
Influence of emIssIons  
ReductIon and fuel savIng  
on toRsIonal vIbRatIons
Measures affecting the combustion processes of large diesel and gas engines aimed  

at improving exhaust emissions, reducing fuel consumption and raising power density  

result in new combustion characteristics. Addressing their effects on the pattern of  

torsional vibrations produced at the crankshaft continues to be a major task for torsional  

vibrations specialist Geislinger.
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engine Development aims  
anD torsional vibrations 

Compliance with emissions regulations 
has been one of the main development 
targets for the large engine industry dur-
ing the past 25 years and more.

Rules like IMO Tiers II and III for 
marine engines and EPA Tier 4 for land-
based off-highway applications have led 
to intensive development activity.

The drastic reduction in oxides of 
nitrogen (NOX) and particulate matter 
(PM) is typically achieved not only by 
optimising a single engine parameter or 
component, but by a combination of 
technical enhancements and modifica-
tions. Internal measures target the com-
bustion process itself by modification of 
ignition timing, increasing peak firing 
pressure, optimising gas exchange or the 
use of exhaust gas recirculation (EGR). 
These are often combined with exhaust 
gas aftertreatment such as selective cata-
lytic reduction (SCR), diesel particulate 
filters (DPF) or exhaust gas scrubbing for 
the reduction of oxides of sulphur (SOx).

In addition to these challenges, the 
trend to lighter engines with better fuel-
efficiency and higher power density 
remains unbroken. However, issues such 
as rising cylinder pressure necessarily 
lead to increased load on the mechanical 
components of an engine. In direct 
driven two-stroke propulsion plants, de-
rating and slow-steaming have become 
state-of-the-art fuel saving technologies. 
Very often, this has a direct influence on 
the torsional vibrations produced and 
transmitted in these applications. 

As a result, specialists in torsional 
vibration attenuation on the engine and 

in drivetrains and propulsion systems 
must address different design strategies 
for emissions regulation and fuel effi-
ciency on the torsional vibrations ema-
nating from large diesel and gas engines. 
The aim is successfully to cope with the 
combination of reduced emissions, 
higher fuel efficiency and higher power 
density on the mechanical side. 

emissions anD torsional 
vibrations

As the main drivers behind large engine 
developments in the past years, emis-
sions regulation and fuel efficiency dic-
tate the necessity to address require-
ments concerning exhaust gas composi-
tion while maintaining competitiveness 
in terms of initial cost and operating 
cost. Approaches and strategies neces-
sarily vary from field of application to 
field of application.
The most widely discussed emissions 
regulations are the IMO Tier II/III and 
the EPA Tier 4. The IMO MARPOL 
Annex VI standard applies to marine 
applications and defines the permissible 
exhaust gas content of NOX, [1]- and SOX- 
[1]. EPA Tier 4 defines the permissible 
NOX, carbon monoxide (CO) and PM con-
tent for land-based, non-road applica-
tions in the USA, [2]. Both standards will 
lead to a significant reduction in harmful 
exhaust gas components from large bore 
engines.

Typically, this topic is not primarily 
associated with torsional vibrations but 
with thermodynamics or combustion 
process optimisation. Nevertheless, some 
of the measures which are applied on 
new engine designs also have an impact 
on torsional vibration levels, especially 
in combination with fuel-saving 
strategies.

emissions reDuction 
technologies 

Since different emissions regulations 
focus on different combinations of NOX, 
SOX, CO and PM, depending on the 
engine type, the available fuel quality 
and the emissions regulation in question, 
the technical concept for compliance can 
be a single measure or a combination of 
different approaches. The technical con-
cepts can typically be divided into inter-
nal and external measures. Internal 
design strategies target the combustion 
process itself and cover topics like EGR, 
increased cylinder peak pressures or the 
optimisation of the combustion process 
itself, for example via the Miller Cycle. 
External measures are mainly aftertreat-
ment of the exhaust gas in order to 
reduce certain constituents. Typical after 
treatments are SCR, DPF or scrubbers, as 
shown in 1. 

The influence of aftertreatment on tor-
sional vibrations is small compared to 
the influence of engine internal meas-
ures. The latter can be pronounced and 
significantly change engine vibration 
excitation. 

exhaust gas recirculation

EGR is a widely applied technique to 
reduce NOX emissions. A proportion of 
the exhaust gas is cooled and recircu-
lated into the cylinder, where it acts as 
an inert gas to reduce the combustion 
temperature peaks which cause high 
NOx formation. Although EGR leads to 
increased particulate matter in the 
exhaust gas, it is used on many four-
stroke diesel engines to enable compli-
ance with the EPA Tier 4 standard. 

A common strategy is to apply EGR 
only on 50 % of the cylinders, making 
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half of them donor and the other half 
non-donor cylinders. This approach 
leads to a significant change in vibra-
tion excitation properties. The non- 
uniform combustion process results  
in an engine imbalance which has a 
direct influence on torsional vibrations, 
as shown in 2.

Dual-fuel engines

Dual-fuel engines represent an option 
for maximum flexibility in terms of fuel 
availability and compliance with emis-
sions standards. Engines which can 
operate on different fuel types, like 
heavy fuel oil (HFO), distillate or gas-
eous fuels are a growing trend in the 
marine business. These types of engines 

can run effectively on liquid (distillate or 
HFO) or gaseous fuels, switching to gas 
mode when entering coastal Emissions 
Control Areas (ECAs).  Dual-fuel technol-
ogy is well established on four-stroke 
engines, especially on LNG carriers, and 
is now also offered on two-stroke 
engines in order to meet the future IMO 
Tier III standard. 

Running on different fuels causes sev-
eral effects which have direct influence 
on torsional vibrations. Examples of 
these effects are:
 : Varying gas excitation forces (tangen-

tial pressure components) in gas and 
diesel operating modes

 : Possible excitation changes in the gas 
operation mode due to different gas 
compositions (e.g. natural gas, biogas, 

landfill gas) with different qualities 
and calorific values

 : Increased tendency of engine   
knocking and imbalance under  
gas operation.

The example in 3 shows the tangential 
pressure components of different orders 
for a recently developed two-stroke dual-
fuel engine in its gas operating mode 
(blue curve) and in its diesel operating 
mode (red curve). It is obvious that the 
excitation is different and that both oper-
ating modes have to be taken into 
account during the specification and 
recalculation of the propulsion system 
layout. 

As shown in 4, the recalculation of a 
direct coupled two-stroke marine appli-
cation shows that the difference in 
engine excitation leads to different tor-
sional loads on the mechanical 
components. 

fuel saving technologies

Increased fuel efficiency has become not 
only a sales incentive but also an essen-
tial selection criterion for large engine 
applications. Energy costs have more 
than doubled in the last ten years [3]. 
Thus, engine builders and original 
equipment manufacturers (OEMs) have 
developed different strategies in order to 
reduce operating costs. As clearly dem-
onstrated in a variety of applications and 
operating conditions, the strategies 
applied for fuel saving vary widely. As 
shown in 5, some of these technologies 
also have a strong influence on the tor-
sional vibrations of the application.

2 Total engine excitation without EGR (left) and with EGR on 50 % of the cylinders (right)

3 Tangential pressure components for gas operation (blue curve) and diesel operation (red curve)  
of a two-stroke dual-fuel engine
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cylinDer cut-off 

Engines on locomotives are operated 
not only at maximum continuous rating 
(MCR) but also at idle for significant 
periods. As an engine is typically opti-
mised for full load operation it is obvious 
that running it at idle speed or at low 
load will result in less than optimum 
fuel efficiency. Engine builders have 
therefore devised cylinder cut-off operat-
ing modes. Depending on engine size, 
cylinder number and application require-
ments, up to 50 % of the cylinders are 
cut-off during idle or low load operation. 
The remaining cylinders can then run at 
a more optimised operating point. 

Clearly, torsional vibration excitation 
is influenced by this strategy. The cut-off 
cylinders run without gas excitation 
forces, which leads to a significantly dif-
ferent total engine excitation, having a 
direct influence on the overall torsional 
situation.

The following example shows a 16 
 cylinder vee configuration four-stroke 
engine used in a diesel-electric traction 
system for locomotives. 

Under normal operating conditions 
with all cylinders firing, total engine 
torque is dominated by a strong eighth 
order excitation, as shown in 6. Under 
cylinder cut-off operation with eight cyl-
inders firing and eight cylinders working 
with compression only, total engine torque 
is clearly different, as shown in f (below). 
The harmonic diagram now contains a 
strong second order excitation as well as 
a sixth and tenth order excitation. 

An example of when this new excita-
tion has to be taken into account is dur-

ing the selection of torsional elastic cou-
plings. These couplings insulate the tor-
sional vibrations of the engine from the 
driveline. A typical selection criterion is 
to provide  resonance-free operation at a 
certain speed or over a defined speed 
range. In the case of a locomotive appli-
cation, not only nominal engine speed 
should be kept resonance-free but also 
idle speed, since the engine will be oper-
ated over long periods at this speed. 

The vibratory torque in the coupling 
for the given example of a V16 four-

4 Calculated torsional loads (vibratory angle, acceleration, crankshaft and shaft line stress) under gas (green curve) and diesel (blue curve) excitation

5 Technical concepts for optimisation of specific fuel consumption (SFC)
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stroke locomotive engine under normal 
firing conditions (all cylinders firing) is 
shown in 7 (left). The idling speed in 
this application is around 600 rpm and 
obviously no natural frequency is excited 
at this engine speed range since the 
vibratory amplitudes are very small. 
However, when the same application is 
operated with half of the cylinders cut-
off, the situation in the coupling deterio-
rates: due to the strong excitation of the 
second order – see f (below) –  a natural 
frequency is excited. In this case the 
vibratory amplitudes will increase signif-
icantly, as shown in g (right). 

This example shows that during the 
mechanical layout of the installation, all 
possible operating conditions have to be 
taken into account. Only by simulating 
all pre-defined conditions can a proper 
and reliable layout of the installation be 
achieved. 

conclusion

Not only engine design but also the 
applications of large engines has become 
more and more complex in recent years. 
Engines are tailored, or specially modi-
fied and optimised, for a given applica-
tion and its operational requirements. 

Current emissions standards and cus-
tomer requests for highest fuel efficiency 
and operating costs have led to new 
technologies and new operational 
approaches being adopted by the large 
engine industry. Modern engines are 
highly flexible and have to operate with 

7 Coupling vibratory torque under normal operating conditions and idling condition (left: all cylinders firing, right: half of the cylinders cut-off)

6 Above: Sum of engine torque at normal operation. Below: Sum engine excitation with 50 % cylinder cut-off
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a high degree of effectiveness in a maxi-
mum of target markets. 

The result is that an engineer design-
ing or selecting mechanical components 
like torsional elastic couplings, dampers 
or bearings should be aware of this new 
flexibility in engine operation. He must 
appreciate the technology behind new 
engine developments and recognise 
influences on aspects which – at least at 
first sight  – appear unrelated to tor-
sional vibrations.

As shown above, engine design strate-
gies for emissions compliance often have 
a strong influence on the vibration exci-
tation and therefore on torsional vibra-
tions. In combination with variable oper-
ating strategies like cylinder cut-off, the 
number of load profiles to be taken into 
consideration during the engine adapta-
tion process has increased significantly. 

Hence, not only the combustion 
engine itself has become more com-
plex. The field of activity of engineers 
involved in engine development or appli-
cations has become more complex. It is 
crucial that all parties involved – i.e. 
engine builders, component suppliers, 
application engineers – exchange know-
ledge and experience in order to master 
a complex field and to find reliable solu-
tions for future engine designs and their 
applications.
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Benefits of UT99 oil mist separators 

• Emission reduction, even to obtain EPA Tier 4 final

• Reliable increase of efficiency at gas / dual-fuel engines

• No deposits on turbocharger

• No leakage of oil and oil mist

• Long-lasting operational reliability

Key features of UT99 oil mist separators

• For engines from 50 kW to 100 MW 
 and turbines up to 2000 MW

• For closed (CCV) / open (OCV) crankcase
 and lube oil tank (OTV) ventilation

• Residual oil amount < 1 mg / m³ guaranteed

• ATEX (ex-proof) approved design available
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