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Abstract

Nowadays turbocharged diesel engines are prime movers of transport machines and are widely researched in order to optimise their
performance. Significant percent of diesel engine’s operation consists of transient operations. Transient operations, particularly
acceleration, causes imbalance of fuel-air ratio, as a result of turbocharger lag in regard to fuelling. In this research two transient
operations: acceleration and deceleration of CAT 3512B-HD engine are analysed. Results show a significant deviations during
accelerations that causes 26% to 58% increase of specific fuel consumption during acceleration and no noticeable negative effects
during deceleration.
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1. Introduction

Nowadays turbocharged diesel engines are very popular in almost all transportation machines (road, rail sea
transport). Reason for that is high efficiency as well as low air pollutant emissions (Rakopoulos, Giakoumis 2009).
Multiple researchers analysed various aspects of diesel engine performance optimisations with regard to economic
and ecological parameters. One particularly complex part of diesel engine research is transient operation. Transient
(or unsteady — state) operation mode is characterised by the lack of balance between operations of multiple engine
components that cause non optimal engine performance. Most well-known effect is the turbocharger lag when amount
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of air from the compressor is inconsistent with the amount of fuel portion in current operation mode (Rakopoulos,
Giakoumis 2009). However although effects are known, optimisation of transient cycle is very complicated task since
transient behaviour is difficult to predict and measure. An in-depth analysis of diesel engine transient operation was
performed by the Tobias Niiescha (Niiescha et al. 2014). There an analysis of diesel — electric hybrid vehicle was
performed with a goal to improve combustion chamber and turbocharger response during transient operations.
Turbocharger improvement possibilities were also analysed by Niklas Winkler (Winkler 2008). However in literature
it is much more common to find research of transient operation of light vehicle’s (cars for example) engines. Where
heavy duty marine, locomotive or other non-road machinery engines are analysed only in steady state operations
(Bolla 2014; Katsanosa et al. 2014; Benajes 2014). Although they are just as well exposed to transient operation
scenarios and resulting loss of performance (Gudaityté 2014a; Gudaityté 2014b; Rapalis, Lebedeva 2014; Lebedevas
et al. 2014).

In this research an analysis of different operational parameters is done to a heavy-duty non road diesel engine
CAT3512B-HD. Research is based on real operation data that is registered by engine automatic control unit.

2. Diesel engine transient operation

According to literature there are two main transient event in diesel engine operation — increase in load and increase
in engine speed (Rakopoulos, Giakoumis 2009). Each of these operation cause different instabilities:
e Load increase is described as a sudden increase of power consumer torque. This forces an engine speed drop
which leads engine governors to increase the fuelling. However engine fails to supply enough air to the cylinder.
As aresult of that air/fuel ration may reach lower than stoichiometric values. (Rakopoulos, Giakoumis 2009).
e Speed increase — the increase of cyclic fuel portion by command (press of accelerator or controller handle).
During such event the effects of turbocharger lag are considered less harmful since boost pressure builds up as
a result of rapidly increased fuel portion (Rakopoulos, Giakoumis 2009).
In addition to mentioned transient operations a decrease in fueling or deceleration is also possible, however since
the effects of deceleration are considered less noticeable there are usually little data on deceleration effects in common
scientific literature.

3. Research subject

Research subject is a heavy-duty Caterpillar diesel engine CAT 3512 B-HD (Fig. 1). Engine specifications are
given in the table 1. This type of engines are usually operating in wide variety of applications such as locomotives,
marine and (both as prime movers as well as generators) and even in stationary operation modes (as prime or
emergency diesel — generators) (CATERPILLAR 3512B locomotive engine specifications; Caterpillar company
website; Avesco AG. CAT 3512BHD-1750; Caterpillar company website 2015 Caterpillar Marine 2015).

Fig. 1. CAT 3512B-HD turbocharged diesel engine (CATERPILLAR 3512B, 2000).
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CAT 3512B-HD turbocharged diesel engine parameters are given in table 1.

Table 1. CAT 3512B-HD diesel engine main parameters (CATERPILLAR 3512B 2000).

Parameter Value

Model CAT3512B-HD
Power, kW 1700

Speed, min™! 1800

Cilinder number 12

Cilinder diameter, mm 170

Stroke, mm 215

CAT3512B-HD engine is equipped with ECU, that performs engine control ensuring optimal engine operation and
in addition to that monitors and records engine energy parameters (CATERPILLAR 3512B 2000; Bosch 2005).
Authors have developed methodology to use data from these indicators to perform steady-state and transient operation
research (Rapalis, Lebedeva 2014). The mentioned methodology is used to obtain data for this analysis as well.

The research subject operates in the JSC “Lietuvos Gelezinkeliai” locomotives that operate in the same railroad
tracks day to day. As a result of that their operational cycle stays relatively the same and is determined by the weight
of the train. Typical operational cycle is displayed in a figure 1. Engine data shown in figure 2 is recorded using engine
control unit (ECU) recording system data. Data analysis method and acquisition technology is described in authors
other publications (Lebedevas et al. 2015).

From figure 1 it is obvious that a significant amount of operational time is spent in transient operation modes. In
fact up to 93% of total operational time. Operation in transient modes is less efficient because of previously described
unbalanced air — fuel ratio. In order to reduce the negative effect of transient operation analysis of transient operation
modes of cat 3512B-HD is done. In order to perform engine load variation analysis in Pe = f{n) or Pe = f{{) is no
longer sufficient. There for an analysis based on two parameters have been chosen X = f(n, ¢) (Fig. 3).

1200
. d
1000 2
Pe=f(t), kW 2
- .
%
% 600 i
= %
0 5000 10000 15000 20000 25000 30000 35000
Time,s
Fig. 2. Typical operational cycle of CAT3512B-HD Fig. 3. Turbocharged diesel engine CAT3512B-HD typical operational

turbocharged diesel engine. cycle analysis by speed, power and time.
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4. Research results

For the analysis steady state operation selection algorithm (Lebedevas et al. 2015; Rapalis, Lebedeva 2014) is used
in reverse. So that transient operation modes are selected and extracted from the operation cycle. The transient
operations consists mostly of acceleration and deceleration as a result of the fact that transient operations are caused
by the increase and decrease of fuel portion to increase and decrease speed, rather than a sudden increase in load. Each
operation was compared with engine parameters operating in steady-state mode, recorded during experimental
measurements and real operation data. Analyzed data shows that individual deviations of engine parameters during
transient operation reach significant values that can effect engine operation efficiency and reliability.

Acceleration. During acceleration (Fig. 4) the cyclic portion of fuel is progressively and quickly increased by
the governor up to almost maximum fueling (Fig. 4f). The turbocharger cannot instantly match the quick increase
in fueling, while cyclic fuel portion is below normal steady state operation values (up to 1000 rpm in Fig. 4f) the
turbocharger is capable of ensuring sufficient amount of air, when engine accelerates above 1000 rpm (after 20th
second, (figure 4a)) the fuel portion rises above steady state operation values, engine speed and boost pressure
starts to lag behind fueling. Boost pressure reaches only about ~30% in comparison to normal operation (Fig. 4e)
while fuel portion is close to maximum value at the same engine speed (Fig. 4f). At this point the excess air ratio
(a) drops below normal operation (from 2.25 at 1000 to a 1.08 at 1400 rpm). The insufficient boost pressure as well
as lag of engine speed increase have a drastic effect on fuel economy. The specific fuel consumption (be) is higher
by 26% at 1288 rpm to 58% at 1040 rpm (Fig. 4c). In addition to impaired fuel economy, the lack of air in
combustion process during transient operations is known to cause increased soot and smoke emissions
(Rakopoulos, Giakoumis 2009).

Deceleration (reduction of cyclic fuel portion by the governor) is often considered less important in literature
because it doesn’t cause negative effect on the engine. During deceleration, the cyclic fuel portion in gradually
decreased (Fig. 5f). During this process, in contrast to acceleration, the turbocharger lag causes higher than steady
state charge air pressure values, ensuring sufficient excess air ratio values (Fig. 5e). As a result of that both the excess
air ratio and the specific fuel consumption values are close to equal of steady state operation with effect only noticeable
difference in low speed operation (near minimal engine speed) (Fig. 5 c—d).
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Fig. 4. CAT 3512B-HD engine acceleration analysis.
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Fig. 5. CAT 3512B-HD engine acceleration analysis.
5. Transient operation effects

The operational cycle of CAT 3512B-HD diesel engine consists mostly of transient operations that causes
significant effects on fuel economy and potentially greater emissions of pollutants. It is there for logical to seek for
ways of evaluating and controlling the effects of transient operations (especially this is true to acceleration). To achieve
this goal a need to quantify the effects of transient operations and find factors that determine the level of instability
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during transient modes, For that research is being done by the authors to determine parameter fluctuation in
comparison to steady state operation during the acceleration and deceleration in various speed and amplitude.

6. Conclusions

1. Research subject CAT3512B-HD diesel engine operates almost constantly in transient operations that consists
of acceleration where fueling is increased by the governor to increase engine speed and power and deceleration
where fuel portion is gradually decreased and engine power and speed decreases.

2. The transient operation analysis is performed for acceleration and deceleration operations. Acceleration showed
a significant turbocharger lag, since the exhaust gas parameters can’t instantly match increase in fueling and
insufficient energy is supplied to turbocharger, and a possible decrease of excess air ratio up to stoichiometric
values. As a result of that efficiency of the operation impaired and significant increases of soot emissions and
NOx are possible.

Deceleration showed no turbocharger lag and as a result of that — effect on engine operation efficiency.

3. In order to solve the acceleration problem, it is necessary to continue research and analyze speed and amplitude
of transient operations in order to determine parameters that would allow to make transient operation to be
performed as similarly as steady state operations as possible.

References

Avesco AG 2013 CAT 3512BHD-1750 Technical data Generator Set. [PDF]. 2013 Avesco AG Energy Systems. Available from internet:
<http://www.avesco.ch/fileadmin/dateien/ESY S/Dokumente/Datenblaetter/2013_11_CAT/CAT_EN/CAT _3512BHD-1750_EN.pdf>.

Benajes, J.; Molina, S.; Novella, R.; Belarte, E. 2014. Evaluation of massive exhaust gas recirculation and Miller cycle strategies for mixing-
controlled low temperature combustion in a heavy duty diesel engine, Energy 71: 355-366.

Bolla, M.; Farrace, D.; Wright, Y. M.; Boulouchos, K. 2014. Modelling of soot formation in a heavy-duty diesel engine with conditional moment
closure, Fuel 117: 309-325.

Bosch, R. 2005. Diesel engine management 4th edition. Chichester Robert Bosch GmbH. 490 p.

Caterpillar 3512B  locomotive engine specifications [PDF] 2000. USA [cited 20 February 2015]. Available from internet:
<http://www.stet.pt/d/LEHH0362.pdf?CFID=d5038333-82¢1-443b-b64d-43ba20b17500& CFTOKEN=0>.

Caterpillar company website. CAT3512B engine overview and specifications [Online]. 2015. North America: [cited 20 February 2015]. Available
from internet:<http://www.cat.com/en_US/power-systems/electric-power-generation/diesel-generator-sets/18330406.html>.

Caterpillar company website. Caterpillar Marine [Online]. 2015. North America: [cited 20 February 2015]. Available from internet:
<https://marine.cat.com/cat-3512B>.

Gudaityte, I. 2014 Transients operations influence on energy and ecological parameters of the transport diesel. In Proceedings of international
scientific conference ,, Technologijos mokslo darbai Vakary Lietuvoje 97, p. 78-81.

Gudaityte, I. Transporto dyzelio variklio nenusistovéjusieji rezimai: jtaka darbo parametrams, normavimas, tyrimai. In Proceedings of international
scientific conference ,, Mobile machines 2014”, p. 66-72.

Katsanosa, C. O.; Hountalasa, D. T.; Zannis, T. C. 2013. Simulation of a heavy-duty diesel engine with electrical turbo compounding system using
operating charts for turbocharger components and power turbine, Energy Conversion and Management 76: 712—724.

Lebedevas, S.; Dailydka, S.; Jastremskas, V. Sunkiyjy dyzeliniy varikliy ekologiniy, energetiniy bei patikimumo rodikliy kompleksiniai tyrimai ir
optimizavimas. Proceedings of international scientific conference “Mobile machines 2014”, p. 14-23.

Lebedevas, S.; Dailydka, S.; Jastremskas, V.; Rapalis, P. 2015. The influence of locomotive diesel engine transient operating modes on energy
usage, Transportation Research Part D: Transport and Environment 34: 219-229.

Niiescha, T.; Wanga, M.; Isenegger, P.; Onder, C. H.; Steiner, R.; Macri-Lassus, P.; Guzzellaa, L. 2014. Optimal energy management for a diesel
hybrid electric vehicle considering transient PM and quasi-static NOx emissions, Control Engineering Practice 29 266-276.

Rakopoulos, C. D.; Giakoumis, E. G. 2009. Diesel Engine Transient Operation: Principles of Operation and Simulation Analysis. London. Springer.
387 p.

Rapalis, P.; Lebedeva, G. Research of transport diesel engine transient cycle in operational conditions. In Proceedings of international scientific
conference “Technologijos mokslo darbai Vakary Lietuvoje 9”: 151-154.

Winkler, N. 2008. Transient simulations of heavy-duty diesel engines with focus on the turbine. Technical Reports from Royal Institute of
Technology KTH Internal Combustion Engines SE — 100 44. 33 p.



