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Abstract: One of the methods to reduce the emissions in a diesel engine is by 
oxygen introduction into the combustion chamber which can be done by supplying 
the oxygen into the inlet manifold during suction stroke. Oxygen affects different 
parameters such as brake thermal efficiency, fuel consumption, NOx and smoke at 
different load conditions. Load test was conducted for various concentrations of 
oxygen (21 to 27 percent) in terms of 2%. It is found that oxygen enrichment leads 
to better combustion which in turn results in less fuel consumption and an increase 
in brake thermal efficiency. It was found that about 25% oxygen enrichment in the 
inlet air results in the optimum performance and emission characteristics. The 
result shows that varying oxygen enrichment in the inlet air increases brake 
thermal efficiency and subsequently decreases brake specific fuel consumption. It 
was also found that an oxide of nitrogen (NOx) increases exponentially whereas 
smoke intensity falls bellow the normal level.  
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1 INTRODUCTION 

In most combustion processes, various kinds of 
hydrocarbon fuels are used. Regarding fossil fuel 
combustion, due to increasing concerns over 
environmental pollutants such as soot particulates, 
carbon monoxide, unburned hydrocarbon, nitrogen 
oxides and sulfur dioxide, development of emission 
reduction methods has become an imminent issue for 
practical application to numerous combustion devices. 
Reduction of engine emissions is a major research 
aspect in engine development with the increasing 
concern on environmental protection and the stringent 
exhaust gas regulations.  
It is difficult to reduce all emissions simultaneously in 
normal Diesel engines. Many in-cylinder and exhaust 
post-treatment techniques are currently being 
investigated to reduce NOx and smoke emissions to the 
acceptable levels. Altering the composition of air 
provides automotive engineers to solve difficult 
environmental problems. 
One prospective method to reduce Diesel engine 
emissions is to use oxygenated alternative fuels or to 
add the oxygenated fuels in the Diesel fuel to provide 
more oxygen during combustion. Oxygenated 
alternative fuels like biodiesel, ethanol, dimethyl-ether, 
methanol and Fischer-Tropsch diesel fuel and 
oxygenated fuel additives have been utilized for 
reduction of Diesel engine emissions[1]-[18]. 
Another technology for emission reduction from diesel 
engine is oxygen enrichment of intake air. Several 
scientists reported that low emission and high energy 
efficiency could be achieved if oxygen enriched air was 
used in order to induce the complete combustion [19]-
[26]. The oxygen enriched air can be obtained by using 
the oxygen membrane through which oxygen can 
permeate more than nitrogen. There have been several 
studies on the application of gas membranes to the 
internal engine in order to figure out the effects of 
oxygen enriched air on the emission gases [19], [20].  
Watson, et al conducted experiments with oxygen-
enriched air (up to 30% O2 by volume). They achieved 
about 80% reduction in smoke at full load and 5% to 
12% increase of thermal efficiency and also a decrease 
of CO and HC emissions. However, NOx increased due 
to the increase of oxygen concentration and cycle 
temperatures [21]. 
Poola, et al. conducted experiments with oxygen 
enriched air in a SI engine to mainly reduce HC and 
CO emissions. It had a great advantage in the period 
where the catalytic converter temperature was below 
light off level. They achieved about 60% to 70% 
reduction in HC and CO emission levels with an 
increase of 23% of oxygen by volume [22]. 
Donahue and Foster concluded that oxygen enrichment 
increases NOx through increased temperatures and 

oxygen concentration. It decreases particulates through 
reduced fuel pyrolysis and increased soot oxidation. 
Increased oxygen concentration had a thermal and 
dilution effect on NOx emissions and it was concluded 
that optimising the injection timing could have further 
improvements [23]. 
In this study, the effects of enriched oxygen on the 
emission gas of a diesel engine were investigated. The 
diesel engine used in this study was a single-cylinder 
one. 

2 EXPERIMANTAL PROCEDURE  

Test engine used in the experiments is a single cylinder 
four-stroke, naturally aspirated, constant speed 
compression ignition engine, coupled to a three-phase 
alternator for its loading. The experimental set-up is 
shown in block diagram in Figure 1. Engine was tested 
at a rated speed of 1500 rpm. The exhaust gas was sent 
to the smoke meter and gas analyzer to measure smoke 
density, CO, NOX, etc. The readings taken during each 
set of experiments was used for the calculation of brake 
specific consumption, thermal efficiency, and other 
engine characteristics. Every experiment was repeated 
3 times and readings of experiments for every 
parameter were almost the same. 
 
 

 
(1) Oxygen cylinder; (2) Gas flow meter; (3) Mixing chamber; (4) 
engine; (5) Exhaust gas thermometer; (6) Orifice meter; (7) NOx 
meter; (8) Smoke meter; (9) Exhaust; (10) Pressure gauge; and (11) 
to atmosphere 

Fig. 1 Experimental set-up 
 
 
When the test engine reached stable condition and 
preparations and settings for the measurements were 
finished the experiments started. The type of 
experiment is a study state engine test. Application of 
loads included five levels: 20%, 40%, 60%, 80% and 
100% loads respectively. In each load level, 
measurements of different parameters were carried out. 
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The general specifications of the engine are given in 
Table 1. A temperature gauge was connected to the 
exhaust manifold of the engine to measure the exhaust 
gas temperature. 
In the present study, the effects of oxygen enrichment 
in the intake air content in diesel combustion and 
emissions were studied separately at different loads in a 
DI diesel engine at a constant speed of 1500 rpm. The 
oxygen concentration of the intake air was increased by 
injecting pure oxygen from a compressed cylinder to 
the mixing chamber. To ensure effective oxygen 
enrichment, the pure oxygen was injected directly 
through mixing chamber in its inlet and the intake air 
oxygen concentration was measured properly using gas 
flow meter. 
The aim was to see if a suitable oxygen concentration 
could be suggested to improve the performance of the 
engine and reduce its emissions. The emission changes 
with various oxygen concentrations (21-27%) were 
measured. Higher oxygen enrichment levels needs 
special engine modifications because of the higher 
output temperature which is expected to be produced. 
Properties and characteristics of diesel fuel that was 
used in the experiments are shown in Table 2. 
 

Table 1 Transitions selected for thermometry 
 
Engine Type 

four-stroke cycle, naturally 
aspirated, compressed ignition 
diesel engine 

Number of cylinders single 
Bore, mm 85 

Stroke, mm 107 
Cubic capacity, cc 607 
Compression ratio 17 

Speed, rpm 1500 
Power, kW 4/5 

BHP 6 
 
 

Table 2 Transitions selected for thermometry 
Fuel Property Diesel oil

Density at 15oC(kg/m3) 840 
HHV (MJ/kg) 44.65MJ/kg 
LHV (MJ/kg) 42.15MJ/kg 

Viscosity(mm2/s) 3.647 
Compression ratio 17 

Flash Point(oC) 64 
Pour Point(oC) -6 

C (wt%) 85.0 
H (wt%) 13.0 

Sulfur content (wt%) 0.85 
N (wt%) 0.0 

Water content (mg/kg) 97 

3 THEORETICAL INVESTIGATION 

Chemical formulation of the fuel was determined 
approximately as 

5.232.13 HC . In equation (1) the chemical 
reaction of the fuel with atmospheric air is expressed 
as: 
 

                             (1)
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By increasing oxygen concentration, equation (1) can 
be expressed as: 
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where “e” is oxygen fraction in intake air. After 
determining the enthalpy of fuel formation, the 
theoretical heat transfer from combustion at different 
oxygen concentrations in intake air can be calculated. 
When oxygen enriched air is used the heat that is 
released is determined as qenrich and ratio of q/ qenrich is 
determined as “y “. The calculation results of heat 
transfer for different oxygen concentration levels are 
summarized in Table 3. 
 

Table 3 Results of theoretical calculation 
e ath q (kJ/kmol) q (kJ/kg) y 

     
0.21 90.83 -3911753.2 -21505 1 
0.23 82.93 -4187733.6 -23022.2 0.934 
0.25 76.30 -441919397.7 -24295.7 0.885 
0.27 70.65 -4616803.6 -25381 0.847 

4 RESULTS AND DISCUSSION 

By increasing oxygen concentration in intake air the 
heat that is released from combustion reaction, is also 
increased. By assuming heat transfer from combustion, 
the same for all oxygen concentration levels, the rate of 
fuel consumption is reduced along with increasing 
oxygen concentration in intake air.  We can determine 
the percent of fuel consumption with respect to the 
initial state in which pure air with 21% oxygen by 
volume had been used. By increasing the amount of 
oxygen from 21% to 27%, variation of fuel 
consumption rate in different loads can be seen in 
Figure 2. As depicted in Table 4, the practical fuel 
consumption achieved for different oxygen 
concentration levels is compared to theoretical 
calculations. 
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Fig. 2 Fuel consumption rate with load 

 
Table 4 Fuel consumption reduction ratio 

Load 
(%) 

 
Oxygen 
 (%) 

 

 
 

20 

 
 

40 

 
 

60 

 
 

80 

 
 

100 

 
 

theory 

21 0 0 0 0 0 0 
23 0.37 3.6 5.1 5.3 5.4 6.6 
25 2 5.3 8.6 9 9.1 11.5 
27 3 8.6 9.5 9.5 9.6 15.3 

 
It can be seen that by increasing the load, experimental 
results converge to theoretical calculations. In other 
words, oxygen enrichment in intake air leads to more 
efficient fuel consumption reduction in higher loads. As 
shown in Figure 2, by increasing the load, fuel 
consumption rate also increases and reduction of fuel 
consumption is more important. 
The results presented here are with respect to the 
oxygen concentration in the inlet air varying from 21% 
to 27% by volume. The effects of various intake 
oxygen concentration as a function of engine load on 
performance and emission characteristics were shown 
in Figures 3 to 6. 
Figure 3 shows the variation of brake specific fuel 
consumption (BSFC) versus load for different oxygen 
concentrations in intake air. As the load increases, 
BSFC decreases for all concentrations. At higher loads, 
BSFC tends to increase a little; it may be the outcome 
of increasing friction power in higher loads. Oxygen 
enrichment decreases the BSFC at all loads. The 
decrease in BSFC is due to increase in oxygen content 
in the intake air, which burns additional fuel, resulting 
in the decrease of the BSFC. It is observed that under 
full load condition with 25% oxygen enrichment, brake 
specific fuel consumption was decreased from 
0.372kg/kWh to 0.336kg/ kWh. 
 

 
Fig. 3 Variation of BSFC with oxygen  

enrichment and load 

 

BSFC is related with brake thermal efficiency. By 
increasing oxygen concentration, brake specific fuel 
consumption decreases and the brake thermal 
efficiency is increased. 
Figure 4 shows variation of brake thermal efficiency 
(BTE) versus load under various oxygen concentration 
levels. Brake thermal efficiencies rise from lower to 
higher load levels. This is so, because work done at 
higher load levels produces higher power output and 
brake thermal efficiency. Therefore at 0 load level, 
there is no work done and no brake thermal efficiency. 
The brake thermal efficiency is lowest with 21% 
oxygen in intake air for all loads. 
The thermal efficiency generally increases with an 
increasing amount of oxygen from 21%, 23%, and 25% 
by volume, but shows no increase for 27% oxygen 
enrichment above 50% load. The increase in oxygen 
from 25% to 27% does not have any effect on 
combustion. Peak brake thermal efficiency occurs at 
25% oxygen concentration and is about 3% higher than 
the engine efficiency corresponding to 21% oxygen 
concentration. 
Smoke contains solid carbon soot particles which are 
generated when the fuel has not enough oxygen for all 
the carbon to react with or in the fuel rich zone of 
combustion chamber during combustion process. 
Figure 5 shows the variation of smoke density with 
load ranging from zero to full load for varying oxygen 
concentrations. Smoke density drastically decreases 
with increase in oxygen concentration at all loads due 
to better oxidation of soot. The enhanced oxygen flow 
rate improves the diffusion combustion process which 
results in less smoke. At full load, for 25% oxygen 
concentration, smoke density was reduced from 93% to 
68% and it is further reduced to 54% at 27% oxygen 
concentration. 
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Fig. 4 Variation of Brake Thermal Efficiency with oxygen 
enrichment and load 
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Fig. 5 Variation of Smoke Density with oxygen 

enrichment and load 

The effect of intake air oxygen enrichment on NOx 
emission under load ranging from zero to full load is 
depicted in Figure 6.  
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Fig. 6 Variation of NOx versus load for different oxygen 

enrichment levels  

 
NOx emission significantly increases with increase in 
oxygen level in all loads. The tendency of increase in 
NOx is almost exponential with increasing oxygen. 
This is a result of the increased oxygen availability 

while the temperature is high. NOx emission rises from 
1390 ppm for the base engine to 4550 ppm with 25% 
oxygen concentration level at full load. Additional 
supply of oxygen increases the NOx emission. 
High oxygen concentration is one of the reasons of 
NOx increase when the oxygen enriched air is used. 
The number of oxygen molecules per cycle increased 
with the increase of oxygen concentration while the 
number of nitrogen molecules and combustion 
temperature did not change much. It can be concluded 
that the increase of NOx is caused mainly not by high 
temperature of the engine but by higher number of 
oxygen molecules per cycle. CO concentration in 
exhaust gases varied from 0.242% under 0% load to 
1.518% under 100% load. By increasing oxygen 
concentration, CO concentration reduced 31%, 39% 
and 51% respectively for 23%, 25% and 27% oxygen 
by volume in intake air. Engine power and torque was 
observed to remain unaffected by intake air oxygen 
enrichment.  

5 CONCLUSION 

The use of oxygen enrichment on diesel engine under 
different loading conditions was studied to discuss 
various parameters like brake specific fuel 
consumption, brake thermal efficiency, smoke density, 
NOx and CO emissions. The main observations are: 
1- Fuel consumption rate decreases, with increase of 
oxygen concentration level, heedless of the amount of 
load it has undergone. By increasing the load, rate of 
fuel consumption is gradually reduced until it 
approximates the theoretical calculated rate.  
2- Brake specific fuel consumption is decreased by 
oxygen enrichment, at all loads.  
3- Brake thermal efficiency increases at all loads till 
oxygen concentration level of 25%. 
4- The higher the concentration of oxygen, the higher 
the reduction of smoke density and CO in exhaust gas. 
5- NOX emission increases with increasing amount of 
oxygen in the intake air ranging from no load to full 
load conditions. This is due to increase in oxygen 
concentration at high combustion temperature. 
6- As oxygen concentration in the air intake is 
increased, maximum torque and power of the engine 
remains intact. In practice, while intake air’s oxygen is 
being enriched, supplementary treatment for reducing 
NOx should also be carried out, or else the optimum 
oxygen concentration for each diesel engine should be 
found in order to reduce all emissions without 
substantial increase of NOx. 
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