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The paper presents the results of model and empirical tests conducted for a marine diesel engine fueled by

a blend of n-butanol and diesel oil. The research were aimed at assessing the usefulness of the proprietary diesel
engine model in conducting research on marine engines powered by alternative fuels to fossil fuels. The authors
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defined the measures of adequacy. On their basis, they assessed the adequacy of the mathematical model used.

The analysis of the results of the conducted research showed that the developed mathematical model is suf-
ficiently adequate. Therefore, both the mathematical model and the computer program based on it will be used
in further work on supplying marine engines with mixtures of diesel oil and biocomponents.
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1. Introduction

In recent years, a lot of emphasis has been put on the is-
sue of air pollution with toxic compounds, and significant
carbon dioxide emissions. It is reflected in the increasingly
restrictive regulations on the emission of toxic compounds
in transport.

Another important issue is the limited availability of
fossil fuels. It can be expected that their prices will rise in
the foreseeable future. This will result in an increase in the
cost of people, and goods transportation.

One of the key modes of transportation is sea transport.
This is mainly due to its versatility (practically any type of
cargo, and the possibility of transporting bulky goods), and
relatively low costs. For watercraft dedicated to the
transport of people, and goods, the average lifetime is 29
years [15]. It follows, that most of the ships used in the
world are equipped with reciprocating engines that do not
meet the current stringent emission standards for toxic
compounds. In most cases, these are two-stroke reciprocat-
ing engines adapted to run on light, and residual fuel. This
results in the need to search for methods to reduce the emis-
sion of toxic compounds, and greenhouse resulting from the
combustion of fossil fuels that are hydrocarbons. One of the
methods of reducing the combustion of fossil fuels is the
use of mixtures of the above-mentioned fuels, and broadly
understood biocomponents. One of such biocomponents is
n-butyl alcohol.

The paper presents the results of empirical, and model
tests of a ship engine powered by a mixture of diesel oil,
and n-butyl alcohol with volume fractions of 5, 10, and
15% n-butyl alcohol and 95, 90, and 85% diesel oil, respec-
tively. The authors did not focus on residual fuels due to
increasing restrictions on their use. This is mainly due to
the fact that they are contaminated with sulfur compounds.
The results of the research were presented in a statistical
analysis, the purpose of which was, among others, to verify
the proprietary engine model in relation to the real object.
Positive verification should allow the model to be used in
further work on alternative methods of powering marine
engines. This will significantly reduce the research time,
and cost.

The issue of the use of biocomponents in fuels is dealt
with by many centers, both in Poland and abroad. Most of
the research concerns fuels used in motor transport. For
which the use of mixtures of fossil fuels and biocomponents
has been the norm for many years [16, 18]. A large part of
the research concerns their use in automotive spark ignition
engines [2, 5]. Research has also been carried out on the use
of mixtures to power compression ignition engines [6, 9].
Considerable interest (reflected in the number of publica-
tions) in the use of biocomponents in fuels used in road and
rail transport results from European and national regula-
tions [15, 16]. However, there are few publications on the
use of mixtures of fossil fuels and biocomponents in ship-
building. Research on reducing the emission of toxic and
greenhouse compounds (resulting from the combustion of
fossil fuels) in the shipbuilding industry is enforced by the
IMO (the so-called Sulfur Directive) and the European
Union regulations, which impose restrictive sulfur oxide
emission limits [4, 14].

2. Research methodology

The first stage of research was to develop a program for
their implementation. It was presented in the form of an
algorithm containing all the anticipated stages of the re-
search [3, 11, 17] (Fig. 1).

3. Model of the reciprocating diesel engine
According to the research implementation program pre-
sented (Fig. 1), the first stage of the research was to develop
a model of a reciprocating diesel engine [10, 11]. It was
decided to use the model developed by the authors for the
needs of diagnostic tests. It allows for the implementation
of tests for a four-stroke reciprocating diesel engine. It is
possible to conduct tests for both supercharged, and under-
charged engines powered by virtually, any fuel containing
hydrogen, carbon, nitrogen, oxygen, and sulfur. The engine
may have a V-shaped, or linear arrangement of cylinders,
and may contain from 1 to 8 cylinders. The model allows
for any modification of the geometrical dimensions of the
piston-crank system, i.e. cylinder diameter, connecting rod
length, crankshaft crank length, and combustion chamber
height. Moreover, it is possible to modify its structure in-
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fluencing the parameters of heat exchange between the
medium inside the cylinder, and the cooling liquid and air.
In addition, it is possible to modify the injection advance
angle, the number and diameter of the injector holes, the
opening and closing angles of the intake, and exhaust
valves, their cross-sectional areas, and a number of other
engine operating parameters.

Marine diesel engine

Physical model of
diesel engine

Test plan

¥
Mathematical model
of diesel engine

Computer program

¥ Y
Empiric
research

Modeing research

Wh;t:;;lthe Model adequacy Comparative analysis in the
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Fig. 1. Research program

The mathematical model of the marine engine, adopted
for the purpose of the research, was assessed for adequacy
during its development. The adequacy assessment consisted
in conducting a comparative analysis of the selected
measures for the modeled engine, and the real object. It was
carried out in relation to laboratory engines installed in the
Laboratory of the Engine Room Explitation — Sulzer engine
type 6AL 20/24, and in the Laboratory of Marine Electrical
Equipment — engine licensed from Leyland, type 6SW400.
All tests were carried out on standard diesel fuel with mass
fractions of 87% carbon, and 13% hydrogen. As a result of
the research, it was found that the model is qualitatively,
and quantitatively adequate [11, 13].

4. Research plan

According to the algorithm presented in Fig. 1, a re-
search plan was developed. It included the test conditions,
determined the engine operating parameters that were
measured and recorded, and the concentration of the mix-
ture of diesel oil and alcohol (n-butanol). It was assumed
that the tests will be carried out on the SULZER 6Al 20/24
marine engine installed in the Laboratory of the Engine
Room Exploitation. The engine is loaded with a drag torque
by means of a Froude water brake Napier C045/C. The test
conditions included the values of the angular velocity of the
crankshaft, and the values of the engine load with the
torque. It was assumed that tests will be carried out for the
following rotational speed of the crankshaft: 600, 675 and
750 rpm. The adopted torque values are: 1, 2.80, 4.65 kKNm.
It has been assumed, that the measurements for each of the
torque, and rotational speed values will be performed for

the following mass concentration values of the fuel F75,

and alcohol (n-butanol):

— 100% fuel, and 0% alcohol (mass fractions: 87% car-
bon, and 13% hydrogen),

— 85% fuel, and 15% alcohol (mass fractions: carbon
83.67%, hydrogen 13.09%, and oxygen 3.24%),

— 70% fuel, and 30% alcohol (mass fractions: carbon
80.34%, hydrogen 13.18%, and oxygen 6.48%).

It was assumed, that the following engine energy pa-
rameters will be measured during the tests:

— indicated pressure,

— crankshaft rotational speed,

— hourly fuel consumption,

— concentrations of: carbon monoxide, carbon dioxide,
nitrogen oxides, and oxygen,

— location of the engine fuel rail,

— turbo speed,

— boost pressure,

— exhaust gas temperature at the exit from the engine
cylinders, at the entrance, and exit of the turbine of the
turbocompressor,

— cylinder supply air temperature (downstream of the
water cooler),

— air volume flow supplied the engine.

Measurements of all the above-mentioned parameters,
except for the indicated pressure, were carried out with the
sampling frequency of 1 Hz, and a resolution of 12 bit. The
indicated pressure was measured with a frequency of 10
kHz, and a resolution of 12 bits. On the basis of the indicat-
ed pressure measurement, the following were calculated:
average indicated pressure, maximum combustion pressure,
compression pressure, indicated power. The research plan is
presented in Table 1.

Table 1. Research plan

600 rpm| 1 2 3 4 5 6 7 8 |9
675rpm| 10 | 11 | 12 | 13 | 14 | 15 | 16 | 17 |18
750rpm| 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 |27

Number
of mea-
sure

n-butyl content[%]| 0 | 13 | 26 | 0 | 13 | 26 | 0 | 13 |26

Torque [kNm] 1 2.80 4.65

An original device developed at the Polish Naval Acad-
emy was used to measure the indicated pressure. It uses the
KISTLER type 7613B transducer. The crankshaft speed is
measured with an inductive sensor (the model tests used the
rotational speed of the crankshaft calculated on the basis of
the indicated pressure measurements). Hourly fuel con-
sumption was measured with a weighing device. The TES-
TO 350-Maritime analyzer was used to measure the con-
centration of carbon monoxide, carbon dioxide, nitrogen
oxides, and oxygen. The measurement of the position of the
engine's fuel rail was carried out using a proprietary device
based on a linear potentiometer. The rotational speed of the
turbocharger was measured with a magnetoelectric device.
A strain gauge transducer was used to measure the boost
pressure. Temperature measurements were made using
thermocouples. The list of measured parameters, measuring
ranges of the instruments used and the measurement accu-
racy are grouped in Table 2.
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Table 2. Parameters of the measuring system of the SULZER engine, type

6AL 20/24
Scope of Measuring | Sampling
Parameter measure. | aceuracy | frequency | - Converter type
‘ [%] [HZ]
Indicated 25MPa | 0.1 20000 | piezoelectric
pressure
Crankshaft 8 003 01 1 inductive
rotational speed min
Hourly fuel 100 kg/h 1 [ gravimetric

consumption
Concentrations

According to the specification of the TESTO 350-

of toxic com- MARITIME device (all measurements meet the MAR-
pounds POL Annex VI standard)

Locatlpn of the 100 mm 1 1 potentiometric
fuel rail

Turb_o charger 40 0910 0.5 1 magnetoelectric
rotation speed min

The boost 0.25 MPa 1 1 strain gauge
pressure

Exhaust gas 873 K 0.3 1 thermocouple
temperatures

Air temperature | 373K 0.3 1 resistance
Air volume 2600 m® 15 1 Von Karman effect
flow

5. Findings

In accordance with the proposed research program, both
empirical, and model research were carried out in accord-
ance with the described research plan. In the case of model
tests, the number of parameters used to assess its adequacy
was reduced (in relation to the measured parameters) to
[11]: the value of the indicated pressure, and derivative
parameters, as well as the excess air coefficient. On the
other hand, indicated power, rotational speed, and boost
pressure were input parameters to the mathematical model.

The adequacy of the mathematical model was assessed
with the selection of the input parameters of the model, so
that they correspond to the parameters of the modeled en-
gine:

— connecting rod length,

— length of the crank,

— combustion chamber volume,

— cylinder diameter,

— material parameters used to calculate heat transfer,

— the mass of individual elements performing reciprocat-
ing and rotary motion,

— opening and closing angles of intake and exhaust
valves,

— injection advance angle, ignition delay angle,

— the number and diameter of the injector holes,

— supercharging parameters.

Then, the measures used to assess the model adequacy
were selected. As in the case of previous diagnostic tests
[11, 12], these were:

— excess air factor A,

— hourly fuel consumption Ge,

— measure K characterizing the similarity of indicated
pressure courses, as a function of the crankshaft rotation
angle [16].

Based on the experience obtained as a result of model,
and empirical research (research for diagnostic purposes), it
was assumed that the relative values of the measures should
not exceed:

— 20% for the excess air ratio A,
— 10% for hourly fuel consumption Ge.

On the other hand, the measure K should not reach
a value greater than 10.

The value of the K measure was defined as [11, 12]:

K=1-- )
where: S; = f0720 Pscmodel (@)da, S; = f0720 Pscmeasure (@) da
where: S; = f(a) — area under the diagram of the averaged
pressure course indicated as a function of the crankshaft
rotation angle for a real object, S, = f(a) — area under the
indicated pressure graph as a function of the crankshaft
rotation angle for the model.

The value of the K parameter is a function of the crank-
shaft rotation angle. It is used for analysis within
a limited range of angles corresponding to the highest pres-
sure values (including combustion pressure), i.e. from the
injection opening angle to the exhaust valve opening angle.

After selecting the input parameters of the model, simu-
lations, and empirical tests were carried out for the load,
and the nominal rotational speed when the engine was pow-
ered with diesel oil without alcohol addition. After verify-
ing, that the empirical, and model-based results meet the
adequacy requirements, further research was started. Figure
2 shows the course of the indicated pressure as a function of
the angle of rotation of the engine crankshaft obtained dur-
ing the described tests. The course of the integral curves of
the indicated pressure for model and empirical tests is
shown in Fig. 3. The course of changes in K parameter is
shown in Fig. 4. The test results are presented in Table 3.
Table 4 summarizes the relative values of the engine model
adequacy measures for the conducted test.
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Fig. 2. The course of the indicated pressure obtained as a result of model
tests — 1, and empirical tests — 2 as a function of the angle of rotation of the
crankshaft
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Fig. 3. The course of the indicated pressure integral curves obtained as
a result of model tests — 1 and empirical tests — 2 as a function of the angle
of rotation of the crankshaft
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Fig. 4. Course of K measure

(fuel dose and injection advance angle) was adjusted for

nominal loads and rotational speeds of its crankshaft.

Table 5. Results of the conducted research

Table 3. Summary of the results obtained as a result of model, and empiri-
cal tests for an engine operating at a rotational speed of 750 rpm and a load

of 5.12 kNm
Indicated Indicated Hourly fuel The air
power maximum consumption excess
pressure factor
[kw] [MPa] [kg/h] [
Model
research 438.1 10.02 1397 142
Empirical 438 10.11 1487 142
research

Table 4. Relative values of measures of model adequacy for an efficient

engine
Indicated | Hourly fuel The air K
power consumption | excess measure
factor
[%] [%] [%] [

The values of the
measures of 0.02 0.89 6.4 217
adequacy

The analysis of the results of the study included in Table
3, and the measures of adequacy in Table 4 allowed for the
transition to the next stage. It consists in assessing the ade-
quacy of the mathematical model of a ship engine when it is
powered by a mixture of diesel oil, and n-butyl alcohol.

The next step was to assess the adequacy of the mathe-
matical model of the marine engine powered by mixtures of
diesel fuel with n-butanol. The research was conducted in
accordance with the adopted research plan contained in
Table 1. The results of the measurements are grouped in
Table 5. The values of the adequacy measures for the model
are presented in Table 6. In Table 5, the results obtained as
a result of empirical tests are marked in gray. However, the
results obtained as a result of model tests are marked in
blue. The values of rotational speed and indicated power
(calculated on the basis of the analysis of the measured
indicated pressure) are marked in gray in Table 5. They are
input parameters to the mathematical model.

The results of model and empirical tests presented in
Table 5, and the values of adequacy measures contained in
Table 6 allowed for the recognition of the model as ade-
quate in the entire scope of the research conducted. Earlier
studies (conducted for the purpose of developing a diagnos-
tic method) showed that the model is inadequate in terms of
rotational speeds of up to 600 rpm and no-load operation)
[10]. This allows the conclusion that also in the case of the
currently conducted tests, the model may be inadequate for
low torque loads and for low rotational speeds.

In the case of previously conducted tests, it was shown
that the inadequacy was most likely due to the simplifica-
tions used in the model, and the fact that the marine engine
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Table 6. Values of measures of adequacy of the mathematical model
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The conducted research has shown that when the engine
is running idle, there are very large discrepancies between
maximum pressures in individual engine cylinders. They
may also result from the applied methodology of indicated
pressure measurement. The measurement was carried out
individually for each cylinder. This could result in a change
in the engine operating conditions during the measurement
(fluctuations in the rotational speed of the crankshaft and
the engine load with the water brake). This phenomenon
was illustrated by presenting a diagram of the maximum
pressure for individual cylinders of the engine operating at
a rotational speed of 450 rpm, and a torque load of 0.42
kNm (Fig. 5). On the other hand, Fig. 6 shows the values of
the maximum pressure for the engine operating at a rota-
tional speed of 750 rpm, and a load of 4.65 kNm.

The discrepancies between the values of the measured
and modeled parameters, and what is the result, and the
discrepancies in the values of the measures of adequacy,
visible in the test results (Table 5) and in the values of the
adequacy measures (Table 6):

— the excess air coefficient varies from 0.47 to 9.20%,

hourly fuel consumption in the range from 1.37 to
9.72%,
— K measure from 1.70 to 8.84%.

P [MPa]

Cylinder numbef

Fig. 5. The values of the maximum indicated pressure for the engine
working with the crankshaft rotational speed of 450 rpm, and the load of
0.42 kKNm (diesel oil)

P [MPa)

Cylinder numbet

Fig. 6. The values of the maximum indicated pressure for the engine
working with the crankshaft rotational speed of 750 rpm and the load of
4.65 kNm (diesel oil)

These fluctuations are randomly distributed and are
probably the result of:

— the uniqueness of the processes taking place in the en-
gine cylinders,

— slight influence of the fuel-alcohol mixture used on the
measured engine operation parameters,

— the uniqueness of the test conditions for different con-
centrations of the fuel mixture (inaccuracy of the water
brake setting and rotational speed fluctuations intro-
duced by the engine speed controller),

— inaccuracies in indicated pressure measurements caused
by wave phenomena occurring in the channels of indica-
tor valves,

— low accuracy of measuring hourly fuel consumption with
a weighing instrument (the accuracy of the scale used
was 1g, the measurement was carried out within 60 s),

— high inertia of the excess air factor measurement (large
length of the measuring channel).

Despite the mentioned sources of measurement errors, it
can be observed (in most cases) that the use of different
concentrations of the mixture of diesel oil and n-butanol has
a noticeable effect on the measured engine operating pa-
rameters (Table 5):

— an increase in n-butanol concentration causes an in-
crease in the excess air ratio,

— anincrease in the n-butyl alcohol content in the mixture
increases the hourly fuel consumption.

Similar relationships can be observed when analyzing
the results of empirical research.
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6. Conclusions

The results of model and empirical research conducted
by the authors and presented have confirmed the adequacy
(both qualitative and quantitative) of the developed mathe-
matical model. This justifies its use in research on the use
of mixtures of fossil fuels with biocomponents. The use of a
mathematical model and a computer program based on it
should significantly reduce the amount of empirical re-
search performed. This translates into shortening the time
of research and reducing their costs.

Nevertheless, the authors noticed the need to increase
the adequacy of the mathematical model (the results of the
research are, admittedly, within the adopted ranges of the
adequacy measures), which results from the relatively low
impact of the use of mixtures of diesel fuel with alcohol.
Further research should include:

— applying a smaller calculation step (currently all param-
eters are counted every 0.1 crankshaft rotation),

— clarification of the heat transfer calculations between
the medium and the cylinder walls (now the heat trans-
fer is being modeled. The use of Woschni [7, 8] and Bu-
laty [1] dependencies in the case of the conducted re-
search resulted in significant errors,

— development of an analytical method for calculating the
ignition delay for the mixtures used. The applied meth-
od of calculating the release of heat (the heat flux is
supplied to the cylinder along with the injected fuel)
does not take into account the delay in ignition of the
fuel-air mixture (for the needs of the model, this param-
eter was selected on the basis of empirical tests),

— increasing the repeatability of the test conditions (re-
peatability of the torque load and rotational speed of the
crankshaft).

Nomenclature

Ge  hourly fuel consumption
K measure of similarity

wn

surface area
excess air factor

>
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