
 

 
Abstract — The results of modelling fluid dynamics, 

heat/mass transfer and combustion processes in Diesel engine-
like conditions are presented with the emphasis on the effects 
of droplet break-up, heating and evaporation on the predicted 
spray penetration, in-cylinder gas pressure and the amount of 
fuel vapour, O2, CO2, CO and NO. The following models have 
been studied: the Infinite Thermal Conductivity (ITC) and 
Effective Thermal Conductivity (ETC) liquid phase models, the 
basic gas phase model, the gas phase model suggested by 
Abramzon and Sirignano (1989), and three droplet break-up 
models - the model suggested by Reitz and Diwakar (1987), the 
KH-RT conventional WAVE model, and the TAB model. It is 
pointed out that the ETC model leads to the prediction of 
shorter spray penetration, in agreement with experimental 
data, when compared with the ITC model. The effect of the 
liquid phase model on predicted gas pressure in Diesel engines 
is shown to be relatively weak. The predicted amounts of fuel 
vapour, O2, CO2, CO and NO, are strongly affected by the 
choice of the liquid phase model but practically unaffected by 
the choice of the gas phase model. The predicted amounts of all 
these substances are strongly affected by the choice of the 
droplet break-up models. All these observations are related to 
the effect of droplet vaporization rate, controlled by the droplet 
surface temperature (mainly via the choice of the liquid phase 
model), and to droplet size distributions, mainly controlled by 
droplet break-up models. 

 

I. INTRODUCTION 

ODELLING of the processes in Diesel engines needs 
to take into account a number of complex processes, 

including droplet break-up, heating and evaporation and the 
ignition of the fuel vapour/air mixture in a realistic three 
dimensional geometry [1-3].  
  This naturally leads to the application of rather simplistic 
models of individual processes, including the assumption 
that there are no temperature gradients in individual droplets 
(their thermal conductivity is infinitely large) [4]. 
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The authors of [5] were perhaps the first to draw attention 
to the fact that the assumption of infinite thermal 
conductivity of droplets reduces considerably the accuracy 
of prediction of the processes in Diesel engines. However, 
the model taking into account the finite thermal conductivity 
of droplets, suggested in [5], has not been widely accepted 
by the engineering community. This model was based on the 
numerical solution to the heat conduction equation, which 
was rather CPU intensive and not practical for 
implementation into CFD codes. 

In a number of papers, an alternative approach to taking 
into account the effects of the finite thermal conductivity of 
liquid fuel and recirculation inside droplets was developed 
[6-9]. This approach was based on the analytical solution to 
the heat conduction equation inside droplets and 
incorporation of this solution into CFD codes (KIVA 2 was 
used for testing this approach). This model was based on the 
replacement of the actual thermal conductivity of droplets 
by their effective thermal conductivity, depending on 
Reynolds and Prandtl numbers. It could not predict 
accurately the details of temperature distribution inside 
droplets, but its prediction of the average droplet surface 
temperature turned out to be relatively accurate. The ETC 
model was validated by direct comparison between the 
predictions of this model and the rigorous model, taking into 
account the effects of vortices inside droplets [10-11]. Also, 
it was validated against experimental data obtained at the 
University of Nancy [12]. 

Further research in this direction was reported in [13], 
where the effects of various combinations of liquid and gas 
phase models on droplet heating and evaporation were 
investigated. It was concluded that the correct choice of the 
gas phase model is important for accurate prediction the 
droplet evaporation time, while the correct choice of the 
liquid phase models is important for accurate prediction of 
the auto-ignition timing. In a more recent paper [14], the 
combined effects of liquid and gas phase models and droplet 
break-up models on Diesel spray characteristics were 
studied. 

The effects of modelling droplet heating and evaporation 
on the main characteristics of Diesel engines were studied in 
[15]. In this paper the most important effects reported in that 
paper are summarized. Also, some new effects with regard 
to the influence of the choice of droplet break-up models on 
the main characteristics of Diesel engines are presented.  

II. MODELS 

 Heating and evaporation models 

Two liquid heating models are considered. The first model 
is the infinite thermal conductivity (ITC) model in which the 
liquid thermal conductivity is assumed to be infinitely large 
and there is no temperature gradient inside droplets [16]. 
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The second model is the effective thermal conductivity 
(ETC) model, taking into account the effects of finite 
thermal conductivity inside droplets and recirculation within 
them by replacing the liquid thermal conductivity ݇௟ with 
the effective thermal conductivity ݇ୣ୤୤ ൌ ߯݇௟, where the 
factor ߯ is approximated by the following expression [9,16]: 

 
்߯ ൌ 1.86 ൅ 0.86tanhൣ2.225logଵ଴൫Peሺ௟ሻ 30⁄ ൯൧,            (1)   
           

Pel=Red(l)Prd(l) is the Peclet number,  

Reௗሺ௟ሻ ൌ
ଶఘ೗ห௏೏ି௏೒หோ೏

ఓ೗
 and Prௗሺ௟ሻ ൌ

௖೗ఓ೗

௞೗
 are the Reynolds and 

Prandtl numbers respectively, based on transport 
coefficients in the liquid phase, ߩ௟, ߤ௟, ܿ௟ and ݇௟ are average 
liquid density, dynamic viscosity, specific heat capacity and 
thermal conductivity, respectively. In the ETC model, the 
distribution of temperature inside droplets was calculated at 
each time step using the analytical solution to the heat 
conduction equation [16]. 
       The rate of droplet evaporation is described by the 
following equation: 

)1ln(2
.

Modfld BShRDm   ,                 (2)   

where dm
.

is the rate of change of droplet mass, Df is the 
mass diffusion coefficient for fuel vapour, BM is the 
Spalding mass transfer number, 

fdmo DRhSh /2 is the 

Sherwood number of non-evaporating droplets, 
mh  is the 

mass transfer coefficient.  
 

 Two gas phase models are considered in our analysis. In 
the first one, called M0 in [13], the following correlations 
for ݄ܵ଴  and ܰݑ were used [13]: 
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where Reௗ ൌ
ଶఘ೒ห௨೏ି௨೒หோ೏
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 and Prௗ ൌ

௖೛೒ఓ೒

௞೒
 are the Reynolds 

and Prandtl numbers respectively, based on transport 
coefficients in the gas phase, ܵܿௗ ൌ

ఓ೒

ఘ೒஽೑
 is the Schmidt 

number, ߩ௚, ߤ௚and ܿ௣௚ are gas average density, viscosity 
and specific heat capacity at constant pressure, respectively. 

In the second model, called M4 in [13], these correlations 
were given the form [9]: 
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,  BT is the Spalding heat transfer number 

[16].   
 
The first model is the simplest, while the second, 

suggested in [9], is the most physically consistent and  
accurate [13, 16, 17]. The predictions of other models 

suggested in the literature lie approximately between the 
predictions of these two models [13]. The effects of thermal 
radiation are ignored. 

 

Combustion model 

Approximating Diesel fuel by n-dodecane (C12H26), its 
main kinetic oxidation reaction in air (Reaction 1) can be 
presented as [15]: 

 
2C12H26 + 37 (O2 + 3.76 N2)    

24 CO2 + 26 H2O + 139.12 N2              (7) 

At high temperatures, typical for Diesel engine 
conditions, N2 is oxidised to produce NO, following the 
scheme: 

2N2 + O2   2NO + N2                (8) 
  N2 + 2O2   2NO + O2                 (9) 

N2 + 2OH   2NO + H2               (10) 
 
These reactions will be referred to as Reactions 2-4 

respectively. In all these cases, the reactions proceed at a 
rate ሶ߱ ௥ given by the following general expression: 
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m
mmbr

a

m
mmfrr WkWk 



  )/()/(              (11) 

where ܽ௠௥
′  and ܾ௠௥

′  are reaction orders [15], ߩ௠and ௠ܹare 
the density and molecular weight of species m, kfr and kbr are 
forward and backward reaction coefficients approximated 
as: 
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, 
where A and ߦ are constants. E and T are the activation 
energy and the cell temperature. ሶ߱ ௥ in this equation is in 
moles/(s cm3), ߩ௠ is in g/cm3, and ௠ܹ is in g/mole, ܭ௙௥is in 

cm
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The chemical source term in Reactions 1-4 is calculated 

as:  





r

rmrmrmm abW  )(               (12) 

The following six equilibrium reactions have been taken 
into account due to their importance in hydrocarbon 
oxidation: 

H2 2H 

O2 2O 

N2 2N               (13) 

H2 + O2 2OH                                                    

       O2 + 2H2O 4OH 

2CO + O2 2CO2  

These reactions are referred to as Reactions 5-10. The 
densities of the corresponding substances are determined by 
the following equations: 
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where ܭ௖
௥ሺܶሻ is approximated as: 
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 TA = T/1000 K, Ar, Br, Cr, Dr and Er are constants [15]. 
 

Break-up models 

Three break-up models have been implemented into the 
KIVA-3V code. These are the model suggested by Reitz and 
Diwakar [18] (RD model), the WAVE model in the format 
suggested in [19] and the TAB model [20] which is the 
default model in the KIVA-3V code. 

Most CFD codes, including the conventional KIVA-3V 
code, ignored the effect of finite break-up length, assuming 
that the break-up process starts at the nozzle exit [21, 22]. In 
our study we took into account this effect and used the 
following empirical correlation for this length [21, 22]: 
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where C is the empirical constant, Cd is the coefficient of 
discharge, Do the orifice diameter. This approach to 
calculation of the break-up length is complementary to the 
one suggested in [14], as part of the modified WAVE 
model. 

III. RESULTS 

 Computational set-up 

The cylindrical computational domain had diameter 50 
mm and height 80 mm with 20 radial, 72 azimuthal and 32 
axial computational cells. The mesh spacing was non-
uniform, with fine resolution at the centre line (the smallest 
cell was 1 mm wide by 2.5 mm long). Numerical 
experiments with finer meshes confirmed that the results are 
grid independent [22]. Up to 5000 droplet parcels were used 
in calculations. These parcels were injected from a 0.2 mm 
diameter 3-hole VCO nozzle at 50 mm3 fuelling. The nozzle 
was fixed on the side wall at 55 mm above the bottom 
surface of the cylinder. At the start of each computation, the 
domain was filled with quiescent air at a required pressure 
and temperature. 

Effects of liquid and gas phase models on predicted spray 
penetration 

    The numerical results, obtained using the customised 
version of the KIVA-3V code, were validated against 
experimental data obtained using the Proteus rapid 
compression machine with a specially designed head for 
optical access for spray visualisation [21, 22, 29]. A 
chamber cavity formed at the top of the combustion 
chamber with a compression ratio of only 9:1. Therefore, in 
order to achieve in-cylinder pressures and temperatures 
representative of a modern Diesel engine, the boost pressure 
and intake air temperature were increased, giving nominal 
TDC pressures of up to 12 MPa, and a TDC gas temperature 
of 785 K [29]. 

     

The experimental and modelling results for the penetration 
length were compared for a 3-hole nozzle and hot air intake 
at 721 K at start of injection [21]. The injection pressure was 
set between 60 and 160 MPa whilst the in-cylinder pressure 
varied between 2 and 6 MPa. The results obtained for the 
case of cold intake (576 K at start of injection) were 
validated earlier (see [22]) using the original version of the 
KIVA-3V code. 

Some numerical and experimental results for spray 
penetration for 100 MPa injection pressure and 2 and 6 MPa 
in-cylinder pressures (ICP) were compared in our previous 
paper [15]. It was shown that the ETC-M4 models predict 
lower penetration length than the ITC-M0 models and the 
predictions of the former are in better agreement with the 
experimental results. This can be attributed to the fact that 
the ETC model predicted higher initial droplet surface 
temperatures and this leads to an increase in evaporation rate 
and has a strong effect on the surface tension (cf. [14]). The 
surface tension decreases with the increase in surface 
temperature. This leads to a decrease in droplet diameter due 
to enhanced break-up. As a result, the ETC model predicts 
lower penetration length. The same behaviour was also 
observed for injection pressures of 60, 140 and 160 MPa 
[15].    
 

The effect of break-up models on predicted combustion 
performance and exhaust emission 

Fig. 1 shows the amount of fuel vapour predicted by the 
KIVA-3V code, using the ITC liquid phase model and M0 
gas phase model with the TAB, WAVE and Reitz and 
Diwakar (RD) [18] break-up models. As follows from this 
figure, the WAVE model predicts the smallest amount of 
fuel vapour. This can be related to the fact that it predicts the 
slowest break-up process. The initial rates of fuel production 
predicted by the TAB and WAVE models show the same 
trends as in the case discussed in [15]. 

 
 
 

 
Fig. 1.  The amount of fuel vapour versus crank angle predicted by the 
customised version of the KIVA-3V code using RD, TAB and WAVE 
break-up models for two ranges of crank angles: from 20 BTDC to 20 
ATDC. 
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Fig. 2. The same as Fig. 1 but for the amount of O2. 

 
 

 
Fig. 3.  The same as Fig. 1 but for the amount of CO2. 

 
 

Figs. 2 to 5 show the predicted amounts of O2, CO2, CO 
and NO versus crank angles based on the RD, TAB and 
WAVE break-up models. The predicted amounts of O2, 
CO2, CO and NO, using the TAB and the RD models appear 
to be close, while the WAVE model led to prediction of 
slightly higher amounts of O2 than the other models. This 
can be attributed to the fact that the WAVE model predicts a 
slower break-up process which leads to the prediction of less 
fuel vapour compared with other break-up models. This 
leads to reduced consumption of O2 (Fig. 2) and production 
of less CO2 (11.1% less than predicted by the RD model) 
(Fig. 3), CO and NO (an order of magnitude less than 
predicted by the RD model: see Figs. 4 and 5). 

 

 
Fig. 4. The same as Fig. 1 but for the amount of CO. 

 

 
Fig. 5. The same as Fig. 1 but for the amount of NO. 

 

 
Figs. 6 and 7 show the amount of fuel vapour predicted 

by KIVA-3V, using ETC/M0 and ETC/M4 models 
respectively. The fuel vapour was calculated for each curve 
using the RD, TAB and WAVE break-up models. It can be 
seen that there is no significant difference between the   fuel 
vapour volumes calculated using any of the break-up and 
gas phase (M0 and M4) models: the TAB model appears to 
predict slightly higher amounts of fuel vapour than those 
predicted by the RD and WAVE models. The amount of O2, 
CO2, CO and NO predicted by the RD, TAB and WAVE 
break-up models, and using the ETC/M0 and ETC/M4 
models are rather similar for the cases under consideration. 
Comparing Figs. 6 and 7 with the results obtained in [15], 
one can see that the effect of the liquid phase models on the 
rate of fuel production is much greater than the effect of the 
gas phase model. This can be related to the fact that, in 
contrast to the liquid phase models, the gas phase models do 
not affect the predicted droplet surface temperature 
significantly (see [13] for details). 
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Fig. 6. The amount of fuel vapour versus crank angle calculated using the 
customised version of the KIVA-3V code with ETC liquid phase model and 
M0 gas phase model and RD, TAB and WAVE break-up models for the 
same conditions as in Fig. 1. 

 

 
Fig. 7.  The same as Fig. 6 but for the M4 gas phase model. 

 

 

Effects of liquid and gas phase models on predicted 
combustion performance and exhaust emissions 

The results in [15] showed that the rate of formation of 
CO2 predicted using the ETC model is higher than that 
predicted by the ITC model. This increase reaches 16.1% at 
4 CA BTDC. The predicted amounts of CO and NO were 
shown to be very sensitive to the choice of the liquid phase 
model but almost independent of the choice of gas phase 
model.   

As follows from the above analysis, taking into account 
temperature gradient inside droplets has a significant effect 
on the prediction of the fuel vapour, oxidizer and 
combustion products. This can be related to higher droplet 
surface temperatures predicted by the ETC model leading to 
higher evaporation rates. On the other hand, this increase in 
temperature leads to a higher reaction rate and eventually to 
the reduction of the amount of fuel vapour. The increased 
initial rate of fuel vapour production, shown in [15], is 
similar to the one reported in [5]. 

Fig. 8 shows the computed in-cylinder pressures 
using the ETC and M4 models. Experimental data, obtained 
in [21], were used to validate the numerical results. It is 
noticeable that a slightly higher in-cylinder pressure is 
predicted by the code using the ETC model. This can be 
related to a larger concentration of fuel vapour and higher 
surface temperature predicted by the ETC model. The 

results obtained using the ETC model fit the experimental 
results marginally better than those obtained using the ITC 
model (not shown). Note that there is a noticeable difference 
between the results shown in Fig. 8 and reported in [5] (see 
their Fig. 12), where a much more pronounced effect of 
finite thermal conductivity on the in-cylinder pressure was 
reported. This can be related to the fact that in [5] the effects 
of internal recirculation inside droplets were not taken into 
account. These effects can increase the effective thermal 
conductivity, compared with the liquid thermal conductivity, 
by up to 2.72 times [9]. Hence the predictions of the ETC 
model are expected to be closer to the predictions of the 
ITC, compared with the finite thermal conductivity model, 
not taking into account the effects of internal recirculation 
inside droplets. The choice of gas phase model has a 
negligible effect on the time evolution of the in-cylinder 
pressure.  

 
 

 
Fig. 8. The in-cylinder pressure versus crank angle obtained experimentally 
(see [21]) and numerically, using the customized version of the KIVA-3V 
code. 

IV. CONCLUSION 

The effects of liquid and gas heating and evaporation 
models on the characteristics of Diesel engines, reported in 
[15] have been summarized. The new effects of droplet 
break-up models on the characteristics of Diesel engines 
have been presented and discussed. The study focuses on the 
Infinite Thermal Conductivity (ITC) and Effective Thermal 
Conductivity (ETC) liquid phase models, basic gas phase 
model and the gas phase model suggested by Abramzon and 
Sirignano (1989), and three droplet break-up models: the 
model suggested by Reitz and Diwakar [18] (RD model), 
and the KH-RT conventional WAVE and TAB models. The 
effect of finite break-up length has been taken into account. 
It has been pointed out that the ETC model leads to the 
prediction of shorter spray penetration, in agreement with 
experimental data, when compared with the ITC model. The 
effect of the gas phase model on spray penetration turned 
out to be much weaker compared with the liquid phase 
model. The effect of the liquid phase model on predicted gas 
pressure in Diesel engines has been shown to be weaker 
compared with the case considered by Bertoli and 
Migliaccio [5], who did not take into account the effects of 
recirculation inside droplets in their analysis. The predicted 
amounts of fuel vapour, carbon dioxide, carbon monoxide 
and NO in the engine are shown to be strongly affected by 
the choice of the liquid phase model but practically 
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unaffected by the choice of the gas phase model. The 
predicted amount of all these substances is shown to be 
strongly affected by the choice of droplet break-up models. 
All these effects are ultimately related to the droplet 
vaporization rate which is controlled by the droplet surface 
temperature (via the choice of the liquid phase model) and 
to droplet sizes which are controlled by droplet break-up 
models.  
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