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Abstract 

 iii

ABSTRACT 
 

The results of a comparative analysis of liquid and gas phase models for fuel 

droplets heating and evaporation, suitable for implementation into computational fluid 

dynamics (CFD) codes, are presented. Among liquid phase models, the analysis is 

focused on the model based on the assumption that the liquid thermal conductivity is 

infinitely large, and the so called effective thermal conductivity model. Seven gas phase 

models are compared. These are six semi-theoretical models, based on various 

assumptions, and a model based solely on the approximation to experimental data. It is 

pointed out that the gas phase model, taking into account the finite thickness of the 

thermal boundary layer around the droplet, predicts the evaporation time closest to the 

one based on the approximation to experimental data.  

The values of the absorption coefficients of gasoline fuel (BP Pump Grade 95 

RON ULG), 2,2,4-trimethylpentane (CH3)2CHCH2C(CH3)3 (iso-octane) and 3-pentanone 

CH3CH2COCH2(CH3)3 have been measured experimentally in the range of wavelengths 

between 0.2 μm and 4 μm. The values of the average absorption efficiency factor for all 

fuels have been approximated by a power function aRd
b, where Rd is the droplet radius. a 

and b in turn have been approximated by piecewise quadratic functions of the radiation 

temperature, with the coefficients calculated separately in the ranges 2 - 5 μm, 5 - 50 μm, 

50 - 100 μm and 100 - 200 μm for all fuels. This new approximation is shown to be more 

accurate compared with the case when a and b are approximated by quadratic functions 

or fourth power polynomials of the radiation temperature, with the coefficients calculated 

in the full range of 2 - 200 μm.  

Results of experimental studies of heating and evaporation of monodisperse 
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wλ (R)  normalised absorbed spectral power density of radiation 
W  molecular weight (kg/mole) 
We   Weber number 
x1,x2,x3,x4 kinetic rate parameters on Shell autoignition model defined in 

Equations (2.3.15)-(2.3.18) 
X   molar fraction 
xλ   size parameter: 2πRd/λ 
y1,y2,y3,y4 kinetic rate parameters on Shell autoignition model defined in 

Equations (2.3.15)-(2.3.18) 
Y   mass fraction 
y  dimensionless parameter on Equation (6.2.3) 
z   parameter introduced in Equation (2.2.24) 
Z Dimensionless number defined as : ll Re/We  
 
Greek symbols 
α  angle between the two beams  
β  wedge angle 
βc   coefficients introduced in Equation (2.1.12) 
βm   evaporation or condensation coefficient 
δmRBQ  total change in mass of R*, B and Q over time step (kg/s) 
ε  emissivity 
ε /kB   parameter used in Equation (C5) (K) 
ƒ  frequency (1/s) 
γ  coefficient of autoignition model introduced in Equation (2.3.14) 
γ   parameter introduced in Equation (2.1.37) 
δT,M   film thickness (m) 
θR   radiative temperature (K) 
Φ  parameter introduced in Equation (2.5.2) 
Φij   function introduced in Equation (C3) 
κ   kl/(clρlR2

d) (1/s) 
κλ   index of absorption 
λ  wavelength (m or µm) 
λm   3.4 µm 
λn   eigen values obtained from the solution of Equation (2.1.6) 
λst  evaporation rate constant in Equation (2.2.2) 
Λ0   function introduced in Equation (2.1.28) 
Ψ  parameter introduced in Equation (2.1.8) 
φ   parameter introduced in Equation (2.2.52) 
Φ  phase shift 
µ   dynamic viscosity (kg/(m s)) 

µ∗  ( )211 )R/R(n/ d−  

µc  ( )211 n/−  
µ0(t)  (hTg(t)Rd/kl) (K) 
ν  kinematic viscosity (m2/s) 
ζ  parameter introduced in Equation (2.1.9) 
ξ   parameter introduced in Equation (2.1.38) 
ξ  parameter introduced in Equation (2.3.24) 
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0.0316dTD -018 Tc (.) Tj
0.10.126c (.) w Tc ( ) f
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.3-5c (E) tTj
0.031hTD -018 Tc (.) Tj
0.12tTj
0.031pdTD -018 Tc (.) f
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ρ   density (kg/m3) 
σ   Stefan–Boltzmann constant (W/(m2K4)) 
σs   interfacial surface tension (N/m) 
τe  evaporation time (s) 
 τλ  aλR 
τ0  aλRd 
χ  keff/kl (see Equation (2.1.11)) 
Ω   collision integral, frequency (1/s) 
ω  frequency (1/s) 
Λ  wavelength (m) 
τbu  breakup time (s)  
 
Subscripts 
b   boiling 
abs   absorbed 
amb   ambient 
c   centre or convection 
cr   critical 
d   droplet 
eff   effective 
eq  equilibrium 
ext   external 
f   film surrounding droplets or fuel 
F   fuel vapour 
g   gas 
inj  injection 
iso  isolated 
l   liquid 
lg   from liquid to gas 
m   type of species in the liquid phase 
mix  mixture 
0   initial or non-evaporating 
p   constant pressure, pump 
R   radiation 
ref  reference 
s   surface 
S  Stokes 
sv   saturated fuel vapour 
t   time dependent 
u  universal 
v   fuel vapour 
- 0   inner side of the droplet surface 
+0   outer side of the droplet surface 
∞   infinitely far from the droplet surface 
 
Superscripts 
—   average 
~  normalised 
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1.   INTRODUCTION 
 
1.1 Background 
 

Diesel engines are widely used due to their high efficiency and cost 

effectiveness. This has increased the demand for higher output, lower noise and 

emission performance from these engines. In meeting these demand  ig rt n gdt n f f ec ITj
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the results of implementation of this scheme for non-coupled solutions and a 

simple gas phase model showed that it is more accurate and computer efficient 

than the scheme based on a numerical solution of the heat conduction equation 

inside droplets (Sazhin et al., 2005a). It remained uncertain whether this 

conclusion is valid for more realistic cases (coupled solutions) and other gas 

phase models.       

A simplified yet accurate model describing the thermal radiation 

absorption in semi-transparent Diesel fuel droplets was developed by 

Dombrovsky et al. (2001) and Sazhin et al. (2004a). In this model, detailed Mie 
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5. The comparison of the prediction of the new customised version of the 

KIVA-2 CFD code with available in-house experimental data. 

 

1.3 Structure of the thesis 

The thesis comprises the following main parts. The literature review on 

spray modelling and experimental studies with a view of applications to Diesel 

engines is presented in Chapter 2. A comparative analysis of droplet heating and 

evaporation models is given in Chapter 3. In Chapter 4, further development of 

the droplet radiative heating model is presented. The experimental validation of 

the model of droplet heating and evaporation is presented and discussed in 

Chapter 5. The result of implementation of the model into the KIVA-2 CFD 

code and the application of the new customised version of this code to the 

analysis of the processes in Diesel engines is discussed in Chapter 6. The 

conclusions drawn from this thesis and recommendations for further work are 

presented in Chapter 7.  The appendices contain additional information relating 

to various part of the thesis.     
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2. LITERATURE REVIEW 
 

During the Diesel cycle, the air at close-to-atmospheric pressure and temperature 

is inducted to the combustion chamber and then compressed to a pressure of about 4 

MPa and temperature of about 800 K during the compression stroke (Heywood, 1988).  

Liquid fuel is injected by the fuel injection system into the engine cylinder at the end of 

the compression stroke. The fuel atomises into small droplets and penetrates into the 

combustion chamber. Fuel injection pressures in the range from 20 to 170 MPa are 

used, depending on engine size and type of combustion system employed (Heywood, 

1988). Then, the liquid fuel is heated and evaporates and fuel vapour mixes with the 

high-temperature high-pressure air. Since the air temperature and pressure are above the 

fuel’s ignition point, spontaneous ignition (autoignition) of portions of the already-
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where Rd is the droplet radius, ρl and cl are the liquid density and specific heat capacity 

respectively, Tap
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models can be based on the solution of the heat conduction equation inside the droplet 

which can be written as (Luik0176 Tc (e) Tj
0.84 Tc 76 Tc (c) Tj
0.13821i
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(Pel=RelPrl), it has been approximated by the following expression (Abramzon and 

Sirignano, 1989): 

( )[ ]30 2.225log  tanh860861 l10 /vz o a lo7824 Tc (e) Tj
-0.21 
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to be proportional to Re1/2Pr1/3 (Fuchs, 1959). Thus the general formula for Nu can be 
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( )∫=
d

0

2
total 4

R

dRRRPP π                       (2.1.20) 

is the total amount of thermal radiation absorbed in a droplet, Ptotal is measured in K/s. 

In the case of finite thermal conductivity and effective thermal conductivity 

models (Groups 3 and 4), the heat conduction equation for semi transparent droplets in 

the presence of thermal radiation can be written as: 

  ( )RPc
R
T

RR
Tk

t
Tc ll2

2

lll
2

ρρ +







∂
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+
∂
∂

=
∂
∂ ,                                                      (2.1.21) 

where P(R) accounts for the radiative heating of droplets, measured in K/s. This 

equation can be solved subject to the same boundary condition (2.1.4) as before. 

Analytical solution of Equation (2.1.21) is a straightforward generalisation of 

solution (2.1.5) and can be written as (Sazhin et al., 2004b):  
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       (2.1.22)     

 

where  

( )∫ 

















=

dR

n
n

n dR
R
RRRP

vR
p

0 d
22

d

sin1 λ .                       (2.1.23) 

 

 The value of thermal radiation power can be calculated based on the equation: 

( ) ( ) λ
ρ λ dRp

c
RP ∫

∞

=
0ll

1 ,                                                                                     (2.1.24) 

where pλ(R) is the distribution of thermal radiation power density absorbed inside the 

droplet. The value of pλ(R) can be calculated based on the Mie theory, but these 

calculations are very complicated and are beyond the scope of this review. Various 

approximations for P(R) will be considered in the next section. 
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2.1.2.2.1 Radiative heating of the whole droplets  

 In most 
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fuels (boiled and un-boiled BP Ford reference Diesel fuel, boiled low sulphur ESSO 

AF1313 Diesel fuel), for droplet radii in the range 2 µm ≤ Rd ≤ 200 µm and external 

temperature in the range 500 K ≤ Text ≤ 3000 K. The boiling simulated the ageing 

process of fuels. From these analyses it can be concluded that Approximation (2.1.28) 

with a and b defined by Equations (2.1.29) is applicable for all four types of fuel in the 

range 2 µm ≤ Rd ≤ 200 µm and 1000 K ≤ Text ≤ 3000 K, although it becomes less 

accurate for droplets with radii greater than 50 µm. For 500 K ≤ Text ≤ 3000 K 

Equations (2.1.29) appeared to be poor for all types of fuel under consideration. To 

achieve better accuracy, Sazhin et al., (2004a) suggested the following approximations: 
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The values of a0, a1, a2, a3, a4, b0, b1, b2, b3 and b4, depend on the type of Diesel fuel 

used. For un-boiled low sulphur ESSO AF 1313 Diesel fuel in the range of 5µ

e sthe, 3 
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where ( )ext0
λI  is the intensity of external thermal radiation, Ptotal is defined by Equation 

(2.1.20) 

Presentation of the results for differential absorption of thermal radiation is 

simplified if the following normalised function is introduced (Dombrovsky and Sazhin, 

2003b):  

( ) ( )

( )











=

∫
dR

dRRRp
R

RpRw

0

2
3
d

3
λ

λ ,                          (2.1.32) 

where pλ(R) is the spectral radiation power absorbed per unit volume. 

In this case, the value of thermal radiation power absorbed per unit volume inside the 

droplet can be calculated based on the following equation (Dombrovsky and Sazhin, 

2003b): 

( ) ( ) ( )∫∫
∞∞

==
0

ext0

ll0

750
λ

ρ
λ λλ dIRwQ

Rc
.dRpRP )(

a
d

.                      (2.1.33) 

If the external thermal radiation is that of a black body at temperature Text then 
( ) ( )ext
ext0 4 TBI λλ π=  and Equation (2.1.33) can be written as: 

( ) ( ) ( )∫
∞

=
0

exta
dll

3
λ

ρα

∫2 ( ) Τϕ
−0.05088 Τχ (ω) Τϕ
0.1636 (ε) Τϕ
6Τµ (=) Τϕω859.7 Τ5αλλ
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where  ( ) ( )22
0 6051 n/./. −= τγ , d0 Raλτ = , 

2

c
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( ) ( ) ( )[ ]000

0
3
0
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exp1/22
exp

3 ξτξξττ
ττξτξ

−−+−
−−

=Rw ,                       (2.1.37) 

where ( )c1/2 µξ += . Equation (2.1.36) was used when 520 .<τ . Otherwise Equation 

(2.1.37) was used. The generalisation of this model to the case of asymmetrically 

illuminated droplet was reported by Dombrovsky and Sazhin (2004). 

          From above consideration, there are two different approaches to modelling the 

effects of thermal radiation on heating and evaporation of droplets. If the distribution of 

thermal radiation absorption inside droplets is needed, the term of P(R) in Equation 

(2.1.21) as defined by Equation (2.1.34) is used. If the distribution of thermal radiation 

absorption inside droplet is ignored then a much simpler approach can be used as 

suggesuedacim a d  dap lponpi e r poj
2.76 Tc ( ) Tnj
j
-0.18912 4c (e)  Tc (p) Tj
-0.42912 TTc (i) Tj
0.02544 18912 4c (e)  Tc (p) Tj
-00.10176 T0.24 Tc (o) Tj
00.10176 Tconpi
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processes. The heat required for evaporation is transferred to the droplet surface 
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2.2.1 Classical D2-law 

The classical D2- law was formulated in the 1950s by Godsave and Spalding 

(e.g. Lefebvre, 1989; Sirignano, 1999). It was derived for an isolated, single component 

droplet, burning in a quiescent, oxidizing environment. The term D2-law indicates that 

the square of the droplet diameter decreases linearly with time. For constant droplet 

surface temperature the evaporation rate λst is introduced as the surface regression rate 

defined as: 

dt
dD2

st −=λ .                  (2.2.2) 

In order to obtain the evolution of droplet diameter, Equation (2.2.2) is integrated with 

the initial condition D(t=0)= D0 (Lefebvre, 1989): 

( ) tDtD st
2
0

2 λ−= .                             (2.2.3) 

The result is the well-known D2-law, stating that the square of the droplet diameter 

decreases linearly with time during droplet evaporation. In addition to the evaporation 

rate, another important parameter in droplet evaporation is the life time of the droplet, 

also called evaporation time τe, which can be determined from Equation (2.2.3) with 

D(t=τe)=0: 

st

2
0

e λ
τ

D
= .                              (2.2.4) 

The applicability of the D2-law is limited since it is based the assumption that 

droplet temperature is constan2.ee T c  ( 2 )  T j 
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gives the following expression for dm& : 

( )Mtotalgdd 1ln4 BDRm +−= ρπ& .                              (2.2.15) 

This model is widely use for stationary evaporating droplets. Remembering the 

definition of hm we can write: 

 ( )∞−= vvsm
2
dd 4 ρρπ hRm& .                          (2.2.16)  

Combining Equations (2.2.15) and (2.2.16) we obtained the following expression for Sh 

(Lefebvre, 1989): 

 ( )
M

M1ln 2
B

BSh +
= .                                       (2.2.17) 

Equation (2.2.17) can be presented in a more general form: 

 ( )
M

M
0

1ln 
B

BShSh +
= ,                          (2.2.18) 

where Sh0 =2 for stationary droplets. 

Similarly, the following expression for the Nusselt number was obtained 

(Lefebvre, 1989): 

  ( )
M

M
0

1ln 
B

BNuNu +
= ,                          (2.2.19) 

where Nu0 is the Nusselt number for non-evaporating droplets (Nu0=2 for stationary 

droplets). 

An alternative expression for Nu can be found taking into account the effect of 

vapour superheating (raising of fuel vapour temperature from Ts to Tg). The energy 

balance equation for a droplet taking into account this effect can be written as 

(Sirignano, 1978): 

( ) ( ) dsdsd wr n r r 4 4  T D  - 0 . 0 7 1 7 6 4 . 4  1 8 3 .k c  ( . ) - 1 2 m 
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0.2Tj
-0.42

ir j 
 - 0 . 1 0 1 7 6  T c  ( e )  T j 
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( ) ( ) ( ) 2
d

ddsspv
g4

R
dRm

m/qTLTTc
dTk

&

&&
−=

−+−
π .                       (2.2.21) 

Introducing the Spalding heat transfer number BT (Abramzon & Sirignano, 

1989): 

( )
( ) ( )dds

sgpv
T m/qTL

TTc
B

&&−

−
=                            (2.2.22) 

and integrating both parts of Equation (2.2.21) from T=Ts to T=Tg and from m  r
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  ( )
T

T1ln 2
B

BNu +
= .                         (2.2.28) 

 The Sherwood number for evaporating moving droplets depends on Re and Sc. 

The well known correlation for Sh0 can be presented as (Bird et al., 2002): 
31

d
21

d0 602 // ScRe.Sh += .                         (2.2.29) 

For evaporating moving droplets the expression for the Nusselt number and the 

Sherwood number can be presented as: 

 ( ) ( )31
d

21
d

M

M 6021ln // ScRe.
B

BSh +
+

=                          (2.2.30) 

( ) ( )31
d

21
d

T

T 6021ln // PrRe.
B

BNu +
+

=  .                        (2.2.31) 

The factor 0.6 in the equations above can be replaced by 0.552. Hence, 

Correlations (2.2.30) and (2.2.31) become (Abramzon and Sirignano, 1989): 

( ) ( )31
d

21
d

M

M 552021ln // ScRe.
B

BSh +
+

=              (2.2.32) 

( ) ( )31
d

21
d

T

T 552021ln // PrRe.
B

BNu +
+

= .                       (2.2.33) 

 

Alternatively, remembering Equation (2.1.15), we can write (Abramzon and Sirignano, 

1989): 

( ) ( ) ( )( )d
31

dd
T

T 111ln RefPrRe
B

BNu /++
+

=                        (2.2.34) 

( ) ( ) ( )( )d
31

dd
M

M 111ln RefScRe
B

BSh /++
+

= .                       (2.2.35) 

   Abramzon and Sirignano (1989) refined the classical model above by taking into 

account the effect of convective transport caused by the droplet motion relative to the 

gas by introducing so called ‘film’ theory. The film theory assumes that the resistance 

to heat or mass exchange between a surface and a gas flow may be modelled by 

introducing the concept of gas h  Tj
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In practical implementations into CFD codes the actual Sherwood number (Sh) and 

Nusselt number (Nu) need to be used. These parameters can be found from the 

following equations: 

( )
T

T1ln
B

B*NuNu +
=                            (2.2.44) 

( )
M

M1ln
B

B*ShSh +
= .                           (2.2.45) 

Taking into account film theory, the correlations for Nu and Sh should be modified and 

Equations (2.2.30)-(2.2.35) become: 
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2.3 Autoignition modelling 

Autoignition of Diesel sprays is usually described in terms of ignition delay and 

ignition sites location. Although the autoignition may be considered as a continuous 

process (Dec and Espey, 1998) it is widely accepted that autoignition is the beginning 

of the thermal explosion that follows the physical processes (mixing of fuel with 

ambient gas) and chemical reactions leading to the onset of a flame (Aggarwal, 1998). 

Modelling of the autoignition is essential for predicting the initiation of combustion in 

Diesel engines (Griffiths and Barnard, 1995). Two main parameters characterize the 

autoignition process: the initial temperature at which the autoignition can develop and 

the time delay before the start of autoignition (Brady, 1996). Detailed kinetic 

mechanism of the autoignition process is very complicated as it includes many chemical 

reactions and species. The chemical part of the autoignition process can be dbcliicaj
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Termination 

R*→out    Rate coefficient ƒ2 kp                (2.3.7) 

2R*→out    Rate coefficient ƒ2 kp,                (2.3.8) 

 

where RH represents hydrocarbon fuel (CnH2m), R* is radical, B is the branching agent, 

Q is the intermediate agent and P is the product, consisting of H2O, CO a andaO ,chintermdiate species an be gener
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The coefficient γ determines the burned products mixture via [ ] [ ] ( )γγ −= 12 /CO/CO  

The rate constants in Equations (2.3.9) – (2.3.13) are defined by the following 

expressions (Halstead et al.,1977; Schäpertöns and Lee,1985): 
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be based only on the contribution of the chemical reaction. Equation (2.3.20) is 

simplified to (Sazhin et al., 1999): 

[ ]*
p

totv

RqVk
ncdt

dT 1
=                            (2.3.23) 

The development of the Shell model followed two main directions. The first 

direction is focused on the modifications of the coefficients without changing the 

overall structure by adjusting the kinetic rates to fit experimental data (Schäpertöns and 

Lee, 1985; Theobald, 1986). The second direction is focused on modifying the 

equations to better reflect the underlying chemistry and this leads to change in the 

overall structure of model.  

Sazhin et al. (1999) suggested a new mathematical formulation for the Shell 
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inhibited if the temperature increases higher than 1100 K or very sharp temperature rise 

(>107) K/s occurs. The authors showed that the autoignition chemical delay for Diesel 

fuel is much less than physical delay due to droplet transit time, atomisation, heating, 

evaporation and mixing for droplet radii. This justifies the application of less accurate 

than detail kinetic mechanism, but more s( ) Tj76 Tc (e) Tj
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turbulence model and a modified version of this model (sub-grid scale model). Spray 

break-up is modelled using the Taylor Analogy Break-up (TAB) model based on the 

analogy between an oscillating and distorting droplet and a spring mass system.   

The change in droplet radius due to vaporisation is described by hydrodynamic 

model with the following equation (Amsden et al., 1989): 

ShB
R
D

dt
dR

M
dl

gg

2ρ

ρ
=                   (2.4.1)   

where Sh is described in Equation (2.2.30). This equation is equivalent to Equation 

(2.2.15). The rate of droplet temperature change is determined by the energy balance 

equation in such a way that the energy supplied to the droplet either increases the 

droplet temperature or supplies heat for its vaporisation. These are described by the 

following equation (Amsden et al., 1989):  

( )sg
d

g2
d

2
dlld 2

4
3
4 TT

R
Nuk

R
dt
dTRcLm −=+− ππρ& ,              (2.4.2) 

where the Nusselt number is described in Equation (2.2.31) with BT replaced by BM 

(similarly to Model 0). The latter equation takes into account the effect of vapour 

superheating. 

Several versions of this code have been developed by Los Alamos National 

Laboratory. These are KIVA, KIVA-2, KIVA-3 and KIVA-3V. KIVA-2 is an improved 

version of KIVA that has better computational efficiency, numerical accuracy and 

physical sub-models. It is more user friendly and versatile than KIVA (Amsden et al., 

1989). KIVA-3 is an extension of KIVA-2. It uses the same numerical solution 

procedure, and solves the same set of equations. KIVA-3 is applicable to laminar or 

turbulent flows, subsonic or supersonic flows and single-phase or dispersed two-phase 

flows. In contrast to KIVA-2, KIVA-3 uses a block structured mesh with connectivity 

defined through indirect addressing. KIVA-3V is an extended version of KIVA-3, can 

model any number of vertical valves in the cylinder head. Other new features developed 

in KIVA-3V are particle based liquid wall film model, improved sorting subroutine, 

mixing-controlled turbulent combustion model and an optional RNG k-ε turbulence 

model (Amsden, 1997).  
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2.5 Experimental studies  

Experimental studies 
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configuration of a PDA system is showed in figure 2.5.1 below. 

 

PhotomultiplierReceiving LensScatter ing angle Measur ement volumeDir ection of the flowLaser

B eam splitter

 

Figure  2. 5. 1 Sche mat ic o f t he o pt ic a l co nfigur at ion s ys t e m o f a PDA ( Dus t  et  al. ,  1981)   The o ut put  bea m fro m t he  la s er is sp lit  int o  t wo  o r mo re co mpone nt s o f equa l int e ns it y.  A le ns is  us ed t o  c ha nge  t he d irect io n o f t he bea ms caus ing t he m t o  cro ss  at  a  po int  where t he y ar e fo cused.  I nt er ference o f t he l ig ht bea ms  in t he  me a sure me nt  vo lu me  crea t es  a  s et  o f equa ll y sp aced fr inge s.  Ve lo c it y a nd s iz e mea s ur e me nt s  a re made whe n a par t ic le  car r ied by t he flo w p as s es  t hro ugh t he fr inges .  Whe n a  par t ic le  t rave rse s t he  co nt ro l vo lume,  t he  a mou nt  o f l ig ht  scat t ere d flu ct uat es w it h t he fr inge s.  T his  is  t he n co llec t ed by a not her  le ns a nd fo cus s ed o nt o  a pho t o det ect o r whic h co nver t s  t he fluct uat io ns  o f l ight  int ens it y int o  flu ct uat io ns in vo lt age s ig na l.  T he  fr eque nc y o f t his  fluct uat io n is pr oport io na l t o  t he ve lo c it y o f t he  par t ic le (Dust  Dui o i ri va lig
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account the semi-transparency of the droplets, but can ignore the spatial variations of 

radiation absorption inside the droplets. Models of radiative heating in Diesel engines 

have been suggested by a number authors (Dombrovsky, 2000; Dombrovsky et al., 

2001; Dombrovsky and Sazhin, 2003c; Sazhin et al., 2004a). However, further analysis 

of these models and their applications are needed.     

Various methods used to investigate spray and combustion characterisation in 

Diesel engine experimentally have been reviewed.       
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3. COMPARATIVE ANALYSIS OF THE MODELS FOR FUEL   

DROPLET HEATING AND EVAPORATION  

 
As mentioned in Chapter 2, the importance of the development of accurate 

and computer efficient models, describing fuel droplet heating and evaporation 

in engineering and environmental appTj
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issues. The performance of the new model, developed by Sazhin et al. (2005a,b), 

will be investigated taking into account the coupling of liquid and gas phases, 

and using various models for the gas phase. The m g aaag mh. 
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reach almost 15%. If we assume that Model 6 is the most accurate one, as the 

one based merely on experimental data, then we can conclude that the most 

accurate semi-theoretical models are Models 3 and 4, and the least accurate is 

Model 0 used by Sazhin et al. (2005b). Interestingly, the prediction of Model 3 is 

closer to the prediction of Model 6 than the prediction of Model 4, although 

Model 4 is expected to be more accurate than Model 3.  

 
 

Figure 3.1.1 Plots of Ts and Rd versus time for the initial gas temperature         
Tg0 = 880 K, gas pressure Pg0 = 3 MPa, initial droplet temperature 
Td0 = 300 K, initial droplet radius Rd0 = 10 μm and velocity           
vd0 = 1 m/s. The overall volume of injected liquid fuel was takenew   yirn alld 0 s . e =8 Tc (=n
0.111.74
-0.13584 T0. Tj
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one predicted by Model 6. In contrast to the case shown in Figure 3.1.1, 

however, the evaporation times predicted by Models 3 and 6 are noticeably 

different. The difference in Models 3 and 4 lies in the values of F(BM) and  

F(BT) (see Equations (2.2.50) and (2.2.51)). The contribution of the terms 

containing these functions in Equations (2.2.50) and (2.2.51) is proportional 

to dRe . Hence the accuracy of calculating these terms is more important in the 

case of the droplet with the initial velocity 10 m/s (Figure 3.1.2) than in the case 

of the droplet with the initial velocity 1 m/s (Figure 3.1.2). 

 
Figure 3.1.2 The same as Figure 3.1.1 but for the initial droplet velocity equal to 

10 m/s 
 

In Figures 3.1.3 and 3.1.4 the same plots as in Figures 3.1.1 and 3.1.2 are 

shown, but for the droplets with the initial radii equal to 50 μm. The same 

closeness between the plots for Rd predicted by Models 4 and 6 as in Figures 

3.1.1 and 3.1.2, can be clearly seen in Figures 3.1.3 and 3.1.4. Note that in the 

case of Figures 3.1.3 and 3.1.4, the values of dRe  are 5  larger than in the 

case of Figures 3.1.1 and 3.1.2. Hence the contribution of the terms F(BM) and 

F(BT ) is expected to be more important in the cases shown in Figures 3.1.3 and 

3.1.4 than in the cases shown in Figures 3.1.1 and 3.1.2. tsotnhi(i) T
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Figure 3.1.3 The same as Figure 3.1.1 but for the initial droplet radius equaloq l  
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Figure 3.1.5 The same as Figure 3.1.1 but taking into account the effects of 
thermal radiation assuming that Text = 2000 K 

 

 
 
Figure 3.1.6 The same as Figure 3.1.2 but taking into account the effects of 

thermal radiation assuming that Text = 2000 K 
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approximately proportionally to 62.
dR  (see Equation (2.1.38) in which b ≈ 0.50
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In Figures 3.1.7 and 3.1.8 the same plots as in Figures 3.1.5 and 3.1.6 are 

sho
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The same closeness between the predictions of Models 4 and 6 was 

observed when the pressure was reduced to 2 MPa. Also this result remained the 

same when the data for n-dodecane molecules reported by Hirschfelder et al. 

(1967) rather than by Paredes et al. (2000) were used, or the reference 

temperature and fuel vapour mass fraction in Model 6 were calculated similarly 

toa
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Figure 3.1.10 The same as Figure 3.1.9 but for the initial droplet velocity 10 m/s   
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based on the analytical solution of the heat conduction equation and its 

numerical solution, predict practically the same results in a wide range of 

parameters typical for Diesel engines. In both cases the time step was taken as 

0.001 ms. For the numerical solution of the heat conduction equation inside the 

droplets, 100 cells along the radius were used.  

The evaporation time predicted by both these algorithms was close to the 

evaporation time predicted by the model, based on the assumption of no 

temperature gradient inside the droplets (ITC model or liquid phase Model 2). 

However, a noticeable difference in temperatures was observed at the initial 

stage of droplet heating and evaporation. This is illustrated in Figure 3.2.1 for 

the droplets with the initial radius equal to 10 μm and initial velocity 1 m/s 

injected into the gas with the same parameters as in the case shown in Figure 

3.1.1. 

 
Figure 3.2.1 The same as Figure 3.1.1 but using three liquid phase numerical 

algorithms: the algorithm based on the analytical solution of the 
heat conduction equation inside the droplet (1), the algorithm based 
on the numerical solution of the heat conduction equation inside the 
droplet (2), the algorithm based on the assumption that the thermal 
conductivity inside droplets is infinitely large (3) 
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evaporation process was measured starting with droplet diameter equal to 72 μm. 

The results of measurements were presented in the form of a plot of (Rd/Rd0)2 

versus time t and are shown in Figure 3.3.1. In the same figure, the time 

evolution of this variable, predicted by algorithms described in Chapter 2, are 

presented. The calculations were performed using the effective thermal 

conductivity (ETC) model for the liquid phase and Model 4 for the gas phase 

(Curve 1), ETC model for the liquid phase and Model 0 for the gas phase with 

the same values of parameters as used by Sazhin et al. (2005b) (Curve 2), 

infinite thermal conductivity (ITC) model for the liquid phase and Model 4 for 

the gas phase (Curve 3), ETC model for the liquid phase and Model 4 for the gas 

phase, using the parameters reported by Hirschfelder et al. (1967) for tetradecane 

molecules (used for calculation of the binary diffusion coefficient) (Curve 4). 

The parameters reported by Paredes et al. (2000) for tetradecane molecules were 

used for Curves 1-3. The physical properties of tetradecane, used in the 

calculations, are given in Appendix A. The effect of thermal radiation was taken 

into account assuming that the radiation temperature is equal to the gas 

temperature. 

 
Figure 3.3.1 The values of (Rd/Rd0)2 for evaporating tetradecane droplets versus 

time, as measured by Belardini et al. (1992), and the results of 
calculations based on algorithms described in Chapter 2. The values 
of the initial gas temperatures are indicated near the curves 
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Figure 3.3.2 The values of (Rd/Rd0)2
 for evaporating n-heptane droplets versus 

time for the initial pressure of 0.1 MPa, as measured by Nomura et 
al. (1996), and the results of calculations for the same combination 
of liquid and gas models as in Figure 3.3.1. The values of the initial 
gas temperatures are indicated near the curves 

 

 

Plots of droplet surface temperature Ts versus t for the same parameters 

as in Figure 3.3.2 are shown in Figures 3.3.3 and 3.3.4. As can be seen in Figure 

3.3.4, at the very initial stage of droplet heating and evaporation, the values of Ts 

are relatively insensitive towards the choice of gas phase model (Curves 1, 2 and 

4 are rather close), but depend strongly on the choice of the liquid phase model 

(cf. Curves 1 and 3). The values of Ts predicted by the ITC model are much less 

than those predicted by the ETC model at the very initial stage of droplet heating 

regardless of the choice of the gas phase model. 
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Figure 3.3.3 The plots of Ts versus time for the same values of parameters as in 

Figure 3.3.2, calculated using the same liquid and gas phase models 
as in this figure 

 

 
Figure 3.3.4 Zoomed part of Figure 3.3.3 referring to the very initial stage of 

evaporation 
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At intermediate times both liquid and gas phase models affect the values of Ts 

(see Figure 3.3.3). During longer times the effects of liquid phase model on the 

values of Ts are negligible in most cases, and the predicted values of this 

temperature depend mainly on the choice of the gas phase model (see Figure r  i i u s e e e s ,gr e vae s Ffhu  o i r s e l (seT j 
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predictions of gas phase Model 4. The effect of the binary diffusion coefficient 

on the values of Rd is relatively small in this case, as shown in Figure 3.3.2. In 

agreement with the results reported by Sazhin et al. (2005b), the ETC model 

predicts marginally more accurate results compared with the ITC one, similar to 

the case of lower pressure (see Figure 3.3.2). The comparison of the 

experimental results and the predictions of the models for the initial gas pressure 

1 MPa and various initial gas temperatures is shown in Figure 3.3.6. The 

conclusions, which are obtained from the observation of this figure, are 

essentially the same as those which follow from Figure 3.3.5. The corresponding 

plots of Ts versus t have properties similar to those shown in Figures 3.3.3 and 

3.3.4 for pressure 0.1 MPa. 

 

 
Figure 3.3.6 The same as in Figure 3.3.2 but for the initial gas pressure of 0.1 

MPa 
 

To summarise the results presented in this section, the comparison 

between the predictions of the models and experimental data reported by 

Belardini et al. (1992) and Nomura et al. (1996), is rather inconclusive. Namely, 

these data cannot support any of the gas phase models under consideration. The 
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effect of liquid phase models is relatively small in the general case, and it leads 

to marginally better agreement between the predictions of the models and 

experimental data. 

 

3.4 Effects of droplet break-up and autoignition 

The models and experimental results considered so far did not take into 

account the effects of autoignition of fuel vapour/ air mixture, and the effects of 

droplet break-up. In this section both these effects are taken into account. As in 
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modelling of the ignition delay. Note that the agreement between the predictions 

of the ETC model with experimental data for initial gas temperatures greater 

than about 650 K, shown in this figure, cannot be interpreted as the experimental 

validation of the model, due to the uncertainty of the parameters of the Shell 

model. 

The rest of this section will focus on the investigation of the effects of 

various liquid and gas models on droplet heating and evaporation, and the 

ignition of fuel vapour/ air mixture in a monodisperse spray, taking into account 

the droplet break-up effect. The effect of thermal radiation is ignored. The fuel is 

approximated by n-dodecane (see Appendix A). Gas and liquid parameters are 

the same as in the cases shown in Figures 3.1.1 – 3.1.8 and 3.2.1- 3.2.2. The 

autoignition process is assumed to be completed when the fuel vapour/ air 

temperature reached 1100 K. 

 

 
Figure 3.4.2 The values of the evaporation time versus initial gas temperature 

calculated based on the same combination of liquid and gas 
models as in the cases shown in Figures 3.3.1-3.3.6 and 3.4.1. 
Bag and stripping droplet break-ups were taken into account. The 
initial droplet diameter and velocity are taken equal to 50 μm and 
50 m/s respectively. Symbols indicate the values of gas 
temperatures for which the evaporation times were calculated 
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reported by Sazhin et al. (2005b). The effect of the binary diffusion coefficient 

on the total ignition delay is visible but not dominant. 

 

 

 
Figure 3.4.3 The plots of the total ignition delay versus the initial gas 

temperature Tg0 in the presence of the break-up for the same 
droplets as used in Figure 3.4.2, calculated based on the same 
models as in the cases shown in Figures 3.3.1-3.3.6 and Figures 
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4. APPROXIMATE ANALYSIS OF THERMAL RADIATION 

ABSORPTION IN FUEL DROPLETS 
 

As mentioned in Chapter 2, more advanced models for radiation absorption 

in Diesel fuel droplets have been developed by Dombrovsky (2004), Dombrovsky 

and Sazhin (2003c, 2004). These take into account the distribution of absorption 

inside droplets. None of these models, however, seem to be suitable for 

implementation into CFD codes due to excessive CPU requirements (Sazhin, 2006; 

Sazhin et al., 2004a, 2005a; Abramzon and Sazhin, 2005, 2006). Therefore in 

practical applications, implementing the distribution of radiation absorption insi f  sadra g .56  Tc  (  )  02544  Tc  ( s )  T j 
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Results of the calculation of the indices of absorption for all three fuels, 

based on the measurements of the corresponding absorption coefficient, are 

presented in Figure 4.1.1. On the same figure, the previously reported plots by 

Sazhin et al. (2004a) of κ versus λ for Diesel fuel are reproduced. About 2300 

individual measurements were used for presenting each of these plots.  

 

 
Figure 4.1.1 Indices of absorption of four types of fuel: low sulphur ESSO AF1313 

Diesel fuel, gasoline fuel (BP Pump Grade 95 RON ULG), 2,2,4-
trimethylpentane (iso-octane) and 3-pentanone versus wavelength 
λ. The results for Diesel fuel are reproduced from Sazhin et al. (2004a) 

 

As can be seen in Figure 4.1.1, the dependence of κ on the type of fuel is 

noticeable, and there are a number of similarities between the plots. For all fuels, the 

region of semi-transparency in the range 0.5 μm < λ < 1 μm is evident. The index of 

absorption increases by approximately 3 orders of magnitude when λ increases from 

0.5 μm to 1.5 μm. At the same time, some noticeable differences between the 
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indices of absorption of the fuels can be identified. For example, the peak of 

absorption of Diesel fuel at λ ≈ 3.4 μm is much more pronounced than the 

corresponding peaks of absorption of the other fuels. Also the value of λ when this 

peak is observed is shifted from 3.4 μm for Diesel fuel to approximately 3.0 μm for 

other fuels. Strong peaks at around 3.5 μm are related to C-H stretch vibrations of 

non-aromatic molecules, occurring in the range of 3.3 μm - 3.5 μm. Less intense 

peaks at around 3.0 μm are most likely due to the presence of aromatic 

hydrocarbons, in which C-H stretch vibrations from benzene rings are expected. 

This is supported by the absorbance at around 0.25 μm which is characteristic of the 

π-π electron transitions in the aromatic benzene ring. Aromatic hydrocarbons are 

added to gasoline to increase its octane number. The differences in the optical 

properties of the fuels shown in Figure 4.1.1 are expected to produce 4 different 

values of the average absorption efficiency factors of fuel droplets.  

Index of refraction measurements were conducted using the ABBE 60 direct 

reading refractometer at room temperature. This index was measured by turning a 

dual prism combination through an angle, which is proportional to the refractive 

index of liquid placed between the two prisms. The light source was white. It was 

emitted from a tungsten lamp. The angle of light emerging from the combination of 

prisms was measured using a telescope that moved over a calibrated refractive index 

scale. The telescope was focused on the edge of the light beam, which showed up as 

a dark edge in the field of view. The values of refractive indices for the three fuels 

were: gasoline (n = 1.394 ± 0.001); iso-octane (n = 1.389 ± 0.001) and 3- pentanone 

(n = 1.390± 0.001). The measurement of the index of refraction for Diesel fuel was 

n = 1.460 with similar error except in the region of strong absorption (λ ≈ 3.4 μm) 

(Dombrovsky et al., 2003). The relatively weak dependence of n on λ for Diesel fuel 

has only a minor effect on the efficiency factor of absorption of this fuel 

(Dombrovsky et al., 2003). Therefore, this dependence can be ignored when this 

factor is calculated for Diesel fuel (Sazhin et al., 2004a). We assume that this 

conclusion resminmi son Thb fue4no4n4no4no
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Coefficients \    
                    Fuel                          

Diesel  
(low sulphur 

ESSO AF1313) 

Gasoline  
(BP 95 RON 

ULG) 

 
2,2,4 -Trimethylpentane 

 
3-Pentanone 

a0 0.143452 0.074546 0.035479 0.045995 
a1 -0.016510 -0.049511 -0.034435 -0.047760 
a2 -0.058531 0.023057 0.023033 0.029250 
a3 0.027674 -0.006836 -0.007777 -0.009075 
a4 -0.003661 0.000829 0.000964 0.001065 
b0 0.482037 0.406702 0.429499 0.327158 
b1 -0.249135 0.334640 0.625147 0.686807 
b2 0.286669 -0.208455 -0.462004 -0.463508 
b3 -0.094873 0.068515 0.152989 0.147149 
b4 0.010658 -0.008410 -0.018322 -0.017281 
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be of use in practical engineering applications, including computational fluid 

dynamics (CFD) codes. 

 

Figure 4.3.1 Plots of aQ and its three approximations Λversus droplet radius for 
Diesel fuel. Three radiation temperature: 1000 K, 2000 K and 3000 K 
(indicated near curves) were considered. Green solid curve refer to aQ  
as calculated from Equation (2.1.27). Black dots refer to piecewise 
approximation for Λ, as calculated from Equation (2.1.28). Red solid 
curved refer to a single quadratic approximation for Λ. Blue solid 
curves refer to a single fourth power approximation for Λ  

 

 

The same conclusion was drawn for gasoline (Figure 4.3.2), iso-octane 

(Figure 4.3.3) and 3-pentanone (Figure 4.3.4). Note that the temperature effect on 

aQ  is greatest for Diesel fuel. The maximum values of aQ  are greater for Diesel and 

gasoline fuels than for iso-octane and 3-pentanone. For all fuels, the values of aQ  

decrease with increasing external temperature in agreement with the results reported 

earlier by Dombrovsky (2001) and Sazhin et al. (2004a). 
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Figure 4.3.2 The same as Figure 4.4.1 but for gasoline fuel 

 
Figure 4.3.3 The same as Figure 4.3.1 but for iso-octane 
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monotonically increases until it reaches the wet bulb temperature. When the effect 

of thermal radiation is taken into account, the surface temperature reaches a 

maximum value before it reduces to the same wet bulb temperature. This effect was 

discussed in detail by Abramzon and Sazhin (2006). 
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The plots calculated using the model based on the piecewise approximation 

of the coefficients a and b in Equation (2.1.28) and the model based on the single 

quadratic approximations of these coefficients are nearly coincident for Text = 3000 

K. These curves are expected to be even closer for lower external temperatures. This 

happens despite the fact that the values of the average absorption efficiency factors 

predicted by these models are visibly different (see Figure 4.3.1). Thus, in many 

practical applications, including modelling of heating and evaporation of droplets, 

the high accuracy of the approximation of the average absorption efficiency factor, 

provided by the model based on a piecewise approximation of the coefficients a and 

b, is not always required. However, since the computer requirements of the 

implementation of this new model are all but the same as those of the model based 

on the single quadratic approximations of these coefficients, the application of the 

new model is recommended in all cases. 

 
Figure 4.4.2 The same as Figure 4.4.1 but for gasoline fuel, injected into a gas 

volume equal to 620 mm3 
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Plots similar to those shown in Figure 4.4.1, but for gasoline fuel are 

presented in Figure 4.4.2. The physical properties of the gasoline fuel used in our 

study are shown in Appendix 2. In contrast to Diesel fuel, gasoline fuel is injected 

into a gas volume of 620 mm3. The volume was calculated under the assumption 

that gasoline fuel can be approximated as C7.9H17.8. In this case, provided that all 

gasoline fuel is evaporated without combusting, the fuel vapour/ air mixture is 

expected to become close to stoichiometric, as in the case of Diesel fuel. The 

general shapes of the curves shown in Figures 4.4.1 and 4.4.2 are rather similar, 

except that the difference between the curves calculated using the model based on 

the piecewise approximation of the coefficients a and b in Equation (2.1.28) and the 

model based on the single quadratic approximations of these coefficients, is more 

pronounced in the case of Figure 4.4.2 than Figure 4.4.1. This justifies the 

application of the new model in the case of gasoline. 
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The iso-octane and 3-pentanone cases are presented in Figures 4.4.3 and 

4.4.4 respectively. The physical properties of iso-octane and 3-pentanone are shown 

in Appendix A. These fuels were injected into gas volumes of 625 mm3 and 712 

mm3 respectively. C t.l ares inn .li ecmmd -p

o4o
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Returning to our problem of finding an approximation for the absorption 

efficiency factor we can say that the relatively weak dependence of droplet heating 

and evaporation on the accuracy of this approximation gives us an additional 

argument in favour of using an approximate formula (2.1.25) instead of the detailed 

Mie calculations of the distribution of thermal radiative absorption inside droplets. 

In contrast to the model described in this chapter, the implementation of the model, 

based on Mie calculations, into CFD codes would be infeasible. 

 
4.5 Conclusions to Chapter 4 

The values of absorption coefficients of gasoline fuel (BP Pump Grade 95 

RON ULG), 2,2,4-trimethylpentane (iso-octane) and 3-pentanone have been 
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radius. Coefficients a and b are approximated by piecewise quadratic functions of 

the radiation temperature, with the coefficients calculated separately in the ranges of 

radii 2 μm – 5 μm, 5 μm – 50 μm, 50 μm – 100 μm and 100 μm – 200 μm for all 

fuels. This new approximation has been shown to be more accurate when compared 

with the case when a and b are approximated by quadratic functions or fourth power 

polynomials of the radiation temperature, with the coefficients calculated over the 

entire range 2 μm – 200 μm suggested by Sazhin et. al. (2004a). This difference in 

the approximations of a and b, howe0.429..24 Tc .Tj
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5. MONODISPERSE DROPLETS HEATING AND EVAPORATION: 

EXPERIMENTAL STUDY AND MODELLING 

 

So far our analysis has been focused on single isolated droplets. In practical 

situations, however, many droplets are present in a spray and the average distance 

between them can be less than a few droplet diameters. A typical droplet therefore 

will not behave as an isolated droplet, rather than as part of droplet arrays that take 

into account droplet to droplet interaction phenomena. These interaction phenomena 

are particularly important near the fuel injection devices, where the droplet 

concentration is high.  

The importance of sprays in various engineering and environmental 

applications is well known (Sirignano, 1999). Heating, evaporation and coa n naya  (9) Tj
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thermocouple, decreased from 550°C at the injection point to about 100°C at  z=60 

mm (Figure 5.1.1a,b).  
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Figure 5.1.3 Temperature in the flame as a function of the distance parameter  

 

5.1.3 Velocity and size measurements  

Phase Doppler Anemometry (PDA) in the refraction mode was used to 

measure droplet velocities and diameters at various distances from the injector. The 

main problem with the size measurements arises from the trajectory ambiguity. 

When the droplet size is of the order or larger than the laser beam, the Doppler signal 

may be altered by unwanted scattering modes which may lead to an error of 

measurements. The risk of error is very high in the case of linear monodispersed 

droplet streams since the trajectory of the droplets is very stable and the droplets are 

rather large compared to the width of the laser beam in the probe volume. To reduce 

as much as possible the trajectory effects, the position of the stream axis in the probe 

volume can be adjusted so that the contribution of the refractive mode is 

strengthened compared to the reflection mode in the direction of the receiving optics. 

A calibration of the PDA is required to achieve accurate size measurements. Both the 

positioning of the droplet streams and the calibration process were performed as 

described by Castanet et al. (2005). The discrepancy is about 1µm for droplet 

diameters around 100µm. The droplet velocity is measured concomitantly by 

processing the Doppler frequency of the bursts at ± 1%. Size measurements are 
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performed only for combusting droplets, since the size reduction of droplets 

evaporating within the hot air plume is too small to be captured with a sufficient 

accuracy by this technique. 
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since only the droplet velocity is measured. Regarding the collection optics, in the 

focus plane of the collection front lens, the image of the core of the optical fibre 

extends roughly over 200 µm (this image is however slightly reduced in the presence 

of a droplet within the probe due to the refraction processes at the air-liquid 

interface).  

Regions located near the droplet surface may have a rather limited 

contribution to the fluorescence signal depending on the optical arrangement, the size 

and the trajectory of the droplets. This comes essentially from the Gaussian 

distribution of the energy in the laser beams and the refraction at the droplet surface 

as explained in Maqua et al. (2006). This effect can safely be ignored in the case of 

droplets significantly smaller than the probe volume. Regarding the probe volume 

size in the case of the purely evaporating droplets, this implies that the measured 

temperature is more likely to be close to the temperature at the droplet centre instead 

of the volume averaged temperature when the droplet diameter becomes larger than 

150µm. 

Note that the droplet detection is based on the initial determination of the 

thresholds for each spectral band (Lavieille et al., 2001). Each threi84 Tc (i) Tj
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radiative properties. It was shown that the predicted temperatures and pressures in 

the presence and absence of thermal radiation differ by not more than about 2% in 

most case, even if the radiation temperature was assumed to be equal to the maximal 

temperature in the flame (this is true only when gas is totally transparent to thermal 

radiation). Since this error can be tolerated in our analysis, we believe that the effect 

of thermal radiation can be ignored as the first step in the modelling of the process.  

This model has been further developed to capture the effect of finite distance 

parameter. In the case of droplet streams, Castanet et al. (2002) suggested the 

following correction to take into account the finite distance parameter C (ratio of the 

distance between droplets and their diameters)  

( )
iso iso

Nu Sh C
Nu Sh

η= = ,                                                                              (5.2.1) 

where  

( ) ( )tanh 0.36 0.82C Cη = −  and C >3.  

 

Hence the Nusselt number and Sherwood number can be written as: 
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To evaluate the Reynolds number Red in calculation of Sherwood number and 

Nusselt number, the droplet velocity relative tv a o y  
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observed time dependence of droplet relative velocities has been approximated by 

Equation (5.3.3).  

vd(m/s) = 0.00294t2 - 0.1383t + 9.154                                                     (5.3.3) 

           T(oC) = 0.0264t4 - 1.2121t3 + 21.113t2 - 167.75t + 630.86                       (5.3.4) 

 

The Nusselt and Sherwood numbers were calculated similarly to the first 

experiment. The plots referring to the second experiment are shown in Figure 5.3.2.  

As in the case of Figure 5.3.1, temperatures at the surface and centre of the droplets, 

and droplet average temperatures differ considerably from one another, especially at 

the initial stage of droplet heating and evaporation.  

 
Figure 5.3.2 Plot of ethanol droplet temperature Td, measured experimentally (solid 

triangles) and predicted by the model (Tds droplet temperatures at the 
surface of the droplet, Tdav average droplet temperature, and Tdc droplet 
temperature at the centre of the droplet) and gas temperature Tg for the 
initial conditions Rdo= 118.65 µm, Tdo=294 K,  C=3.97 

 

 

 

 

PDF created with pdfFactory Pro

http://www.pdffactory.com


Chapter 5: Monodisperse droplets heating and evaporation: experimental study and modelling 

 103 

The best agreement with experimental data in the case shown in Figure 5.3.2 

is observed not for droplet average temperature but for the temperature between the 

average temperature and the temperature at the centre of the droplet. This can be 

related to the fact that the measurement volume in this case is noticeably less than the 

droplet volume. As in the case shown in Figure 5.3.1, the maximum droplet 

temperature, observed experimentally and predicted by the model is related to a 

decrease in gas temperature. This maximum for the second experiment is observed at 

later times (about 6 ms).  

In the third experiment, acetone droplets with initial radii 63.2 μm, initial 

temperature 300 K and the initial distance parameter C=7.56 were considered. The 

approximations of the observed time dependence of the droplet relative velocities 

and ambient gas temperature are given by  asj
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Figure 5.3.4 Plot of acetf
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ambient temperature is assumed to be constant and its value is obtained from Figure 

5.1.3 for the given initial distance parameter C. As in the cases considered in Section 

5.3.1, droplet velocities were not calculated, but measured. 

In the first experiment, ethanol droplets with initial radii 52.25 μm, initial 

temperatures 309 K and the initial distance parameter C= 3.4 were considered. The 

average gas temperature at the location of the droplets was 1140 K. and the droplet 

velocity evolves as described by: 

             vd(m/s) = -0.0021t3  + 0.0332t2 - 0.3221t + 6.9956                                (5.3.9) 

 

 
Figure 5.3.5 Plot of ethanol droplet temperature Td  radius Rd,  measured 

experimentally (solid triangles and squares) and predicted by the model 
(Tds droplet temperatures at the surface of the droplet, Tdav average 
droplet temperature, and Tdc droplet temperature at the centre of the 
droplet) and droplet radii Rd for gas average d Tdc droplgr eoplgt ) odco)a  (  )  Tj 
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Figure 5.3.7 The same as Figure 5.3.5 but for gas average temperature Tg equal to 

1270 K and for the initial conditions Rdo= 52.25 µm, Tdo=309 K,  
C=10.5 

 
In the fourth experiments, ethanol droplets with the initial radii 55.2 µm and nna n32Tj
0.36 Tc (d 
-0)th iee
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Figure 5.3.8 The same as Figure 5.3.5 but for gas average temperature Tg equal to 
1150 K and for the initial conditions Rdo= 55.2 µm, Tdo=312 K,  C=4.4 

 
Figure 5.3.9 The same as Figure 5.3.5 but for gas average temperature Tg equal to 

1150 K and for the initial conditions Rdo = 54.0 µm, Tdo =318 K,  C=4 
 

PDF created with pdfFactory Pro trial version www.pdffactory.com

http://www.pdffactory.com


http://www.pdffactory.com


Chapter 6: The implementation of the new models into the KIVA-2 CFD code 

 111 

6. THE IMPLEMENTATION OF THE NEW MODELS INTO THE 

KIVA-2 CFD CODE 
 

The effects of temperature gradient inside droplets, described by the ETC 

liquid phase model based on the analytical solution of the heat conduction 

Equation (2.1.5), on the heating, evaporation and ignition of Diesel fuel droplets 

were discussed in Chapter 3. This analysis was based on the zero dimensional 

code that takes into account the coupling between liquid and gas phases, droplet 

breakup and uses the Shell autoignition model. In this code all values of gas 

parameters (velocity, temperature, fuel vapour concentration) were assumed to be 

homogeneous.  

This chapter is focused on the implementation of the ETC model and the 

 Tj
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cylinder Ricardo Proteus test engine which was converted to two-stroke cycle. 

The engine had a bore of 135 mm, a stroke of 150 mm and a displacement of 2.2 

litres. The Proteus rig was coupled to a DC dynamometer via reduction belts 

(6:1). An optical chamber 80 mm in length and 50 mm in diameter was fitted on 

the cylinder head to investigate the spray development. This allowed a fuel spray 

to be injected vertically without any impingement on the walls or the windows. A 

second generation Bosch common rail fuel injection system was used to generate 

the high pressure required to maintain injection pressure ranging from 60 to 160 

MPa. The fuel pump was driven externally via an electrical motor running at 

1400 rpm to maintain the required high pressure in the fuel rail with minimum 

fluctuation (Crua, 2002). 

The main parameters which were studied using this setup were spray 

penetration and autoignition delay. To investigate the spray visualisation a Kodak 

Ektapro HS Motion Analyser was used, wpe k p apaTj
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 The test cases chosen for the analysis were based on the measurements of 

sprays under r
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6.2 Spray models in the KIVA-2 CFD code 

6.2.1 Droplet breakup models 

6.2.1.1 TAB model 

The Taylor Analogy Breakup (TAB) model is based on the analogy 

between an oscillating and distorting droplet and a spring mass system (O’Rourke 

and Amsden, 1987). In this model the droplet motion is governed by a linier 

differential equation for a forced, damped harmonic oscillator. The ext 
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the experimental data. O’Rourke and Amsden (1987) suggested that the values of 

CF, Ck and Cd are 1/3, 8 and 5 respectively.   

 

6.2.1.2 Conventional WAVE model  

The model is based on the first-order theory of stability analysis (Kelvin-

Helmholtz instability) of a stationary, round liquid jet immersed into a quiescent 

and incompressible gas (Reitz, 1987). The theory considers a cylindrical liquid jet 

issuing from a circular orifice of radius a into a stationary, incompressible 

infinitely large gas medium. The atomisation is the result of aerodynamic 

interaction between the liquid and gas that induces unstable wave growth on the 

liquid jet surface.  

  The model determines how and when droplets breakup by calculating the 

wavelength of the fastest growing disturbances on the surface of a liquid jet due 

to aerodynamic instabilities. The model assumes that aerodynamic forces at a 

liquid-gas interface and the resulting surface waves are responsible for 

atomisation. The rate of change of the droplet radius and the resulting child 

droplet size are related to the frequency (Ω) and wavelength (Λ) of the fastest 

growing surface wave, determined by the following expressions:  
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where We is Weber number for gas. The Ohnesorge number Z is defined as 
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6.2.1.3 Modified WAVE model  

 A modified WAVE breakup model was suggested by Martynov et al. 

(2007). This model takes into account the e  s 8Tj
0
1.74 Tc ( ) Tj
fc (() TTj
 (i) Tj0. T() TTj
 (i) Tj0. Tc (h) Tj
-0.4968 Tc (cc) Tj
0.12 Tc (o)n Tj
0.36 Tc (o) Tj
1.74 Tc ( ) Tj
-0.20832 Tc (a) Tj
eTc (8Tj
0
1.74 Tc l ) Tj
fc (() TTj
Tj
-0.36 Tc (b) Tj
0.08376 Tc (r) Ta(i) Tj0. T() TTj
 (i) Tj0. Tc (h) Tj
-0.49684 Tc (m) Tj
0.36 Tc (u) Tj
-0.36 Tc (1) Tj
0.18 Tc (.) Tj
1.74 Tc ( ) Tj
0.06792 Tc (T) Tj
0.12 Tc (f) Tj
-0.255817Tc (F) Ts e  wamonte

m b3 b

 mof i

http://www.pdffactory.com


http://www.pdffactory.com


Chapter 6: The implementation of the new models into the KIVA-2 CFD code 

 120 

experimental data (see Chapter 3).  This model is based on Equations (2.2.50) and 

(2.2.51) and is called Model 4 in our analysis. It will be used in calculations based 

on the KIVA-2 code. 

  

6.2.3 Ignition model 

The ignition process in the conventional KIVA-2 code is described in 

terms of the chemical reactions in a system which are generally symbolised as 

(Amsden et al.,1989): 

∑
m

mmr Xa    ∑
m

mmr Xb ,                           (6.2.19) 

where Xm represents one mole of species m and amr and bmr are integral 

stoichiometric coefficients for reaction r. The stoichiometric coefficients must 

satisfy the following equation: 

( )∑ =−
m

mmrmr Wba 0 ,                 (6.2.20) 

so that mass is conserved in the chemical reaction. Chemical reactions are divided 

into two classes: those that proceed kinetically and those that are assumed to be in 

equilibrium.   

In the KIVA-2 CFD code the kinetic reaction is presented in CHEM 

subroutine. Kinetic reaction r proceeds at a rate rω&  given by Amsden et al. 

(1989): 
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m m
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Here, the reaction orders a′mr and b′mr need not to be to equal to amr and bmr, so 

that empirical reaction orders can be used. The coefficients kfr and kbr are 

assumed to be of a generalised Arrhenius form (Amsden et al., 1989): 
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Figure 6.3.1 Block diagram for the subroutines related to droplets in the KIVA-2 
code 
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 At a later stage of injection the cluster shedding from the tip of the spray 

was observed experimentally. This led to the fluctuation of the tip penetration 

length around 4 cm (see Figure 6.4.2). This fl

http://www.pdffactory.com


Chapter 6: The implementation of the new models into the KIVA-2 CFD code 

 127 

T

i

m

e

(ms)

SMR(mm)0120

0

.

0

1

0

.

0

2

E

x

p

e

r

i

m

e

n

t

a

l

data

T

A

B

W

A

V

E

(conventional)WAVE

(modified)

http://www.pdffactory.com


Chapter 6: The impap

http://www.pdffactory.com


Chapter 6: The implementation of the new models into the KIVA-2 CFD code 

 129 

http://www.pdffactory.com


Chapter 6: The implementation o

http://www.pdffactory.com


Chapter 6: The implementation of the new models into the KIVA-2 CFD code 

 131 

observed for injection pressure 100 MPa. However, we could not compare the 

results for this injection pressure with the prediction of the model mtmt m m  lte  o t el mtmtte tc . . 4 6 4 1 6  ( l )  T j 
 0 . 2 2 4 1 6  T c  1
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by the choice of breakup model are less than about 2.5%, which is within the 

accuracy of the experimental data. Strong injection accelerations during the first 

0.2 ms after the injection, which affect the spray breakup at the initial stage of 

injection (during about 1 ms), have little effect on spray properties at the time of 

autoignition (about 2 ms after injection). This explains the relatively small 

difference between the ignition delays calculated using conventional and 

modified WAVE breakup models. The fact that the TAB breakup model predicts 

slightly shorter ignition delays than the WAVE models can be explained by the 

fact that the TAB model predicts the generation of larger amount of smaller 

droplets which evaporate faster (see Figure 6.4.3). 

As follows from Figure 6.4.4, an uncertainty of estimation of the initial 

gas temperature in the combustion chamber is about β οπχ (τ) Τµ3ο84 Τχ (Τχ ( ) Τ (α) 3 (οπχ (τ) Τϕ
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Figure 6.4.9 The same as Figure 6.4.8 for the injected fuel temperature 375 K, but 
the computations were based on four values of the coefficient Af4 in 
the Shell model, as indicated in the figure 

 

 

Finally the grid sensitivity of the result shown in Figures 6.4.5 – 6.4.9 was 

investigated. The results are shown in Figure 6.4.10. The same models as in 

Figures 6.4.5 - 6.4.9 were used with injection temperature equal to 375 and 

Af47n7
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Figure 6.4.10 The same as Figure 6.4.9 for Af4 = 3x106, but the computations 

were based on four grid arrangements as indicated in the figure 
 

 

6.4.2.2 Pre-ignition spray characteristics 

In this subsection a number of spray characteristics, mainly at the pre-

ignition stage are discussed. No direct experimental verification of the results will 

be available in most cases, but these results are expected to allow us to get better 

understanding of the processes which cannot be directly observed at the moment. 

Figure 6.4.11 shows the time dependence of the maximum Sauter Mean 

Radius (SMR) of droplets and maximal in-cylinder pressure predicted by the 

KIVA-2 CFD code with the modified WAVE model, the ETC liquid phase model 

and the gas phase Model 4. The injection pressure was taken to 160 MPa, the 

initial gas pressure was equal to 6.2 MPa, and the injection temperature was taken 

to be equal to 375 K. The same grid as in Section 6.4.2.1 was used. As follows 

from Figure 6.4.11, the SMR of droplets rapidly reduces to about 10 µm, due to 

the breakup processes, which are of the same order of magnitude as observed 
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experimentally. The initial peak of the maximal in-cylinder pressure is related to 

compression of air during the injection process. 

 
 

Figure 6.4.11 The time evolution of the maximal Sauter Mean Radii (SMR) of 
droplets and in-cylinder gas 
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As follows from Figure 6.4.15b, for t between 0.98 ms and 1.73 ms, the fuel 

vapour mass fraction gradually increases and this vapour spreads from the 

vicinity of the spray to the ambient gas, while the maximal fuel vapour mass 

fraction remains practically unchanged (see Figure 6.4.13). At t =1.98 ms a 

visible decrease in fuel vapour mass fraction can be seen at spray periphery where 

the autoignition took place. The decrease in oxygen mass fraction at the same 

time and location can be clearly seen in Figure 6.4.15b. Visible increase in the 

mass fractions of the branching agent, radicals and intermediate agent at t =1.98 

ms near the periphery of the spray can J Tj
0.06 Tc ( 3
-0.12 Tc (n) Tj
0.06 Tc 3
-0.1 Tc (e) Tj
0.3216 Tc (r) Tj
0.06 Tc ( ) T2Tj
2216 Tc (r8.12 Tc (J Tj
0.0316j
0.03168 Tc (c)16 Tc (t) Tj
0.03168 Tc (e) Tj
0.78 Tc ( ) Tj
0.031e) Tj
0.06 Tc ( ) Tj
-0.06Tc (f) Tj
0.78
0.031e) Tj
12 Tc 0.06 Tc8 Tc (c) Tj
0.27168 Tc (a) Tj
j
-0.06792 089R-0.1 Tc (e) Tj
0.329c (c) Tj
0.27l.1 Tc (e) Tj
0 Tj
0..271
-0.12 Tc ) Tj
0 Tj
0..271
-0.12 Tc c (n) 89R-0.1 0..271
-0.12 Tc c 1 89R-6 Tc (r8. Tj
0.27l0316j
0.03168 0..271
-0.12 Tc c (n) 89R-6t) Tj
/F3 11.2(n)0.30792 Tc (r) Tj
0 Tc (l) Tj
-0.36 Tc (y) Tj
1.74 Tc ( )92 Tc (r) Tj
m 089R-0.1 Tc (e) T0.03168 Tc (a) T1 Tc (t) Tj12792 Tetfy rlyr ttfy n 11.2(n)0.30792 Tc (r) Tj
0 Tc (l) Tj
-0.36 Tc (y) Tj
j
0.22416 Tc (t) Tj
-j
m 089R-0.1 Tc (e) T0.03168 Tc (a) T1 Tc (t) Tj12792 1etfy trlyr ttfyX(c m)(X ( c m )Z ( c m )0120510   Figure  6.4.1 5a  Sp a ti al  di s tri b uti on s  of  S MR s  of  dropl ets  an d gas  tem pe rature f or the  s am e m om en ts  of  tim e, val ue s  of  the  i n m84 Tc (i) Tj1 Tj10.031684Tc (e) Tj10.0pe pe  tis nts  t s inte he

http://www.pdffactory.com


http://www.pdffactory.com


Chapter 6: The implementation of the new models into the KIVA-2 CFD code 

 od

http://www.pdffactory.com


Chapter 6: The implementation of the new models into the KIVA-2 CFD code 

 144 

 
 

 

Figure 6.4.16 Relative number density, temperature and relative speeds of 
droplets at four moments of time (the same as in Figures 6.4.14 and 
6.4.15) and various radii bands. The same values of the initial 
parameters and models as in Figures 6.4.14-6.4.15 were used. 
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of the gas phase model has only a minor effect on the predicted autoignition 

delay, which can be safely ignored in practical engineering computations. The 

autoignition delays predicted by the infinite thermal conductivity (ITC) and 

effective thermal conductivity (ETC) liquid phase models have also been 

compared. The ITC model is a default one used in the conventional KIVA-2 code. 

The ETC model is the new model implemented into this code. The 

implementation of the latter model was based on the analytical solution of the 

heat conduction equation in a spherical droplet applied at each time step. It has 

been pointed out that the difference in the autoignition delay times predicted by 

the ITC and ETC models is noticeable and needs to be taken into account in 

practical computations. The application of the ETC model is recommended as a 

more physical one. 

It has been pointed out that the predicted decrease in the autoignition 

delay with increasing in-cylinder gas pressure, ranging betweebutdd d c  T j 
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Several liquid and gas phase models have been used for modelling droplet 

heating and evaporation, together with the autr
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used for modelling the processes is Diesel engine-like environment. The results of 

calculations have been compared with in-house experimental data where 

appropriate. It has been pointed out that in the case of spray injection into a ‘cold’ 

gas, the observed spray tip penetration agrees much better with the prediction of the 

modified WAVE models compared with other droplet breakup models, widely used 

in computer simulation of quasi-steady-state sprays. A similar conclusion is applied 

to the predicted and observed SMR of droplets.  

The predictions of the total autoignition delay by the Abramzon and 

Sirignano model (the gas phase Model 4) have been compared with the predictions 

of this delay by a more basic gas phase model (Model 0). It has been shown that the 

choice of gas phase model produces only minor effects on the predicted autoignition 

delay, which can be safely ignored in practical engineering computations. The 

difference in the autoignition delay times predicted by the ITC and ETC models is 

noticeable and needs to be taken into account in practical computations. The 

application of the ETC model is recommended as a more physical one. 

 

7.4 Recommendations for further work 

• The measurement of the index of absorption of various fuels in the range of 

wave length 4 µm – 10 µm is recommended. 

• This thesis was focused on the hydrodynamic models for evaporation, while 

the effects of kinetic processes have been neglected. Further analysis using 

the kinetic model would be helpful for understanding of the underlying 

physics of the processes and more accurate modelling.  
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Appendix A 

Physical properties of fuel based on normalised temperature 
 

Some of physical properties of fuels used in this thesis (e.g : n-heptane, 

tetradecane, n-dodecane and Diesel fuel) are given in Appendix A of Sazhin et al. 

(2005b), where in most cases they are approximated as polynomials of the absolute 

temperature T. This presentation, however, has a major drawback. For realistic 

temperatures high powers of T lead to rather large numbers. Hence, to get required 

values of these properties these large numbers are often multiplied by very small 

numbers and this potentially can lead to errors in calculations. To minimise these 

errors, rather large numbers of digits (up to 11) were needed to be retained in these 

formulae. Also, this approximation of properties made it rather difficult to infer their 

values for widely used temperatures (say room temperature 300 K).  

These factors were the main driving force behind our intention to look for an 

alternative approximation of physical properties given in the abovementioned 

Appendix. We presented these properties not as polynomials of T, but as polynomials 

of the normalised temperature: 
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as used by Sazhin et al. (2005b), and plots 2 refer to the new approximations based on 

the normalised temperatures.      

 
Physical properties of tetradecane 
 
Latent heat of evaporation: 
Using data presented in Maxwell (1950), the latent heat of evaporation is 

approximated as: 

J/kg  10 x 571    

10 x 15110 x 77510 x 93210 x 40410 x 17110 x 603
64

5444342355

T~.

T~.T~.T~.T~.T~..L

+

−−−+−=

 

when 311cr .T~T~ =<  (normalised critical temperature) and zero otherwise (Poling et 

al., 2000) 

 

Specific heat capacity of liquid: 

Using data presented in Maxwell (1950), the specific heat capacity of liquid is 

approximated as: 

( )T~..c 420exp 302220l =  J/(kg·K) 

 

The specific heat capacity of vapour at constant pressure: 

The specific heat capacity of vapour at constant pressure is approximated as (Poling et 

al., 2000): 
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32222
l 10 x 61110 x 05210 x 475140 T~.T~.T~..k −−− +−−=  W/(m· K) 

when  crT~T~ < , and zero otherwise. 

 

Comparison of two approximations of physical properties of tetradecane 

 
Figure A.1 The liquid specific heat capacity of tetradecane as predicted by Sazhin et al. 

(2005b) (plot 1) and the present approximation (plot 2)  
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Figure A.2 The same as Figure A.1 but for vapour specific heat capacity 

 

 

 
Figure A.3 The same as Figures A.1-A.2 but for latent heat of evaporation. 
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Figure A.4 The same as Figures A.1-A.3 but for liquid density 

 
Figure A.5 The same as Figures A.1-A.4 but for liquid thermal conductivity  
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Physical Properties of n-heptane 
Latent heat of evaporation: 

Latent heat of evaporation is approximated as (Chin et al., 1985) 

380

bcr

cr3108317
.

T~T~
T~T~x.L 









−
−

= J/kg, 

when crT~T~ <  and zero otherwise, where 8000cr2 . 6 4  T D

~

<
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Figure A.7 The same as Figure A.6 but for vapour specific heat capacity 

 

 
Figure A.8 The as Figures A.6-A.7 but for liquid specific heat capacity 
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Physical properties of n-dodecane: 
Latent heat of evaporation: 

Latent heat of evaporation is 
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1210

cr
s 1

1105280
.

T~
T~. 









+
+

−=σ N/m 

 

 

Comparison of two approximations of physical properties of n-dodecane 

 

 
Figure A.9 The vapour specific heat capacity of n-dodecane as predicted by Sazhin et 

al. (2005b) (plot 1) and the present approximation (plot 2)  
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Figure A.10 The same as Figure A.9 but for liquid heat capacity 

 

 
Figure A.11 The same as Figures A.9-A.10 but for liquid density.  
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0.333 0.125 0.117 

0.367 0.123 0.115 

0.400 0.121 0.112 

0.433 0.119 0.11 

0.467 0.117 0.108 

0.500 0.115 0.106 

0.533 0.113 0.103 

0.567 0.111 0.101 

0.600 0.109 0.098 

0.633 0.107 0.096 

0.667 0.104 0.093 

0.700 0.102 0.091 

0.733 0.1 0.088 

0.767 0.098 0.086 

0.800 0.096 0.083 

0.833 0.094 0.08 

0.867 0.091 0.077 

0.900 0.089 0.073 

0.933 0.086 0.07 

0.967 0.084 0.066 

1.000 0.081 0.062 

1.033 0.078 0.058 

1.067 0.076 0.053 

1.100 0.073 0.047 

1.133 0.069 0.04 

1.167 0.066 0.03 

1.200 0.062  

1.233 0.059  

1.267 0.054  

1.300 0.049  

1.333 0.043  

1.367 0.036  

1.400 0.025  
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Physical properties of n-octane 
 
Latent heat of evaporation:  
The latent heat of evaporat
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Appendix B 

Physical properties of a mixture of fuel vapour and air 
Density and specific heat capacity of the mixture are calculated using the 

following simple formulae: 

mixmix

mix
mix TR

p
=ρ               (B.1) 

cpmix = (1 − YF )cpa + YF cpF ,              (B.2) 

where pmix, Rmix and Tmix are the pressure, gas constant, and temperature of the 

mixture of fuel vapour and air, YF is the mass fraction of fuel vapour, subscripts a and 

F refer to air and fuel vapour respectively. 

Dynamic viscosity of the mixture is calculated from the following general 

semi empirical formula (Bird et al.,2002): 

∑
∑=

=
Φ

=
N

i
N

j
X

X
1

1 ijj

ii
mix

µ
µ              (B.3) 

where 
2

41

i

j

21

j

i

21

j

i
ij 11

8
1
































+










+=Φ

− ///

M
M

M
M

µ
µ  

 

Xi are molar fractions of species i, Mi are molar masses (kg/kmol), the summation is 

performed over all N species. 

Similarly, the thermal conductivity of the mixture is calculated from the 

following general semi empirical formula (Mason and Saxena, 1958; Bird et al., 

2002): 
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where DFa is in m2/s, p is in atm (1 atm = 0.101 MPa), T is in K, σFa = 0.5(σF + σa) is 

the minimal distance between molecules in Angstroms (1 Angstrom = 10−10 m), ΩFa is 

the collision integral, the value of which depends on the normalised temperature 

 T*  = TkB/ε,  kB is the Boltzmann constant, εFa = (εF.εa)0.5. 

The values of σa and εa/kB can be obtained from Table E.1 in Bird et al. (2002): 

σa = 3.617 Angstrom, εa/kB = 97.0 K. 

There is some controversy regarding the values of these parameters for various fuels. 

The values σF (in Angstrom) and εF/kB  (in K) fom   (in K) fom et   fom v(ffrf/24 Tc (f) Tj
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The plots of DFa for the diffusion of n-dodecane in air versus temperature for p = 3 

MPa and the values of σF and εa/kB recommended by Hirschfelder et al. (1967)  and 

Paredes et al. (2000) given in the above table, are shown in Figure B.1.  

 

 

 
Figure B.1 The plots of DFa for diffusion of n-dodecane in air versus temperature for      

p = 3 MPa and the values of  σF and εa/kB given by Hirschfelder et al. (1967) 
(Curve 1) and Paredes et al. (2000) (Curve 2). 

 

As can be seen from this figure, the values of DFa based on the parameters 

recommended by Paredes et al. (2000) are noticeablypao(b) Tj
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Appendix C 

Numerical procedure of the zero dimensional code 
This Appendix is focused on the implementation of the model of 

convective and radiative heating of a semi-transparent fuel dropletapt  di a
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( )α
M

0

1 B
CC D

D
+

−= ,             (C.6) 

where  





≥
<

=
780       when750
780 when           1

M

M

.B.
.B

α  

 

The system of Equations (C.4) and (C.2) is solved using the Runge-

Kutta method with adaptive step size control to obtained the droplet mass and 

velocity at t=t1. The fuel vapour mass is calculated as:    

( ) (
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Figure C.1 The iteration procedure to calculate BT and F(BT) for gas Models 2, 

4 and 5. 
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Start

Initial condition:
T(R,0), 

Rd(0),vg(0),vd(0),Tg(0)

Calculate properties:
ρg,μg,kg,cpg,υg,kl,cpl,ρl,BM,F(BM)

Calculate other properties:
Dg,Le,Pr,Sc,Pe,Re,keff

Calculate Sherwood number using Eq. (2
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Calculate h

Calculate Teff using Eq. (2.2.56)

Calculate Eigenvalues n using 
Eq. (2.1.6)

Calculate pn in Eq. (2.1.22), if radiation is taken into account 
using Eq. (2.1.40) and pn = 0 if radiation is ignored

Calculate qn in Eq. (2.1.22)

Calculate T(R,t) using Eq. (2.1.22)

Ts ≥ Tcr ?Shell model

Calculate droplet mass md and velocity vd by solving Eq. (C.3) 
and (C.4) using Runge Kutta method

Calculate new number of droplet after break-
up process (nn)

Calculate Rd using Eq. (C.14) and 
Δmv using Eq. (C.7)

A

C

lv

i  rce . E  .  E  ..i u ns .  .  ( E ni nu

 n l l . l . n l . l l l

l C
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Figure C.2 The flow chart of the zero-dimensional code (continued) 
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Substituting Equation  (D.13) into Equation (D.12) we obtain : 
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