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Abstract 
 
The characteristics of spray, auto-ignition, and the combustion process of di-methyl ether(DME) were investigated using a 3-D simula-

tion of a combustion vessel under various engine conditions, including high temperature and pressure. Spray impingement and non-
premixed combustion models were incorporated into the computational fluid dynamics code, called STAR-CD. A Peng-Robinson equa-
tion of state was introduced to calculate the evaporation rate of DME droplets that were exposed to high-pressure conditions. A Laminar 
flamelet concept was used to simulate non-premixed combustion. A skeletal chemical kinetics mechanism consisting of 28 species and 
45 reactions was used as the chemical mechanism for DME. Compared with the experimental data, the flamelet concept combustion 
model predicted the essential features of the combustion process and auto-ignition characteristics of the DME spray reasonably well for 
various initial conditions. The combustion process of a direct injection engine fueled by DME was also simulated and verified through 
experimental data.  
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1. Introduction 

Combustion processes and alternative fuels for diesel en-
gines intended for reducing NOx and PM emissions have been 
the focus of recent investigations. Lately, DME (Dimethyl 
ether-CH3OCH3) has attracted considerable attention as an 
alternative fuel due to its high vapor pressure, low viscosity, 
and high cetane number [1], all of which minimize PM and 
NOx emissions. DME has a cetane number of approximately 
60 which is very similar to that of conventional diesel fuel. 
The PM emission level of DME-fueled diesel engines is sig-
nificantly lower due to the oxygen content of DME. This re-
duction in PM emission has led many researchers to study 
DME engines as a smokeless, clean fuel alternative to diesel 
vehicles. For instance, Kajitani et al. tested a DME fueled 
engine and reported that its thermal efficiency was as good as 
that of a diesel engine [2]. Wakai et al. studied the ignition 
delay of the DME fuel under high pressure and temperature 
conditions [3]. Meanwhile, Tsutsumi et al. conducted research 
on HCCI combustion characteristics using DME for fuel [4]. 
Tsuchiya and Sato [5] developed a commercial DME engine 

for use in a heavy-duty truck and then performed various ex-
periments on its performance and emissions. 

DME differs from diesel fuel in many ways, most notable of 
which is the fact that DME is a gas under normal atmospheric 
conditions. Due to a lower saturated vapor pressure, the pene-
tration length and angle of a DME spray are different from 
those found in a diesel spray. Although its cetane number is 
similar, the ignition delay of a DME spray is shorter than that 
of a diesel fuel spray because it has a shorter mixing time. The 
amount of fuel injected in each cycle must be reconsidered 
because the liquid density and specific energy content of 
DME are about 80% and 70%, respectively, those of diesel 
fuels. 

For the aforementioned reason, the diesel engine needs to be 
modified to perform optimally while using DME fuel [6]. The 
development of a computational tool describing the combus-
tion phenomena of the DME spray is useful in making efficient 
engine modifications. There exist several papers concerned 
with computational simulations of the combustion of DME 
spray. For example, Teng et al. [7] calculated the thermody-
namic properties of DME fuel in both liquid and vapor phases. 
Curran et al. [8] developed a detailed chemical kinetic mecha-
nism for DME fuel that consisted of 78 species and 356 reac-
tions. On the other hand, Kim et al. [9] simplified that mecha-
nism to 28 species and 45 reactions. Furthermore, Salsing et al. 
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[10] used a PaSR combustion model to simulate the perform-
ance and emission of a DME engine using a detailed chemical 
mechanism. Yet, despite their efforts, no synthesis study about 
DME fuel concerning vaporization, auto-ignition, or combus-
tion of spray using CFD simulation exists. 

In this study, a systematic examination of the DME spray 
and of the combustion process of a DME-fueled engine was 
performed. A new high-pressure vaporization model was de-
veloped to simulate the liquid and vapor spray length of a 
DME spray at high pressure and temperature conditions. A 
multiple flamelet combustion model was applied to investi-
gate the combustion characteristics of the DME spray and to 
estimate the ignition delay time. Finally, the combustion proc-
ess of a diesel engine fueled by DME was simulated and veri-
fied through experimental data. 

 
2. Modeling  

2.1 Spray breakup model 

The calculation of the spray characteristics was performed 
using a commercial CFD code-STAR-CD [11]. The breakup 
model proposed by Reitz and Diwakar [12] was used to simu-
late the droplet breakup process, with the model coefficients 
adjusted specifically for a DME liquid. The model of 
O’Rourke [13] was used as a collision model and coalescence 
among droplets. The measured DME injection rate was also 
used in this simulation. 

 
2.2 High pressure vaporization model 

In classical vaporization models, the evaporation rate of 
droplets can be calculated using the Clausius-Clapeyron equa-
tion [14], which is based on the ideal gas equation of state. 
However, the assumption of an ideal gas may not be valid in a 
high-pressure environment, especially for a fuel that has a low 
boiling temperature, such as DME. The Peng-Robinson EOS 
(Equation of State) [15] was introduced in this study to calcu-
late the fugacity and the mass fraction of the vapor at the drop-
let surface. The Peng-Robinson EOS is expressed as follows: 

 
RT a(T)P = -
v - b v(v +b)+ b(v - b)  

 (1) 

 
where b and a(T) are equation coefficients. The partial molar 
fugacity for the component i in the mixture was deduced using 
the Peng-Robinson EOS expressed by: 
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The condition for thermodynamic equilibrium is dGt,p=0 , 

which is equivalent to the following: 
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Using this information, the mixture fraction of the vapor at the 
droplet surface Ys was calculated [16]. The evaporation rate 
can be predicted using the standard Spalding equation stated 
as [15]: 
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In the above, ρis the density of background air, DAB is the 
diffusivity between droplet and air, and Yf,∞ is the fuel mixture 
fraction of the background air. 

The heat transfer coefficient was ascertained using the for-
mula by Wakal [16] expressed by: 
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( ) .g P d

Z
d gd

k NuZ -c dm /dt
h = , Z =

πD k Nue - 1 D  
 (5) 

 
In the above, kg is the thermal conductivity and cp is the spe-
cific heat of the mixture. 

 
2.3 Reduced chemical kinetic modeling 

A reduced chemical kinetic mechanism proposed by Kim et 
al. [9] was used to deduce the detailed chemical kinetic me-
chanism of DME, which consisted of 336 chemical reactions 
and 78 chemical species [8]. This has reduced chemical ki-
netic mechanism consisting of 45 reactions and 28 species as 
presented in Table 1. The first 20 reactions are in the low tem-
perature NTC regions, whereas the other reactions are in the 
high temperature region. The schematic diagram for the over-
all reaction path of DME oxidation is presented in Fig. 1. 

To calculate the ignition delay from the reduced chemical 
kinetic mechanism, we considered both the species equation 
and the energy equation. The reacting mixture was then 
treated as a closed system with no mass crossing the system 
boundary, of which the total mass of the mixture remained 
constant. 

 
2.4 Flamelet combustion model 

There are many types of combustion models that can predict 
the combustion characteristics of the diffusion flame; however, 
most of these models require the input of empirical parameters 
that cannot be determined without conducting an experiment. 
In order to predict the performance of an engine in the design 
stage, a combustion model without empirical factors is thus 
needed.  

Peters [17] introduced the concept of a laminar diffusion 
flamelet residing in the vicinity of the surface where a suffi-
ciently high local mixture gradient exists. He introduced a 
coordinate system, which is that is attached to the surface of  
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the stoichiometric mixture and deduced the unsteady 2nd or-
der partial differential equations about the temperature and 
species expressed by: 
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where iY  is the species concentration, m is the change of 
species from chemical reactions, T is the temperature, Z is the 
mixture fraction, h is the enthalpy, and p is the pressure. 

In these equations, the parameter χ is designated as the scalar 
dissipation rate. It has a dimension of one unit per second and 
may be interpreted as the inverse of the characteristic diffusion 
time. This factor represents the instantaneous local diffusion 
and the strain effects due to the flow field. As the factor in-
creases, heat transfer from the reaction zone to the surround-
ing inertia induces an effect, which causes an increase in the 
ignition delay. The χ–profile for a small mixture fraction in the 
configuration of counter-flow geometry can be modeled as 
[19]: 

 
2 -1 2

s sχ = 4a Z [erfc (2Z)] = 4a f(Z)                   (8) 
 
The turbulent diffusion flame can be treated as an ensemble 

of laminar diffusion flamelets and can be averaged by the 
Probability Density Function (PDF). The unconditional mean 
scalar dissipation rate can be modeled as follows: 

 
"2

xχ = c Z
k
ε ∼

                                  (9) 

Table 1. Reduced chemical kinetic mechanism for DME. 
 

 1. CH3OCH3 + O2 = CH3OCH2 + HO2 

 2. CH3OCH2 + O2 =  CH3OCH2O2 

 3. CH3OCH2O2 = CH2OCH2O2H 

 4. CH2OCH2O2H + O2 = O2CH2OCH2O2H 

 5. O2CH2OCH2O2H = OCH2OCHO2H + OH 

 6. OCH2OCHO2H = OCH2OCHO + OH 

 7. CH3OCH3 + OH = CH3OCH2 + H2O 

 8. CH3OCH2 + O2 = HO2 + CH2O + CH2 

 9. HO2 + HO2 = HOOH + O2 

10. HOOH + M = OH + OH + M 

11. CH3OCH2O2 + HO2 = CH3OCH2O2H + O2 

12. CH2OCH2O2H = CH2O + CH2O + OH 

13. OCH2OCHO = HOCH2OCO 

14. OCH2OCHO = CH2O + HCO2 

15. CH3OCH2O2H = CH3OCH2O + OH 

16. CH3OCH3 + CH3OCH2O2 = CH3OCH2 + CH3OCH2O2H 

17. CH3OCH3 + HO2 = CH3OCH2 + HOOH 

18. CH3OCH3 = CH3 + CH3O 

19. CH3OCH2O = CH3O + CH2O 

20. HOCH2OCO = CH2OH + CO2 

21. OH + OH = HO2 + H 

22. H + O2 + M = HO2 + M 

24. OH + H + M = H2O + M 

25. O + O + M = O2 + M 

26. CO + OH = CO2 + H 

27. CO + HO2 = CO2 + OH 

28. CO + O + M = CO2 + M 

29. CO + O2 = CO2 + O 

30. H + O2 = O + OH 

31. HCO + O2 = CO + HO2 

32. HCO + OH = CO + H2O 

33. HCO + O = CO2 + H 

34. HCO + M = CO + H + M 

35. CH3 + O2 = CH2O + OH 

36. CH3 + O2 = CH3O + O 

37. CH3 + HO2 = CH3O + OH 

38. CH2 + O2 = HCO + OH 

39. CH3O + O2 = CH2O + HO2 

40. CH3O + M = CH2O + H + M 

41. CH2OH + O2 = CH2O + HO2 

42. CH2O + OH = HCO + H2O 

43. CH2O + O = HCO + OH 

44. CH2O + HO2 = HCO + HOOH 

45. CH2O + O2 = HCO + HO2 
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Fig. 1. Schematic diagram of the overall reaction path of DME oxida-
tion. 
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The conditional Favre mean scalar dissipation rate can be 
expressed as [18]: 

 

1
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                           (10) 

 
The averaged value of this parameter was then used in both 
Eqs. (6) and (7).  

This method does not require empirical parameters and can 
separate numerically the chemical time scale from the turbu-
lent time scale. The procedure detailed below can be used to 
analyze the combustion phenomena using a detailed chemical 
kinetic mechanism:  

•  At each step, the CFD code calculates the distribution of 
the mixture fraction, the boundary conditions, and the sca-
lar dissipation rate of the combustion field at each step. 

•  From the CFD code, the flamelet code calculates the spe-
cies and temperature distributions in the mixture fraction 
coordinate. This calculation is performed using a much 
shorter time step than what is used in the CFD code. The 
results are then delivered to the CFD code in the Favre-
averaged form found in the turbulent flow. Using these re-
sults, the CFD code calculates the temperature of each cell. 

•  The Chemkin library delivers the enthalpy of each cell to 
the CFD code, and the reaction rate to the flamelet code. 

 
The relationships among the CFD code, Flamelet code, and 

Chemkin library are summarized in Fig. 2. These procedures 
were used in various papers in simulating the combustion 
process of a diesel engine during normal injection conditions 
as shown in example [20]. 

 
2.5 Multiple flamelet 

The scalar dissipation rate represents the turbulent character-
istics in the combustion field [17]. The scalar dissipation rate 
varies spatially as injection progresses. In order to accurately 
simulate the auto-ignition site and ignition delay, this spatial 
variation in the scalar dissipation rate must then be considered. 

Different marker particles that were taken from the turbulent 
flow field, were introduced in order to consider different 
flamelet histories [19]. The transport equation that gives the 
probability of finding a marker particle is expressed by: 
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These parameters represent the contribution of each flamelet 

history to the combustion field in the calculation domain. 
Each species and scalar dissipation rate can be multiplied as 
follows: 
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3. Results and discussion 

3.1 DME spray length in a high temperature and pressure 
environment 

Kim et al. investigated the shape of a DME spray in a con-
stant volume vessel under various high pressure and tempera-
ture conditions [9]. The spray was visualized using two meth-
ods: the Shadowgraph method, which was used in both the 
vapor and liquid phases, and the Mie scattering method, which 
was used for creating liquid phase images. In this study, the 
spray characteristics under identical conditions were calcu-
lated using a commercial CFD code, called the STAR-CD, 
with sub-models for droplet breakup and evaporation as well 
as the utilization of the measured DME injection rate through-
out the simulation.  

To verify the spray and vaporization models used in this 
study, both liquid and vapor spray lengths for DME were cal-
culated under both high pressure and high temperature condi-
tions and were then compared to the experimental data. The 
evolution of the DME spray, including both the liquid and 
vapor phases, is shown in Fig. 3. The nozzle diameter was 0.2 
mm, and the ambient pressure and temperature were 30 bar 
and 600 K, respectively. The simulated results under the same 
conditions showed an excellent agreement with the experi-
mental images obtained by the shadow graph method. The 
calculated liquid length increased only by 4 mm after 0.6ms 
and did not develop to over 24 mm, which was the same result 
as that obtained in the experiments. 

 
3.2 Auto-ignition and combustion of DME spray 

To analyze the characteristics of auto-ignition and combus-
tion, a CFD simulation analysis was performed using STAR-
CD. The calculations in this simulation were conducted under 
high pressure and temperature conditions for a constant vol-

 
 
Fig. 2. Schematic diagram of the relationship among the commercial 
CFD code, flamelet code, and Chemkin library. 
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ume vessel, the conditions of which were identical to those 
used in the experiments. The time evolution of the scalar dis-
sipation rates in this domain is shown in Fig. 4. The initial 
temperature and pressure were 1,100 K and 21 bar, respec-
tively. The scalar dissipation rate grew to 400 s-1 and, then 
decreased when injection began. Concerning the evolving 
mixture field, the spatial variation of the scalar dissipation rate 
increased. When this variation exceeded a certain limit, the 
flamelet was subdivided into two at 0.4 ms ASOI (After Start 
of Injection). 

After a period of time, this subdivision was completed suc-
cessfully, and the scalar dissipation rate of a specific flamelet 
history decreased below the ignition limit. The temperature at 
the same part of the domain started to increase at 0.8 ms. At 
1.1 ms, the scalar dissipation rate concurrently reached the 
ignition limit for the first time during the whole flamelet his-
tory, after which auto-ignition occurred. 

The auto-ignition process of a DME spray can be explained 
within the mixture fraction domain. In a diffusion flame, high 
and low temperature regions coexisted and were affected by 
the turbulent flow. Fig. 5 shows the transient distribution of 
the concentration of various species and the local temperature. 
A concentration of HOOH formed at 0.6 ms due to reaction 
R9, which produced a cool flame in the mixing zone. The  

HO2 radical formed in the stoichiometric field, causing the 
HOOH radical to be consumed and thereby creating OH 
through reaction R10, this resulted in an increased temperature 
of the stoichiometric field. Therefore, after 1.0 ms, the tem-
perature of the stoichiometric field increased to 2,000 K, and 
the DME decomposed directly into the CH3 radical due to 
reaction R19. These reactions did not occur near the injector 
nozzle because the scalar dissipation rate in this region was 
too high and the temperature too low. 

The calculated and measured ignition delay times under 
various ambient conditions were compared in Fig. 6. The igni-
tion delay of cases, in which the ambient pressure was 41 bar 
was calculated to be shorter (by about 1 ms) than that of cases 
at 21 bar. The combustion model reasonably predicted the 
auto-ignition delay of the DME spray. 

 
3.3 Engine simulation 

A CFD simulation of the DME fueled engine was performed 

 
Fig. 5. The spatial distribution of species and temperature of DME 
spray. 
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Fig. 3. Comparison of liquid and vapor lengths of DME spray. 

 

 
Fig. 4. Time evolution of the local flame structure of temperature in 
flamelets. 
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using a moving grid. The computational mesh, consisted of 
approximately 100,000 cells at BDC and 42,000 cells at TDC, 
represented 1/6th of the entire combustion chamber. The 
symmetry of the chamber can be maximized because a six-
hole injector was installed. The mesh density was similar to 
that of the previous work [20]. In order to maintain fine mesh 
quality during the calculation, the event technique was used to 
add or remove cell layers in the cylinder liner regions from the 
piston motion. The piston geometry was of a Mexican-hat 
type. The details of the engine geometry and the operational 
conditions used in the simulation are listed in Table 2. The 
nozzle diameter was 0.5 mm, which was larger than that of the 
normal diesel injector. 

The droplet distributions and temperature contours accord-
ing to the crank angle are compared in Fig. 7. Auto-ignition 
occurred at 0◦ ATDC, but the amount of vaporized fuel was 
very small due to the large droplet size. At 5◦ ATDC, the va-
porization and mixing process of droplets were enhanced, and 
there existed a high temperature region above 2,200 K in the 
stoichiometric region of the mixture fraction. The high tem-
perature region was developed at 20◦ ATDC to the point of 
including the whole combustion chamber, although some of 
the droplets were not yet vaporized. They were instead par-
ticipating in the combustion phenomena at a slow rate during 
the expansion stroke. The fuel vapor did not diffuse well to the 
whole combustion chamber because the large injector diame-

ter produced a rather low speed of injection. 
To validate the combustion model used in this study, the cyl-

inder pressure was calculated and compared with the experi-
mental data obtained for various injection timings, as shown 
in Fig. 8. The tested injection timings were 15◦, 20◦ and 25◦ 
BTDC. The spray and combustion model used in this paper 
predicted this phenomenon accurately, and the calculation 
results agreed well with the experimental data. Due to the 
rather large size of the injector nozzle, droplet breakup oc-
curred after auto-ignition of the DME fuel. Therefore, the 
cylinder pressure increased after 0◦ ATDC, where the injected 

Table 2. Engine specifications and operating conditions. 
 

Engine Speed (rpm) 2000 

Bore x Stroke (mm) 102 x 92 

Connecting Rod Length (mm) 167 

Compression Ratio 17.4:1 

Star of Injection (degree) 10, 15, 20 BTDC 

Swirl Ratio 2.0 

Nozzle Diameter (mm) 0.4 
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Fig. 6. Experimental and calculated ignition delay times of DME spray 
under various conditions and comparison with the ignition delay data.

 
 
Fig. 7. DME fuel droplet and temperature distribution according to 
crank angle. 
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droplets started to breakup. In the case that the injection tim-
ing was 15◦ BTDC, about 10% of the droplets had not vapor-
ized even after 20◦ ATDC. Moreover the rate at which they 
participated in the combustion phenomena was slow. The 
maximum pressure was 50 bar at 6◦ ATDC when the injection 
timing was 15◦ BTDC. The maximum pressure increased 
when the injection timing was advanced, because more drop-
lets evaporated during the compression stroke. For the cases 
where the injection timing was 20◦ or 25◦ BTDC, the maxi-
mum pressures were 56 bar at 11◦ ATDC and . 69 bar at 6◦ 
ATDC, respectively.  

Due to the long breakup time of the DME droplets in those 
cases, the engine must be operated under earlier injection tim-
ing than that used in a normal diesel engine to obtain an ap-
propriate performance. Thus, engine performance was theo-
rized to improve if the breakup time was faster. The nozzle 
diameter was reduced to 0.2 mm to observe the effect of brea-
kup time, and the calculation results are compared in Fig. 9. 
The peak pressure was raised to 71 bar in this case. For this 
result, the cylinder pressure could be made higher by reducing 
the nozzle diameter. 

 
4. Conclusions 

The development of a DME spray was simulated using the 
spray model in STAR-CD and the high-pressure vaporization 
model developed in this work. A 3D simulation using flamelet 
combustion models was then conducted to calculate the igni-
tion delay time of a DME spray, the results of which were 
compared to those of the experimental data. Finally, a CFD 
analysis of a DME engine was performed with a moving grid 
and compared such analysis to the results from that of a diesel 
engine. The main findings of the DME spray characteristics 
and auto-ignition are summarized below.  

•  The liquid and vapor spray length simulated by STAR-
CD during high pressure and temperature conditions 
showed favorable consistency with the experimental data 

obtained by spray visualization. The liquid length of the 
DME spray at a 30 bar and 600 K condition was main-
tained at 24 mm. 

•  The flamelet code associated with a commercial CFD 
code can predict spatial flamelet history, auto-ignition site, 
and ignition delay of the DME spray reasonably well. 

•  The CFD simulation of a DME-fueled engine using a 
moving grid was performed. The calculated cylinder pres-
sure agreed well with the experimental data. In addition, 
reducing the nozzle diameter enhanced the performance of 
DME engines because the breakup time of the droplets 
could be reduced. This simulation tool can be used for en-
gine optimization at the engine design stage. 
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Nomenclature------------------------------------------------------------------------ 

ASOI : After start of injection 
TDC   : Top dead center 
BDC   : Bottom dead center 
χ  : Scalar dissipation rate (s-1) 
ρ  : Density of gas 
Z : Mixture fraction 
NTC : Negative temperature coefficient 
EOS : Equation of state 
PM : Particulate matter 
PaSR : Partially stirred reactor 
CFD : Computational fluid dynamics 
 
Subscripts 

g     : Gas phase 
d     : Droplet 
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Fig. 8. Comparisons of cylinder pressure of the DME Engine between 
calculation results and experimental data for two cases. 
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Fig. 9. Comparisons of cylinder pressure of the DME Engine for dif-
ferent injector nozzles. 

 

C
yl

in
de

r p
re

ss
ur

e 
(b

ar
) 

Crank angle (°ATDC) 

C
yl

in
de

r p
re

ss
ur

e 
(b

ar
) 

Crank angle (°ATDC) 



2604 J. Lim et al. / Journal of Mechanical Science and Technology 24 (12) (2010) 2597~2604 
 

 

References 

[1] S. C. Sorenson and S. E. Mikkelsen, Dimethyl ether as an 
ignition enhancer for methanol-fueled diesel engines, SAE 
Paper No. 912420 (1991). 

[2] S. Kajitani, et al., Engine performance and exhaust charac-
teristics of direct–injection diesel engine operated with DME, 
SAE Paper No. 972973 (1997). 

[3] K. Wakai, K. Nishida, T. Yoshizaki and H. Hiroyasu, Igni-
tion delays of DME and diesel fuel sprays injected by a D.I. 
diesel injector, SAE Paper No. 1999-01-3600 (1999). 

[4] Y. Tsutsumi, A. Iijima, K. Yoshida, H. Shoji and J. T. Lee, 
HCCI combustion characteristics during operation on dme 
and methane fuels, International Journal of Automotive 
Technology, 10 (6) (2009) 645-652. 

[5] T. Tsuchiya and Y. Sato, Development of DME engine for 
heavy-duty truck, SAE Paper No. 2006-01-0052 (2006). 

[6] D. Ushiyama, T. Noda, S. Nozaki and H. Oikawam, An 
investigation of DME injection characteristics using jerk 
type In-line injection system, JSAE 20035068 (2003). 

[7] H. Teng, J. C. McCandless and J. B. Schneyer, Thermody-
namic properties of dimethyl ether – an alternative fuel for 
compression-ignition engines, SAE Paper No. 2004-01-0093 
(2004). 

[8] H. J. Curran, W. J. Pitz, C. K. Westbrook, P. Dagaut, J-C. 
Boettner and M. Cathonnet, A Wide Range Modeling study 
of dimethyl ether oxidation, Int. J. Chem. Kinet. 30 (1998) 
229-241. 

[9] H. Kim, S. Cho and K. Min, Reduced chemical kinetic 
model of DME for HCCI combustion, SAE Paper No. 2003-
01-1822 (2003). 

[10]   H. Salsing, C. A. Rinaldini, V. Golovitchev and I. Denbratt, 
Performance and emissions of DME diesel engine equipped 
with fuel specific common rail system, 2006 JSAE Annual 
Congress (2006). 

[11]   CD-Adapco, STAR-CD VERSION 3.26 (2005). 
[12]   R. D. Reitz and R. Diwakar, Effect of drop breakup on fuel 

spray, SAE Paper No, 860469 (1986). 
[13]   P. J. O’Rourke, Collective drop effects on vaporizing liquid 

sprays, Ph. D Thesis, Princeton University (1981). 
[14]   B. E. Poling, J. M. Praustiz and J. P. O’connel, The proper- 

ties of gases and liquids : fifth edition, Mcgraw-Hill (2001). 
[15]   D. B. Spalding, The combustion of liquid fuels, fourth 

symposium (international) on combustion, The Combustion 
Institute, Pittsburge, Penn. (1953). 

[16]   M. M. El Wakil, O. A. Ueyhara and P. S. Myers, A theo-
retical investigation of the heating-up period of injected fuel 
droplets vaporizing in air, NACA Technical Note 3179 
(1954). 

[17]   N. Peters, Laminar diffusion flamelet models in non-
premixed turbulent combustion, Prog. Energy Combust. Sci. 
10 (1984) 319-339. 

[18]   N. Peters, Local quenching due to flame stretch and non-
premixed turbulent combustion, Combust. Sci. and Tech. 30 
(1983) 1-17. 

[19]   N. Peters, Turbulent combustion, Cambridge University 
Press (2000). 

[20]   H. Barths and N. Peters, Three-dimensional modeling of 
NOx and soot formation in DI-diesel engines using detailed 
chemistry based on the interactive flamelet approach, SAE 
Paper 962057 (1996). 

 
 

Jaeman Lim received a B.S. degree in 
2000 and a Ph. D. in 2007 in Mechani-
cal Engineering from Seoul National 
University. Dr. Lim worked as a senior 
engineer at CD-Adapco Korea from 
2007 to 2008 and is currently a senior 
engineer at the CFD engineer service in 
CD-Adapco.  

 
Kyoungdoug Min is a Professor at the 
department of mechanical and aerospace 
engineering in Seoul National University. 
He received his B.S and M.S degree in 
Seoul National University in 1986 and 
1988, respectively. Then he graduated 
with a Ph.D. degree in mechanical Engi-
neering at MIT in 1994. He has worked 

as a research fellow at Daimler-Benz for 2 years. 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


