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Abstract. As a solution to reduce the energy crisis and environmental pollution the hydrogen usage has been studied 
by various researchers. Hydrogen it is a fuel with low ignition energy, high combustion rate and wide 
inflammability limit. The focus of this paper is trying to analyze the main properties of hydrogen and the 
combustion properties by collecting experimental data from different rapports. The paper analyses form research 
rapports in-cylinder pressure, flame developing duration and combustion duration, heat release rate and effective 
thermal efficiency.  
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1. INTRODUCTION 

The increase energy usage in different parts of 
the world coupled with the rising of the quality of 
life makes difficult the use of fossil fuel to fulfill this 
trend. Also the reliance on the energy obtained from 
classic fuels rise a concern about unwanted side 
effects such as global warming and environment 
deterioration. Therefore, there is an interest in 
alternative energy for various applications [1,2]. 
The use of hydrogen as a renewable fuel source meet 
the environmental controls of exhaust emissions for 
engines used in automotive industry [3,4]. The 
hydrogen used in the engine can be produced from 
any source. Since the fuel doesn’t have a carbon 
component the hydrogen can resolve the CO2 and 
energy problems [5]. Compared with gasoline the 
hydrogen has different properties (Table 1). The 
lower heating values have a value four times greater 
than gasoline, higher octane number and low 
density. To maintain the engine output power is 
necessary an engine upsizing for use only on 
hydrogen. Due to the density of hydrogen the on-
board storage of large quantities present a problem 
for car manufacturers. Also the flammability limits 
of hydrogen are very wide and this fuel can be used 
as a supplement under lean conditions [6]. Hydrogen 
can be used as only fuel or additional fuel. In dual 
fuel three main methods can be used continuous 
hydrogen injection, hydrogen manifold injection, 
and direct hydrogen injection. By using the first two 
methods there are some problems such as backfiring, 
knocking and poor power output. By using direct  

hydrogen injection these problems can be overcome 

but is needed a new high-pressure injector which 
can resist to high pressure and temperature in 

cylinder and the modification of the cylinder head 
[7,8]. Ali Mohammadi et al. [9] used a method of 

direct injection into a single cylinder and studied the 
effects of injection timing, engine performances and 

emission characteristics. This method showed that 
the backfire of hydrogen was reduced, a high 

thermal efficiency and a decrease of NOx emission. 
As a disadvantage the hydrogen use show a decrease 

of the total net power outputs due to its gaseous state 

which don’t allow a large mass injection. Bose and 
Maji [10] studied on a single cylinder engine the 

injection of hydrogen in the intake manifold via a 
solenoid valve. The results obtained at 20%, 40%, 

60% and 80% load conditions suggested an increase 
in the thermal efficiency and a decrease in CO, CO2, 

THC, and soot emissions. Shivaprasad et al. [11] 
reported in their researches that the addition of 

hydrogen by 20% by volume improves the engine 
brake torque and brake thermal efficiency. At 25% 

by volume the brake power decreased due to the 
large quantity of hydrogen that decreases the air 

content. Christodoulou and Megaritis [12] on a 4-
cylinder diesel engine added hydrogen between 2% 

up to 8% on volume basis. The results obtained 
suggest a reduction in smoke and CO emissions and 

an increase in NOx. Zhao et al. [13] reported that in 

all condition of load the hydrogen addition reduces 
the particulate matter and emissions in proportion 

up to 90% especially over small load range. 
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Table I  

Properties of hydrogen and gasoline at 1 atm  

and 298 K [6] 

Property Hydrogen 

(gas) 

Gasoline 

(liquid) 

Formula  H2 CnH1.87n 

Density  (kg/m3) 0.0839 720-780 

Minimum ignition energy (mJ) 0.02 0.24 

Auto ignition temperature in air (K) 858 550 

Adiabatic flame temperature (K) 2383 2266 

Laminar flame speed (s) 1.70 ~0.35 

Lean limit in air  10 ~1.4 

Quenching distance (mm) 0.64 ~2 

Stoichiometric air-fuel mass ratio 34.2 ~14.6 

Lower heating value (MJ/kg) 120 44 

Volumetric energy content (MJ/m3) 2.98 ~3.64 

Research octane number above 100 90-98 

2. COMBUSTION PROCESS  

ANALYSIS 

1.2. In-cylinder pressure 

Renxu Niu et al. [14] studied the hydrogen 

addition on a spark-ignited with four cylinders 

engine at five different hydrogen fractions (3.9%, 

5.3%, 7.2%, 8.9%, and 10.5%) with different excess 

air ratios (1, 1.2, and 1.5) conditions. It can be seen 

from Fig. 1 that peak in-cylinder pressure increased 

after hydrogen addition under different excess air 

ratios. This lies in combustion characteristics of 

hydrogen which accelerate the combustion process 

of mixture so more fuel could be burned in a shorter 

period. In conclusion in-cylinder pressure is higher 

than pure gasoline.  

 

Fig. 1. Variation of in-cylinder pressure for different hydrogen additional fractions. 
 

Tarkan Sandalc and al. [15] studied in a single 

cylinder diesel engine four different hydrogen 

levels (0%, 16%, 36% and 46% H2) and found for 

this values a peak cylindrical pressure of 53.4 bar, 

57.5 bar, 66.5 bar and 72.9 bar, respectively (Fig.2). 

The arithmetic mean was calculated based on at 

least 100 experiments. This rise of cylindrical 

pressure is in relation with the added hydrogen 

quantity and is a consequence of high laminar flame 

speed of hydrogen. 

Navale et al. [16] reported on a single cylinder, 

four stroke engine an increase of peak pressure at 

hydrogen usage A peak pressure for hydrogen is 

29.44 bar at crank angle 375° and peak pressure of 

gasoline is 21.64 bars at crank angle 384° (Fig.3). 

The higher pressure with rapid combustion is due to 

increase of flame speed because hydrogen has a 

higher energy content per volume. 

 
 

Fig.2 Variation of the in-cylinder pressure  

with crank angle according to several hydrogen energy 

fractions at a 1300 rpm constant engine speed and 5.1 kW 

constant indicated powers [15] 



Dan GHEORGHE, Marin BICĂ, Dragoș TUTUNEA, Alexandru DIMA 

 

 

16  TERMOTEHNICA    1/2017 

 

 
 

Fig. 3. Variation in net heat release rate with crank [16]. 

2.2. Flame developing duration  

and combustion duration 

Yaodong et al. [17] reported that flame de-

velopment duration decreases significantly after 

adding hydrogen because hydrogen has low ignition 

energy which make easy to form flame nucleus. At 

same equivalence ratio the blend of hydrogen and 

gasoline ignites more easily than gasoline alone 

(Fig.4). The flame development duration is relevant 

with hydrogen volume fraction without taking 

account by the gasoline injection quantity.  
 

 
 

Fig. 4. Effect of hydrogen addition fraction on flame 

development duration at different equivalence ratio [17] 

 

Venkateswarlu et al. [18] reported a decrease of 

combustion duration especially to high flame 

velocity of the hydrogen. This trend is due to the 

increasing hydrogen energy share which leads to an 

improve of the reaction rate with the production of 

free radicals at high temperatures (Fig.5). Also in 

another study [17] researchers reported a shortened 

combustion duration at higher hydrogen content 

under the same equivalence ratio. 

 
 

Fig. 5. Effect of hydrogen addition fraction on rapid 
combustion duration at different equivalence ratio [17] 

2.3. Heat release rate 

Tarkan Sandalcı et al. [15] studied the rate of 
heat release for various hydrogen contents. For 
diesel fuel three main phases are noticed the 
premixed combustion, mixing controlled 
combustion and late combustion. In the case of 
hydrogen addition a premixed combustion phase in 
explosive type is observed. This combustion rise 
problems with detonation. The addition of H2 was 
shown to accelerate the rapid initiation of the 
premixed combustion and the increase of the heat 
release rate (Fig.6).   

 

 
 

Fig. 6. Variation of the heat release rate with crank angle 
according to several hydrogen energy fractions at a 1300 rpm 
constant engine speed and 5.1 kW constant indicated power 

[15]. 
 

Yasin Karagoz et al. [7] studied the effect of 
various percentage of hydrogen on heat-release rate 
related to crank angle at a 1100 rpm engine speed 
and full engine load (Fig.7). The values of peak 
heat-release-rate increases with the increase of 
hydrogen content and explosive type combustion 
are observed. This type of combustion rise problems 
with as knock, backfiring, and pre-ignition of the 
fuel.  
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Fig. 7. Effect of different percentage of hydrogen enrichment 

on heat release rate related to crank angle at 1100 rpm engine 
speed and full engine load [7]. 

 

Navale SJ et al. [16] studied the effect of 

hydrogen at a 1400 rpm engine speed function of 
crank position on the net heat release rate. The fast 

combustion rate cause relatively high rate of heat 
release in a small time interval (Fig.8).  

 

 
 

Fig. 8. Variation in net heat release rate with crank angle  

(at full load and engine speed 1400 rpm) [7]. 

2.4 Effective thermal efficiency 

Renxu Niu et al. [14] reported that the addition 
of hydrogen had important effect on effective 

thermal efficiency. The effective thermal efficiency 
rises with the increase of hydrogen due to the 

improvement on combustion stability. The injection 
of hydrogen with formation of a hydrogen-enriched 

zone around the spark plug ensures a wide spread 

range of flame. At lambda = 1.8, effective thermal 
efficiency sharply rises from 18% to 31% with the 

increase of hydrogen from 3.9% to 10.5% (Fig.9). 

Yaodong Du et al. [17] reported that under the 

same equivalence ratio the effective thermal effi-

ciency increases with the increase of hydrogen 

addition. At the addition of hydrogen of 11.09% the 

effective thermal efficiency increases with 12% 

compared to gasoline (Fig.10). The reason of this 

trend is that the hydrogen has high flame 

propagation speed, shortened combustion duration 

and burns more fully than gasoline. When the 

hydrogen fraction is constant on all the period, the 

effective thermal efficiency increases and then 

decreases with the increase of equivalence ratio. 

 

 
 

Fig. 9. Effective thermal efficiency versus hydrogen additional 

fraction under different excess air ratios [14]. 

 

 
 

Fig. 10. Effective Thermal efficiency versus hydrogen 

addition fraction at different equivalence ratio [17]. 

3. CONCLUSION 

Through this review paper the following conclu-

sions are drawn based on the literature information: 

- Most studies have reported an increase of in-

cylinder pressure with the increase in hydrogen 

addition due to high laminar flame speed and 

improved combustion at high and moderate loads; 

- Most authors have also reported that when 

adding hydrogen thermal efficiency of the engine 

increases significantly at high and moderate loads 

whereas the efficiency decreases at low loads; 

- The majority of studies have noted that the 

increase of hydrogen addition in fuel enhances the 

heat release rate.  
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