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2.   Abstract

This report presents a numerical investigation of diesel fuel spray combustion in      
SGT-800 gas turbines with ANSYS CFX 11.0. The gas turbine SGT-800 has thirty 
burners and each burner has four fuel injectors. In this thesis just a quarter of one burner 
is simulated. The main objective is to get the diesel spray combustion simulation to 
work and set a frame work for future investigation.

Spray consists of two fundamental and consecutive steps: the primary breakup and the 
secondary breakup. The Blob method is used to model primary breakup and secondary 
breakup is modeled by Cascade Atomization and Breakup model (CAB). The trajectory 
and velocity of generated fuel droplets is determined by Lagrangian Particle Tracking. 

Fuel evaporation is modeled by simulating the mass and heat transfer of generated fuel 
droplet. The mixing of evaporated fuel with air and combustion of combustible mixture 
is modeled by multicomponent flow formulation.

Burning Velocity Model (BVM) is used to simulate combustion. Flamelet Library for 
diesel fuel is generated by a special version of CFX-RIF. In order to speed up 
simulations the reduced Flamelet Library is used.

At the end a parameter study is performed to find out important parameters on the fuel 
concentration field. Studied parameters are working conditions (part load and over 
load), injection direction (axial and angled injection), injector diameter, fuel surface 
tension, secondary breakup models, turbulence model and mesh. 

Also, experiments and their corresponding simulation with ANSYS CFX are done in 
order to predict droplet distribution size after injection. In this study water is used 
instead of diesel.
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3   Introduction 

Siemens Industrial Turbomachinery AB is located in Finspång and it manufactures 
small scale gas turbines. SGT-800 is biggest gas turbine that is produced in Finspång. It 
can burn both natural gas and diesel fuel. This work tries to model liquid fuel spray 
combustion in gas turbine combustor.
    During diesel fuel combustion within a gas turbine combustor a wide rang of 
coupled, interacting physical and chemical phenomena occurs. The diesel fuel need to 
be atomized into smaller droplets in order to increase the contact area with air and to 
promote evaporation and mixing with compressed air from compressor. The 
combustion performance and emissions depend on the atomization of the diesel, the 
transport and evaporation of the fuel droplets and mixing of the evaporated fuel with 
compressed air.
   Spray combustion studies are important to investigate flame stability behavior at 
different load conditions in order to have continuous flame and  also better prediction of 
pollutants formation.
   The spray combustion process can be divided into six important parts: primary 
breakup, secondary breakup, droplet motion, droplet evaporation, mixing and 
combustion. In general, diesel fuel is injected through an injector nozzle into the 
combustor and form a spray with spectrum of droplets with different velocities and 
sizes. In the atomization region, the liquid fuel disintegrates into droplets. Injector size, 
droplet velocity after injector and fuel property such as its viscosity and density are 
important parameters in spray formation. Fuel droplets travel through combustor with 
initial velocity that they have after injector and they live until they evaporate totally.
The evaporated fuel mixes with air. The mixture starts to burn when the temperature of 
combustible mixture reaches the ignition temperature and fuel/air mixture ratio is within 
the flammability limits. The result of combustion of combustible mixture is hot gases 
that can rotate turbine blades.

3.1   Introduction to CFD

CFD is an abbreviation for Computational Fluid Dynamics. It is the method of utilizing 
computers to predict how fluid flows in a region of interest. Solving ODEs or PDEs
with numerical methods have been developed for long time, but lack of powerful 
computers at that time prevented application of such techniques widely until todays 
computers facilities numerical methods to solve set of deferential equations.  
   Set of differential equations which describes fluid motion are Navier-Stokes equations 
and conservation of mass. Energy equation and mass transfer equation can be added to 
these equations depend on the nature of problem. There is no analytical solution for this 
set of equations. CFD methode tries to solve these equations over the calculation 
domain by considering specific boundary and initial conditions with numerical 
methods.
   The most popular way to solve fluid flow equation is finite volume method (FVM). In 
FVM method, the calculation domain is divided into small control volumes or cells and 
governing equation of flow are discretized by performing of volume integral over these 
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control volume. In this way, the PDEs are transformed to a set of algebraic equations. 
This set of equations can be solved by numerical methods. 
The software used in this work, ANSYS CFX 11.0, is based on finite volume 

technique.

3.2   Thesis objectives

The objective of the present work is to model diesel fuel spray combustion for engine 
full load condition. Then perform parameter study to find out important parameters on 
the fuel concentration. These parameters are working conditions (part load and over 
load), injection direction (axial and angled injection), injector diameter, fuel surface 
tension, secondary breakup models, turbulence model and mesh.
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4.   Spray

Atomization of liquids play an important role in numerous technical branches such as 
aerospace, civil, mechanical and chemical engineering as well as in industrial 
applications like gas turbines, direct injection IC-engines, inkjet printers, fire fighting 
system and hydrothermal features.
   Disintegration of liquid continuous phase into dispersed phase of fine liquid droplets 
is named atomization and resulting droplet system is called spray. The transformation of 
liquid to spray is caused due to internal instabilities such as turbulence within liquid 
phase, implosion of cavitation bubbles and external aerodynamic forces resulting from 
interaction of two phases. [1]
   Main function of atomizer is converting liquid stream into fine droplets of liquid in 
order to increase the ratio of surface area to volume. Increasing contact surface of liquid 
promotes rate of mass, heat and momentum transfer processes between two phases 
boundary that depend on the size of contact area. 
   Spray formation of liquid jets and sheets is usually divided into two fundamental and
consecutive steps: the primary and the secondary breakup. The liquid jet or sheet has 
large scale structures throughout primary breakup that interact with the gas phase and 
breakup into both large and small scale drops. These drops break up into ever finer
droplets in secondary breakup before they finally evaporate. [2]

Figure 4.1: Breakup of a liquid jet. [1]
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From spray definition, it is clear that it should be considered as a two phase flow 
problem and should be divided into two major parts: Transformation of liquid to fine 
droplets and journey of droplets through their surrounding medium. Also fluid 
dynamics of surrounding medium has considerable influence on breakup of liquid 
phase, generated particle trajectories and their faith.
   Transforming liquid phase into vapor phase by using spray it is a fluid dynamic 
phenomenon which includes primary and secondary breakup models, lagrangian 
particle tracking, heat and mass transfer models and also turbulence models.

4.1   Multiphase flow

A variety of flows in real life are blend of phases. Solid, liquid and gas are 
thermodynamics phases, but the concept of phase in a multiphase flow serves broader 
meaning. Phase in multiphase flow means distinguishable material that has different 
inertia than flow in which it is immersed. 
   As described already spray consists of two phases, gas phase and particle phase 
(liquid particles). In order to have a comprehensive model for multiphase flow it is
crucial to determine how these two phases interact. In other words, it is necessary to 
determine the level of coupling between two phases.
   There are three level of coupling between the fluid phase and dispersed phase based 
on assumptions made to reduce complexity of the problem and they include different 
levels of physical detail. If it is considered that just fluid phase affects the dispersed 
phase and dispersed phase dose not affect the fluid phase, there is one-way coupling 
between phases. When it is assumed that both phases affect each other, there is     two-
way coupling between phases. The most realistic model is four-way coupling, where 
besides that the two phases affecting each other the particles also interact and affect 
each other as well.

4.1 .1   Models for multiphase flow

4.1.2   Eulerian  model

For modeling multiphase flow there are two different approaches, i.e. the Lagrangian 
and the Eulerian approach. In the Eulerian two-fluid model frame work (TFM), the 
dispersed phase is treated as a continuous phase. TFM have been presented by a number 
of different formulations in the literature. For an example different formulations have 
been presented for gas-solid and gas-liquid flows by different researchers. A viscous 
force, a pressure force, gravity force and also interaction force which represents the 
transfer of momentum between two phases are forces that act on both phases in the 
TFM for a laminar case. But, besides  these  forces  particulate  phase  is  also affected 
by  a  particle-particle interaction force.
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4.1.3   Lagrangian model

 In the Lagrangian model, the equations of motion (Newton’s second law) are solved to 
calculate the position and velocity of each particle. This information for each particle is 
stored in the system.
   In the Lagrangian method, the computational time increases dramatically with the 
number of particles and also with the number of particle collisions. This increase in 
computational time makes the Lagrangian method suitable for systems where number of 
particles and particle-particle collisions are fairly low. However, these days by increase 
in computer capacity, flow problems with huge amount of numerical calculations can be 
modeled easily.
   Probability of particle-particle collisions in a dilute system is very low and can be 
neglected. Thus, forces that should be taken into account are gas-particle interactions, 
body forces and particle-wall collisions. But, possibility of particle-particle collisions 
increases by increase in particle concentration.

4.1.4   Comparisons between Eulerian and Lagrangian methods

The Eulerian and Lagrangian methods have their advantages and disadvantages. The 
Lagrangian method should be used if detailed information on particle flows is needed. 
However, this method takes a lot of computational time to model systems with high 
number of particles or particle collisions.
   The Eulerian approach, in contrast to the Lagrangian approach, can provide only time 
dependent averaged flow quantities in the computational cells. This means that the 
number  of  particles  and  particle  collisions  can not  be  a  limiting  factor  for  
Eulerian model, which makes Eulerian method favorable for dense systems.

4.2 Lagrangian tracking principals 

Particle track is determined by integration of individual particle’s momentum equation. 
Newton’s second law for particle traveling through flow field is:

PVMRBDP FFFFF
dt
dUm ++++= (4.1)

where

DF  is drag forces on the particle.

BF  is buoyancy force due to gravity.

RF  is forces due to rotation of domain.

VMF  is virtual mass force.

PF  is pressure gradient force
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Each term on the right hand side of equation (4.1) can be linearized with respect to the 
particle velocity. So particle velocity can be calculated from integration of momentum 
equation. Then displacement of particles can be calculated by forward Euler integration 
of particle velocity over time step. [2]
   Particles are tracked since they enter calculation domain until they leave the domain 
or meet other integration limits. In particle tracking each particle represents a group of 
particles, to obtain an average of all particle tracks and also to calculate source terms to 
the fluid mass, momentum and energy equations. For calculation of interacting forces, 
flow field variables like density, viscosity and velocity at the location of particle are 
needed. This information can be obtained from information of calculation cell where 
particle is located.

4.3 Atomizer types

Different kind of energy such as mechanical energy (rotation), other flow’s energy 
(pneumatic), electrical or acoustic energies and also energy from liquid stream itself 
(pressure) can be used for breaking down of liquid stream into spray and based on these 
sources atomizes can be classified. 

4.3.1   Pressure atomizer 

The most commonly used atomizer in industrial application is pressure atomizer. In this 
type of atomizer pressurized liquid passes through narrow channel to convert potential 
energy to kinetic energy. The discharge geometry is either of straight or swirling type. 
Straight discharge produces circular round or flat stream based on its cross section 
profile, but swirling type makes liquid to leave in annular sheet. Pressurized atomization 
is typically used for low viscosity fluids. [3] Disadvantages of pressure atomizer are:

a) The need for pressurizing the liquid
b) Coarse spray droplet size
c) Low mass flow

4.3.2   Pneumatic atomization

These types of atomizers use the kinetic energy of a pressurized gas that interacts with 
the liquid to form spray. For this reason sometimes they are called twin-fluid atomizer.   
Depending on where these two phases meet each other; there are two types of 
pneumatic atomization. In internal mixing atomizer gas and liquid are pressurized and 
injected together, but in external mixing atomizer two phases start to interact after 
injector. Twin-fluid atomizers produce a full cylindrical spray cone with high liquid 
mass flow rates and comparatively small droplets size. [3]
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4.3.3   Rotary atomizer

In rotary atomizer the liquid is spread under action of centrifugal forces from rim of 
rotating surface which liquid is fed onto. In this method liquid does not pass any narrow 
channel and rotating device is in the form of flat disk, cup or slotted wheel. Since in this 
type of atomizers liquid never passes any nozzle, they are mainly used in application 
which there is chance of injector blocking by liquid flow. Slip between solid surface 
and liquid is weak point of rotary atomizer that can be solved by using rotating wheels 
with vanes or channels. [3]

4.4   Primary breakup

Liquid fuel passes through a nozzle or atomizer prior to entering into combustion 
chamber. Transformation of liquid fuel after injector into fine liquid droplets or 
particles is called primary breakup. In order to start studying liquid fuel spray 
combustion, conditions of fuel particles leaving injector nozzle are needed to be 
determined. [2] These conditions are:

• Initial particle size (particle radius)
• Initial particle velocity components
• Initial spray angle

   These mentioned conditions are mainly affected by the flow condition inside the 
injector nozzle such as turbulence and cavitation as well as instabilities cased by 
interacting forces between two phases.
   Injectors work based on pressure drop of flow in exchange of increase in flow 
velocity. They usually show better performance with higher relative velocity between 
liquid and atmosphere.  There are models with different level of complexity for 
formulating primary breakup. [2] Depending on the geometry of fuel injector nozzle; 
there are three types of primary breakup models in ANSYS CFX 11.0.:

4.4.1   Bolb method 

Bolb method is simplest model to define particle conditions after injector in ANSYS 
CFX 11.0.  In this approach all particles leaving injector are of spherical shape and 
with uniform size of injector nozzle’s diameter. [5]

NozzleP DD = (4.2)

Particle injection velocity can be calculated by conservation of mass since Bolb method 
assumes there is no cavitation inside injection nozzle.
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Figure 4.2: Bolb method. [2]

( ) ( )
PNozzle

Nozzle
initialP A

tmtU
ρ

&
=, (4.3)

NozzleA  is nozzle cross- section area and m&  is the fuel mass flow through injector.

4.4.2   Enhanced Bolb method 

This model considers the effect of possible cavitation that might occur inside the 
injector nozzle. Cavitation inside the injector causes to change in effective          cross-
section area. Decreased injector effective cross-section means smaller particles with 
higher velocity. [5] Pressure at contraction can be calculated by Bernoulli's principle:

( ) ( )tUPtP venaPvena
2

1 2
1 ρ−= (4.4)

where

( ) ( )
c

mean
vena C

tUtU = (4.5)

cC  is coefficient of contraction and depend on injector geometry. Cavitation inside 
injector happens if static pressure of fuel stream inside nozzle drops below vapor 
pressure of fuel at injection temperature. Otherwise this method is identical to Bolb 
Method and particle velocity is set to meanU

( ) ( )
PNozzle

Fuel
mean A

tmtU
ρ

&
= (4.6)
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Figure 4.3: Enhanced Bolb method [2]

However, if cavitation happens inside nozzle effective velocity can be calculated by 
momentum balance between vena and the nozzle outlet

( ) ( ) ( ) ( )tUPP
tm

A
tU venavena

Fuel

Nozzle
eff +−= 2&

(4.7)

and

where

4.4.3   LISA model

Linearized Instability Sheet Atomization or LISA models pressure swirl atomizers 
which are mostly used in direct injection spark ignition engines. In a pressure swirl 
atomizer, angular momentum is imposed on the liquid resulting in a swirling motion.
Centrifugal force caused by swirling motion in the liquid spreads it out in the form of a 
conical sheet as soon as it leaves the nozzle. A hollow cone spray is produced after 
injector. This sheet breaks up into droplets by exposing to aerodynamic instabilities. 
Spray generation by this method is typically characterized by high atomization 
efficiency. [2]

( ) ( )
π

tA
tD eff

eff

4
= (4.8)

( ) ( ) Peff

Fuel
eff tU

mtA
ρ

&
= (4.9)
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Figure 4.4: Pressure swirl atomization. [2]

Since injectors of SGT-800 are not of this type, further theoretical and mathematical 
description of this model is not described here.

4.4.4   Limitation of primary breakup model in ANSYS CFX 11.0

All above mentioned models are quasi one-dimensional models and both predicted size 
and velocity are uniform and in the direction of injection. However in real case droplets 
that leave injector has a spectrum of size and velocity. In addition these models can not 
predict any thing about initial angle of spray as well. So it is better to use experimental 
data of spry angle and initial velocity components of different droplets size which leave 
injector.



11

4.5   Secondary breakup

Different mechanisms such as turbulence and interacting aerodynamic forces as well as 
injection parameters like relative velocity between two phases, density of two fluids and 
liquid viscosity and surface tension have influence on the breakup of liquid jet into 
droplets. So, a variety of non-dimensional numbers exist in spray study such as Weber 
number and Ohnesorge number.
   Weber number is the ratio of the inertia forces to surface tension forces:

Ohnesorge number is the measure of viscous and surface tension forces and it involves 
only drop properties. Sometimes Ohnesorge number is referred to as viscosity number, 
Laplace number or Z number. 

Weber number is considered as the independent parameter in this work. Note that 
Reynolds Number here is defined using the fluid particle viscosity. [2]

   Around Weber number of unity aerodynamic forces has significant effect on droplet 
and it starts to deform. Droplets breakup occurs at higher Weber number. Five distinct 
breakup regimes determined by the initial Weber number, illustrated in figure (4.5) are: 

(1) Vibrational breakup 12≤We

(2) Bag breakup 5012 ≤〈 We

(3) Bag-and-stamen breakup 10050 ≤〈 We

(4) Sheet stripping 350100 ≤〈 We

(5) Catastrophic breakup 350〉We

Viberational breakup occurs when the Weber number is small so oscillations develop at 
the natural frequency of the droplet. In this condition, sometimes aerodynamic force 
interactions are able to increase the amplitude of oscillations which can result in drop 
disintegration into a few large child droplets. Vibrational breakup is not usually 
considered in drop breakup studies because it does not occur often, only produces a few 
large droplets and its overall breakup time is comparatively long.

σ
ρ PFPF DUU

We
2−

= (4.10)

Re
We

D
On

PP

P ==
σρ

µ
(4.11)
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Figure 4.5: Breakup regimes. [4]

In Bag-and-stamen breakup besides formation of bag and rim which are in common 
with Bag breakup, a column of liquid is also formed along the bag axis. Because of the 
shape of droplet during Bag-and-stamen breakup sometimes it is referred to umbrella 
breakup.
   Sheet stripping is totally different from mentioned regimes. Here a thin sheet of liquid 
forms and detaches from the edge of deformed drop. Detached sheet disintegrates 
downstream and produces uniform size child droplets.
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   By increasing Weber numbers, waves with large amplitude and small wavelength are 
formed on the surface of drop which faces flow stream. Finally these waves penetrate 
the drop and produce child drops. [4]

4.6   Numerical models for secondary breakup in ANSYS CFX 11.0 

ANSYS CFX 11.0 uses a statistical breakup model to simulate spray secondary 
breakup. In this method sum of the particle mass flow remains constant during breakup, 
while diameter of child particles decrease and their number increase. Following models 
are available in ANSYS CFX 11.0:

4.6.1   Reitz and Diwakar breakup model [2]

This model considers only bag breakup and stripping breakup. When droplets Weber 
number exceeds critical Weber number they break up according to following relation:

where 

Pr is droplet radius 

stabler is droplet new radius

brt is the characteristic breakup time

stabler  and brt for these two regimes are as following:

Table 4.1: Relations for stabler  and brt in Reitz and Diwakar breakup model [2]

Bag breakup Stripping breakup

critWeWe 〉 1Re sCWe >

σ
ρ
2

3

1
PP

br
rCt =

F

P

slip
br V

rCt
ρ
ρ

2=

2

6

slipF
stable V
r

ρ
σ

=
νρ

σ
32

2

2 slipF
stable V
r =

( )
br

stablePP

t
rr

td
rd −−

= (4.12)
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The default vales for model constants are:

Table 4.2: Reitz and Diwakar breakup model constant and their default value. [2]

Constant Value Name
1C π Time factor for bag breakup

2C 20 Time factor for stripping breakup

critWe 6.0 Critical Weber number for bag breakup

1sC 0.5 Weber number factor for stripping breakup

4.6.2   Schmehl breakup model [2]

In this model besides Weber number, based on experimental results, time needed for 
deformation and breakup of droplets is also taken to account. In Schmehl model the 
time needed to deform a spherical droplet into disk is independent of breakup regime 
and it is almost constant.

with the characteristic time

after calculating the initial time needed for deformation of droplets into disk shape, time 
required for their breakup can be calculated from

( ) 25.0126 −−We 1812 <≤ We

( ) 25.01245.2 −We 4518 <≤ We

( ) 25.0121.14 −−We 35145 <≤ We

( ) 25.012766.0 −We 2670351 <≤ We













=
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br

t
t

5.5 We≤2670

(4.15)

and if Ohnesorge number is greater than unity breakup time can be calculated from 

equation (4.17) gives the size of child droplets.

Ci tt 6.1= (4.13)
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where

Child droplets velocity is calculated by adding parent velocity with the following 
velocity which is in the plane normal to parent droplet velocity.

Here 0max, 6 ddP ≈  at brtt =  and  0d  is the droplet diameter before breakup.

4.6.3   Taylor analogy breakup model (TAB) [2]

In TAB, the droplet deformation from its spherical shape is model as one-dimensional, 
spring-damper system which is excited by external force. Here aerodynamic force acts 
as an external force, viscosity as a damping force and surface tension as a restoring 
force. Then equation of deformation can be formulated as:

Droplet deformation is described by dimensionless variable Prxy 2= , where x  is 
deformation of droplet’s equator from its spherical shape.

Figure 4.6: Particle distortion for the TAB model [2]
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= (4.18)
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By assuming distortion and rate of change of distortion at the beginning of the motion 
of each particle equal to zero ( 000 == yy & ) which are the initial condition for this 
ODE, solution of equation (4.20) gives distortion of each particle in time.

with 

Pd

PP
D C

rt
µ

ρ 22
= (4.22)

23
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DPP
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tr
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−=
ρ

σ
ω (4.23)

bk

f
C CC

C
WeWe = (4.24)

When value for distortion exceeds unity, droplet will break up and child droplet radius 
can be calculated from energy conservation between kinetic and surface energy of child 
droplets with harmonic oscillation energy of their parent. 

At the time of breakup, child droplets inherit their parent velocity plus a velocity normal 
to path of their parent. Magnitude of normal velocity and spray opening angle can be 
calculated from: 

Distortion and its rate of change are set to zero for child droplets after breakup of their 
parent.
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The default vales for model constants are:

Table 4.3: TAB model constants and their default values.

Constant Value Name
bC 0.5 Critical Amplitude Coefficient

dC 5.0 Damping Coefficient

fC 1/3 External Force Coefficient

kC 8.0 Restoring Force Coefficient

VC 1.0 New Droplet Velocity Factor
K 10/3 Energy ratio Factor

4.6.4   Enhanced Taylor analogy breakup model (ETAB) [2]

 ETAB distinguishes between Bag breakup and Stripping breakup. It uses the same 
procedure to explain deformation of droplets and the time required for breakup, but it 
assumes that the rate of formation of child droplets is proportional to their number.

The constant brK , varies by breakup regime according to:

ω1k tWeWe ≤





=brK
Wek ω2 tWeWe >

(4.30)

By Assuming that only uniform size of child droplets can be generated during breakup, 
following relation predicts child droplet size.

Here also, distortion and its rate of change are set to zero for child droplets after 
breakup of their parent.

( ) ( )tnKtn
dt
d

br3= (4.29)

tK

parent

child bre
r
r −= (4.31)

( ) ( ) 000 == yy & (4.32)
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At the time of breakup, child droplets inherit their parent velocity plus a velocity normal 
to path of their parent. Magnitude of normal velocity can be calculated from: 

 Here, A, is a constant and can be calculated from energy balance

where DC is parent droplet drag coefficient at breakup and

TAB underestimates the ratio of child to parent droplet because it 
assumes ( ) ( ) 000 == yy & . This assumption leads to far too short breakup time. In order 
to solve this problem ETAB sets ( )0y& to largest negative magnitude of equation (4.36)
to extend parent droplet life time and delay their breakup.

While it keeps initial value for distortion zero. Here  

The default vales for model constants are:

Table 4.4: TAB model constants and their default values. [2]

Constant Value Name
1K 2/9 ETAB Bag Breakup Factor

2K 2/9 ETAB Stripping Breakup Factor

tWe 80 Critical Weber Number for Stripping Breakup

xAVN &= (4.33)
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4.6.5   Cascade atomization and breakup (CAB) [2]

CAB is identical to ETAB just it considers the catastrophic breakup as well. So, 
breakup constant for CAB is defined as following: 

ω1k 805 << We
Wek ω2 35080 << We








=brK

43
3 Wek ω We<350

(4.38)

The default vales for model constants are:

Table 4.5: TAB model constants and their default values. [2]

Constant Value Name
1K 0.05 CAB Bag Breakup Factor

tWe 80 Critical Weber Number for Stripping Breakup

2tWe 350 Critical Weber Number for Catastrophic Breakup

4.7   Dynamic drag models [2]

Most of drag models for particles assume that particles have spherical shape, but this is 
not the case during droplet breakup. In many cases before breakup, droplets deform into 
a disk. Then modification in drag laws is necessary to consider the effect of droplet 
deformation. None of these models can be applied for Reitz & Diwakar breakup model 
since it does not reveal any information about droplet deformation. 
   In ANSYS CFX 11.0, the following models are available to modify drag coefficient 
depending on droplet deformation:

4.7.1   Liu model

It assumes that drag coefficient of deformed droplet varies linearly between a sphere 
and a disk.

Here y is a measure for deformation of droplet or distortion parameter. 0=y  gives 
the drag for a sphere and 1=y give drag coefficient for a disk. This drag model is the 
default drag model for the TAB, ETAB and CAB breakup models.

( )yCC sphereddropletd 632.21,, += 10 << y (4.39)



20

4.7.2   Hasiang model

Hasiang and Faeth proposed following relation for drag coefficient of deformed droplet 
within a Reynolds number range of 1000 to 3300.

Here also y is a measure for droplet deformation, but with different definition. 
1=y corresponds to spherical droplet and 2=y corresponds to a disk.

4.7.3   Clift model

It uses quadratic relation to find drag coefficient of droplet within Reynolds range of 
980 to 10,000 and instead of distortion parameter ( y ) it uses shape factor E .

4.7.4   Schmehl model

It uses following relation to find out deformed droplet drag coefficient

where

This drag model is the default drag model for the Schmehl breakup models.

( )[ ]125.214.0, −+= yC dropletd 21 << y (4.40)

))1(63.11(445.0 2
, EC dropletd −+= 10 << E (4.41)

discdsphereddropletd CfCfC ,,, )1( −+= (4.42)

Re
24Re48.536.0 573.0

, ++= −
spheredC (4.43)

Re
641.1, π

+=diskdC (4.44)

12 −= Ef (4.45)
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4.8   Droplets heat transfer [2]

The rate of heat transfer of droplet is governed by three mechanisms: 

• Convective heat transfer
• Latent heat transfer
• Radiative heat transfer

   Radiative heat transfer for a droplet is out of scope of this study, but the other two 
mechanisms are considered here.
The convective heat transfer for a droplet is calculated by 

where λ is the thermal conductivity of the surrounding fluid, GT and T are the 
temperature of the fluid and of the droplet and Nu is the Nusselt number:

where PC and µ are specific heat and viscosity of fluid.
Heat transfer due to mass transfer is calculated by latent heat transfer 

where VL is latent heat of droplet.

4.9   Droplets mass transfer [2]

Droplets mass transfer occurs in two different modes:

• Boiling mode
• Evaporating mode

   Droplet boils when the surrounding fluid pressure is less than its vapor pressure, so its 
mass transfer is determined by the convective heat transfer from following relation:

)( TTNudQ GPC −= λπ (4.46)

3
1

5.0 )(Re6.02
λ

µ PCNu +=  (4.47)

VM LmQ &= (4.48)
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−= (4.49)
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where VL is latent heat of droplet. If the droplet is below the boiling point, mass 
transfer occurs due to difference in concentration of element between two phases and its 
rate is calculated from: 

In this equation CW and GW are moleculare weights of vapor and the mixture in the 
continuous phase, X and GX are the molar fraction in the droplet and in the gas 
phase, D is the diffusivity of the mass in the continuum and Sh is the Sherwood 
number given by:

where PC and µ are specific heat and viscosity of fluid.

)
1
1(

GG

C
P X

X
W
WShDd

dt
dm

−
−

−= π (4.50)

3
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µ PCSh +=  (4.51)



23

4.10   Turbulence [6]

The Shear Stress Transport (SST) belongs to the class of two-equation models and it is 
an eddy viscosity model. It uses ε−k model to simulate outside of boundary layer and 
uses ω−k  model to simulate inner boundary layer.

The ε−k model needs near-wall consideration. It also over estimates the shear stress in 
flow with adverse pressure gradient for its too large length scale due to too low 
dissipation.

The ω−k model simulates flows with adverse pressure gradient more accurately than 
the ε−k model. However, the weak point for the standard ω−k model is that it needs 
the free-stream value ofω .

In order to improve both the ε−k and the ω−k model, these two models are 
combined.
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5.   Combustion 

In order to start with combustion modeling a few terms such as multicomponent flow, 
chemical element, pure substance, and ideal mixture should be defined. 

5.1   Multicomponent flow

A multicomponent flow consists of two or more pure substances that are mixed in 
molecular level and share the same field variables. Physical properties of 
multicomponent flow depend on properties of its constituent components. In multi 
component flow mass transfer is governed by diffusion and convection [2]. The 
equation of mass transfer for component I with mass fraction IY is

)(
)()(

j

I
I

jj

IjI

x
Y

xx
Yu

t
Y

∂
∂

Γ
∂
∂

=
∂

∂
+

∂
∂ ρρ

(5.1)

5.1.1   Chemical element

A chemical element is a substance that is made of only one kind of atom. It cannot be 
broken down or transformed into a different element by a chemical reaction.

5.1.2   Pure substance

A pure substance is defined as any material that is made of only one kind of molecule 
and it has definite chemical composition with specified physical properties, such as 
density and viscosity. Pure substances are constituent components of multicomponent 
flows.
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5.1.3   Ideal mixture

An Ideal mixture is such a mixture that its properties can be calculated from properties 
of its constituent components and their mass fractions in the mixture.

5.2   Combustion

Combustion is an exothermic reaction that releases energy in the form of heat and light. 
Presence of fuel and oxidizer is necessary for combustion. Fuel is any material that 
keeps energy in its chemical bounds and releases this chemical energy during 
combustion process like methane and butane. Oxidizer is any material that can supply
the necessary oxygen for combustion like air. Any new material that is produced during 
combustion is called product like carbon monoxide and carbon dioxide. [8]

Qproductoxidizerfuel +→+ (5.2)

Here Q is heat that is released during combustion.
Other important terms in combustion study are flame and flame front. In combustion, 

flame is the part of hot gases which emits and is visible. Flame front  or reaction zone is 
a tiny region where chemical reactions take place.
   Combustion occurs in gaseous phase and fuel and oxidizer need to meet before any 
reaction can take place. Flames are classified into premixed and diffusion flames based 
on where fuel and oxidizer meet each other. If fuel and oxidizer are mixed before 
combustion somewhere upstream of flame front, the resulting flame is called premixed 
flame like flame of Bunsen burner when its air inlet is open. The Bunsen burner can 
produce diffusion flame as well if its air inlet is closed and fuel and air start to mix at 
flame front. Since diffusion is governing mechanism for mixing at flame front, this 
type of flame is called diffusion flames or non-premixed flames. [8] 
   Premixed flames are mostly used for heat generation in small scales such as gas 
cooker and spark ignition engines. Non-premixed flames are used to produce heat in 
industrial scale such as burner of furnaces to avoid safety concerns related to premixing 
fuel and oxidizer in large volumes. In application such as gas turbines where control 
over combustion quality is critical, partially premixed flames are used. 
   During combustion the composition of flow changes and some new components are 
produced while some existing components are consumed. These chemical reactions can 
be explained in terms of their elementary reactions as following:

II
CC N

CBAI
kI

N

CBAI
kI ∑∑

==

′′⇔′
...,,,...,,,

νν (5.3)

Here kIν is the stoichiometric coefficient for component I in the elementary reaction 
k and CN is number of components.
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This means new source terms for mass and energy transfer equations. The rate of 
change in concentration of component I can be calculated from the progress rate of 
all elementary reactions in which it takes part.

kkI

K

k
kIII RWS )(

1

νν ′−′′= ∑
=

(5.4)

Here kR is progress rate of reaction k . In order to simulate flows with combustion 
these reaction progress terms must be modeled by combustion models.

5.3   Combustion modeling with ANSYS CFX 11.0

In ANSYS CFX 11.0, there are five models available that can be used to simulate flows 
with combustion.

• Eddy dissipation model (EDM)
• Finite rate chemistry model (FRC)
• Combined FRC/EDM
• Laminar Flamelet model
• Burning velocity model (BVM)

5.4   Eddy dissipation model (EDM)

EDM assumes that chemical reactions are fast and as soon as fuel and oxidizer are 
mixed they burn simultaneously and produce products. This means mixing at molecular 
level controls reaction rate. In turbulent flows, the time needed for mixing is 
determined by eddy characteristic and it is function of turbulent kinetic energy k and 
its dissipation ε . [2]

k
rate ε

∝ (5.5)

Reactions stop when there are no more reactants available. Then rate of reaction can be 
formulated as:   

[ ] )(min
kI

k
I

k
R

ν
ε

′
= (5.6)

Here [ ]I is molar concentration.
   The EDM has simple formulation and it can simulate combustion in turbulent flows 
including both diffusion and premixed flames.  
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  Sometimes EDM predicts unrealistic results because of its fundamental assumptions. 
ANSYS CFX 11.0 solves these problems by setting model limiters.
   For example assumption of having complete combustion may result in higher 
temperature in fuel rich regions for hydrocarbon combustion. By activating maximum 
temperature limiter rate of reaction is adjusted in the way that temperature cannot 
exceed this limit. [2]
   In near wall region, the turbulence is low then magnitude of kε grows and causes 
EDM to predict that the flame can creep along the walls which does not happen in 
reality. Mixing rate limiter tries to control it by setting maximum for kε .

5.5   Finite rate chemistry

In this model rate of reaction is governed by interaction between components in the 
molecular level. Here, a backward reaction is also defined for each elementary reaction 
and rate of progress for each elementary reaction is a combination of its forward and 
backward rate. [2]
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Here r is the order of reaction for component I in the elementary reaction k and it is 
equal to stoichiometric coefficient. kF and kB are forward and backward rate constant 
and they can be calculated from Arrhenius law

)exp(
RT
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TAF k
kk

k −= β (5.8)

)exp(
RT
E

TAB k
kk

k −= β (5.9)

Here kA is pre-exponential factor or frequency factor, kβ is the temperature 
exponent, kE is the activation energy and T is the absolute temperature. This model 
is mostly used when chemical time scale has great influence on combustion and 
controls it, and hence simpler models like EDM cannot be applied. However, 
depending on number of species involved, vast computational resures might be 
required or less simplified chemical schemes are used.[2]

5.6   Combined eddy dissipation/finite rate chemistry model 

A more computational vast effective and often accurate approach of modeling 
combustion is to set rate of reaction to minimum of the eddy dissipation rate and the 
finite chemistry rate. This method can consider importance of both chemical and flow 
time scales when they are in the same order of magnitude. 
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5.7   Flamelet model

Flamelet model simulates non premixed laminar flames with assumption of infinitely 
fast chemistry. In diffusion flames reactants diffuse into the flame front and start to mix 
and react there. Assumption of infinitely fast chemistry means as soon as reactants mix, 
products will form simultaneously. This means that combustion takes place at very thin 
sheet where stoichiometric mixture is available. The inner structure of the thin reaction 
sheet is called flamelet. [9]
   Flamelet model uses mixture fraction as independent variable. It transforms the 
equations for energy and species into mixture fraction space. It models the reaction zone 
in a one-dimensional calculation and this reduces the size of problem enormously.
Therefore, detailed reaction mechanisms including pollutant formation mechanisms can 
be modeled even in the presence of turbulence for the cost of solving two transport 
equations i.e. for the mean and variance of the mixture fraction.    

The impact of flow field on flame front is modeled by the scalar dissipation rate stχ at 
stoichiometric mixture. 

2)(2 ststst ZD ∇=χ (5.10)

It includes the effects of convection and diffusion in direction normal to the flame front. 
It grows by stretch effects of the flow field and shrinks by diffusion.
   In turbulent flow, the mean composition of the fluid can be calculated by integration 
over the probability density function which accounts for turbulent fluctuations. The 
integration is not performed during CFD calculations, but is performed separately and 
stored in Flamelet library for each fuel and each combination of fuel/oxidizer inlet 
temperatures and pressure. [2]

5.7.1   Flamelet library

Information about mean species mass fractions as function of mean mixture fraction, 
variance of mixture fraction and scalar dissipation rate are calculated separately and 
stored in Flamelet library.

)~,~,~(~~ 2
stii ZZYY χ′′= (5.11)

For different fuels and different inlet temperatures and pressures of fuel and oxidizer an 
individual Flamelet library is required. [2]
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5.8   Burning velocity model (BVM)

BVM simulates partially premixed flames based on both non premixed flame model 
and the premixed flame model. Partially premixed flames are premixed flames with 
variable equivalence ratios. Flame produced by a jet which discharges premixed 
mixture into its surrounding can be example of this kind of flame. 
   BVM uses reaction progress variable, c , to calculate global reaction progress. 
Downstream the flame front, the mixture is reacted and reaction progress is unity, so 
the laminar flamelet mixture fraction can be used to calculate composition. Upstream 
of flame front, reaction progress is zero. Then composition can be calculated from 
mixed but unreacted mixture. [9]
   The reaction progress transport equation is:
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The last term on the right hand side is a source term which is modeled by BVM as 
following:
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cSS Tuc
~∇= ρ (5.14)

Here uρ is the density of the unburnt mixture and TS is turbulent burning velocity 
which is needed to model.

5.8.1   Turbulent burning velocity

Turbulent burning velocity, Ts , is measured with respect to the unreacted mixture and 
it is lower relative to reacted mixture by a factor of bu ρρ  which is expansion ratio. 
Normally turbulence boosts the burning velocity by folding flame front which makes 
flame front to have more effective surface. On the other hand very high turbulence 
causes local extinction which results in reduction of effective burning velocity. [2]
   There are different models to calculate turbulent burning velocity. Usually models 
express turbulent burning velocity as a combination of laminar burning velocity with 
turbulence quantities. 
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Figure 5.1: Typical dependency of LS and φ

   Laminar burning velocity, Ls , is a characteristic of the fuel and oxidizer mixture. It is 
defined as the speed of the flame front toward unreacted mixture and it is lower relative 
to burnt mixture by expansion factor of bu ρρ . There are models to predict laminar 
burning velocity of a combustible mixture as a function of pressure, temperature and 
equivalence ratio of unburnt mixture. Note however that the model constants used to 
obtain the laminar burning velocity is strongly mixture dependent, and few are 
available in CFX (compared to for example Flamelet). Hence these constants must be 
found in Fluent or chemical kinetic programs such as Chemkin or Contera.

5.8.2   Equivalence ratio correlation of laminar burning velocity

The following expression is proposed by Metghalchi and Keck [10], [11] to calculate 
laminar burning velocity at different pressures and temperatures based on its value at 
standard condition. ( CTbarP refref
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Here 0
Ls is reference laminar burning velocity at standard condition. α and β are 

quadratic polynomials in equivalence ratio: 

2
210 φφα aaa ++= (5.16)

2
210 φφβ bbb ++= (5.17)

Here φ is equivalence ratio and Coefficients ,,, 210 aaa 210 ,, bbb  are model constants.

   Reference burning velocity, 0
Ls , also can be expressed as a function of equivalence 

ratio. Following options are available in ANSYS CFX 11.0 to express this dependency. 
[2]

• Fifth Order Polynomial
• Quadratic Decay
• Beta Function

5.8.3   Fifth order polynomial

Laminar burning velocity can be expressed as a fifth order polynomial in a specified 
range called fit range.

5
5

4
4

3
3

2
210

0 φφφφφφ sssssssL +++++= rFitlFit ,, φφφ ≤≤ (5.18)

Outside this rang, laminar burning velocity decays linearly to zero at the specified 
flammability limit. [2] 

5.8.4   Quadratic decay

This model is also valid for a fit rang ( rFitlFit ,, φφφ ≤≤ ). Here, the maximum laminar 

burning velocity at reference conditions is called 0
maxs and its corresponding 

equivalence ratio is called maxφ . Inside a fit range and around pick point, laminar 
burning velocity decays by quadratic function as 

2
max

0
max

0 )( φφ −−= decayL Css (5.19)

Here decayC is quadratic decay coefficient.
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5.8.5   Beta function

This model expresses the decay of maximum burning velocity to zero at flammability 
range by help of a beta function.  
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Here lFlam,φ and rFlam,φ are fuel-lean and fuel-rich flammability limits. [2]

5.9   Models for turbulent burning velocity

So far laminar burning velocity of combustible mixture is calculated based on its 
physical properties. The final step is to calculate turbulent burning velocity as a 
function of laminar burning velocity and turbulent properties of flow. Following 
options are available in ANSYS CFX 11.0 to express this dependency. [2]

• Zimont Correlation
• Peter Correlation
• Muller Correlation

5.9.1   Zimont correlation

Following correlation is proposed by Zimont to calculate turbulent burning velocity 

41412143
tuLT lsuGAs −′= λ (5.23)

Here 
A is model coefficient and it has universal value of 5.0=A for all flames except 
hydrogen/air flame where it is 0.6.
G is stretching factor which represents the effect of large strain rate or large 
dissipation rate of the turbulent kinetic energy on the flame velocity.
u′ is integral turbulent length scale 
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ku
3
2
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uλ is the thermal conductivity of the unburnt mixture

tl is integral turbulent length scale

ε23klt = (5.25)

5.9.2   Peter correlation

Peter correlation for turbulent burning velocity is formulated as below. Here turbulence 
effects are simulated by a function of the ratio between the integral turbulence length 
scale l and laminar flame thickness fl [2]
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To calculate laminar flame thickness fl properties of unburnt mixture is used. Default 
model coefficients for Peter correlation are:
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Table 5.1: Default model coefficients for Peter correlation [2]

Coefficient Default Value
1a 0.37

4a 0.78

1b 2.0

3b 1.0

5.9.3   Muller correlation

Muller correlation also models local flame extinction caused by high scalar dissipation 
rate as well as variation in the average laminar burning velocity caused by turbulent 
fluctuations of mixture fraction. [2]
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Here stLs , is the laminar burning velocity at stoichiometric mixture fraction. Default 
model coefficients for Muller correlation are:

Table 5.2: Default model coefficients for Muller correlation [2]

Coefficient Default Value
1b 1.5

2b 0.8

qχ 1.0
α 1.0
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6.   Numerical results and analysis

The geometrical configuration, boundary condition, grid specification and results of the 
simulations performed with the ANSYS CFX 11.0 are presented in this chapter.

6.1   Geometrical configuration

SGT-800 has an annular combustion chamber and here we have used a can combustor 
for simplicity and to reduce computational coast. Combustors of SGT-800 are AEV 
type and they consist of four main parts:

• Hood
• Lance (liquid fuel injector)
• Swirl Cone & Mixing tube
• Combustion chamber

Figure 6.1: A quarter SGT-800 burner 

6.1.1   Hood 

After compression in the compressor the air enters the hood of burner prior to entering 
the burner swirl cone.
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6.1.2   Lance 

Liquid fuel is injected into the burner by using a lance. Each lance has four injection 
nozzles. The lance is placed in the center of the space cap and prior to the swirl cone.

6.1.3   Swirl cone & mixing tube

The main propose of the swirl cone is to accelerate the mixing of the compressed air 
with the injected fuel. It has four wings and compressed air starts to circulate after 
passing them.  
The function of the mixing tube is to mix injected fuel with compressed air as even as 

possible. In order to avoid the flame creeping along the mixing tube wall (flash back) at 
the boundary layer where the flow is slower, a small portion of compressed air from the 
hood is blown through film air holes to empty out boundary layer fuel.

Figure 6.2: Swirl cone & mixing tube cross section

6.1.4   Combustion chamber

The combustion chamber is at the end of mixing tube. An igniter is used to start the 
pilot which in turn ignites the main flame. Pilot holes to retain the stability of the 
ignited flame are placed at the outlet of the mixing tube where the combustion chamber 
wall separates compressed air from combustible mixture.

6.2   Computational domain

Due to periodicity of AEV burner in a can combustor along its axial axes and also 
reduction in the amount of calculation time only a quarter of the burner is used for 
calculation. The domain includes a quarter of burner inlet, hood, lance, swirl cone, 
mixing tube, combustion chamber and outlet.
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6.3   Boundary conditions

In this report all the variables are dimensionless with respect to inlet condition unless 
other reference conditions are mentioned. Then inlet temperature, mass flow rate, 
density and pressure are converted into a unity. Two side walls of the domain are 
periodic walls. 
The diesel mass flow rate is about 3.2 % of the air mass flow rate. In order to be able 

to use primary breakup models, a particle injection region is defined at the center of 
lance injector nozzle.
The chemical formulation of used diesel in this work is N C10H22, TMB C9H12

which is presented in the material data base of ANSYS CFX and CFX-RIF by the name 
of JetA. JetA is the only type of diesel for which CFX-RIF can generate its Flamelet 
library.

6.4   Important simplifications

The generated Flamelet library for JetA is very large since it includes all the possible 
species can exist in the JetA combustion. Simulations with this library take much
computational time and computer resources. Even the required time to load this library 
at the beginning of each simulation is more than forty minutes. In order to save time the 
spices of the library are reduced to H, O2, OH, O, H2, H2O, CO, CO2, N C10H22, 
TMB C9H12, and N2. In reducing the species just mentioned radicals which have 
higher concentration at the flame front are kept in library. This simplification just 
affects the flame region where radicals have higher concentration compared to the rest 
of the combustion chamber. Because reduced radical concentrations are quite low 
compared to kept species, this simplification does not include any significant error in 
the results even in the flame region.
Another important assumption is made up for setting up the dependency of laminar 

burning velocity of diesel with an equivalence ratio. These data are the result of 
experiments and Figure 2.1 is typical of this dependency. Since data about diesel fuel is 
not available, data of propane which exists in the data base of ANSYS CFX 11.0 is 
used.

6.5   List of simulated cases

In this report concentration of fuel is studied for different conditions at different 
positions. Engines full load condition is taken as a reference condition in order to be 
able to compare these conditions. For each case only one parameter is modified as 
compared to the reference case conditions.  These conditions are: 

• Full load working condition (reference condition)
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• Part load working condition where the engine yields about 53.3% of its designed 
condition power

• Over load working condition where the engine yields about 15.3% more than its 
designed condition power

• Injector nozzle with diameter about 80% of the reference case
• Injector nozzle with diameter about 29% above the reference case
• Fuel with surface tension about  90% of the reference case
• Fuel with surface tension about  10% above the reference case
• Different turbulence model (k-epsilon model)
• Different mesh (finer mesh)

6.6   Specification of grid and models 

The tetraheadral mesh module of ICEM is used to generate mesh. All cases are studied 
with the same coarse mesh except for the case that intends to study the effect of mesh 
on fuel concentration field. 

Table 6.1: Different meshes statistics

Coarse Mesh Fine Mesh
Number of Nodes 45371 193708
Number of Elements 217083 858900
Tetrahedra 217083 812727
Wedges 0 46173
Pyramids 0 0
Hexahedra 0 0

A list of applied models for reference case is presented in the following table. 

Table 6.2: List of applied models for reference case

Discretization scheme High resolution
Primary breakup Bolb Method
Secondary breakup CAB
Dynamic drag Liu
Combustion BVM
Turbulence model SST
Turbulence model discretization scheme High resolution
Liquid Phase Lagrangian Particle Tracking
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Figure 6.3: Dimensionless velocity field of burner

Figure 6.4: Dimensionless velocity vector field of burner

Figure 6.5: Dimensionless temperature field of burner 
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6.7 Numerical results and discussion

In this section some of the important results of numerical simulations for different cases 
are presented. Figure 6.3 illustrates the velocity field inside the combustor. 
Velocities are dimensionless based on the bulk velocity of the mixing tube outlet. As 

can be seen the flow is almost at rest in the hood and it starts to speed up when entering 
to swirl cone.
   Figure 6.4 shows the velocity vector field. If the upper half of the domain is 
considered, there are four recirculation zones. Two of them happen before the mixing 
tube, one after the hood entrance and the other happens above the mixing tube.  The 
other two recirculation zones happen after the mixing tube, one directly after the mixing 
tube at the top corner of the combustion chamber and the other can be seen after the 
vortex break up. These two recirculation zones in the combustion chamber have great 
influence on flame stability. They make hot combusted gases move toward the 
combustible mixture that comes out of the mixing tube. In this way, there is always a 
mechanism to ignite the combustible mixture and have continuous flame. 
   Another effect of the recirculation zone that happens after the vortex breakup zone is 
a stagnation point which is situated after the mixing tube outlet on the symmetry line. 
   Figure 6.5 shows the temperature field inside the combustor. Temperature decreases 
before the combustion chamber since evaporation of liquid fuel needs energy. Fuel 
evaporation absorbs about 26% of compressed air energy. So preheating of fuel as a 
coolant in the cooling system prior feeding fuel into the injector nozzle can increase the 
engine’s overall efficiency remarkably.
Also, Figure 6.5 shows that there is a hot zone around the outlet of the mixing tube 

which is caused by flow recirculation. These hot gases provide activation energy needed 
for ignition of the combustible mixture that enters the combustion chamber. This results 
in continuous combustion and stable flame inside the combustor.
Figure 6.6 shows the concentration of oxygen radical through the combustor.  Radicals 
are produced by combustion and their presence can mark the reaction zone. Therefore, 
the red spot in Figure 6.6 where the concentration of oxygen radical is higher than the 
rest of combustor can be considered as a flame position or reaction zone.
   Figure 6.7 plots reaction progress in the burner. Reaction progress equal to zero 
means there is not any reaction at all. As can be seen there is no reaction at the hood 
since there is no fuel there to burn. Also, reaction progress is zero at the mixing tube 
which is desired. It means flame flash back into the mixing tube does not occur.
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Figure 6.6: Flame position inside of burner

Figure 6.7: Reaction progress field of burner

6.8   Sensitivity of fuel concentration field to different parameters

The influence of different parameters on the fuel concentration field is studied. These 
cases have effect on the fuel concentration in different ways.  Some of them affect the 
fuel concentration field by just one parameter like smaller and higher surface tension 
compared to the reference case, smaller and larger injection nozzle diameter or injection 
direction. Cases like part load and over load represent change in the set of conditions 
such as fuel and air mass flow, pressure and temperature. The final group is a different 
available model to simulate the spray combustion like different secondary breakup 
model and turbulence model.
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Figure 6.8: Relative sensitivity of fuel concentration field
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Figure 6.9: Relative sensitivity of fuel concentration field
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The fuel concentration field is compared in four planes that cut the mixing tube at 
different axial distances. These distances are measured from the mixing tube outlet and 
are dimensionless with the mixing tube diameter. 
   Figure 6.8 shows the normalized max norm which is defined as below:

R
i

A
inorm CCMaxMax −=  (6.1)

Here A
iC and B

iC are fuel concentrations at the same calculation node ( i ) of the 
case A and reference case R . This is easily obtained for the case using the same grid.

Figure 6.9 shows normalized normL −2 which is defined as following:
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Here N is number of calculation nodes.

As can be seen part load and over load cases have significant effect on the concentration 
field. In these cases the mass flow rate of air and fuel varies and the fuel concentration 
is a ratio of the fuel mass over the air mass at the calculation node. Therefore, variation 
is not surprising.
In Figure 6.10 and Figure 6.11 droplets dimensionless velocity and Weber number are 
plotted across the burner for over load, part load and full load conditions with respect to 
dimensionless axial coordinate.
As the figures show both droplet slip velocity and Weber number significantly differ for 
part load and over load compared to the reference case. They are higher for the over 
load case and lower for the part load case. Higher Weber number results in producing 
higher number of finer droplets and this increases the rate of evaporation. Then fuel 
evaporates better in the over load case than the reference case and fuel evaporation in 
the reference case is better than the part load case.
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Droplet Dimensionless Slip Velocity
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Figure 6.10: Droplet dimensionless slip velocity in different load condition versus 
dimensionless axial coordinate
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Figure 6.11: Droplet Weber number in different load condition versus dimensionless 
axial coordinate 

   Figure 6.8 and Figure 6.9 show that injection direction has important influence on the 
variation of concentration field after working condition cases. In this case fuel is 
injected axially, but in the reference case fuel is injected with an angle with respect to 
the axial axis. In Figure 6.12 and Figure 6.13 droplets dimensionless velocity and 
Weber number are plotted across the burner for axial and angled injection with respect 
to dimensionless axial coordinate and dimensionless distance from the injector. 
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Droplet Dimensionless Slip Velocity
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Figure 6.12: Droplet dimensionless slip velocity in axial and angled injection versus 
dimensionless axial coordinate and dimensionless distance from injector
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Figure 6.13: Droplet Weber number in axial and angled injection versus 
dimensionless axial coordinate and dimensionless distance from injector

By a first look at Figure 6.12 and Figure 6.13 it is clear that droplets have a longer 
trajectory, about one unit of distance, in the axial injection case. This means that 
evaporation takes place within a longer distance and that gas fuel concentration is leaner 
in the axial injection case than in the angled injection case at the same cross plane. 
Droplets in angled injection face greater Weber number and slip velocity from the 
injection point up to about a distance of 0.8 (X/D) due to different paths through the 
flow field. This means that droplets in angled injection face severe secondary breakup 
and produce large number of finer droplets. All of these stimulate the rate of fuel 
evaporation. 
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Droplet Dimensionless Slip Velocity
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Figure 6.14: Droplet dimensionless slip velocity for different diameter of injector 
versus dimensionless axial coordinate
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Figure 6.15: Droplet Weber number for different diameter of injector versus 
dimensionless axial coordinate

After X/D about one unity Weber number falls to zero for both cases. Then there is no 
more secondary breakup to produce finer droplets. Only droplet evaporation remains 
and bigger droplets of the axial injection case need to travel a longer distance to 
evaporate totally. 
The injector diameter is the next important parameter that can affect the fuel 

concentration field considerably. The injector diameter determines droplets initial size, 
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number and velocity which are the most important initial conditions for droplets 
secondary breakup. Figure 6.14 and Figure 6.15 show the effect of the injector diameter 
on droplets’ initial Weber number and slip velocity.

Figure 6.16: Concentration field for reference case and finer mesh

Figure 6.16 shows the fuel concentration field for the reference case and the finer 
mesh through the mixing tube. Both of them predicate almost the same jumps in the 
concentration but in different positions. This reveals that the effect of the mesh on the 
calculated fuel concentration is very important and should be counted as one of the most 
important issues in future works.

6.9   Conclusion

By reconsidering the presented results it is clear that physical parameters such as the 
injector nozzle diameter, the injection angle and working conditions (different fuel and 
air mass flow, pressure and temperature) have great influence on the fuel concentration 
field.
   Other parameters such as different model for turbulence and secondary breakup as 
well as fuel surface tension have smaller effect on the concentration of fuel.
   The effect of the mesh on the concentration field is also one important parameter and 
should be considered in future work.  
As the temperature field shows that evaporation of diesel absorbs about 26% of 
compressed air internal energy, preheating of fuel before injection can increase engine 
efficiency considerably. 
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6.10   Future work

This work tried to find out a frame work for studying spray combustion of SGT-800 
burner. Based on the results the following studies seem to be useful.

• Investigation of different mesh on the spray
• Simulations with a turbulence model that can simulate swirling flow more 

precisely such as RSM or LES.
• Conducting experiments to find the injected droplets’ initial size and velocity 

distribution in order to feed them to CFD simulations
• Study the behavior of single droplet in the burner flow field by considering the 

droplet internal flow field and turbulence as well as interacting forces between 
the droplet and outer flow field which results in breakup instead of using 
secondary breakup models 

• A different load level can be implemented by changing fuel and air mass flow, 
temperature and pressure. So  parameter studies need to be performed to find out 
the sensitivity of load level to mentioned parameters

• A study to find out the optimum injection angle
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7   Study of fuel injector behavior

 In this chapter, the attempt to study the characteristic behavior of the injector is 
explained. The main function of the injector is to transform the liquid fuel stream into 
fine droplet. Produced droplets after breakup have different size and velocity which 
need to be determined and fed to the model as initial boundary conditions.
   In order to find out the size distribution of droplets after injector experiments are 
conducted simulations corresponding to these experiments are preformed in ANSYS
CFX.

7.1   Experiment 

In these experiments water is used as the working liquid. For different mass flow of 
water the maximum height of the water stream is measured by recording the
experiment. These experiments are conducted for different diameter of injector nozzle. 
Diameters presented in this report are none dimensional based on the diameter of the 
reference case. Then the diameters of tested injectors are made into a unity for the 
reference case and 80% of the reference case.

7.1.1   Experiment Setup

Figure 7.1 illustrates schematically of the experimental setup. The water pump 
circulates water through the setup. The mass flow of water is measured by a mass flow 
meter, but its amount can be controlled by a valve which is placed before the mass flow 
meter. Each Lance has four injector nozzles which are located on the circle at the tip of 
the Lance with an angle of 90 degrees from each other. Two diagonally opposite 
injectors are blocked by glue. During experiments water can flow from the two other 
injectors, but the maximum height is measured for one of the injector each time.
   A valve is used to adjust the mass flow of water during the experiment and the mass 
flow is measured by a digital mass flow meter.
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Figure 7.1: Experimental setup
                  M: Mass flow meter
                  V: Valve
                   L: Lance
                   R: Ruler

A lamp illuminates the water stream so that it is possible to record the experiment. A 
black curtain is hanged behind the water stream to have a clear film of water stream. A 
ruler is stuck on the curtain to measure the maximum height of water stream.

7.1.2   Experiment Procedure

After starting the pump the water stream coming out of the injector is filmed by the 
camera. The maximum level of water stream can be changed by regulating the valve 
placed before the mass flow meter. During the experiment the mass flow meter shows 
mass flow and the maximum height is found out from recorded movies. The 
experiments are conducted for two different injector diameters and mass flow. The 
result of the experiment is shown in the next figure.



53

Result of water test

60

70

80

90

100

110

120

130

140

150

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

Mass flow (g/s)

H
ei
gh

t (
m
m
)

Lance 4, D=1
Lance 1, D=1
Lance X, D=0.8

Figure 7.2: Experimental results

7.2   CFX Simulation

CFX simulations are performed to find out droplet size of the experiments. In these 
simulations the maximum height of water stream is taken as a matching characteristic 
between experiments and simulations.
   In these simulations a quarter of a lance, which includes one injector nozzle, is 
simulated. The simulated domain is a quarter of a cylinder. The lance and domain have
the same center line.

Figure 7.3: Calculation Domain
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In these experiments the water stream is modeled by droplets leaving the injector 
nozzle. Lagrangian particle tracking is used to find the droplets’ trajectories. The size of 
simulated droplets is made into a unity which corresponds to the reference case and 
cases with a diameter of 16%, 80% and 161% of the reference case are also simulated.
   Tetrahedral mesh is used in these calculations. Since the calculation domain is so 
huge and the interested part is just the droplet trajectory, different strategies of meshing 
are used. At the beginning a very coarse mesh of 12 k with uniform distribution is used. 
Then this mesh is refined every where and the number of generated mesh increases to     
800 k. The calculation time for 800 k mesh is high and the calculated maximum height 
differs less than 10% for finer droplet. 
Another strategy is refining the mesh around the trajectory. At the beginning two 

mesh density boxes are put around the trajectory. One of these boxes is put from the 
injector nozzle outlet up to 70% of the maximum height which can be approximated as 
a straight line. The other mesh density box covers the parabolic part of the droplet track. 
These density boxes are added to 12 k case and increases the number of mesh to 80 k.

Figure 7.4: Air flow field Figure 7.5: Closer view of air flow above
                   particle trajectory             

The result of the 80 k simulation reveals that droplets have significant effect on the air 
around the trajectory. In order to study the effect of surrounding air on droplets’ track 
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two coaxial density boxes are used to capture air recirculation zones. The inner box has 
a finer mesh size than the outer one. Also, one more density box is put at the outlet 
coaxial with previous box at the outlet to resolve that region better. These new boxes 
increase the number of mesh to 227 k.
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Figure 7.6: Mesh Sensitivity

7.3   Effect of surrounding air movement on droplets

Here the effect of ambient air flow caused by droplet injection is investigated. A      
one-dimensional calculation that considers only drag force as the only acting force on 
the droplet is done to find the droplet velocity after leaving the injector.
   At each step of this calculation the droplet displacement is assumed to be known and 
then the following steps are taken:

• Droplet velocity from previous step
• Droplet Reynolds Number
• Droplet drag coefficient from Schiller–Newman  drag coefficient
• Droplet acceleration
• Displacement time 
• Droplet velocity at the end of step

The following figures show the results of calculation and compare them with CFX 
calculations.
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Figure 7.7: Calculation results & Comparison to CFX
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Figure 7.8: Importance of Gravity effect on droplet

As can be seen there is difference of 60 cm between CFX simulation and hand 
calculation results. That is due to neglecting the effect of ambient air motion caused by 
interaction between droplet and air.
Another important parameter is the effect of gravity on droplet. As is shown, the 

gravity role increases with the distance from the injector and gravity force is not 
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considered in hand calculation. It shows that hand calculation can be a good 
approximation just after the injector outlet where its main assumption, that drag force is 
the only acting force on droplet, is valid.

7.4   Comparison between CFX simulation and experiment

CFX simulations are performed for droplets of sizes 16%, 80%, 100% and 161% of the 
reference case. The matching parameter between experiments and CFX simulation is 
droplets maximum height.  None of these assumed droplet sizes match with 
experiments. In simulation, droplets exist after the injector outlet, but in experiments
breakup happens near the peak of water stream.

7.5   Future Work

A melted wax test can give the droplet size distribution after injector. After injection of 
melted wax and its breakup to fine droplets the solid wax droplets can be collected and 
their diameter can be measured. In this way droplet size distribution after injector can 
be measured exactly.   
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