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ABSTRACT

Fuel injectors deliver fuel to cylinders of internal combustion (IC) engines. The fuel is

sprayed through an injector nozzle, typically at high pressure, to improve the mixing of

fuel with air and increase the combustion efficiency. Modern passenger cars and trucks

use higher injection pressures than earlier models to improve the atomization of fuel in

order to reduce the emission levels ofIC engines. Unfortunately, high operating pressures

in diesel injectors can cause cavitation in the liquid fuel, leading to degradation in

performance and structural damage to the injector. Because fuel injectors are typically

small, experimental measurements of this phenomenon are difficult to make, so analysis

through CFD is an appealing alternative.

The project scope is mainly on the comparing the simulation results with experimental

data (using a scaled up model). In particular, it is of interest to study the flow behaviour

especially in determining the cavitation and atomization using CFD software, ANSYS

6.0. The methodology of project work consists of literature review, Gantt chart and

simulation.

The main objective of this project is to do simulation on internal flow of diesel fuel

injector using ANSYS, then comparing and analysing the results for both experiment and

simulation. Interpretation fromthe simulationresults lead to the better explanation for the

cavitation and atomisation phenomena. Finally, at the end of this project the

computational cost can be reduced by the simplification ofsimulation process.

The simulations cover on the single-phase and 2 dimensional analyses which focus on the

effect of the sharp and blunt inlet nozzle to the cavitation flow. Meanwhile, for the

atomization and hydraulic flip flow, volume fraction analysis will be the best method to

express the atomization flow as explain in the chapter 2. As conclusion for this project,

ANSYS software is reliable to simulate the internal fluid flow problems and able to

produce a quite accurate outcome (with some limitation) to assist in further study on the

internal fluid flow behaviour.
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NOMENCLATURE

A effective flow area through the contraction

Ac nominal nozzle area

?i absolute upstream pressure i.e. injection pressure

P2 absolute downstream pressure i.e. reservoir pressure

Pv vapour pressure of fluid in the nozzle

Cv cavitation number

Re Reynolds number

p fluid density

pL dynamic viscosity of fluid

o surface tension

- v-
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CHAPTER 1

INTRODUCTION

The design of modern diesel fuel injectors to an operating pressure of approximately 20

atmospheres is driven by the emission requirements. Cavitation of the fuel inside the

injector orifices has long been known to occur because of the structural damage to the

orifices. The exact internal flow behaviour of the injector is not yet perfectly understood

since the size of the injector itself is very small. Therefore, by aid of the CFD software

will helpdetermine the flowcharacteristic of the injector.

Two main factors that will be emphasized in this project are cavitation and atomisation

effect. Flow cavitation is considered a major problem affecting performance of high-

pressure diesel injectors (1). The cavitating flow is a two-phase flow by nature with

gaseous phasegenerally dispersed within the liquidphasein the form of minute bubbles.

1.1 Background of Study

A diesel engine is different relative to a gasoline engine by its operation. In the

combustion chamber the ignition ofthe diesel engine is only by compression. Therefore it

is good to have the injector produce a very heterogeneous mixture of liquiddroplets, fuel

vapour mixed with air, and some air pockets all-present at the same time. This is to

ensure that the fuel will burn rapidly in the premixed mode immediately after ignition.

In general, this project aims to simulate the internal flow of diesel fuel injector. The

simulation will help to monitor the flow characteristic of the injector in detail. Therefore,

validation and comparison of the simulation results with the experimental data are very



essential. The outcome of this analysis can be used for the improvement of the fuel

injector design.

1.2 Problem Statement

1.2.1 Problem identification

Currently the performance of diesel fuel injector can be gauged easily from the output.

But the internal flow characteristic that drive the output flow behaviour is not yet

perfectly understood since a very small size of injector (approximately 150 um).

Therefore, the scaled up model is used in order to analyse the system. This project

focuses on the simulation to compare the results with experimental data and study in

details on the flow characteristic.

1.2.2 Significant of the project

The injector is an essential part of the diesel engine. Currently, many research (1-2) have

been done to improve the injector performance. So, by the simulation, the flow

characteristic will be studied further especially for the steady state case as well as

transient case. This project will expose the student on the principle and the behaviour of

the injector flow using CFD software simulation. The information from this project

hopefully can help to design the flow pattern and can be used for other applications. The

outcome ofthis project is very promising in future development of fuel injector.

1.3 Objectives

• The main objective of this project is to do a simulation on the internal flow of

scaled up-diesel injector rig using the CFD software.

• To compare and analyse the results of the experiment and the simulation.

• To observe the flow characteristic differences between sharp inlet nozzle and

blunt inlet nozzle.



• To reduce the computational cost for the simulation. The time taken for the

simulation is very long (almost 5 hours for transient case) for fine mesh.

Therefore, an adequate number of elements for mesh are set to reduce the

simulation time.

• To study the internal flow for steady state case with plan to look further at

transient case.

1.4 Scope of Study

The project requires understanding of the principal and the behaviour of diesel fuel

injector especially on the internal flow characteristic. The important factors on this

project are the steady state flow, cavitation concept and the atomisation during the

process flow. The simulation must be in the 2-phase mode (gas and liquid) in order to

make a comparison with the results obtained from the simulation and the experimental

data.

For the first part of the project, literature review on the injector and simulation of single

phase condition for finding the adequate meshing, to reduce the computational cost were

covered. The second part of the project focused on the 2-phase simulation which is

estimated to be the exact flow inside the injector. The entire dimension and the other

parameters used in the simulation process follow as per scaled up diesel injector

experiment. This is very important to make sure that the simulation and experimental

results have been compared using the same model, for dynamic similarity. The project

looks at the steady state cases and also has the transient case analysis.



CHAPTER 2

LITERATURE REVIEW & THEORY

2.1 Cavitation

Cavitation bubbles form because of the mechanical force (very low static pressure) that

occurs in high-speed nozzle flow near a sharp inlet corner (2). This low static pressure is

predicted by incompressible potential flow theory, which indicates that flow around a

sharp corner will have infinite negative pressure. The sharper the corner and the higher

the velocity, the more likely cavitation is to occur.

Sac Volume:

Point 1

Contraction?

Point c

Figure 2.1: Schematic ofnozzle flow (2)

Cylinder:
Point 2

In the case of a sharp inlet, where the flow separates at the corner, the flow experiences a

vena contracta (2). Vena contracta is the area which the sudden pressure drop in flow will

occur. At this area, the cavitation flow will suspected to happen. Cavitation is the sudden

formation and collapse ofbubbles in a fluid cause by mechanical force, which is pressure.

This is due to pressure drop below atmospheric pressure. Point 1 would be downstream

of the injector needle that the local velocity would be small, such as in the sac of the



injector. Point c is downstream of the inlet, where the vena contracta effect is a

maximum. The coefficient ofcontraction, Ca is defined:

A

Another relevant integral property of the flow is the coefficient of discharge, Q. The

coefficient of discharge represents the efficiency of the nozzle between points 1 and 2

and thus is a measure of any losses occurs in the nozzle. The definition of the coefficient

ofdischarge, Qis:

Cd = M [2.2]
AftpW-P,)

The definition of C& continuity, and Bernoulli's equation are combined to obtain the

following expression for the coefficient ofdischarge ofa cavitating nozzle, C&:

C ~C

I
^ p — p ^",

p - p
[2.3]

The pressure ratio in the right side of equation above turns out to be a very useful

cavitation parameter and is referred to as K in the remainder ofthis paper.

P -PK^Z—-^ [2.3]

In an actual injector, Pi represents the sac pressure. Unfortunately, it is extremely

difficult to measure the sac pressure of a working injector. Instead, fuel injectors may be

equipped with a pressure transducer just upstream of the needle. Because the exact sac

pressure is not known, the coefficient of discharge will actually include strong needle

effects. During periods of low needle lift, most likely a large pressure loss across the

needle would happen. For the beginning and the ending portions of the injection, the



needle will dominate the behaviour of the coefficient of discharge. Due to needle effects,

the measured value ofK is only credible during large needle lift. For this reason, the bulk

of the previous analysis should be applied to the portion of injection where the needle is

nearly fully open.

2.2 Atomisation

The fuel jet forms a cone-shaped spray at the nozzle exit under typical diesel engine

injection conditions. This behaviour is called atomisation backup regime, and it produces

droplets with sizes very much less than the nozzle exit diameter (1). This behaviour is

different from other modes of liquid jet breakup. At low velocity, breakup is due to the

unstable growth of surface waves caused by surface tension and results in drops larger

than jet diameter. As jet velocity is increased, forces due to the relative motion of the jet

and the surrounding air augment the surface tension force and lead the drops sizes of the

order of the jet diameter. In diesel engine, the distribution of fuel into smaller droplets

allow for better combustion. A good combustion hopefully improved efficiency and

reduced emissions

Cavitation is also a possible contributor of atomisation. In nozzle flow behaviour, the re

circulating region causes the effective area of flow to reduce. The flow will then reduce

the pressure and increase the amount of radial vorticity in the fluid. This assists

atomisation of the fluid as it emerges from the confines of the nozzle walls.

The generation and collapse of these bubbles is said to introduce increased levels of

turbulence and hence the greater atomisation effect will happen. The quality of

atomisation increases with increasing injection pressure up to a threshold value. Over this

value, the flow emerges in a condition known as hydraulic flip. Hydraulic flip is the

condition where the high velocity flow happens. The fluid is not being contact with

nozzle wall after the flow separates at the corner. The output flow from the injector will

be very smooth and glass-like shape. The hydraulic flip flow occurs because of high



pressure different between the inlet and outlet. This pressure different will lead to high

flow velocity. Moreover the flow does not have any droplets or bubbles generation.

2.3 Computational Fluid Dynamic (CFD) Software - ANSYS

This project used ANSYS 6.0 to simulate all the models and cases to accomplish the

results as stated in the objectives. ANSYS is finite element analysis software that enables

users to perform several tasks. The ANSYS programme has a comprehensive graphical

user interface (GUI) that gives users easy, interactive access to programme functions,

commands, documentation, and reference material. An intuitive menu system helps users

navigate through the ANSYS programme. Users can input data using a mouse, a

keyboard, or a combination ofboth. (3)

2.3.1 Overview of FLOTRAN Analysis

A typical FLOTRAN analysis consists of seven main steps:

1. Determine the problem domain.

2. Determine the flow regime.

3. Create the finite element mesh.

4. Apply boundary conditions.

5. Set FLOTRAN analysis parameters.

6. Solve the problem.

7. Examine the results.

2.3.2 Characteristics of the FLOTRAN Elements

The ANSYS FLOTRAN elements used in this simulation, FLUID141, can solve for two-

dimensional flow, pressure, and temperature distributions in a single phase viscous fluid.

For these elements, the ANSYS programme calculates velocity components, pressure,

and temperature from the conservation of three properties: mass, momentum, and energy

(3).



The FLUID141 element has these characteristics:

Dimensions: 2-Dimensional

Shape: Quadrilateral, four nodes or triangle, three nodes

Degrees offreedom: Fluid velocity, pressure, temperature, turbulent kinetic energy,

turbulent energy dissipation, multiple species mass fractions for up to six fluids.

Other features of the FLOTRAN elements include:

• A two-equation turbulence model for simulating turbulent flows.

• Derived results, such as Mach number, pressure coefficient, total pressure, shear

stress, y plus at walls, and stream function for fluid analyses and heat flux and

heat transfer (film) coefficient for thermal analyses.

• Fluid boundary conditions, including velocities, pressures, and the turbulence

quantities kinetic energy and kinetic energy dissipation rate.

• Thermal boundary conditions, including temperature, heat flux, volumetric heat

sources, and heat transfer (film) coefficient.

ANSYS can solve problems in Cartesian, cylindrical, polar, and axisymmetric coordinate

systems. If a problem is axisymmetric, activating a swirl option allows user to calculate a

velocity component normal to the axisymmetric plane.

2.3.3 Turbulent flow

Flows are classified as laminar or turbulent. For any flow geometry, there is one (or

more) dimensionless parameter such that with this parameter value below a particular

value, the flow is laminar. While with the parameter value larger than certain value, it is

turbulent. For pipe flow this parameter is the Reynolds number. The value of the

Reynolds number must be less than approximately 2100 for laminar flow and greater than

approximately 4000 for turbulent flow.

The dimensionless Reynolds number measures the ratio of inertial and viscous forces to

help determine whether or not the turbulence model should be activated in the ANSYS



simulation. The Reynolds number (Re) is defined in terms of the properties ofthe fluid, a

characteristic velocity, and a characteristic dimension (3):

Re =
pVLc

M

The density (mass/length3) and absolute viscosity |i (mass/length-time) are properties of

the fluid. For internal flow problems, the characteristic dimension is the hydraulic

diameter, defined as:

_ n - 4(cross -sectional Flow Area)
Wetted Perimeter

2.3.4 Turbulence Model

The distinction between laminar and turbulent flow lies in the ratio of the inertial

transport to the viscous transport. As this ratio increases, instabilities develop and

velocity fluctuations begin to occur. A turbulence model accounts for the effect of these

fluctuations on the mean flow by using an increased viscosity (the effective viscosity) in

the governing equations. The effective viscosity is the sum of the laminar viscosity

(which is a property of the fluid) and turbulent viscosity (which is calculated from a

turbulence model).
\ie ~~ M-laminar + Uturbulence

Generally, the more turbulent the flow field, the higher the effective viscosity. ANSYS

FLOTRAN offers six turbulence models (3):

1. Standard k-epsilon Model

2. Zero Equation Turbulence Model (ZeroEq)

3. Re-Normalized Group Turbulence Model (RNG)

4. K-epsilon Model due to Shih(NKE)

5. Non-linear Model ofGirimaji (GIR)

6. Shih, Zhu, Lumley Model (SZL)

The details for each models are explain in the Appendix 2.1.
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CHAPTER 3

EXPERIMENT DETAILS

3.1 Introduction

The experimental data is basically used to verify the CFD simulation. This project mainly

focuses on providing the CFD data as comparison to the results of Dalli (5). Y.Laoonual

et. al. also did quite similar experiment and equipment (6), which is both of the

experiments data are used as the baseline comparison for this project. In this chapter, only

the essential information from the experiment is included.

3.2 Experiment Details

3.2.1 Experimental Apparatus

A schematic diagram on the experimental apparatus used for the study of VCO nozzles is

shown in Figure 3.1 (6). The apparatus consists of three main parts: The high pressure

rig, the scaled up nozzle and the auxiliary equipment. In the high pressure rig the working

fluid (water) is pressurized in a reservoir up to a maximum working pressure of 5MPa

using nitrogen gas. The nozzle; made from Perspex is contained in the injector body.

Flow through the nozzle is controlled by the nozzle valve, which has a piece of rubber

inserted at the bottom to provide an adequate seal in the closed position. To instigate

injection the cam lever arm is moved rapidly (with a repetitive dynamic action) by the

action from the piston rod of a linear compressed air actuator, via a solenoid valve,

operated by a control switch. Once the cam lever arm move, the valve is moved up and

injection into atmospheric condition begins.

10



Cam lever

(Mild steel)

Steel Injector body
(High carbon steel)

"O" Ring

Nozzle valve

(Mild steel)

Rubber seal

Top flange
(High carbon steel)

Nozzle holder

(Mild steel)

'erspex nozzle

Figure 3.1: Assembly drawing of injector apparatus (5)

The details dimensions for both shapes of the experimental scaled up diesel

injector and the valve are shown in Figure 3.2, Figure 3.3 and Figure 3.4.
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PLAN VIEW

Mfe

SIDE VIEW

50.4

39.6

DIMENSIONS IN mm

NOT TO SCALE

deep, 4mmwidei 1.0 92

'0" Ring

10 - Holes

for MIOtap

Extension piece (Perspex)

Figure 3.2: The 12 mm sharp inlet Perspex nozzle with the extension piece, L/d - 5 (5)
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SIDE VIEW

50.4

39.6

DIMENSIONS IN mm

NOT TO SCALE

v0" Ring groove

10 - Holes for

M10 tap head

Extension piece (Perspex)

Figure 3.3: The 12 mm round inlet Perspex nozzle with the extension piece, L/d = 5 (5)

0 60

DIMENSIONS IN mm

NOT TO SCALE

Figure 3.4: Nozzle valve (mild steel) (5)
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3.2.2 Dimensionless Parameter

Several parameters are used in this experiment, and they are as described in the Table

3.1.

Liquid

Liquid
density

PL

Kg/m3

Viscosity,

Ml

N.s/m2

Pv
N/m2

Surface

tension

a

N/m

SP

bar

Fluid

Velocity
(m/s)

Reynolds
number

(Re)

Cavitation

number

(Cv)

Water 998 1.002E-3 2338 0.0727

1.70 18.57 2.22E+5 1.74

2.72 23.52 2.81E+5 2.79

4.76 31.11 3.72E+5 4.88

6.80 37.16 4.44E+5 6.96

13.61 52.55 6.28E+5 13.92

19.74 63.31 7.57E+5 20.20

Diesel 850.6 2.676E-3 300 0.028

1.70 20.11 7.67E+4 1.70

2.72 25.47 9.72E+4 2.73

4.73 33.70 1.29E+5 4.78

6.80 40.25 1.54E+5 6.82

13.61 56.92 2.17E+5 13.64

19.74 68.58 2.62E+5 19.80

Diesel fuel orifice, PI = 1000 bar, Cd = 0.6,
pm= 23 kg/m3, P2 = 60 bar

960 285 1.36E+4 16

Table 3.1: The liquid used in experiments and typical values ofdimensionless groups for

12 mm sharp inlet nozzle (5)

3.2.3 Experimental Results

The experiment of transient cavitation and separation in scaled-up model of VCO orifice

by A.M. Dalli and also by Y.Laoonual et. al. shows the flow behaviour at the outlet of the

nozzle are varies for different inlet pressure. They are two types of flow for the sharp

inlet nozzle, which are the cavitating flow and the hydraulic flip flow (see Figure 3.5).

The range for the cavitating flow is up to 25 psi inlet pressure. Once the value of the flow

exceeds the range, the flow becomes hydraulic flip. Table 3.2 (Dalli's results) and Table

3.3 (the Y. Laoonual et. al.'s results) show the experimental findings using a pure water.

14



Pressure (psi) Pressure (Pa) Remarks

15 103421 Slight cavitation

25 172369 Severe cavitation

26 179264 Hydraulic flip

30 206843 Hydraulic flip

40 275790 Hydraulic flip

70 482633 Hydraulic flip

80 551581 Hydraulic flip

100 689476 Hydraulic flip

200 1378950 Hydraulic flip

290 1999480 Hydraulic flip

Table 3.2: Experimental results for sharp inlet nozzle (L/D - 5) by Dalli.

Phenomena

Model 1: Plain nozzle Model 2 Round nozzle, r - 3

L/D
Pressure (gauge)

L/D
Pressure (gauge)

psi MPa psi MPa

Incipient
cavitation

5 20 0.138 5 20 0.138

10 20 0.138 10 20 0.138

Super cavitation
5 25 0.172 5 30 0.207

10 30 0.207 10 35 0.241

Total hydraulic
flip

5 25 0.172 5 30 0.207

10 30 0.207 10
* *

Table 3.3: Experimental results by Y.Laoonual et. al. (6)

Slight / incipient cavitation Severe / supercavitation Hydraulic flip

Figure 3.5: The principle flow regime taken by Y.Laoonual et. al.
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CHAPTER 4

METHODOLOGY/PROJECT WORK

4.1 Literature Review

Literature review is important as the basic knowledge on diesel fuel injector concept need

to be mastered. Books, journals and articles have to be referred from the library and the

internet surfing had been done in order to have better understanding about this project.

4.2 Gantt Chart

The chart is used to monitor project progress. The project is divided into two semesters

and there are several milestones to be completed (4). (Appendix 4.1 and Appendix 4.2)

4.3 Simulation Using ANSYS

Simulation will be done on the single phase and the steady state case for blunt inlet

injector. The nozzles are at 30 percent opening mode which the injector will lift up

almost one third of the allowable limit. The solution can be further analysed for blunt

inlet and transient case. The simulation is done according to the following steps:

Step 1 : Model generation - The drawing ofthe diesel injector will be generated.

Step 2 : Meshing - to analyse the model for each small nodes.

Step 3 : Key in required information, such as density of the fluid and other design

parameters.

Step 4 : Setting up the boundary layer condition.

Step 5 : Simulate and getting the results.

Step 6 : Results comparing especially on flow characteristic.
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Figure 4.1: Simulation flowchart
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4.4 Tools and Equipment

The project is completed with the aid of CFD software which is ANSYS. ANSYS finite

element analysis, appropriate software enables users to perform the fluid simulation

tasks. The ANSYS programme has a comprehensive graphical user interface (GUI) that

gives users easy, interactive access to programme functions, commands, documentation,

and reference material. An intuitive menu system helps users navigate through the

ANSYS programme. Users can input data using a mouse, a keyboard, or a combination

of both. For 2-phase analysis, ANSYS FLOTRAN had been used. The details about this

software are discussed in the next chapter.

All simulation work for this project is done using a Pentium 4 computer with 256 MB

RAM, 20 GB hard disk capacity and operational speed of 1.7 GHz. The computer uses

Windows XP Professional as the operating system. Extra fan is needed because of the

heat generated due to continuous running ofthe hard disk during the simulation.
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CHAPTERS

CFD MODELLING OF INTERNAL FLOW OF SCALED-UP DIESEL

INJECTOR

5.1 Introduction

ANSYS consists of several simulation types. For this project, the internal flow

characteristic evaluation, the ANSYS FLOTRAN was selected. The FLOTRAN CFD

(Computational Fluid Dynamics) option to the other ANSYS products provide

comprehensive tools for analyzing two-dimensional and three-dimensional fluid flow

fields.

ANSYS FLOTRAN can perform several types of analysis; laminar or turbulent, thermal

or adiabatic, free surface, compressible or incompressible, Newtonian or non-Newtonian

and multiple species transport. These types of analyses are not mutually exclusive. For

example, a laminar analysis can be thermal or adiabatic. A turbulent analysis can be

compressible or incompressible.

The ANSYS FLOTRAN elements, FLUID141 and FLUID142, solve for two- and three-

dimensional flow respectively, pressure, and temperature distributions in a single phase

viscous fluid. For these elements, the ANSYS programme calculates velocity

components, pressure, and temperature from the conservation of three properties: mass,

momentum, and energy.
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5.2 Basic drawing

The diagram below shows the basic drawing of2-D model ofscaled-up diesel injector.

The needle valve is opened at 1:3 opening ratio (see Figure 5.1)

Nozzle valve area -

1:3 opening ratio

20

10

10

0 60

3fl 12

DIMENSIONS IN mm

NOT TO SCALE

Figure 5.1: Basic drawing for the simulation

< lii >

Since the axisymmetric model is used in ANSYS, the simulation will be done for one part

of the injector. As example, the injectorconsists of 360°cylindermodel and the centre of

the cylinder is at the line A-A (refer Figure 5.1), ANSYS simulation only calculates one

degree or one part of it. It means that, the calculation only base on the one portion of flow

area with respect to centre line. The rest are assumed similar in flow pattern. The cutting

line A-A, in the figure above also shows the symmetric line of the simulation drawing. In

the 'axisymmetric theorem' (3), it mentions that the flow velocity at symmetric line will

be perpendicular with the axis will equal to zero. This condition must be set up in the

boundary condition in the software.
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5.3 Specification of boundary condition and meshing concentration.

5.3.1 Boundary condition

Before continuing with the analysis, the boundary condition must be set up. The

boundary condition will remain the same for any set of meshing. Figure 5.2 can be

referred for clear illustration.

Axisymmetric line

P = 25 Psi

L x

NOT TO SCALE

Figure 5.2: Boundary condition.

2k

VY=0

Vx = 0,VY = 0

Pressure

p = o

Specification of each parameter as shown in Figure 5.2 can be done using ANSYS

graphical user interface (GUI). Another important, ANSYS use SI unit for the

calculation. Therefore the pressure in English unit, pound square inch (psi) must be

converted to SI unit, Pascal (Pa). Conversion software can be used, as shown in Figure
5.3.
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5.3.2 Meshing

Using ANSYS, the user can self determine the style of mesh, as desired. In the

simulation, some portion of the drawing needs to be meshed with high number of nodes

in order to get a more detail and accurate result. The concentration of meshing was

determined by the number of elements for each line of the drawing. The areas that need

detail meshing are shown in Figure 5.4. The circled area is the area that has the most

probability for the vena contracta to occur. The essential results to be analyzed are the

vector plot of the velocity and the contour plot for pressure.

A

y

X

/ \ -»

L J
Axis symmetric

E^ Flow direction

\&M Detail mesh
133^

NOT TO SCALE

Figure 5.4: Area with high mesh concentration

5.33 Adequate meshing justification

The meshing must be justified to be adequate enough to get the accurate results and

appropriate simulation time. Appropriate level of the meshing concentration must be set

in order to get an adequate mesh. The coarsest mesh is the mesh with very little number

of elements while the finest mesh has too much number of elements.
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The single-phase simulationmust be done accordingto the set of meshing (from finest to

the coarsest) as shown in the Figure 5.5 and Table 5.1. The comparison for velocity plot

and nodal solution (pressure) were done for all set of results. The solution with the most

accurate result and the most similar with finest result will be selected. The notation I, II,

III, IV and V are referring to the mesh division for each line. While A, B, C, D and E

will refer to the area of the specific location.

II

V D

II]

A I

II

II
B

JL

V E

in

I - 10 elements

i

II
NOT TO SCALE

Figure 5.5: The mesh division in each line.

V

Set

H m r / V

No. of

elements

Spacing
Ratio

No. of

elements

Spacing
Ratio

No. of

elements

Spacing
Ratio

No. of

elements

Spacing
Ratio

1 10 5 20 5 40 5 12 5

2 15 5 30 5 50 5 15 5

3 15 5 25 5 60 5 15 5

4 15 5 30 5 60 5 20 5

5 15 5 30 5 70 5 20 5

6 15 5 30 5 80 5 20 5

7 30 5 30 5 90 5 30 5

8 30 5 30 5 100 5 40 5

9 35 5 50 5 100 5 40 5

10 40 5 60 5 100 5 40 5

11 50 5 70 5 120 5 40 5

Table 5.1: Set ofmeshing with different number ofelements
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The number ofelements refers to the quantity of elements in the certain rows and column

in the meshing area. While the spacing ratio is the ratio of how many elements

concentrate at certain part in the drawing. It means that, more number of elements will

concentrate at one part of the drawing as specified by the user. As example, if spacing

ratio is one, the element will be distributed equally. But if spacing ratio is more than one

the concentration is bias at one side of specified location. Figure 5.6 shows the

illustration for the mesh result, which is set 6. The mesh justification will be done

according to the accuracy of the results using an adequate meshing concentration. An

accurate and easier calculation for simulation requires a mapped mesh (see Figure 5.7).

Mappedmesh allowed the elements is arranged uniformly. Therefore, the calculation for

the simulation can be done easily using array method (7).
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Figure 5.6: Mesh result (mapped) for set 6 from ANSYS GUI.
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Figure 5.7: Mesh result (free mesh) from ANSYS GUI.

5.4 Volume of fraction (VOF) analysis

The VOF analysis is an additional procedure to the FLOTRAN simulation (7). All the

parameters are set in the same manner provided with the steps as shown in the process

flow diagram inFigure 5.8. The analysis is used todetermine the volume fraction for the

internal flow pattern in the nozzle. If there is a bubble, the volume fraction will be less

thanone. The cavitation willresult changes in the volume of liquid-vapour fraction in the

fluid flow. Therefore the simulationresult is expectedto show the contourplot of vapour

fraction (VFRC). The sharp inlet nozzle area is focused because cavitation is suspected to

occur there. The governing equations for the 2-phase model of VOF analysis are shown

in Appendix 5.1.

Initial VFRC load l/CDr |n4*4
Activate vut- analysis

Appendix 5.2 Appendix 5.3

1 '

Post processing
o Store results
o Plot results

- VFRC tolerance Ambient condition

Appendix 5.5 Appendix 5.4

Figure 5.8: Process flow diagram ofVOF analysis
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5.5 Solving CFD Problem

The CFD problem could be solved by the convergence or divergence and stability of the

analysis. It could be done by observing the rate of change of the solution and the

behaviour of relevant dependent variables. These variables include velocity, pressure,

temperature, and (if necessary) turbulence quantities such as kinetic energy (degree of

freedom ENKE), kinetic energy dissipation rate (ENDS), and effective viscosity (EVIS).

In this project the governing variable is pressure. The change in pressure will determine

the flow behaviour in the nozzle.

As the FLOTRAN simulation proceeds, ANSYS calculates convergence monitors for

each degree of freedom for global iteration. The convergence monitors are a normalized

measure of the solution's rate of change from iteration to iteration (3). Denoting by the

general field variable, $, any DOF, the convergence monitor is defined as follows:

ConvMon- i=1
N

IK
(=1

The convergence monitor represents the sum of changes of the variable calculated from

the results between the current k& iteration and the previous (£-1)* iteration, divided by

the sum of the current values. The summation is performed over all n nodes, using the

absolute values of the differences.

Figure 5.9 (a) and (b) will illustrate the convergence monitors displayed by the

Graphical Solution Tracking (GST) feature for steady state and transient cases. However

the figures only show the curve pattern for both cases, but not the exact GST for the

project simulation.
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Figure 5.9: Convergence momtors displayed by the Graphical Solution Tracking (GST)

feature, (a) Steady-state simulation (b) Transient simulation

Figure 5.9 (b) is a plot of a transient FLOTRAN solution. Each "spike" on the plot

indicates the beginning of a new time step. Perhaps after some initial fluctuations,

convergence momtors will decrease as the analysis approaches convergence. The

convergence number depends on several factors, such as:

• Complexity of the geometry

• Adequacy ofthe finite element mesh in regions with steep gradients
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• The severity ofthe turbulence levels, indicated by the flow Reynolds number

• How well developed the flow is near outlet boundaries.

5.6 Examining the Results

The users can post process output quantities and examine the results in the output files.

This process required engineering judgment when examining the results to evaluate the

plausibility and consistency of the overall analysis approach, how specific properties are

used, and the conditions imposed.
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CHAPTER 6

RESULTS & DISCUSSION

6.1 Introduction

This chapter consists of the results of the simulation for single phase and two phase flow.

The results for the simulation are displayed in vector plot especially for velocity profile.

For vector quantities, arrowheads are used since they illustrate a more accurate picture of

the actual flow profile. On the other hand, the variables like pressure and volume fraction

(2-phase analysis) are displayed by the colour-filled contour map.

Basically the single phase flow is used to determine the appropriate mesh

concentration for the simulation model, which will be applied through out the project.

Moreover, the internal flow characteristic also can be determined from the result. The

interpretation of the flow pattern was done by comparing the simulation output with the

experimental results. Both results were explained by the theory on the internal flow

phenomena of the diesel fuel injector. Therefore, the conclusion can be made to verify

and explain the fluid flow behaviour in the injector with aid of simulation diagram.

The experimental results shows the hydraulic flip and cavitation flow occur

because of the change in the operating pressure (see Figure 4.5). The CFD software must

be able to model 2-phase flow at the same time. However, there were several limitations

in ANSYS due to that matter, which will be discussed further at later section in this

chapter. The 2-phase flow still can be modelled in ANSYS, but some extra steps need to

consider while setting up the simulation model.
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6.2 Selection of turbulence model

As mention in chapter 2, FLOTRAN offers six turbulence models. Several simulations at

the same inlet pressure (25 psi) were modelled to compare the effect of changing the

turbulence model mode for the simulation. The results were summarized in the Table 6.1

below. The relevant result plots are for the pressure and turbulent K.E.

Turbulence Models (TM)
No. of

Iteration

Minimum

pressure (Pa)
1. Standard k-epsilon Model 999 -10874

2. Zero Equation Turbulence Model (ZeroEq) 710 -15915

3. Re-Normalized Group Turbulence Model (RNG) 910 -19444

4. k-epsilon Model due to Shin (NKE) 975 -19231

5. Non-linear Model of Girimaji (GIR) 10 0

6. Shin, Zhu, Lumley Model (SZL) 10 0

Table 6.1: Results due to change of turbulence model

The selection of turbulence model was based on the output of the internal flow simulation

(see Appendix 6.1) and the table above. The minimum pressure occur at cavitation point

(for TM 1-4) is different. The minimum pressure range was big for some of the model.

For turbulence model 5 and 6, the results from the simulation shows very different

pattern for nodal solution. The plot is too simple and the result may not be acceptable for

analysis.

The results show that turbulence model 1 until 4 give a quit similar pressure plot. But

base on the turbulence model theory, the third TM, Re-Normalized Group Turbulence

Model (RNG) was selected for the modelling project. RNG is effective where the

geometry has a strong curvature (e.g., a duct that goes through a 180 degree change in

direction). In this project, the sudden changing of flow direction occur and has a

curvature angle is about 90 degree. Therefore RNG Turbulence model will be the

appropriate model to choose. For this project the TM 1 and TM 2 still can be used since

the analyzed shape is simple. However, for TM 4, the models are recommended for

rotating flow.
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6.3 Single phase flow - sharp inlet nozzle

Table 6.2 shows the results obtained from the simulation using adifferent set ofmeshing
concentration as shown in the previous chapter (refer Table 5.1). The lower mesh

concentration, the shortest simulation time will be. The adequate meshing for this
simulation had already justified in the previous chapter. The mesh concentration value is

between the coarsest and the finest mesh. Therefore, the simulation time will be reduced

using an adequate meshing instead ofusing the finest mesh. The good result still can be
obtained using the adequate mesh. Hence the computational cost can be reduced

Set
Simulation

Time (min) No. of Iteration

1 18 750
2 19 755

3 14 999

4 30 1050

5 70 1720
6 80 1830
7 170 2315
8 190 2520

9 240 5460

10 240 5460
11 300 7200

Table 6.2: Simulation results for 25 psi inlet pressure

In order to find the adequate meshing, the simulations were done with the finer and

coarser meshing as shown in the initial setup in set 1. From the results it shows the

sudden pressure drop occur at the area after the separated flow. For this result, the
cavitation did not occur since the analysis in single phase flow. Cavitation only occurs at
2-phase flow. Figure 6.1 (a) and (b) at next page show the example for velocity plot and
the pressure plot taken from set 6. All the results obtained, have quite similar pattern of
fluid flow. Only one set of the above will be selected for the most adequate meshing on
getting a good result.

Cavitation effect in the fluid flow occurs due to sudden change of direction such as
junction or any restriction in the flow profile. It results in apressure drop at the area. The
higher pressure different will cause the changing in flow from cavitation to hydraulic flip.
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Interpretation from that concept, the cavitation effect at 25 psi occurs only at the second

junction (inlet nozzle). At that junction, a small portion of the contour plot has a severe

pressure drop. The cavitation effect seems to be insignificant due to most probably

single-phase (liquid) flow was set during simulation. Theoretically, greater effect of

cavitation will be observed in the 2-phase (liquid and gas) simulation flow.
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Figure 6.1: Results for set 6, (a) Velocity - vector plot (b) Pressure - contour plot
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After comparing the results, it was found that the flow pattern at the circled area (refer

Figure 6.1 (b)) shows the vena contracta behaviour. Normally, when cavitation occurs,

the flow is disturbed by this effect and lead to generation of atomisation flow at the outlet

nozzle. The atomisation occurs because of the cavitation in the internal flow. The

atomisation flow will be needed for the combustion process in order to ensure a complete

combustion and reduce the emission. For this project, an accurate result will be

determined by the relevancy with experiment data. However some of the results from the

set of meshing did not really show exactly like the results for finest set. This is suspected

due to several factors:

• Not enough meshing concentration

• No continuation meshing from the inlet to the outlet area of the injector, (in

term of number of element)

• The detail meshing not concentrate at the circled area (Figure 5.4)

For set 6, the meshing concentrated at the circled area like shown at Figure 5.7 in the

previous chapter. The result of pressure plot and velocity plot for this set was compared

with the finest meshing which is set 11. It showed the similarity between these two

results. It means that the simulation outcome from set 6 is adequate enough to model the

internal flow behaviour and get the accurate result. Therefore set 6 is selected as the

meshing concentration module for this simulation. Moreover, the simulation period for

this set is smaller compare with other accurate result.

6.4 Single phase flow - blunt inlet nozzle

The simulation was done in 2-dimensions by using the axis-symmetric theorem similar to

the sharp inlet nozzle. The actual injector that is used is normally blunt due to the

machining process of making the injector. The meshing concentration for this model

follows the selected meshing set in the sharp inlet nozzle part except for the blunt area. It

will be better if the mesh can be done using 'mapped mesh'; therefore accurate

calculation will be achieved. Figure 6.2 shows the mesh result for the blunt inlet nozzle

model. The simulation proceeds with this meshing and the results obtained as Figure 6.3

and Figure 6.4.
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Figure 6.4: Pressure plot for blunt inlet nozzle at 25 psi.

The results above have slight difference with the previous sharp inlet nozzle at the blunt

area (see circled part at Figure 6.4). There is no high pressure at the area, which means

that less or no cavitation effect occur. If compared with the sharp inlet nozzle, the will be

smoother and less atomisation will produced.

6.5 2-phase flow using volume of fluid (VOF) analysis

The aim for this VOF analysis is to get the plot for volume fraction of the fluid flow in

the nozzle. As mentioned in the previous section, the interested area to focus is at the

inlet of the nozzle (circled area, see Figure 6.4). From the volume fraction pattern

(VFRCplot), the behaviourof fluid flow at the nozzle outlet can be predicted. Cavitating

flow at the nozzle outlet is due to the cavitation that occurs at the nozzle inlet. This

cavitating flow will produce a break-up of fluid flow into smaller droplets which increase

surface area of the fluid. Therefore the plot at the nozzle inlet area must have volume

fraction less than 1. However, if less or no cavitation occurs at the nozzle inlet the
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outflow pattern should be a hydraulic flip (condition where flows straight out from the

nozzle), while the volume fraction will be almost 1 at all area in the nozzle.

6.5.1 VFRC setting with inlet pressure at 25 psi

Before proceeding with the detailed modelling, the project is continued with several

simulations which focused on finding the appropriate setting for initial VFRC option in

ANSYS. The appropriate setting will be chosen using the 3 different setting in Table 6.2.

The results were compared between inlet pressure of 25 psi (severe cavitation) and 190

psi (hydraulic flip). The setting will be based on the understanding of the ANSYS manual

and on trial and error basis. The set of simulations are as follow.

Set No. Sketch of initial volume fraction (VFRC) setting and description

VFRC boundary
condition = 1

NOT TO SCALE

Initial VFRC mode only set at the inlet ofthe injector

VFRC boundary
condition = 1 -».

\ CH» *

\
t

"•* Flow

l&N VFRC = 1

N OTTC SCALE

Initial VFRC mode was set at the inlet area ofthe

injector as shown in the picture.
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VFRC boundary
condition = 1 -^

\ -*
_+

x
\ \

^* Flow

(=&:;! VFRC=1
w x rM

y1' NOT TO SCALE

Initial VFRC mode was setat theinlet area until justbefore the
nozzle inlet ofthe injector as shown in the picture.

Table 6.3: 3 different set for initial VFRC setting

The results are summarized in Table 6.4, Table 6.5 and Table 6.6 at next page.

Set

No.
Simulation result

Pressure plot:

SOB -2500
TD>E= .217056
FIOT (AW)

~IW
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Remarks

o The blue region is the lowest
pressure part. It occur after the
fluid entering the nozzle and
up until at the outlet.

o This set of simulation didn't

show a back flow region. It
maybe because of the small
value of fluid element is set.



VFRC plot:

o

o

o

Red area is when VFRC equal
to 1, while blue area is when
VFRC is almost zero.

At the lowest pressure, the
VFRC is almost 0.

It means that, the flow is in
the 2-phase mode at some
portion, after entering the
nozzle area until the outlet of

the injector.

Table 6.4: Results for set 1 ofVFRC setting with inlet pressure setting at 25 psi

Set

No.
Simulation result

Pressure plot:

fffftL suracn

SIEP.1
GOB =2500

PMJr (AW)

VFRC plot:

EitMr^r samncn

HK 6 2004
02:08:40

PIOT BO. 1

11LL1L- .333333 " .555556 ' ,777718 i

o

o

o

o

Remarks

Similar with the previous set,
the lowest pressure occurs at
the section after the fluid

enters the nozzle until at the

outlet of injector.
High pressure drop after the
fluid enters the nozzle.

The 2-phase flow occurs at
the lowest pressure area.
Some portion of fluid (circled
area) shows the scattered flow
at the nozzle area.

Table 6.5: Results for set 2 ofVFRC setting with inlet pressure setting at 25 psi
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Set
No. Simulation result

Velocity plot:
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Remarks

The circle part in the results is
just an error in the display.
The exact flow pattern for that
part is shown at the zoom in
figure.
The rectangle areaexperience
some back flow.

Low pressure occurs at the
back flow area.

Low pressure and back flow
indicate the cavitation case.
The outlet flow from this
simulation results will

experience atomisation flow
due to cavitation phenomena
after fluid enteringthe inlet
nozzle.

The 2-phase condition occurs
at the cavitation area.

Some fluid (red) can be
observed at wall in the back
flow area.

Table 6.6: Results for set 3ofVFRC setting with inlet pressure setting at 25 psi
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Simulation setting for set 1 and 2 were theoretically correct. Before any changes in

direction or other external force to disturb the flow, the volume fraction of the fluid must

be 100% or equal to one. Meanwhile for set 3, the simulation had already neglected the

effect of changing direction in fluid to the flow behaviour. If small turbulence portion

occur after the first fluid junction, the simulation might probably shown that the volume

fraction will be less than one. In other word, if the VFRC is not 100%, the flow is

supposed to have air or bubbles.

The results show thedifferent flow behaviour for each set. Theoretically, according to the

manual, the results for set 1 and 2 will be almostsimilar. But in all three sets, the volume

fraction at the inlet area until just before the nozzle inlet area, it happens to be equal to

one. It means that, the flow will be expected to be in single phase condition before the

nozzle inlet area. Therefore the assumption made in simulation for set 3 is correct.

6.5.2 VFRC setting with inlet pressure at 290 psi

The project then focus on the simulation of the injector flow at 290 psi according to the

three different set off initial VFRC setting. The set of setting can be referred at the

previous section. The results was summarize in Table 6.7, Table 6.8 and Table 6.9.

Set

No.
Simulation result

Pressure plot:

nam. sauncn

sep=i
SOB =2500
ms=. 002(51
FT0T (AlG)

ASK 8 2004
09:11:17

HOT t». 1

40

Remarks

o The blue region has the lowest
pressure part. It occur after the
fluid enter the nozzle and until

reaches the outlet.

o High pressure occurs at the
end of the injector outlet.



Set

No.

VFRC plot:

EEBEHT SCElirKM

S1EP=1
sub -asm
TOB=. 002451
W6C (IIWGI

HK a 2001

.55Mt " .717778 1_

o

o

o

Red region is when VFRC
equal to 1, while blue region
is when VFRC is almost zero.

At the lowest pressure, the
VFRC is 0.

The flow is in the 2-phase
mode after entering the nozzle
area until the outlet of the

injector.

Table 6.7: Results for set 1 ofVFRC with inlet pressure at 290 psi

Simulation result

Pressure plot:

ip'mttd 16:39:11

Siffi =.33SBhJ!

VFRC plot:

STEP=1
SUB -2000
TMS=. 002615
W: (IX3&VG)

mmmm3~^M

"SFFT
SEE 7 2004

16:38:33
PIOTK). 1

.mm .333333 &%& .-mm i_

Remarks

o Similar with the previous set,
the lowest pressure occurs at
the section after the fluid

enters the nozzle until it

reaches the outlet of the

injector.
o The high pressure occurs at

the outlet area of the injector.

o The 2-phase flow occurs at
the lowest pressure area.

Table 6.8: Results for set 2 of VFRC setting at 290 psi
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Set

No.
Simulation result

Velocity plot:

Pressure plot:

VFRC plot:

QBCHT SaUJTMH

STEEijI
SUB =2000
•nits'. 257B-C4
VE'BC
=MK =1

6 2004 o

o

o

o

o

o

Remarks

The circled part in the results
shows no back flow

experience at the area after
nozzle inlet.

The straight flow leaves the
injector.

Very Low pressure only
occurs at the junction of inlet
nozzle.

The lighter blue indicates no
fluid at that area which is

clearly showed in the VFRC
plot.

The 2-phase condition occurs
at the area after inlet nozzle.

This is because of little or

none fluid in contact at that

area.

Table 6.9: Results for set 3 of VFRC setting at 290 psi
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6.5.3 VFRC setting justification

From all the simulation results, the volume fraction at the injector inlet area until the

nozzle inlet area is equal or almost to one. Comparing both 25 psi and 290 psi inlet

pressure, it is appropriate to assume that the area mentioned is have initial volume

fraction of one. Also in all cases, the flow after the inlet nozzle has almost the same

behaviour, which is in the 2-phase flow. Only in set three, the cavitation phenomena can

clearly be seen. This effect maybe due to the higher elements of initial value of VFRC

stated for the simulation. However, the volume fraction stated is not constant throughout

the simulation. It only shows how much element in the simulation region at early stage

right at the beginning time and has no seriousaffect on the simulation results.

The limitation in the ANSYS is that; it is unable to plot the exact behaviour for

the volume fraction plot results. VOF analysis can simulate 2-phase condition, but the

result can only determine whether the flow in totally liquid or totally gas phase at certain

area. The transition parts between the 2-phases are not clearly shown. This limitation was

explained in the ANSYS theory reference (3). Based on the discussionthe third set will be

chosen as a comparison due to the nearest similarity with the experimental results.

6.5.4 VFRC setting with inlet pressure at 26 psi

VOF analysis continued with the interchange pressure where the flow was changing from

severe cavitation to the hydraulic flip flow. It is important to observe how the internal

fluid flow reacts to the crucial pressure at 25 psi and 26 psi. The results were summarised

in Table 6.10.
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Simulation result

Velocity plot:

1 AM
VECItE

TIG 6 2004

SUB =2500 p***
7Iffi=,010883

H3£&=1178
MIH=0

I \

t*X»21.S. I f
« . i

•

4
"

-

Pressure plot:

NO»LSDDJtlOS

STEP=1
SUB -2500
TffiB=.010B33
nor (aw)

.&jjg.fr±^

VFRC plot:

EIBBm: SQJJJITCH

£TEP=1
sua "2500
TOE=. 010883
OTK) (BCKM3)
SHt =1

-fiS"

SFH 6 2004
20:13:25

ELOTBB. 1

7VFT-
£FS 6 2009

20:12:47
aorro. i

.111111 ' .333333 ' .555556 " .777775 ' L_

o

o

o

o

o

o

Remarks

The circled part is just error in the
display. The exact flow pattern is
like the zoom in figure
The straight flow leaving from the
injector.
At zoom in picture, no back flow
occurred.

Low pressure occurs only at the
junction of inlet nozzle until the
injector outlet.

The 2-phase condition occurs at
the area after inlet nozzle.

The flow after inlet nozzle until

the injector outlet, little or none
fluid in contact at the rectangle
area.

Table 6.10: Results for VFRC setting with inlet pressure at 26 psi

44



6.6 Software restriction and limitation

This simulation project deals with ANSYS software only. Similar with other software,

there are always some limitations that avoid user from getting highly accurate results. In

the following reports are brief discussion on the limitation and restriction for this

software (4).

6.6.1 ANSYS / FLOTRAN limitation

o The simulation must be done using the transient mode which requires a longer

execution time compared to the steady state analysis.

o For the initial VFRC field, each element is defined as initially full, partially full or

empty. Each partial element must be adjacent to at least one full element and one

empty element. During the analysis, if a partial element does not have any full

elements as neighbours, it will be reset to empty. At least one layer of empty

elements must be included above the free surface to allow the surface to evolve in

time. Therefore initial value must be set in order the VOF analysis to execute.

o By default, the volume fraction is zero. Therefore, if there is fluid initially inside the

problem domain, the user must set the VFRC field accordingly. Unfortunately, with

different value of initial VFRC setting, the slightly different results obtained at the

nozzle area.

o In the FLOTRAN solution routines, a nearly empty element adjacent to a nearly full

element may introduce a sudden change in the locally rescaled meshes. This can

make the stiffness matrix more ill-conditioned and can adversely affect the quality

of the desired solution.

o For a VOF analysis, the density is constant. Therefore, mass conservation is

equivalent to the conservation of the total fluid volume (or area in two dimensions).

Ideally, the difference between the volume coming into the problem domain and

going out of the domain should be equal to the increase or decrease of the total

volume inside the domain. In an actual finite element analysis, however, continuity

satisfaction is expressed in a Galerkin weak form. Therefore, in general, each

element has a small mass imbalance. The local mass imbalance is usually of the
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order of the discretization error, and this error is a major source of the global VFRC

imbalance introduced in a VOF analysis. Even though this imbalance may be very

small compared to the total volume, it can accumulate exponentially as the number

of time steps increases.

o The VOF advection time step is set equal to the solution time step divided by a

factor that the user specifies. If the VOF advection time step is still too large,

FLOTRAN will automatically reduce the VOF time step by half. This automatic

reduction in the VOF time step continues until the local imbalance of the VFRC

field during the VOF advection computations is less than the VOFL tolerance. A

good inputparameter guessmakes the calculation more efficient by removing some

checks on the time step. It means that, the user have to specify a good guess

advection time for getting a good results.

6.6.2 Assumptions and Restriction for FLUID! 41

The element must not have a negative or a zero area. The connectivity of an element with

the nodes must be defined in counter clockwise order. The element must lie in the X-Y

plane. The following assumptions have been made in the formulation:

• The nodal coordinate system and the global coordinate system must remain

the same.

• The problem domain and the finite element mesh may not change during an

analysis.

• The fluid is a single phase fluid; results for 2-phase flow will be restricted

with some error.

• Free surfaces are not permitted.

• In the incompressible option, work done on the fluid by pressure forces,

viscous dissipation, and kinetic energy terms are neglected in the energy

equation. The incompressible energy equation is a thermal transport equation
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CHAPTER 7

CONCLUSION AND RECOMMENDATION

7.1 Relevancy to the objectives

o Thecomputational costwill be reduced if the simulation is done using an

adequate set of meshing and the accurate result canbe obtained.

o The flow pattern for thesharp inlet nozzle andbluntinlet nozzle canbe studied

using a pressurecontour plot and velocityvector plot.

o The internal flow characteristic (atomisation and hydraulic flip effect)can be

observed in the simulation results.

o ANSYS softwareis able to model the 2-phaseflow cases with some limitation

whichrequire user interpretation and appropriate setting.

7.2 Suggested future work for expansion and continuation

o To model the 2-phase simulation for blunt inlet nozzle for comparison with the

sharp inlet nozzle. In this project, the 2-phase analysis only focuses on sharp

inlet nozzle. Therefore, it will be very useful to know the internal flow

behaviour for blunt inlet nozzle.

o To determine the effect of flow pattern by varying the inlet nozzle shape, (ie.

Blunt inlet or diagonal shape with certain angle). The information from this

simulation can be used for designing a diesel injector. The experimental results

can be referred to the Y.Laoonual et. al. (6) research paper for verification.

o To do the same simulation process with different CFD software or later version

of ANSYS since the results obtain from this project are due to the several

limitation and restriction. Hence, the results from this simulation can be

compared with others.
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APPENDIX 2.1: 6 Turbulence Model in ANSYS software

1. Standard k-epsilon Model (default)

The Standard k-epsilon Model andthe Zero Equation Turbulence Model are the simplest

models. The other four models are all extensions of the Standard k-epsilon Model. The

Standard k-epsilon Model is the default model.

Cm, CI, C2, SCTK, and SCTD are Standard k-epsilon Model constants that are defined

as follows:

Cp - Value is the k-epsilon turbulence model constant

H Si"

which is used in the updateofthe turbulentviscosity.

CI - Value is the k-epsilon turbulence model CI constant. It is the multiplier of the shear

rategeneration termof the turbulent kinetic energy dissipation rateequation.

C2 - Value is the k-epsilon turbulence model C2 constant. It is the multiplier of the

dissipation source term intheturbulent kinetic energy dissipation rate equation.

SCTK - Value is the Schmidt number for the turbulent kinetic energy. The diffusion term

in the turbulent kinetic energy equation is divided by this factor.

SCTD - Value is the Schmidt number for the kinetic energy dissipation rate. The

diffusion term in the dissipation rate equation is divided by this factor.

The following five wall parameters control turbulence wall modeling. The wall

parameters apply for all turbulence models except theZero Equation Turbulence Model.
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KAPP - Value is the law of the wall constant. It is the slope of the plot of normalized

shear velocity (u*) versus the non-dimensionalized distance from the wall (y+). See

ANSYS Theory Reference for details.

EWLL - Value is the law of the wall constant. It is related to the y intercept value for a

plot ofnormalized shear velocity (u+) versus the non-dimensionalized distance from the

wall (y+). See theANSYS Theory Reference formore details.

WALL - Value is the choice of wall conductivity model. The default model is the Van

Driest model (Value = VAND), used most often for high Prandtl number fluids. The

second choice is the Spalding model (Value = SPAL), applicable to low Prandtl number

fluids. The third choice is the Equilibrium model (Value = EQLB). The equilibrium

model is alsoautomatically invoked for the wallviscosity by this command.

VAND - Value is the constant in the Van Driest wall conductivity model. See the ANSYS

Theory Reference for details.

TRAN - Value is the magnitude of y+ marking the outer boundary of the laminar

sublayer. Used only for the EquilibriumWall model.

The following three buoyancy terms control buoyancy modeling. The buoyancy terms

applyfor all turbulence models exceptthe ZeroEquation Turbulence Model.

BUC3 - Value is the k-epsilon buoyancy model constant. A value of zero means that

there is no contribution to the turbulent kinetic energy dissipation rate equation. A value

of zero is appropriate for stably thermally stratified flows.

BUC4 - Value is the k-epsilon multiplier applied to the buoyancy term of the turbulent

kinetic energy equation. A value of 1.0 is appropriate for the calculation of stably

thermally stratified flows.

BETA - Value is B, the coefficient of thermal expansion
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p dT

This term is used in the buoyancy terms ofthe k-epsilon model.

2. Zero Equation Turbulence Model (ZeroEq)

The Zero Equation Turbulence Model (ZeroEq) is the simplest and fastest turbulence

model. It applies to problems with fairly simple geometry and flow characteristics. The

model does not give accurate results if there is significant separation or recirculation.

The Zero Equation Turbulence Model contains an automatic calculation of the length

scale or you can specify the length scale. Generally, the turbulence ratio can be set to 2.0

when you are using the Zero Equation Turbulence Model.

3. Re-Normalized Group Turbulence Model (RNG)

The Re-Normalized Group Turbulence Model (RNG) is effective where the geometry has

a strong curvature (e.g., a duct that goes through a 180 degree change in direction. If you

have tried the SZL Model and the results are unsatisfactory, it is generally recommended

that you try the RNG Model.

The RNG Model is an extension of the Standard k-epsilon Model. Seven constants are

assigned values. The Cm, CI, C2, SCTK, and SCTD constants are assigned values that

are separate from the Standard k-epsilon Model. The following two constants are added:

BETA -Value is the RNG model constant,

B.

ETAI -Value is the asymptotic value of the strain rate parameter eta.

Inlet parameters and wall parameters are the same as the Standard k-epsilon Model.
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4. k-epsilon Model due to Shih (NKE)

The k-epsilon Model due to Shih (NKE) features a variable Cm term which helps to

reduce the excess normal strain terms in the Standard k-epsilon Model. The NKE model

alsoemploys a different dissipation source termthanthe Standard k-epsilon Model.

The NKE and GIR models are recommended for rotatingflows.

The NKE Model is an extension of the Standard k-epsilon Model. Four constants are

assigned values. The C2, SCTK, and SCTD constants are assigned values that are

separatefrom the Standardk-epsilonModel. The following constant is added:

CIMX - Value is the maximum allowed value of the CI constant in the turbulent kinetic

energy dissipation rate equation.

Met parametersand wall parametersare the same as the Standardk-epsilonModel.

5. Nonlinear Model of Girimaji (GIR)

The Nonlinear Model of Girimaji (GIR) is suggestedfor cases with secondary vortices in

the flow. The GIRand NKEmodels are recommended for rotating flows.

The GIR Model is an extension of the Standard k-epsilon Model. Seven constants are

assigned values. The SCTK, and SCTD constants are assigned values that are separate

from the Standard k-epsilon Model. The following five constants are added:

GO - Value is the W constant

Gl - Value is the Q constant.

G2 - Value is the C2 constant.

G3 - Value is the C3 constant.

G4 - Value is the C4 constant.
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Inlet parameters and wall parameters are the same as the Standard k-epsilon Model.

6. Shih, Zhu, Lumley Model (SZL)

The SZL Model is simpler than the NKE and GIR models. It produces the lowest level of

turbulence. The SZL model is numerically efficient, but in some cases the resulting low

effective viscosity has an adverse effect on stability. Generally, if the SZL model does

not give satisfactory results, it is recommended that you try the RNG model.

If conditions of large strain exist in the flow field, you may want to try the SZL Model

after trying the RNG, NKE or GIR models. If the SZL Model gives significantly different

results, it is recommended that you refine the mesh in the regions where the turbulence

field is strongly altered.

The SZL Model is an extension of the Standard k-epsilon Model. Five constants are

assigned values. The SCTK, and SCTD constants are assigned values that are separate

from the Standard k-epsilon Model. The following three constants are added:

SZL1 - Value is the numerator constant used in the calculation of Cm. It is the Aszn

constant.

SZL2 - Value is the denominator constant used in the calculation of Cm. It is the A^

constant.

SZL3 - Value is the strain rate multiplier. It is the A^b constant.

Inlet parameters and wall parameters are the same as the Standard k-epsilon Model.
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APPENDIX 5.1: Governing equation for Volume Of Fluid (VOF) analysis

Discretization of the Equations

The momentum, energy, species transport, and turbulence equations all have the form of

a scalar transport equation. There are four types of terms: transient, advection, diffusion,

and source. For the purposes of describing the discretization methods, let us refer to the

variableconsidered as <p. The form of the scalar transport equationis:

d d 3^^.c^Wfi,*)^,^

where:

Cq, = transient and advection coefficient

Tq, = diffusion coefficient

Sp = source terms

Transport Equation Representation

+ —

J dy dy

1
Meaning j

._ _ j

DOF Cip
.... i

r. &<p

x-velocity 1VX i jMo pgx-3p^+Rx

1

vy; y-velocity VY 1 He pgy-9p%+Ry I

vz! z-velocity jVZ
i

1 1"e pgz-ap/az+Rz
i

t; temperature j
|
TEMP !Cp K iit<Wji-pc+C4pmgi(aT/aiCi)ot j

k

i
kinematic energy ENKE i Ut/Ok ;

j

Qv+Ek+Wv+M-<E>+^/at j
i
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i

dissipation rate

1

ENDS 1 Ut/o£
C1u.ts$/k-C2pe2/k4- i
c1c^c3pkgi(3T/&;yat j

Yij species mass fraction] SP01-06 1 pDm, 0

The discretization process, therefore, consists of deriving the element matrices to put

together the matrix equation:

(^transient} +^advection] +[Agiffusion]H4>e} - {S*}

Transient Term

The first of the element matrix contributions is from the transient term. The general form

is simply:

[AIeransieni] =|We^l^lC(V0|)transient! _ f^e ^P0*^l] =JW'
at

A lumped mass approximation is used so that

}W( «££«HrUftn_«PSl«
at

d(vol)=
at

Jwed(voi)

Fora Volume of Fluid (VOF) analysis, the above equation is modified as only the results

at one previous time step are needed:

at At At
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Advection Term

Assume that the advection term,

a* ay az ~ as

The element-based nodal velocitiesare made to satisfythe continuityequation,whereas

the traditional velocities are made to satisfy the momentum equations.

rjiadvectiori]-JW a* ay a? ^ }+

r. f zh Mew9 v*a/ve v|aA/e
ztJ**ie ?W A/ At2Uemag * ' * " fc

vexa(Pc^) | vey8(Pc^) v̂jatpc^) d(vQ|}

In this approach, the pressure equation is derived from the element-based nodal

velocities, and it is generally asymmetric even for incompressible flow problems.

Diffusion Terms

The expression for the diffusion terms comes from integration over the problem domain

after the multiplication by the weighting function.

Diffusion contribution = fw _

J

a

*ax

*az
I A ~Z—

&
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The x, y and z terms are alltreated in similar fashion. Therefore, the illustration is with

the term in the x direction. Integration by parts is applied:

Jw< sL a^
ax &

t&MB^ ^
d(V0l)=i^rr*^V0|5

The diffusion matrix may now be expressed as:

^diffusion]=jwjjTfW8 +wyertwye +wzer$wze d(voi)
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APPENDIX 5.2: ANSYS GUI for VOF activation

APPENDIX 5.3: ANSYS GUI for initial VFRC load
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APPENDIX 5.4: ANSYS GUI for ambient condition

APPENDIX 5.5: ANSYS GUI for VFRC tolerance

|« VFRC Tolerance J

ihbh^^^^^b^hhhi
[•.-••. HflHH^^^^sSB^fflaH
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r,;' •"

^HEu^H^H

- ••"" i^'.'""•' - •

. .•m^ ; .

" •'. ' *• HHH j^^H^IH *•*"•<•'i E^^^^^^HHH llnlli fflfl
___
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APPENDIX 6.1: Results for different turbulence model

1. Standard k-epsilon Model

-Afirr
TF 1 ir-i KCM "J™!

w it. J "1

Pressure plot

2. Equation Turbulence Model (ZeroEq)

1urbulent K.E. plot

ITS. 13,3Wi !

ncrtcT'T 1

Pressure plot There is error for Turbulent K.E. plot

3. Re-Normalized Group Turbulence Model (RNG)

Pressure plot Turbulent tv.E. plot
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4. k-epsilon Model due to Shih (NKE)

Hie it,, i ,J^
an

AN

wvw

Pressure plot

5. Non-linear Model ofGirimaji (GIR)

•e »" sra ™» .^i """ imr, "^ !Ta»

Pressure plot

6. Shih, Zhu, Lumley Model (SZL)

,. *>:« " . "SIM .„,. 114311 „n i l^P !

Pressure plot

Turbulent K.E. plot

[El». JU3 '

«&»-? , ,. 6.5-59 . „, 13,155 ,, ,, 13.73; . JS. 391

Turbulent K.E. plot

cte-i
[3: 1L 20M

ricrio. i
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Turbulent K.E. plot
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