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HIGHLIGHTS

e The effects of combining hydrogen (5.0%) with diethyl ether, n-butanol, and a diesel blend were studied.
e Direct diesel compression ratios have an impact on performance and emissions.

e Because 5H295DEE has the highest cetane number, it has the smallest ignition delay.

e The findings revealed that as the proportion of H, in the mixtures grew, NOx emissions increased as well.
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ABSTRACT

An effort has been made to simulation a compression ignition engine using hydrogen-diesel,
hydrogen-diethyl ether, hydrogen-n-butanol and base diesel fuel as alternatives. The engine
measured for the simulation is a single cylinder, four stroke, direct injection, diesel engine.
During the simulation the injection timing and engine speed are kept constant at 23°bTDC
and 1500 rpm. Diesel-RK, a piece of commercial software employed for this project, can
forecast an engine emission, performance and combustion characteristics. The examination
of the anticipated outcomes reveals that adding hydrogen to diesel leads in a small increase
in efficiency and fuel consumption. With the usage of hydrogen-blend fuels, the majority of
dangerous pollutants in exhaust are greatly decreased. The shortest ignition delay was
consistently given by SH295DEE. The lowest CO, (578.61 g/kWh) was given by 5H295nB at CR
19.5. Hydrogen blends increase NOx emissions more than base diesel fuel. In the case of
smoke and particulate matter emission, the reduce tendency was seen.
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Introduction

The use of biodiesel-hydrogen blends has attracted consid-
erable attention due to substantial improvement in diesel
engine presentation, combustion, and discharge physiogno-
mies. A dual-fuel machine with hydrogen fumigation was
employed by Dimitriou et al. [1] to reduce NOx emanations.
The outcomes displayed that biodiesel-hydrogen enabled the
engine to be operated with increased EGR rates without pen-
alty for soot emissions. Higher EGR rates could reduce NOx
emission significantly up to 64% with HC and CO also
decreased. Furthermore, since higher EGR rates led to stoi-
chiometric combustion, a reduction in the BTE could also be
avoided at little and average loads. By advancing the ignition
phasing, the efficiency could be improved for the biodiesel-
hydrogen engine; while soot, HC, and CO emanations were
successfully reduced with moderate NOx enhancement
levels. Kanth and Debbarma [2] used a 10% and 20% blend of
rice bran and Karanja oil biodiesel with supplemented
hydrogen at 7 L/min. It was found that hydrogen enrichment
could increase BTE by 2—6%, while fuel consumption was
successfully reduced. Moreover, the presence of H, decreased
the CO and HC emissions by 7—35%. Overall, in the presence of
hydrogen, rice bran oil showed superior results to Karanja
biodiesel. Loganathan et al. [3] The effect of diethyl ether on
hydrogen-enriched cashew nut shell (CNS) oil was investi-
gated, and it was discovered that H, enrichment with CNS oil
did not affect liquid B20, but could increase the BTE and
reduce the CO and HC emissions. The vibration of a vehicle is
also a substantially important aspect of passengers’ safety
and comfort. Hydrogen enrichment could improve the vehicle
vibration characteristic to some extent. In a study, Calik [4]
investigated the vibration behaviors of a diesel engine by
diesel and alternative fuels enriched with hydrogen. It was
found that the use of a diesel-alternative mixture could
decrease the vibration of the engine block. Furthermore, by
adding hydrogen, further reduction of engine vibration was
successfully achieved. Khan et al. [5] attempted to clarify the
effect of biodiesel and oxy-hydrogen (HHO) gas enrichment on
a 315 cc compression ignition engine and found that oxy-
hydrogen enriched diesel could increase the power and tor-
que significantly, while the oxy-hydrogen enriched biodiesel
gave contrary results on the engine efficiency. diesel-
alternative mixture H, enrichment at 2.81 L/min boosted
power and torque by over 3%. It also increased diesel BTE by
approximately 4%. Premature combustion caused by high CCI
biodiesel fuel and HHO resulted in a 2.97% drop in BTE
compared to B5. So B5 was thought to be the best fuel for this
investigation. The addition of nanoparticles to hydrogen-
biodiesel is also an interesting topic. Manigandan et al. [6]
investigated the addition of zinc oxide and titanium dioxide
nanoparticles with hydrogen-biodiesel. The brake power was
found to increase by 22% and 4% using titanium dioxide and
zinc oxide, respectively. Reductions by 18% and 15% in BSFC at
50% engine load were also observed. Additionally, titanium
dioxide and zinc oxide addition to hydrogen-biodiesel reduced
HC emission by 37% and 26%, CO emissions by 26% and 36%,
NOx emissions by 19% and 15%, and smoke opacity by 13%
and 8%, respectively. Combining diesel-biodiesel-silver

thiocyanate nanoparticles-hydrogen peroxide, Elkelawy et al.
[7] found that the AgSCN (SCP1)Nanoparticles/H,0, emulsion
could improve the combustion process with significant lower
NOx emissions.

Glycerol waste, a by-product of alternative production, can
be used to produce hydrogen. Saidi and Moradi [8] used
membrane technology to model glycerol steam reforming.
Glycerol conversion was expedited by increasing operating
temperature and pressure, but it was retarded by a tall feed-
stuff molar and arc ratio. From 350 to 500 °C, hydrogen re-
covery improved from 70% to 95% with a feed molar ratio of 3.
Increasing the arc ratio from 0 to 20 with 350 °C at 1 bar
increased hydrogen recovery from 50% to 71%. Note that
despite the potential of biodiesel-hydrogen blends as biofuel,
biodiesel itself is susceptible to oxidation. In storage and
transportation, it is also prone to produce insoluble which
may change some key fuel properties [9]. For that reason,
partial hydrogenation is a promising approach to improve
biodiesel's corrosion constancy and taciturn movement be-
longings [10]. Using fractional hydrogenation of unsaturated
FAME (H-FAME), Sukjit et al. [11] tried to improve the tribo-
logical characteristic of palm biodiesel. The results indicated
that the molecules of Cis-unsaturated found in H-FAME could
produce a lubricating film that was stable and strong.
Furthermore, the unsaturated molecules decrease in H-FAME
was found to reduce the sensitivity to humidity. H-FAME was
also observed to decrease the severity of corrosive and abra-
sive wear with deposits agglomeration decreased as a result of
using fractional hydrogenation of unsaturated fatty acid
methyl esters. Meng et al. [12] examined the Bell-Evans-
Polanyi (BEP) associations for hydrogen concept responses
by H and OH radicals, aiming to provide speedy estimation
with satisfactory accuracy to several kinetic aspects of bio-
diesel combustion. The results revealed that the developed
BEP correlations could estimate biodiesel molecules thermo-
chemical data accurately with a substantial reduction in
computation load, thus facilitating the kinetic model devel-
opment of biodiesels. Chacko et al. [13] studied engine com-
bustion and emissions with hydrogenation and EHN addition.
Despite its energy-intensive process, the fractional hydroge-
nation provided improved BSFC-NOx-smoke trade-off attri-
butes compared to the EHN. To improve the hydrogenation of
biodiesel, Zhu et al. [14] [Ni(NH3)g](NOs), as a precursor in an
amalgamated bentonite-based nickel catalyst. Using such a
method, they found that the Ni crystallite aggregation on the
catalyst was able to be significantly inhibited with enhance-
ment in the combination of bentonite and nickel. The authors
argued that the [Ni(NHj)g](NOs); anchoring on bentonite
played an important role in facilitating the catalyst activity for
the Jatropha biodiesel hydrogenation.

Ammonia is a good hydrogen transporter that may be
utilized by hydrogen for better ignition. Wang et al. [15]
discovered that adding H, to ammonia might increase the
laminar flame velocity and reduce NOx emission in a marine
compression ignition engine. Natural gas has recently gained
popularity for use in internal combustion engines due to its
low cost, high octane number and high hydrogen carbon
ratio. Wang et al. [16] examined the combustion phasing of a
diesel-natural gas hybrid engine. The results demonstrated
that diesel injection time influenced the entire combustion
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process. The pilot CI injection was advanced to reduce the
natural gas combustion time from 35.5° to 16.5°CA. The
shorter ignition duration of natural gas may have been
attributed to its reduced specific energy consumption. The
use of butanol in internal combustion engines shows a great
promise [17—-19], but the combination of diesel fuel with
biodiesel, butanol and hydrogen needs further investigation.
Saleh [20] on a direct injection compression ignition engine,
we used diesel-jojoba oil-butanol mixed with hydrogen
peroxide. Results revealed that the blend with 5% by jojoba

Hydrogen energy share =

hydrogen energy (SH295DEE), and finally a 95% fraction of n-
butanol with 5% hydrogen energy (5H295nB), all of which were
compared to the base diesel fuel. Using a single-cylinder four-
stroke diesel-engine, the numerical tool of the Diesel RK-
Model programmed was utilized to compare these fraction
mixes. The characteristics of several fuel samples are listed in
Table 1. The fraction of hydrogen dynamism in the energy
assortment can be premeditated by Eq. (1) [36,37]. With a 5%
hydrogen energy contribution, diesel, diethyl-ether, and n-
butanol are used in this study.

Mass flow rate of H, x LHV of H,

0il-8% by butanol (DJ5B8) gave the greatest presentation in
terms of BSFC, EGT and BTE. When 5% of hydrogen bleach
was added toward the DJSB8, further improvement was
achieved [34,35].

Although a number of studies have endeavored to clarify
the consequence of hydrogen amelioration in diesel locomo-
tives fueled with biodiesel, most previous works in the liter-
ature were conducted using edible biodiesel. The use of non-
food-based biodiesel enriched with hydrogen is therefore
worth further investigation. This study investigates adding
hydrogen energy sharing in a single-cylinder diesel-engine
fueled by 5% hydrogen enrichment with diesel, diethyl ether,
and n-butanol for higher load with varied compression ratios
using three distinct ways. The simulated techniques include
(a) adding hydrogen to the diesel fuel, (b) adding hydrogen to
the diethyl ether, and (c) adding hydrogen to the n-butanol.
Using numerical techniques and the Diesel RK Model Soft-
ware, this study aims to maintain engine load, extend diesel
engine performance, and reduce pollutants while decreasing
hydrogen energy and fuel consumption.

Materials and methods

In this investigation, four samples were used to generate basic
diesel fuel blends: diesel, hydrogen, diethyl ether (DEE), and n-
butanol. First, a 95% fraction of base diesel with 5% hydrogen
energy (5H295BD), then a 95% fraction of diethyl ether with 5%

Table 1 — ASTM standards were used to measure the
properties of various fuels.

Property Diesel Hydrogen Diethyl n-butanol
ether
Viscosity, (mm?/s) 3.80 0.0083 0.23 2.2
at 40 °C
Flash-point, (°C) 61.2 585 —45 36
Density, (kg/m°) 838.0  0.084 713.0 810.0
at15°C
Calorific value, (MJ/kg) 43.1 119-120 33.9 34.0
Cetane number 45-55 5-10 125.0 25.0

- - 1
Mass flow rate of H, x LHV of H, + Mass flow rate of diesel x LHV of diesel 1)

Engine system and test procedure

Completely of the tests were accepted out on a single-
cylinder, 4-stroke, direct-injection diesel engine at an influ-
ence output of 3.5 kW with rpm of 1500. The technical minu-
tiae and schematic of the test machine arrangement were
depicted in Table 2 and Fig. 1. Correspondingly. The engine is
linked to an AC dynamometer to deliver brake load. The test
combinations were inserted directly into the ignition cylinder
through the prevailing injection arrangement at constant fuel
injection pressure and temperature. A solenoid-controlled
automated burette between the fuel pump and the machine
energy chamber, as well as a differential pressure feeler in the
air box, were used to assess air utilization. An outpouring
container dampens engine vibrations and maintains stable
airflow through the intake manifold. To ration the in-cylinder
gas pressures, a piezoelectric-pressure feeler (Kistler) was
tight-fitted to the cylinder head and linked to a charge
amplifier. The heat release rates were calculated using 1D
thermodynamic models grounded on the unhurried chamber
pressure. Fig. 1 depicts the numerical and experimentally
obtained in-cylinder pressure and NOx emission under
various compression ratios at 1500 rpm and 3.5 kW. It is clear
that the numerical results are in excellent agreement with the
experimental data, particularly when the diesel is fueled with
CR17.5.

The prepared fuel blends are tested under various engine
loads. Preliminary to each test, the engine is run with BD100

Table 2 — Engine operating parameters.

Bore, stroke 87.5 mm, 110 mm

Connecting rod length 234.0 mm

Compression ratio 15.5-19.5

Cooling method water

Model TV1

Connecting Rod length 234 mm

Rate speed 1500 rpm

Swept Volume 661.45 (cc)

Fuel type Diesel, biodiesel, and hydrogen
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Fig. 1 — Engine under test.

Table 3 — Parameter uncertainty.

Parameter Uncertainty
Smoke meter +1.0%
Speed indicator +1.0%
Temperature +0.15%
Pressure transducer +0.5%
NOx +0.5%
Load gauge +0.2%
Heat value measurement +1.0%
Crank Angle encoder +0.2%

CO, +1.0%
Burette fitted measurement +0.5%

for 15 min to make sure the dependability of attained statis-
tics. The experiment values are taken after the engine reached
a steady-state condition. All tailpipe exhausts are evaluated in
a real-time manner using the AVL444 exhaust gas analyzer.

Experiment uncertainty

Experimental uncertainties can happen for a variety of rea-
sons. The uncertainties instigated by instruments second-
hand to test countless strictures throughout the study is one
of them. If puq, ny ... py are allied uncertainties through separate
strictures, Eq. evaluations the entire uncertainties () of the
experimentation (2). Table 3 [23,38,39] shows the parameter
estimation errors. Table 3 shows the uncertainties of all
measured measurements. There was a total uncertainty of
2.2% in the testing.

Uncertainty (u) = Square root of [(uncertainty of CP

sensor)? + uncertainty of power)? + uncertainty of fuel
consumption)? + (uncertainty of temperature

sensor)? + (uncertainty of ID)? + (uncertainty of

HRR)? + (uncertainty of smoke meter)? + (uncertainty of H,.
)? + (uncertainty of air flow)? + (uncertainty of

speed)? + (uncertainty of crank encoder)?]. )

Uncertainty (u) = Square root of
[(0.5)% + 0.5)% + 0.5)% + (0.15)% + (0.7)
2 4 (1.0)% + (1.0)% + (0.5)% + (0.5)* + (1.0)> + (0.2)3].

Combustion analysis

In the Diesel-RK program, thermodynamic models that are
based on the first law of thermodynamics are utilized to
examine engine performance characteristics. Temperature,
heatrelease rate, pressure, ignition delay, and other necessary
characteristics are assessed in relation to crank angle or in
relation to time. Semi-empirical correlations drawn from
experimental findings are used to account for the engine
friction and heat transmission. Multi-zone modeling is used to
replicate the engine's internal combustion process. The
following conservation equations from Fiveland and Assanis
are accounted for in the model [40].

Equations in the Diesel-RK software
The mass fraction evaluation and destruction of each species

are part of the species conservation equations (3)—(8)
[22,40—42].

%L? _ )ij ®3)
Y= % (4)
S ©
85 = WiV (©)
Y- Z () (! - ye) 4 W 7)
d(zﬁu) _ P% N dthht . szjhj 8

Equation (8) shows energy conservation. The left side rep-
resents the system's energy change rate. The one, two, and
three footings on the accurate indicate movement-effort,
heat-transfer and enthalpy-flow.

o = (A/F) _ (ma/mf) (9)
A )
FMEP =& + BPpax + vVp (10)
m;
SFC = P—bJ (11)

It is the proportion of real to stoichiometric air-fuel pro-
portion in equation (9). As illustrated in the equation, the
FMEP is determined (10). The BSFC equation is by way of fol-
lows: (11). Because the burning of energy in an IC machine
happens in stages, the following governing equations 12—15
are used to compute heat release in the cycle in this model.

(1) Delay phase of ignition:
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The following formula is used to calculate the auto ignition
delay period:

T E 70
_ 601 _ -4 2 a___
t=38x10"°(1-1.6x10 .n)\/;exp<8‘312T CN+25>
(12)

(2) A phase of premixed-combustion:

During the premixed-combustion period, the HRR is
increased thru:

d
Ti:wo % (AO (mf/Vi> X (O'Md —Xo) X (0.1 X Oyd +Xo)) + o1

x (‘;) (13)

(3) Controlled combustion period of mixing:

The HRR during the mixing regulated ignition stage can be
calculated as follows:

g x (‘fﬂi) +orx (A <mf/vc> x (7= X) (an)> (14)

The HRR throughout the late burning stage period is pro-

vided by:
dx
ar #3A3K7 (1 — X)(aep — X) (15)

There is a period equation for each of these four phases.
Constants ¢0 = ¢1 = ¢2 = ¢3 = over time, these functions
describe the completion of fuel vapour combustion.

The chain Zeldovich technique is used to determine the
thermal NO, as shown in equations 16 and 17. The set of
equations also comprises fourteen-symmetry calculations,
three material balance equations, and three material balance
equations, in addition to the Dalton partial pressure equation.

[05] < [20]
[N] + [O] < [NO] + [N] (16)
[N] + [0,] < [NO] + [O]

38020 2
dNO] Px2333x107.e % Ny 0] {1 (#5) }

1
o RT, (1+38.% {9l w W
The NO concentration in a cylinder is given by:
I'no, = TNoThe (18)
The specific NO in g/kWh is calculated as follows:
X X
eno :W (19)
Soot formation

Unburned hydrocarbons cause soot to form in diesel engines,
posing a serious health risk and polluting the environment.
The Hatridge smoke level may be used to calculate soot pro-
duction [20,21]. The equation is used to calculate the genera-
tion of soot in the burning zone.

diC]y _ q. dx
<F> - 0.004 = (20)
Hartridge = 100{1 — 0.9545exp(—2.4226[C])} (21)

The Diesel-RK programmed uses equation (22) to deter-
mine the particulate matter by way of the meaning of Bosch-
Number.

(22)

1.206
[PM]:565<1n 10 )

10 — BN

Validation of tool

To implement the Diesel RK-model numerical tool in the
present investigation, an appropriate validation is mandatory.
Hence, a comparative analysis is made between the data
attained by experimentation and numerical tool. Fig. 2 com-
pares experimental and numerically determined cylinder
pressure and NOx exhaust levels. With CR, the change in-
cylinder pressure and NOx emissions followed the same
trend in both experimental and computational tests (Fig. 2).

120
(a) =—-—-Experimental —-—- Numerical
—_
s
2 90 4 T
2 % —
o 4 N N,
5 ;7 SO
2 S/
@ | Vi W .
14 R %%
- [ S5
= 2 1\
P N B B
3 60 - i) RN
= il ¢ B
= ' W
= Ay Nl
) r Y
g v\
.__.lr WA
”’ L
W% N,
30 4 g ADNL TN
_/-’ \'\
./-’
L.~

T T T T T T T
330 340 350 360 370 380 390 400

Crank angle (deg.)
4000
(b) B Experimental ® Numerical
3500 —
E
&, 3000
=)
A (]
=
2 o -
2 2500 - ° ° ° u
£ = "
@ u
»
Q© 2000
4
1500 o
1000 T T T T T
CRI15.5 CR16.5 CR17.5 CRI18.5 CR19.5

Compression Ratios

Fig. 2 — Tool validation with cylinder pressure vs. crank
angle (a) and NOx emission (b) at different CRs.
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The discrepancy between the values of these studies is in the
range of 5.01 to 4.2%. Thus, from this comparative investiga-
tion, it is concluded that the adoption of the Diesel RK-
software numerical tool is reasonably precise for further
investigation.

Results and discussion
Cylinder pressure

One of the most critical combustion factors in an internal
ignition machine is the highest combustion pressure. Fig. 3
shows the highest combustion pressure of the four investi-
gated fuels (5SH295BD, 5H295DEE, 5H295nB, and BD100) at five
changed compression ratios (CR): 15.5, 16.5, 17.5, 18.5, and
19.5. In general, two different trends are observed in Fig. 3.
Both 5H295BD and 5H295nB show a steady increase in the
peak cylinder pressure with the increased compression ratio,
while SH,D95EE and BD100 show nearly the same trend except
that they experience reduction at a certain compression ratio
before increasing once again. At the highest CR 19.5, all the
energy shows the highest peak cylinder pressure with the
exception of 5SH295DEE where its highest value (136 bar) is
given at CR 19.5. The in-cylinder pressure delivery is only
marginally impacted by raising the CR when there is a high
load. With the CR, the peak cylinder pressure rose. This is
primarily because there was significantly more trapped
flammable gas under the high-load condition. The benefits of
raising the CR were consistent with the high load because the
in-cylinder temperature and pressure at the end of the
compression stroke were also substantially higher at the high
load [53,54].

On the other hand, the lowest peak in-cylinder pressure of
all (70.9 bar) is given by SH295nB at CR 15.5. The reason for the
lowest peak in-cylinder pressure of 5H295nB at CR 15.5 could
be due to the cooling effect of n-butanol resulting from its
relatively high latent heat of vaporization, thus reducing the
highest combustion temperature. Also, note that the low
compression ratio is known to have relatively low tempera-
ture as a result of its increased clearance volume [43—45].

180 4
—M—5H295BD

—@— 5H295DEE
—A- 5H295nB
150 o{ -y~ BD100

9]
=]
1

Peak cylinder pressure (bar)
g 8
1 1

w
o
1

T T T T T
CRI15.5 CR16.5 CR17.5 CR18.5 CR19.5

Compression Ratios

Fig. 3 — Peak cylinder pressure vs. compression ratios.

Therefore, the cooling effect of n-butanol coupled with lower
temperature resulting from the use of a low compression ratio
resulted in the most reduction of highest combustion pressure
for 5H, 95 nB at CR 15.5.

Brake thermal efficiency

The ratio of brake power (BP) to heat input (BD100) with five
different compression ratios is known as braking thermal
efficiency (BTE) (15.5, 16.5, 17.5, 18.5, and 19.5) in Fig. 4.
Despite slight fluctuation given by BD100 and 5H295DEE, all
fuels show minor variation in BTE with the increased
compression ratio. The BTE at the lowest and the lowest
compression ratios of such fuel were 34.08 and 28.47%,
respectively. The difference is around 11%, thus considered
as significant. Notably, for all compression ratios, 5SH295nB
consistently gives the greatest BTE, whereas 5H295DEE al-
ways gives the lowest. Specifically, the highest BTE (36.9%) is
given by 5H295nB at CR 19.5, while the lowest BTE (28.47%) is
given by SH295DEE at CR 15.5. With the addition of hydrogen
as a source of energy, thermal efficiency was improved due to
more thorough combustion [40].

Brake-specific fuel consumption

The efficiency of an internal combustion engine is measured
by brake-specific fuel consumption (BSFC). The BSFC is
determined by dividing the fuel consumption rate (g/h) by the
brake power produced (kW), yielding a unit in g/kWh. Fig. 5
shows the specific fuel consumption of fuels (5H295BD,
5H295DEE, 5H295nB and BD100) at five changed compression-
ratios: 15.5, 16.5, 17.5, 18.5 and 19.5. Insignificant alterations
are seen for 5H295nB and 5H295BD. The lowest BSFC is
consistently provided by 5H295BD, whereas the greatest BSFC
is regularly provided by 5H295DEE. Particularly, SH295DEE at
CR 17.5 provides the highest BSFC (333.45 g/kWh), whereas
5H295BD at CR 15.5 provides the lowest BSFC (231.84 g/kWh).
The high cetane number of diethyl ether may have contrib-
uted to the maximum SFC supplied by 5SH295DEE, which led to
a shorter ignition delay and negatively impacted the frater-
nization process between the energy and the air. The outcome

50
—H—5H295BD

~@— 5H295DEE
45 - —A— 5H295nB

40 +

w
O
1

BTE (%)
8
L

N
[
1

20 +

10 T T T T T
CRI155 CR16.5 CRI17.5 CRI18.5 CR19.5

Compression Ratios

Fig. 4 — BTE vs. compression ratios.

j.ijjhydene.2022.07.144

Please cite this article as: Rajak U et al., Numerical and experimental investigation of hydrogen enrichment in a dual-fueled CI engine: A
detailed combustion, performance, and emission discussion, International Journal of Hydrogen Energy, https://doi.org/10.1016/



https://doi.org/10.1016/j.ijhydene.2022.07.144

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX 7

500
—M-5H295BD

—@— 5H295DEE
—A- 5H295nB
- BD100

400 +

SFC (g/kWh)
1

200

100

T T T T T
CR15.5 CR16.5 CR17.5 CR18.5 CR19.5

Compression Ratios

Fig. 5 — BSFC vs. compression ratios.

of adding diethyl ether to diesel fuel was a greater fuel con-
sumption rate. By using hydrogen energy, particular fuel uti-
lization is decreased at each compression ratio. Hydrogen
reduces fuel consumption since it has a calorific value that is
three times higher than base diesel [37,24,46].

Exhaust gas temperature

EGTisanexhaust gas temperature measurement at the exhaust
manifold. Since it varies with the air-fuel ratio, it can be there-
fore used to control the mixture between the air and fuel flow-
inginto the cylinder. Fig. 6 shows the exhaust gas temperature
of the four investigated fuels (5SH295BD, 5H295DEE, 5H295nB,
and BD100) at five changed compression ratios: 15.5, 16.5, 17.5,
18.5, and 19.5. No significant variations are shown for all the
fuels throughout the entire compression ratios.

The highest EGT is consistently given by BD100, whereas
that of the lowest is always given by 5H295DEE. Specifically,
the highest EGT (792.66 K) is given by BD100 at CR 17.5, while

1200 =
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Fig. 6 — EGT vs. compression ratios.

the lowest EGT (630.79 K) is given by 5H295DEE at CR 19.5.
Therefore, the difference between the highest (792.66 K) and
lowest EGT (630.79 K) is around 26%. Due to improved com-
bustion characteristics brought on by higher combustion
temperature and pressure, the BTE increased, even more,
resulting in a higher CR. This was explained by a more effi-
cient combustion process in dual-fuel mode, which was fol-
lowed by an increase in the combustion temperature inside
the machine chamber [31].

Ignition delay

The ignition delay in a compression explosion machine refers
to the old-fashioned flinch of inoculation and the onset of
combustion. The ignition delay of the four examined fuels
(SH295BD, SH295DEE, 5H295nB, and BD100) is shown in Fig. 7
for five changed compression ratios: 15.5, 16.5, 17.5, 18.5, and
19.5. With the increasing compression ratios, three fuels
S5H295BD, 5H295nB, and BD100 show an analogous decreasing
trend. The longest ignition delay is consistently given by
SH295nB, whereas that of the shortest is always given by
SH295DEE. Specifically, the longest ignition delay (15.028 deg.) is
given by 5SH295nB at CR 15.5, while the shortest (2.1677 deg.) is
given by S5H295DEE at CR 19.5. Therefore, the difference be-
tween the longest (15.028 deg.) and shortest ignition delay
(2.1677 deg.) is considerably significant. SH295DEE has the least
ignition delay of all examined fuels outstanding to its high ce-
tane number. In addition to that, the higher compression ratio
is known to increase the in-cylinder temperature that in turn
could further shorten the ignition delay [47—49].

Therefore, the shortest ignition delay was given by fuel
with the highest cetane number (SH295DEE) at the highest
compression ratio (CR 19.5). Furthermore, note that at CR 15.5,
the difference of ignition delay between fuel that produced the
longest and the shortest ID is around. However, as the
compression ratio is increasing, the discrepancy between
those two values becomes smaller, reducing at CR 19.5 with no
significant reduction observed for the addition of 5.0% diethyl
ether.

30
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Fig. 7 — ID vs. compression ratios.
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Carbon dioxide emissions

Carbon Dioxide (CO,) is a colorless, incombustible, and odor-
less gas produced from carbon oxidation. Extra CO, in the
atmosphere raises the greenhouse effect, trapping radiation
and creating ozone at ground level, thus preventing the earth
from cooling. Fig. 8 shows the CO, of the four investigated
fuels (5H295BD, SH295DEE, 5H295nB and BD100) at five
changed compression-ratios: 15.5, 16.5, 17.5, 18.5 and 19.5. No
significant variations are shown for all the fuels throughout
the entire compression ratios. The highest CO, is consistently
given by BD100, whereas that of the lowest is always given by
SH295nB. Specifically, the highest CO, (815.5 g/kWh) is given
by BD100 at CR 19.5, while the lowest CO, (581.31 g/kWh) is
given by 5H295nB; were at CR 15.5. Therefore, the difference
between the highest and lowest CO, is only around 28.71%.

The fact that 5H295nB produced the lowest level of CO,
emission could be due to its lower calorific value and higher
density for obtaining the same engine power output, thus
releasingless energy. It is known that CO, emission decreases
with an increase in BTE. Referring to BTE results discussed
previously in which 5H295nB has the highest BTE of all the
investigated fuels, the trend of CO, emission presented in
Fig. 8 clearly confirms the inverse relationship between BTE
and CO, emissions. The deficiency of carbon atoms in
hydrogen, greater hydrogen/carbon ratio, littler ignition time,
and improved combustion efficiency are all reasonable origins
of lower CO, levels. In other words, using hydrogen reduces
the amount of carbon available in the combustion [50].

Smoke emissions

In compression ignition engines, smoke emission is greatly
dependent on fuel atomization and O, deficiency. Fig. 9 shows
the smoke emissions of the four investigated fuels (5SH295BD,
SH295DEE, 5H295nB, and BD100) at five changed compression
ratios: 15.5, 16.5, 17.5, 18.5, and 19.5. Almost on par trend is
given by 5SH295DEE and BD100. No significant change in smoke
emission is produced by 5SH295BD throughout all compression
ratios, while a steady decrease is given by SH295nB. The highest
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Fig. 8 — Carbon dioxide emission vs. compression ratios.
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Fig. 9 — Smoke emission vs. compression ratios.

smoke emission is given by BD100 (3.78 BSN), whereas that of
the lowest is given by 5H295nB (1.7105 BSN); both were at CR
19.5. Therefore, the difference between the highest (3.7989 BSN)
and lowest smoke emission (1.7105 BSN) is around 122%. The
addition of 5% hydrogen is the only blend that shows a
consistent decrease with the increasing compression ratio.
This tendency could be attributed to its lower carbon and
higher oxygen content. Also, a higher compression ratio was
believed to enhance the air density and in-cylinder tempera-
ture, foremost to improve fuel/air fraternization, which pro-
moted more complete combustion, thus reducing smoke
emissions. Similar results were reported in Refs. [25—27].

Oxides of nitrogen emissions

The NOx emission formation greatly depends on the
maximum temperature of the gases inside the fire chamber as
well as the reaction time available. Fig. 10 shows the NOx
emission of the four investigated fuels (SH295BD, 5H295DEE,
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Fig. 10 — NOx vs. compression ratios.
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SH295nB and BD100) at five changed compression-ratios: 15.5,
16.5, 17.5, 18.5 and 19.5. Both 5H295BD and 5H295DEE experi-
ence a comparable trend as the compression ratio is
increasing from 15.5 to 19.5. Nearly the same trend is observed
for BD100. Interestingly, unlike other fuels whose level of NOx
emission was at the lowest compression ratio, 5H295BD
shows a gradual increase with the highest NOx level produced
at CR 19.5. The highest NOx emission (3697.9 ppm) is given by
SH295BD at CR 19.5, whereas that of the lowest (1924.8 ppm) is
given by 5H295nB at CR 15.5. The lowest NOx emission given
by 5H295nB at CR15.5 could be due to its longest ignition delay
as mentioned previously. This led to less residual gas and wall
temperature, thus reducing the NOx emission. This is in
agreement with previous results reported by Venu and Mad-
havan [28]. N-butanol's high latent heat of vaporization and its
cooling effect may also be the reasons for such NOx reduction.
High oxygen concentration has an impact on NOx generation.
However, alternative fuel has a lower heating value than
diesel fuel, and its high moisture content also contributed to
lessened NOx generation. Alternative fuel's high moisture
content absorbs combustion heat and lowers post-
combustion temperatures. The reaction between nitrogen
and oxygen molecules was slowed considerably by this situ-
ation. The load grew along with the amount of fuel injected,
which also raised the post-combustion temperature and NOx
emissions. With CR, the NOx emission rose [53,54].

Note that at CR 15.5, the difference in NOx level between
fuel that produced the highest and the lowest value is around
56%. This is because as the compression ratio increased, the
clearance volume decreased, raising the pressure and tem-
perature inside the cylinder and compensating for the cooling
impact of n-high butanol latent heat of vaporization. One
possible explanation for the spike in NOx levels is a greater
flame temperature of hydrogen in the cylinder [30,51].

PM emissions

Particulate Matter (PM) is a combination of liquid droplets and
solid particles floating in the atmosphere. Exposure to PM can
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Fig. 11 — PM vs. compression ratios.

severely affect both lungs and heart, causing premature
death. Fig. 11 shows the PM emissions of the four investigated
fuels (SH295BD, SH295DEE, S5H295nB and BD100) at five
changed compression-ratios: 15.5, 16.5, 17.5, 18.5 and 19.5.
Each fuel shows a different trend throughout the entire
compression ratio. In most cases, the highest PM emission
was produced by BD100, while that of the lowest was emitted
by 5H295nB. Specifically, the highest PM emission (0.86 g/
kWh) was given by BD100 at CR19.5, while the lowest (0.47 g/
kWh) was given by 5H295nB; at CR 15.5. Therefore, the dif-
ference between the highest (0.86 g/kWh) and lowest PM
emission (0.47 g/kWh) is 45.3%. However, as the compression
ratio is increasing, the discrepancy between those two values
becomes significantly bigger at CR 19.5. Significant PM
reduction given by 5H295nB at CR 19.5 could be attributed to
the increased in-cylinder temperatures resulting from a high
compression ratio, thus promoting post-combustion oxida-
tion. The extra oxygen content in n-butanol further facilitated
more complete combustion, thus helping to reduce the PM
emissions [40]. Hence, a higher in-cylinder resulting from a
high compression ratio along with n-butanol extra O, content
resulted in significant PM emission reduction for SH295nB at
CR 19.5.

Conclusion

Using 5% hydrogen energy sharing with base diesel, diethyl
ether extraction at various compression ratios was investi-
gated (CR15.5-CR19.5). The study's findings are presented
below:

e All the tested blends, which peaked at CR 19.5, and all
analyzed fuels demonstrated the highest in-cylinder peak
pressure in the study's increase in peak cylinder pressure
with increasing compression ratio.

Although BD100 and 5H295DEE showed some modest

fluctuation, all fuels displayed negligible changes in BTE as

the compression ratio increased. 5H295nB consistently
gave the highest BTE, while SH295DEE consistently deliv-
ered the lowest.

e The BSFC tended to rise along with the increase in engine
CRs. Additionally, the BSFC's tendency to use hydrogen
energy to base diesel was significantly diminished. No
significant disparities in EGT were shown for all the fuels.
The highest temperature of exhaust gas was 792.66 K given
by BD100 at CR 17.5, while the lowest EGT was 630.79 K
provided by 5SH295DEE at CR 19.5.

e Three fuels—5H295BD, 5H295nB, and BD100—showed an
identical decreasing tendency in terms of the ignition
delay, while 5H295DEE saw minimal alterations. SH295DEE
consistently provided the ignition delay with the shortest
time.

e BD100 displayed the highest CO, (802.85 g/kWh), while
5H295nB displayed the lowest CO, (578.61 g/kWh); both
were at CR 19.5. Therefore, there wasn't much of a differ-
ence in CO, between the highest (802.85 g/kWh) and lowest
(578.61 g/kWh), only about 39%.

e With an increase in CR from 15:5 to 19.5, hazardous NOx
emission steadily improved. Due to increased combustion
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pressure and temperature, higher CR was associated with
higher NOx production.

e Each fuel displayed a distinct pattern in terms of PM
emissions over the course of all compression ratios. Most
of the time, BD100 produced the highest PM emissions,
awhereas 5H295nB produced the lowest.
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Abbreviation

BD100 Base diesel fuel 100%

5H295BD 5% hydrogen and 95% base diesel
5H295DEE 5% hydrogen and 95% diethyl ether
5H295nB 5% hydrogen and 95% n-Butanol
rpm Revolution per minute

CR Compression ratio

BTE Brake thermal efficiency

BSFC Brake specific fuel consumption

MPRR  Maximum pressure rise rate

CO, Carbon dioxide

NOx Oxides of nitrogen

PM Particulate matter

EGT Exhaust gas temperature

ID Ignition delay

Ao, A1, A, Empirical factors

BN Bosch number

Sy Net generation rate of the ith species (kg/sec)

Ea Apparent activation energy for the auto ignition
process (kJ/kmole)

Ty temperature in a burnt gas zone (K)

V; and V. Cylinder volumes at injection timing and top dead
centre (cm®)

X Fraction of fuel burnt

Xo Fraction of burnt fuel during ignition delay

Y; Mass fraction

Kt Evaporation constant

N3], Equilibrium concentrations of an molecular nitrogen

[NOJ, Equilibrium concentrations of an oxide of nitrogen

(0], Equilibrium concentrations of molecular oxygen
(0], Equilibrium concentrations of atomic oxygen
Yicy1 Stoichiometric coefficients on the reactant side
Y] Stoichiometric coefficients on the product side
o Air-fuel equivalence ratio

Time (second)

Density (kg/m®)

v Specific volume (m3/kg)

¢ Crank angle (degree)

w Angular crank velocity (rpm)

£ Cylinder air charge usage efficiency

Oud oy Fuel fractions evaporated during ignition delay

period and up
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