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Abstract

This paper deals with the numerical simulation of the vaporisation of an unsteady fuel spray at high ambient

temperature and pressure solving the appropriate conservation equations. The extended droplet vaporisation model

accounts for the effects of non-ideal droplet evaporation and gas solubility including the diffusion of heat and species

within fuel droplets. To account for high-temperature and high-pressure conditions, the fuel properties and the phase

boundary conditions are calculated by an equation of state and the liquid/vapour equilibrium is estimated from fu-

gacities. Calculations for an unsteady diesel-like spray were performed for a gas temperature of 800 K and a pressure of

5 MPa and compared to experimental results for droplet velocities and diameter distribution. The spray model is based

on an Eulerian/Lagrangian approach. The comparison shows that the differences between the various spray models are

pronounced for single droplets. For droplet sprays the droplet diameter distribution is more influenced by secondary

break-up and droplet coagulation.

� 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Numerical methods for modelling spray formation

and droplet evaporation in internal combustion engines

and gas turbine combustors are mostly based on an

Eulerian description of the gas phase conservation

equations for momentum, energy, and species, and a

Lagrangian description of the droplet phase [9,10]. Both

phases are coupled by source terms in the conservation

equations of the gas phase describing the transfer rates

of momentum, energy and mass [4,37].

To further optimise the combustion process in par-

ticular to reduce the emission of NOx and soot many

processes occurring in the combustion chamber have to

be studied in detail. These are the atomisation of the fuel

at the nozzle and the penetration and vaporisation of the

produced droplets, which govern the distribution of the

fuel vapour in the combustion chamber. It is obvious

that the fuel distribution has a strong influence on the

emission formation in DI-diesel engines as well as in gas

turbine combustors. The numerical simulation of these

phenomena including the coupled transfer of momen-

tum, heat and mass essentially supports the development

process and optimisation of new engine concepts as it

can partly replace time consuming and costly rig tests.

The trend toward higher combustion chamber pres-

sures driven by the requirement of better specific fuel

consumption was the reason to realise conditions for

which the temperature and pressure in the gas phase are

higher than the critical values of the liquid fuel. DI-

diesel engines combustion pressures are typically above

5 MPa with gas temperatures of up to 900 K [21].

Similar ambient conditions were also realised for new

technological concepts of aero engine gas turbine com-

bustors [8].

It was already shown by several authors that beside

non-ideal physical properties the solubility of the sur-

rounding gas at the surface of the liquid droplet has to
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be taken into account for the estimation of the phase

equilibrium see e.g. [7,13,29]. These phenomena can be

addressed by an equation of state. Furthermore, the

diffusive transport processes inside the droplet, i.e. the

heat conduction and the diffusive transport of liquid

species, cannot be neglected as the surface of the droplet

heats up faster than the core of the droplet [2,18]. The

effective transport model according to Abramzon and

Sirignano [1] for the mathematical description of the

heat transport during the vaporisation process of single

component droplets was extended for multi-component

fuels [17]. The model, which uses effective transport

parameters to account for the droplet internal circula-

tion is now further extended to introduce real gas effects

and gas solubility at the droplet surface as well as the

diffusive transport of the dissolved gas inside the drop-

let. The numerical calculations for single droplets show a

significant effect of the described phenomena.

The model has been implemented into the 3-D CFD

code FLUENT for the calculation of unsteady sprays

under high-pressure conditions [11]. The numerical re-

sults will be compared to experimental data from an

unsteady fuel spray in a high-temperature–high-pressure

chamber. The spray chamber equipped with a common

rail injection system and a single hole nozzle has an in-

ner diameter of 100 mm and a length of 150 mm [35].

Optical access is provided through several quartz win-

dows. Detailed measurements with a phase Doppler

anemometer (PDA) have been carried out and com-

parisons for calculated and measured droplet diameter

distributions will be presented.

2. Description of the numerical model

A schematic of the physical processes occurring in

DI-diesel sprays is shown in Fig. 1.

The transient injection process can be divided into

several sub-processes. The liquid flow through the nozzle

is followed by the primary atomisation of the liquid into

filaments and drops [33]. In the near nozzle region,

droplet collision and coagulation occur, as the number

density of the droplets is very high. Due to the high

relative velocity between the liquid drops and the sur-

rounding gas secondary break-up can be induced. The

atomisation process is followed by droplet vaporisation

that is characterised by high heat and mass transfer

rates. Starting from the modelling of the primary

Nomenclature

Bm mass transfer driving force

Cp specific heat

CD drag coefficient

d diameter

D diffusion coefficient

M molecular mass

_mm mass flux

N number of moles

Nu Nusselt number

p pressure

Pe Peclet number
_QQ heat flux

r radius, radial co-ordinate

R gas constant

Re Reynolds number

Sc Schmidt number

S source term

Sh Sherwood number

t time

T temperature

u velocity, axial

v velocity, radial

V molar volume

V absolute volume

x axial co-ordinate

Z compressibility factor

Greek symbols

Dhv heat of vaporization

ei normalised mass flux of component i
/i fugacity

/ general variable

C general diffusivity

v correction for internal circulation

k heat conductivity

q density

w mole fraction

n mass fraction

x acentric factor

Subscripts

c critical

conv convection

d droplet

eff effective

i component i
h heat

m mass

g gaseous

s surface

0 without mass transfer

vap vaporization

1 infinity
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atomisation at the nozzle [24,38], the trajectories of the

droplets in the combustion chamber are calculated. The

coupling of the two phases is accounted for by addi-

tional terms in the governing equations for the gaseous

phase. The main emphasis of this paper is on the influ-

ence of the droplet vaporisation modelling on the spatial

distributions of temperature and vapour concentration

in the gas phase.

2.1. Gaseous phase

The unsteady, turbulent conservation equations for

mass, momentum, energy, and species concentration

have to be solved together with the liquid phase con-

servation equations. Since a single spray in an axis-

symmetric pressure chamber is being investigated, the

Reynolds-averaged gas phase equations are written in

general cylindrical co-ordinate form as follows [28]:

o

ot
ðq/Þ þ o

ox
ðqu/Þ þ 1

r
o

or
ðrqv/Þ

¼ o

ox
C/

o/
ox

� �
þ 1

r
o

or
rC/

o/
or

� �
þ S/ ð1Þ

The general variable / represents velocity component u,
v, total enthalpy ht, species n1 and n2 for the fuel com-

ponents, and the turbulence quantities k and e. These
equations are solved using a finite-volume approach [9].

Momentum, heat and mass are transferred from the

droplet phase to the gas phase thereby changing the

velocity, temperature and vapour mass fraction fields.

The source terms S/ include the contributions due to

momentum, energy and mass transferred from the liquid

phase. Details can be found in [20,37].

2.2. Droplet vaporisation

To evaluate heat and mass fluxes at the droplet sur-

face the gaseous boundary layer around the droplet is

considered following the model of Abramzon and Sir-

ignano [1]. From the integration of the quasi-steady

species balance around the droplet follows an equation

for the mass flux for each species:

_mmi ¼ ei _mm ¼ eipddðqDiÞgShi lnð1þ Bm;iÞ ð2Þ

The total mass flux is the sum of the individual species

mass fluxes given by this equation. The Spalding number

for the mass transfer Bm;i is calculated as

Bm;i ¼
ni;g;s � ni;g;1

ei � ni;g;s
ð3Þ

To account for surface blowing the film correction pre-

sented by Abramzon and Sirignano [1] is used.

Shi ¼ 2þ Shi;0 � 2

F ðBm;iÞ
ð4Þ

The correction function F for the Spalding number Bi is

given by the equation:

F ðBÞ ¼ ð1þ BÞ0:7 lnð1þ BÞ
B

ð5Þ

This correction function also includes the effect of an

enlarged boundary layer due to the Stefan flow. The

Sherwood number is calculated by an empirical formula

for spherical droplets:

Sh0 ¼ 2þ 0:6Re1=2Sc1=3 ð6Þ

The mass fluxes for two components have to be calcu-

lated in addition to the overall mass flux as for a single

component droplet. To account for different diffusion

coefficients of the vaporising species in the gas an iter-

ative procedure is applied to calculate the normalised

mass fluxes ei of the two components. Details can be

found in [16,17].

The heat penetrating into the liquid has to be speci-

fied as the boundary condition for the energy balance of

the droplet. It is calculated according to Abramzon and

Sirignano [1]:

_QQl ¼ _QQconv � _QQvap ¼ _mm
CpðT1 � TsÞ

Bh

�
� Dhv

�
ð7Þ

The Spalding number for heat transfer Bh is calculated

from

Bh ¼ exp
_mmCp

pddkNu

 !
� 1 ð8Þ

Again, a correction for high mass transfer rates [1] is

applied.

Fig. 1. Sub-processes in the spray.
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Nu ¼ 2þ Nu0 � 2

F ðBhÞ
ð9Þ

This method to calculate the heat flux at the droplet

surface is suitable for non-unity Lewis numbers. An

empirical Nusselt formula for spheres is used:

Nu0 ¼ 2þ 0:6Re1=2Pr1=3 ð10Þ

The assumption of a steady state boundary layer is used

by many authors (i.e. [3,5,18,40]) to evaluate the heat

and mass fluxes. It might be regarded as a rather crucial

simplification but allows to account for the contribution

of the convection by using empirical correlations for the

Nu and Sh numbers. For spray calculations convective

effects have to be taken into account.

2.3. High-pressure effects

The vapour mass fraction at the droplet surface has

to be specified to calculate the mass transfer number

Bm;i. For high-pressure conditions the assumption of

ideal mixing behaviour is no longer valid and Raoult�s
law for the calculation of the vapour mass fractions at

the droplet surface is not appropriate. To include the

non-ideal behaviour in the gas phase and to account for

gas solubility at the droplet surface the Peng Robinson

(PR) equation of state [27] has been applied to estimate

the vapour/liquid equilibrium:

p ¼ RT
V � b

� aðT Þ
V ðV þ bÞ þ bðV � bÞ ð11Þ

The coefficients a and b for the pure components are

calculated as follows [27]:

aðT Þ ¼ 0:45724
R2T 2

c

pc
1

"
þ fx 1

 
� T

Tc

� �1=2
!#2

ð12Þ

fx ¼ 0:37464þ 1:54226x � 0:26992x2 ð13Þ

b ¼ 0:07780
RTc

pc
ð14Þ

The critical values Tc, pc and the acentric factor x for the

pure components are given in Daubert and Danner [6].

For mixtures, the coefficients am and bm are calculated

using mixing rules [32].

Defining the compressibility factor Z ¼ pV =RT , the
equation of state can be transformed into a cubic

equation:

Z3 � ð1� B�ÞZ2 þ ðA� � 2B� � 3B�2ÞZ � A�B�

þ B�2 þ B�3 ¼ 0 ð15Þ

with

A� ¼ amp
R2T 2

ð16Þ

B� ¼ bmp
RT

ð17Þ

For each component in the mixture the conditions of

thermodynamic equilibrium is given by identical fuga-

cities in the liquid droplet and the gaseous vapour phase:

ðfiÞd ¼ ðfiÞg ð18Þ

To relate the fugacity to temperature and pressure it

useful to introduce fugacity coefficients

/i ¼
fi

wip
ð19Þ

In this equation wi are the mole fractions in the liquid

droplet and the vapour phase and /i is the corres-

ponding fugacity coefficient. The fugacity coefficients /i

of each component in the liquid and the gaseous phase

depend on pressure, temperature and composition. For

an equation of state that is explicit in pressure the fu-

gacity coefficients can be evaluated by:

RT ln/i ¼ �
Z V

1

op
oNi

� �
T ;V ;Nj 6¼i

"
� RT

V

#
dV � RT ln Z

ð20Þ

For the PR-equation of state, the integration leads to the

following expression, see [32]:

ln/i ¼
bi

b
ðZ � 1Þ � lnðZ � B�Þ þ A�

2
ffiffiffi
2

p
B�


 bi

b

 
� 2

a

X
j

wjðaiajÞ1=2
!
ln

Z þ B�ð1þ
ffiffiffi
2

p
Þ

Z þ B�ð1�
ffiffiffi
2

p
Þ

 !

ð21Þ

An iterative method is required to obtain the equili-

brium mole fractions.

The enthalpy for the phase change of each compo-

nent can be calculated from the fugacities:

Dhv;i ¼ �RT 2

Mi

o

oT
ln

/i;g

/i;d

� �
ð22Þ

The enthalpy for phase change and the surface tension

vanish at the critical state. When droplets are ap-

proaching the critical state, the Weber number of the

droplets, injected as a cold liquid, increases and it is

commonly assumed that secondary break-up occurs

prior the droplet surface gets critical. The present cal-

culations support this assumption.

2.4. Droplet internal processes

The energy and species conservation equations for a

binary droplet with variable properties, assuming

spherical symmetry, can be written as follows, see e.g.

[18] or [22].
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Energy:

qdCp

kd

oTd

ot
¼ o2Td

or2
þ 2

r

�
þ 1

kd

okd

or

�
oTd

or
ð23Þ

Species conservation:

oni;d

ot
¼ DAB

o2ni;d

or2

"
þ 2

r

�
þ 1

qd

oqd

or

þ 1

DAB

oDAB

or

�
oni;d

or

#
� ni;d

1

qd

oqd

ot
ð24Þ

The transport coefficients are modified according to the

effective transport model proposed by Abramzon and

Sirignano [1] to take into account the circulation inside

the liquid droplet. The thermal conductivity kd and the

diffusion coefficient DAB are multiplied by a correction

factor that depends on the liquid Peclet number:

kd;eff ¼ vkd ð25Þ

DAB;eff ¼ vDAB ð26Þ

v ¼ 1:86þ 0:86 tanh 2:245 log10
Ped
30

� �� �
ð27Þ

Under the present conditions the transport coefficients

increase by a factor of approximately 2.7 compared with

the purely diffusive properties.

Boundary conditions at the centre and at the surface

of the droplet are as follows:

r ¼ 0:

oTd

or
¼ 0;

oni;d

or
¼ 0 ð28Þ

r ¼ rdðtÞ:

4pr2dkd

oT
or

¼ _QQconv � _QQvap ð29Þ

qdDAB

oni;d

or
¼ _mm

4pr2d
ðni;d;s � eiÞ ð30Þ

The boundary conditions at the droplet surface, de-

scribing the heat and mass transfer from the gas to the

liquid, are the same for the well-mixed, the diffusion-

limit and effective-diffusivity model.

When evaluating the heat and mass fluxes at the

surface, the gaseous boundary layers around the droplet

have to be considered. The heat and mass fluxes at the

droplet surface have been given in Eqs. (2) and (7).

The conservation equations for heat and mass

transfer inside the droplet were discretised on a non-

dimensionalised spatial co-ordinate implicit in time. The

resulting system of equations is solved using the tri-

diagonal matrix algorithm [26,31] to evaluate the tem-

perature and species concentrations within the droplet.

A grid with 10 equally spaced grid points is a fair

compromise between accuracy and computational effort

for the coupled systems of the conservation equations.

2.5. Thermophysical properties

An important feature of the model is the evaluation

of temperature and concentration dependent gas and

liquid properties near the critical state. For the liquid

phase, reduced temperatures are used to calculate the

properties up to the critical temperature using the esti-

mation techniques as recommended by Reid and

Prausnitz [32] for the pure liquid properties and apply-

ing appropriate mixing rules for hydrocarbon compo-

nents also taken from [32]. For the gaseous phase pure

component properties the correlations given by Daubert

and Danner [6] are used. The specific heat of the gaseous

species is determined by assuming ideal gas behaviour.

The influence of pressure is taken into account for the

density and the diffusion coefficient. To calculate the

heat and mass transfer rates the properties are evaluated

using the 1/3-rule for temperature and mass fraction [12]

and mixing rules as recommended by Reid and Prausnitz

[32] are applied.

2.6. Droplet motion

The droplet trajectories are determined by integra-

tion of the particle equation of motion. The decrease of

the velocity of the injected droplets is calculated from

dud
dt

1

�
� 0:5

q1
qd

�
¼ 3

4

l1
qdd

2
d

ReCDjug � udj ð31Þ

where ug is the instantaneous gas velocity taken from a

random walk model [9].

An empirical drag law is used which is valid for

spherical particles and corrected for the friction loss due

to evaporation [34].

CD ¼ 24

Re
ð1þ 0:15Re0:687Þð1þ BhÞ�0:2 ð32Þ

The Lagrangian method is employed to integrate the

equation of motion.

2.7. Spray calculations

The model was implemented into a modified version

of the finite-volume code FLUENT V4.4 [9] to solve the

coupled equations for the gaseous and liquid phase for

an unsteady spray under diesel engine conditions. For

the calculation of the two-phase flow the Eulerian/

Lagrangian scheme is used and the PSI-cell approach [4]

is applied to calculate the source terms resulting from

the interaction between the droplet phase and the gas-

eous phase. The stochastic behaviour due to the gas phase

turbulence is accounted for by using a discrete eddy
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concept [10,39] and the turbulent interaction time (eddy

lifetime) is determined as given by Milojevic [23].

Time-dependent injection pressure measurements are

used to calculate the liquid velocities at the nozzle exit.

The initial droplet size distribution is determined from

the atomisation model of Obermeier and Schneider

[24,38] where it is assumed that small droplet are strip-

ped from a liquid core due to aerodynamic shear forces.

As the present investigation focuses on a transient

spray in a constant high-pressure environment, it is

possible to pre-calculate the phase equilibrium with the

high-pressure model as a function of temperature and

liquid composition for the given fixed ambient pressure

and to use look-up tables during the spray calculation.

This method requires no additional computation time

whilst including all non-ideal effects on phase equili-

brium in the vaporisation calculation.

Spray calculations have been performed with the ef-

fective transport and the well-mixed models for the

single component fuel n-heptane as well as for the binary

model fuel D7N3, consisting of 70 vol% n-decane and 30

vol% a-methylnaphthalene.

3. Validation experiments

For isolated droplets data from literature [15,25,40]

have been used to validate the evaporation model. For

comparison of the spray modelling, detailed phase-

Doppler measurements have been conducted in a high-

temperature–high-pressure chamber [35]. The spray

chamber equipped with a common rail injection system

[41] and a single hole nozzle has an inner diameter of 100

mm and a length of 150 mm. Single injections have been

repeatedly performed at a constant air velocity in the

chamber of about 0.1 m/s that ensures reproducible

boundary conditions in the gas phase for each single

injection. A sketch of the experimental set-up is dis-

played in Fig. 2.

Optical access is provided through several quartz

windows. For the PDA measurements a scattering angle

of 65� has be chosen to minimise the error of variable

refractive index of the evaporating droplets on the di-

ameter measurement [19]. The arrangement of the PDA

system and the chamber are shown in Fig. 3.

Detailed measurements of droplet velocities and

droplet diameter distributions have been carried out for

comparison with the numerical calculations.

4. Results and discussion

4.1. Isolated droplets

In order to validate the high-pressure model calcu-

lated results of the diameter evolution of isolated

droplets in a high-pressure–high-temperature environ-

ment are compared with existing data.

For high ambient pressures a noticeable amount of

gas is dissolved at the droplet surface. Fig. 4 illustrates

the high-pressure phase equilibrium of n-hexane and

nitrogen for an ambient pressure of 6.89 MPa.

The lower line in this diagram represents the liquid

composition, the upper one shows the composition in

the gaseous phase which is in equilibrium with the liq-

uid. Both curves approach each other when the critical

state is reached. The mass fraction of nitrogen in the gas

phase decreases with increasing temperature as the

partial pressure of n-hexane rises. It is to mention that

the mass fraction of dissolved gas in the liquid is in the

order of 5%, nearly independent of temperature. Further

investigations showed a similar behaviour also for other

n-alkanes like pentane, heptane, decane or dodecane, the

latter are often used as model fuels for diesel in IC en-

gine calculations or kerosene for gas turbine combustor

simulations.

Fig. 2. High-pressure chamber.

Fig. 3. Optical set-up of PDA system.
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From this behaviour it could be expected that the

assumption of Raoult�s law to estimate the vapour mass

fraction at the droplet surface is rather rough and will

lead to significant errors. In order to validate the high-

pressure evaporation model a comparison with data of

Kadota and Hiroyasu [15] and Olthoff [25] for sus-

pended droplets evaporating in a stagnant atmosphere

are presented in Fig. 5.

The normalised diameter evolution with time for

suspended droplets with an initial diameter of d0 ¼
1:8 mm evaporating in a stagnant nitrogen atmosphere

is displayed for n-heptane and n-pentane. Although the

droplet diameter is much larger than it is usually the case

for spray applications in diesel engines this test case

shows clearly the errors if ideal behaviour for the phase

equilibrium is assumed to evaluate the surface concen-

trations and enthalpy for phase change.

In both cases only with the high-pressure model a

reasonable agreement with the experimental data could

be found. With the assumption of ideal behaviour too

long vaporisation times are predicted. If an equation of

state is used to calculate the phase equilibrium, higher

mole fractions of the evaporation species in the gas

phase are calculated due to non-unity fugacity coeffi-

cients at high pressures. The higher mass fraction in the

gas phase evaluated by the high-pressure model leads to

a higher mass transfer number Bm that finally results in

shorter evaporation times. Secondly, the enthalpy for

phase change from high-pressure model is smaller

compared to the ideal case [13,14].

The reason for choosing a relatively low temperature

of the gas phase of 373 K to validate the models is the

fact that for high gas temperatures a noticeable amount

of heat is conducted through the suspending device.

There are some theoretical approaches to account for

this heat conduction effect [15,25]. At high temperatures

the heat conduction through the suspension is even

higher than the heat transfer by convection. For this

reason only boundary conditions were compared for

which the heat conduction through the suspender is

negligible. For smaller droplet qualitatively the same

behaviour would be observed but no experimental data

are available for a quantitative validation.

For a further validation of the vaporisation model a

comparison with data for freely falling droplets in a

high-temperature–high-pressure chamber measured by

Stengele [40] is shown in Fig. 6.

The relative droplet diameter is displayed as a func-

tion of the falling distance in the observation chamber
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for a droplet with an initial diameter of 0.8 mm at a

temperature of 550 K and the pressures of 2 and 4 MPa.

As could already be observed for stagnant droplets the

evaporations rates predicted assuming ideal behaviour

are too small and only with the high-pressure model a

good agreement with the data can be achieved.

For high gas temperatures and high pressures the

droplet internal transport processes become more im-

portant for the evaporation process. The effective

transport model for which the one-dimensional enthalpy

transport equation for the droplet is being solved can

account for this behaviour. In Fig. 7 the evolution of the

temperatures in the droplet centre and at the droplet

surface are compared to the results of a calculation with

the well-mixed model.

With the well-mixed model the temperature inside the

droplet is uniform. The calculation with the effective

transport model demonstrates that there are significant

temperature gradients inside the droplet. At the begin-

ning of the evaporation process the temperature at the

droplet surface rises immediately, whereas the droplet

centre remains at it�s initial temperature. Due to the

higher surface temperature in the initial phase, the mass

transfer rate calculated with the effective transport

model is higher compared to the well mixed model due

to the higher partial pressure of the liquid at the surface.

The Biot number that characterises the ratio of ex-

ternal heat transfer to internal heat conduction should

be small compared to unity to justify the application of

the well-mixed model. For the specific conditions as

displayed in Fig. 7 this is not the case. An evaluation of

the Biot number results in a value of approximately

Bi ¼ 2 which shows that the external heat transfer is in

the same order of magnitude as internal heat conduc-

tion. For higher gas temperatures this effect gets even

more pronounced as the gaseous thermal conductivity

usually increases with temperature and the liquid ther-

mal conductivity decreases with temperature. As with

higher gas pressures usually the droplet temperature also

increases this effect is further enhanced.

Furthermore, the calculations show that in particular

for the effective conductivity model there is no steady

state surface temperature, which means that the process

of liquid heating and evaporation is transient and the

classical d2-law is not applicable for the high-pressure

conditions of a diesel engine (see also e.g. [36]).

To investigate the contribution of the internal diffu-

sion of the dissolved gas a numerical experiment was

carried out for droplets with boundary conditions

comparable to the initial conditions of a transient diesel

spray. The droplet diameter history was calculated for

droplets with an initial diameter of 20 lm and an initial

velocity of 100 m/s that evaporate in a stagnant atmo-

sphere at a temperature of 800 K and a pressure of 5

MPa. These ambient conditions are comparable to DI-

diesel engines or aero gas turbine combustion chambers.

In Fig. 8 calculated results with the high-pressure

model are compared. For a single component fuel, it is

possible to treat the droplet interior as a two-component

mixture of liquid fuel and dissolved gas. The effective

transport model accounts for the diffusive transport of

both species inside the droplet. In the model ‘‘without

gas transport’’ the high-pressure effects are included to

predict the phase equilibrium but the diffusive transport

inside the droplet is neglected.

Fig. 8 shows no significant difference for these two

calculations with the high-pressure model, but if com-

pared to the calculation with the assumption of an ideal

behaviour, again one can observe much smaller va-

porisation rates.

As already seen in Fig. 4 for equilibrium conditions

the mass fraction of the dissolved gas at the droplet

surface is in the order of 4–5%, depending on the liquid
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temperature. With the effective transport model it is

possible to estimate the temporal evolution of the mass

concentration of the dissolved gas inside the droplet. In

Fig. 9, the mass concentration of the dissolved gas inside

a 20 lm n-dodecane droplet is displayed for the droplet

centre, the droplet surface together with the mean value.

Due to the equilibrium condition at the droplet sur-

face the mass fraction immediately takes the value of the

corresponding initial droplet surface temperature

whereas the value at the droplet centre remains zero in

the initial period. As can been seen, the concentration

inside the droplet rises relatively fast and after less than

half of the droplet lifetime the concentration of the

dissolved gas inside the droplet is isotropic, but increases

with time as the droplet temperature varies.

A question was, whether it is possible that an evap-

orating droplet may reach a pseudo-critical state at first

in its interior, which would lead to a splashing from the

inside. The present investigations do not show this effect

for fuel droplets evaporating under conditions typical

for DI-diesel or aero gas turbine combustion chambers.

The fuel is initially injected as a cold liquid and after

atomisation the drops evaporate in a high-temperature–

high-pressure environment. The droplet temperature ri-

ses with time and the droplets are heated up from their

surface to the interior. Also the concentration of the

dissolved gas shows an analogous behaviour, higher

values at the surface, lower value in the droplet interior.

If a droplet should reach the critical state, this would

occur at first in a region with high temperature and high

concentration of dissolved gas, hence at the droplet

surface. As already mentioned the surface tension van-

ishes if the critical state is reached, which means for a

droplet in a highly turbulent flow field as in an DI-diesel

spray, that secondary atomisation would occur imme-

diately before the droplet gets critical.

4.2. Calculation of unsteady fuel sprays

To validate the initial and boundary conditions for

the spray calculations, a comparison was carried out at

first for an unsteady spray with weak droplet evapora-

tion. A test case was selected for an ethanol spray in-

jected into the pressure chamber with a temperature of

T ¼ 600 K and a gas pressure of 5 MPa. The injection

pressure was 50 MPa in this case. In Fig. 10 mean

droplets velocities measured in a plane 30 mm down-

stream the nozzle are compared to the numerical results.

The measured time-dependent mean velocities were de-

termined by PDA as an average over 1000 single injec-

tions of the fuel spray produced by the common-rail

system. The mean value over these 1000 injections was

calculated in time windows of 100 ls during the overall

observation time of 2.5 ms from the start of injection.

After the spray reaches the measurement plane the

mean velocities of the detected droplets increase imme-

diately. Particularly at the spray axis a quasi-constant

mean droplet velocity can be observed. At later times,

after the end of the injection, the droplet velocities de-

crease again rather rapidly. This unsteady behaviour of

the spray observed in the experiment can be well re-

produced with the numerical model for the different

radii in the spray. The position in time and the value of

the maximum velocity compare very well. A number of

calculations have been carried out and it has been ob-

served that the evolution of the mean droplet velocities

is nearly independent of their diameter, which leads to

the conclusion that the result is mainly influenced by the

exchange of momentum between the spray and the gas

phase. Even though this comparison does not yet vali-

date the droplet vaporisation model it demonstrates that

the numerical procedure is well suited to capture the

main features of this unsteady injection process.
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For the further validation of the vaporisation model,

calculated droplet diameter distributions are compared

in Fig. 11 to the results of the PDA measurements for a

strongly evaporating n-dodecane spray at a gas tem-

perature of 800 K and a gas pressure of 5 MPa. The

injection pressure was again 50 MPa. As was shown in

Fig. 10 there is a time window of quasi-constant velocity

particularly on the spray axis. This quasi-constant value

over a longer time can also be observed for other spray

variables like the mean diameter. This time window of

quasi-constant velocity was selected for a comparison of

the calculated droplet diameters to the measurements.

The droplet diameter distribution was evaluated again

as a mean over 1000 single spray injections, the time

window for averaging was 0.8–2.0 ms after the start of

injection.

Both, the calculated results with the high-pressure

model and with the model assuming ideal behaviour for

the droplet vaporisation compare well to the experi-

mental data and only a weak dependence on the calcu-

lated results for the droplet diameter can be observed for

the two calculations. The droplet diameter distributions

calculated with the high-pressure model are slightly

shifted to higher diameters which may be caused by the

higher vaporisation rate that is predicted with this

model, as already shown in the Figs. 6 and 8. The in-

tensive evaporation process causes the smaller droplets

to disappear faster, which results in a shift of the droplet

diameter distribution to larger diameters.

For combusting sprays, the distribution of the gas-

eous fuel species in the combustion chamber is of par-

ticular interest as it significantly influences the emission

formation. In numerical calculations very often the bi-

component fuel D7N3 (70 vol% n-decane, 30 vol% a-
methylnaphthalene) is used as a model fuel instead of

diesel due to its rather similar vaporisation and ignition

behaviour. Numerical results for the two vapour mass

fractions along the spray axis are displayed for both

vaporisation models in Fig. 12.

In this calculation the boundary conditions for the

gas phase have been again a temperature of 800 K and a

pressure of 5 MPa. The vapour mass fractions on the

axis of the spray are shown for a time of 1 ms after the

start of injection. As already observed for the single

droplet calculations the higher vaporisation rate that is

predicted with the high-pressure model leads to higher

vapour mass fractions also for the spray calculations.

The more volatile component n-decane evaporates much

faster than the second component a-methylnaphthalene

due to the difference in vapour pressure.

It can be concluded that the modelling of the droplet

vaporisation has not that strong effect on spray evapo-

ration as one would expect from the observations for

isolated droplets due to the fact that many different

physical processes interact within the spray, such as

primary and secondary break-up, droplet collision and

coagulation, exchange of momentum, heat and mass

with the surrounding gas.

It was observed that the modelling of other sub-

processes like secondary atomisation or droplet coagu-

lation have a more pronounced influence on the droplet

diameter which results in a strong effect on the predicted

vapour concentration due to the direct dependence of

the vaporisation rate on the droplet surface area. But the

results of the vapour mass fraction, shown in Fig. 12,

underline that the droplet vaporisation process should

be modelled as exact as possible as the difference in

predicted vapour concentration cannot be neglected.

5. Conclusion

For isolated droplets the numerical results using a

high-pressure model show a significant pressure influ-

Fig. 11. Cumulative droplet number and droplet volume dis-

tribution on the spray axis 40 mm downstream the nozzle.
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ence on the vaporisation rate. This behaviour could be

observed for suspended droplets as well as for freely

falling droplets. Good agreement was found comparing

the numerical predictions with experimental data from

literature. The calculations also show that the influence

of additionally solving for the diffusive transport of

dissolved gas within the droplet results only in a small

effect on the predicted droplet histories.

Spray calculations are compared to own experimen-

tal data for single component fuels as n-docecane and

ethanol and for two-component fuels measured in a

high-pressure–high-temperature chamber. They show a

good agreement for droplet velocity and the droplet

diameter distributions.

Due to the fact that in dense fuel sprays the droplet

diameter history is also influenced by secondary break-

up and droplet coagulation the differences using either

the high-pressure model or the model assuming ideal

behaviour are not as pronounced as for isolated single

droplets. In particular comparing the predicted vapour

concentrations in the spray the differences between the

well mixed and the effective transport model are small.

As the computational effort for the effective transport

model is high and its influence on the predicted vapour

concentration field is small, it is suggested that for spray

calculations under DI-diesel or aero gas turbine condi-

tions the well-mixed model together with look-up tables

for the high-pressure phase equilibrium should be ap-

plied.
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