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Abstract
Argon replacing nitrogen has been examined as a new engine cycle to
reach high efficiency. Experiments were carried out under
Homogeneous Charge Compression Ignition (HCCI) conditions using
a single cylinder variable compression ratio Cooperative Fuel
Research (CFR) engine. Isooctane has been used as the fuel for this
study. All the parameters were kept fixed but the compression ratio to
make the combustion phasing constant. Typical engine outputs and
emissions were compared to conventional cycles with both air and
synthetic air. It has been found that the compression ratio of the
engine must be significantly reduced while using argon due to its
higher specific heat ratio. The resulting in-cylinder pressure was
lower but combustion remains aggressive. However, greater incylinder temperatures were reached. To an end, argon allows gains in
fuel efficiency, in unburned hydrocarbon and carbon monoxide, as
well as in indicated efficiency. A higher nitrogen oxide concentration
while replacing nitrogen by argon was observed but the origin
remains be identified. The concept should therefore be able to reach
zero-NOx emissions as no nitrogen should be present.

Introduction
Internal combustion engines are operated with a thermodynamic
cycle to convert the heat generated from combustion to useful work.
This thermodynamic cycle determines to a large extent the possible
efficiency of the engine. There are a few ideal cycles that are
normally presented in textbooks on ICE. The most common is the
ideal cycle with isentropic compression and expansion and heat
addition at constant volume after compression and heat subtraction
after expansion. This ideal cycle with isochoric heat addition is often
called the ideal Otto cycle after the inventor of the spark ignition
engine. It can be shown that the thermodynamic efficiency of this
Otto cycle only depends on only two variables, the compression ratio,
Rc, and the ratio of specific heats at constant pressure and constant
volume, Cp/Cv, 𝛾. It is well known that an engine operating with
higher compression ratio can give a higher efficiency and it is also
well accepted that a lean burn engine is more efficient as the lean
mixture increases gamma.
Increasing compression ratio is one way to increase the efficiency of
the ideal cycle, this is something used in the Double Compression
Expansion Engine (DCEE) concept that use a 60:1 combined
compression ratio to boost efficiency [1]. However, the same increase
in efficiency can be achieved with an increase in gamma. This is
quite beneficial as the temperature increase we want during
compression to release the heat at high temperature can be achieved
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without excessive peak pressure. It is thus simpler to build an
extreme efficiency cycle based on increasing gamma than it is using
high compression ratio.
The gamma of air is fixed and any fuel addition will reduce gamma.
Hence the only chance to increase gamma is to replace air as the
oxidizer to a different working media. We can here consider
replacing the nitrogen in air with argon, Argon is a monoatomic gas
and hence has a gamma of 1.67. If we also consider replacing the
conventional hydrocarbon fuel with hydrogen we get an engine with
only argon and water vapor in the exhaust. The water can then be
condensed and the argon recycled. We thus have an engine without
an exhaust pipe and by that no emissions.
Results for oxy-fuel combustion in SI engines are already published
to eliminate the NOx emissions and simplify the engine aftertreatment system. Wu eta al. were able to increase the indicated
thermal efficiency from 32.1% to 41.5% by oxy-fuel combustion
with direct water injection to moderate the peak in-cylinder
temperature and increase the mass of working gas inside the cylinder
[2]. Similar experiment has been also done by Kang et al. in HCCI
mode to study the stability of oxy-fuel combustion with direct water
injection [3].
As previously mentioned, using hydrogen as fuel will eliminate the
CO2 emissions. Thus, Oxy-fuel combustion with hydrogen as fuel
will eliminate not only NOx but also CO2 and CO emissions. The
engine is operated very rich with more hydrogen to decrease the
adiabatic flame temperature. A model developed by Li and Karim [4]
predicted efficiency increase when this idea is implemented in sparkignited engines. Simulations for Hydrogen-oxygen combustion in
Diesel-like compression ignition engines have also shown increased
efficiency with water injection and excessive steam as residual gases
[5].
Toyota Corporation evaluated the possibility of having a compact
vehicle engine that runs on hydrogen as fuel and argon/oxygen
mixture as the oxidant. Since they recirculated the exhaust gases, the
only problem they faced is the accumulation of CO2 as a result of
lubricating oil combustion. However, their proposed concept showed
a dramatic improvement in efficiency [6]. Also, experiments on the
same concept have been conducted by Killingsworth et al. Their
results showed an increment of the indicated thermal efficiency from
approximately 36% in the case of air to around 44% when air is
replaced by argon/oxygen mixture [7]. A problem associated with the
argon power cycle is that the elevated temperature inside the engine
cylinder increases the possibility of engine knock. A possible solution

is to regulate the heat release rate inside the combustion chamber by
direct fuel injection [8].

reduce the amount of Argon wasted before the actual combustion
starts.

But how high improvement in engine efficiency will we get changing
the working media to argon? To find this out we ran an HCCI engine
in three modes, the first reference case is with isooctane and air as the
oxidizer. The second case was with the air replaced by oxygen and
nitrogen from gas supplies. The third case was with the same air and
oxygen fuel rates to the engine but replacing the nitrogen with argon.
The engine was not operated with recycling of the argon and hence
the operating time of the engine had to be limited due to significant
argon consumption rate.

In-cylinder pressure was measured using an AVL GH14 D pressure
transducer that registers measurements each 0.2 CAD. The charge
amplifier then amplifies the signal that is digitized in an A/D
converter. The intake and exhaust pressures are also measured using
water cooled AVL pressure transducers.

With HCCI type of combustion, the combustion onset happens when
the temperature in the cylinder reach the auto ignition temperature of
the charge. Hence, we need to adjust the inlet temperature or
compression ratio to get the combustion at the right crank angle. The
current experiments were done in a CFR engine with variable
compression ratio and hence this was selected as the control means.

The exhaust emissions were measured using an AVL SESAM i60
FTIR analyzer. This equipment uses a spectrometer made by
ThermoFisher scientific. The spectrum is analyzed using a built-in
software that gives 25 different species including pollutants
controlled by law that is UHC, NOx, and CO. Other exhaust emission
such as water vapor and CO2 concentrations are also obtained. It
should be noted that an FTIR analyzer is unable to report total UHC
as a conventional flame ionization detector FID would do.
Alternatively, the following formula provided by Melo et al. [9] was
used to estimate the total UHC.

Experimental setup

𝑈𝐻𝐶 = 𝐶𝐻4 + 2𝐶2 𝐻2 + 2𝐶2 𝐻4 + 3𝐶3 𝐻6 + 5𝐼𝐶5 + 5𝑁𝐶5 + 7.5𝐴𝐻𝐶

The experiments were conducted on a Waukesha variable
compression single cylinder CFR engine. Three different oxidizers
mixtures were used. Those are pure air, a mixture of 20% oxygen and
80% nitrogen, and finally a mixture of 20% oxygen and 80% argon.
The mixture ratios could be obtained with an acceptable accuracy by
adjusting the partial pressures of each gas in the mixture. To do this
Argon, Nitrogen, and Oxygen gas cylinders were connected to three
Brooks gas mass flow controllers (MFC) to control the partial
pressures of the mixture and the total intake pressure is kept constant
at 1 bar. Table 1 summarizes the mixtures used in this experiment.

FTIR spectroscopy is a powerful chemical analysis technique. In
principle it works as follows: First, an inert solid material is excited
by an electric heater to emit a wide infrared spectrum. The spectrum
is then modulated in an interferometer. Next, the modulated spectrum
is passed through the sample gas. Different molecules in this sample
gas absorb IR radiation of a special wavelength. For example, CO
will absorb radiation with a wavelength different than that absorbed
by CO2 [10]. Thus, the absorption spectrum gives information about
the molecules present in the sample. Unfortunately, despite being a
powerful analytical tool, FTIR spectrometer cannot detect diatomic
gases such as O2 and H2. The reason is that those molecules have
zero dipole change in their vibrational and rotational patterns and
thus they are not excited by the IR radiation.

Table 1. Oxidizers used in the experiments and their compositions

Oxidizer mixtures
Compressed Air
Synthetic air
Argon + Oxygen

O2 (%)
20.95
20.0
20.0

N2 (%)
78.09
80.0
0.0

Ar (%)
0.93
0.0
80.0

The fuel is pure isooctane with a 100 RON by definition. In
conventional CFR engine the mixing of fuel and oxidizer is achieved
by using a carburetor. Since we operate in HCCI lean condition, the
carburetor was replaced by a port fuel injector to have a better control
on fuel oxidizer ratio. Pressurized nitrogen gas was used to have a
constant feed pressure of 5 bar and the electronically controlled
injection timing regulated the amount of fuel injected and thus the
equivalence ratio of the fuel-oxidizer mixture.
It was decided to run the experiments with an equivalence ratio 𝜙 of
0.4 since it gave the best combustion stability. The equivalence ratio
could be tricky when dealing with the argon mixture since air is no
longer used. However, the equivalence ratio here is the actual
fuel/oxygen ratio compared to the stoichiometric fuel/oxygen ratio.
Thermocouples are used to measure the intake, exhaust, and ambient
temperatures. Exhaust and ambient temperatures are used to estimate
the exhaust losses. The intake temperature is regulated by two PID
controlled electric heaters. The electric heaters were technically
switched off since it was decided to conduct the experiments at an
intake temperature of 25oC to save the time of heating and thus
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Table 2 and table 3 summarizes the testing conditions and the engine
specifications, respectively.
Table 2. Testing conditions

Parameter
Speed
Tin
Intake pressure
CA50
Equivalence ratio 𝜙 (Fuel/oxygen)
Fuel

Value
600 rpm
25oC ± 2oC
1 bar
TDC
≈ 0.4
Isooctane

Table 3. Characteristics of the Waukesha F1/F2 CFR engine

Parameter

Unit

Value

Displaced volume
Stroke
Bore

cc
mm
mm

611.7
114.3
82.55

Connecting rod
Compression ratio

mm
-

256
4:1 to 18:1

Number of valves
Exhaust valve opening

CA ATDC

2
140

Exhaust valve closure

CA ATDC

-345

Inlet valve opening

CA ATDC

-350

Inlet valve closure

CA ATDC

-146

Coolant water temperature

ºC

100 ± 1.5

Oil temperature

ºC

57 ± 8

Figure 2. In-cylinder pressure traces with combustion phased with CA50 at
TDC and fuel/oxygen equivalence ratio 𝜙 = 0.4

The combustion was phased to have CA50 at TDC. Thus the
compression ratios for the mixtures are different. The CA50 at TDC
was achieved at a compression ratio of 15 for both air and
Oxygen/Nitrogen mixture while a compression ratio of 8.8 brought
about the same combustion phasing with the Argon mixture.

Figure 1. Schematic of the experimental setup

Discussion and results
As mentioned previously, understanding the combustion behavior
inside the engine is achieved by measuring the in-cylinder pressure.
The in-cylinder pressure gives information about the physical
properties of the gas. The most important physical property of the gas
mixture in this research is the specific heat ratio. If isentropic
relations are used as estimations for the gas compression (and also
expansion), then the slope of the log-log P-V diagram will simply be
the specific heat ratio since we know that

𝑃2
𝑃1

𝑉

𝛾

= ( 1 ) or 𝑃𝑉 𝛾 = 𝑐,
𝑉2

Thus log 𝑃 = log 𝑐 − 𝛾 log 𝑉, where c is a constant that can be
determined. It is worth noting that this is just an estimation since the
process is not ideally isentropic.
In-cylinder temperature can be inferred from the in-cylinder pressure
using the ideal gas law. This is done because temperature is of special
importance for HCCI mode where chemical properties are more
important than the physical aspects of the cylinder.
The heat release rate is directly linked to the chemical kinetics of the
combustion. It will be shown how high temperature results in higher
heat release rates.
Efficiency is the major result of this paper and detailed efficiency
analysis will show that argon does increase the indicated thermal
efficiency. Finally, exhaust emission results are presented and
discussed.

In-cylinder pressure
Figure 2 shows the measured in-cylinder pressure using the three
different oxidizers.
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A first thought could be that the argon mixture should have higher incylinder pressure because it has higher specific heat ratio. However,
the preliminary calculations show that the in-cylinder pressure during
the compression stroke is directly proportional to both the specific
heat ratio as well as the compression ratio. It happens here that the
effect of compression ratio outweighs the effect of increasing the
specific heat ratio. Thus, the in-cylinder pressure is higher for air than
for Argon. In fact, phasing the combustion to have similar CA50 for
the three mixtures means that we are actually controlling the incylinder temperature and not the in-cylinder pressure as will be
shown later.
As expected, Air and Oxygen/Nitrogen mixtures had almost the same
behavior. The same behavior is also observed in all next results.
Actually, the primary purpose for running the engine with
Oxygen/Nitrogen mixture was to make sure that the previously
mentioned partial pressures mixing of the gases are properly working
and giving reliable results.

P-V diagrams
P-V diagrams are indicators of the work produced on the piston and
also the pumping losses during gas exchange. Figure 3 shows the P-V
diagrams obtained from the three different mixtures.

Figure 3. P-V diagrams for the three cases. The air and N2/O2 mixtures are
overlapping.

One can easily see that the compression ratios are different. One
important observation here is that heat is added at almost constant
volume at TDC. This behavior is expected since in HCCI almost all
the charge is excited at the same time and heat is released way faster
than a conventional spark ignited engine or even a compression
ignition spray controlled combustion. Also, It can be concluded from
figure 3 that the Argon mixture has higher in-cylinder pressure than
other mixtures for all volume > 0.09 L. However, since other
mixtures are ignited at higher compression ratio, they reached lower
volumes which allowed them to cause higher in-cylinder pressure. It
is worth noting that Argon mixture has different compression ratio to
maintain a uniform combustion phasing.

Figure 5. P-V diagram gas exchange zoom-in for the argon mixture

It is difficult to notice the pumping losses differences by observing
figures 4 and 5. However, later in this paper the efficiency analysis
will reveal that the pumping losses for the Argon mixture are higher
as expected.
Finally, one more interesting result is observed if the log-log P-V
diagram is plotted since the slope of the compression and expansion
strokes will be close to the specific heat ratio if isentropic relations
are assumed. Figure 6 shows a log p-log V.

Figures 4 and 5 show a zoomed version of the gas exchange in figure
3.

Figure 6. log P-log V diagrams for the three cases. The air and N2/O2 mixtures
are overlapping.

Figure 4. P-V diagram gas exchange zoom-in for air and N2/O2 mixtures

The enclosed area during gas exchange represents the pumping losses
and we expect that the Argon mixture will have higher pumping
losses because it is heavier than other mixtures. Argon in fact has a
molar mass of approximately 40 kg/kmol while air and
Oxygen/Nitrogen mixtures have a molar mass of around 29 kg/kmol.
The gas exchange for argon mixture is shown in figure 5.
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As expected the plot shows that the slope of the argon mixture is
higher meaning that the specific heat ratio is increased by using
Argon in the mixture.

In-cylinder Temperature
In-cylinder temperature plays a vital role in HCCI engines. The
temperature has to be high enough for the charge to autoignite and
also to oxidize CO to CO2; nonetheless, temperature should not be
significantly high to prevent the formation of NOx. Figure 7 shows

the in-cylinder temperature obtained from the pressure traces using
the ideal gas law.

It is common practice in engine research to assume that the exhaust
losses could be approximated by the enthalpy change of the exhaust
gases. While the temperature of the argon mixture exhaust is higher it
still has less specific heat ratio. This means that it is expected to have
almost the same exhaust losses independent of the working media.

Heat release rate (HRR)
Ideal gas law can be used to estimate the heat release rate inside the
engine cylinder as per the following equation:
𝑑𝑄ℎ𝑟
𝛾
𝑑𝑉
1
𝑑𝑝 𝑑𝑄ℎ𝑡
=
𝑝
+
𝑉
+
𝑑𝜃
𝛾 − 1 𝑑𝜃 𝛾 − 1 𝑑𝜃
𝑑𝜃

(2)

Where
𝑑𝑄ℎ𝑟
𝑑𝜃

: the heat release rate (HRR) per crank angle degree (CAD)

𝛾 : the specific heat ratio

Figure 7. In-cylinder temperature traces with combustion phased with CA50
at TDC and fuel/oxygen equivalence ratio 𝜙 = 0.4

It is a role of thumb that autoignition in HCCI engine will be
activated at an in-cylinder temperature close to 1000 K. Figure 7
demonstrates this behavior where the combustion for all gas mixtures
starts at almost 950 K. It is worth noting here that it was intended to
have the same combustion phasing for all gas mixtures and it can be
noticed that combustion starts at the same CAD.
The temperature increase of Air and Oxygen/Nitrogen mixtures is
almost 2/3 of the Argon mixture. This is because of the specific heat
difference of the two mixtures. Starting from Δ𝑇 = 𝑄/𝑚𝑐𝑝 one can
find the following relation
𝑚𝐴𝑟+𝑂2 𝑐𝑝,𝐴𝑟+𝑂2
Δ𝑇𝑎𝑖𝑟
𝑄𝑎𝑖𝑟
=(
)(
)(
)
Δ𝑇𝐴𝑟+𝑂2
𝑄𝐴𝑟+𝑂2
𝑚𝑎𝑖𝑟
𝑐𝑝,𝑎𝑖𝑟

(1)

Where
Δ𝑇: the temperature difference
𝑄: the heat added by burning the fuel
𝑚: the total mass including the mass of the oxidizer mixture and fuel
𝑐𝑝 : the specific heat of the gas
The subscripts denote air (also Oxygen/Nitrogen mixture since they
are almost the same) and the argon mixture.
In equation (1), (

𝑄𝑎𝑖𝑟

𝑄𝐴𝑟+𝑂2

) ≈ 1 since equivalence ratio is the same.

Also, the molar mass of Argon is approximately 40 kg/kmol while it
𝑚𝐴𝑟+𝑂2
4
is almost 30 kg/kmol for air giving (
) ≈ and finally
𝑚𝑎𝑖𝑟

𝑐𝑝,𝐴𝑟+𝑂2

(

𝑐𝑝,𝑎𝑖𝑟

1

Δ𝑇𝑎𝑖𝑟

2

Δ𝑇𝐴𝑟+𝑂2

) ≈ giving

3

2

≈ which is approximately the
3

experimental result. However, this justification is approximate since
injected energy is not quite the same. Fixing the equivalence ratio
does not mean having the same mass of fuel injected. This is
highlighted later in this paper when discussing the heat release rates.
Also, Argon is mixed with oxygen and this will decrease the effective
molecular weight but since argon is the major constituent, the
approximation is acceptable.
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𝑐𝑝
𝑐𝑉

𝑝 : the in-cylinder pressure
𝑉 : the volume of the cylinder
𝑑𝑉
: the rate of volume change per crank angle degree
𝑑𝜃
𝑑𝑝

: the rate of pressure change per crank angle degree

𝑑𝜃
𝑑𝑄ℎ𝑡
𝑑𝜃

: the rate of heat transfer losses per crank angle degree

In this analysis, crevice and blow-by losses were neglected. The
model only considers heat transfer losses that represent the major
losses. Woschni developed a model to estimate the heat transfer
losses [11]. To the authors’ knowledge, Woschni heat transfer model
is the most popular model among researchers in internal combustion
engines community. Although the model is simple, it is able to
estimate heat losses with an acceptable accuracy. Simplicity here
means that it predicts heat losses from the in-cylinder pressure that is
relatively easy to measure.
Equation 2 shows that heat release rate depends on the specific heat
ratio 𝛾. Specific heat ratio is not a constant physical property and it
depends on the temperature. For this reason, a two-zone model was
developed to accurately model the specific heat ratio for the mixtures.
Those two zones are the reactants and the products assuming
complete combustion. The mixture is assumed to have either
reactants before TDC or products after TDC. NASA polynomials
along with coefficients taken from Burcat’s tables [12] were used to
estimate the specific heats of the working fluids. Figure 8 shows the
results of this model.

Figure 8. A model results for the specific heat ratio as a function of CAD. The
variation is due to the temperature change and combustion reactions.

The results of the model show that it is sufficient to have a two-zone
model since, for both reactants and products, there is a sharp decrease
in specific heat ratio at TDC. Thus, it can be assumed that they are
almost the same and there will be not much difference if intermediate
species are also included. Of course, a highly accurate model could be
developed by using a more sophisticated chemical kinetics model.

Figure 9. Heat release rates for the three different mixtures

While argon mixture has faster combustion rate, the accumulated heat
released is still lower than air and nitrogen/oxygen mixture. Figure 10
highlights that result. It can be easily noticed that CA50 is at TDC
and the heat starts to be released 10 CAD BTDC.

It is worth noting here that the sharp decrease in specific heat ratio at
TDC is because of the high in-cylinder temperature that enables the
gas molecules to obtain more degrees of freedom and hence have
lower specific heat ratio. One more interesting observation is that the
argon mixture does not have a specific heat ratio as high as 1.67
which is the theoretical specific heat ratio for argon. The reason is
that argon is not the only constituent but it is mixed with oxygen and
isooctane that have much lower specific heat ratios. Finally, it is clear
that the argon mixture has higher specific heat ratio than Air and
Oxygen/Nitrogen mixtures as expected even at higher temperatures
close to TDC.
Figure 9 shows the heat release rates obtained for the three different
mixtures. The heat release rate is faster in the case of the argon
mixture. This is a direct result of the elevated temperature shown in
figure 7. As previously mentioned, temperature is the main driver of
the combustion kinetics in HCCI combustion mode and most of heat
release phenomena are linked to temperature. It is expected that the
air and nitrogen/oxygen mixture should have the same heat release
rate and this is almost what the experiment is showing. However,
there is still a small difference attributed mainly to the composition
difference and the experimental variations.

Figure 10. Accumulated heat release for the three different mixtures

Results shown in figure 10 are interesting since they suggest that the
accumulated heat release is less for argon. If the temperature is higher
in the case of argon mixture, then the reasonable result is that argon
mixture will have higher accumulated heat released because more
fuel will be burned. However, figure 10 is energy based and it
depends on the mass of fuel injected to the cylinder. Fixing the
equivalence ratio at 0.4 resulted in less fuel injected for the argon
mixture and hence less heat released.

Efficiency analysis
This analysis focuses on the indicated thermal efficiency that is the
overall all engine efficiency excluding the engine mechanical
efficiency. The appendix explains the procedure used to evaluate the
engine efficiency.
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Combustion efficiency 𝜼𝒄
The combustion efficiency was almost the same for all three cases as
shown in figure 11. As expected argon mixture has slightly higher
combustion efficiency due to the increased in cylinder temperature
that assists the oxidation of the isooctane. This result can also be
observed from the exhaust analysis where hydrocarbon concentration
was minimum in the case of argon mixture.

The combustion was phased to have a CA50 at TDC and this fixed
the compression ratios to 15 for the air and nitrogen/argon mixtures
and 8.8 for the argon mixtures. One can estimate the theoretical
thermodynamic efficiency using these two compression ratios along
with assumed specific heat ratios (1.35 for air and 1.67 for argon).
Table 4. Comparison between the theoretical thermodynamic efficiency and
the actual thermodynamic efficiency obtained experimentally.

Oxidizers
Air
N2 + O2
Ar + O2

𝜂𝑡ℎ,𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙
62%
62%
68%

𝜂𝑡ℎ,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
42%
42.5%
44%

𝜂𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
𝜂𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙
68%
68.5%
65%

Table 4 shows that although the argon mixture increased the
thermodynamic efficiency of the engine it reduced its ability to attain
the maximum theoretical efficiency. This is due to the increased heat
transfer losses as a result of relatively higher in-cylinder temperature.

Gas exchange efficiency 𝜼𝒈𝒆

Figure 11. Combustion efficiency for the three different mixtures

Thermodynamic efficiency 𝜼𝒕𝒉

Part of the mechanical work exerted on the piston is used to pump the
exhaust out of the engine. The consumed energy in this process
reduces the engine efficiency. Gas exchange efficiency is used to
evaluate this process. Figure 13 shows that the argon mixture has the
lowest gas exchange efficiency and this is a direct result of the higher
argon density that requires more pumping work as highlighted before
when discussing the P-V diagrams. However, there are still no
considerable differences between the three cases.

Thermodynamic efficiency is the main concern of this research. As
previously discussed increasing the specific heat ratio is expected to
increase the engine thermodynamic efficiency. The results obtained
suggest that argon increase the engine thermodynamic efficiency but
at the same time the increment was limited. Actually, argon mixture
increased the efficiency approximately 5% of the results obtained for
the air mixture. Figure 12 shows the thermodynamic efficiency for
the three different mixtures.

Figure 13. Gas exchange efficiency for the three different mixtures

Indicated thermal efficiency 𝜼𝒊𝒏𝒅,𝒕𝒉
Indicated thermal efficiency 𝜂𝑖𝑛𝑑,𝑡ℎ is the lumped efficiency
excluding the mechanical efficiency. Thus,
𝜂𝑖𝑛𝑑,𝑡ℎ = 𝜂𝑐 𝜂𝑡ℎ 𝜂𝑔𝑒
Figure 12. Thermodynamic efficiency for the three different mixtures
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(3)

Figure 14 shows that the indicated thermal efficiency was the highest
for the argon mixture as expected.

Figure 16. Unburned hydrocarbons emission results.

Figure 14. Indicated thermal efficiency for the three different mixtures

Finally, Figure 15 summarizes these efficiency results. One can
easily observe that the use of argon increased all efficiencies except
the gas exchange efficiency due to its higher density.

Figure 17. Carbon monoxide emission results.

Figure 15. Efficiency results for the three different mixtures.

Exhaust emissions
The high in-cylinder temperature in the case of argon mixture
explains many phenomena observed and the concentration of the
hydrocarbons and carbon monoxide in the exhaust is no exception.
As expected the high temperature in the case of the argon mixture
resulted in less hydrocarbon concentration, almost 40% less than the
air and nitrogen/oxygen mixtures. The same trend is observed for the
carbon monoxide in which the elevated temperature assists the
oxidation of CO into CO2. Figures 16 and 17 show the concentration
of UHC and CO acquired from the FTIR emission analyzer
respectively.
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Nitrogen oxides (NOx) formation is described by a mechanism
known as the Zeldovich extended mechanism introduced by Lavoie
et al. [13]. The formation of NOx is a strong function of temperature
in which higher temperature means higher NOx concentration. For
this reason it is customary to call the NOx formed by this mechanism
as thermal NOx.
Figure 18 shows the NOx measurements obtained for the three
different mixtures. The measured NOx concentration is very low and
(note the difference in scale between figure 18 and figures 16-17).
This is expected since HCCI is a low temperature combustion
technique. However, the result for the argon mixture is confusing
since no nitrogen was supplied to the engine and yet there are still
nitrogen oxides in the exhaust. The experiment has been repeated
three times to investigate whether this was just an experimental error
but the same results were obtained every time. It was then realized
that small nitrogen traces in the oxygen and argon cylinder were
oxidized at the argon elevated temperature.

References

Figure 18. NOx emission results.

Conclusions
The present study investigated the potential of argon, a gas with high
specific heats ratio, for replacing nitrogen contained into the air in
order to reach high-efficiency engine. Experiments were performed
under HCCI conditions with isooctane as fuel using a modified single
cylinder variable compression ratio CFR engine. Three different
oxidizers mixtures were considered: compressed air, synthetic air and
argon + oxygen. All the experiments were conducted with fixed
conditions and only the compression ratio has been adjusted to keep a
constant combustion phasing. In-cylinder pressures and resulting
relevant engine outputs as well as emissions were analyzed and
compared. The following conclusions were drawn:










Argon replacing nitrogen required a lower compression
ratio in order to maintain a fixed combustion phasing. The
resulting pressure trace is therefore lower for the case with
argon but the pressure rise rate remains aggressive.
Temperature traces were found higher with argon but the
autoignition occurs at a similar crank angle and when
mixtures reached the critical temperature of 950 K. Argon
and nitrogen are therefore non-dependent species for the
autoignition of isooctane.
Heat release rates showed that argon led to shorter
combustion duration and more aggressive combustion.
Nonetheless, the energy inducted into the cylinder is less
such as argon might help in reducing fuel consumption.
Argon increased thermal efficiency by approximately 6%.
HC and CO emissions are significantly reduced because of
the less amount of fuel injected and because of the higher
in-cylinder temperatures reached.
Higher NOx emissions with argon were detected but those
results were attributed to the experimental setup which
might have allowed some nitrogen to be injected during the
argon cycle.

The present paper emphasized the potential of argon. Nonetheless,
further investigations by comparing with other gases should be
performed. Moreover, other fuel like hydrogen might replace
isooctane in future results such as a high-efficiency zero-emissions
combustion cycle should be proposed.
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Definitions/Abbreviations
ICE

Internal combustion engine

Rc

Compression ratio

Cp

Specific heat at constant
pressure.

Cv

Specific heat at constant
volume

𝜸

Ratio of specific heats Cp/Cv
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Appendix
The main goal of this research is to study the effect of increasing the specific heat ratio on the thermodynamic efficiency of the engine and hence the
overall efficiency. This appendix explains the procedure used to study the engine efficiency. It begins by introducing the concept of mean effective
pressure. It then discusses the definitions of the different efficiencies that define the overall engine efficiency.

Mean effective pressure
Mean effective pressure (MEP) can be simply defined as work normalized by engine displacement. Hence the name pressure since it has the same
units. It is convenient to report the mean effective pressure in bar since it is easy to be compared to atmospheric pressure that is approximately 1 bar.
Figure 1.a shows the different mean effective pressures inside the engine.

Figure 1.a Energy flow inside the 4-stroke internal combustion engines. All energies are normalized by the displacement volume to get the mean effective pressure

The acronyms in figure 1.a are defined in the next table.
Acronym

Definition
(All energies are normalized by engine displacement)

FuelMEP

Fuel MEP

Supplied fuel energy.

CLMEP

Combustion losses MEP

Energy of Elements in the exhaust that could have been burned.

Released heat MEP

Amount of heat released by burning the fuel in the cylinder.

HTMEP

Heat transfer losses MEP

Amount of heat lost to the surroundings as a results of heat transfer due to
temperature difference.

EXMEP

Exhaust losses MEP

The enthalpy of exhaust. Sometimes, these losses are utilized to drive
engine turbocharger.

IMEPg

Gross indicated MEP

IMEPg = QMEP - EXMEP - EXMEP

PMEP

Pumping losses MEP

This is the part of gross indicated MEP that is lost as work done by the
piston to pump the exhaust out of the cylinder.

IMEPn

Net Indicated MEP

IMEPn = IMEPg - PMEP

QMEP
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Full name

FMEP

Friction losses MEP

Mechanical Energy lost due to friction inside the engine

BMEP

Brake MEP

Total energy obtained from the engine.

Mean effective pressures play a vital role in determining different efficiencies. Next section uses mean effective pressures to have expressions for
combustion, thermodynamic, gas exchange, and mechanical efficiencies.

Efficiency definitions
Combustion efficiency
The amount of fuel supplied to an internal combustion engine is not burned entirely. In fact, some of the fuel is trapped in the piston crevices. Thus,
Combustion efficiency could be defined as the percentage of supplied fuel that burns inside the engine. For example, 90% combustion efficiency
means that 90% of the supplied fuel is burned. A typical value for SI combustion efficiency is approximately 90%. This value increases in diesel
engine to be as high as 98% percent. Combustion efficiency can be estimated by conducting an exhaust analysis. The following equation can be used
to estimate the combustion efficiency 𝜂𝑐 :
𝑀𝑖
𝑥𝑄
𝑀𝑝 𝑖 𝐿𝐻𝑉,𝑖
𝜂𝑐 = 1 −
1
𝐴 𝑄𝐿𝐻𝑉,𝑓
1+
𝐹
Σ

(1. 𝑎)

Where
𝑀𝑖 is the molar mass of species i
𝑀𝑝 is the molar mass of fuel
𝑥𝑖 is the mole fraction of species i
𝑄𝐿𝐻𝑉 is the lower heating value of fuel 𝑓 or species 𝑖
𝐴/𝐹 mass air fuel ratio
Species i are mainly three species. That is Carbon monoxide, hydrocarbons, and hydrogen. It is also worth mentioning that experiments were
conducted on a variable compression CFR engine that was equipped with an FTIR to perform an exhaust analysis and to find the combustion
efficiency. It is not possible to detect diatomic molecules using FTIR analysis because of the zero dipole change. Expensive hydrogen sensors is thus
needed to determine the amount of the hydrogen in the exhaust. Alternatively, water gas equation can be used to estimate the hydrogen concentration
as follows:
𝑥𝐻2=

𝑥𝐶𝑂 𝑥𝐻2𝑂
𝐾 𝑥𝐶𝑂2

(2. 𝑎)

Where 𝐾 is the water gas constant that is usually assumed to be 3.5.
Finally, combustion efficiency can be expressed in terms of mean effective pressures as follows:
𝜂𝑐 =

𝑄𝑀𝐸𝑃
𝐹𝑢𝑒𝑙𝑀𝐸𝑃 − 𝐶𝐿𝑀𝐸𝑃
𝐶𝐿𝑀𝐸𝑃
=
=1−
𝐹𝑢𝑒𝑙𝑀𝐸𝑃
𝐹𝑢𝑒𝑙𝑀𝐸𝑃
𝐹𝑢𝑒𝑙𝑀𝐸𝑃

(3. 𝑎)

Thermodynamic efficiency
This is the efficiency that determines how much of the heat released is converted to mechanical work on the piston. As discussed previously, 𝑄𝑀𝐸𝑃
could be calculated by knowing the combustion efficiency. Thermodynamic efficiency is then calculated using equation 4.a.
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𝜂𝑡ℎ =

𝐼𝑀𝐸𝑃𝑔
𝑄𝑀𝐸𝑃

(4. 𝑎)

Where IMEPg could be easily calculated by finding the P-V work as shown in equation 5.a.
𝐼𝑀𝐸𝑃𝑔 =

1 360
∫ 𝑃𝑑𝑉
𝑉𝐷 0

(5. 𝑎)

Sometimes heat transfer losses and exhaust losses need to be separated. In this case equation 6.a estimates EXMEP as the enthalpy of the exhaust
leaving the cylinder.
𝐸𝑋𝑀𝐸𝑃 =

𝑚𝑐𝑝 (𝑇𝑒𝑥ℎ − 𝑇𝑎𝑚𝑏 )
𝑉𝐷

(6. 𝑎)

Thus,
𝐻𝑇𝑀𝐸𝑃 = 𝑄𝑀𝐸𝑃 − 𝐸𝑋𝑀𝐸𝑃 − 𝐼𝑀𝐸𝑃𝑔

(7. 𝑎)

Gas exchange efficiency
Part of the mechanical work exerted on the piston is used to pump the exhaust out of the engine. Note that this is the case if intake pressure is lower
than exhaust pressure. For this reason, boosted engine with elevated intake pressure could have a gas exchange efficiency exceeding unity. This
should not be surprising since boosting the engine takes up some energy from the engine. For example, a turbocharger utilizes some of the exhaust
energy to boost the intake pressure. Gas exchange efficiency is calculated using equation 8.a.
𝜂𝑔𝑒 =

𝐼𝑀𝐸𝑃𝑛
𝐼𝑀𝐸𝑃𝑔

(8. 𝑎)

An expression for 𝐼𝑀𝐸𝑃𝑔 has been developed in the previous section. A similar expression exists for 𝐼𝑀𝐸𝑃𝑛 and the only difference is that pressure
is integrated over the entire cycle.
Mechanical efficiency
Friction losses are part of any mechanical machine and internal combustion engines are no exception. It is worth mentioning that higher in-cylinder
pressure means higher friction losses due to excessive loads on bearings increasing the friction losses. Equation 10.a shows the mechanical efficiency
based on mean effective pressures.
𝜂𝑚 =

𝐵𝑀𝐸𝑃
𝐼𝑀𝐸𝑃𝑔

(10. 𝑎)

BMEP is found by measuring the work output of an engine by a dynamometer and then normalizing that work by the engine displacement.
Indicated thermal efficiency
Indicated thermal efficiency is the efficiency that determines how much of the fuel energy is converted to mechanical work on the piston. Thus, it
does not consider the friction losses and can be defined as follows.
𝜂𝑖𝑛𝑑,𝑡ℎ = 𝜂𝑐 𝜂𝑡ℎ 𝜂𝑔𝑒

(11. 𝑎)

Brake efficiency
Finally, Overall engine efficiency is called brake efficiency and it is simply the product of all 4 efficiencies.
𝜂𝑏 = 𝜂𝑐 𝜂𝑡ℎ 𝜂𝑔𝑒 𝜂𝑚

(12. 𝑎)

It can be easily noticed that the game of increasing the engine efficiency is not an easy one. Increasing one of those efficiencies usually results in
decreasing other efficiencies. A viable engine efficiency solution optimizes those four efficiencies simultaneously.
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