenüber heutigen Produkten aufgezeigt.
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Adaptation of turbocharging in interaction with
the engine tuning to meet thermodynamic requirements of alternative fuels on large engines
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Abstract: In the large engine industry, a transition from fossil towards synthetic and biogenic fuels is imminent. This does not only include adapted
production processes of fuels, but also a change of the chemical structure.
For stationary applications mainly hydrogen emerges as a substitute fuel,
for marine applications rather methanol and ammonia. While properties of
methanol are still relatively close to diesel fuels and natural gas, hydrogen
and ammonia differ much more from those. Therefore, to ensure a controlled ignition and combustion, fuel specific thermodynamic conditions are
required.
Turbocharging plays an important role in this context as it can support the
engine operation in the mutual influencing with the choice of the engine
tuning parameters on one hand but does also need to be adapted to changing conditions on the exhaust side on the other hand. For dual-fuel engines,
where the conditions of two different fuels need to be considered at the
same time, the engine concept can be additionally supported by a suitable
control of the turbocharging system.
With sensitivity studies the influence on the turbocharging system and
hence the relevance of specific engine parameters could be assessed and
the turbocharging requirements for future fuels be located according to the
current state of knowledge. In this paper results of studies to turbocharging
of engines with alternative fuels are presented as well as optimization potential of current products.
Key Words: Large engines; turbocharging; alternative fuels; ammonia;
hydrogen
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1 Introduction
The adaptation of a turbocharger to an engine operated with a differentthan-usual fuel and possibly an adapted engine tuning in the sense of a
special project is not an unusual task in the large engine industry. However,
after a strong focus on the reduction of pollutants, within the past decade
the fuel topic has developed into the main driver for research and development activities in this industry.
Global warming has reached a very high awareness, as heat waves,
draughts and other extreme weather situations have started to occur in a
higher frequency and in ever stronger magnitudes. The anthropogenic release of greenhouse gases from the combustion of fossil fuels to the atmosphere as the origin is nowadays widely accepted. As a consequence, in a lot
of industries the contribution to a mitigation is now seen as an essential
mission. Despite a general move from internal combustion engines to electrified solutions, large engines will keep their role in many applications like
marine propulsion and stationary powerplants. Fossil fuels like heavy fuel
oil, middle distillates and natural gas can be substituted by sustainably produced synthetic fuels, such that net-zero or even zero greenhouse gas emissions are feasible. Chemically, these alternative fuels do not necessarily
need to be identical to fossil fuels, but can be any substance qualifying for
combustion in internal combustion engine easily producible in large scales.
The process of a defossilization in the large engine industry is currently
regulated by local legal frameworks for stationary powerplants and the
greenhouse gas reduction targets of the International Maritime Organization (IMO) of the United Nations for the international shipping industry. With
the so-called Poseidon Principles framework agreement members of the financial industry are committed to keep their assets invested into ships compliant with the IMO targets. Upcoming regulatory frameworks, such as the
European Emission Trading System (ETS) and the FuelEU Maritime fuel
greenhouse gas regulation, and a possible tightening of the IMO targets will
lead to a further acceleration of the introduction and utilization of alternative fuels.

2 Alternative fuels in large engine applications
Within the last years a range of new engine fuels have been introduced to
the official product ranges of large engines, which have not been used before or only in special or pilot applications. Natural gas has started to establish as an alternative to diesel and heavy fuel oil outside of tanker applications and is still gaining market share. Other fuels such as methanol and
hydrogen – mostly as blend with natural gas – are on the brink of steadily
gaining orders, whereas ammonia engines are in the starting blocks of product development. Beyond the named fuels there are also niche applications
like liquefied petroleum gas (LPG) or ethane, where mainly a portion of the
cargo is used to fuel the engines, as usually done with natural gas tankers.

The introduction of new fuels and the utilization of more than one fuel on
board of ships and in power plants is not new to the large engine industry.
However, especially hydrogen and ammonia differ much more in their properties from the wide-spread distillate and residual fuels as e.g. natural gas
does. These circumstances require investigating their impact on the engine
combustion concept and the therefrom resulting requirements for the turbocharging systems.

2.1

Physical and chemical fuel properties

The above-mentioned fuels not only differ in their combustion behaviour,
but also a lot in their physical and chemical properties. Under ambient conditions they range from liquid to gaseous state. Moreover, the melting and
boiling points vary a lot between the different gaseous fuels. These differences concern mostly the tank, the fuel supply system and the injection
system.
The air path of the engine is only indirectly concerned by the fuel through
the specific air demand. For the generation of a certain power level the
amount of fuel is given by the thermal efficiency of the engine and the lower
heating value of the fuel. The amount of air required to convert the full
content of energy of the fuel is given by the stoichiometric air mass. On top
of this, the excess air ratio defines the actually required air flow through
the engine.
For a first rough comparison of the effect of the fuel on the required air
mass flow, the stoichiometric air mass 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 can be set into ratio to the lower
heating value LHV [1]. With this, the thermal efficiency of the engine and
the excess air ratio are neglected, but these depend on the engine tuning
and therefore may vary between different engine and combustion concepts.
The values for a selection six different fuels lie in the same order of magnitude (Table 1). As the biggest outliers, methanol and hydrogen are 10%,
respectively 15% lower in their power specific air requirements than diesel
fuel. For the application this means that for the same power rating of a
specific engine the combustion of methanol and hydrogen at equal excess
air ratio and thermal efficiency require by those percentages less air mass
than diesel, methane, propane (representing LPG) and ammonia.
Table 1: Stoichiometric air ratio and lower heating value
Fuel type
Diesel
Methane
Propane (LPG)
Methanol
Ammonia
Hydrogen

𝑳𝑳𝒎𝒎𝒎𝒎𝒎𝒎
[kg air/kg fuel]
14.5
17.2
15.6
6.4
6.1
34.3

𝑳𝑳𝑳𝑳𝑳𝑳
[MJ/kg fuel]
42.7
50.0
46.3
21.1
18.6
120.0

𝑳𝑳𝒎𝒎𝒎𝒎𝒎𝒎 /𝑳𝑳𝑳𝑳𝑳𝑳
[kg air/MJ]
0.34
0.34
0.34
0.31
0.33
0.29

Data source: fuel data base in Accelleron simulation tools

If the cylinder displacement is used as a reference for the comparison of
the volumetric requirements for the fresh charge of different fuels, it should
be noted that not only the volume of the air, but also of the fuel needs to
be considered. In an Otto cycle the gaseous or gasified fuels require a portion of the cylinder space, whereas in a Diesel cycle the fuel is added around
the top dead centre. Hence, in a Diesel cycle the fuel volume does not have
any influence on the filling of the cylinder displacement. For such comparisons usually the so-called mixture heating value is applied, which references the energy content of the fuel to the volume required for the related
stoichiometric mixture.
For the turbocharging system the fuel density plays only a role in case of a
fuel admission before the compressor of the turbocharger. However, in most
of the applications the fuel is introduced just before or directly into the cylinder. The air flow through the compressor is then only dependent on the
charge air.

2.2

Combustion properties

For the power conversion inside the combustion chamber, the ideal conditions for the combustion of the fuel are in such a way that the fuel is converted as completely as possible, the combustion duration stays within an
acceptable range and the raw emissions remain sufficiently low (to avoid
large exhaust aftertreatment).
Table 2: Ignition and combustion properties
Fuel type

Ignition properties
Min.
energy
[mJ]

Diesel
Methane
Propane
(LPG)
Methanol
Ammonia
Hydrogen

Explosion limits
(in air)

Excess air ratio
λcomb

Combustion properties
Laminar
flame
speed
[cm/s]

Temperature
[°C]

lower
limit
[% vol]

higher
limit
[% vol]

lower
limit
[% vol]

higher
limit
[% vol]

0.24
0.28
0.25

most
explosive
mixture
[% vol]
3.4%
8.5%
6.5%

>225
535
470

0.6%
4.4%
1.7%

12.6%
16.5%
10.9%

1.77
0.53
0.34

23.8
2.28
2.43

≈ 40
≈ 37
≈ 43

0.2
14
0.016

14.7%
20.0%
22.0%

470
650
500

6.7%
15.4%
4.0%

36.0%
33.6%
77.0%

0.25
0.55
0.13

1.95
1.54
10.1

≈ 55
≈7
≈ 290

Data sources: Wikipedia (German), Air Liquide

Some of the most relevant parameters for the ignition and combustion are
the ignition limits, the minimum ignition energy, the autoignition temperature and the laminar flame speed. Even if the relations to the air demand
of the engine are not directly evident, there is a strong impact. The excess
air ratio needs to be adjusted such that the mixture remains within the
ignition limits and that the combustion duration is neither too short nor too
long. Together with the choice of the geometric compression ratio of the

engine the charge air pressure level and valve timings can be optimized to
achieve favorable ignition conditions and a low fuel consumption at the
same time.
The interpretation of the figures in Table 2 must be done carefully, as the
conditions for the measurement of the parameters do not necessarily match
with conditions occurring during the engine combustion. The minimum ignition energy and the ignition limits are related to atmospheric conditions
and ambient temperature. The autoignition temperature is measured at atmospheric pressure and the flame is subject to a highly turbulent medium.
The data serves as such rather to identify relative differences between the
fuels than that they could serve as absolute inputs for simulation purposes.
In case of the ignition limits typical ranges from the application of known
fuels can serve as an indication for the transferability of such standard values to conditions in engine combustion. Finally, attention also needs to be
given to the fact that the figures to these parameters vary between different
sources.
When the most common and likely alternative fuels are compared to diesel
fuel it quickly appears according to the minimum ignition energy and the
laminar flame speed that especially hydrogen and ammonia have different
combustion characteristics, whereas methane, propane and methanol keep
still relatively close to each other. While hydrogen appears as a very reactive and quickly burning fuel, ammonia represents the contrary with narrow
ignition limits, high ignition temperature and energy and a very low flame
speed. From the boundary conditions point of view of the turbocharging
system, an engine operating in Otto cycle with hydrogen (lean burn: λC >
1) tends to require high excess air ratios with the consequence of a low
turbine inlet temperature. Ammonia on the other hand can only be burnt at
a lower than usual excess air ratio and hence a high turbine inlet temperature.
Depending on the final engine tuning setup, the operating conditions for the
turbocharger may differ a lot from the typical levels encountered with the
state-of-the-art diesel or natural gas engines. High deviations in turbocharger pressure ratio and turbine inlet temperatures may lead to modified
component requirements or require some compromise in the component
matching.
Another factor that needs to be considered in the turbocharger layout is the
achievable power density with a specific fuel. Should the mechanical or
thermal load limit the maximum power output to a lower level than for the
basic design (mostly a diesel engine), the required pressure ratio of the
turbocharger would be approximately proportionally reduced.

2.3

Impact on the turbocharger layout

The layout of a turbocharger for a specific category of applications needs to
fit the boundary conditions from the engine but is constrained by the coupling of the turbine with the compressor via an equal rotational speed. The

equilibrium of the compressor power 𝑃𝑃𝑠𝑠𝑠𝑠 and turbine power 𝑃𝑃𝑠𝑠𝑠𝑠 is given by
the isentropic turbocharger efficiency 𝜂𝜂𝑇𝑇𝑇𝑇 :
𝜂𝜂 𝑇𝑇𝑇𝑇 =

𝑃𝑃𝑠𝑠𝑠𝑠 𝑚𝑚̇𝐶𝐶 ⋅ ∆ℎ𝑠𝑠𝑠𝑠
=
𝑃𝑃𝑠𝑠𝑠𝑠 𝑚𝑚̇ 𝑇𝑇 ⋅ ∆ℎ𝑠𝑠𝑠𝑠

Eq. 1

Another important parameter for the layout of the turbocharger is the ratio
between the compressor and turbine diameter. Both of the two are limited
by the blade velocity. High temperatures on the hot side reduce the limits
due to the higher load on the materials.
The specific work coefficient 𝜇𝜇𝑎𝑎𝑎𝑎 for the compressor puts the diameter 𝐷𝐷𝐶𝐶
Δℎ
into relation with the enthalpy difference over the stage Δℎ0 = 𝜂𝜂 𝑠𝑠𝑠𝑠 via the
blade speed 𝑢𝑢𝐶𝐶 :

𝑠𝑠𝑠𝑠

𝜇𝜇𝑎𝑎𝑎𝑎 =

Δℎ0
∆ℎ𝑠𝑠𝑠𝑠
2 =
𝜂𝜂𝑠𝑠𝑠𝑠 ⋅ (𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝐶𝐶 )2
𝑢𝑢𝐶𝐶

Eq. 2

For the description of the thermodynamics of the turbine usually the blade
speed ratio is considered instead of the work coefficient. Even though the
definition is slightly different – for the expression of the stage work the
speed 𝑐𝑐0 at the end of an isentropic expansion Δℎ𝑠𝑠𝑠𝑠 over the turbine pressure
ratio Π𝑇𝑇 is applied instead of the effective enthalpy difference over the turbine stage – the physical meaning is the same as for the work coefficient:
𝑢𝑢 𝑇𝑇
𝑢𝑢 𝑇𝑇
𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝑇𝑇
=
=
𝑐𝑐0 �2 ⋅ Δℎ0
�2 ⋅ ∆ℎ𝑠𝑠𝑠𝑠

Eq. 3

The work coefficients result from the component layouts and are not very
sensitive to the gas properties. As the isentropic efficiency at a specific operating point of the stage is dependent on the work coefficient the space for
variation in the turbocharger layout is limited [2]. The layout of the components and their matching offer some freedom for the adaptation to the operating conditions from the engine. In case of a low turbine inlet pressure,
as it is typically the case for low-speed two-stroke engines, the density at
turbine inlet is proportionally reduced. The turbine flow area must be increased in size to compensate for the reduced capacity. If the turbine design
does not allow for an increased blade length either the specific capacities of
the compressor and turbine need to be rematched or the turbine would be
laid out with a non-ideal operating point.
When the work coefficients are introduced into the power ratio between
compressor and turbine, the mass flow and diameter ratios can be isolated,
such that a coefficient consisting only of design specific parameters is left:
𝜂𝜂 𝑇𝑇𝑇𝑇 =

𝑃𝑃𝑠𝑠𝑠𝑠
𝑚𝑚̇𝐶𝐶 ⋅ 𝜇𝜇𝑎𝑎𝑎𝑎 ⋅ 𝜂𝜂𝑠𝑠𝑠𝑠 ⋅ (𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝐶𝐶 )2
=
1
𝑃𝑃𝑠𝑠𝑠𝑠 𝑚𝑚̇ ⋅
⋅ (𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝑇𝑇 )2
𝑇𝑇
𝑢𝑢 2
2 ∙ � 𝑇𝑇 �
𝑐𝑐0

Eq. 4

The diameter ratio is now finally coupled to the mass flow ratio of the compressor and the turbine:
�

𝐷𝐷𝐶𝐶 2
� =
𝐷𝐷𝑇𝑇

𝜂𝜂 𝑇𝑇𝑇𝑇

2 ⋅ 𝜇𝜇𝑎𝑎𝑎𝑎 ⋅ 𝜂𝜂𝑠𝑠𝑠𝑠 ⋅ �

𝑢𝑢 𝑇𝑇
�
𝑐𝑐0

2

⋅

𝑚𝑚̇ 𝑇𝑇
𝑚𝑚̇𝐶𝐶

Eq. 5

Under the assumption that the turbocharger component efficiencies and the
work coefficients vary only slightly for a given segment the diameter ratio
is mainly dependent on the mass flow ratio.
Table 3: Influence of fuel stoichiometry on diameter ratio
Fuel

𝑳𝑳𝒎𝒎𝒎𝒎𝒎𝒎
[kg /kg

Fuel rate

at 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2
3.45
2.91
3.21

6.4
6.1
34.3

7.81
8.20
1.46

fuel

𝟏𝟏

𝝀𝝀𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 ⋅𝑳𝑳𝒎𝒎𝒎𝒎𝒎𝒎

14.5
17.2
15.6

air

Diesel
Methane
Propane
(LPG)
Methanol
Ammonia
Hydrogen

]

[%]

𝒎𝒎̇𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕/𝒎𝒎̇𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 [-]
at 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2

𝑫𝑫𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 /𝑫𝑫𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 [-]
at 𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2

1.078
1.082
1.015

1.27 (1.02 x Diesel)
1.27 (1.02 x Diesel)
1.23

1.034
1.029
1.032

1.25
1.24
1.24

This comparison does not yet reflect the influence of the operating pressure
of the turbocharger and the turbine inlet temperature at the layout point.
In order to include these parameters, it is useful to introduce the flow coefficients for the compressor 𝜑𝜑𝐶𝐶 and the turbine 𝜑𝜑 𝑇𝑇 into the equation. The flow
coefficient puts the axial velocity at the inlet of the component 𝑐𝑐𝑚𝑚 (in form
of the volume flow divided by the squared diameter) into ratio with its blade
speed 𝑢𝑢 and is independent from the gas properties. It is a parameter indicative for the design of the component (ratio between blade height at
outlet and inlet), hence a specific design can only cover a constrained range
in flow coefficient.
By division through the density at the inlet 𝜌𝜌 the volume flow 𝑉𝑉̇ rate can be
replaced by the mass flow rate 𝑚𝑚̇. The flow coefficient for the compressor
becomes:
𝜑𝜑𝐶𝐶 =

𝑐𝑐𝑚𝑚,𝐶𝐶
𝑢𝑢𝐶𝐶

𝑉𝑉𝐶𝐶̇
𝑉𝑉𝐶𝐶̇
1
𝑚𝑚̇𝐶𝐶
𝐷𝐷𝐶𝐶2
=
=
⋅
3 =
𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝐶𝐶
𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝐶𝐶3 𝜌𝜌𝐶𝐶,𝑖𝑖𝑖𝑖 𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝐶𝐶3

Eq. 6

The flow coefficient for the turbine is then respectively:
𝑉𝑉̇𝑇𝑇
𝑐𝑐𝑚𝑚,𝑇𝑇
𝑉𝑉̇𝑇𝑇
1
𝑚𝑚̇ 𝑇𝑇
𝐷𝐷𝑇𝑇2
𝜑𝜑 𝑇𝑇 =
=
⋅
3 =
3 =
𝑢𝑢 𝑇𝑇
𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝑇𝑇 𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝑇𝑇 𝜌𝜌𝑇𝑇,𝑖𝑖𝑖𝑖 𝜋𝜋 ⋅ 𝑛𝑛 𝑇𝑇𝑇𝑇 ⋅ 𝐷𝐷𝑇𝑇3

Eq. 7

In the equation for the component diameter ratio the mass flow can be
replaced by the respective flow coefficients:
𝐷𝐷𝐶𝐶 5
� � = 𝜂𝜂 𝑇𝑇𝑇𝑇 ⋅
𝐷𝐷𝑇𝑇

1

𝜑𝜑 𝑇𝑇 𝜌𝜌𝑇𝑇,𝑖𝑖𝑖𝑖
⋅
⋅
𝑢𝑢 𝑇𝑇 2 𝜑𝜑𝐶𝐶 𝜌𝜌𝐶𝐶,𝑖𝑖𝑖𝑖
2 ⋅ 𝜇𝜇𝑎𝑎𝑎𝑎 ⋅ 𝜂𝜂𝑠𝑠𝑠𝑠 ⋅ � �
𝑐𝑐0

Eq. 8

This form of the turbocharger equilibrium shows clearly that the density at
turbine inlet is a crucial factor for the layout of the components (the density
at the compressor inlet is usually referenced standard conditions). In the
case of the application of a given turbocharger for an alternative fuel, where
e.g. the engine tuning leads to a lower density at turbine inlet, the only
degree of freedom is the choice of a different ratio of flow coefficients. This
can be adjusted on one of the components by the selection of a component
design with a different flow coefficient, but with the same diameter and
work coefficient. In case that the required ratio between the flow coefficients is not feasible with the typical range of component designs for turbochargers the diameter ratio needs to be adjusted. As the compressor and
turbine operate at equal speed this would lead to a mismatch, materializing
via a no more ideal turbine work coefficient.
2.3.1

Definition of turbine map parameters

Accelleron specifies the flow characteristics of the turbine map with a different parameter than most of the other turbocharger suppliers.
This definition builds upon the nozzle characteristics of the turbine. The
mass flow through the turbine is based on the isentropic compressible flow
theory through a convergent nozzle with the pressure 𝑝𝑝𝑇𝑇𝑇𝑇 and temperature
𝑇𝑇𝑇𝑇𝑇𝑇 at turbine inlet as inlet conditions. The geometric cross section of the
turbine, 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (resulting turbine area), is aggregated from the flow areas of
the nozzle ring and the rotor. The actual mass flow rate is calculated by the
multiplication of the theoretical mass flow with a discharge coefficient 𝛼𝛼 𝑇𝑇 .
The geometric cross section 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 and the discharge coefficient 𝛼𝛼𝑇𝑇 define
together the effective cross section 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 :
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Eq. 9

The definition for the effective turbine can be brought into relation with the
usually utilized mass flow parameter 𝑀𝑀𝑀𝑀𝑀𝑀:
𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑚𝑚̇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⋅ �𝑇𝑇𝑇𝑇𝑇𝑇
1
= 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ⋅
⋅ Ψ(Π 𝑇𝑇 )
𝑝𝑝𝑇𝑇𝑇𝑇
√𝑅𝑅

Eq. 10

The use of the effective turbine area for the comparison of the turbine size
requirements for different engine setups is quite intuitive, as it is relatively
closely related to the dimension of the turbocharger.

3 Engine concepts for alternative fuels
For the application of alternative fuels different engine concepts are theoretically possible. Currently the final technical solutions for commercial applications of most of the alternative fuels have not yet been defined or decided.
The turbocharging system is next to the injection system and the exhaust
aftertreatment one of the core systems of the engine. Therefore, it is crucial
to investigate early enough, in which direction the turbocharging requirements may develop for the discussed alternative fuels. Studies of possible
engine concepts, which includes the variation of the most important parameters for a sensitivity study, serve the purpose to identify a range of likely
turbocharging requirements.
As relevant information regarding the combustion of hydrogen and ammonia for large engines is currently scarce, the simulation results in the following chapters must be treated as predictions to the best of the company’s
and the author’s knowledge, as they could not have been verified so far.
For the simulation of the different fuel applications, the engines were modelled with the internally developed software suite ACTUS [3], which is based
on modular zero- or one-dimensional engine and turbocharging system
component networks. The cylinder module is represented by a volume with
the actual bore and stroke geometry. The flow through the intake and exhaust valves is calculated via orifices with actual lift curves and flow coefficients. Combustion heat release, wall heat transfer and mechanical losses
are calculated with the commonly applied modelling approaches from Wiebe
[4] and Woschni [5]. For the physical properties of the working gas the
seven-coefficient polynomials from NASA [6] are applied, which cover the
entire spectrum of alternative fuels discussed in the large engine industry.
Even though ACTUS is able to simulate a main and a pilot fuel, only the
main fuel or mixtures between different fuels were considered. The uncertainties in the simulation results are larger at this stage than the consideration of the heat release from the pilot fuel on the overall result.
The relatively simple, but widespread models for combustion heat release
and wall heat transfer implemented into ACTUS allow for a relatively fast
computation and serve the needs for turbocharging topics. For simulations
with predictive character - especially with alternative fuels – by nature the
shape and duration parameters for the Wiebe combustion models must be

adapted to the respective fuel. Moreover, the wall heat transfer model by
Woschni does not fit the use of hydrogen by principle [7]. Due to missing
information on these topics the approach was chosen to do some impact
study by parameter variation for the heat release rates. The wall heat transfer for the hydrogen simulation was kept unchanged, as its influence on the
turbine inlet temperature as a boundary condition for the turbocharging
system is not fundamental.
The engine applications to be investigated were selected according to information found on possible combustion concepts for each of the fuels:
•

•

For methanol the Diesel cycle has emerged as the preferred concept
for medium-speed and low-speed engines, as the respective applications of Wärtsilä [8] and MAN Energy Systems [9] show. The Otto
cycle with port-or direct injection would also be feasible as known
from research projects and pilot applications in the automotive industry [10], but no applications on large engines are known to date.
For ammonia both the Diesel and the Otto cycle are under discussion
[11]. Which of the two will be the primary choice is not yet clear. For
automotive size of engines broad research was recently done by the
University of Orléans [12, 13, 14] based on the Otto cycle. These
results refer to stoichiometric combustion, which is interesting for automotive applications due to the potentially higher power density in
conjunction with an only small share of full load operation. For large
engines, however, lean operation is preferred to ensure continuous
operation at high engine loads. A direct transfer of the published concepts to large engines is therefore not feasible.

For the engine simulations models with specifications of speed and brake
mean effective pressure typical for medium- and low-speed engines were
applied:
Medium-speed engine
Speed
600 rpm
BMEP
26 bar (Diesel and Otto cycle), 22 bar (hydrogen in Otto cycle)
Low-speed engine
Speed
100 rpm
BMEP
21 bar (Diesel cycle), 17.3 bar (Otto cycle)

3.1

Concepts with Diesel cycle

Engines operating according to the Diesel cycle are less sensitive towards
the combustion properties of fuels than the ones according to the Otto Cycle. The most critical point is the autoignition of the fuel after injection.
Basically, only fuels with a high cetane number are able to ignite steadily at
moderate temperature. These fuels are composed of multi-atomic chain
molecules, which first need to break up until a highly exothermic reaction

can start. However, the activation energy for the chain break up is relatively
low in comparison to the energy required for the dissociation of stable molecules like methane, hydrogen or ammonia. A typically applied solution to
enable a stable combustion of low-cetane number fuels is a pilot combustion
with a diesel-like fuel, which establishes favorable conditions for the ignition
of the low-cetane number fuel.
Due to the diffusion-controlled combustion, the overall excess air ratio in
the engine does not need to follow the ignition limits of an air-fuel mixture.
The combustion is locally concentrated around the fuel jets, therefore the
stability of the combustion is influenced by the fuel injection and the design
of the combustion chamber.
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Figure 1: Four-stroke dual-fuel Diesel cycle, IVc and SOC adapted
In the simulation the intake valve closing timing (IVc) and the start of combustion (SOC) were adjusted to reach the same pressure at end of compression and the same peak cylinder pressure in order to keep the

mechanical load on the engine components for all cases identical. From the
results the influence of specific properties of the different fuels can be recognized.
Methanol with oxygen and ammonia with nitrogen both contain atoms in
their molecular structure, which do not contribute to the release of energy.
In case of methanol the oxygen in the molecule counts to the stoichiometry,
such that in proportion to the carbon and hydrogen atoms less air is required for a complete combustion than for other fuels (this means on the
other hand that the ratio between nitrogen and oxygen is reduced, which
leads to a higher thermal load).
In case of ammonia the combustion of the molecule introduces additional
nitrogen to the combustion chamber, which creates as a buffer gas an effect
similar to exhaust gas recirculation.
Ammonia and hydrogen are carbon-free molecules. Water as the main combustion product has a higher heat capacity than carbon dioxide, so more
enthalpy is extracted from the expansion, resulting finally in a lower temperature at the cylinder outlet. If mono-fuel instead of dual-fuel engines
would be developed for methanol, hydrogen and ammonia, the engine tuning turbocharging system could be adapted to the specific properties.

3.2

Otto cycle concept for ammonia engines

Ammonia burns only within a narrow range of excess air ratios due to the
low lean ignition limit. It is therefore not feasible to operate engines at the
same excess air ratio as with natural gas [15].
On large medium- and low-speed engines, ignition of the charge is mostly
done via a pilot injection. The pilot combustion was not considered in the
simulation models. Its influence on the combustion of the main fuel can be
treated with a variation of the combustion duration and the shape parameter in the Wiebe function. The pilot combustion may cause a small local
peak at the beginning of the heat release. Even though this feature cannot
be reproduced by the shape of a single Wiebe function, the turbine inlet
temperature is mainly influenced by the shape of the tail of the heat release
rate.
In the context of ammonia, the admixture of hydrogen as a combustion
promoter is often discussed and has also been tested [14], but on an automotive size engine and with a stoichiometric combustion concept. Simulations with a constant heat release at the reported volumetric content of
10% hydrogen in ammonia showed that the influence on the results is very
small. The variation of the heat release parameters with pure ammonia is
therefore indicative for the impact on turbocharging, independent from an
admixture of hydrogen to ammonia of up to 10%. A similar argumentation
can be applied for the application of e.g. propane or dimethyl ether as combustion promoters. In these cases, the turbocharging requirements would
be shifted towards the known range for hydrocarbons. The variation with
pure ammonia remains therefore always the most extreme case to be expected.
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Figure 2: Four-stroke, ammonia, influence of 10% hydrogen admixture
3.2.1

Medium-speed engines

As a base for the investigation of ammonia concepts for medium-speed engines, a typical engine operating on natural gas was used. The power rating
was taken over, as possible limitations in power density with ammonia combustion are currently not yet known.
In the investigations the most influential parameters like the geometric
compression ratio, the inlet valve closing timing as part of a Miller timing
concept, the shape and duration of the combustion heat release were varied.
The reduction of the excess air ratio in all the investigated cases requires a
lower compressor pressure ratio than with the reference case with methane
to reduce the gas mass in the cylinder.
The results for the temperature at end of compression show in general much
lower values than for the reference with methane. The difference can be
drawn back to the higher gas constant of ammonia, the bigger cooling effect
from the injected fuel due to the higher fuel mass and higher heat losses
through the cylinder walls (for the heat losses identical heat transfer coefficients and the same cooling water temperature were used). In practice at
least the fuel temperature and the cooling system could be adjusted to
avoid a negative effect on the combustion process.
Excess air ratio
Even it is not likely that the excess air ratio for an ammonia engine will be
much higher than 1.5 the effect of the excess air ratio on the turbocharger
requirements was investigated. Calculations with an excess air ratio of 2.0

at unchanged engine settings were conducted. The excess air ratio has only
a limited effect on the fuel consumption, but the air mass flow required by
the combustion changes approximatively in the proportion of the excess air
ratio. As the effective cylinder displacement defines the volume flow
through the engine, the mass flow must be adjusted by the charge air pressure. Therefore, the operating line of the compressor map keeps almost
unchanged. The turbine inlet temperature is lowered with a higher excess
air ratio, as the combustion heat is distributed over a larger amount of gas.
The required turbine area becomes then lower due to the higher density at
the inlet.
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Figure 3: Four-stroke, ammonia, influence of excess air ratio
Geometric compression ratio
One of the most challenging aspects of the combustion of ammonia is the
ignition of the fuel. Ammonia is – similar to methane – a very stable molecule, which requires a high temperature (Table 2) to ignite. From the literature it is not unambiguous, how the ignition of ammonia actually differs
from methane. E.g., for the autoignition temperature differing values are
specified in the literature, ranging from 530 to 600°C for methane and 630
to 650°C for ammonia [16, 17]. In addition to this, the minimum ignition
energy is higher than for methane; as this quantity is measured at ambient
state, the absolute number does not give any indication for the conditions,
i.e. the required temperature at ignition and the ignition energy, in an engine. From this point of view, it is not feasible to derive the engine tuning
parameters a priori with the applied simulation tool.
The most influential parameter on the temperature at top dead center is
the geometric compression ratio. In gas engines the setting is usually a
compromise between engine efficiency and margin against knocking and

auto-ignition. Should the combustion of ammonia be much more difficult to
start and maintain, the proneness to knocking would be lower, such that a
higher compression ratio could be beneficial. On the other hand, a limitation
is given by the shape and size of the combustion chamber. If it becomes
too flat and low, it may have a negative influence on the flame propagation
and the cylinder walls would become too hot.
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Figure 4: Four-stroke, ammonia, influence of compression ratio
The turbocharger matching is only slightly influenced by the geometric compression ratio. In case no or only little scavenging is applied (as typically
for gas engines with port injection to avoid a fuel slip) the air flow through
the engine is manifested by the fuel consumption via the excess air ratio.
The turbine size depends on the turbine inlet temperature, which results to
an extent from the applied geometric compression ratio.
Miller valve timing on top of the geometric compression ratio
The inlet valve closing timing can be utilized as a tuning parameter in the
Otto cycle to optimize the thermal efficiency via the geometric compression
ratio and the turbocharger matching. With the application of a Miller valve
timing – an early closing of the inlet valve combined with a modified turbocharger matching to compensate for the loss in fresh charge – the temperature at the end of compression is reduced due to the internal expansion at
the end of the suction stroke. The temperature at the end of compression
can be set back to the initial level by a higher geometric compression ratio.
Such a solution is especially interesting for dual-fuel engines, where usually
the diesel fuel mode is compromised by low geometric compression ratio
required by the gas mode in Otto cycle.
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Figure 5: Four-stroke, ammonia, influence Miller timing / compr. ratio
From point of view of the turbocharging system a higher charge air pressure
would bring the matching closer to the usual level of diesel and natural gas
engines. The higher geometric compression ratio would contribute to a
higher thermal efficiency of the engine.
Burn rate variation
The burn rate of ammonia engines is currently the biggest unknown in the
entire engine concept. The low reactivity of ammonia leads to adverse ignition properties, but also has a negative influence on the flame propagation.
The laminar flame speed is therefore also much lower than for other gases
like methane (Table 2). As for lean ammonia combustion it is not yet known,
how much pilot fuel is required for a stable combustion and in which burn
rate this will result, the parameters of the Wiebe function were systematically varied. For the shape parameter 𝑚𝑚 two settings at 1.5 and 2.0 were
chosen, while the duration 𝑑𝑑𝑑𝑑 was varied from 60°CA over 80°CA to 100°CA
(at unchanged start of combustion). As for the geometric compression ratio
the effect on the turbocharger is related to the fuel consumption and the
turbine inlet temperature. The step from 60°CA to 80°CA in combustion
duration 𝑑𝑑𝑑𝑑 has a lower effect on the turbine area than the step from 80°CA
to 100°CA; also, the shift of the center of gravity of combustion by changing
the shape parameter 𝑚𝑚 from 1.5 to 2.0 has a higher effect with a longer
combustion.
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Figure 6: Four-stroke, ammonia, influence of burn rate
Dual-fuel engine (ammonia / diesel fuel)
The investigation of dual-fuel engines shows that the combination of an
ammonia mode in the Otto cycle with a diesel fuel mode may bring up challenges to the turbocharging system layout. Especially if the excess air ratio
𝜆𝜆𝐶𝐶 will not be higher than 1.5 the operating lines for the two modes will
have an offset in between.
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Figure 7: Four-stroke dual-fuel, ammonia, influence of engine bypass

The operating line for ammonia would end up close to the surge line, while
the one for diesel fuel would be in an area with low isentropic efficiency
towards the choke limit of the compressor.
The distance between the operating lines is mainly related to the different
turbine inlet temperatures. A higher temperature at the turbine inlet leads
to a higher turbine power output at a given pressure ratio due to the higher
enthalpy difference. This additional power applies to the compressor as well
due to the power equilibrium. As the air flow through a four-stroke engine
is controlled by the effective cylinder displacement, the surplus in power is
converted to a larger pressure difference between the compressor outlet
and the turbine inlet, but not to a higher volume flow.
One effective method to bring the operating lines in the ammonia and diesel
fuel modes closer is the application of an engine bypass. In the ammonia
mode, where the required air mass flow is lower than in the diesel fuel
mode, the engine bypass is opened to shift the operating point in the compressor map away from the surge line towards the choke limit. The turbine
therefore receives more gas, but at a lower temperature. Hence, the boundary conditions for the ammonia mode are then more similar to the ones of
the diesel fuel mode. From point of view of engine efficiency, the effect is
negligible, as no significant thermodynamic losses are created in the system.
3.2.2

Low-speed engines

Similar to the medium-speed engine case the investigations were based on
a natural gas engine. As the low-pressure dual-fuel engine concept (WinGD
X-DF, MAN ME-GA) with gas admission through the cylinder liner has established for natural gas, the adaptation to ammonia may be an option. The
advantage of this concept is the relatively low pressure in the fuel admission
system, as the fuel is injected early during the compression stroke. For
these reasons this concept was considered for the investigations.
The results for the parameter variations differ in certain aspects between
the four-stroke and the two-stroke engine. The effects behind stem from
the different nature of the engine concepts. In low-speed two-stroke engines the gas exchange is only driven by the turbocharging system (it
should be kept in mind that other two-stroke engine concepts utilize the
piston underside to move the charge). The volume flow through the engine
is not controlled through the dosage by the cylinders as a volumetric pump
but is established by the turbocharger power equilibrium. Mean value models for such two-stroke engines use a flow cross section to represent the
engine’s nozzle-like behavior between the compressor and the turbine.
For the sensitivity study of a low-speed engine with ammonia as fuel a simulation model was built upon a reference case with natural gas as fuel. Due
to a generally low temperature at the end of the compression (the reasons
are explained in the study for the four-stroke engine), the exhaust valve
timing was advanced by 20°CA from the reference. In all the simulations

this setting was kept unchanged. The variation of the excess air ratio was
therefore done with a modified turbocharger specification.
Excess air ratio
In low-speed two-stroke engines according to the Otto cycle the fuel can
only be admitted directly to the cylinder during the compression stroke, as
otherwise unburnt fuel would be released to the exhaust during the scavenging phase. As the gas exchange overlaps with the two strokes, not even
the full compression stroke is available for the homogenization of the
charge. As the homogeneity of the charge is therefore not as good as for
an engine with port injection [18], higher excess air ratios are feasible (as
can be seen with the existing engine concepts). This was considered in the
simulation by the choice of an excess air ratio 𝜆𝜆𝐶𝐶 of 1.7 instead of 1.5. For
the purpose of a sensitivity analysis an excess air ratio of 2.0 was applied.
For a higher excess air ratio, an increased charge air pressure is necessary,
which requires a smaller turbine area. As in case of the two-stroke engine
the operating point in the compressor map is not only influenced by the air
mass requirement related to the combustion, but also by the excess air in
the scavenging process, the total mass flow through the engine establishes
by the turbocharger power equilibrium. In the studied case the mass flow
is not altered by the excess air ratio.
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Figure 8: Two-stroke, ammonia, influence of excess air ratio
Geometric compression ratio
For two-stroke engines the variation of the geometric compression ratio
𝜖𝜖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 has the same effect on the temperature at the top dead center and
the efficiency of the in-cylinder process. The interaction between the geometric compression ratio and the turbocharging system lies mostly in the

turbine inlet temperature, as with a more efficient combustion the exhaust
gas temperature is reduced. As with a higher compression ratio less enthalpy is left in the exhaust gas out of the cylinder, the turbine receives less
energy. But as the compressor still needs to achieve a similar output pressure, the power equilibrium over the turbocharger shifts to a lower overall
mass flow through the engine. Therefore, a smaller turbine area is required
to achieve a comparable expansion ratio.
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Figure 9: Two-stroke, ammonia, influence of compression ratio
Burn rate variation
In a similar way as for the four-stroke engine, but with less cases, the effect
of the burn rate was also studied for the two-stroke engine. The effect on
the turbocharger requirements is comparable to four-stroke engines. The
longer combustion the larger is the required turbine area, as the density at
inlet changes with increased turbine inlet temperature.
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Figure 10: Two-stroke, ammonia, influence of burn rate
Dual-fuel engine (ammonia / diesel fuel)
While the operating line of a four-stroke engine is shifted, when the conditions at turbine inlet are changed due to the fuel, the one for a two-stroke
engine remains almost unchanged. This circumstance poses no specific
challenge to the turbocharging system for a dual-fuel engine. In contrast to
this the turbocharger efficiency shape over the engine load is an important
parameter for the part-load performance of a low-speed engine.
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Figure 11: Two-stroke dual-fuel, ammonia
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In the case of the dual-fuel engine the operating points in the ammonia and
diesel mode differ that much that it is technically not possible to avoid a
compromise in the turbocharger matching. The compressor and turbine
need to match the pressure ratio of the diesel mode and the component
efficiencies should not drop too much towards high pressure ratios. Therefore, the ammonia mode operates at low pressure ratios, where the component efficiencies are proportional to the engine load. Such a turbocharger
characteristics does not allow for a particularly low fuel consumption at medium load as typical for low-speed diesel engines.

3.3

Otto cycle concept for hydrogen on mediumspeed engines

Not only some Otto-cycle ammonia engine concepts, but also the turbocharging requirements for an Otto-cycle hydrogen engine were investigated. Currently, hydrogen engines are under investigation at some engine
builders [19], mainly for stationary power plant applications, where hydrogen could potentially substitute natural gas as a fuel (for marine applications the low volumetric density of state-of-the-art hydrogen storage methods limits the feasible applications to some niches). Based on the same
basic engine as for the previous investigations a case was calculated, which
represents the currently feasible technical concepts.
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Figure 12: Four-stroke Otto cycle, hydrogen
The simulation model was derived from a lean-burn specification typical for
large medium-speed engines with natural gas as fuel. The very high reactivity of hydrogen poses a high risk for phenomena of instable combustion
like knocking and autoignition. With the application of a high excess air ratio

the reactivity of the fresh charge is reduced, as well as the burn rate of the
combustion. In the simulation model therefore an excess air ratio of 3.0
was applied instead the 2.15 from the reference case with natural gas. This
high level was specifically chosen to check the maximum stretch of turbocharging requirements from the reference application.
These conditions lead to a high mass flow through the engine, which requires a high charge air pressure. As the thermal energy in the exhaust of
the engine is not higher than for an engine with a lower excess air ratio, the
resulting turbine inlet temperature becomes relatively low. The high pressure and low temperature level at turbine inlet result therefore in a smaller
than usual turbine area compared to equally sized diesel and natural gas
engines. Compared to the results for the ammonia engines the turbocharger
matching requirements for this hydrogen engine are on the opposite side of
the ratio between the specific compressor and turbine capacities.

4 Assessment of turbochargers for the application of alternative fuels
The arrival of several new fuels and combustion concept necessitates a thorough investigation of the impact on engine subsystems like the turbocharger. It is in the interest of the turbocharger supplier to know how far
existing products are applicable to alternative fuels and which modifications
may be necessary to serve the customers with suitable solutions. Such an
assessment should not only give an answer for a specific engine application,
but serve in general to find out, how well the modified requirements can be
fulfilled with the existing components and their combinations for an entire
class of engines.

4.1

Influence from engine tunings on turbocharging

The variation of different engine tuning parameters and the burn rate within
typical ranges served to analyze their influence on the turbocharger specification. For Diesel cycle applications, the turbocharger specifications can
be maintained, if the fuel does not require a significantly different tuning
concept.
For ammonia engines working according to the Otto cycle following trends
could be observed:
•

•

Excess air ratio: on four-stroke engines the operating line on the compressor map remains, but the operating points move according to the
required air mass flow. The turbine area needs to be adapted to the
pressure ratio and resulting inlet temperature. On two-stroke engines
the influence on the turbocharger specification is bigger, as the excess
air mass flow in the scavenging process is also influenced.
Geometric compression ratio: on four-stroke engines the effect is relatively small. The turbine area needs to be adapted to the turbine

•

•

inlet temperature. On two-stroke engines the effect is larger due to
the impact on the scavenging process.
Burn rate variation: the combustion duration has a strong effect on
the turbocharger specification, as it directly influences the turbine inlet temperature. Especially for long combustion durations large turbine areas are needed.
Dual-fuel engine: dual-fuel engine concepts are challenging for fourstroke engines, as the closed wastegate and the different combustion
characteristics lead to a shift in the operating line. A suitable solution
would be the application of an engine bypass for the ammonia mode.
two-stroke engines are not concerned with this issue, as the operating
line does not depend on the burn rate.

4.2

Methodology of turbocharger assessment

The next step after the investigation of the influence of the fuels and engine
tunings on the boundary conditions of the turbocharging system is the check
of the feasibility of existing turbocharger products and components.
For the turbocharger matching the mass flow rate through the engine, which
defines the required absolute capacity of the turbochargers and components
in general, is usually a crucial parameter. However, the aim is to conduct a
size-independent assessment of the suitability of the available components
in a turbocharger type.
As described in chapter 2, the ratio between the densities at the inlets of
the compressor and the turbine is another very important parameter influencing the resulting compressor and turbine specifications. If the specific
capacities of the compressor and the turbine resulted in a ratio, which could
only be covered with e.g. the smallest compressor and the largest turbine
specifications, the spectrum of possible applications for a turbocharger size
would shrink to a minimum. As a third criterion the shapes of the component
efficiencies of the compressors and turbines also need to fit the requirements from engine side, as well as the overall level of turbocharger efficiency.
In order to check the matching of the requirements for the compressor and
turbine for a specific application with the capabilities of a turbocharger generation, general technical parameters must be compared, which are independent from the size of the engine and the turbocharger. The approach
with the reformulation of the turbocharger equilibrium with non-dimensional numbers in chapter 2.3 can be utilized to extract the essential set of
parameter values for the engine application.
For a turbocharger generation, exactly the same parameters can be derived
for the range of compressor and turbine specifications thermodynamically
feasible for the studied application. As the isentropic efficiencies and the
work coefficients for the components result from the basic design of the
compressor or turbine stage, the remaining variable parameter is the ratio
between the specific capacities of the compressor and the turbine:
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Eq. 11

In practice, this corresponds to the matching process, where from a range
of specifications with different rotor trims or blade angles and stator blade
angles the best suited match to the volume flow requirement are chosen.
For the assessment of the stage the interest is into a frame size independent
evaluation.
For the assessment one or more reference operating points must be defined. The comparison of the ratio of flow coefficients is then done for the
related charge air pressure and turbine inlet pressure. The densities at the
inlets of the compressor and the turbine relate the conditions of these operating points. Further generalization could be done with using a mean
value model calibrated to the engine [20], such that the conditions at turbine inlet could be easily calculated for every possible compressor operating
point.

4.3

Turbocharger assessment for low-speed ammonia engines in Otto cycle

The described method shall be presented here according to an example for
the low-speed ammonia engines in Otto cycle. Especially the variation of
geometric compression ratio showed a relatively high impact on the size of
the turbine area. The compressor and turbine components utilized in the
A200-L – the current turbocharger generation for low-speed engines [21] –
were not designed for prospective operating conditions for prospective ammonia engines, as at the time of the product definition process ammonia as
a marine fuel was not yet in discussion. In the best case required combination of turbocharger component specifications may be located within the
range of specific flows, where the compressor and turbine layouts were
matched to each other. But it is also possible, that per turbocharger size
only a small number of specifications may fit to the given turbocharging
requirements.
For the assessment, the compressor-to-turbine capacity ratios according to
equation 11 required by the engine application are compared to the range
feasible with the A200-L turbochargers. The feasible range for the capacity
ratio of a turbocharger reaches from the combination of the smallest capacity compressor with the largest capacity turbine to the combination of the
largest capacity compressor with the smallest capacity turbine. If the required capacity ratio for a specific application case is located at one these
two ends of the range, only one pairing of specifications is available for one
turbocharger frame size. On the other hand, the combination of the smallest
with smallest and the largest with the largest components spawn the range
with the widest available adaptability of the specification pairings to the
mass flow rate through the engine for a given capacity ratio.
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Figure 13: Flow coefficient ratio, overview
In Figure 13 the theoretically configurable range of ratios between the flow
coefficients of the compressor 𝜙𝜙𝐶𝐶 and turbines 𝜙𝜙𝑇𝑇 of the A200-L is displayed.
The solid lines confine the area between the smallest-with-smallest and
largest-with-largest compressor/turbine combinations. The distance between these two lines arises from the availability of a larger spectrum of
turbine specifications than of compressor specifications. Beyond the solid
lines on each side an area exists, where small specifications for one component are combined with large specifications for the other one. The dashed
lines mark the respective limits.
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Figure 14: Flow coefficient ratio, ammonia cases (zoomed in)
Into the same diagram reference cases for diesel and low-pressure natural
gas applications and the simulation results from chapter 3.2.2 were added.
Both reference cases are located closely to the capacity ratio of the

combination of the smallest available compressor and turbine specifications.
This position should be interpreted such that the A200-L is also enabled to
serve for some engine layouts, where in relative terms larger turbine areas
are required than for the reference cases.
All the ammonia cases are grouped close to or left of the same solid line as
the reference cases. If the turbocharger requirements for ammonia engines
in Otto cycle will finally be located within the space covered by the parameter studies, the A200-L would still be as ideally suited with its available set
of components as for the reference applications. Figure 14 zooms into the
range of the simulated cases for ammonia. The variation of the geometric
compression ratio shows that high values bring the turbocharger matching
closer to the range of currently applied capacity ratios. The variation of the
combustion parameters and the two different levels of excess air ratio 𝜆𝜆𝐶𝐶
(1.5 and 2.0) corresponding to a geometric compression ratio 𝜖𝜖𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 of 22
do not significantly influence the capacity ratio.

5 Conclusions
5.1

Turbocharging of engines with alternative fuels

The comparison of different combustion concepts with alternative fuels for
Diesel and Otto cycles on two- and four-stroke engines clearly showed the
opportunities and limitations regarding the turbocharging system.
In principle, the application of the Diesel cycle for different fuels requires
the smallest modifications of the turbocharging systems between them, if
any. The diffusive combustion in the Diesel cycle is much less sensitive to
the operating conditions than the premixed combustion in the Otto cycle,
also the burn rate can be controlled by the injection system instead of the
excess air ratio. This also offers a valuable advantage for dual-fuel concepts,
where the performance in both modes is equal. These assumptions are
valid, as long the alternative fuel burns similarly well under the same conditions as diesel fuel. In case of ammonia and hydrogen the laminar flame
speeds differs from diesel fuel much more than it does for methane or methanol. Whereas a fast combustion can be slowed down by a reduced injection
rate a slow combustion cannot necessarily be compensated by a higher injection rate, as still sufficient air needs to entrain the fuel spray to maintain
the combustion process. The design of the combustion chamber, the injector and its parameterization may support the particular requirements owing
to the fuel properties. As long as the alternative fuel can burn under the
same or similar conditions as diesel fuel no or only slight effects on the
turbocharging system layout have to be expected.
The Otto cycle with port injection is an interesting option for gas engines,
as the fuel can be admitted at moderate pressure. For gases like ammonia,
which can be stored as a liquid under moderate pressure or minus temperature, the pump in the fuel supply system [22] adjusts the pressure to
conditions already suitable for the gas admission system instead of the

requirement for a high-pressure fuel injection system in case of the Diesel
cycle. Further, premixed combustion produces less nitrogen oxides, as the
flame temperature is lower than in a diffusion flame, such that measures
like Miller valve timing (for moderate reduction) or an exhaust aftertreatment are not required for almost all marine applications. For stationary applications, however, a catalyst may be mandatory depending on the emission limits. As the combustion stability depends on the excess air ratio, this
is the main tuning parameter to control the combustion. The supply of air
to the engine is directly related to the turbocharging system. As every fuel
has different properties, the application of the Otto cycle requires a specific
turbocharging solution for each of them. With fuels like ammonia and hydrogen, where the combustion properties differ a lot from natural gas, the
spread of turbocharging requirements will become larger than today. This
may require modifications on the turbochargers, e.g. by the introduction of
components with adapted specific capacities.

5.1

Adaptation of turbochargers to alternative fuels

The herein presented method for the assessment of the existing turbocharger generations was applied to check the current A200-L turbocharger
generation regarding its suitability for ammonia as a fuel for low-speed engines. Cases for typical diesel and natural gas applications and the results
from the sensitivity study for ammonia engines were compared to the range
of ratios between compressor and turbine flow coefficients spawn by the
available specifications of A200-L.
The presented case shows that the applied method for the assessment of
the turbocharger requirements enables some general conclusions on the
suitability of an existing turbocharger generation based on data from just
one representative engine application. With such a procedure a time-consuming check of the turbocharger matchings for various engines of a certain
market segment with different power ratings can be avoided. Additionally,
the method can identify, how well turbocharging requirements match the
design area covered with the compressor and turbine layouts. The method
is independent of the turbocharger frame size. As long as the scaling factors
for the different turbocharger frame sizes of a specific product range do not
leave any gaps between the flow ranges covered by the different frame
sizes, generalized statements for all frame sizes of a turbocharger type are
possible.

6 Summary and Outlook
In the large engine industry, development of solutions for a range of alternatives to the commonly used fuels started. In the marine industry, heavy
fuel oil and marine diesel oil are likely to be replaced by natural gas in the
shorter term and methanol and ammonia in the longer term. For powerplant
applications a shift from natural gas to hydrogen is under discussion. The

physical, chemical and combustion properties differ a lot between these
fuels; especially ammonia and hydrogen are far from diesel fuel and natural
gas. While parameters like the lower heating value and the stoichiometric
air mass do not have a significant impact on the turbocharging system, the
ignition properties and flame speed do have a major influence on the engine
tuning, especially if the Otto cycle is applied. The engine tuning finally defines the turbocharging requirements.
As a high number of applications with new fuels may be introduced by different customers of Accelleron within the next years, the current turbocharger generations need to be assessed for their suitability. Using nondimensional turbomachinery parameters, the turbocharger power equilibrium was reformulated, such that the influence of the engine tuning could
be reduced to the ratio between the specific capacities of the compressor
and the turbine. This approach enables a comparison of the turbocharging
requirements from the engine with the capabilities of the turbocharger independent from the engine and turbocharger frame sizes. As input the
boundary conditions for the turbocharger from the different engine setups
are required. Simulations as part of a sensitivity study were conducted to
provide the respective inputs. With data from engine tests some refinement
of the assessment would be possible.
Starting from the current work, the parameter variations could be continued
with an extended variation of the considered engine parameters for excess
air ratio, the geometric compression ratio and the combustion heat release.
Also, the turbocharging requirements for combustion concepts like premixed charge compression ignition (PCCI) or reactivity-controlled compression ignition (RCCI) as alternatives to the Otto and Diesel cycle for ammonia
could be investigated. Finally, results from upcoming engine tests in the
R&D departments of engine builders could help a lot to narrow down the
range of possible boundary conditions for the turbocharging system.
The presented approach for the assessment of the turbocharger components via the check of the non-dimensional capacities will be a tool to identify the fit of the current range of turbocharger products and specifications
to the requirements for alternative fuels.
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