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ARTICLE INFO

The paper presents the results of model and empirical research on the influence of the thermal state of

a diesel engine (oil temperature) on its indicated (thermal) efficiency. The paper contains a test plan, including
a description of the test object, test equipment, and measurement points on a real object. In the following part,
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the results of tests carried out on a real object (laboratory single-cylinder engine) and the results of model tests
obtained on the original engine model are presented. The results are presented both in tabular and graphical
form. The obtained test results allowed to determine the relative value of the influence of the engine's thermal
state on its efficiency for various operating conditions (load and rotational speed).
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1. Introduction

The issue of the influence of the thermal state of a diesel
engine on its efficiency is important in the case of marine
engines, both main propulsion and auxiliary engines driving
marine generators. According to the operating guidelines,
marine diesel engines of the main propulsion should be
preheated [17, 18] to a temperature of about 323 to 333 K
before starting them. This is done by heating the lubricating
oil with electric heaters or with steam in the case of ships
equipped with steam boilers. There are also solutions in
which the oil is preheated in the main propulsion engines
by means of water cooling the auxiliary engines.

The Polish Navy uses both wet and dry sump engines.
For wet-sump engines, the oil heater is mounted in the
engine crankcase. For engines with a dry sump (Zviezda
type M 503 and M520), the heated oil is circulated by
means of a pre-lubrication pump and a drain pump. There is
no preheating requirement on auxiliary engines. Neverthe-
less, these engines, like the main engines, are installed in
the ship's engine room and have an ambient temperature of
about 293 K. In the case of the main engines, the heating
process can be omitted in special situations, such as the
ship's emergency exit to sea.

The idea of conducting research on the impact of the
thermal state of a diesel engine on its efficiency is not new,
but it has not been sufficiently explored in the case of pow-
ering marine reciprocating internal combustion engines.

Andrews et al. [1] showed that engine fuel consumption,
for cars, has a linear dependence on ambient temperature.
Over an urban drive cycle, the fuel consumption was shown
to increase by 18% when the ambient temperature de-
creased from 304 K to 271 K. The work of Tobergte et al.
[15, 17] highlighted a similar trend for three different vari-
ants of the engine (a 1200 cm® 3-cylinder Sl engine, a 1400
cm® 4-cylinder Sl engine, and an 1800 cm® S engine) [11].
Kozak's research showed that the soot contamination of
engine oil increases with its "mileage" [7, 8].

Burke et al. stated in their research work that an in-
crease in the engine temperature from 323 K to 353 K re-

duces the engine friction by 44% because of 67% lower oil
viscosity. Moreover, reduction in the emissions of nitrogen
oxides (NO,) and fuel consumption of 13.5% and 0.7%
respectively have been achieved. The research investigated
that hotter engine temperatures reduce ignition delay, mak-
ing combustion occur earlier in the cycle, which has a posi-
tive effect on fuel consumption but a negative effect on
NO, emissions [4].

Genca and Radica in their research on the effect of heat-
ing a compression-ignition engine on its performance ob-
served a decrease in fuel consumption and CO, production.
The research was conducted in metropolitan and non-
metropolitan conditions at low ambient temperatures [6].

Bielaczyc et al. [2] in their work point out that despite
meeting the stringent standards imposed by the EU, toxic
exhaust emissions, including NO,, are still a major prob-
lem. According to the researchers, the main cause is the
high viscosity of oil and friction of engine components.
Therefore, they highlight the significance of the issue of
conducting research on optimizing the performance of a
cold-start vehicle both in terms of fuel consumption and
toxic emissions.

Broatch A. et al. [3] evaluated the suitability of different
biodiesel fuels, with and without additives, for cold starting
DI (direct injection) diesel engines. The results have shown
that the engine start-ability with pure biodiesel fuels can be
deteriorated. The article also demonstrated that by using
diesel/biodiesel blends the start-ability of the engine can be
recovered with the additional benefit of reducing the opaci-
ty peak of the exhaust gases.

Tauzia et al. [14] show that the effects of coolant and oil
temperature on engine behaviour are quite complex with
several interactions :

— during the intake phase, the volumetric efficiency was
modified. It affect for turbocharger (the energy available

for the turbine being reduced when exhaust gas was at a

lower temperature)

— turbocharger friction and heat transfer altered as well
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— friction losses increased when oil or coolant temperature
decreased
— the exhaust energy decreased.

Despite the requirement to heat the oil in the main en-
gines before starting them, there are situations when the
engine is started in the so-called cold state. Such a situation
was recreated in the article, where empirical and model
tests of the influence of the thermal state of the engine on
its indicated efficiency (thermal efficiency) were carried
out. In the empirical research, a stand of a single-cylinder
engine driving an eddy current brake through a planetary
gear was used. This stand was equipped with the equipment
necessary for the tests, such as measurement of torque,
crankshaft rotational speed, fuel and oil temperature, grav-
imetric measurement of fuel consumption, and the possibil-
ity of cylinder indication.

2. Study plan

In accordance with the research methodology, a test
plan was developed, taking into account the test object, the
measuring equipment used, and the measured energy pa-
rameters of the test object, i.e. in the case of the tested en-
gine, its crankshaft rotational speed, engine torque load, oil
temperature and indicated pressure. Parallel to the empirical
research, model research was carried out using the author's
model of a marine diesel engine with self-ignition [20, 21].
The study plan was presented in the form of an algorithm

(Fig. 1).

Research object

|

Model studies

Empirical
research

- Engine .
»g . Engine load
operation with a >
. assignment
given load
Towi=Tassumeo [
I :
YES ¢
Running a
Measurement simulation and
and recording of recording
parameters parameters
I |

I Tassumen: =Tassumeo+5 K|

Tassumen: =Tassumeo+5 K
NO @ @ NO

Comparison of model and
empirical research results

Fig. 1. An algorithm representing the study plan

Empirical and model tests were carried out for the same
engine operating parameters (engine torque load and crank-
shaft rotational speed). In the case of the model, the thermal

state of the engine itself was the input parameter (assumed
the same as in the case of empirical tests). Both in the mod-
elling and empirical studies, it was decided to measure to
model) the course of the indicated pressure and the hourly
fuel consumption. The courses of indicated pressure al-
lowed to calculate the engine's indicated power. In addition,
it was decided to calculate the engine power on the basis of
its rotational speed and the torque registered on the eddy
current brake.

It was decided to conduct tests for a fixed rotational
speed of the crankshaft of 1000 and 1200 rpm, respectively,
and for two load torque values using an eddy current brake
(power generated by the engine of 5 and 6 kW respective-
ly). It was assumed that the first measurement point would
correspond to the oil temperature of 293 K, and each subse-
quent one would correspond to an increase in oil tempera-
ture by 5 K up to 353 K. During the tests, the following
engine operating parameters were recorded:

— pressure indicated as a function of the angle of rotation
of the crankshaft using a proprietary electronic indicator

— rotational speed of the crankshaft using a tachometric
generator

— oil temperature with a PT100 type thermocouple

— hourly fuel consumption using a gravimeter

— torque on the basis of strain gauge readings installed on
the eddy current brake.

The object of the research was a laboratory single-
cylinder diesel engine installed at the stand at the Institute
of Shipbuilding and Operation of the Polish Naval Acade-
my. The basic engine data are grouped in Table 1, while the
view of the laboratory stand is shown in Fig. 2 and Fig. 3
shows the control panel of the single-cylinder engine stand.

Table 1. Technical data of the engine used in the tests

Cylinder layout and number horizontal, single cylinder
Piston stroke 160 mm
Cylinder diameter 135 mm
Cylinder displacement 2290 cm®
Compression ratio 1:16
Maximum fuel consumption 215 g/kWh
Maximum torque at 1100 rpm 145 Nm
Maximum injection pressure 17 MPa
Maximum rated power 20 kW for 1500 rpm

Fig. 2. Laboratory engine station: 1 —engine, 2 — planetary gear, 3 — brake,
4 — electric starter

The engine's fuel supply system consists of a fuel tank,
a gravimetric system enabling measurement of fuel mass
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flow, a filter, a piston injection pump, a high-pressure pipe,
and an injector with a pintle tip. The injector is equipped
with a single spring. The fuel is injected directly into the
chamber located in the piston.

0002

Temp. o.~iu silnika

Fig. 3. Single-cylinder engine stand control panel: 1 — oil temperature, 2 —
torque, 3 — engine power, 4 — rotation speed, 5 — mass of fuel in the tank

3. Empirical research

In accordance with the assumed test plan, all the men-
tioned parameters of engine operation were measured and
recorded for given rotational speeds and loads. Measure-
ments were recorded for oil temperatures ranging from
293 K to 353 K, respectively, with a resolution of 5 K.
Engine operating parameters such as oil temperature, hour-
ly fuel consumption, crankshaft rotational speed, and torque
were recorded at a frequency of 1 Hz with a resolution of
12 bits. Indicated pressure was measured at a frequency of
10 kHz with a resolution of 12 bits. The measurement of
the indicated pressure (for each measurement point) was
repeated three times, and on its basis, the indicated engine
power was calculated from dependence 1 [11-13, 16]:

Ni=V:'n-pj-z-i Q)

where: V — engine cylinder capacity, n — average rotational
speed of the crankshaft, z — number of ignitions per revolu-
tion of the crankshaft, p; — indicated work, i — number of
cylinders.

The indicated power calculated on the basis of eq. (1)
was one of the input parameters to the mathematical model.
In addition, the power was also calculated based on the
measurement of the angular velocity of the crankshaft and
the torque recorded by the sensors mounted on the eddy
current brake based on the relationship:

Ne=w-T (2)
where:
W=2"T'n

Fuel consumption measurements to be calculated for the
calculation of the enthalpy flux to the engine along with
fuel from the relationship [20]:

Having the values of the enthalpy flux supplied to the
engine (eqg. (3)) and the indicated power (eq. (1)), it was

possible to calculate the indicated efficiency of the engine
from the relation [9, 18, 19]:

M =g @)

In addition, during the tests, the torque and rotational

speed of the crankshaft measured on the brake made it

possible to calculate the mechanical power of the engine-

gearbox-brake system, and on this basis, to calculate the

efficiency of the engine-gearbox-brake system based on the
following relationship:

ne=g ®)

In the case of the conducted tests, the fuel calorific val-

ue Gy, was determined using a KL-11 type calorimeter, and

the fuel mass flow was calculated using a gravimeter. On

the other hand, the power value recorded on the eddy cur-

rent brake takes into account all losses in the engine and in

the planetary gear. Efficiency n, can be described as the

sum of indicated m; mechanical nn,, theoretical n, and
transmission ny, efficiency.

4. Model research
Parallel to the empirical research, model research was

carried out. An original mathematical model implemented

in a computer program was used for model research [21].

The program is based on thermodynamic relationships and

allows to conduct research for virtually any compression-

ignition engine.

Input parameters for the mathematical model include,
but are not limited to:

— basic technical parameters of the engine, including
cylinder stroke and diameter, number of cylinders, valve
opening and closing angles, injection advance angle,
combustion chamber volume, etc.

— rotational speed of the crankshaft

— indicated power

— physical and chemical parameters of the fuel

— supply air parameters such as pressure, temperature,
humidity, density

— addition, filling efficiency and much more are taken into
account.

In accordance with the adopted test plan, it was assumed
that the simulated rotational speed of the engine crankshaft
would be consistent with the setting of the real engine. The
indicated power was assumed to be consistent with that
obtained as a result of empirical tests. The calorific value of
the fuel Gywas determined by Guzma formula [10]:

Gp = 340-Cy, + 1017 - H, +
+63-Ny, +191-S,, — 106 — 25 - w,, (6)

where: C,, — mass fraction of coal, H,, — mass fraction of
hydrogen, Ny, — mass fraction of nitrogen, S;, — mass frac-
tion of sulfur, w,,, — mass fraction of water

5. Research results

The results of both empirical and model tests were pre-
sented in the form of graphs of engine efficiency as a func-
tion of oil temperature. The efficiency of the real engine
was calculated on the basis of dependence 4, while the
efficiency of the modelled engine was calculated on the
basis of dependence 5. In the case of empirical tests, the
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value of indicated power was calculated on the basis of
indicated pressure measurements, and the value of the en-
thalpy flux was calculated on the basis of the mass flow of
the fuel supplying the engine (overflow included) and its
calorific value (dependence 4). In the model tests, the value
of the indicated power, obtained from dependence 1, was
the input parameter to the model. Based on the equations of
the mathematical model, the fuel mass flow and its calorific
value were calculated (dependence 6). As a consequence, it
allowed us to calculate the enthalpy flux H. The efficiency
of the modelled engine was calculated on the basis of de-
pendence 5. The indicated power value adopted in the equa-
tion in some cases may slightly differ from the indicated
power obtained as a result of empirical tests. This is due to
the fact that in the mathematical model used, the fuel con-
sumption is calculated (in successive iterations), and on its
basis the course of the indicated pressure and, consequent-
ly, the indicated engine power is determined. The condition
for completing the model calculations is obtaining the value
of the indicated (calculated) power not differing by more
than 2% in relation to the power constituting the input pa-
rameter. In the efficiency calculations, the indicated power
calculated as a result of solving the model equations was
used [5].

In the case of tests conducted for the rotational speed of
the crankshaft of 1200 rpm, for technical reasons, the max-
imum oil temperature was decided to be 343 K.

Significant discrepancies between the given engine load
and the indicated power result, among others, from the
design of the test stand used. The tested engine is loaded
with an eddy current brake. Optimal parameters of coopera-
tion between the engine and the brake (adaptation of rota-
tional speed) are ensured by the planetary gear, which is a
source of significant mechanical losses. The carrie out pre-
liminary tests showed that these losses are practically con-
stant (independent of the rotational speed of the engine
crankshaft and its load). They depend only on the tempera-
ture of the oil in the transmission, which during the tests
was constant and amounted to 353 K. Therefore, they are
treated as a constant error (all analyses referred to the indi-
cated power).On the basis of the empirical and modelling
data the courses of indicated engine efficiency as a function
of oil temperature (for the rotational speed of the crankshaft
of 1000 rpm) were developed. They are presented in Fig. 4
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Fig 4. Courses of changes in engine efficiency as a function of oil tempera-
ture for an engine loaded with a power of 5 kW at a crankshaft speed
of 1000 rpm: 1 — empirical research, 2 — model tests

— course for the engine load of 5 kW and Fig. 5 — course for
the engine load of 6 kW. The waveforms obtained as
a result of modeling for various loads are presented in Fig.
6, while the results of empirical tests are shown in Fig. 7.
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Fig 5. Courses of changes in engine efficiency as a function of oil tempera-
ture for an engine loaded with a power of 6 kW at a crankshaft speed
of 1000 rpm: 1 — empirical research, 2 — model tests
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Fig. 6. Waveforms of changes in engine efficiency as a function of oil
temperature obtained as a result of modelling an engine operating at 1000
rpm loaded with power: 1 — 6 kW, 2 — 5 kW
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Fig. 7. Courses of changes in engine efficiency as a function of oil temperature
obtained as a result of empirical tests for an engine with a rotational speed of
1000 rpm and loaded with the following power: 2—5 kW, 1—6 kW

On the basis of the empirical and modelling data, the
courses of indicated engine efficiency as a function of oil
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temperature (for the rotational speed of the crankshaft of
1200 rpm) were developed. They are presented in Fig.: 8 —
course for the engine load with a torque of 5 kW and 9 —
course for the engine load with a torque of 6 kW. The
waveforms obtained as a result of modelling for various
loads are presented in Fig. 10, while the results of empirical
tests are shown in Fig. 11.
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Fig. 8. Courses of engine efficiency changes as a function of oil tempera-
ture for an engine loaded with a power of 5 kW at a crankshaft speed of
1200 rpm: 1 — empirical tests, 2 — model tests
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Fig. 9. Courses of changes in engine efficiency as a function of oil temper-
ature for an engine loaded with a power of 6 kW at a crankshaft speed of
1200 rpm: 1 — empirical tests, 2 — model tests
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Fig. 10. Waveforms of changes in engine efficiency as a function of oil
temperature obtained as a result of modelling an engine operating at 1200
rpm loaded with power: 1 — 6 kW, 2 -5 kW
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Fig. 11. Courses of changes in engine efficiency as a function of oil tem-

perature obtained as a result of empirical tests for an engine with a rota-

tional speed of 1200 rpm and loaded with the following power: 2 — 5 kW,
1-6kwW

The results obtained from the conducted tests show that
the fluctuations in the indicated (thermal) efficiency are in
line with the authors' expectations.

From the researchers' perspective, the relative changes
in engine efficiency as a function of its thermal state (oil
temperature) under different loads and crankshaft speeds
are more significant than the specific shape of the efficien-
cy curves. Additionally, it was observed that the relative
increase in indicated efficiency for a warm engine com-
pared to a "cold" engine is approximately 10%.

A comparative analysis of the results obtained from
mathematical modelling and empirical studies clearly indi-
cates that the indicated efficiency of the modelled engine is
about 8% lower than that of the real engine. The nature of
changes in efficiency as a function of oil temperature for
model and empirical studies converges. The discrepancies
between the model and empirical results are probably due
to the simplifications adopted in the model regarding:

— the course of the combustion process

— heat exchange between the medium inside the cylinder
and its walls

— calorific value of the fuel calculated based on depend-

ence 6.

In addition, the discrepancies between the parameters
obtained as a result of modelling and empirical research
were significantly affected by the accuracy of the measur-
ing equipment used. The approximately constant eight
percent discrepancy between model and empirical tests may
result, among others, from imperfections in the model,
including the assumed material constants (heat conductivity
coefficient) of the combustion chamber elements, incorrect-
ly assumed engine cooling water temperature (temperature
measurement cooling water on the real engine was carried
out at the entrance to the radiator) and other causes that are
difficult to clearly identify.

6. Summary

The results presented in the article, both from modelling
and empirical research, indicate the significant influence of
engine thermal parameters on its efficiency. In addition to
the obvious observations that an increase in oil temperature
is accompanied by an increase in indicated engine efficien-

34

COMBUSTION ENGINES, 2024;196(1)



Evaluation of the impact of the thermal state of a diesel engine on its efficiency

cy, actual values of changes in indicated efficiency as a
function of oil temperature were determined. The research
was conducted for four operating conditions of the engine,
namely rotational speeds of 1000 and 1200 rpm, and engine
loads of 5 and 6 kW.

As a result of the research, it was found that an increase
in oil temperature in the range of 295 K to 358 K is accom-
panied by an increase in the indexed efficiency of the en-
gine by an average of about 10%. The course of the engine
efficiency value as a function of oil temperature is not a
linear function and depends on very many factors including
engine operating parameters such as its load and crankshaft

speed. In addition, the tests carried out showed the adequa-
cy of the mathematical model developed by the authors at
the level of 8%. The nature of the obtained waveforms
(both model and empirical) indicates that the discrepancies
are mainly due to systematic errors. In contrast, the contri-
bution of random error is negligible. The probable source of
systematic errors is the simplifications used in the model,
and the limited accuracy of calculations implemented in
multiple iterations. In turn, the likely source of random
errors is the limited accuracy of the measurement apparatus
used.

Nomenclature

Cn mass fraction of coal

Sm mass fraction of sulfur

DI direct injection Sl stratified injection

\Y% combustion chamber volume T torque

Gy calorific value W,  mass fraction of water

H.,  mass fraction of hydrogen z number of ignitions per revolution of the crankshaft
H enthalpy flux e efficiency of the engine-gear-brake system
i number of cylinders Ui indicated efficiency

m mass flux um  mechanical efficiency

Nc  calculated power by break u  theoretical efficiency

N;  Indicated power we  transmission efficiency

N, mass fraction of nitrogen o angular velocity

n rotation speed

pi indicated work
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