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PERFORMANCE COMPARISON BETWEEN HYDROGEN
AND DIESEL FUEL FUELLED COMPRESSION IGNITION
ENGINE

lonel MIRICA?, Alexandru CERNAT?, Constantin PANA®, Niculae
NEGURESCU*, Cristian NUTU®

Due to its combustion properties, the hydrogen has a great potential for the
improving energetically and emissions performance of compression ignition engine.
In this respect, the paper presents comparative results of the experimental
researches carried on a truck compression ignition engine fuelled with diesel fuel or
with hydrogen and diesel fuel at 40% engine partial load. The hydrogen is injected
in engine intake manifold and the diesel fuel is injected into combustion chamber
assuring the ignition of the hydrogen. The obtained experimental results show that
the engine fuelled with hydrogen in addition at fuel diesel has better energetically
and pollution performance than the standard engine. Are shown the influences of
hydrogen addition engine operate.
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1. Introduction

The most significant effect of the pollution due to the internal combustion
engines is represented by the pollutants emissions, which are caused by the
imperfection of the fuel combustion. The hydrocarbons HC, the carbon monoxide
CO, the nitrogen oxides NOy, the particles PM and the smoke are main pollutants
of the diesel engine. The CO, is considered greenhouse gas emission. It has been
even estimated the contribution of the automotive transportation to the
environment degradation. Special laws are promoted nowadays in order to restrict
the level of the pollutants emissions by applying an efficient control of the
processes inside the engine cylinder. The problem of applying certain measures to
limit the pollutants emissions is generally difficult because of the great number of
influencing factors and because of the opposite influence of some factors on
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different categories of emissions. Various strategies were applied to reduce
environmental pollution [1, 2], most researcher’s recommending the use of the
alternative fuels [3-7]. The benefit of diesel engine is obvious especially in cases
of using alternative fuels such as hydrogen which does not content sulphur and
carbon and produces substantially diminished emissions. The great interest in the
decrease of the pollutants emissions, which are responsible for greenhouse effect,
justifies the efforts of the specialists for the use with high efficiency of the
hydrogen in diesel engines.

Hydrogen is considered a privileged alternative fuel due to its properties,
table 1, which makes it the cleanest fuel and due to its unlimited producing
resources [8, 9, 10]. Due to its proprieties it seems very possible to reach
homogenous air-fuels mixtures during the pre-formed phase of the carburant
mixtures combustion. Therefore it is possible to decrease the soot and CO;
emissions by using hydrogen in diesel engine at the same energetic level achieved
when only diesel fuel is used.

Due to higher autoignition of the hydrogen, it can not be use as single fuel
at the diesel engine, being necessary an ignition source [11, 12]. The best simple
method of hydrogen use at the diesel engine is diesel-gas method; the hydrogen is
injected in the intake manifold, as addition at diesel fuel and it is ignited from the
flame initiated through diesel fuel autoignition. Another diesel-gas method
advantage is the higher air-hydrogen mixture homogeneity, being assured all
conditions for a reliable engine run- good mixture formation, a reliable ignition of
hydrogen and an efficient combustion.

The experimental researches carried out on compression ignition engines
fuelled with hydrogen have highlighted certain specific aspects of the combustion
comparative to diesel fuel: at small percents of substitute ratio of diesel fuel by
hydrogen the maximum pressure slightly increases (2%) due to more rapid
combustion of air- fuel mixture and of the decrease of auto ignition delay of diesel
fuel [13]. If the percent of substitute ratio of diesel fuel by hydrogen is greater, at
small engine loads the maximum pressure and maximum pressure rise rate
decrease because of the reduce of diesel fuel dose and of increase of auto ignition
delay [14]; the rapid increase of the peak pressure and of the maximum pressure
rise rate due to the higher combustion rate of hydrogen compared to other fuels at
higher engine loads [15]. Through hydrogen addition optimization, the both
measures can be used to avoid knock combustion; spontaneous ignition followed
by backfire (the uncontrolled ignition occurring at hydrogen fuelled engines can
be caused by the hot elements existing in the inlet system or even in the cylinder)
[16]; in-cylinder pre-ignition followed by rapid pressure increase during the
compression stroke that leads to a loss of the engine efficiency [16]. The thermal
efficiency increases at the increases of hydrogen addition in cycle fuel dose, at the
same engine speed and load, due to the improvement of combustion process
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(hydrogen has a great diffusivity, the hydrogen-air mixture is homogeneous and
hydrogen has better combustion proprieties which assures the decreases of the
duration of combustion process).

Table 1
Properties of hydrogen and diesel fuel [10]
Property Diesel fuel Hydrogen
Molecular weight, [kg/kmol] 226 2.016
Stoichiometric A/F ratio, [kg air/kg fuel] 14.7 34.32
Density at 0°C and
760 mmHg, [kg/m®] 820-860 0.0899
Ignition limits in air, at 20 °C and % vol. 4.1-75.6
760 mm Hg M...As | 0,34...1,68 0.136...10.12
Laminar flame speed in air (A=1), at 20 °C and 237
760 mm Hg [m/s] '
Cetane Number 45-55
Minimum ignition energy in air [mJ] 0.2-0.3 0.15
Heat of vaporization [kJ/kg] 250-314 458.1
Boiling temperature, °C, la 101300 Pa 180-359 -253
Autoignition temperature, [K] 473...493 845
Lower Heating Value | stoichiometric fuel-air 3344 3979
(gas at 0°C and mixture [kJ/m?]
760mmHg)
[kJ/kg] 41800 119 600

Thus, Haroun A.K. Shahad and Nabeel Abdul-Hadi made an experiment
on a diesel engine with hydrogen manifold injection and show that thermal
efficiency accented increases (~ 40%) at the 60-80% engine loads, but at higher
loads it reduces dramatically because of the incomplete combustion of richer
mixture [12]. The heat release rate for hydrogen is much higher comparative to
diesel fuel due to its instantaneous combustion.

At use of the hydrogen in addition with diesel fuel, CO, HC and smoke
emissions level decreases due to improvement of the combustion, but CO,
emission slight increases [17]. The NOy emissions increase with hydrogen
addition percent at higher engine loads only when the gas temperature is over the
temperature for NOy formation [18].

2. Experimental research
The experimental research has been followed on the D2156 MTN8 engine

at the operating regimen of 40% load -53 £2% kW - engine speed of 1400 +2%
rpm and normal thermal regimen (80 °C cooling agent temperature). The engine
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was mounted on a test bench equipped with an eddy-current dynamometer and
appropriately instrumented with: data acquisition system, thermometers,
thermocouples, thermo resistances and manometers monitoring the engine
functional parameters, air flow meter, hydrogen flow meter, gas-oil consumption
device and gas analyzer. Fig. 1 shows the scheme of the experimental bench.
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Fig. 1. The scheme of the experimental bench
1. Hydrogen bottle 2.Weight balance; 3. Hydrogen valve; 4. Diesel fuel valve; 5. Diesel fuel tank;
6. Pressure regulator; 7. Diesel fuel supplying pump; 8. Manometer high pressure; 9. Diesel fuel
filter; 10. Low pressure manometer; 11. AVL DiCom 4000 gas analyzer; 12. Gas recirculation
valve; 13. Meriam air flowmeter; 14. Differential manometer for turbocharging pressure
measuring; 15-16. Turbo-compressor group; 17. Dynamometer water cooling valve; 18. Water
circulation pump for dynamometer cooling; 19. Diesel fuel injection pump; 20. Hydrogen pipe; 21.
Incremental speed transducer; 22. Ventilator 23. Cooling liquid radiator; 24. Couple; 25. Hoffman
eddy-current dynamometer; 26. D2156 MTNB8 diesel engine; 27. Water circulation pump for the
engine cooling; 28. Kistler piezoelectric pressure transducer; 29. Injector; 30. Kistler charge
amplifier; 31. PC with Keithley acquisition board; 32. Dynamometer controller; 33. Dynamometer
power cell; 34. Diesel fuel pipe; a) Inlet air temperature indicator; b) Exhaust gas temperature
indicator; ¢) Oil temperature indicator; d) Oil pressure indicator; €) Water cooling temperature
indicator

3. Results and discussions

The engine was fuelled firstly only fuel diesel, then with diesel fuel and
hydrogen at different rate between 9.12 L/min and 39.6L/min corresponding some
percents of substitute energetic ratios of diesel fuel by hydrogen of 1.14%, 2.62%,
3.73% and 4.81%.
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Fig. 2 presents the variation of in-cylinder pressure at the engine fuelled
only with diesel fuel and with diesel fuel-hydrogen (21 L/min hydrogen rate) at a
percent of substitute ratio of diesel fuel by hydrogen of 2.62% for which the brake
specific energetic consumption (BSEC) has minimum value.

ouU

A

0 /J — diesel fuel
j — Hydrogen Q=21L/min

-
el

A
4

p [bar]

SN

—
a— \

(e)

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
alpha [deg. CA]

Fig. 2. Pressure diagrams at the engine regime of 40% load and 1400 min™ speed

The percents of diesel fuel substitute ratios with hydrogen being small, the
maximum pressure increases and the maximum pressure rise rate slightly
increases, Fig.3, 4, due to the increase of the amount of fuel which burns in the
pre mixed combustion faze and of the auto ignition delay decreases comparison to
diesel fuel engine.

The minimum brake specific energetic consumption is smaller than one of
diesel fuel engine with ~8 %, fig 5, due to combustion improvement. For exemple,
for 21 L/min hydrogen rate (BSECmin) the combustion duration is smaller with
11% to standard diesel engine and heat release peak rate is higher with 10.45%,
fig. 6; for same operating regimen the available heat on cycle is smaller. Same
effects on the combustion found and for 1...3% hydrogen additions for which
BSEC has near values of minimum value.

In Fig. 6 is presented the heat release rate characteristic for the percent of
substitute ratio of diesel fuel with hydrogen of 2.62 % at which BSEC has a
minimum value. At hydrogen use, the heat release rate increases with the rise of
diesel fuel substitute ratio percent due to a better combustion.
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Fig. 3. Maximum pressure vs. different substitute ratios x,, at the engine regime
of 40% load and 1400 min™speed
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Fig. 4. Maximum pressure rise rate vs. different substitute ratios X, at the engine regime of 40%
load and 1400 min™ speed
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Fig. 5. Break Specific Energetic Consumption vs. different substitute ratios x., at the engine
regime of 40% load and 1400 min™ speed
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Fig. 6. Heat release rate characteristics at the engine regime of 40% load and 1400 min™
speed

The maximum heat release rate it is with 8% higher at the engine running
with hydrogen in addition comparative to the diesel fuel engine due to the higher
combustion velocity of hydrogen and of the premixed combustion faze weight
increases. The investigated engine is equipped with Meurer combustion chamber.

At this combustion proceed is known the fact that the preformed mixtures
are in small quantity and the trend of the heat release rate has an aspect specific.
At the hydrogen adding, the auto ignition delay decreases and the heat release rate
increases at the combustion beginning when firstly burn the preformed mixtures;
in continuation the combustion is developed after M proceed.

Fig. 7 shows the variation of NOx emissions level. With hydrogen-diesel
oil dual fuelling operation mode NO emissions level decreases with 12%
comparative to diesel engine at 40% load for a 2.62% percent of substitute ratio of
diesel fuel by hydrogen. Similar results were obtained and by other researchers.
Thus, Lambe and Watson [3] and Tomita et al [19] have reported considerable
reductions in NOx emissions level at the engine operate with hydrogen addition.

The high effect of the temperature on the NOx emissions formation is
known. At the engine small loads the diesel-fuel cycle dose is reduced. At the
hydrogen adding, at the same engine load, the cycle dose of diesel fuel and the
combustion duration decrease. For the investigated engine operating regimen
(small engine load and hydrogen additions) the combustion duration for which the
heat release rate is greater than at the engine operate with diesel fuel is shorter.
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Fig. 7. NO, emission level vs. different substitute ratios X, at the engine regime of 40% load and
1400 min™* speed

The authors explication regarding the NOy emissions level decrease at the
engine operate with small hydrogen quantities in addition is the fact that though
the hydrogen burns fast and the temperature increases is avoided NOy emissions
formation due to a shorter duration of the combustion and high temperatures are
registered only for short time ~1.8 ms. Same explication is given by Georgios
Pechlivanoglou :“the combustion is so rapid that the high temperatures exist only
for approx. 2ms” [20]. Whatson [3] and Thalibi et al. [17] explains NOx decrease
at the hydrogen adding through the increase of the mole fraction of water vapours
in the combustion products produced at the hydrogen combustion which absorb
energy released from combustion and thus the peak combustion temperatures
decrease [17].

At the hydrogen addition increase the temperature effect regard the NOy
formation is high because the heat release is greater and high temperatures time
duration increases. Thus is explained the NOy emissions level increase at percents
of substitute ratio of diesel fuel by hydrogen greater of 3%.
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Fig. 8. Smoke emission level vs. different substitute ratios x., at the engine regime of 40% load
and 1400 min™ speed
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Fig. 9. HC emission level vs. different substitute ratios X, at the engine regime of 40% load and
1400 min™ speed
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Fig. 10. CO emission level vs. different substitute ratios X, at the engine regime of 40% engine
load and 1400 min™ speed

The variation of smoke, HC and CO emissions level is shown in fig. 8, 9, 10. The
smoke and HC emissions level slowly decreases comparative to diesel fuelled
engine due to combustion improvement and the lower content of carbon in the
fuel-air mixture. The reduction of HC emission level is and due to the higher
burning velocity of hydrogen, which amplifies the diesel fuel burning at small
engine loads. The reduction of smoke emission level is and due to the fact the
hydrogen forms a homogeneous mixture during combustion rather than the
heterogeneous mixture specific diesel engine. Hydrogen assists diesel fuel during
the combustion process to obtain a greater reduction of the smoke value [14].
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The variation of CO with different substitute ratios is shown in fig. 10,
emission level being constant.

4, Conclusions

Experimental investigations were conducted on a truck diesel engine with
hydrogen in the dual fuel mode (hydrogen was injected in the intake manifold),
under constant load and speed engine operation (40% load and 1400 rpm). The
engine was fuelled with diesel fuel and hydrogen at different rate between 9.12
L/min and 39.6L/min representing some percents of substitute energetic ratios of
diesel fuel by hydrogen of 1.14%, 2.62%, 3.73% and 4.81%.

The following conclusions of the experimental research could be
formulated:

- hydrogen in dual fuel operation showed a decrease of the minimum
brake specific energetic consumption by about 8 % compared to
standard diesel engine

- at the hydrogen-diesel oil dual fuelling operation mode NOy
emissions level decreases with 12% comparative to diesel engine for
a 2.62% percent of substitute ratio of diesel fuel by hydrogen

- the HC and smoke emissions level slowly decreases at the hydrogen
addition increase compared to standard diesel engine

- hydrogen in addition at diesel fuel is a promising alternative fuel for
compression ignition engines

- the use of the hydrogen in addition at diesel fuel by diesel-gas
fuelling method doesn’t required major engine design modifications.
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