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a b s t r a c t

Combustion, noise and vibrations produced by n-Butanol and Oleic Acid Methyl Ester (MO) in Reactivity
Controlled Compression Ignition (RCCI) were investigated. The Cetane Number was determined using a
Constant Volume Combustion Chamber (CVCC) for MO100, ULSD, and n-Butanol and found to be 73.8,
47.2, and 16 respectively. In the case of the MO20Bu80 (Methyl Oleate 20% with 80% n-butanol), the
maximum Apparent Heat Release Rate was higher compared to ULSD Classical Diesel Combustion (CDC),
due to accumulation of fuel in the combustion chamber because of the longer ignition delay and cylinder
and charge cooling effect of n-butanol. RCCI with Methyl-Oleate had a vibrations level of as much 4.5 (m/
s2) higher than ULSD in CDC up to 2k Hz. The sound level found by the Acoustic Array sound level for
MO20Bu80 in combustion was 4 (dB) louder than ULSD in CDC. RCCI was found to have its own acoustic
spectrum compared to CDC, and this is because of the wider range and higher sound levels produced by
RCCI. The study suggests that MO can be used as a surrogate fuel for full body biodiesel in RCCI
combustion.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Noise emitted from environmental, residential, and domestic
sources, can be attributed, but not limited to aircraft, surface
transportation, construction, rail, and manufacturing noise [1]. This
occupational exposure is a leading cause of excessive noise levels
that are generated bymachinery and systems used in industrialized
ltant force from masses in
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d; Fp, Pressure force on the
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of rotation of the crankshaft;
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hamber; CDC, Classical Diesel
dministration.

oloiu).
societies. While few studies have been conducted to determine the
magnitude of number of people being regularly exposed to occu-
pational noise, hearing loss due to regular, systematic exposure has
been documented since before the Industrial Revolution, circa the
1700 [1]. The U.S. Environmental Protection Agency (EPA), Federal
Aviation Administration (FAA), and Federal Highway Administra-
tion (FHWA), along with other federal and local governmental
agencies, have implemented environmental noise codes to lower
day-night average sound levels (DNL) to adequately protect the
public from excessive noise levels that can cause hearing loss due to
prolonged exposure [1]. Occupational Safety and Health Adminis-
tration (OSHA) provides guidelines for a safe work space and gen-
eral environment. They mention that humans can hear a change in
sound at around 3 dB (A) [2].

Diesel engine combustion noise can be attributed, but not
limited to, load, speed, injection strategy, and fuel type to name a
few. In this study, the dual injection strategy Reactivity Controlled
Compression Ignition (RCCI) was used with alternative fuels. RCCI
focuses on the use of a low reactivity fuel (such as an alcohol) to
achieve near homogenous air and fuel in cylinder mixture, low
temperature combustion with multiple ignition points, and
controlled flame propagation by injecting the low reactivity fuel
into the intake engine manifold, with direct injection of high-
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reactivity fuel during the compression stroke [3,4]. These multiple
injection events create a gradual heat release rate, low temperature
heat release, and variable local ignition delay to eliminate non-
homogeneous regions, ultimately reducing combustion tempera-
tures. The renewable fuels used in this researchwere n-butanol, the
low-reactivity fuel, and Methyl-Oleate (MO), used as the high
reactivity fuel. Methyl-Oleate is a fatty acidmethyl ester of the Oleic
Acid and has been chosen as a surrogate for multi-fatty acids
methyl ester (full body biodiesel) because of the Cetane number
medium values easier control. The n-butanol is obtained from non-
food sources and agricultural waste, and has desirable combustion
characteristics such as low NOx and soot, making it a dependable,
potential alternative and sustainable and renewable fuel candidate.

In previously conducted research [5,6], it was determined that
various fuels and/or the injection strategy can produce differences
in the engine noise and vibrations spectrum that can be recorded
by specialized instrumentation: microphones, transducers and ac-
celerometers. Soloiu et al. found that the fuel blends chemical
properties will have a stronger influence than the mechanical
components over the NVH characteristics of combustion events [6].
The type of fuel and blending, the reference methyl ester and n-
butanol chosen, determined how the fuel’s composition affected
the vibrations and this was never studied by any research team. In
addition, changing the two primary injection strategies allowed
more accurate identification of specific sources and locations of
noise & vibrations [7]. Preliminary to NVH analysis, in cylinder
pressures, pressure gradient, and apparent heat release rates
(AHRR) were investigated together with fuel characteristic analysis
and fuel injection strategies to draw information for the NVH
analysis and they are presented in the following chapters.

2. Literature review

2.1. Noise and vibration in engines review

Arnon et al., [8] stated that the vibration range between 500 and
1100 Hz had high correspondence values to the cylinder direction.
This is because the variation in engine speed and load do not have
an effect on this specific frequency range. Furthermore, the fre-
quency range selected for their paper proved to be unaffected by
the engine operating conditions. In addition, they found that the
accelerometer placed in the vertical (cylinder) direction allowed for
the vibration measurement of the combustion process. By using a
geometric model, Kim and Lee [9] noticed that the most noticeable
noise came from the compression wave after the intake valve
closing. This was found by using a simulation tomodel the pressure
waves produced in the cylinder after the compression stroke. They
used a Lagrange interpolation method to allow for better ease of
mesh refinement. Badwi et al. [10] found that the inlet and exhaust
valves close with the same vibrations frequency at 3500 Hz and
open at 1400 Hz with a simulation of a single cylinder diesel engine
at 700 RPM over the course of multiple cycles across time. They also
stated that the gas dynamics contributes to the engine vibration.
Miura et al. [11] found that a four-cylinder in line diesel engine
operating at idling conditions, has noise characteristics that are
heavily influenced from piston slap and the mechanical noise more
so than from combustion. The valve train also was the most major
noise source. The gear rattling is due to the camshaft drive torque.
Goldwine et al. [12] states that the peak vibration potentially
measurable on a variety of an engine envelope performance.
Goldwine et al.’s paper concludes that the ignition timing is an
important factor to study.

Wissink et al. [13] says the ringing noise created by CI
(compression ignition) strategies primarily originates from
circumferential pressure waves. The overall lower noise and power
spectral density of RCCI (reactivity controlled combustion ignition)
is due to the increased reactivity stratification. This increases the
changes in ignition delay, and it elongates the heat release event
and the peak of the heat release rate lowers. The in cylinder com-
bustion pressure, the IVC, the EVC are the most noticeable excita-
tion sources on the cylinder head [14,15]. The valve train noise was
found to be produced by the gear noise rattling. This also agrees
with Miura et al. [11] when it comes to the changes in the camshaft
drive torque. A paper by Chen [16], states that at lower speeds, the
largest noise can come from the valve train noise, and the valve
train noise can correlate to the natural frequencies of the valve
system. He also notes that the impact of the piston to the cylinder is
the largest noise source from a mechanical point-of-view. The
piston slap depends the most on the maximum pressure in the
cylinder and the tolerances between the cylinder and the piston. He
also adds that the in cold start and idle conditions the slap noise is
the most prominent if the cylinder to piston gap is relatively large.
In the table below, he also gives the main frequency ranges of noise
sources for automotive engines.

Adams [17] calculated that an accelerometer, or any displace-
ment transducer, applied to a surface that has rotating component
attached would produce a periodic signal based on the rotational
action of the attached piece. In a study by Soloiu and Jenzer [18]
showed that the active control of torsional vibration is possible
through the pilot injection and delayed combustion timing, and
this has brought about the possibility of using delayed injection
timing in the combustion process in order to control the vibrational
harmonics. The authors are paving the way for the possible con-
siderations of using the various novel injection strategies and
timings to adjust the vibrations and sound produced. In a paper by
Kimura et al. [19], the study produced results that attributed impact
noise and vibration to the influence of the crankshaft on the thrust
bearing made by the axial and torsional vibration of the crankshaft.
This occurred at the 4.5th, 6th, and 9th orders in their chosen test
bed. Their conclusion is that the torsional vibration is a primary
cause to the axial vibration.

In a research conducted by Soloiu et al. [7], with RCCI and NVH
study, he used S-8 synthetic kerosene as high reactivity fuel and n-
butanol as the low reactivity fuel. Their baseline fuel was ULSD#2 in
RCCI with n-butanol. They found that the results from the crank
angle analysis depend on fuels’ properties in the lower frequency
range for combustion. In the overall experiment, the authors found
that the synthetic kerosenewas a viable fuel based upon the overall
sound produced by both fuels. In that paper, the multi-field
microphone was placed in the direction perpendicular to the sin-
gle cylinder axis. In another research paper by Soloiu et al. [5], the
piston normal curve was determined and the piston slap in the
cylinder correlated with the sound levels produced in the cylinder
axis. A paper by Dolatabadi et al. [20] supports these results. In a
paper by Shahabuddin et al. [21], they used biodiesel to show the
effects of its properties on engine performance. Howarth et al. [22]
states that having both vibrations and noise measurements are
beneficial to have a more accurate “prediction” of the total distur-
bance in a NVH evaluation. The study suggests to keep NVH mea-
surements less than a few minutes at lower vibration levels. They
showed that the biodiesel and its blends have an effect on the heat
release rate and peak cylinder pressure are due to the lower heating
value of the biodiesel, this was based on its shorter ignition delay
biodiesels have lower compressibility, higher viscosity, and cetane
number.

2.2. Beamforming literature review

The technique used in this paper is Beamforming or Statistically
Optimized Near-field Acoustical Holography (SONAH). SONAH



Fig. 2. Thermal gravimetric analysis.
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benefits its user by being able to perform in low-frequency ranges
and maintain a low sensitivity to sources outside the calculation
plane with non-uniform grid of microphones [23]. Beam forming is
beneficial because the basis is on the arrangement of microphones.
One of the ways a wider frequency range can be achieved is by
arranging the microphones in a simulated random positions that
uses identical segments that are randomly optimized for the best
results [24,25].

In addition to the knowledge of source location, the microphone
locations used for the array were chosen because the frequency
range is the human hearing range. The “average beamforming
approach” was used because the equipment for this particular
research is for indoor or in-cabin situations [26]. In terms of signal
processing data frommultiple signals, beamforming allows specific
weights to within this study to determine the spatial filtering
characteristics. Much like the Acoustic Array, the beamforming
process filters some of the frequency signals that overlap and
originate from different locations. To provide the statistically op-
timum results with these weights, it is best to provide adaptive
algorithms that will accomplish finding the weights appropriate for
the source and signal amount. However if there is a large amount of
sensors to consider, then computational considerations must be
made in the form of partially adaptive beamforming [27]. For the
FFT in beamforming, it has to be using a set of beams (or signals)
that are fixed, non-overlapping, and simultaneous. If a “spatial FFT,”
is used the case would mean that FFT beamforming is in terms of
space rather than the frequency in which the signals occur [28].

3. Fuel properties

3.1. Physical and chemical properties

The fueling research of the engine with the common rail RCCI
injection strategy consisted of port fuel injection of n-butanol 80%
by mass and 20% by mass of Methyl Oleate (MO20Bu80). As a
reference fueling condition, ULSD#2 was in Classical Diesel Com-
bustion (CDC) mode. In table two, a summary of the fuel properties
is provided and the following subsections will discuss some of the
Fig. 1. Viscosity vs Temperature.
data acquired for this table.
The fuels cetane numbers were determined in house using a PAC

CID 510, Constant Volume Combustion Chamber (CVCC) [29,30].
The American Society for Testing and Materials (ASTM) [31] stan-
dard recommends the following equation (1) to calculate the ce-
tane number obtained by experimentation. This standard requires
the use of a constant volume combustion chamber. The equation
determines the DCN (derived cetane number) by converting the
ignition delay (ID) average and combustion delay (CD) average after
15 cycles by using the multivariable equation seen in equation (1).
Fig. 3. Differential thermal analysis.



Fig. 4. Mie scattering HeeNe laser, experimental set-up.

Fig. 5. Sauter Mean Diameter vs Time.
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According to a paper by Knothe et al. [32], they determined that
the fatty ester compounds derived from branched alcohols have
improved low temperature properties over the straight-chain al-
cohols. The authors also found that the methyl oleic acid had a
cetane number of 59.3 based on one of their preferred standard of
ASTM D613. In a paper by Han et al. [33], diesel to has the lowest
density and viscosity when compared tomethyl Oleate and Laurate.
The authors wrote that the differences in injection delay found
among their test fuels was because of the viscosity, fuel density, and
bulk modulus of compressibility. The pressure oscillation damps
more rapidly for Methyl Oleate due to the aforementioned prop-
erties. The DCN numbers for MO100, ULSD, and n-Butanol were
73.8, 47.2, and 16 respectively.

As can be seen in Fig. 1, MO 100 has the highest viscosity among
the other fuels tested. This is significant because the viscosity will
have an effect on the atomization during the injection and ignition
delay. A study conducted by Jiaqiang et al. [34], showed that the
kinetic viscosity can have an effect on ignition delay and the rela-
tionship saturation levels and combustion as well. The viscosity of
the MO20Bu80 is slightly higher than n-butanol, however the
values of viscosity of MO20BU80 more closely resemble that of
ULSD than MO100. The tests were over a range of temperature
between 22 �C and 90 �C.

Thermal Gravimetric Analysis (TGA) (shown in Fig. 2) and Dif-
ferential Thermal Analysis (DTA), (shown in Fig. 3) were tests used
to evaluate the vaporization characteristics and the endothermic
and exothermic reactions of the fuels respectively. The tests were
over a range of temperature between 23 �C and 600 �C. The TGA-
DTA tests were with a Shimadzu DTG-60 (error ±1%, accuracy
±1). The vaporization curve (TGA) shows that n-butanol vaporizes



Table 1
Typical frequency range of primary noise sources of automotive engines [16].

Noise Source Frequency (Hz) Observations

Combustion Noise 500e8000 Depends on engine load
Piston Slap Noise 2000e8000 Depends on speed and # of cycle
Intake/exhaust Valve 500e2000 Depends on speed and valve design
Cooling fan 200e2000 Depends on blades speed and # of blades
Intake 50e5000 Periodic intake>200 Hz > intake turbulence < l kHz
Exhaust 50e5000 Exhaust turbulence> 1 kHz
Injection Pump 2000 Depends on speed and pump
Gear 4000 Depends on speed and # of teeth
Accessory Belt 3000 Depends on speed, misalignment, slippage/friction coefficient
Timing Belt 3000 Depends on speed and # of teeth

Table 3
Engine specifications. (axis origin: 0 deg. TDC in combustion).

Bore 112 mm

Stroke 115 mm
Number of Cylinder(s) 1
Compression Ratio 16:1
Max Power 23 HP @ 2200 RPM
Cooling System Water
Number of Valves 2
Displacement 1.132 L
Exhaust Valve Open (EVO) 135 CAD
Intake Valve Open (IVO) 360 CAD
Overlap 360e375 CAD
Exhaust Valve Close (EVC) 375 CAD
Intake Valve Close (IVC) 585 CAD
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quickly as the temperature increases, and MO20Bu80, due to
amount of n-butanol (80% by mass of n-butanol), initially has a
similar burn off as the n-butanol up to 130 �C. This burn off could be
due to the effect of MO, as can be seen by the curve produced by
MO100. This makes vaporization completion earlier for the
MO20Bu80 [7,36,37].

In terms of the DTA, the data points that fall noticeably below
zero correlate to endothermic reactions and the peaks correlate to
the exothermic reactions. The fuel that has 80% n-butanol will have
similar vaporization curve as pure n-butanol at (or close to) the
95 �C. The two-stage energy release for MO100 and ULSD originate
from a lean mixture oxidation, and a decomposition of these fuels
in the vaporization process. The heated environment induced by
the temperature range causes this slow oxidation process. In this
case, ULSD has a lower heat of vaporization than MO100; this is
with the consideration that n-butanol, and the mixtures there of,
will have the highest heat of vaporization at the lowest
temperatures.
3.2. Mie scattering by HeeNe laser of spray and mixture formation

The spray has been analyzed by Sauter Mean Diameter (SMD),
standard statistical analysis that evaluates the droplet size distri-
bution and mean diameter of the droplets as the cloud moves away
from the nozzle [38]. Atomization studies commonly use SMD to
get a better understanding of the fuel’s spray pattern and mixture
development andwas done on the neat versions of ULSD#2, Methyl
Oleate and n-butanol alongwith a fuel mixture composed of 20% by
mass of Methyl-oleate and 80% n-butanol. A Mie scattering HeeNe
Laser was the primary equipment used for measuring the SMD
history of the selected fuels coupled with a single injector nozzle at
an injection pressure of 180 bar, utilized to provide a standardized
SMD measurement process [7,37,39]. The fuel was injected into a
standard atmospheric environment (1 atm) at room temperature
(20 �C), and done so at least 15 times per fuel for data collection.
The HeeNe Laser was used in conjunction with a collimating lens
and a collector lens system to focus and collect the beam on to a 32
detector array. The data collection was done with a Malvern in-
strument at a sampling rate of 10 kHz. The size of the droplets were
measured in micrometers (mm), utilizing a statistical analysis of
data post processed with the Fraunhofer Diffraction Theory.
Table 2
Fuel Properties [31,35].

Properties MO100 MO20Bu80 ULSD n-Butanol (100%)

CN 73.8 —— 47.2 16
Density g/cm3 0.87 —— 0.85 0.807
Ignition Delay 2.35 ms 0.86 ms 1.08 ms ——

Viscosity @ 40 ⁰C 4.54 cP 2.16 cP 2.52 cP 2.04 cP
LHV (MJ/kg) 37 —— 44.3 32.5
The time in which data collection occurred was set at 1 ms after
the initiation of the injection event and ended at 2.5 ms. A 3D
schematic of the experimental set-up used is presented in Fig. 4. As
seen in Fig. 5, the SMD for MO100 is on average 5 mm larger than
ULSD which means that the droplets of MO100 have a smaller
surface area than ULSD for the same mass of injected which would
have an effect on ignition delay. This phenomenonwas observed in
the previous CVCC fuel analysis of the selected fuels where MO100
experienced an ignition delay of 2.35 ms versus ULSD at 1.08 ms. N-
butanol was observed to exhibit a smaller SMD than that of MO100
similar to that of ULSD with the majority of the injection event
occurring at a lower SMD.
Fig. 6. Accelerometer placement on valve cover [5].



Fig. 7. NVH set up [5,6].

Fig. 8. PeV diagram with injection timing and durations in RCCI.
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4. Experimental methods

4.1. Experimental engine set-up and NVH set-up

The research in this paper used a single cylinder DI
Fig. 9. Direct injection scheme for RCCI and C
experimental engine instrumented with a common rail system
[29,39], a Kistler 6053 cc piezoelectric uncooled pressure sensor
with a Kistler Type 5010 signal amplifier, an OMRON 3600 pulse
rotary encoder, and Bruel & Kjaer (B&K) transducers (see Table 1).
The B&K transducers involve: an acoustic array (Type 9712 W FEN)
with thirty array microphones (Type 4959), one condenser type
multi-field microphones (Type 4961), and a tri-axial accelerometer
(Type 4527). The data acquisition systems used for the array were
B&K Types 3660-C-100, 2831, 3050-A-060-X, 3053-B-120-X, UA-
2112-060, and UA-2112-120. The data acquisition systems used
for the accelerometer and multi-field microphone analysis were
B&K Types 3050 and 3056. The primary software used to study the
NVH levels produced by the research engine was PULSE Reflex v21.
Combustion analysis was done with an AVL INDICOM and a
YOKOGAWA DL850 DAQ system for the Kistler sensors and Omron
sensor. The sensors have been chosen to cover the frequency
spectrum presented in Table 1 using fuels with characteristics
presented in Table 2. To view the experimental engine specifica-
tions, see Table 3

The accelerometer was placed on the valve cover of the engine
as seen in Fig. 6. With the Z-axis is parallel to the piston axial
motion direction (parallel to cylinder axis), and the X-axis is going
through the center of crankshaft axis and parallel to it. The Y-axis
was the vertical perpendicular on the crankshaft and cylinder axis.
The multi-field microphone was parallel to Z direction and
perpendicular to the XeY plane. The microphone was set at
1000 mm placement away from the engine. The placement of the
DC for all fuels (rate of injection vs CAD).



Fig. 10. In-cylinder pressure and pressure gradient vs crank angle.
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acoustic array was identical to the to the multi-field microphone
placement (see Fig. 7).
4.2. NVH analysis

Constant Percentage Bandwidth (CPB) and Fast Fourier Trans-
form (FFT) analysis were at the forefront of the sound and vibration
analysis. For the crank-angle-domain analysis the pressure, rotary
encoder and the microphones were used to obtain data. In the
crank angle domain, analysis the combustion was set to 0� TDC
reference. Array analysis, much like the CPB, brought more detail in
to the data analysis by looking at each frequency within the
Fig. 11. Apparent heat release vs crank angle.
combustion range of 250 Hz to 2.5 kHz. By looking at the overall
sound emitted by the engine, a better comparative analysis of the
fuels was obtained, and the overall study of the sound produced by
the engine used beamforming and a delay and sum calculation
within the B&K Pulse v21 program. The accelerometer data had a
crank angle analysis and FFT analysis. The reference point (zero is
TDC) was the same as the microphone reference point [40].
4.3. Procedure

The NVH measurements were made at 1500 RPM at 6 bar
indicated mean effective pressure (IMEP) for 15-s increments. The
Coefficient of Variability (COV) for RCCI with Methyl Oleate was
2.06. The COV for ULSD with classical combustion was 1.14. The
recording frequency span was at 25.6 kHz for the crank angle
analysis and 25.6 kHz for the acoustic array analysis.
4.4. Fuel injection strategies

In Fig. 8, the PeV diagram provides a description of the injection
timings during the cycle. PFI of n-butanol was delivered at 340 CAD
Fig. 12. Engine dynamics.



Fig. 13. Engine kinematics.
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BTDC, which is 5 CAD after exhaust valve closing. For a range of 345
to 300 CAD BTDC, the PFI timing was chosen to improve combus-
tion stability, reduce exhaust scavenging, and increasing the timing
led to a rise in COV of IMEP and unburned hydrocarbons. The mass
of n-butanol PFI for RCCI was determined to be 80% by mass for
Methyl-oleate to maintain a CA50 of 6� ATDC, COV beneath 5%, and
the optimization of pressure gradient dp/dalpha. The optimization
of dp/dalpha with PFI% was studied by Liu et al. where it was found
that a higher PFI % led to a decrease in dp/dalpha due to a shift in
combustion phasing of RCCI [41]. The effect PFI% has on combustion
is not only related to pressure but also on emissions as well, and
was investigated by Zheng et al. where it was found that a higher
percentage of n-butanol led to the reduction of emissions of soot
[42]. This ratio for (MO20BU80) was carefully selected based off the
high reactivity of Methyl-oleate and low reactivity of n-butanol that
was observed from both the Constant Volume Combustion Cham-
ber analysis and the following literature sources [30,43e45]. The DI
two injections, shown in green, are for controlling the emissions in
RCCI mode as well as reducing dp/dalpha. The reduction of dp/
dalpha with an optimized DI strategy for RCCI was observed by Liu
et al. where a reduction of mass injected per injection event led to a
decrease in dp/dalpha from the decrease in knocking events [46]. In
Fig. 9, ULSD has a singular injection event only, that is set at the
engine’s OEM specifications in order to maintain the CA50 timing
while for MO100, the first injection pulse was utilized along with
the secondary injection to help facilitate RCCI together with the n-
butanol PFI during the intake stroke as previously stated at 80% by
mass of the total fuel injected.

The duration for the first injection event was optimized taking
into account some results by Han at al [47]; where it was shown
Table 4
Equation list for engine dynamics.

Equation Name

xp ¼ r
h
ð1 � cosaÞ þ L

4
ð1 � cos 2aÞ

i
½m� (Piston

Wp ¼ r,u
h
sina þ L

2
sin 2a

i
½m =s� (Piston

agrp ¼ r,u2ðcosa þ L cos 2aÞ ½m =s2� (Group

FpðaÞ ¼ p

4
,D2½pðaÞ � pcrankcase� ½N� (Force

Fitr ¼ � mtragrp ½N� (Inertia
Ft ¼ Fitr þ Fp ½N� (Total
N ¼ Ft,tanb ½N� (Piston

K ¼ Ft

cosb
½N� (Longit
that Methyl-oleate mass injection rate closely resembled ULSD’s
mass injection rate given a moderate injection pulse-width. How-
ever, the second injection event’s duration is directly controlled by
the ECU’s speed controller in order to maintain a steady 1500 RPM
with only minor differences in injection duration per cycle. The
slight difference in injection duration corresponds to the findings
by Han at al. [48], where it is shown that the time in-between SOI-1
and SOI-2 injection events has an influence on the mass injected
from the effect of the common rail pressure waves caused by the
pilot injection.
5. Results and discussions

5.1. Combustion results

The results presented for the combustion analysis are thosewith
most influence on the engine NVH: in-cylinder pressure and
pressure derivative as seen in Fig. 10, the heat release, and NVH
comparisons. ULSD results are represented in red andMO20Bu80 in
green throughout the paper. In Fig. 10, the Pressure derivative are
the bottom lines and the top two lines are the in-cylinder pressure
[30].

The in-cylinder pressure graphs show that the RCCI injection
strategy has a higher pressure rise than ULSD. This happens due to
the delayed combustion by the n-butanol that absorbs a high
amount of heat for vaporization and has a very low cetane number.
In the initial pressure rise rate the ULSD in combustion showed a
higher-pressure rise rate per CAD than MO20Bu80 [30]. In Fig. 11,
the heat release graphs are presented. In terms of the MO20Bu80
heat release, because of, the longer ignition delay from n-butanol
Number

position) 2

Velocity) 3

piston acceleration) 4

on Piston) 5

Force of piston group) 6
Force on the piston) 7
Normal Force) 8
udinal Force in the Connecting Rod) 9



Fig. 15. Piston slap during crank progression.

Fig. 14. Piston normal force on the cylinder wall/skirt.
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(due to cooling effect of n-butanol seen also in compression pres-
sure BTDC in Fig. 10), and the higher reactivity of Methyl-Oleate as
observed from the CVCC’s investigation, and the effect of oxygen
content onMethyl-Oleates reactivity from a lowered ID as observed
by Allen at al. [45], themaximum apparent heat release rate (AHRR)
is much higher due to accumulation of fuel in the combustion
chamber and Methyl-Oleate’s high rate of combustion, as seen in
Fig. 11 [30]. In conjunction with the diffusion stage of combustion,
while it is very visible with ULSD, in the case of MO20Bu80 it dis-
appears showing only a very large premixed phase of burn.

5.2. Theoretical application

Identifying the origins of the sound produced by the engine
during combustion was required and a theoretical study of the
piston normal force and a breakdown of the forces are presented in
the Figs. 12 and 13, and Equations in Table 4. By deriving the
reciprocating motion, the piston acceleration has been obtained.
Once the forces were acquired, the piston normal force variation
was used for correlation with the combustion sound analysis. The
piston’s normal force (on the skirt) found in this study is presented
in Fig. 14. In addition, the piston does not land flush to the cylinder
when it progresses in translation through the cylinder; the piston
undergoes a tilt that forces the top and bottom edges to hit the
sides of the cylinder. See Fig.15 formore details. The equations used
to obtain the piston normal force on the cylinder are equations 2-9
in Table 4. In addition, Fig. 16 has the exhaust valve and intake-
valve-lift profile [49].

5.3. Campbell plot analysis

For the NVH study, all comparisons for the vibrations correlates
with the Piston Normal Force Curve shown in Fig. 14 and with the
Valves’ Timing, shown in Fig. 16. These two processes are key to
allow some mechanical correlations to be determined during the
engine cycle. In Fig. 15, the piston tilt has been amplified for better
understanding of the slap produced. During this tilt, the top of the
piston and the bottom of the opposite edge of the skirt slap the
cylinder and produce vibrations. The recorded noise from the slap
of the piston skirt has been presented in Fig. 17 at 90 CAD and 450
CAD where individual colored circles represent an engine cycle.

For the noise side of the NVH study, the sounds produced during
the cycle are presented in Campbell plots that show that there are
differences produced by the combustion characteristics of each
fuel. The graphs from Figs. 17e19 can be interpreted as follows: the
X-axis of the graph is following the crank angle during the engine’s
cycle, with 0 as TDC in compression, the left vertical Y-axis repre-
sents the cycle number during recording, and the right hand side Y-
axis represents the intensity level of the data (acceleration or sound
pressure) measured by the equipment. To further assist in



Fig. 16. Valve lift vs crank angle.
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understanding the data representation in the Figs. 17e19: the
diameter of the circles depends on the duration of the sound (in
crank angle degrees) and each circle is produced in a different cycle.
Initial legend concerning various sound sources in the engine is
given on X axis of Fig. 17.

In Fig. 17 the bands for sound during the cycle are presented. At
10 CAD after 0 (TDC) the combustion noise is recorded in the first
band. The next vertical band has the piston slap which occurs at the
90 CAD mark. Slightly before 180 is the sound from the EVO
opening, and the 360 CAD is the IVO and start of valve overlap,
which ends at 375 CAD. At 450 CAD is the next noticeable piston
slap (force on the skirt). At 540 CAD the intake valve closes, and at
Fig. 17. Campbell plot band
10� before 720 CAD the injection event occurs [50].
When one looks closely at the sound levels produced by the

engine with each of these fuels, there is a significant difference
between ULSD and MO20Bu80 in combustion (Fig. 18). In the cyl-
inder direction (Z-axis), MO20Bu80 in combustion the sound is the
highest with pressure measurements as high as 10 Pa. USLD in CDC
has a sound level much lower at 3.2 Pa. This is due to the RCCI
producing more noise in the cylinder due to the physical and
chemical properties of the fuels and the RCCI combustion charac-
teristics. The higher heat release rate for MO20Bu80 that is almost
double of that of the ULSD and the pressures waves from
MO20Bu80 propagating in the cylinder during combustion.
labels for ULSD CDC.



Fig. 18. Mic cylinder ULSD (a) & MO20Bu80 (b).
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In the Fig. 19, (a) & (b), the semi-sinusoidal curves represent the
valves’ motion during the cycle, with overlap at the 360e375 CAD.
The vertical bands in the graphs represent the vibrations recorded
at valves’ overlap and at the injection event before the 720 CAD line.
The MO20Bu80 shows lowest vibrations in the Z-axis (cylinder
direction, (b) graph) compared with the ULSD ((a) graph) since the
intake valve port is wet from n-Butanol PFI.
5.4. Point source measurements

The graphs in the following Fig. 20, confirm the Sound Campbell
plots results. In the top (a) figure, the louder sound for the
MO20Bu80 as much as 10 dB (A) in the cylinder direction was
recorded compared with ULSD in CDC. This could be explained by
higher AHRR of the MO20Bu80 [51]. In the bottom figure (b), the
FFT confirms the CPB graph because at the lower frequencies of the
FFT the mechanical parts in the engine correlate in half orders. The
first peak is the main harmonic (engine speed) in terms of
frequency (25 Hz), and the next peak occurs at half the frequency
distance of the primary frequency. The point source sound tests
from Fig. 20 show the key differences in the mechanical noise and
the overall noise in the cylinder direction of the engine. Overall, the
Methyl Oleate with n-Butanol in RCCI follow the trend of having a
louder combustion event than that of ULSD in CDC. This could be
explained the physical and chemical properties of the combination
of fuels and RCCI combustion characteristics.
5.5. Real-time noise source identification

Combustion noise is the most notable with differences found in
the sound array analysis [14e16]. In the array analysis for com-
bustion only, the RCCI fuel was 6 dB (A) higher than classical diesel
combustion (ULSD) overall. Using frequencies that closely correlate
with sound produced by the engine during combustion, simplifies
the analysis for the acoustic array as can be observed from
Figs. 22e24. Figs. 22e24 focused on the 250e2.5k Hz range that



Fig. 19. Z-axis (cylinder) ULSD (a) & MO20Bu80 (b).
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was observed in previous literature [16] by Chen at al to be the
appropriate combustion range. The yellow colors represent the
highest level of sound and green representing the lowest level of
sound and their location. As can be seen in Figs. 22 and 23,
MO20Bu80 has the higher range of sound for the sample frequency
Fig. 20. Mic confirmation of
chosen. In Fig. 25, the results of the array analysis can be seen. The
fuel that has the most sound produced is the MO20Bu80. The array
analysis, at each frequency chosen, averages the sound produced at
that frequency. Therefore, across the frequency range chosen
MO20Bu80 has a decibel reading of as much as 5 dB above ULSD in
data CPB (a) and FFT (b).



Fig. 21. Sound Array base figure without the results overlapped.
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the central points of the combustion range (400 Hz - 1 kHz). The
image of the engine used in the Acoustic array camera is shown in
Fig. 21 without the db level overlay, for additional clarity.
Fig. 22. 2.5k Hz cylinder acoustic array con

Fig. 23. 800 Hz cylinder ULSD in
The acoustic array analysis (facing the cylinder) displayed noise
differences above the 3 dB (A) threshold at the combustion ranges
established in literature [2]. This concludes that the planar form of
the acoustic array did show that RCCI has its own acoustic spectrum
compared to CDC, and this is because of the wider range and higher
sound levels produced by RCCI. The averaging method allows the
measurement of specific frequencies and pinpointing the sources of
those frequencies. However, the frequency-by-frequency band
analysis shows that Methyl Oleate is louder in combustion
compared to the ULSD in CDC.
5.6. The accelerometer based CPB and fast fourier vibration analysis

For the vibration analysis, using an 1
3 octave bandwidth method

is for the purpose of visibility and better understanding, but the CPB
analysis has basis on the FFT results produced from the acceler-
ometer [52e55]. The bottom axis on each graph (Figs. 26 and 27) is
the frequency at which the vibrations occur, and the left axis dis-
plays the acceleration in logarithmic scale in the top graph. The top
graph has the frequency ranged only to 240 Hz to show the me-
chanical differences in vibrations; in this case, the y-axis of this
graph is in a linear format for easy reading. It is confirmed that RCCI
strategy produces higher accelerations than ULSD in the Z-cylinder
direction as seen in Figs. 26 and 27; the change by the (overall) RCCI
strategy are as much as 2.5 times (on average) the vibrations pro-
duced by the ULSD. This has prevalence in the range from 250 Hz to
2 kHz. The amount in terms of absolute values, they are between 5
(m/s2) and 10 (m/s2) overall difference. In the vibrations graph for
mechanical vibrations (Fig. 26), the highest vibration at the 1500-
rpm (25 Hz) point is the ULSD CDC.
tours ULSD (left), MO20Bu80 (right).

CDC (left) and MO80 (right).



Fig. 24. 630 Hz cylinder ULSD in CDC (left) and MO80 (right).

Fig. 25. Sound Level vs Frequency (Acoustic Array).

Fig. 26. Mechanical vibrations (FFT).
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Fig. 27. Vibrations overall in CPB (a) and FFT (b).
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6. Conclusion

A comprehensive study with n-Butanol and Methyl Oleate in
Combustion, Noise and Vibrations was completed for RCCI in
comparison to ULSD CDC at 1500 RPM under a load of 6 bar IMEP.

The in-cylinder pressure results show that the RCCI strategy has
an increased pressure gradient than ULSD. This happens due to the
increased ignition delay by the n-butanol that absorbs a high
amount of heat to vaporize and it has also a very low cetane
number. As a result, in the case of the MO20Bu80, the maximum
apparent heat release rate is much higher due to accumulation of
fuel in the combustion chamber because of the longer ignition
delay due to cooling effect of n-butanol - phenomenon reflected in
the lower compression pressure BTDC. The diffusion stage of
combustion found in the CDC case, is disappeared in the RCCI
strategy. In concurrence with the diffusion stage of combustion,
while noticeable with ULSD, the diffusion burn of MO20Bu80 fades
showing only a large premixed phase.

For the crank-angle-domain analysis the pressure, rotary
encoder, and microphones were applied to acquire the data. The
significant points of study during the cycle for sound were found to
be at 10 CAD after 0 (TDC) the combustion noise, and the next band
the piston slap occurring at the 90 CADATDC mark. Before 180 CAD
it is the sound from EVO, and the 360 CAD is the IVO and start of
valve overlap. At 450 CAD next perceptible piston slap occurs, and
at 540 CAD the intake valve closes. At 10� before 720 CAD the in-
jection event occurs. In the cylinder direction (Z-axis), MO20Bu80
in combustion has the highest sound pressure measurements at
10 Pa. USLD in combustion achieved a reduced sound level at 3.2 Pa.
For crank-angle-domain with vibrations the MO20Bu80 displays
the lowest vibrations in the cylinder direction compared with the
ULSD.

For the overall point source measurements, the loudest sound is
produced by MO20Bu80 combustion, with values as much as high
10 dB (A) in the cylinder direction comparedwith ULSD in CDC. This
could be explained by higher AHRR and combustion pressure
gradient of the MO20Bu80. Using the CPB analysis confirms the
decibel noise levels produced by changing the fuel in combustion.

Array analysis used a form of CPB analysis to bringmore detail in
to the data by looking at each frequency within the combustion
range of 250 Hz to 2.5 kHz. In the array analysis, for combustion
only, the RCCI fuel produced a 6 dB (A) increase above ULSD overall.
Across the frequency range selected MO20Bu80 has a decibel
reading of 5 dB above ULSD in the central points of the combustion
range (400 Hz - 1 kHz). The acoustic array analysis exhibited noise
differences above the 3 dB (A) threshold at the combustion ranges.
This concludes that the planar method of the acoustic array did
display that RCCI has its particular acoustic spectrum compared to
CDC, and this is because of the wider range and higher sound levels
created by RCCI. The frequency-by-frequency band analysis dis-
plays that Methyl Oleate is louder in combustion compared to the
ULSD in CDC.

The vibrations showed the differences primarily in the com-
bustion range, just like the Acoustic Array band analysis. This study
found that RCCI strategy produces higher accelerations than ULSD
in the Z-cylinder direction. During the piston tilt, the top of the
piston skirt and the bottom of the opposing edge of the skirt slap
the cylinder and produce vibrations. The overall vibrations levels
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for the RCCI injection and combustion strategy are much higher
than those of the ULSD in CDC. The difference produced by the RCCI
strategy are on average 2.5 times higher than the vibrations pro-
duced by the ULSD. This has prevalence in the range from 250 Hz to
2 kHz. The quantity in terms of absolute values, are between 5 (m/
s2) and 10 (m/s2) overall difference. In the vibrations graph for
mechanical vibrations, the peak vibration at the 1500-rpm (25 Hz)
point is the ULSD CDC.

This study showed that Methyl Oleate can be used as an alter-
native fuel for full body biodiesel in RCCI combustion, however
with the cost of a louder combustion than that of ULSD in CDC at
the tested conditions.
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