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a b s t r a c t 

The feasibility of argon-circulated hydrogen engines for use in vehicles was recently investigated. The 

substitution of the noble gas argon (Ar) as the working gas in a hydrogen engine led to the realization 

of a zero-emission, high-efficiency engine that allows low-ignitability hydrogen to ignite instantaneously 

after injection. The objective of this study was to investigate the combustion processes of hydrogen jets 

under argon-circulated hydrogen-engine conditions. Experiments were conducted in a constant-volume 

combustion vessel under varying conditions with respect to atmosphere, oxygen concentration, injection 

pressure, ambient temperature, and nozzle-hole diameter. Furthermore, the ignition characteristics and 

the combustion processes of the hydrogen jets were observed using high-speed shadowgraph images. 

Under short ignition delay conditions, the experimental results for the Ar–O 2 atmosphere indicated a 

lower heat-release rate, which continued to the end of the injection and resulted in a longer combustion 

period, whereas the heat-release rate under the air (N 2 –O 2 ) atmosphere terminated simultaneously with 

the end of the injection. The ignition delay for the hydrogen jet under an Ar–O 2 atmosphere increased 

with decreasing ambient temperature, similar to the behaviour observed under the air atmosphere. Other 

fundamental characteristics that may help control the operation of argon-circulated hydrogen engines 

were obtained and discussed. 

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

At present, transportation industries mainly rely on petroleum

uels, resulting in a total daily worldwide consumption of up to

4.52 million barrels (2010 est.) [1] . With the increasing world

opulation comes an increasing demand for fuels in the trans-

ortation industry. This trend has a ruthless impact on the envi-

onment because 70% of fuel usage is from internal combustion

ngines, which produce exhaust pollutants and deplete the non-

enewable sources of fossil fuel [2,3] . This issue has motivated re-

earchers worldwide to find alternative sources to power vehicle

ngines with new fuels. Hydrogen is one of the most promising

nergy carriers for the future [4–10] . It is a highly efficient, low-

ollution fuel that can be especially beneficial for use in trans-

ortation. Moreover, hydrogen has been characterized by many re-

earchers as the ultimate carbon-free fuel, has a high energy con-

ent per unit mass, is easily combustible because of its low ignition

nergy and produces only water as the major bi-product [11] . 
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A majority of the effort s in hydrogen engine research have fo-

used on spark ignition (SI)-type engines. Various studies have fo-

used on combustion improvements for hydrogen fuel [12] , the

nfluence of the injection timing under various equivalence ra-

ios [13] , and knocking in SI engines [14] . Although hydrogen can

e stably utilized using super-lean fuel mixtures, lean operations

an significantly reduce the power output because of reductions

n the volumetric heating and the low energy density of hydro-

en in air-fuel mixture [15] . Furthermore, the low ignition energy

f hydrogen can cause abnormal combustion, such as backfiring,

re-ignition, and knocking; these effects are the primary obstacles

o the operation of hydrogen premixed charge SI engines, in addi-

ion to their low output [12–15] . These issues can be resolved by

irectly injecting the fuel gas into the cylinder. Studies have in-

estigated the effects of the compression ratio, equivalence ratio,

nd engine speed on the performance and combustion characteris-

ics of direct-injection SI engines [16] . Backfiring, pre-ignition, and

nocking events can probably be eliminated by utilizing a late in-

ection timing [11,16] . The challenge here is that this process re-

uires hydrogen–air mixing in a very short time and has a high

robability of incomplete mixing. Furthermore, late start of injec-

ion (SOI) will result in the production of substantial amounts of

O x and reduce the indicated thermal efficiency at high load [15] . 
. 
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Fig. 1. Constant-volume vessel. 
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To achieve high thermal and volumetric efficiency and simul-

taneously eliminate combustion abnormalities, compression igni-

tion (CI) engines operating with hydrogen fuel are considered a

promising approach [11] . An engine that can operate at a high

compression ratio would obtain higher power outputs than would

SI engines. With high-pressure gas fuel directly injected into the

hot atmosphere, the fuel will mix by entrainment and turbulence

in a high-speed unsteady jet rather than by in-cylinder flow [17] .

However, the relatively high auto-ignition temperature of hydrogen

makes it difficult to ignite for combustion. An experiment has been

performed by Shioji [18] to investigate the possibility of hydrogen

ignition in CI engines. The experiment was conducted with an SOI

time θj = 80 ◦CA , equivalence ratio φ=0.35 and compression ratio

ε =22. According to the results, stable combustion and ignition are

not obtained in the combustion chamber with ε =22 because of

the high auto-ignition temperature of hydrogen. 

Theoretically, there are two options for solving the problem

of igniting hydrogen fuel in an internal combustion engine: in-

creasing the compression ratio or using gases with a low spe-

cific heat capacity together with oxygen as a diluent to replace

air during the combustion process. By increasing the compres-

sion ratio, the air and fuel will blend better, thus causing the en-

gine to perform better without using too much extra energy to

gain additional power. In the experiment by Shioji [18] , ε =30 was

found to be a suitable compression ratio for achieving the auto-

ignition temperature of hydrogen and producing stable combus-

tion. This value is considered high and disadvantageous for the

engine. Such a value will lead to the possibility of engine knock-

ing. Moreover, a high compression ratio requires proportionally in-

creasing the size of the engine, which is not practical for engine

design. 

In contrast, the approach of using gases with a low specific heat

capacity, specifically using a monoatomic noble gas as a diluent to

replace nitrogen from the air to generate a high temperature for

the purpose of hydrogen ignition [11,19] , is a promising alterna-

tive. This technique would not only eliminate the difficulty of CI

for the hydrogen fuel but also be advantageous for achieving ther-

mal efficiencies higher than those provided by normal air. The en-

gine efficiency for an ideal diesel cycle can be written as a func-

tion of the engine’s compression ratio (r), the cut-off ratio ( r c ) and

the specific heat ratio ( κ) of the in-cylinder gas [20] , as shown

in Eq. (1) . 

ηth = 1 − r 1 −κ ( r κc − 1 ) 

κ( r c − 1 ) 
(1)

This relationship suggests replacing nitrogen from the air with

an optimal diluent. Noble gases such as helium and argon are

promising diluents because of their monatomic structure. These

gases are nonreactive and have a high specific heat ratio ( κ =1.67,

compared to κ< 1.4 for air) because noble gas molecules only have

the translational mode of energy storage [21] . Therefore, attention

is now being paid to CI engines that operate using a mixture of

oxygen and argon. Argon was selected because this gas is plen-

tiful, easy to obtain on the market (compared with other noble

gases), and facilitates the creation of gas-tight seals [19] . This great

concept encouraged a patent by Lauman et al. [22] in which ar-

gon is utilized in an IC engine; the patent proposes that the water

from the exhaust can be condensed out and that the remaining ar-

gon can then be recycled in a closed-loop system. The feasibility

of using this concept in a vehicle has been studied by many re-

searchers [11,19,22] , and a detailed study of separating argon and

steam (H 2 O) from exhaust gas from a system was performed by

Kuroki et al. [19] . 

Direct injection CI engines do not suffer from knock and repre-

sent a better solution for taking advantage of the thermodynamic

properties of noble gases. It has been experimentally demonstrated
hat this approach is able to achieve indicated thermal efficien-

ies close to 50% using compression ratios between 10 and 16 [11] .

owever, the new challenge is that the amount of hydrogen gas

hat can be injected at higher compression ratios is limited by

he injection pressure of the system. High-pressure hydrogen gas

njection is difficult because of the high diffusivity and low lu-

ricity of H 2 gas [23] . With the new generation of solenoid in-

ectors equipped with pressure balances, the energy and dynamic

esponse of the injectors can be reduced [24] . However, issues re-

ated to the use of hydrogen, oxygen and argon in terms of trans-

ortation, production, storage, and portability continue to repre-

ent barriers to their utilization. These obstacles reduce the overall

fficiency of hydrogen fuel, especially during production and fill-

ng of the gas into a tank for on-board purposes. This topic has

ttracted many researchers, who are performing detailed studies

f and attempting to solve this problem [19,23,24] . Currently, only

imited fundamental data can be obtained for this type of hydrogen

ombustion. In this study, the ignition delay and the combustion

haracteristics of hydrogen jets in an Ar–O 2 atmosphere were in-

estigated using a constant-volume combustion vessel. The effects

f ambient temperature, oxygen concentration, ambient pressure,

njection pressure, and nozzle-hole diameter were investigated in

 pre-burning system to determine the optimal design and oper-

ting conditions for argon-circulated hydrogen engines. To further

nvestigate the combustion process of a hydrogen jet in an Ar–O 2 

tmosphere, high-speed shadowgraph images were collected. Ex-

eriments were first conducted under standard conditions in an

r–O 2 atmosphere (underlined in Table 1 ), and the results were

ompared to the combustion process of a hydrogen jet in an air

tmosphere to validate the improvement in the combustion pro-

ess achieved using a working gas with a high specific heat ratio. 

. Methodology 

.1. Experimental setup and procedure 

In this study, the ignition and combustion characteristics of a

ydrogen jet were investigated in a constant-volume vessel. The

ombustion chamber, illustrated schematically in Fig. 1 , was built

n a manner similar to that reported in previous studies [25,26] .
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Table 1 

Premixed gas composition for the two-step combustion process. 

Oxygen concentration (%) Composition before spark ignition (mol%) Composition at injection time (mol%) 

Air atmosphere (N 2 –O 2 ) C 2 H 4 H 2 O 2 N 2 C 2 O H 2 O O 2 N 2 

21 0.02 0.05 0.30 0.62 0.05 0.10 0.21 0.64 

Argon–Oxygen Atmosphere (Ar–O 2 ) – H 2 O 2 Ar – H 2 O O 2 Ar 

26 – 0.11 0.300 0.589 – 0.116 0.26 0.624 

21 – 0.11 0.534 0.636 – 0.116 0.21 0.673 

15 – 0.11 0.197 0.693 – 0.116 0.15 0.734 

10 – 0.11 0.150 0.740 - 0.116 0.10 0.783 

5 – 0.11 0.102 0.788 - 0.116 0.05 0.834 

Fig. 2. Shadowgraph image setup. 
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Fig. 3. Two-step combustion process. 
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he chamber is a circular cylinder measuring 80 mm in diame-

er and 30 mm in depth and is approximately 150 cm 

3 in vol-

me; in addition, it is fitted with a quartz window for view-

ng. To reduce the effects of vapours on the combustion win-

ows and to obtain high-quality shadowgraph images, the win-

ows were heated to 230 °C before the experiment was conducted.

 solenoid-type gas injector, fitted at the top of the chamber, was

sed to inject high-pressure hydrogen fuel into the combustion

hamber at an injection pressure of up to 15 MPa. A stirrer was

perated at a constant speed of 80 0 0 rpm before fuel injection to

aintain a uniform temperature in the chamber. An intake valve

as used to charge and control the air or premixed gas enter-

ng the chamber, and an exhaust valve was installed to remove

he burned gases. A spark plug was used to ignite the lean pre-

ixed gas in the vessel in the first step of the two-step combustion

rocess to generate high-pressure, high-temperature compression

onditions for ignition. The pressure in the combustion chamber

as measured using a piezoelectric pressure transducer. This pres-

ure was used to calculate the ignition delay and the heat-release

ate. 

Figure 2 presents a schematic arrangement of the shadowgraph

ystem. The setup essentially follows the Z-type Schlieren setup

escribed in [27] . The light source is a 1-kW xenon lamp with

 condensing lens and a small pinhole measuring 0.3 mm in di-

meter, which is used to provide sharp and intense illumination

hroughout the system. The pinpoint light source is reflected by a

at folding mirror and then captured by a concave mirror (with a

ocal length of 1910 mm). This concave mirror reflects the paral-

el light rays passed through the combustion vessel to an oppos-

ng concave mirror. Once the parallel ray hits this second mirror,

t is again reflected to the flat folding mirrors and re-focused to

 pinpoint, at upon which it enters the high-speed camera. The

ydrogen-jet flame development and the combustion process were

isualized and observed using a digital high-speed camera. In this

tudy, the photographs were recorded at a speed of 20,0 0 0 fps

ith an exposure time of 49.3 μs. 
.2. Experimental procedure 

The compression-ignition combustion conditions in a constant-

olume combustion vessel were simulated using a two-step com-

ustion process. In the first step, a high-temperature, high-pressure

nvironment is generated using a spark ignition and by burn-

ng the premixed combustible gas. In the second step, the fuel

s injected into the simulated environment, where the injected

uel then auto-ignites and burns. Figure 3 presents an example of

he combustion vessel pressure history for a typical compression-

gnition combustion simulation. To start the experiment, the com-

ustible premixed gas is prepared in a mixing tank and then in-

roduced into the combustion chamber through an intake valve.

t time zero in Fig. 3 , the lean mixture is ignited by a spark

lug, which generates a high-temperature, high-pressure condi-

ion through the combustion of the initial premixed fuel. The pre-

ixed burning ends at approximately 25 ms, reaching a pressure

f 5.5 MPa; then, the hot gases start to cool due to heat transfer.

hen the desired state for the initial ambient pressure is reached,

he fuel injector is activated. The second pressure rise in Fig. 3 is

aused by auto-ignition and combustion of the injected fuel. The

mbient gas temperature was determined as a thermodynamically

veraged temperature using the known pressure at the time of fuel

njection and the initial mass and composition of the gas in the

essel. 

As indicated in Table 1 , the premixed gas-generated, high-

ressure, high-temperature field consisted of hydrogen (H 2 ), oxy-

en (O 2 ), and argon (Ar) for the Ar-O 2 atmosphere experiment

nd of ethylene (C 2 H 4 ), hydrogen (H 2 ), oxygen (O 2 ), and nitro-

en (N 2 ) for the air atmosphere (N 2 –O 2 ) experiment. Further-

ore, the gas compositions at injection time for simulated am-

ient oxygen concentrations, r O2 , of 26%, 21%, 15%, 10%, and 5%

re presented. Table 1 presents the mole fraction of the reac-

ants selected for creating the high-temperature, high-pressure

onditions that were used for this study. The compositions at

njection time listed in Table 1 are assumed to be complete
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Table 2 

Experimental conditions for the study of the ignition characteristics of hy- 

drogen jets in an Ar–O 2 atmosphere and in an N 2 –O 2 atmosphere. 

Fuel H 2 

Atmosphere N 2 –O 2 Ar–O 2 
Injection duration, ms 9 9 

Injection pressure, p j , MPa 8 6, 8 , 10 

Ambient pressure, p i , MPa 4 2, 4 

Ambient temperature, T i , K 90 0, 950 , 1,0 0 0, 80 0, 90 0, 950 , 

1,100 1,0 0 0, 1,10 0 

1,200 

Nozzle-hole diameter, d N , mm 0.8 0.4, 0.8 

Oxygen concentration, r O 2 , % 21 26, 21 , 15, 10, 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Boundary conditions for the numerical sim- 

ulation 

Fuel H 2 

Atmosphere Ar–O 2 
Injection duration, ms 9 

Injection pressure, p j , MPa 6, 8 , 

Ambient pressure, p i , MPa 2, 4 

Ambient temperature, T i , K 1100 

Nozzle-hole diameter, d N , mm 0.8 

Oxygen concentration, r O 2 , % 21 
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combustion products. Additionally, the engine exhaust gas recircu-

lation (EGR) environment could be simulated by changing the oxy-

gen concentrations. 

Table 2 presents the experimental conditions used in the cur-

rent study of the ignition characteristics of hydrogen jets in an

Ar-O 2 atmosphere. The underlined numbers in the table corre-

spond to the stxandard conditions. 

2.3. Numerical setup and procedure 

To investigate the effects of the ambient pressure p i and injec-

tion pressure p j on the ignition delay τ , a numerical study was

performed. CONVERGE (v2.2.0), a CFD software package developed

by Convergent Science, Inc., Madison, WI (2014) was used to inves-

tigate the results. The software includes adaptive mesh refinement

(AMR), which can be applied to the velocity field or any scalar field

to automatically increase the resolution when needed. The AMR al-

gorithm prioritizes and increases the resolution where it is most

needed [28] . The Redlich–Kwong equation of state was used for

the gas simulation model. For the combustion model, the SAGE

detailed chemistry solver was used to solve the detailed chem-

ical kinetics in the combustion process. This combustion model

reads in a chemical reaction mechanism in CHEMKIN format and

solves the ODEs to determine the cell reaction rate. Reynolds-

averaged Navier–Stokes (RANS) was used as the turbulence model

to solve for the average quantities of turbulent motion along the

process. The simulation was performed with the same parameters
Fig. 4. Changes in p f - p a , d q /d t , and T ave under the Ar
s the experimental setup, with boundary conditions as described

n Table 3. 

. Results and discussion 

.1. Comparison between argon–oxygen atmosphere and air 

tmosphere 

First, the combustion characteristics of the hydrogen jet in an

rgon–oxygen (Ar–O 2 ) environment were examined, and the re-

ults were compared to those of a hydrogen jet in an air (N 2 –O 2 )

tmosphere under the standard conditions of p j = 8 MPa, p i = 4 MPa,

nd r O2 =21%. The heat-release rate is the heat generated by com-

ustion per unit time. The variation in d q /d t depends on the ig-

ition delay, fuel properties, and injection and combustion con-

itions; d q /d t for a constant-volume combustion vessel is calcu-

ated from the energy equation with enthalpy variation due to

eat transfer and fuel injection. The definition of the ignition de-

ay of gaseous fuels was previously described in detail by Ishiyama

t al. [25] and Naber et al. [29] . In both studies, the ignition de-

ay was defined as the time from the SOI to the time at which

he pressure rise exceeds a set value. In this study, the ignition

elay for the hydrogen jet was calculated as the time from the

OI until the rate of the net pressure rise exceeded the thresh-

ld of 50 MPa/s. Figure 4 presents the net pressure rise p f - p a ,

he heat-release rate d q /d t , and the calculated average temper-

ture inside the combustion chamber T ave against time t from

he SOI for different ambient temperatures T i . The net pressure

ise and the average temperature inside the combustion chamber
–O 2 and air atmospheres for various T i values. 
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Fig. 5. Effect of T i on τ for the Ar–O 2 and air atmospheres. 
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nder the Ar–O 2 atmosphere were observed to be higher than

hose under the air atmosphere for the same ambient temperature.

his result was observed because the specific heat ratio of argon is

reater than that of nitrogen. As indicated in Fig. 4 , for T i =1100 K

nd 10 0 0 K in both atmospheres, the hydrogen ignited imme-

iately after injection and showed progressive mixing-controlled

ombustion. However, at T i =900 K, the ignition delay under the

ir atmosphere appeared to cause ignition earlier than under the

r–O 2 atmosphere, and rapid premixed combustion was observed,

ollowed by progressive mixing-controlled combustion. This evo-

ution of the heat-release rate is similar to the common heat-

elease rate observed in diesel combustion. The kinematic vis-

osity of the ambient gas also increased with increased average

emperature inside the combustion chamber, causing the turbu-
Fig. 6. Flame development and combustion process under Ar–O 2 and air atm
ent mixing to suppress and thus delay the progress of mixing-

ontrolled combustion. Consequently, under the Ar–O 2 atmo-

phere, a small heat-release rate d q /d t prevailed towards the end

f injection, resulting in a longer combustion period compared to

hat under the air atmosphere. However, under the air atmosphere,

hen injection ended, the heat-release rate also stopped increas-

ng. The heat-release rate d q /d t recorded under the Ar–O 2 atmo-

phere was lower than that under the air atmosphere during the

njection period. 

Figure 5 shows the effects of the ambient temperature T i on

he ignition delay τ for a hydrogen jet under the Ar–O 2 atmo-

phere and under the air atmosphere in Arrhenius form. A typi-

al temperature dependence of the different linear slopes in the

igh- and low-temperature regions was observed for both the Ar–

 2 and air atmospheres. The overall changes in ignition delay can

e attributed to T i for the Ar–O 2 atmosphere and were greater

han those observed for the air atmosphere. As presented in Fig. 5 ,

he ignition delay τ for the Ar–O 2 atmosphere was shorter than

hat for the air atmosphere when T i was higher than 950 K, rang-

ng from 0.25 to 0.5 ms and from 0.35 to 0.6 ms. In the low-

emperature region, τ increases for the Ar–O 2 atmosphere. This is

ue to the effects of both the physical delay in the higher tem-

erature region and the chemical delay in the lower temperature

egion. 

To further examine the combustion progress under an Ar–O 2 

tmosphere, high-speed shadowgraph images were taken. Figure

 shows the flame development and combustion process under the

r–O 2 and air atmospheres under base conditions with T i =950 K.

s indicated in the graph on the right, ignition delay occurred at

 = 1.20 ms under the Ar–O 2 atmosphere and moved towards the

eak d q /d t at t = 1.50 ms; in contrast, under the air atmosphere,

horter τ values of t = 0.5 ms were observed. Furthermore, the ig-

ition delay can be observed from position 1 of the flame spread

mages, where the hydrogen jet ignited from the middle of its pen-

tration in the Ar–O 2 atmosphere, and at position 3 of the image,

here the flame hit the bottom wall of the constant-volume vessel

t t = 2.50 ms. In the air atmosphere, ignition occurred at the end
ospheres ( r O 2 = 21%, p i = 4 MPa, p j = 8 MPa, d N = 0.8 mm, and T i = 950 K). 
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Fig. 7. Flame development and combustion progress under an Ar–O 2 atmosphere for various T i values ( r O 2 = 21%, p i = 4 MPa, p j = 8 MPa, and d N = 0.8 mm). 

Fig. 8. Changes in p f - p a , d q /d t and T ave for different r O 2 values at various values of T i . 
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Fig. 9. Flame development and combustion progress in an Ar–O 2 atmosphere for various r O 2 values ( p i =4 MPa, p j =8 MPa, d N =0.8 mm, and T i =950 K). 
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Fig. 10. Effect of T i on τ for different r O 2 . 
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of the penetration tip, and the bottom wall was hit at t = 1.50 ms.

This result was primarily due to the higher density of Ar com-

pared to that of N 2 . The flame spread images from positions 4 to

5 indicate that progressive mixing-controlled combustion occurred

under both atmospheres. At position 6, at which injection was al-

ready complete, a small amount of d q /d t prevailed towards the end

of the combustion process, as observed for the Ar–O 2 atmosphere

relative to the air atmosphere. 

3.2. Combustion characteristics of a hydrogen jet in an argon–oxygen 

atmosphere 

3.2.1. Effect of the ambient temperature 

The effects of ambient temperature on the combustion char-

acteristics for an Ar–O 2 atmosphere under standard conditions

( p j = 8 MPa, p i = 4 MPa, and r O2 = 21%) were examined. Figure

7 shows the flame development and the combustion progress of

a hydrogen jet in an Ar–O 2 atmosphere for various temperatures.

The injector was set to inject hydrogen fuel for 9 ms. Based on a

previous experiment, for an injection period of 9 ms under stan-

dard conditions ( p j = 8 MPa, p i = 4 MPa, and r O 2 = 21%) at the tar-

get ambient temperature of T i = 950 K, the equivalence ratio φ0 is

0.33 [30] . As shown in Fig. 7 , for T i =1100 K, the hydrogen ignited

immediately after injection and slowly moved towards the peak

of d q /d t . Only progressive mixing-controlled combustion could be

observed from the start of ignition until the end of combustion.

The evolution of the mixing-controlled combustion process can be

observed in the shadowgraph images from positions 2 to 6. For

T i =950 K, a longer ignition delay resulted in the premixed com-

bustion phase, which was followed by mixing-controlled combus-

tion. The hydrogen ignited at t = 1.20 ms, at which point the jet

penetration nearly reached the bottom of the constant-volume ves-

sel. Position 2 at T i =950 K indicates premixed combustion, fol-

lowed by mixing-controlled combustion from positions 3 to 6. For

T i =800 K, the ignition delay increased at t=6.30 ms, as indicated

by the shadowgraph images in which the hydrogen jet penetration

had already hit the wall. The ignition started from the lower left

part of the combustion chamber, and rapid combustion was ob-

served, as shown for positions 2 to 3. Only rapid premixed com-

bustion was observed at T i =800 K because all the fuel combusted

within a very short period due to a longer ignition delay, resulting

in a longer time needed to premix the fuel and air. 

3.2.2. Effect of the oxygen concentration 

In argon-circulated hydrogen engines, the oxygen concentration

r O 2 can be directly adjusted to control the combustion rate. To

satisfy operating guidelines, the effect of r O2 on the ignition and

combustion process must be understood. Figure 8 presents the net

pressure rise p f - p a , the heat-release rate d q /d t , and the calculated

average temperature inside the combustion chamber T ave against

time t from the SOI under oxygen concentrations of r O 2 = 26%, 21%,

15%, 10%, and 5%. The injection period was set to 9 ms, except at

T i = 800 K for r O 2 = 21% and 15%, for which the injection period was

set to 4.5 ms. This setup was used to prevent backflow from the

combustion chamber into the injector, which can occur due to the

high pressure created by the rapid premixed combustion. Addition-

ally, the injection period was set to a period such that the hydro-

gen injection would end before the pressure inside the combus-

tion chamber reached or exceeded the injection pressure p j . For

an injection period of 9 ms at the target ambient temperature of

T i =950 K under standard conditions for two-step combustion in a

constant-volume vessel, the equivalence ratio φ0 for r O 2 = 21% is

0.33. From this calculation, the equivalence ratios φ0 for r O 2 = 26%,

15%, 10%, and 5% are 0.267, 0.46, 0.693, and 1.39, respectively.

Figure 8 indicates that, at a high temperature of T =1,100 K, the
i 
gnition delay decreased, and mixing-controlled combustion con-

inued until the end of injection. For any value of r O 2 , the be-

aviour of the heat-release rate d q /d t primarily indicates progres-

ive mixing-controlled combustion; a smaller r O 2 would result in

 lower heat-release rate during injection, with a heat-release rate

ecrease that would be slower following the completion of injec-

ion. This interpretation is particularly valid when r O 2 is less than

0%: the low heat-release rate lasts longer because more time is

equired to mix the fuel and oxygen, which results in a longer

ombustion period. Additionally, at T i =950 K for r O 2 = 15%, 10%,

nd 5%, the ignition delay increased, and mixing-controlled com-

ustion was observed after the sharp peak associated with the pre-

ixed combustion. The ignition delay increased rapidly with de-

reasing r O2 . At T i =800 K and r O 2 =26%, 21%, and 15%, an ignition

elay was observed after the end of the injection period; in con-

rast, at r O 2 = 10% and below, ignition was not observed. 

To further explore the combustion progress at different val-

es of r O 2 , high-speed shadowgraph images were captured.

igure 9 presents the flame development and combustion progress

f hydrogen under Ar–O 2 atmospheres at T i = 950 K. The igni-

ion delay increased with decreasing r O 2 . For r O 2 = 15%, 10%, and

%, rapid movement towards the peak of d q /d t was observed,

s shown for positions 1 to 2. The movement towards the peak

f d q /d t for r O 2 = 26% occurred more slowly compared to the

ovement for the lower r O 2 . Additionally, the shadowgraph image

emonstrates that high-speed flame development occurred from

ositions 1 to 3 at r O 2 = 15%. Position 3 indicates that the hydro-

en flame development under the smaller r O 2 hit the bottom wall

ater than did that under the larger r O 2 . For positions 3 to 5, all

 O 2 
values indicate progressive mixing-controlled combustion with

onger combustion periods for smaller r O 2 . 

Figure 10 presents the temperature dependence of the ignition

elay τ under the Ar–O 2 atmosphere for various oxygen concen-

rations r O 2 . Reductions in r O 2 increased the ignition delay, with

he slope of the temperature dependence in the high-temperature

egion indicating a small change and a slight increase in the slope

n the low-temperature region. Additionally, lower r O 2 values led

o misfires at higher ambient temperatures. 

.2.3. Effect of ambient pressure 

Further experiments were performed at different ambient pres-

ures, p =2 MPa and 4 MPa, to study the effects on the ignition
i 
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Fig. 11. Changes in p f - p a , d q /d t , and T ave for different p i values at various values of T i ( r O2 =21%, MPa, p j =8 MPa, and d N =0.8 mm). 

Fig. 12. Flame development and combustion progress under an Ar–O 2 atmosphere for different values of p i ( r O 2 = 21%, p j = 8 MPa, and T i = 950 K). 

d  

s  

a  

t  

4  

h  

g  

T  

b  

o  

b  

a  

a  

i  

h

 

i  

d  

A  

d  

v  

t  

p  

i  

a  

p

elay τ and the heat-release rate. Figure 11 presents the net pres-

ure rise p f - p a , the heat-release rate d q /d t , and the calculated

verage temperature inside the combustion chamber T ave against

ime t from the SOI at different ambient temperatures T i for p i =
 MPa and 2 MPa. For both p i values, at T i =1100 K and T i = 950 K,

ydrogen ignition occurred immediately after injection, and pro-

ressive mixing-controlled combustion was observed. However, at

 i =800 K, the ignition delay increased, and rapid premixed com-

ustion was observed. The hydrogen jet development at p i =2 MPa

ccurred more rapidly, which caused earlier mixing with the am-

ient atmosphere and resulted in earlier ignition. The low density

nd low heat capacity at p i =2 MPa resulted in an increase in the

verage temperature inside the combustion chamber. The pressure
nside the combustion chamber at p i =4 MPa was observed to be

igher due to the high levels of oxygen. 

Combustion at different ambient pressures p i was observed us-

ng high-speed shadowgraph images. Figure 12 presents the flame

evelopment and the combustion progress of hydrogen under an

r–O 2 atmosphere at T i = 950 K. The ignition delay decreased with

ecreasing p i . Image 3, at p i =2 MPa, indicates that the flame de-

elopment hit the bottom wall at t = 1.50 ms, which was shorter

han the time required for the flame to hit the bottom wall at

 i = 4 MPa: t = 2.50 ms. Faster flame development for p i =2 MPa, as

ndicated in images 4 to 6 of the shadowgraph, occurred because,

t the end of injection, the flame had already reached the upper

art of the combustion chamber. 
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Fig. 13. Effect of T i on τ for different p i . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Effect of T i on τ for different values of p j . 
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Figure 13 presents Arrhenius plots demonstrating the effects of

p i on the ignition delay τ for hydrogen jets. The plots indicate that

at an ambient temperature of T i =1100 K or above, changes in the

ambient pressure did not have a major effect on the ignition delay.

Small variations can be observed with decreasing T i . The ignition

delay at p i =2 MPa was shorter because the decrease in p i could

lower the ambient density, resulting in more rapid jet development

[17] and acceleration of the mixing formation. At p i =2 MPa, a mis-

fire occurred at approximately T i =750 K. 

3.2.4. Effect of injection pressure 

Figure 14 presents the net pressure rise p f - p a , the heat-release

rate d q /d t , and the calculated average temperature inside the com-

bustion chamber T ave against time t from the SOI under differ-

ent ambient temperatures T i and different injection pressures p j .

High injection pressures led to higher d q /d t values during the com-

bustion process because a different amount of fuel was injected.

For all p j at T i =10 0 0 K and 950 K, hydrogen ignition occurred im-

mediately after injection, and progressive mixing-controlled com-

bustion was observed. However, at T i =800 K, the ignition delay

was increased, and rapid premixed combustion was observed. For
Fig. 14. Changes in p f - p a , d q /d t , and T ave for different values of p j at 
 j =10 MPa and 12 MPa, an ignition delay was observed during the

njection period. 

Figure 15 presents an Arrhenius plot indicating the effect of p j 
n the ignition delay τ for the hydrogen jets. Small variations can

e observed with decreasing T i , in which the ignition delay associ-

ted with a higher injection pressure decreases, indicating a small

hange in the slope of the temperature dependence in the high-

emperature region and a slight increase in the slope in the low-

emperature region. 

.2.5. Effect of the nozzle-hole diameter 

The nozzle-hole diameter ( d N ) is one of the most significant

nd fundamental parameters to consider in designing the com-

ustion system of a direct injection CI engines [31] . In this study,

wo nozzle-hole diameters were used: d N =0.4 mm and 0.8 mm.

igure 16 presents the net pressure rise p f - p a , the heat-release rate

 q /d t , and the calculated average temperature inside the combus-

ion chamber T ave against time t from the SOI for nozzle-hole di-

meters of d N =0.4 mm and 0.8 mm. At d N =0.4 mm for T i =1100 K

nd 950 K, ignition occurred immediately after injection, and pro-

ressive mixing-controlled combustion was observed. Small-scale

tructures of premixed combustion were observed for T i =950 K.
various T i values ( r O 2 = 21%, MPa, p i =4 MPa, and d N =0.8 mm). 
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Fig. 16. Changes in p f - p a , d q /d t , and T ave for different d N values for various values of T i ( r O 2 = 21%, p i = 4 MPa, and p j = 8 MPa). 

Fig. 17. Flame development and combustion progress under an Ar–O 2 atmosphere for different values of d N ( p i =4 MPa, p j =8 MPa, and T i =950 K). 
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owever, for T i =850 K, with a longer ignition delay, rapid pre-

ixed combustion was observed, followed by mixing-controlled

ombustion; in contrast, when d N =0.8 mm, only rapid premixed

ombustion was observed. 

Figure 17 presents the flame development and the combustion

rogress of hydrogen under Ar–O 2 atmospheres at T i =950 K for

ifferent nozzle-hole diameters d N . The ignition delay decreased

or the smaller nozzle-hole diameter. For d N =0.4 mm, position 3

emonstrates that the flame development hit the bottom wall at

 ms. Figure 17 indicates that the hydrogen ignited immediately af-

er injection, indicating progressive mixing-controlled combustion,
hich can also be observed in the combustion progress images for

ositions 3–5. 

Figure 18 presents an Arrhenius plot indicating the effect of

 N on the ignition delay τ for the hydrogen jets. As presented

n Fig. 18 , the ignition delay τ for d N =0.4 mm in the high-

emperature region indicates only a slight change; however, in the

ow-temperature region, τ decreased relative to the base condition

f d N =0.8 mm. The smaller nozzle orifice resulted in a shorter ig-

ition delay because, during hydrogen jet penetration, the angle of

ivergence of the jet was wider, which caused the fuel to diffuse

ore readily and thus mix more easily with the O 2 . 
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Fig. 18. Effect of T i on τ for different values of d N . 
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3.2.6. Effect of ignition delay at different ambient and injection 

pressures 

A numerical study was performed to compare the ignition delay

in a hydrogen combustion chamber. The purpose of the study was

to observe how the ignition delay was affected either by the ho-

mogenous temperature and chemistry or by the differences in the

mixture formation. For this purpose, a numerical study was con-

ducted at the same ambient temperature but with different ambi-

ent and injected pressures. 

Figure 19 shows the results for the heat-release rate d q/ d t for

hydrogen combustion with different injected pressure p j and ambi-

ent pressure p i at the same ambient temperature T i . At an ambient

temperature of 1100 K, hydrogen was injected at 8 and 6 MPa at a

constant vessel pressure of 4 and 2 MPa. Figure 19 presents the re-
Fig. 19. Effect of P ave and T ave for 
ults for the same ambient pressure p i =4 MPa; the same ignition

elay τ was obtained even though the fuel was injected at dif-

erent injection pressures: p j =8 and 6 MPa. The same agreement

f the ignition delay τ holds for the ambient pressure p i =2 MPa

ith fuel injected at p j =8 and 6 MPa. On the other hand, for a

xed injection pressure p j , injection at different ambient temper-

tures p i results in a different ignition delay τ . However, higher

njection pressures p j at the same ambient pressure p i result in

 higher heat-release rate during combustion. From the simula-

ion results, it can observed that, at a higher ambient tempera-

ure (1100 K), the dependence of the ignition delay on the ambient

ressure p i is very small [32] . By reducing the injection pressure p j 
t fixed ambient pressure, p i will not increase the ignition delay;

ather, it will only reduce the values of the average pressure and

emperature. 

. Conclusions 

In this study, the ignition delay and combustion characteris-

ics of a hydrogen jet under an Ar–O 2 atmosphere were investi-

ated through experiments conducted in a constant-volume vessel

ith varying ambient temperatures, oxygen concentrations, am-

ient pressures, injection pressures, and nozzle-hole diameters.

ased on the findings of this study, the following conclusions can

e drawn: 

1. The ignition delay under an Ar–O 2 atmosphere is shorter at

high temperatures and increases at low temperatures compared

to that under an air (N 2 –O 2 ) atmosphere. Under an Ar–O 2 at-

mosphere, a small heat-release rate prevails towards the end

of injection, which results in a longer combustion period com-

pared to that under an air atmosphere; similarly, when injec-

tion is complete, the heat-release rate also decreases. 

2. The high specific heat ratio under the Ar–O 2 atmosphere causes

an increase in the temperature and pressure after ignition com-

pared to that under normal air. Therefore, the heat-release rate

under an Ar–O 2 atmosphere is dependent on turbulent mix-

ing and declines more slowly due to the increased kinematic

viscosity. 
different values of p i and p j . 
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3. Lower ambient temperatures with longer ignition delays lead

to a premixed combustion phase, while higher ambient tem-

peratures (above 950 K) with shorter ignition delays result in a

lower heat-release rate and progressive mixing-controlled com-

bustion. 

4. Higher oxygen concentrations lead to shorter ignition de-

lays and shift the temperature limit with a certain mis-

firing probability to lower ambient values. Lower oxy-

gen concentrations in the Ar–O 2 atmosphere lead to a

lower heat-release rate and prolong mixing-controlled

combustion. 

5. The ignition delay at an ambient pressure of 4 MPa for low

ambient temperatures is longer than that at 2 MPa. In the

high-ambient-temperature region, hydrogen ignition oc- 

curs immediately after injection, with progressive mixing-

controlled combustion occurring. However, in the low-ambient-

temperature region, the ignition delay increases, resulting in

rapid premixed combustion. The ignition delays observed at

high-ambient temperatures (above 10 0 0 K) are highly similar

at all ambient pressures. 

6. A higher injection pressure results in a shorter ignition delay,

with the slope of the temperature dependence in the high-

temperature region indicating a small change, whereas a slight

increase is observed in the slope in the low-temperature region.

7. The ignition delay is shorter for a small nozzle-hole diameter

than for a large nozzle-hole diameter. 

The constant-volume combustion vessel used in this study was

pecially designed for examining the ignition and combustion char-

cteristics of hydrogen jets in an argon–oxygen atmosphere under

arious conditions. Under hydrogen direct injection CI conditions,

ontrolling combustion via the injection rate is suggested. Shorter

gnition delays, in which the hydrogen ignites immediately after

njection, are recommended because of the rapid combustion char-

cteristics of hydrogen. An ambient temperature of approximately

50 K is advised to ensure the shortest ignition delay possible. In

uture studies, the experimental conditions discussed above can be

sed in designing and building argon-circulated hydrogen engines,

nd the results can be further validated by an engine test run ex-

eriment. 

cknowledgments 

The authors would like to thank Toyota Motor Corporation for

ts partial support in the form of a research grant and for provid-

ng the gas-injection system. The authors would also like to thank

r. Nakao Shinji and Mr. Katsutaka Nakagami for helping obtain

he experimental data and Mr. Nik Muhammad Hafiz for helping

btain the simulation data. 

eferences 

[1] Central Intelligence Agency, The World Factbook 2015. Available at https://
www.cia.gov/library/publications/the- world- factbook/docs/whatsnew.html . 

[2] R.D. Reitz, Directions in internal combustion engine research, Combust. Flame

160 (2013) 1–8, doi: 10.1016/j.combustflame.2012.11.002 . 
[3] K. Ryu, G.E. Zacharakis-Jutz, S. Kong, Effects of gaseous ammonia direct injec-

tion on performance characteristics of a spark-ignition engine, Appl. Energy
116 (2014) 206–215, doi: 10.1016/j.apenergy.2013.11.067 . 

[4] J.A. Turner, Sustainable hydrogen production, Science 305 (2004) 972–974,
doi: 10.1126/science.1103197 . 

[5] N. Muradov, T. Vezirolu, From hydrocarbon to hydrogen?carbon to hydrogen

economy, Int. J. Hydrogen Energy 30 (2005) 225–237, doi: 10.1016/j.ijhydene.
2004.03.033 . 
[6] J. Hetland, G. Mulder, In search of a sustainable hydrogen economy: how a
large-scale transition to hydrogen may affect the primary energy demand and

greenhouse gas emissions, Int. J. Hydrogen Energy 32 (2007) 736–747, doi: 10.
1016/j.ijhydene.2006.08.011 . 

[7] M. Ball, M. Wietschel, The future of hydrogen – opportunities and challenges,
Int. J. Hydrogen Energy 34 (2009) 615–627, doi: 10.1016/j.ijhydene.2008.11.014 . 

[8] S. Verhelst, T. Wallner, Hydrogen-fueled internal combustion engines, Prog. En-
ergy Combust. Sci. 35 (2009) 490–527, doi: 10.1016/j.pecs.2009.08.001 . 

[9] G. Karim, Hydrogen as a spark ignition engine fuel, Int. J. Hydrogen Energy 28

(2003) 569–577, doi: 10.1016/S0360-3199(02)00150-7 . 
[10] W. McDowall, M. Eames, Forecasts, scenarios, visions, backcasts and roadmaps

to the hydrogen economy: a review of the hydrogen futures literature, Energy
Policy 34 (2006) 1236–1250, doi: 10.1016/j.enpol.2005.12.006 . 

[11] M. Ikegami, K. Miwa, M. Shioji, A study of hydrogen fuelled compression
ignition engines, Int. J. Hydrogen Energy 7 (1982) 341–353, doi: 10.1016/

0360-3199(82)90127-6 . 

[12] S. Furuhama, K. Yamane, I. Yamaguchi, Combustion improvement in a hydro-
gen fueled engine, Int. J. Hydrogen Energy 2 (1977) 329–340, doi: 10.1016/

0360- 3199(77)90027- 1 . 
[13] A. Nemati, V. Fathi, R. Barzegar, S. Khalilarya, Numerical investigation of the ef-

fect of injection timing under various equivalence ratios on energy and exergy
terms in a direct injection SI hydrogen fueled engine, Int. J. Hydrogen Energy

38 (2013) 1189–1199, doi: 10.1016/j.ijhydene.2012.10.083 . 

[14] H. Li, Knock in spark ignition hydrogen engines, Int. J. Hydrogen Energy 29
(2004) 859–865, doi: 10.1016/j.ijhydene.2003.09.013 . 

[15] C. White, R. Steeper, A. Lutz, The hydrogen-fueled internal combustion engine:
a technical review, Int. J. Hydrogen Energy 31 (2006) 1292–1305, doi: 10.1016/

j.ijhydene.20 05.12.0 01 . 
[16] A. Mohammadi, M. Shioji, Y. Nakai, W. Ishikura, E. Tabo, Performance and com-

bustion characteristics of a direct injection SI hydrogen engine, Int. J. Hydrogen

Energy 32 (2007) 296–304, doi: 10.1016/j.ijhydene.2006.06.005 . 
[17] M.R.A. Mansor, M. Shioji, Characterization of hydrogen jet development in an

argon atmosphere, Green energy and technology, 66, Springer, 2013, pp. 133–
140, doi: 10.1007/978- 4- 431- 54264- 3 _ 14 . 

[18] M. Shioji , Hydrogen IC engines, International Workshop for Near Zero Emission
Vehicle, Jeju, Korea (2009) . 

[19] R. Kuroki, A. Kato, E. Kamiyama, D. Sawada, Study of high efficiency zero-

emission argon circulated hydrogen engine. SAE Technical Paper (2010) 2010-
01-0581. doi: 10.4271/2010-01-0581 . 

20] J.P. Holman , Thermodynamics, 3rd ed., McGraw-Hill, New York, 1980 . 
[21] N.J. Killingsworth, V.H. Rapp, D.L. Flowers, S.M. Aceves, J.Y. Chen, R. Dibble,

Increased efficiency in SI engine with air replaced by oxygen in argon mixture,
Proc. Combust. Inst 33 (2011) 3141–3149, doi: 10.1016/j.proci.2010.07.035 . 

22] E.A. Lauman, R.K. Reynolds, Hydrogen-fueled engine. 1978 US Patent No.

4,112,875, Available at doi: 10.1074/JBC.274.42.30033.(51) . 
23] A. Welch, D. Mumford, S. Munshi, J. Holbery, B. Boyer, M. Younkins, et al.,

Challenges in developing hydrogen direct injection technology for internal
combustion engines, SAE Technical Paper (20 08) 20 08-01-2379. doi: 10.4271/

2008- 01- 2379 . 
24] A. Ferrari, F. Paolicelli, P. Pizzo, The new-generation of solenoid injectors

equipped with pressure-balanced pilot valves for energy saving and dy-
namic response improvement, Appl. Energy 151 (2015) 367–376, doi: 10.1016/j.

apenergy.2015.03.074 . 

25] T. Ishiyama , M. Shioji , T. Ihara , T. Inoue , N. Takada , Characteristics of sponta-
neous ignition and combustion in unsteady high-speed gaseous fuel jets, SAE

Trans 112 (2003) 1787–1797 . 
26] Y. Kitamura, S. Kee, A. Mohammadi, T. Ishiyama, M. Shioji, Study on NO x

control in direct-injection PCCI combustion-fundamental investigation using
a constant-volume vessel, SAE Technical Paper (20 06) 20 06-01-0919. doi: 10.

4271/2006- 01- 0919 . 

[27] G.S. Settles , Schlieren and shadowgraph techniques, Springer Verlag, Heidel-
berg, 2001 . 

28] P.K. Senecal, E. Pomraning, K.J. Richards, T.E. Briggs, C.Y. Choi, R.M. McDavid,
et al., Multi-dimensional modeling of direct-injection diesel spray liquid length

and flame lift-off length using CFD and parallel detailed chemistry, SAE Trans
112 (2003) 1331–1351, doi: 10.4271/2003- 01- 1043 . 

29] J. Naber, D. Siebers, J. Caton, C. Westbrook, S. Di Julio, Natural gas autoigni-

tion under diesel conditions: experiments and chemical kinetic modeling. SAE
Technical Paper (1994) 942034. doi: 10.4271/942034 . 

30] M.R.A. Mansor, S. Nakao, K. Nakagami, M. Shioji, A. Kato, Ignition character-
istics of hydrogen jets in an argon-oxygen atmosphere. SAE Technical Paper

(2012). doi: 10.4271/2012-01-1312 . 
[31] D.N. Nguyen, H. Ishida, M. Shioji, Ignition delay and combustion characteristics

of gaseous fuel Jets, J. Eng. Gas Turbines Power 132 (2010) 042804, doi: 10.1115/

1.40 0 0115 . 
32] J. Naber, Hydrogen combustion under diesel engine conditions, Int. J. Hydrogen

Energy 23 (1998) 363–371, doi: 10.1016/S0360-3199(97)0 0 083-9 . 

https://www.cia.gov/library/publications/the-world-factbook/docs/whatsnew.html
http://dx.doi.org/10.1016/j.combustflame.2012.11.002
http://dx.doi.org/10.1016/j.apenergy.2013.11.067
http://dx.doi.org/10.1126/science.1103197
http://dx.doi.org/10.1016/j.ijhydene.2004.03.033
http://dx.doi.org/10.1016/j.ijhydene.2006.08.011
http://dx.doi.org/10.1016/j.ijhydene.2008.11.014
http://dx.doi.org/10.1016/j.pecs.2009.08.001
http://dx.doi.org/10.1016/S0360-3199(02)00150-7
http://dx.doi.org/10.1016/j.enpol.2005.12.006
http://dx.doi.org/10.1016/0360-3199(82)90127-6
http://dx.doi.org/10.1016/0360-3199(77)90027-1
http://dx.doi.org/10.1016/j.ijhydene.2012.10.083
http://dx.doi.org/10.1016/j.ijhydene.2003.09.013
http://dx.doi.org/10.1016/j.ijhydene.2005.12.001
http://dx.doi.org/10.1016/j.ijhydene.2006.06.005
http://dx.doi.org/10.1007/978-4-431-54264-3_14
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0018
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0018
http://dx.doi.org/10.4271/2010-01-0581
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0019
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0019
http://dx.doi.org/10.1016/j.proci.2010.07.035
http://dx.doi.org/10.1074/JBC.274.42.30033.(51)
http://dx.doi.org/10.4271/2008-01-2379
http://dx.doi.org/10.1016/j.apenergy.2015.03.074
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0022
http://dx.doi.org/10.4271/2006-01-0919
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0023
http://refhub.elsevier.com/S0010-2180(16)30196-1/sbref0023
http://dx.doi.org/10.4271/2003-01-1043
http://dx.doi.org/10.4271/942034
http://dx.doi.org/10.4271/2012-01-1312
http://dx.doi.org/10.1115/1.4000115
http://dx.doi.org/10.1016/S0360-3199(97)00083-9

	Investigation of the combustion process of hydrogen jets under argon-circulated hydrogen-engine conditions
	1 Introduction
	2 Methodology
	2.1 Experimental setup and procedure
	2.2 Experimental procedure
	2.3 Numerical setup and procedure

	3 Results and discussion
	3.1 Comparison between argon-oxygen atmosphere and air atmosphere
	3.2 Combustion characteristics of a hydrogen jet in an argon-oxygen atmosphere
	3.2.1 Effect of the ambient temperature
	3.2.2 Effect of the oxygen concentration
	3.2.3 Effect of ambient pressure
	3.2.4 Effect of injection pressure
	3.2.5 Effect of the nozzle-hole diameter
	3.2.6 Effect of ignition delay at different ambient and injection pressures


	4 Conclusions
	 Acknowledgments
	 References


