
372

INTRODUCTION 

Marine engines burned the poorest quality 
residual fuels for many years. The emission of 
harmful compounds by ship engines has a signif-
icant share in the global production of air pollut-
ants. The reason for the constant search for alter-
natives to fossil fuels, also in relation to marine 
engines, are the increasingly restrictive require-
ments of the Marpol convention [1]. IMO has set 
a global limit for sulfur in fuel oil used on board 
ships of 0.50% m/m (mass by mass) from 1 Janu-
ary 2020. The addition of butanol to residual fuels 
will easily reduce its mass share in the fuel.

Butanol exists in the form of four isomers: 
n-butanol (normal butanol), sec-butanol, isobu-
tanol and tert-butanol, differing in both the 

position of the hydroxyl group and the structure 
of the hydrocarbon chain (straight or branched). 
Due to differences in structure, these isomers 
show specific differences in physicochemical 
properties (including boiling and ignition points). 
N-butanol was added to diesel oil obtained from 
crude oil during the tests.

Normal butanol (C4H9OH) (Figure 1), with a 
molecular weight of 74.12 g/mol, is a colourless 
liquid of medium volatility originating from alco-
hol, characterised by a distinctive banana-like un-
pleasant odour. It possesses flammability, evident 
from a flash point of approximately 35 °C and 
a boiling point of around 117.40 °C at 1013.25 
hPa [2, 3]. Its favourable evaporative properties 
enhance both air and fuel vapour mixing rates, 
thereby improving combustion in fuel blends. 
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Due to its molecular structure containing fewer 
carbon atoms compared to traditional diesel fuel, 
n-butanol facilitates enhanced combustion, lead-
ing to reduced emissions of both CO2 and CO 
below the levels typically expected from straight 
diesel [4]. A comparison of the most important 
physicochemical parameters of n-butanol and 
diesel oil is presented in Table 1.

Butanol is used as an intermediate for organic 
synthesis, an additive to oils, and a raw material 
for producing solvents. The butanol production 
process is described in many publications. Bu-
tanol derived from biological sources seamlessly 
integrates into the present fuel framework, offer-
ing heightened energy density and performance 
when contrasted with ethanol. Moreover, its pro-
duction can rely on more environmentally sus-
tainable feedstock options than those utilised for 
biodiesel manufacture [8].

Compared to fuel blends using diesel and eth-
anol, the incorporation of butanol can effectively 
address certain issues related to phase separation 
due to its superior miscibility in diesel fuel. More-
over, blends consisting of diesel and n-butanol ex-
hibit characteristics akin to pure diesel. Low-con-
centration n-butanol blends emerge as a viable 
substitute for compression ignition engines with-
out requiring cetane booster additives, offering 
nearly identical specific fuel consumption rates. 
Additionally, there is the added benefit of reduced 
carbon accumulation in injectors and pistons [9].

Particularly important in the aspect of using 
butanol as an alternative fuel is the possibility of 
its production from biological waste. However, it 

should be noted that the vast majority of butanol 
is currently obtained from crude oil in petrochem-
ical processes. Many centres are working on the 
possibilities of mass and cheap production of bi-
obutanol as a result of processing biological waste 
[10]. A detailed description of biobutanol produc-
tion can be found in [5, 11]. A comparison of the 
properties of biobutanol and butanol obtained in 
petrochemical processes can be found in [12]

The impact of adding biofuels and their pure 
combustion in piston engines has been and is the 
subject of research by many scientific centres 
[13–15]. The authors of the publication [16] ex-
amined the impact of butanol admixtures on the 
general vibration level of a car engine, finding 
that the level increases with the increase in the 
butanol content. The authors also researched bu-
tanol admixtures on emitted vibrations and noise 
associated with operating a single-cylinder engine 
[17]. In the case of these tests, a slight increase in 
vibroacoustic parameters was also found, along 
with an increase in the share of biobutanol in the 
fuel. This situation was especially noticeable in 
the case of higher engine torque loads. The pub-
lication [18] presents research conducted on a 
six-cylinder engine fuelled by n-butanol mixtures. 
The authors utilised n-butanol blends with con-
ventional diesel fuel at 8% and 16% concentra-
tions. Measurements were taken to assess exhaust 
smoke opacity and regulated gas emissions. The 
overarching conclusion drawn is that n-butanol 
can be safely and beneficially incorporated into 
diesel fuel blends at high ratios in diesel engines, 
demonstrating favourable outcomes regarding 
thermal efficiency and exhaust emissions [18].

During the investigation conducted in [19], 
sound and vibration signals emanating from a 
compact car engine were measured and analysed. 
Both frequency and angle domains were used. 
Pure diesel oil and diesel-butanol blends were 
used as fuel sources. Authors noted that the pro-
longed combustion duration characteristic of bio-
diesel might induce a notable surge in the kinetic 
energy associated with lateral piston movements. 

Figure 1. Normal butanol molecule [2]

Table 1. Basic parameters of n-butanol [5–7]

Specification Molecular 
formula

Density
[kg/m3]

Viscosity
[mm2/s]

Auto-ignition 
temp. [oC]

Flash point 
[oC]

Freezing point 
[oC]

Boiling point 
[oC]

Cetan 
number

Diesel fuel C12–C25 810–890 1.9–4.10 210–250 65–68 -30 to -40 180–340 40–55

n-butanol C4H9OH 808–810 2.63–3.70 385–397 35 -89 112 17–25

Ethanol C2H5OH 785–794 1.08–1.20 423–434 8-13 -114 78 5–8

Methanol CH3OH 790–796 0.58–0.59 463–470 12 -97 64 3–5
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Consequently, this elevation in energy levels can 
result in heightened vibration intensity near the 
exhaust’s top dead centre.

 Butanol is not the only alternative fuel whose 
mixtures are tested for their suitability to power 
diesel engines. Many centres are researching the 
possibility of using biodiesels obtained from var-
ious organic sources, which are, therefore, renew-
able. Interesting research was published in [20], 
and vibration characteristics were examined, 
among others. This study aimed to investigate 
combustion, vibration, and knocking occurrences 
in diesel engines resulting from various fuel com-
positions. Interesting research was carried out, 
but it did not indicate a clear relationship between 
the type of fuel and its impact on the vibration 
level of the tested engine. Similar studies relating 
to the Jatropha biodiesel-fuelled genset engine 
were performed in the publication [21].

Research on the impact of vibrations and noise 
emitted by a single-cylinder engine powered by 
n-butanol and oleic acid methyl ester mixtures is 
presented in the publication [22]. However, the 
authors did not conduct tests for an engine pow-
ered by pure diesel oil.

Many different options are being considered, 
such as liquid fuels as an alternative to fuels made 
from crude oil. The work [23] describes the use of 
chicken fat biodiesel and its impact on the vibra-
tions of the engine powered by it. Changes in the 
vibration characteristics of diesel engines after 
adding ethanol can be found in [24] and methanol 
in [25]. Research on lemon peel oil as fuel addi-
tion in terms of its impact on engine vibrations is 
presented in [26]. 

The presented literature review clearly shows 
that alternative liquid fuels to crude oil are be-
ing sought all over the world. Their impact on the 
performance of existing engines and the emis-
sions of toxic compounds resulting from their 

combustion are also intensively studied. Much 
attention is paid to the effect of new fuels on the 
course of residual processes, including vibrations 
and noises. However, the literature review shows 
that small compression-ignition engines are test-
ed in the vast majority of cases, much less often 
those of larger power trucks. The author found no 
publications discussing the research results on the 
impact of n-butanol additions to diesel oil on the 
vibrations of marine engines.

MATERIALS AND METHODS 

One of the primary sources of noise and vi-
brations in a working marine diesel engine is the 
phenomena accompanying the combustion pro-
cess of fuel injected into the cylinders. Therefore, 
the course of the injection process, as well as the 
quality and type of fuel supplied to the engine, 
may also change the parameters of the combus-
tion process. If combustion parameters change, 
values describing noise and vibration may also 
change. The piston engine as an object of tech-
nical diagnostics might be presented in Figure 
2. Currently, there is significant interest in the 
field of machine diagnostics, which is focused on 
tracking and inferring information based on ob-
servations of residual processes. These observa-
tions typically enable assessment of the technical 
condition of engines without the need for stop op-
erations and disassembly. This publication explic-
itly addresses vibration parameter measurements 
among the various methods, such as acoustic and 
thermographic measurements. While alterations 
in vibration parameters of operational machinery 
serve as diagnostic indicators, it’s crucial to rec-
ognise the detrimental effects of vibrations on en-
gine performance. Consequently, a fundamental 
criterion for alternative fuels is that they must not 
exacerbate engine vibroactivity. It’s important to 
acknowledge that vibrations in piston engines are 
inherent due to their design and operational prin-
ciples. Figure 3 illustrates the distribution of forc-
es in the crank-piston mechanism of a four-stroke 
marine diesel engine. A detailed description of the 
dynamics of the engine’s crank-piston system can 
be found in many publications, e.g. [27] 

The combustion process is one of the pri-
mary sources of vibrations in the engine, with 
unique amplitudes due to load changes or im-
perfections of the fuel injection equipment and 
differences in the combustion process itself. 

Figure 2. Piston engine as an object of technical 
diagnostics. Z – input parameters, Za – disturbances 

inengine operation, S – control, P – output 
product (power, torque), Pr – residual
processes, d – destructive feedback
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vibration parameters was an engine, the indicator 
diagrams of which are shown in Figure 4. A photo 
of the research object is shown in Figure 5.  The 
Sulzer 6AL 20/24 engine is a 4-stroke marine, in-
line, non-reversing diesel engine, water-cooled 
with direct fuel injection. The engine is charged 
with a turbocharger, and the charged air is cooled. 
The test object is a clockwise rotating engine with 
a firing sequence 1-4-2-6-3-5, equipped with a 
multi-range Woodward PGA speed controller. The 
cylinder diameter is 200 mm, the stroke is 240 mm, 
the compression ratio is 1:12.7, the rated speed is 
750 rpm, the rated power is 420 kW. 

During the measurements, three rotational 
speeds were performed for each fuel mixture. 
Each measurement was carried out in the steady 
state of engine operation. For each engine speed, 
measurements were carried out for three constant 
torque loads, giving a total of nine measurements 
for each of the three tested fuel mixtures. The Fig-
ure 6 shows the detailed course of the research.
Tests were carried out for three fuel blends:
	• pure diesel fuel,
	• 15% butanol and fuel mixture,
	• 30% butanol and fuel mixture. 

The presented results of vibration char-
acteristics are part of larger studies that con-
sider particular aspects related to the emission 
of toxic compounds. The interested reader can 
find the mentioned results in the publications 
[13, 28, 29]. During measurements, four identi-
cal accelerometers were used (type B&K 4514 
B). A multi-purpose 6-channel input module 

Figure 4 shows an example of the courses of 
pressure indicated during fuel combustion at 
an engine load steady state recorded in indi-
vidual cylinders of the 6 AL 20/24 engine.

The object of research on the influence of 
the addition of n-butanol to fuel on changes in 

Figure 3. Basic forces in the crank-piston mechanism

Figure 4. Actual pressure obtained when indicating the pressure inside the 6 AL 20/24 engine cylinder
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Figure 5. Test stand of Sulzer 6 AL 20/24 marine engine with a water brake on the right

Figure 6. Measurement flow diagram

with a maximum frequency range of 51.2 kHz 
per channel was used as a measuring card. The 
measuring lines were calibrated before and after 
the measurements. A signal sampling of 8192 
Hz was used. A simplified engine model with 
measurement points marked is shown in Fig-
ure 7. All sensors were mounted in an identical 

manner using magnetic bases. The sensors were 
dismantled only after all measurements were 
completed, which allowed errors related to vari-
able installation conditions to be avoided. Be-
fore starting and after completing each series 
of measurements, the sensors and the complete 
measurement paths were calibrated.

Figure 7. Engine model with the marking of measurement points
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RESULTS 

Throughout the energy conversion process 
in a diesel engine, various factors induce vibra-
tions, markedly compromising both its efficiency 
and longevity. These vibrations stem from unidi-
rectional combustion forces resulting from fluc-
tuations in gas pressure within the cylinder, struc-
tural resonance, and alternating inertia forces 
acting upon diverse engine components [30]. In 
the author’s process of assessing the influence of 
the type of fuel on changes in the vibration pa-
rameters of the tested engine, it becomes neces-
sary to find measures that will clearly allow for 
the presence or absence of this influence. It is 
also advisable to identify possible changes. The 
time courses of the vibration accelerations were 
recorded during the measurements, an example of 
which is shown in Figure 8.

When recording, the vibration acceleration 
waveforms were filtered using an analogue 
high-pass filter built into the measuring equip-
ment, and the cut-off frequency was set to 0.7 
Hz. Despite the possibility of reading a lot of 
information relating to cyclic phenomena oc-
curring in the engine, such as combustion and 
opening and closing of injectors or valves, the 
waveforms presented in Figure 8 are of little 
use in comparative diagnostics. Due to the 
above, based on the values shown in Figure 8, 
average vibration acceleration values were cal-
culated for 1.0 s intervals. This procedure sig-
nificantly facilitates the comparative procedure 
between individual waveforms corresponding 
to recordings for different fuel mixtures, see the 

description at the top of Figures 9–12, there is a 
legend identifying each waveform. In the figures 
below, the term “relative time” is used, which 
refers to the time counted from the beginning of 
each recorded individual measurement.

The results presented in graphs 9–12 repre-
sent average vibration acceleration values calcu-
lated for the entire measurement range of 3.2 kHz 
(this range was chosen during the experiment 
phase), providing information about the change 
in the overall vibration acceleration level in this 
frequency range. Importantly, no significant and 
permanent effect of adding butanol to diesel fuel 
on the vibration parameters presented in this way 
was observed. An exception may be the results 
obtained during measurements on cylinder No. 
6 (at load 4.6 kNm – Fig. 10), but they are not 
confirmed by the results obtained from cylinder 
No. 1 or other measurement points. Moreover, 
similar dependencies were obtained by analysing 
the waveforms recorded during engine operation 
with lower torque loads, i.e. 1 and 2.8 kNm. 

In order to assess the amplitudes of vibration 
accelerations in the entire frequency range, tak-
ing into account their recording time, the signals 
were analysed using STFT (short-time Fourier 
transform). The STFT spectrum is created when 
applying windowing techniques with overlap-
ping to divide the signal into equal sections and 
then performing the DFT (discrete Fourier trans-
form). It is, therefore, a three-dimensional spec-
trum of amplitude changes for individual signal 
frequencies, taking into account their recording 
time. The exact procedure with a mathematical 
description can be found in publications [31, 32]. 
Figures 13 and 14 show STFT spectra recorded 

Figure 8. The “raw” vibration acceleration signals were recorded for 70% fuel and 30% butanol blendduring 
engine operation at a constant rotational speed of 600 rpm and a constant torque load of 4.6 kNm. Signals 

were recorded in two points: red waveform on engine cylinder 1 and green waveform on engine foundation
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Figure 9. Average vibration acceleration values for all fuel blends, constant torque load 4.6 kNm 
and rotational speeds 600, 675 and 750 rpm, measuring point located on cylinder no. 1

Figure 10. Average vibration acceleration values for all fuel blends, constant torque load 4.6 kNm 
and rotational speeds 600, 675 and 750 rpm, measuring point located on cylinder no. 6

at an engine load of 4.6 kNm and a rotational 
speed of 750 rpm for two fuel mixtures, i.e. pure 
diesel fuel (Fig. 13) and a mixture containing 
30% butanol (Fig. 14). The analysis of the spec-
tra presented in Figures 12 and 13 does not indi-
cate any significant differences in the frequency 
distribution between the vibration parameters 

recorded during the operation of an engine pow-
ered by a mixture of butanol and diesel fuel 
blend and one powered by pure diesel fuel. The 
values of vibration acceleration amplitudes re-
corded in the frequency range of 400–1000 Hz 
in the case of combustion of a 30% butanol mix-
ture in the engine reach slightly higher values. 
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Figure 11. Average vibration acceleration values for all fuel blends, constant torque load 4.6 kNm 
and rotational speeds 600, 675 and 750 rpm, measuring point located on engine foundation

Figure 12. Average vibration acceleration values for all fuel blends, constant torque load 4.6 kNm 
and rotational speeds 600, 675 and 750 rpm, measuring point located on turbocharger

In both cases, a slight variability of the analysed 
vibration parameters in the time domain is ob-
served. Similar regularities were observed for 
the remaining measurement points.

The last stage of the analysis was assess-
ing changes in the broadband r.m.s values of 

vibration velocity in the frequency range from 
2 Hz to 1000 Hz. The adopted frequency range 
results from the recommendations available 
in applicable normative documents. For this 
purpose, a single integration of the vibration 
acceleration signals was performed, obtaining 
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Figure 13. STFT waterfall spectrum was calculated for the measuring point located on cylinder 6, with 
an engine load of 4.6 kNm and a rotational speed of 750 rpm. Engine fuelled with pure diesel fuel

Figure 14. The STFT waterfall spectrum was calculated for the measuring point 
located on cylinder 6, an engine load of 4.6 kNm, and a rotational speed of 750 rpm. 

The engine is fuelled with 30 % butanol and a pure diesel fuel blend

Figure 15. The vibration velocity spectrum was recorded on the engine foundation 
while operating at a rotational speed of 600 rpm and a torque load of 4.6 kNm
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Table 2. Broadband r.m.s values of vibration velocity in the frequency range from 2 Hz to 1000 Hz recorded 
on cylinder no. 1

Cylinder 1

RPM Torque [kNm]
Butanol 0% Butanol 15% Butanol  30%

The average value in the frequency range 2–1000 Hz [mm/s]

600

1 4.01 5.04 7.35

2.8 4.11 4.20 4.81

4.6 4.44 4.17 4.57

675

1 5.13 5.04 5.37

2.8 5.21 5.23 5.57

4.6 5.14 5.94 5.24

750

1 6.29 6.93 8.09

2.8 5.02 6.05 6.78

4.6 5.00 5.41 5.60

Average 4.93 5.33 5.93

Table 3. Broadband r.m.s values of vibration velocity in the frequency range from 2 Hz to 1000 Hz recorded 
on cylinder no. 6

Cylinder 6

RPM Torque [kNm]
Butanol 0% Butanol 15% Butanol  30%

The average value in the frequency range 2–1000 Hz [mm/s]

600

1 4.35 11.04 12.60

2.8 15.31 3.65 12.24

4.6 3.81 4.48 4.58

675

1 5.51 13.58 14.29

2.8 4.66 4.75 7.78

4.6 4.62 5.16 10.96

750

1 5.80 10.16 19.18

2.8 5.87 5.74 6.78

4.6 5.05 4.14 4.67

Average 6.11 6.97 10.34

a vibration velocity spectrum, an example of 
which is shown in Figure 14. 

During the analyses of the vibration speed 
amplitudes, an example of which is shown in 
Figure 15, the amplitude values of the first, 
third and sixth harmonic of the rotational speed 
were also compared. In particular, the value of 
the third harmonic amplitude identifying com-
bustion processes in a four-stroke, six-cylinder 
compression-ignition engine should be suscep-
tible to changes in the type of fuel supplied to 
the engine. No regularities related to the type 
of fuel were observed in this case. Therefore, 
the author determined the average values of vi-
bration velocity in the frequency range from 
2 Hz to 1000 Hz, which are presented in the 
Tables 2–5.

CONCLUSIONS

Considering the numerous advantages of 
butanol as an additive to diesel oil described 
in the article, as well as the potential for mass 
and cost-effective production from municipal 
waste in the future, it is imperative to carefully 
consider the issue of its combustion in existing 
ship engines.

Considering that in a marine engine, the com-
bustion process is the primary source of vibra-
tions, affecting not only the engine but also the 
entire vessel structure, it is essential to conduct 
research on the effects of using fuels other than 
fossil fuels and their blends. The need to mini-
mize vessel vibration parameters is crucial for 
ensuring crew safety, operational reliability, and 
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Table 4. Broadband r.m.s values of vibration velocity in the frequency range from 2 Hz to 1000 Hz recorded on 
engine foundation

Foundation

RPM Torque [kNm]
Butanol 0% Butanol 15 % Butanol  30 %

The average value in the frequency range 2–1000 Hz [mm/s]

600

1 2.70 2.60 2.64

2.8 3.39 3.11 3.25

4.6 3.76 3.70 3.72

675

1 4.14 4.10 4.30

2.8 4.73 4.83 5.09

4.6 6.14 5.69 5.88

750

1 2.37 2.33 2.70

2.8 2.95 2.84 3.16

4.6 3.83 3.79 3.84

Average 3.78 3.67 3.84

Table 5. Broadband r.m.s values of vibration velocity in the frequency range from 2 Hz to 1000 Hz recorded on 
engine turbocharger

Turbocharger

RPM Torque [kNm]
Butanol 0% Butanol 15% Butanol  30%

The average value in the frequency range 2–1000 Hz [mm/s]

600

1 5.42 5.66 5.42

2.8 9.49 9.18 8.72

4.6 13.50 12.16 13.21

675

1 9.62 9.56 9.95

2.8 10.86 10.21 10.58

4.6 14.92 14.53 13.21

750

1 7.22 6.85 7.36

2.8 16.82 13.05 10.71

4.6 13.54 12.94 11.10

Average 11.27 10.46 10.03

environmental protection, particularly in light of 
the increasing significance of marine environ-
ment noise pollution in recent times.

The most reliable results are obtained from 
measurements taken at a point located on the en-
gine foundation. This point provides insights into 
the resultant vibrations of all moving components 
associated with engine operation and directly in-
forms about the amplitude values transmitted to the 
engine’s foundation. It is worth noting that most 
main drive engines of large commercial vessels are 
rigidly mounted on foundations without any vibra-
tion-absorbing elements. Results obtained from this 
measurement point indicate only a slight increase 
in average vibration velocity amplitudes (averaged 
for all measurements of a given fuel type) when 
the engine is fueled with a mixture containing 30% 

butanol. Measurements on the turbocharger bearing 
indicate a decrease in vibroactivity with an increase 
in butanol content in the diesel oil, likely due to the 
decrease in maximum combustion pressure as de-
scribed in the literature. Measurements recorded on 
cylinders 1 and 6 indicate an increase in vibration 
parameters with increasing butanol content; how-
ever, this is not confirmed by measurements taken 
at the engine foundation.

The research conducted in this study confirms 
the feasibility of safely using butanol additives 
in diesel oil, maintaining vibration parameters at 
levels similar to those obtained when the engine 
is fueled solely by diesel oil. Further research is 
necessary to explore the effects of higher butanol 
content in the fuel, which the author intends to 
undertake in the near future.
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