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ABSTRACT

The aim of this research was to determine the effect of injection pressure, cylinder pressure
and cylinder gas density on the spray penetration of diesel with a common rail injection
system. A spray chamber capable of hadd20 bar was retrofitted to theov8 Test Stand in

the Barlovorld laboratories at The University of the Witwatersrand, Johannesburg. The data
capturing system of the test stand was unmatched in quality and accuracy and the
modification allowed the effestof cylinder gas pressure and density to be tested using the
MIE-Scattering technique. Tests were conducted witthald injector with various injection

ard cylinder gas pressures. To @ss the effects of injection pressure, the cylinder pressure
was ket constant at 5 bar with injection pressures ranging from 700 bar to 780 bar. To
investigate the effect of cylinder pressure, the injection pressure was kept constant at 780 bar
and the cylinder pressure was varied between atmospheric pressure and Péstsato
determine if either the injection pressure or cylinder pressave a greater effect on the
spray were conducted by maintaining a constant 755 bar pressure difference across the
nozzle This was done byarying both the injection pressure (between 755 bar and 775 bar)
and the cylinder pressure (between atmospheric pressure and 20 bar). All the experiments
were repeated with nitrogen and then carbon dioxide insgnay chamber. The Akribis
section of thdest stand was used for flow measurements to verify the spray analysis results
where necessary. The results were compared to models developed by Hiroyasu and Dent to
determine their accuracy. The tests showed that the spray penetration increased with
increasing injection pressure and decreasetl witreasing cylinder pressure. In all cases,
changes in pressure had a greater impact on the spray penetration later in the injection, after
the spray had broken up. The earlier phase of the injection was rdegéydent on the
pressure difference across the nozzle. For the pressure ranges used in this study, changes in
the cylinder pressure had a greater effect on the spray penetration than changes in injection
pressure. The changes were attributed to the ceanggas density that occurs with pressure
changes and had a diminishing effect as the pressure increased. It was found that the injection
pressure was more important during the initial phases of the injection (before break up) and
the cylinder pressure wamore important later on in the injection. Carbon dioxide gave
smaller spray penetrations than nitrogen at equivalent pressures due to its larger molecular
mass resulting in a greater gas density. Spray penetration decreased at a decreasing rate with

increasing cylinder gas density.
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1. INTRODUCTION

Optimisation of fuel injection systems could significantly improve the performance and
efficiency of engines.

1.1Background

The following is aackground on compression ignition engines and fuel injection.

1.1.1. Dieselengines
In a diesel engine there are four strokes (only in a four stroke engine) viz. intake,
compression, power and exhaust; these four strokes are shéwguial. During the intake
stroke air is inducted into the combustion chamb&he downward motion of the piston
draws clean air into the combustion chamber; represented by the blue arFogue@l. The
air is then compressed during the compression stidiee compression ratio for diesel
engines ranges from 12 to 24 [d]he diesel fuel is then injectdyy a fuel injectoiinto the
compessed aiwhen the piston is near top dead centre (T,O@t before combustion is
required to take plac&his is represented by the green arrowEigurel. Engine knocking
is reduced by injecting the fuel into the combustion chamistrbefore combustion takes
place. This allows compression ignition engines to use a higher compression ratio and
thereby improvethe fuel conversion efficiencj2]. As the diesel in injected ibecomes
atomised; it then evaporates and the fuel vapour mixes with the air in the combustion
chamber [2].

After the compression strokehe air in the combustion chamber is at a higher temperature
than the ignition temperatucd the dieselthe mixturethereforecombusts [2]The expanding

gasses force the piston down and produce power (the gasses do work on theOpesdeh).
engines are also known as compression ignition engines because unlike petrol engines which
use a sp& plug to ignite the fuel,ignition is achieved by compressing the air to a

temperature and pressure at which the injected fuel spontaneously ignites.

As the air/fuel mixture burns and expands, the piston is forced down (power sirbke).
power outpuis controlled by varying the amount of fuel that is introduced to the combustion
chamber as the amount of @ductedat any given engine speed is constant [#]e to the

fact that the engirtesoutput is determined by the amount of fuel introduced to the



combustion process, the engine can be operated unthrottled. As a result, engine requires less
pumping work to be done and therefore, the-fmatl mechanical efficiency is superior to

that of a spark ignition engirjg]. After the power strokehe burnt mxture is expelled from

the combustion chamber during the exhaust strokes is represented by the orange arrows

in Figurel. The process then begins again.

Fow erWark/
Expansion

Exhaust

= |ll'j

5

Compression

"F’

Compressed air
Fuelinjected
near TDC

Air only

Figurel: Four Stroke Compression Ignition Engj2e]

Figure2 below shows the pressureriaion in the combustion chamber with changing crank
angle. From the figure, it can be seen that when the intake stroke starts (point 2), the exhaust
valve closes (EVC). The clean air is inducted into the combustion chamber at a constant
pressure. The moemtum of the incoming air results in air flowing into the combustion
chamber even after the piston has reached bottom dead centre (BDCYakbevatve closes

at point 2and the piston continues upward during the compression stroke. This causes a
pressue rise in the combustion chamber. The diesel is injected and compression continues.
Ignition of the fuel air mixture occurs just before the piston is at TDC. The onset of
combustion results in a large pressure rise. This forces the piston down to BO@rafolé

the pressure begins to drop. Just before BDC, the exhaust valve opens. The piston then

returns to TDC and expels the burnt air fuel mixture.
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Figure2: Pressure Variation in Combustion Chamj22]

1.1.2. Fuel injection
The purpse of the fuel injection system in a compression ignition engine is to introduce the
required amount of fuel teach cylinder, for each cyclfar various load requirements and at
various engine speedBhe fuel must be introduced to the combustion charabthe correct
time, and at the correct rat&rrors in the amount of fuel injected could hame adverse
effecton the engine performance anddda poor efficiency and harmful emissioii$ie fuel
should be injected into the combustion chamber witigh enough velocity to fully atomise

the fuel so that it completely evaporates, thus allowing proper mixing of the fuel and air. [3]

1.2.Literature Review

The following literature review focuses on fuel injection systems and previous work done.

1.2.1. Types of fuelinjection
Compression ignition engines employ one of two major methods of fuel injection. The first is
directinjection; these engines have a single opening to the combustion chamber through
which the fuel is injected. The second type is indimegction. The combustion chamber is
divided into two sections and the fuel is injected into a prechamber before being introduced

to the combustion chambpj

Direct injection allows finer control, with the use of electronics, and so knocking and rattling
can beeliminated more easily [14]. One form of direct injection is common rail injection; a
pressure accumulator (common rail) is used to achieve much higher pressures that other
forms of fuel injection are able to achieve [14]. The high pressures are neentethter to

high back pressures in the combustion chamber, thus allowing proper mixing and atomisation
of the fuelfor more efficient combustion [14].



1.2.2. Common rail fuel injection
The common rail diesel injection systesaparates the two main functions (geieg the
required pressure and injection) of a fuel injection system into two separate processes. This is
done by using an accumulator (the common rail) to generate the required pressure, and then
injecting the fuel into the combustion chamketh the individual injectors. This allows the
common rail set up to achieve very high injection pressures. [5] The sgateive divided
into two parts; a low pressure circuit and a high pressure circuit. The low pressure circuit will
include the fuel tank and thew pressure fuel pump as well as low pressure fuel lines. The
high pressure circuit will include the high pressure fuel pump, high pressure fuel lines, the
common rail and the fuel injectors. The low pressure pump is used to deliver fuel from the
tank, whee the fuel is stored at a low pressure, to the high pressure fuel pump via a fuel filter
[6]. The high pressure fuel pump raises the pressure dtigheo the injection pressure and
delivers it to the common raithis is controlled bythe engine conttaunit (ECU)[7]. The
ECU monitors the pressure of the fuel in the common rail by means of a pressure sensor and
varies the pressure of the fuel to suit the operating conditions and requirements [6]. With this
arrangement, the injection pressure is inddpan of the engine speed [6]. The common rail
has an electrrydraulic valve, which is controlled by the EClWreturns fuel to the fuel tank
when it is necessary to reduce the pressure it the commom raider to maintain the
injection pressure [7]. Ae fuel injectors are connected to the common rail and are fed the
high pressure fuel via rigid metal fuel lines that are capable of handling the high pressures.
These fuel lines are usually of equal lengths and sharp bends are avoided so that fuel flow is
not restricted [6]. This setup is less complicated and therefore proves to me more reliable than

more complicated systems [8]. The common rail setup can be segura3 below.
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Figure3: Common rail injection systefiO]

The fuel injectors used on the common rail setup are known as egdiraulic injectors.
The needle valve at the tip of the injector is held indlosed position by a combination of
hydraulic forces generated by the high pressure in the rail and a force generated by the spring

in the injector. [9]

There are twamain types of fuel injectors, solenoid operated injectors and +eiezntric
injectors. hey differ from each other in the way in which they offes valve to allow the

fuel to be injectd into the combustion chamber. Witls@enoid operated actuator, when fuel

is to be injected, the ECU sends a pulse of ab00Qv 1o the coil of the solenaidhe coil

then creates a magnetic field whigbulls a plunger into it andpens the valve. Newer
generation injectors make use of piedectric actuators. When injection is required, the
ECU sends a pulse of about 100V to the piezo crystals which exppitly resulting in
injection. The piezoelectric actuator has the benefit of a faster response as it does not have
the delay associated with the solenoid operated actuatoch is caused by the self
inductance of the coil. [9The way in which the fueinjector is actuated means that it is

unable to regulate the flow. It is either on or off.

The high pressure pump pumps the fuel into the common rail which acts as an accumulator; it
holds the fuel at the injection presshen the engine is startedetbump pressurizes the
common rail to the required pressure in seconds. While the engine is running, the pump
continuously pressurizes the common rail so that there is a constant reserve of high pressure

fuel. It is generally made of forged steel with arternal diameter of about 10 mm and
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lengths that range from 280 mm to 600 mm. The rail should have a relatively large volume to
prevent pressure fluctuations caused by the high pressure fuel pump and when fuel leaves the
rail through the injectorThe volume of the rail should be much larger than the volume of

fuel being injectedin each injectionyo that the amount of fuel leaving the rail per injection

is regarded as being negligible. It should also have a volume small enough to allow the

pressure to icrease to injection pressuquickly after start up. [6][1014]

The high pressure pump used is a reciprocating radial piston type pump as Biggemer

below. This pump consists of three cylinders with a piston in each, spacédj2Q. The

pump is actuated by an eccentric camshaftatied in the centre of the pump. The pump is
powered by the vehicles gear train; the pump performance is theddpendent on the
engine speed. The cylinders of the pump are connected to the low pressure circuit by a small
orifice and to the high pressure circuit by a delivery vébuglet valve) When the piston is

at the bottom of the cylinder (lower dead centre), fuel flows into the cylinder via the inlet
valve (small orifice)and theoutlet valve is held closed. The piston is then forced up due to
the action of the camshaft, this action ckoséee inlet valve, as the pressure in the cylinder
increases with the compression of the fuel, the outlet valve is opened by the unbalanced

forces and theressurizefliel flows to the common rail. [7]

Figure4: Radial piston pumfilO]



Where:

Driveshaft
Eccentric cam
Pumping element
Inlet valve

Outlet valve

Fuel inlet

o0k whE

The common rail distributes the fuel to the injectors by means of rigid tubes that are capable
of handling the high pressure of the fuel. A rail pressure sensaachetl to the common

rail. It tells the ECU the pressure in the rail thus allowing the ECU to control this pressure
(closed loop system). Also attached to the common rail is a pressure limiter valve. The
pressure limiter valve prevents the pressure irrditdrom reaching dangerous levels which

could damage the components or have a negative impact on the injections. When the pressure
is too high, the fuel passes through this valve and is returned to the fuel tank.[6] A common

rail can be seen iRigure5 below.
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Figure5: Common rail [9]

Where:
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1.2.3. Fuel injectors
Figure 6 below shows the components of a typical fuel injector used on a common ralil
injection systemFigure 6-a shows the injector in the closed positibigure 6-b shows the
injector as it is beginning to open to begin the injection proaadd=igure 6-c shows the

injector as it is closing to stop the injecting.

Figure6: Fuel Injectol[6]

1- Fuetreturn

2- Solenoid coil

3- Overstroke spring

4- Solenoid armature

5- Valve ball

6- Valve-control chamber

7- Nozzle spring

8- Pressure shoulder of nozzle needle
9- Chamber volume



10- Injection orifice

11- Solenoidvalve spring

12- Quitlet restrictor

13- High-pressure connection
14- Inlet restrictor

15 Valve plunger

16- Nozzle needle

17- Connection to ECU

When the injector is closedFigure6-a), the nozzle needle is held in its seat #edinjection

orifice is closed so that no fuel can pass. High pressure fuel from the common rail enters the
injector through the high pressure connection and flows down to the chamber volume where
the fuel is at almost the same pressure as in the comemoithis fuel exerts a pressure on

the pressure shoulder of the nozzle needle which results in a force that tries to lift the nozzle
needle out of its seat. This force is balanced by a combination of the force generated by the
nozzle spring and the foreeing in the top of the valve plunger. This force is created by high
pressure fuel from the common rail that enters the injector through thepraigbure
connection and enters the valeentrol chamber through the inlet restrictor. This fuel (at a
pressue close to rail pressure) is contained in the valwatrol chamber by the valve ball
which keeps the outlet restrictor sealed. This is achieved by forcing the solenoid armature

closed with the force generated by the solenoid valve spring. [6]

For injecton to occur the ECU sends a high voltage signal to the solenoid coil, this causes the
solenoid armature to move up towards the coil and overcoming the force of the solenoid
valve spring Figure 6-b). When the solenoid armature moves up, the valve ball opens the
outlet restrictor and the fuel in the valgentrol chamber flows up and out of the outlet
restrictor, then out through the fueturn and backo the fuel tank. This results in a drop in
pressure in the valve control chamber (the inlet restrictor prevents a complete pressure
equalization) and therefore a decrease in the force acting on the top of the valve plunger. The
force created by the nozzering is not large enough to balance the force created by the high
pressure fuel in the chamber volume acting on the pressure shoulder of the nozzle needle and
the nozzle needle and the valve plunger move up. This opens the injection orifice. The rate at
which the injector opens is dependent of the difference in flow rates through the inlet
restrictor and the outlet restrictor. [6]

When the injector is open (open injection orifice), the fuel leaves the injector and enters the
combustion chamber at a press very close to the rail pressure. The amount of fuel that is

9



injected into the combustion chamber is proportional to the time that the injector is open and

therefore independent of the engine/pump speed. [6]

When the injection needs to stop, the injeataust close Kigure 6-c). The signal to the
solenoid coll is cut and the solenoid armature moves down due to the unbalanced force acting
on it creatd by the solenoiyalve spring. This puts the valve ball back in its seat and the
outlet restrictor closes. The pressure in the valwgrol chamber increases (to close to the

rail pressure) and the force acting on the top of the valve plunger alonthevifitrce created

by the nozzle spring becomes larger than the pressure acting on the pressure shoulder of the
nozzle needle, this moves the valve plunger along with the nozzle needle down and the
nozzle needle is returned to its seat which closes thetioneorifice. The rate at which the

injector closes is dependent on the flow rate of the inlet restrictor. [6]

1.2.4. Injection strategies
In the modern diesel engine, the fuel is delivered to the combustion chamber with multiple
injections and not just a singlgection. The injection process could consist of multiple pilot
injections, the main injection and post injections. Pilot injections are primarily used for noise
control. A small amount of fuel is injected into the combustion chamber before the main
injection; the combustion of this small amount of fuel before the main combustion increases
the temperature in the combustion chamber more gradually. This removes the sudden
combustion which would occur with only the main injection by itself; this is whakesahe
decrease in engine noise [14he post injections are used to regulate the emissions of the
engine.It has been found that a higher injection pressure results in a lower specific fuel
consumptionhigher performance (higher heat output) and deeckamission§l8].To meet
the requirements of Euro 3 emissions levels, three or more injections are required per
combustion cycle; to meet Euro 4 and Euro 5 emissions levels, four or more injections are
required per combustion cycl@ typical pilot injecton is 260 us long while the main
injection is around 500s long. A typical delay between the end of the last pilot injection and
the beginning of the main injection is 506.[1]

1.2.5. New, used and reconditioned fuel injectors
The purpose of the fuel injectes to introduce fuel to the combustion chamber and ensuring
accuratemetering and sufficient atomisation of the fueler a period of time, continuous
use of the fuel injector leads to wear which adversely affects the performance of the injector.

The main cause of injector wear is due to moisture in the fuel, which causes corrosion, and
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wear due to contaminants in thegef [11]. Contaminants as small as 10 microns can cause

injector wear [11].

Often the worn injectors are reconditioned in an attempt to restore the original spray pattern
and improve the mixing of the fuel and air which will improve performance of thmesng
[11]. The used injector is cleaned in an ultrasdrath and a new strainer anding are fitted

[11]. The cost of reconditioning a fuel injector is comparable to the price of a brand new
modern injector. Reconditioning the injector does not restdreiis original condition. The
ultrasonic cleaning only cleans the nozzle tip and not the inside of the injector; it does not
remove any corrosion from within the injector, this could lead to premature injector failure
[11].

1.2.6. Spray structure
Diesel is inroduced to the combustion chamber via a nozzle. There are various nozzle
designs such a single orifice, multiorifice, throttle and pintle and the chosen nozzle depends
on the needs of the engine [2]. When injection occurs, the pressure in the combustion
chamber is between 50 bar and 100 bar [2]. The pressure of the fuel being injected can range
from 200 bar to around 1700 bar [2]. The large pressure difference ensures that the fuel is
injected with enough velocity to ensure sufficient atomisation and gixuith the

compressed air in the combustion chamber.

When an injection occurs, the liquid fuel leaves the nozzle with a velocity greater than 100
m/s [2]. As the fuel leaves the nozzle of the fuel injector, the large pressure difference is
converted to ketic energy. A very large pressure drop occurs at the nozzle, this large
pressure drop leads to cavitation of the fuel. The cavitation occurs as the pressure of the fuel
suddenly decreases to below the saturation pressure tfjtik fuel and vapour butles

form. The cavitation can damage the internal surfaces of the n¢tZleThe jet of fuel
becomes turbulent as it mixes with the compressed air in the combustion chambée[2].
outer layer of the jet, near the nozzle exit, breaks up into droplgtsawiiameter of about 10

pm [2]. The rest of the jet disintegrates within the combustion chamber. The length over
which the jet disintegrates is known as the breakup lengtiCg2jitation in the nozzle results

in better spray characteristics and resultbetter fuel breakup due to the turbulence created

in the nozzle [17].

At points further away from the nozzle, the width of the jet increases and the velocity
decreases [2]. The mass of air within the jet increases as the fuel mixes with the air further
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away from the nozzle [2]. As the fuel mixes with the hot compressed air, it begins to
evaporate. The penetration of the tip of the jet increases at a decreasing rate as the injection

continues [2]Figure7 below shows a fuel jet.

Figure7: Injected fuel jet [2]

As the fuel on the outside of the jet evaporates and mixes with the air in the combustion
chamber, it forms &apourair sheath around the jet which has a liquid core [2]. The highest
velocities occur at the liquid core along the axis of the nozzle [2]. This explains the shape of
the tip of the jet. The fuel/ air ratio decreases as one moves radially outwardbédraris of

the nozzle. The highest ratio will occur at the centre of the jet where there is no air and will
be a minimum at the boundary of the (j@bmixed air). As the spray reaches the combustion
chamber walls, it begins to interact with them; theagpras to move tangentially along these

walls. The spray from the holes on multiorifice injectors eventually interacts with each other.

[2]
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When the jet velocity is relatively lowthe primary cause of the bregkof the sprays the
unstable growth afurface wave that are caused by the surface tension. The resulting droplets
are larger in diameter than the diameter of the jet. Increasing the jet velocity increases the
surface tension force. The larger surface tension force is a result of the relatio@ m
between the jet and the air. Thesults in droplets that havedameer similar to that of the

jet. Increasing the velocity further will give droplets with a diameter smaller than that of the
jet. When the velocity of the jet is high enough, thel fwill breakup at or before the exit
plane of the nozzle, this leads to atomization of the fuel and the resulting droplets have

diameters that are much smaller than the nozzle diameter. [2]

1.2.7. Atomisation
The injected fuel is subjected to both internal artérnal forces that lead to different droplet
sizes, shapes and concentrations within the spray. The spray can form into thin jets or liquid
sheets. There are three different types of mechanisms for atomisation; aerodynamically
induced atomisation, jetitbulenceinduced atomisation and cavitatiorduced atomisation.
Aerodynamicallyinduced atomisation is caused by waves forming in liquid jets due to the
relative motion between the fuel and air. Jet turbulendeced atomisation is caused by
turbulencein the nozzle. The turbulence results in spray velocity having radial components
and this causes atomisation once the fuel leaves the nozzle. Cavitdticed atomisation is
caused by the formation and collapse of vapour bubbles at the nozzle exittWHaal is
accelerated to high velocities in the nozzle, the sudden drop in pressure causes the cavitation
to occur. [23]

1.2.8. Break-up length
When the fuel leaves the nozzle, it does not all break up instantly and there is a liquid core in
the centre. The lgth of the liquid core is refred to as the break up length. The brepk
length is dependent on parameters such as injection velocity, surface tension, viscosity and
aerodynamic forces. It was found that increasing the ambient gas pressure results in a
decrease in the brealp length. The brealp length therefore varies inversely with ambient
gas pressure. Increasing the injection pressure also has the effect of decreasing-ine break
length.[23]
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1.2.9. Cone angle

Researchs have not come to an agreementl@method used to measure the cone angle of

a spray. There are currently a few prevailing methods; the first makes use of an equivalent

isosceles triangle. The triangle will have the same area and height as the spray and the acute

angle of the triangle W be the cone angle. Other methods measure the width at a certain

position along the length of the spray, eg. 50% along the length of the spray or a distance that

is a set number of times larger than the nozzle diameter; the acute angle then gives the co

angle. A common method involves fitting lines tangent to each side of the spray and

measuring the angle between them. It can be argued that this method gives the best

representation of the macroscopic cone angle. [24]

If a jet has a velocity high enoug cause atomisation, therag angle(cone anglejseen in

Figure7) can be found using Equation 1 [2].

“ — VI_

0 We -t Eqn1

Where:

1y  Density of the gas (kg/fj

1 Density of the liquid (kg/ri)

A Constant for a given nozzle geometry

Equation 2 was used by Hiroyadi9].

5 8
v
— T8t

Eqn 2

Where:

— Cone angled

dn Nozzle diameter (m)

1y  Density of the gagkg/m’)

aP Pressure drop across the nozzle (Pa)

I Dynamic viscosity ofjas(Pa.s)

14



Figure8 below shows the variation of cone angle with injection pressure. It wasatisd by

Hiroyasu that a decrease in the kinematic viscosity of the fuel led to an increase in the cone

angle.
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Figure8: Variation of cone angle with injection pressure [23]

Cavitation in the nozzle has the effect iotreasing the cone angle; this is due to the

formation of vapour in the nozzle [17].

1.2.10.Spray penetration
The depth to which the jet penetrates and the speed at which it penetrates into the air in the
combustion chamber has a direct impact on the performahdbe engine. The spray
penetration will determine how well the fuel mixes with the air and how well the fuel will be
atomized. This will determine how efficiently combustion will take place. If the penetration
is too great (overpenetration) the impingerhof liquid fuel on the cold surfaces of the
combustion chandy will lead to poor mixing which will result in higher emissions and
unburnt species. Underpenetration will lead to poor utilization of the air in the combustion
chamber and therefore this fMilot produce optimum results. The spray penetrgseen in

Figure7) can be calculated using Equati®which was developed by Dert]].
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Where:

S Spray penetration (m)

ap Pressure drop across the nozzle (Pa)
t Time after the start of injection (s)

dn Nozzle diameter(m)

1y  Density of the gas (kg/fj

Ty Temperature of the gas (K)

Dent determined that hisquation modelled experimental data very closely. However, there
were deviations in the spray penetration for injection times < 0.5ms. The experimental spray
penetrations were smaller than those predicted by the model. The model therefore over

predicts tle spray penetrations at the beginning of the injection. [23]

Work done by Hiroyasu shows that initially, a short time after injection has begun, the spray
penetration increases linearly with time; and as a functiamoeffter the jet begins to break

up. The work also showed that the injection pressure significantly affects the spray
penetration before the jet begins to breakup, and that the back pressure has a more significant
impact after the jet begins to break up. The time at which the jet is expediegbkup can

be predicted using Equatidrbelow (43:

Egqn 4

Where:
toreak  TiMe at which the jet will breakup (s)
1,  Density of the gas (kg/in

1 Density of the liquid (kg/r)
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ap Pressure drop across the noZ#a)
dn Nozzle diameter(m)

With this, according to Hiroyasu, the spray penetration can be calculated using Egbations
and6 [43]:

o o d Y ™ w— 0 Eqn 5
0O o d 7Y cfﬂouy— Qo~ Eqn 6
Where:

t Time after the start of injection (s)

toreak  Time at which the jet will breakup (s)
S Spray penetration (m)

1y  Density of the gas (kg/fj

1 Density of the liquid (kg/r)

ap Pressure drop across the nozzle (Pa)

dn Nozzle diameter(m)

1.2.11.Flow rate
The flow rate through the fuel injector can be modelled as the flow through a nozzle; this
model can beekcribed by Equation below [13.

0 00 — Eqn7

Where:
Q volumetric flow rate (nYs)

Cq discharge coefficient of the injector
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A nozzle flow area (A)
P Pressure difference across injector orifice (Pa)
J fuel density (Kg/m)

The nozzle flow area is the sum of the cross sectional areabktbé holes in the injector.
The calibration fluid used has a density of 830 Kgjh3]. A higher flow rate during the pre

combustion phase has been found to result in a higher heat output [18].

1.2.12.Previous work

Klein-Douwel, Frijters, Somers, de Boer, Baert

Klein-Douwel et al. [24] investigated the evolution of the shape of sprays with time,
produced by a modern, headyty common rail injector. The emphasis was on synchronising
the spray images with time, dynamic phenomena and on relating spray growth to time (i.e.

Spray penetration).

The apparatus used included a constant volume test aetiaild withstand pressures of up

to 10 MPa. Quartz glass windows allowed for the spray to be monitored. Tests were
conducted at room temperature; this has the added benefit of simulating more realistic engine
gas densities. The fuel pump used could @elmail pressures of up to 200 MPa.

The injector used was a 8 hole Bosch injector with all but 1 hole blocked. This reduces
interference from multiple jets and makes the spray easier to analyse. Variations of up to 4%

were seen in the rail pressure arghai sent to the injector.

Experiments were conducted with a rail pressure of 150 MPa; the gas in the chamber was
nitrogen at room temperature with a pressure of 2.9 MPa. The data capturing system had
uncertainties ot0.25mmfor the nozzle axis and pasih where the spray exits at.05 ms

with the timing of the pictures. Due to the speed of the cameda(tmseslow to capture clear
images) assumptions are made for regions in which the images are blurred. These
assumptions are only valid from 0.5 nfteathe start of the injection when the spray has

slowed down enough.

There were a lot of anomalies noticed in the results; these were attributed to changes in

momentum. As the spray gained lateral momentum, the axial momentum was reduced. It was
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expectd that the momentum transfer would show up when correlating the spray penetration
to the cone angle. A plot of these results however showed a weak correlation as the variations
were too large to show a relationship. It was noticed that the effect ofribigydaf the gas in

the chamber became greater as the spray progressed and slowed down.

It is generally assumed that the spray velocity is constant before the spray breaks up and the
spray penetration increases linearly with time. Interpolation of thdtseshowed that the

first point measured was after the spray velocity had reduced ie. after the spray had broken
up. The apparatus used was unable to observe any data before the spray broke up. The set up
used does not measure the early phases of theianeand the assumptions made due to the
limitations of the equipment make the accuracy of the results for the early parts of the

injection questionable.
Seneschal, Ducottet, Schon, Champoussin, Gucher

Seneschal et al. [25] conducted experiments andlame data processing software to
investigate the spray characteristics of a common rail diesel injection sy&teme9 below
shows the apparatus used for their tests. The fuepressurizeédnd delivered to a common

rail via a fuel pump. The fuel was then fed through the injector and injections were controlled
by the computer. A delay was specified between the camdr¢haninjection signal so that
images could be captured at different points of injection. The spray was illuminated with

halogen lights and injection took place into atmospheric pressure.

Acquisition and
control system

Comimon Rail

Injector

O

Halogen light

Delay

gnl/<O

Camera

Figure9: Test apparatus [25]
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The cameravas capable of taking 2 pictures a second, so only one picture was taken per
injection. The injection process was divided into 18 equal time frames and 5 pictures were
taken at each interval for a total of 90 pictures. These pictures were the inpet $oftthare
developed. The software analysed the pictures and averaged the data to minimize anomalies.

The spray penetration, cone angle and spray velocity were the outputs of the software.

The results, as seen igurel0Ob e | o w, for spray penetration w

model.

Spray Tip Penentration at 80 MPa

140
120

penetration (mm)

1100

time (us)

—— Spray 1 = Spray 2 —— Spray 3 —=— Spray 4 —— Spray 5 —s— Hiroyasu

Figurel0: Spray penetration results vs. Hiroyasu [25]

It was concluded that pray rpengtrateon dosely anol the two pr e d

phases are clearly evident.

Delacourt, Desmet, Besson

Delacourt et al. [Zbcarried out a study with the objective to investigate the effect of injection

pressure on the macroscopic spray characteristics for a vaggupe range.

The rig used consisted of aggsurized chamber filled with G@t ambient temperature so as
to minimize evaporation of droplets. The 84&as pressurized to replicate real world cylinder
gas densities. The fuel delivery system was a common rail diesel injection system, the fuel
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was delivered to the injector via a pressure accumulator by a high pressure fuel pump. The

spray was constantlyidlmi nat ed

and i

mages

wer e

camera was triggered with a delay from the time the injector was triggered.

captured

The camera used posed some problems as it was not able to capture the spray in a high

enough resolution to be alysed. To overcome this, the spray images were composed of

various pictures taken at different points of multiple injections under the same conditions.

The images are then processed using custom software. The software distinguishes the spray

from the bacground and noise using a set luminance threshold. It then identifies the axis of

the nozzle and measures the distance of the spray from the nozzle along this axis.

The spray penetration results were compared to theoretical models developed by Hiroyasu

andAr ai . | t

was

concluded

t hat

Hi royasuds

mo d

even for pressures much higher than those used in real world applications. The results are

plotted inFigure11 below.
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Spray tip penetration (mm)
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—-—- (1] Hiroyasu & Aral
—8— () 250 MPa, 23.3 kg/m®
------ (2] Hiroyasu & Aral

400

500 800 1000
Time {us)
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Figurell: Delacourt et al. vs Hiroyasu and Arai, spray penetration [26]

It was also found that the spray tip velocity decreases very quickly with time regardless of the

injection pressure. It was also found that at any given spray penetration; the injection pressure

has a diminishing effect on the spray tip velocity as ih¢sgased. This can be seerfigure

12 below.
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Figurel2 Spray tip velocity vs. spray penetration [26]

Payri, Salvador, Gimeno, Soare

Payri et al. [27] investigated the relationship between the spray structure and the ambient gas
density, nozzle hole diameter and injection pressure. Two test #gs used; one that
simulated inrcylinder gas density and aher that simulated both the-aylinder gas density

and pressure.

The first rig used a chamber filled with sulphur hexafluoride, an inert gasawiih density.

This allowed incylinder gas densities (280 kg/nT) to be simulated with relatively low
pressures (0-2.7 MPa). The secondg used a nitrogen filled chamber that was pressurized

up to 6 MPa. The temperature in both rigs was kept constant@t 2Z6e gas densities were
calculated using the ideal gas equation for nitrogen and Van der Waals equation for real gas

was used fortte sulphur hexafluoride.

The images were captured by a high resolution camera and illuminated with a flash. The
experiments were controlled, and everything was synchronised by a purpose built system that
included an ECU to manage the injections. The sajaetion and data capturing system was
used for both rigs. The injection system was composed of commercially available

components similar to the other experiments described in this section.

Payri et al. clearly noted two phases in the spray penetragiolescribed by Hiroyasu. At
first the spray penetration increase linearly with time until a transition point where the spray
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breaks up; thereafter, the spray penetration increases as a function of the square root of time.
Naber and Siebers [28] attributag transition to the point at which the spray changes from

being dominated by the injected liquid to being dominated by the entrained gas.

This study found a correlation between the transition time and the time at which the injector
is fully open. It waghen concluded that the spray increases linearly with time as the needle in
the injector is still lifting after the injection signal is received. While the needle is lifting, the
mass flow rate is increasing until time t at which point the mass flowigatenstant. The

time t was found to be the exact time at which the spray penetration starts to increase as a
function of the square root of time.

It was found that the spray penetration in the sulphur hexafluoride was 6% higher than in the
nitrogen. Cauation and small pressure differences were disregarded as possible reasons and
the difference was attributed to the formation of shock waves, however the extent to which
shock waves affect the macroscopic properties of the spray are unknown and weredugges
as a topic for future study. A direct comparison of the results from the two rigs showed that
the results obtained with the nitrogen test rig are closer to the expected theoretical values than

those obtained with the sulphur hexafluoride test.

Previaus work donen the field of interest made use of equipment that lacks the accuracy of
the Inov8 test stand. The data capturing methods used were unable to record the first phase of
the injections correctly and numerous assumptions were made for the sile second

phase to be considered. Using the technology of the Inov8 test stand to investigate the effects
of cylinder pressure will give new insights into the behaviour of fuel sprays that were

previously not obtainable.
Valentim [30]

Valentim condated research to investigate the parameters that affect the spray characteristics
of both diesel and Dimethyl ether (DME). The results obtained for diesel are of interest for
the purposes of the current research. Valentim used a common rail systent wiesgldnto

a constant volume pressure chamber with injection pressures ranging from 300 bar to 500 bar
and cylinder pressures of up to 17.7 bar (carbon dioxide). Data capturing was achieved with a
z-shaped schlieren system and a high speed camera iogesgtt 20000 fps, it was
illuminated with a high power LED. A controller was used to control the triggering of the

injector and high speed camera as well as data capturing. [30]
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Valentim found that the spray penetration increased with increasing injgrésaure and
decreased with increasing cylinder pressure. It was discovered that the theoretical models
over predicted the spray peraton for the initial 0.5ms. The authalso found an increase in

cone angle with increasing cylinder pressure (exceptraospheric pressure). There was no
correlation found between cone angle and injection presMalentim noted a hesitation
afterthe first 0.2ms of the injection, which was attributed to the characteristics of the single

hole injector used. [30]

Figurel3s hows Val enti més results for Spray pene
models. The spray hesitation the authoted can be seen in the red circle. It alo be seen

that the theoretical models over predict the spray penetration for the first 0.5ms. Valentim
attempted to get a better understanding of this region by increasing the camera frame rate to
100000fps to get a time resolution of 0.01ms, howeher équipment used was unable to

obtain clear images at this speed.
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Figurel3: Valentim diesel spray penetrati{80]
Karimi [23]

Karimi conducted research to determine the effect of injection peeasd cylinder pressure
and n-cylinder gas density on spray patterns (spray penetration and cone angle). Karimi

made use of a pressure chaber fitted with a modern common rail injection system. Tests were
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conducted on a variety of injectors, including single and rmalie injectors. The
experiments made use of a high speed visualization technique. The image acquisition system
had a Phantom V7.1 higdpeed camera that was able to capture images at 150000e6
per second. A compromise had to be found between camera speed and image resolution and
this meant a camera speed of 34300 frames per second was used for the experiments. This
resulted in a time step of approximately 0.03ms between successive imaged.25W
halogen flood lights with a diffuser were used for illuminatiéigure 14 below is a

schematic of the experimental gt Karimi used.

Flood Lt
[ TIE confroller
\

hittuses

|1'c'

Figurel4: Karimi experimental apparatus sgi[23]

Custom software was used to analyse the images captured by the camera. A threshold was set

for each test and the software picked up and measured the boundaries of the spray. Karimi
found variations 0f+4.6% in the spray penetration for tests done with the same parameters.

The tests on a single hole injector showed that a hesitation exists at the start of the injection.

It was determined that this was due to the lateral oscillation ohjeetor needle due to an
asymmetric pressure distribution around the needle as it lefts and exposes the nozzle. It was
also discovered that the delay in the start of the injection was related to the injection pressure
with a higher injection pressure rethod) in a shorter delayso me of Kar i mi 6s obh
can be seen ifrigure 15 below with varying injection pressures and a 20 bar cylinder

pressure.
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Figurel5: Karimi observations [23]

Tests were conducted with atmospheric cylinder pressure, 20 bar, 40 bar, and 60 bar; the
injection pressures were 600 bar, 1000 bar, 1400 bar and 1600 bar. Karimi noticed that the
spray penetration increas®dth increasing injection pressure and decreased with increasing
cylinder pressureThe authoralso noted that the spray penetration tended to fluctuate after
the initial stages and attributed this to cluster shedding; clusters of fuel vapour/ gas mixture

breaking off from the main spray structure.

1.3Motivation
In the past few decades, diesel engines have been used primarily in the transportation
industry in both light and heavy duty applications. In the last few years, there has been a
significant improvemet in diesel engine technology and diesel engines now hawe
applications in the passenger vehicle indug#tjyThis improvement in technology hbel to
diesel engines showgna considerable increasenrarket share; comparable to that of petrol
engines in some countries. The popularity of combustion engines however has a negative
impact on the environment and is believed to be a major contributor to global warming; a
phenomenon that has received worldeviattention in recent times. Due to the rezetion
between the emissions fromombustion engines and global warming, governments have
imposed strict regulations on the emissions of these engines. Engine manufacturers must now
produce engines which are ablo meet these requirements and at the same time be as
efficient and economical to run as possible while maintaining fairly high specific power
outputs.Superior efficiency and economy are required due to the global shortage of fossil
fuels which havded to a drastic increase in fuel pric8he price of diesel in South Africa
increased by 13.2% from January 2017 (R11.45) to December 2017 (R12.98)er to
achieve this, every component of the engine musipbenized. The fuel injection system of
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an engine plays a vital role in its overall performance and emissions. This research is required

in order to gain a better understanding and hence optimise the fuel injection system of a

diesel engine. [4]

1.40Objectives
The objectives of this research are basedhe effect of the cylinder pressure on the spray

penetration. They are:

1.

Modify the Inov8 Test Stand with a spray chamber that will alloto ibe used to
analyse spray patterns with a cylinder pressure of up to 20 bar.

Investigate the sensitivity afpray penetration and velocity to changes in injection
pressure.

Investigate thesensitivity of spray penetration and velocity dbangesn cylinder
pressure.

Determine effect of cylinder gas density on spray penetration (distance and velocity).
Investicate the relationship between spray penetration and the injexfiioaler
pressure difference.

Compare experimental results of spray penetration to theoretical models of Hiroyasu

and Dent.

|l nvestigate the accuracy of ictHthersprgyavdlu 6 s
break up.

|l nvestigat e Hi theigjecton @gessure has a greaterteffeet bn spray

penetration before the jet begins to breakup, and that the back pressure has a more

significant impact after the jet begins to break up.
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2. APPARATUS

The experiments were conducted with the use of the Spray Analysis and Flow Measurement
test stand in the Barlow world laboratories at The University of the Witwatersrand,
Johannesburgrigure 16 below shows the layout of the lalbhe equipment was prepares
specially for the university by Inov8 Technologies Ltd. The test stand is able to perform spray
pattern analysis and flow measoment from diesel or gasoline GDI injectors, however, it can
only conduct one experiment at a time [1Bhe pressures are generated by a high pressure
fuel pump that operates between 100 rpm and 1000 rpm and is capable of generating rail
pressures of up t&800 bar [15]. The stand is controlled by three remote PCs. The fuel
injectors must be loaded and unloaded manually i.e. all physical and electronic connections
must be done manually [15The test stand requires gpBase power supply [15]he test

stard can be seen iRigure17 below.

The Inov8 test stand uses cutting edge technology to measure spray penetration. It makes use
of a high quality ImageCompact camera to take pictures of the fuel jet. The user defines the
start and end point, as well as the intervals between pictures. Once the user defines the
injection pressure and the injection duration, the camera will take a user defined number of
pictures. The pictures are taken over multiple injections. The software then averages the
pictures from different injections with the same inputs so that a better representation of the
spray penetration is obtained. The effect of outliers and anomalisgyarécantly reduced.

The software also allows the background to be removed by taking a picture before the
injection and then removing that image from the experimental images. There is therefore no

chance of the background affecting the results.

This te$ stand allows spray penetration to be analysed while injecting into atmospheric
pressure. The spray chamber will be replaced by a spray chamber that can be pressurized up
to 20 bar. The spray chamber will not interfere with the normal operation of th&tded.

The experiments will then be run using the standard software of the test stand.

When using the test stand to measure the sprastiadion, it return® set of data points that
represent the length of the jet from the nozzle to the tip of tteey sirthe user defined time
intervals. This also allows for the velocity of the spray tip for any given interval to be
calculated. The quality of the images taken and therefore the results produced will be
unmatched in accuracy than previously possibletdilee nature of the equipment used.
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Figurel6: Lab layout

Figurel?: Spray pattern analysis and flow measurement test stand

2.1Test Stand
The test stand requires a nitrogen sugfiym a high pressure bottlegulatedoetween 6.5
and 9Pa) and a compressed air supply (reguléietsveen 5.5 and Bar) [15]. The nitrogen
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is piped to a manually operated shut off valve on the main Air and Nitrogen Panel Assembly
[15] It is then usedat simulate a back pressure in the Akribis test section and to purge the test
stand so that ignition is less likely to occur. The air supply is piped to a safety relief valve and
a manually operated shut offilve;it is then piped to the test stand [15heTcompressed air

is used forthe spray chamber lower shield actuator #relair knives (discussed lateif) is

also used for purging [15There are also connection points for cooling water inlet and outlet
(cooler set to 1ZC). The cooling water fromhte external cooler is distributed from the
cooling water inlet through the machine and returned to the cooler via the cooling water

outlet. The specifications of the required cold water supply are as follows [15]:
Flow capacity 50 litres/min peak (20 ligs/min mean)

Max. temperature 15°C

Min. Temperature 10°C

Min. Supply pressuré.0 bar

Figure 18 shows the Air and Nitrogen Panel Assemlffigure 19 below shows the supply

connections.
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Figurel18: Air and Nitrogen Panel Assemibly5]

Where:

1. Main air safety relief valv@re-setto 10 bar)
2. Main air shubff valve

3. Main air pressure regulator

4. Main air solenoid soft start/dump valve

5. Main air pressure switch

6. Air purge and air knives dump valve

7. Air purge supply pressure regulator
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8. Main nitrogen shuoff valve

9. Nitrogen high pressure safety relief valve
10. Main nitrogen interlock valve

11. Nitrogen low pressure regulator

12. Nitrogen low pressure safety relief valve
13. Nitrogen high pressure regulator
14.Nitrogen purge pressure regulator

15. Nitrogen lav pressure switch

16. Nitrogen purge supply interlock valve

Figurel9: Supply connections

There are two fluid systems on the test startie cooling fluid system and the test fluid
system. The cooling fluid system has the capliluid, the cooling fluid tank, temperature

and level monitoring devices, a pump, a fluid filtration system and a pressure control system
[15]. This system reirculates cooling fluid through the test stand in order to maintain
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acceptable temperatureghe fluid temperature is constantly monitored by a thermostat and

the test stand is set to trip when the cooling fluid temperature react@€g1%]. Normal

operation can continue once the cooling fluid temperature has dropped to béOwr8a

similar manner, the cooling fluid level is also continuously monitored and the test stand will

trip if the cooling fluid level drops below an acceptable level [Mg. cooling system

specifications are as follows [15]:

Tank

Tank accessories

Flow Rates

Pressue settings

Capacity
System capacity
Low fluid level alarm setting

Low fluid level shutdown setting

Level switch

Thermostat

Sight gauge
Temperaturesensor (RTD)
Access cover

Drain valve

Low pressure pump delivery
Akribis flow transducer cooling

Re-circulating tank cooling

Pump safety relief valve

Akribis flow transducer cooling

22 litres
24 litres
12 litres approx.

10 litres approx.

low level shut down

Over temperature shaown
Fluid level

Fluid temperature control

Cleaning empty tank

8.5 litres/min
1.5 litres/min

7.0 litres/min

10 bar

2-6 bar
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Temperature control20 to 25C +2°C using water/oil heat exchanger

The test fluid system comprises of the test fluid, the test fluid tank, temperature and level
monitoring devices, a pump, a fluid filtration system and a pressure control system. This
system delivers test fluid to either the spray analysis section or the Akribis section when it is
required for testing. The fluid temperature is constantly monitored thgranostat and the

test stand is set to trip when the cooling fluid temperature reacl€s [36]. Normal
operation can continue once the cooling fluid temperature has dropped to bé@wrs8a
similar manner, the cooling fluid level is also continuously monitored and the test stand will
trip if the cooling fluid level drops below an acceptable level [T5le test fluid system

specifications are as follows [15]:

Tank Capacity 22 litres
System capacity 24 litres
Low fluid level alarm warning 12 litres approx.

Low fluid level shutdown setting 10 litres approx.

Tank accessories Level switch low level shutdown
Thermostat Over temperature shiown
Sight gauge Fluid level
Temperature sensor (RTD) Fluid temperature control
Access cover Cleaning empty tank
Drain valve

Flow rates Low pressure delivery 8.5 litres/min
Re-circulating tank cooling 7.0 litres/min
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Pressure settings Low pressure pumgpafety relief valve 10 bar

High pressure pump supply 17 6 bar

Temperature control20 to 25C £2°C using water/oil heat exchanger

Test fluid Shell Calibration Fluid 9365 or equivalent ISO4113
Diesel
Bio-diesel

Methanol or Ethanol may aldoe used, but only with gasoline (GDI) type injectors. The
pressure may not exceed 200 bar. If used for extended periods of timeghhgrdssure

pump may be damagellie to the poor lubricity properties of these fuels.

The test fluid used had the follavg specifications [13]:

Appearance Clear, amber, mobile, fluid
Density @ 15C 830kg/n?

Kinematic viscosity at 4@ 2.55mnf/s

Flash point 85°C

Thetanksand pumpdor the cooling fluid and the test fluhn beseen inFigure20 below.
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Figure20: Cooling fluid and test fluid tanks

The test fluid in the common rail is raised to the injection pressure by a high pressye
The high pressure pump is driven by a motor with the following specifications [15]:

Motor Leroy-Somer FLSD 132M EEXd 1IB T4
Power 5.4 kW

Speed Range 30071 3000 rpm

Speed Control Full closed loop control

Controller Control Technique$ Unidrive

There is an emergency stop button located on the test stand. There is also a purge control
selector switchi aux control enclosure and a purge control selector switch for the Akribis
enclosure. These test stand controls can beisdegure21 below. [15]
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Figure21: Test stand controls

2.1.1. Spray analysis system
The spray analysis system is comprised of a chamber; twedpflsh light sheets with a
mechanism to move it up and down; a back light, cameras and a fixture to hold the injector
that is being testegl5]

The chamber is used to contain the injected fluid. It is constructed from sheet steel and has
glazed and seadl windows so that the cameras are able to capture images of the spray inside.

It is matt black in order to minimise reflected light. [15]

The pulsed flash light sheets are used to illuminate the spray so that a camera can capture an
image of a axial view. The back light is used to illuminate the spray so that the second

camera can capture an image oadialview. [15]

The air knives (mentioned earlier) are high velocity sheets of air which flow across these
windows. The air knives preventoaild-up of test fluid on the windows which would result
in the cameras capturing distorted images of the spray.Tli&ije is also an extraction fan
connected to the chamber. The extraction fan removes the vaporized test fluid from the air

inside the chambeThe extraction system had the following specifications:

Model Vortice Lineo 206vVO
Type Inline tube fan
Motor Power 0.145 kW
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Volume Flow Rate 0.260 ni/s

The injector fixture has been designed to hold a single injector. It is adjustable and can
therebre accommodate various injector geometries with ease. There is a high pressure
connection as well as a connection for drainage and an electronic connection for signals to be
sent to, in order to initiate an injectigRigure 44: Akribis Injector Connections Figure 22

below shows the front view dfie apparatuszigure23 shows a side view of the apparatus.

H/INJECTOR

WINDOW WINDOW

Laser 1 Laser 1

Y /SPRAY BOX

WINDOW 005

<«—— CAMERA 1

Figure22: Front View of Spray Analysis Section [15]

m/ INVECTOR

e e

Figure23: Side View of Spray Analysis Section [15]
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For the purposes of this study, Camera 2 will be used in conjunction with the back light.
Camera 2 is an Imager Compact camera and is supplied by La Vision. It is fitted with a
28mm 1:2.8 aperture Nikkor Lens. The camera is mounted under a shroud to reduce the
effect of external light sources.

DaVis software

The camera is controlled via the La Vision PC with the use of the DaVis software, developed
by La Vision. DaVisis also used for data capturing and data processing. The accuracy of the
test stand is due to the DaVis software. It uses a method known as strobing to capture the
data. Strobing involves taking images at predetermined times during the injection. Imeages a
taken over multiple injections. A user defined number of images may be taken at a user
defined time interval across the duration of the injection. The images at each time step are
averagedand combined to form a single sequence of images to represargla injection

event. This has the advantage of removing anomalies and gives the researcher a more general
idea of the behaviour of the sprajhe software also allows for the background to be
removed. A set of images are captured and averaged befectidnjoccurs, the averaged

image is then removed from the experimental images and all that is left is the spray.
Schlieren imaging vsMie-scattering

Schlierenphotography is a popular method of imaging used in this field of studg. Th
method has beensad by various researaleincluding KleinDouwel et al. [24], Valentim

[29] and Alimia [30].1t is an effective method of visualising differences in density in a clear
medium.Schlieren imaging is a form of shadowgraphy, the most common used visualisation
technique used in spray analyg@g]. It relies on the refraction of light as it enters and leaves
mediums of varying densities. A representation of the Schlieren imaging system can be seen
in Figure 24 below. Light from a light source is focused with a lens past a knife edge. The
knife edge stops any stray light from passing. The light that passes the through the knife edge
lands on a parabolic mirror and is refetthrough the area of interest. The light reflected off

the mirror forms parallel rays of light. Any rays that pass through an area of different density
will be refracted and its path will change. The light then reflects off a second mirror past
another kife edge. The refracted rays are stopped by the knife edge and the remaining light
is focused through the lens of some image capturing equipment. The light that was refracted
and stopped by the seabhknife edge appear as shadalesker areas in the resinlg images.

[33]
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Figure24: Schlieren imaging apparatus [29]

The La Vision system makes use of Mieattering methodWhen light hits a spherical
particle, such as a fuel droplet from an injector, it is scattdieid. scattering causes strong
oscillations; the position and angular spacing of these oscillations are dependent on the
properties of the particle that scattered the light. The number of oscillations per degree is
directly related to the size of the pal# using the Loren#lie theory. The imaging method

that was created using this theory became known asSdadtering Imaging and it allows for

measurements of very high accuracy][3

2.1.2. Flow measurement system
Due to the extremely high pressures at whiib system operates, most of the components
are housed in the Akribis flow enclosure. The high pressures mean that the test fluid is raised
to temperatures higher than its flash temperatdigh pressures also mean that if there is a
mechanical failurethere is a possibility that components will be projected at extremely high
velocities; escaping gasses at temperatures above their flash point could lead to explosions.
[15]

For these reasons, the Akribis flow enclosure is constructed from sheet stsieés3 he
window, used for visual access, is constructed from a double skin of impact resistant
polycarbonate. The door is held closedthyee manually operated latchesd seals the
enclosure when close.5]
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The internal volume of the enclosure igged with nitrogen in an attempt to remove enough
oxygen so that ignition will not be possible. [1Bhis is achieved with the Expo Size

1 001/XCF/ss/PA purgeontrol system. This system can be sedfiguire25 below.

MiniPurge

Figure25: Expo Purge Control System

Inside the Akribis flow enclosure is the Akridisw measuring unit, on top of which, a fuel
injector is mounted. The common rail is also situated inside the enclosure; the pressure is
monitored with the use of a pressure transducer. There is also a pressure gauge which

indicates the back pressure leapplied to the Akribis unit. [15]

The injector fixture in the Akribis section of the test stand is as described above for that of the

Spray Analysis sectiom schematic of the Akribis unit can be seerrigure26 below.
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Figure26: Akribis unit[16]

2.2Power enclosure
The power enclose hoses various buttons that control the testlstaaslan emergency stop
button which willturn off the common rail pump drive motor and the fuel pump metben
pressed15]. It also has an isolator which turns on the power enclosure and the computers
(Test Stand and Akribis computer3here is a control panel which is used to turn on the test

stand and various pumgdsigure27 shows the power enclosure control panel.
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Figure27: Power enclosure control parj&b]

Where:
1. Power on lamp
2. Spare
3. Test stand on button

4. Test stand off button
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5. Akribis cooling fluid pump on button

6. Akribis cooling fluid pump off button

7. Test fluid pump on button

8. Test fluid pump off button

9. Common rail pump drive on button

10. Common rail pump drive off button

11. Akribis cooling tank temperature controller
12. Test fluid tank temperature controller

13. Lamp test pushbutton

15. Emergency stop button

2.3Control Enclosure
The control enclosure is a free standing cubicle and holds various components of the system.
The most important components in the control enclosure are the test stand computer, the
Akribis system computer and the spray analysis computer. These erspwé used to
operate the test stand and perform the various functions. The test stand computer controls the
pump, the fuel pressure and performs various other functions. The pump speed and fuel
pressure can be controlled with this computer. The sigeaisto the fuel injector can also be
controlled from this computer and the injections are turned on and off from here. The air
knives for the spray analysis experiment are controlled from this computer. The test stand
computer shows the user general infation about the test stand and shows the user if
anything is wrong. Warnings are displayed if the test fluid or cooling fluid levels are too low
or too hot; if doors are opeatr if the air supply or nitrogesupply are not acceptable.

The Akribis and thespray analysis computers are primarily used to capture and process data
obtained from the respective experiments. The data, once processed can then be exported for
further analysis. The control enclosure can be se€igire28 below.
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Figure28: Control enclosure

2.4Fuel Injector
The injector used for the study was a 6 hole Bosch injector as used on a Mercedes Benz Vito
An example of the type of injector used can be seé&ingure29 below.

Figure29: Fuel Injector
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The specifications of thiajector are as follows:

Type: 6 hole solenoid actuated diesel injector
Model: Robert Bosch 1St/Pc

Serial No.: 0445110 181

Nozzle No.: 060 1320

Orifice diameter:  0.170 mm
Injection pressure: 1400 bar

All but one of the holes on the injector was sealed with solder by AlBfija This was done
to ensure clearer images and less interference, thus allowing the software to more accurately

analyse the results.
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2.5Pressurized Spray Chamber
A spray chambewas required so that the spray analysis could be done with a pressurized
environment. The spray chamber would need to handle a pressure of up to 20 bar without
affecting the normal operation of the Inov8 Test Stand.

2.5.1. Spray chamber
The spray chamber used svéhat used by Valentim [29Figure 30). Unlike the spray
chamber in the test stand, the spray chamber used by Valentim was round. The chamber was
made of steel witl2 round windows that were made of NBKglass(used for optical
components eg. lense®)s in the case with the spray chamber in se@iérB3of this report,

thesewindows were optically pure and would not distort the images taken.

The chamber had a“3port which was sealed with a 12mm thick steel blank that was
machined for an -wing. This port allowed the operator access to the inside of the spray
chamber byundoing a few bolts. The injector was fitted on the top cover of the spray
chamber at an angl&igure 31) so that the portion of the spray exposed to the camera was
maximized as seen Rigure32 below. The modification was made by Alimia [36]gure32

(a) shows the original configuration afigure 32 (b) shows how the injector is currently
positioned. The original hole on the top ligasvsealed and a new hole was drilled at a 20°
angle. The angle d is tymwmeshoftheysprdyénovdsibdlie 14 0 /
through the windowThe chamber was fitted with a pressure gauge to monitor the internal

pressure and the chamber was capable of holding 25 bar.
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Figure30: Valentim spray chamber

Figure3L1: Injector mounting
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Figure32: Injector location [30]

2.5.2. Spray chamber setup

The original intention was to mount the spray chamber in the same location as the existing
spray chamber. This proved to be watible due to the size and weight of the spray chamber

and the restricted space inside the test stand.

It was then decided that the spray chamber would sit outside the test stand and all the
connections (electrical and fuel) would be rerouted to the oeatibn as seen irigure30.

A stand was fabricated hold the spray chamber with an adjustable bracket for the camera.
The camera was relocatedttee new stand and the distance between the camera and the tip
of the injector were kept the same as the original set up. This was done by extending the table
as seenin

Figure33. The camera with the original bracket from the Inov8 test stand were bolted to the
camera bracket iRigure34 and then to the table extension. The bracket that the camera was
mounted on allowed for fine adjustments in the vertical and horizontal direction. Even finer
control of the frame of the camera was possible through the DaVis software. The original
cover fa the camera was used to reduce interference from outside light sources. New high
pressure ah return fuel lines were fabricatethd connected to the test stand. The injector
signal wire was extended and the original plug was used.
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2.5.3. Spray chamber design
A second spray chamber was designed to optimise the data capturing of the Inov8 Test Stand
The spray chamber was designed to contain a pressure of 20 bar while maintaining the
critical dimensions of the existing spray chambehad a larger internal volume than the
chamber described in Secti@rb.1to better dissipate the atomized fluid, allowing for clearer
pictures. The location of the injector and the design of the windows was optimized to allow
the camera and software to work as they did befloee modifications.lt would also be
possible to test muHiole injectors with this saip.

The analysis involved the superposition of the rigid frame model and plate model. A Finite
Element Analysis was also conducted to verify the calculations. Thesdetdhe design of

t he Sspray chamber can be found i n t he des
APPENDIX Ei SPRAY CHAMBER DESIGNOf this report.

A model of the ddagned spray chamber can be seeFkigure 35 below. The top and bottom
covers as well as the window flanges were secured with M12 and M8 bolts respectively. The
guart glass windows specified ensure no distortion of the images while retaining 20 bar of

pressure.

A piece of steel round bar, machined in the negative of the injector is positioned in the middle

of the top lid. This ensures that the tip of the injectdodsited at the correct positi@o that

the entire spray can be captured through the window. It also allows a seal to form around the
injector so that the gasses inside do not escape and the pressure inside the chamber can be

maintained.

On the top lid, to the side of the injector hole is another hole. This hole allows for the
attachment of an inlet valve. The compressed gasses will be introduced to the chamber via
this hole. There is a ball valve tegulatethe flow of gas as well as agssure relief valve set

to 20 bar (the limit of the windows) and a pressure gauge to monitor internal pressure.

Figure36 shows the completed chamber set up foirgstith all the required connections.
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Figure36: Spray chamber with connections
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2.6.Experimental Facility Setup

Figure 37 below shows how theomponents of the experimental facility described in the
previous sections were connected to each other for the purposes of this study. The figure

shows the flow of power, test fluid, signals, coolfhgd and test gases as they were setup for

the study.
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2.7.Experimental Facility Risk Analysis
The hazardsassociated with the operation of the test stand are identified in this section, and
measures are suggested to reduce the risk of injury to the operator or damage to the

equipment.

There are two pressurized systems involved in the experimentse &heshe pressurized
spray chamber, which can be up to 20 bar; and the common rail system which will go up to
1400 bar (limit of the injector to be used). These two systems pose the greatest risk to the

safety of the operator and the equipment.

Figure38below shows thareas of the lab that may be hazarddie test stand is controlled
remotely from the PCs in the Control room. The operator will have to be irottelkcroom

to enable injections, control the injection pressure and perform data capturing. There is a
brick wall separating the equipment from the operator. There is a window to allow the

operator to monitor the equipment while testing.

The spray chambewill be pressurized using a regulator on the gas cylinder in use. The spray
chamber is fitted with a pressure relief valve to prevent over pressurization. The pressure
relief valve is set to 20 bar which is the maximum pressure allowable on the wirldcews.

is also a pressure gauge on the spray chamber to monitor the pressure of the gas inside.

In Figure 38, red represents potentialllery hazardous areas of thab| orange represents
areas that are potentially moderately hazardous, and green represents safe areas. From the

figure, we can see that the operator is safe while conducting tests in the control room.

The operator must stay out of the red areas when pgtaey £hamber or common rail is
pressurized. The orange area should only be entered to operate the gas cylinders with the

pump speed set to O rpm.

The door to the lab should be shut and locked when testing is in progress to prevent anyone

entering the redrea unexpectedly.

The gasses used to pressurize the chamber (nitrogen and carbon dioxide) would cause
asphyxiation should the operator be exposed. The operator should monitor the system for gas
leaks. The spray chamber is purged via a ball valve onabeyginder. The purged gasses

are routed out the lab and into a closed off courtyard adjacent to the lab.
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Figure38: Lab danger zones

Tablel below shows the identified hazards and safety measures to be taken to minimize risk

to the operator and equipment.
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Tablel: Risk analysis

Hazard Consequence | Severity | Likelihood | Safety measure Notes
(1-10) (1-10)
Spray chamber failure Windows blow| 10 2 Stay out of red zone when chamber| Pressurize chamber in sm
out pressurized. Inspect pressure relief vg increments and monitor pressy
regularly. gauge. Stay under 20 bar.
Common rail system failure| Common 8 1 Stay in the control room when the system Do not exceed 1400 bar ra
rail/high pressurized. Set rail pressure and pump s| pressure. Increase pump Spe
pressure ling to 0 wken leaving the control room. Ensy and rail pressure incrementally.
explodes test stand doors are closed.

Test fluid leaks Oil spillage. 2 5 Ensure all connections are made properly.| Monitor the system through th
connections to he fuel injector must b{ window while incrementally
tightened with a spanner. increasing the rail pressure.

QOil spill on floor Slipping 4 7 Wear proper, closed safety shoes in the la|

hazard all times to preverslipping.
Gas leak Asphyxiation | 10 3 Ensure gas cylinders are closed tightly wk The chamber is purged remotg

not in use. Ensure all connections are m

tightly. Open lab door when purging/emptyi

spray chamber

and the purged gasses are roy

outsde.
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3. METHODOLOGY

3.1.Experimental Planning
The main objective of this study is to determine the effects of cylinder pressure and cylinder
gas density on spray penetration; more accurately that previously possible. This will be
achieved by using the state of the art technology of the Inov8 Tedt &adescribed in
Section?2 of this report. The data capturing equipment of the test stand is unmatched by
equipment used in previous studies with similar objestias discussed in Sectibr2.12of
this report.

The Inov8 Test Stand was designed to analyse spray patterns with atmospheric back
pressures, so some modificatsoto the stand were necessary without affecting the accuracy
of the equipment. This was achieved by retrofitting a pressurized spray chamber to the test

stand.

The spray chamber used by Valentim [29] was fitted to the test stand and the necessary
modifications to the camera and light position were made. Using the Valentim chamber
allowed for the experimental results (diesel) obtained by Valentim to be verified by the
current study. It allowed a direct comparison to be made between the tests with the only

major variable being the data capturing system.

A custom spray chamber was designed for the experiments and fitted to the testittand

the intention of optimising the data capturibring the initial set up of the spray chamber,

the tip of the injectowhich was in the same plane as the top of the window was not visible.
This was due to the perspective of the camera. The solution was to modify the injector holder
on the top lid of the chamber so that the injector would sit 25mm lower. This required

serding the chamber back to the manufacturer and recertification.

The spray chamber of the test stand has an extraction system to remove the vapour from the
air while an injection is occurring. Due to the fact that the new spray chamber would have to

be presurized, it was not possible to retain the extraction system. If too much fluid is
introduced to the <chamber, It woul d become
images. It was therefore necessary to minimise the amount of fluid injected per iesta3h

accomplished with the use of a 01 hole iIinjec
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seal with solder. The injection pressures were then limited to a maximum of 800 bar. This

was to ensure that the solder remained on the tip of the injgetping the holes sealed.

Testinginvolved measuring the spray penetration with different combinations of injection
pressure and chamber pressure (back pressure). The injection pressuegied between
700 and780bar and the chamber presswasvaried between 0 (atmospheric pressure) and
20 bar. First the injection presswasvaried with a constanb(bar) back pressure. Then the
back pressurevas varied with a constant injection pressui®(Q bar). Finally, both the
injection pressure and the dkapressurevere varied while maintaining a constant (5 bar)
difference between them. All the experimemtere conducted first with nitrogen in the
chamber and then repeated withrbon dioxide in the chamber due to their different

densities.

The resultswere processed both manually and with the use of the functions built into the
DaVis software. All resultsverecompared to the theoretical models of Dent and Hiroyasu to
determine their accuracy in predicting the spray penetration as well as break uph#me.
flow measurement facilities of the Inov8 Test Stand (Akribis) were used to give clarity on the

behaviour of the spray.

3.2.Experimental Procedure
The apparatus allows for only one experiment (either flow measurement or injector spray
analysis) to be p@rmed at a time. The stanp and stopping procedures described should be
followed for both the flow measurement experiment and the spray pattern analysis

experiment.
Before following the methodology outlined below, ensure the followitig):

Water, oiland electrical supplies are connected

Cooling fluidin the coolingfluid tank is atthe correct level

Test fluidin the test fluid tanks atthe correct level

The Akribis door has been closed and the three door clamps are securely closed
All access paneland fixed covers are fitted

All emergency stop buttons have been reset

N o g M wDdPRE

Both the Akribis section and Spray Analysis section have injectors fitted.

Before beginning with thetartup process, the experiment that is to be performed must be

selected i.e. Flowmeasurement or spray analysis. This is done by ensuring that the correct
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plug is inserted into the socket in the top right hand side of the control enclosure and by

selecting the experiment using the switch on the power enclosure [16].

3.3Start up
The following start up procedure and precautions should be followed for both flow

measurement and injector spray analysis.

3.3.1. Procedure

Switch on external heat exchanger and set it taCl2

Open the nitrogen tank ( set pressurBGdar using pressure regulator)
Turnon compressed air supply (open valve and set to 6.5 bar)

Turn on extraction fan

Turn on main isolator on power enclosure

Wait for computers to start (computers will start automatically)

Turn on test stand on power enclosure

Launch software (stand computer)

© © N o 0 s~ w DN

Turn on purge control valvgen test stand)
10.Turn off purge control valve (after allowing a few minutes to purge)
11.Check test stand status on stand computer, ($d@-igure 39)(at this stage there will
be one red |ight; O6Doors Closed & Locked
12.Turn on cooling fluid pump (button on power enclosure)
13.Turn on test fluid pump (button on power enclosure)
14.Wait for all lights to turn green (séggure39)
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Station - [Stand Status & Digital Inputsfutpots]

Stand Status Digital Inputs
7] Akribis Cooling Ol AL Temperalurns
Emergency Stop System 0K 3 | Test Ol Al Temperature
Air Prossure OK @ =] Drive Stopped I
] Dbt O
Nitrogen Pressure O @ - )
] Fuel Pump Runninig
Akribis Cooling Temperature OF 3 | AN Doors Closed & Locked
Akritis Cooling Tank Level OK & ] Front LH Door Open
7] Frontl RH Door Open
Alribie Cooling Fump Eotor Ok c
g P @ ] Side LH Door Open
Test 0Nl Temperature: OK 3 U] Side RH Door Opan
Test O Tank Lovel 0K @ 7] Bpray Measuremaent Moda
] Conmsction For Akribis Firing
Test Oil Pump Botor OK g
[C:onnection For Spray Firing
Electrical Enclosure Purge OK @ ¥
Digital Cutput
Akribie Enclosure Purge O 3 .
] IDrivee: Rotation CW
Doors Closed & Locked OK @ ] Drive: Botation CEW
[+ Shew Status Warning Messages Once ] Camera 2 Air Knives
[ Disable: Warning Messagaes _| Spray Pattern Open Deflector Shield
_| Gamara 1 Ar Knives

Figure39: Test stand status

15.Turn on common rail pump (button on power enclosure)

3.3.2. Precautions

1. Ensure test stand has been switched on before pumps are switched on.

2. The common rail pump, test fluid pump and cooling fluid pump must be turned on in
the order listed above.

3. Ensue that the cooling fluid level and temperatare acceptablécorrect level and
Nno warning messages)

4. Ensure that the test fluid level ateimperature are acceptalftorrect level and no
warning messages)

5. Ensure that the Akribis door is closed securely.
Ensure the Akribis enclosure has been purged properly (filled with nitrogen) to
prevent ignition.

7. Ensure extraction system is functional.

3.4.Stopping
The following stopping procedure and precautions should be followed for both flow

measurement and injector spray analysis
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3.4.1. Procedure

© © N o g s~ w D P

Set pressure to 0 bar (on compukgure4?2)

Turn off pump drive Figure41l)

Close software

Shut down computers

Turn off common rail pump (button on power enclosure)
Turn off test fluid pump (button on power enclosure)
Turn off cooling fluid pump (button on power dosure)
Turn off test stand (button on power enclosure)

Turn off main isolator

10. Turn off extraction fan

11.Turn off compressed air supply

12.Close nitrogen tank

13. Switch off heat exchanger

3.4.2. Precautions

1.

2.
3.

The common rail pump, test fluid pump and cooling fluid pumyst be turne off in
the order listed above

Wait for common rail pump to turn off before turning off the test stand

Ensure the computers have shut down leeforning off the main isolator

3.5Injector Spray Analysis

The following procedure and precautionssld be followed for the injector spray analysis

experiment[21]

3.4.1. Procedure

1.

a bk~ 0N

Turn on Spray Analysis computer by pressing the black power button on the control
enclosure Refer toFigure40). The PC will turn on, no password is required, press

enter.

Launch the LA Vision Software by doubl e <c
Select OExpert Userd and | ogin

Select OProjecttbojtelcemrOsdlroent ttheNaelwop dov

Name the project; select 6SprayMaster 6 frr
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Background image

6. Cl i ck ONewbd

7. Sel ect 6Background I magesd from the Recor
8. Click O0Devicebo

9. Cli ck O6Recor di ng &electights daneé carnesastocha used me n u .
10.Cl i ck 00Ono

11.Cl ick O6Acquisitéo

12.Cl1 i ck ORecording Sequencebd I n cascade r
i mmedi ately after each scan | oopbo

13.Cl ick Ol mage Acqui sinuammér i mf ciama@ase tme nl
i mmedi atel yo

14.Sel ect 6éDeviced. Click O6Timingd in the ca
15.Set Trigger source to O6lnternal triggero

16.Cl i ck 6 St atodtart Reodiogddta n g 6

17.Cl i ck O0Cl osebd

18. Select the background image from the cascade ménu. €k &é Bat c hd

19.Sel ect O0Statisticsd from the operation gr
200Sel ect 6Parameteré6 from operation | i st

21.Ti ck O6Averaged and select 6Camera 106. CIi
Experimental image

The same steps (6 to 12) should be followed to obtain expsamanages that were

foll owed to obtain the background 1| mage. A
selected instead of o0Background I magesd. Fro
22 Ensure O6Store in folderé is set to oper

recor dickedgo i s

23.Cl i ck Ol mage Acquisitiond in cascade menu
24.Cl i ck O6Recobd dimgcassesgaeeacmenu. Click Ol nse
25.Sel ect 6Scanningé. Select OReference ti me

26.Repeat step 22

27.Sel ect Ol mage Acquisitiond. ffemedtr op| ma gvd
00k o

28.Cl i ck OReference time 16in cascade menu.
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29.Sel ect 0Scanbo. Enter start time of 0. 35ms
length. This is the time frame in which the data will be recor@ed.increment to
0.05ms.

30,Cl i ck o0l mage Acquisitiondé in the cascade

31. Set number of images to 10.

322Sel ect 6Deviced. Click O6Timingdé in the <ca

33.Set Trigger source to OExternal cyclic
pr et rigtigkgde r 0

34. Adjust the chamberrpssure using the regulator on the gas cylinder as required.

35. Set pump speed, rail pressumjection durationand enable injectionas outline in
Section3.8.10f this report.

36.Cl ick o6Start Recordingdé to begin recordin

Figure4(Q: Spray Analysis Computer Power Button

3.4.2. Precautions

1. Pressure is set to increase sequentially so problems can be found before the equipment
is damaged.

2. Ensurenjection has been stopped before adjusting the pressure or firing pulse

3. Ensure lights are on and correct camera has been selected as the computer will return
to default settings when the recording screen is closed.

4. Rail pressure must not exceed 1800 bar

5. Ensure air knives are turned on

64



3.6.Image Processing
The images collected using the methodology described in S&Bmhould be processed
using the following stes using the DaVis softwam: the Spray Analysis comput§21]

1. Highlight the first of the experimental images

2. Ri ght c¢click and select OHyperloopé

3. Sel ect O0Current foldero

4. The filter drop down menu is used to filter images the user wishes to process. The
operation drop down menu is used to select the processing the user would like to

perform.
Experimental image averaging

Sel batchpratessitg f rom t he operation drop down
Click the OParameter6 button

Set it to averaging as done with background images.

Click 6Closed (top | eft)

© © N o O

Click OExecuted
Background subtraction

10. Repeat step 5
11.Ri ght <click 6Averagingd. Select ODisabl ed
12.Select a new operation.

13.Sel ect O Pr gjowaeend appgare n t he

14.Sel ectr oduBnadc ksgubt racti on6é in the operation
15.Sel ect o6Back | ightingdé for camera 2

16.Sel ect o0Def aul t Background filed in the
file from ABackgroundo postprocessingb®d

17.Close the batch processing menu

18.Cl i ck 06 EXx élyerlbopdena n t he
Rearrange data

19.Sel ect 6Rearranged from the operation dro
200Cl i ck 6Parametero

21l gnore Time and set variable parameter to
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Export data

22.Sel ect O6Exportd on the tool bar
23.Set Export type to JPG

24. Specify export path

25.Cl i ck OExporto

3.7.Geomety Analysis
Once the images have been processed following the steps in the previous section, the DaVis
Geometry Package can be used to analyse them. The Geometry Package is only available
when using the &édSpray Mast er 6 owmagiry Paokage 8s me n
accessed via the Batch Processing menu and the Hyperloop function can be used to analyse

all the data at once.
The following steps should be followed to analyse the processed images.

.Select the Geometry Pabovkthgoperationslistt he O6Load
.Select O6SPM Inspex Evalwuationdé from the 0

. From the Operations list, disable option8.1

1
2
3
4. Expand option 4; O0Geometrybo
5. Sel ect OMaxi mized Parameter Dialogé
6. Sel ect 6Setup Parametersd icon
7. In the Parameter box, tick the following:

1 Spray angle

1 Diameter at distance

1 Maximum diameter

1 Tip penetration

91 Arc profile

1 Tracer profile

1 Spray front
8. Set O6Spray Typed to Multispray
9. Expand the O6Functionsdé menu and set the p

9 Direction of angls: Clockwise

1 Scale Display: Buffer scale (mm)

1 Decimal Places of length values: 123.4mm
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1T Deci mal APointo character: Dot (.)
1 Colours may be set as desired.
10.Expand the 6Postprocessingd menu and set
1 Use dynamic mask: Off
1 Use rectang: Off
1 Rotation angle°j: 0
9 Percentage: Checked, setto 5
9 Filter mode: Off
11.In the radial parameter menu set the parameters as follows
1 Mode: Counting
1 Limit: 95
1 Use lines as diameters: Checked
12.Set up the submenus as follows:
1 Injectori leave unchanged
1 Penetration:
0 Mode: Pixel
o Limit: 95
1 General:
0 Arc profile mode: Integral
o Width of arc segment: 1
o Stepwidth of tracer profile: 1 pixel
13.Return to the Functions menu and select O
14.Cl i ck 6Setd for t hezzleimthesmayomage.and cl i ck on
15. Define the segments by selecting point through which the lines should pass
16.Two points along the length of the spray may be selected at which the spray will be
analysed. (areas of interest)
17.Sel ect the O0Test Processingd button.
18Exit the batch processing menu and sel ect

3.8Flow Measurement
The following procedure and precautions should be followed for the flow measurement

experiment.
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3.8.1. Procedure

1.

Test drain valve by checking for flashing light (IRURRENT) when Manual Drain
Control button is pressed (on control enclosure)

Set number of injections to 20 injections (Akribis PC, F4, setup)

Set pump speed to 1000 rpm (Stand PC, F7F&peedl)

Stalioni - [Sel Pump Specd]

Speed Demand . 1{]“0 Fpm

Pumia Diraction | s Al o '
) o o
[_Fi1 ] [_Fz |

Slop Drom |

MR FRey

S T 0 0 O O

Figure4l: Set pump speed

4. Set firing pulse lengths and delays (Stand PC, F8Ffrre42)

| Statham1 - [Injector Firimg & Pressure Control]

Injector Firing & Pressure Control

 Injector Pulse Pattern Control . ~ Injector Power Stage Control
Paramotor Setpoint  Units Parameter Setpoint  Units
Injection Speed : 100 rpm | [vboost] Boost valtage : 40.0 W
Start Inj. Delay:| 1800 Bs liboost] Current during Boost phase:[ 180 A
Pulse 1 Width ;| 1000 us [vbat] Battery voltage : 14.0 W
Pulze 2 Width - i ps | [tnp] Length of Pull In phase 500 ps
Pulse 3 Width 0 M5 [ig1]) Lo current value in Pull In phase : 50 [
Pulse 4 Width : a us [ip2] High current valua in Pull In phase : 14.0 A
Pulse & Width : o BE [ih1] Low eurrent value in Hold phase : 7.0 A
Pulse 1 to 2 Separation ; [ 5 [ib2] High currant valuain Hold phase : 9.0 A
Pulse 2 bo 3 Separation 0 us
Pulsa 3 to 4 Soparation : ] 113 | # Enable Injections
Pulse 4 bo S Separation ; ] [
[+] Syne to Pumg [<] Enalde Pulse Paltarn ]
| Imjecton Fower Stage Status Foedback 1

@ POWERFALLT
@ OVER LOAD: Infector IMpedance is 1o low
@ NOLOAD: injector impedance Is too high or injector not connected

-~ Pressure Contral

Parameter Setpoint Units
ﬁl 100 [h—| @ COMIN : injector current nol al zZero on rise edge of mext COMINJ signal
ail Pressure Damand @ ar . . - -
@ CHOPPING : Gufrent chopping fequency i boo high (0N or OFF Lime < ps5)
Pump ¥CW Demand ;| 083 | a4 |
|W| Aclual Rail Pressure (bar)

ACTIVE 1 389

Apphy | Glome

Figure42: Injector firing and pressure control
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Set rail pressure (Stand PC, F8, Sapire42)
Enable injetions (Stand PC, F8, S&&gure4?2)
Select location to save data (Akribis PC, F4, setup)
Run free test (Akribis PC, F9, SEgure43)

1 AKRIBIS - [Akribis]

Exit Displays Mode Station Errors Testplan Conbrol View  Help

ARribis Tesst Mumber 126
Injection Event Data
- [ Velume (mm3) —— - Start Time {ms) - —End Time (ms} —  —Pressure (bar) —
Mean std Mean std Mean st Mean std
1 19.62 0.48 2.09 0.00 2.88 0.00 | 1404.19| 0.56
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 000 | 000 | 000 000 || 000 0.00
5 0.00 0.00 Q.00 0.00 0.00 0.00 0.00 0.00
- 20,00 -
50.00— . 2000
- 1800 i
45.00- i
el | — 1800
w0.00- | -

3500- 1004 __mo
30.00- 1200 F1a00
) i) @

25.00— £10.00- - |zoo§0
%20.00— £ oo ~1000
2 - E
Z 1500 600 L eo0
10,00 -
4,00 —600
5.00—
o00- 2 400
500~ 000 =200
2.00 I 1 1 1 I 1 1 i—0
0.00 500 1000 1500 20,00 2500 30.00 3500 4000 4500 5000 5500  60.00
Time (s}

Wersion Akribisv3.4pl 005

— Speed

- 999..

—I\nuohmons
Total 2
Displayed 1

PFemote Enabled
Free Run

Progress

— Metering Temperature ——,
Actiial 4749 °C

Last Test \
Mean 476 °cC

st 0.0 °c

— Cooling Temperature

Actual 211 ¢

~— Back Pressure

[ 40 bar |
- Drain Rate |’I'llrma .
! mmlims
1 02 ms
PLeak Rite —————————
[ 0.0000 mm3ims J
[

-~ Test Time -

085 = |

Windows Mode )
Untocked

NOVS |

Technologies

F10 Abort Test

3k

Figure43: Akribis PC

9. If displayed results are acceptable, abort test (F10) and run test (F2)
10. Disable injections (Stand PC, F8, Faegure42)
11.Export data (Refer to Appendix B)

3.8.2. Precautions

1. Pressure is set to increase sequentially so problems can be found before the equipment

is damaged.

Ensure injection has been stopped before adjusting the pressure or firing pulse.

Ensure drain valve is working by checking if light is flashing on control enclosure.

When opening the Akribis enclosure door, allow enough time for the nitrogen to

disperse. (risk of asphyxiation)

Rail pressure must not exceed 1800 bar
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3.9.Connecting an Injector
The following procedure should be followed when fitting an injector to either the Spray
Analysis section or the Akribis section of the test stdfigure 44 and Figure 45 below

shows the connections that must be madedanjector.

3.9.1. Akribis p rocedure

1. Insert the nozzle of the injector into the hole at the top of the Akribis unit while
positioning the flat section of the injector in the clamp.

2. Tighten the bolbn the clamp to hold the injector securely in place (5N.m gt
a torque wrench).

3. Attach the high pressure test fluid connection to the high pressure connection of the
injector.Note: Small connector must be used.

4. Tighten the bolt on the high pressure test fluid connection using a No. 17 spanner.

5. Insert the draiage connection into the top of the injector. Fasten using circlip.

6. Plug electronic connection into electronic connection point on injector.

To remove an injector from the test stand, follow the above mentioned procedure in reverse.

!

Figure44: Akribis Injector Connections
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Where:

High pressure test fluid connection
Electronic connection

Drainage connection

w0 PR

Clamp

3.9.2. Spray analysis procedure

1. The injector must be placed into the hole on the top of the sgramber with a
copper washer.

2. The flat section of the injector goes into the slot in the clamp and the fulcrum is
placed under the clamp.

3. The weight disks are placed on the clamp.

4. Follow steps 3 6 as in Sectio.9.10f this report.

Figure45: Flow Analysis Injector Connections
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Where:

1. Injector

2. Clamp

3. Weight disk
4

. Fulcrum

3.9.3. Precautions

1. Do not over tighten the clamphis may damage the test stand and the injector

2. Ensure the test fluid connections are tight as loose connections may result in leakage
3. Ensure electronic connection is made correctly. Incorrect connection may result in

injector not firing
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4. OBSERVATIONS
The tests were run as described in the previous sections and the observations are presented

below.

4.1.Spray Analysis

The output of the DaVis software is a set of pictures of the spray at each time step for the

range specified.

Figure46 to Figure54 below show the images captures with an injection pressure of 720 bar

and a camber pressure of 5 bar (nitrogen).

Figure46: 720 bar injection pressure. 5 bar chamber pressing nitrogen0.35mg 0.4ms

Figure47: 720 bar injection pressure. 5 bar chamber pressing nitr@en 0.45mg 0.5ms
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Figure48: 720 bar injection pressure. 5 bar chamber pressing nitrogen0.55ms" 0.6ms

Figure49: 720 bar injection pressure. 5 bar chamber preaging nitrogen0.65ms 0.7ms

Figure50: 720 bar injection pressure. 5 bar chamber pressing nitrogen0.75ms 0.8ms
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Figure51: 720 bar injection pressure. 5 bar chamber pressing nitrogen0.85ms’ 0.9ms

Figure52: 720 bar injection pressure. 5 bar chamber preasing nitrogen0.95ms 1.0ms

Figure53: 720 bar injection pressure. 5 bar chamber pressing nitrogen1.05ms
1.10ms
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Figure54: 720 bar injection pressure. 5 bar chamber preasing nitrogenl.15ms

4.2.Flow Measurement

The Akribissection of the Inov8 Test Stand was used to measure the fuel injection rate and
delivery. The software measures these parameters which are then exported to a text file. A
sample is presented below and the full set of observations can be foMR®PHNDIX AT

DATA CD.

1.0
Delivery
mm3/st
ms
0.000000
0.005000
12000
0.000
0.000
0.000
0.000

é

0.034
0.034
0.034
0.034

3.626
3.586
3.586
3.626
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The raw data shown is for thejéctor deliveryin mnr. The start time is 0 and the increments
are 0.005ms with 12000 data poirfteot shown) This is from a single injection and only
shows the measurements at the beginning, middle and end of the injébeoa.are 20 sets

of data like this for each test for each measured parameter (injection rate, injection delivery
and firing pulse).
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5. DATA PROCESSING

All the raw was processed using the methods described below.

5.1Spray Analysis
The pictures taken at eagitrement during theest areaveraged by the DaViso8ware on
the Spray Analysis computekveraging the data reduces the effect of any outliners on the
final results. Individual injections have slight variations from each other; averaging the data
therefore gives a more general eg@ntation of the injectionshe averaged picturagth
background removefdr a test donevith a one hole injector, 720 bar injection pressure, 5 bar
cylinder pressure (nitrogen) and a f80njection duration are presented below.

Figure55 shows the spray between 0.35ms and 0.4igsire56 shows the spray between
0.45ms and 0.5m&igure57 shows the spray between 0.55md @rbms Figure58 shows

the spray between 0.65ms and 0.7Rigure59 shows the spray between 0.75ms and 0.8ms.
Figure60 shows the spray between 0.85ms and 0.8igsire61 shows the spray between
0.95ms and 1msigure62 shows the spray between 1.05ms and 1.Figsire63 shows the
spray at 1.1&s. The times mentioned refer to the time after the signal was sem to th

injector]

Figure55: 0.35ms to 0.4maveraged and background remove2l bar injection pressure. 5

bar cylinder pressungsing nitrogen
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Figure56: 0.45ms to 0.5maveraged and backgrouremoved.720 bar injection pressure. 5
bar cylinder pressunesing nitrogen

Figure57: 0.55ms to 0.6maveraged and background removézD bar injection pressure. 5

bar cylinder pressungsing nitrogen

Figure58: 0.65ms to 0.7maveraged and background removézD bar injection pressure. 5

bar cylinder pressunesing nitrogen
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Figure59: 0.75ms to 0.8maveraged and background remové20 bar injection pisure. 5
bar cylinder pressungsing nitrogen

Figure60: 0.85ms to 0.9maveraged and background removézD bar injection pressure. 5

bar cylinder pressungsing nitrogen

Figure61: 0.95ms to 1lmaveraged and background removézD bar injection pressure. 5

bar cylinder pressunesing nitrogen
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Figure62: 1.05ms to 1.1maveraged and background remové2D bar injection pressure. 5
bar cylinder pressunesing nitrogen

W

Figure63: 1.15msaveraged and background remove2D bar injection pressure. 5 bar

cylinder pressuresing nitrogen

Once the data has been averaged the background removed, ihgages areanalysed by

the DaVis ®ftwared s Ge 0 me t to geteppnme theacane angle and spray penetration at
each incrementrigure 64 below shows an averad picture that has been processed by the
DaVis Software This image represents the processed results for an injection with a 700 bar
injection pressure and 5 bar of nitrogen in the spray chamber; 0.75ms after the signal was

sent to the injector.
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Figure64: Processed Average Picture

The user specifies the location of the nozzle of the injector and the boundaries of the spray
(the outer set of white lines in the image). The threshold must be adjusted so that the software
is propely able to pick up the spray. The software then located the boundaries of the spray
and calculates the spray penetration and cone andghkgune 64 the inner set fowhite lines,

drawn parallel to the boundary of the spray, is used to measure the cone angle. The arc
represents the tip of the spray and the software measures the distance of this arc to the nozzle
location to determine the spray penetration. In thisamse, the spray penetration was
determined to be 32.8mm and the cone angle wés 8.8

The Inov8 Test Stand has two options for lighting and thus two methods of analysis. The

first, as seen ifrigure64 is a back light. A sheet of light is positioned behind the spray and

the spray is analysed against a light background. t he fi gure, A#10 i s t
A#20 is the tip of t hThe secord islslkeeet/frontrlighting. Mhiso f t F
method illuminates the spray and not the background. For the first 0.15ims ijection,

the spray is nioin front of the backlight and so this portion is analysed using the sheet/front
lighting setting on thedftware as seen iRigure65.
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Figure65: Sheet/front lighting processed image

The results of the measurements are saved in text files. A separate text file is created for
every time step of every test and a new set of text files is created for each analysis (each time
a parameter is changed in the geometry package to optimizestiies reg. Threshold). The
researcher has to navigate through approximately 5 subfolders to access each of these text
files. The data must then be manually captured in an excel file for each instance. Research of
this scope results in hundreds of text figewl it would be very time consuming to manually
collect all the data. Software was created by a previous student, however this researched
involved a lot of optimization with the geometry package and this software was unable to
extract data from multipleess of analyses. For this reason, software was develmpde
authorin Python to collect the data. The code for the DataCollect software can be found in
APPENDIXC7T DATA COLLECTION CODES.
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Manual data processing

Thedata can also be processed using CAD software. The unprocessed imageHiget in

64 was processed usirgplidworks 2017 to illustrate this. The results can be seéigure

66 below. The image is imported into a Solidworks drawing and the scale on the bottom of
the imaye is used to set the scale of the drawing to 1:1. Lines are then drawn from the nozzle,
tangentto the boundary of the spray. An arc is then drawn between these lines tangent to the
tip of the spray. The angle between the lines is measured to give tharggle and the radius

of the arc is measured to give the spray penetralio®.manual data processing gives a spray
penetration of 33.1mm and a cone angle df.8.9

Comparing the results obtained from the geometry package to that obtained by manually

processing, there is a difference of approximately 1%.

-15
-6000

10 -5500
5 ~-5000
Lo -4500

-4000

-3500
--10

position mm
counts

-3000
--15
-2500

--20
2000

2 - 1500

--30 - 1000

35 500

-50 -45 -40 -35 -30 -25 -20 -15 -10 - 5 15 20
position mm

Figure66. Manual Processing

Theoretical calculations

Before the theoretical cone angle and spray penetration can be calculated, the density of the
gas in the chambenust becalculatedThis can be calculated using the ideal gas equation.
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Y'Y
Where
" Density of the gas (kg/fn
P Gaspressure (Pa)
R Universal gas constant (Pa/ky.K)
Ty Temperature of the gas (K)

Using a temperature dbeC anda cylinderpressure 0500KPa, the density of theitrogen

is calculated as:

LTITIP T

2 CWwo

g kg/m®
Cone angle

The theoretical cone angle can be calculated using Equation 2.

5 8
v
— T8t v

Eqn 2

Using a dynamic viscosity df7.997 x 10° Pa.s andminjectionpressure of0bar, the cone

angle can be calculated as:

— TE8tu

-

Spray penetration

The theoretical spray penetration can be calculated using Equatibns and 6. Where
Equation3gi ves results that f ol4l 5anwd6ddecuset o sbtanheor y

results that follow Hiroyasuds theory.
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Dent

Using Dents theorj42] and a injectionpressure of G0 bar, the spray penetratiam 0.73ns
after the start of the injectiazan be calculated #mjection only starts 0.35ms after the
signal is sent, so t = 0.4ms)

Y 08IX>7— o - — ) Egn 3

gy XL PT UTrTrpn_na _CwT
X 08 U PTT TR X PT Cwo

T @da

Hiroyasu

Using the same data, the spray pend34d3ti on c

as follows:

The time at which the spray is expected to break up can be calculated using E4dj@ation

follows:

Eqn 4

Cw Yommpx pm

V& L XCMmPTM UM PTT

TBT TT TT ST P

From the calculated break upne, it can be seen that at 0., the sprayvould have
broken up After the spray has broken up, the spray penetration can be calculated using

Equation6. At 0.4ms after the start of injection, the spray penetration can be calculated as:
0O 0 dg Y c&)uy— Qo- Eqn 6

% XTI PT ULUTTP T . _
Qoo U O& U X pT pT

T 8 mm
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5.2.Flow Measurement
All results obtained while conducting the Flow Measurement experiments must be exported
to text files using the method outlined in AppenBixof this report. Once the data has been
exported to text filesf was imported to Excel spreadsheets using a VBA dedeloped by
the authorwhich can be found iIAPPENDIX C.

The data obtained over the 20 injections is then averaged in order to ataire accurate
representation of the experiments. Averaging the data removes the influence of outliners and
other incorrect data which in inevitable in these experiments. There are also slight variations
between the individual injections and the railgsgre showed fluctuations of up4t?2 bar.

The impact of these variations on the data is reduced by averaging the 20 injections.

The averaged data for the firing pulse, rate and delivery is then plotted against time in order
to show its variation. Multig sets of data are plotted on the same set of axes in order to
clearly show the difference between the varied parameters. The theoretical flow rates can be

calculated using Equation 7 as follows;

00 — Eqn 7

C

The nozzle area can be calcekhis follows:

The area of one of the holes is:

0 “i

LJTBITTTP X
q
CHwYpm m
Using a coefficient of discharge 6f8, an injection pressure of 76@r and a back pressure

of 5 bar, the flow rate can be calculated as:

- . o GU
0 60 —
CPTMMTM T PT
™ (HoypTm Uo
y& ITMmM’/ms

87



6. RESULTS AND DISCUSSION
A study was conducted to determine the sensitivity of spray penetration with variations in
back pressure and cylinder gas density. The equipment used was able talgativeitha
higher level ofaccuracythan equipment used previously conducted research (S&cidrd).
The DaVis software is able to control the camera vergigety and images are captured over
multiple injections. These images are then averaged and put in order to form a single
sequence. The triggering system is what contributes to the accuracy of the test stand as it
allows for very small time step®.02ms)between successive images. The fact that a user
defined number of images are averaged for every time step meatie#fédct of anomalies

on the results iseduced.

The test stand was designed to analyse spray patterns with an atmospheric back pressure.
This meant that a newpray chamber needed to be fitted to the test diaaidcould be
pressurized. The new spray chamber would have to have no impact on the rpeTaabo

or accuracy of the test starithe spray chamber used by Valentim [29] was retrofitted to the

test stand for the purposes of the study. Bhisly chamber was sealadhold pressureso

the extraction system could not be used. This imposed adsnctions on testing as the
amount of fluid introduced to the chamber per injection had to be minimized in order to

obtain clear images.

The fuel injector used had all but one hole sealed to reduce its flow hégealso prevented

fluid build-up on he windows which would distort the images. Having multiple jets in the
spray chamber could also cause interference as they interact with each other. It would also be
difficult to distinguish the individual jets if one sits behind the other when viewedllsadh

single jet wouldhereforemake it easier for the software to identify the spray penetration and
cone angle and thus produce more accurate re3iiésinjection pressures were also kept
below 800 bar, this was to reduce the amount of fluid injeete well as to preserve the

solder used to seal the holes on the tip of the injector.

Multiple sets of tests were done in order to obtain results to meet the objectives of this study.
The first set of tests involved keeping a constant cylinder pressuileevarying the injection

pressure. Thereafter the injection pressure was kept constant with varying cylinder pressure.
The next set of tests involved varying both the injection pressure and cylinder pressure while

maintaining a constant difference betwdkem. These tests were repeated with nitrogen and
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carbon dioxide in the spray chamber to determine the effect of cylinder gas density on the

spray penetration.

During initial testing, the tip of the injector was visible using the setup described diwe.
meant that the first phase of the injection would be captured sufficiently, however the tip of
the injector still sat in a shadow inside the spray chamber. This was due to the nature of the
camera used in the Inov8 test stand. The imaging systembysedlentim with this spray
chamber used parallel light [29] and therefore the tip of the injector was illuminated. The

superior DaVis software used by the Inov8 Test Stand was able to mitigate this issue.

A spray chamber was designed with the exact sateenial dimensions as the original spray
chamber. The windows were also kept the same size and their original position relative to the
camera and back light were maintained to optimize the data capturing. The larger internal
volume would also reduce thergsty of vapour in the air as an injection occurred and would

result in clearer pictures.

After initially setting up the spray chamber it was discovered that the camera was not able to
pick up the tip of the injector. This would affect the results arttisspray chamber was sent
out for some minor modifications as described in Se@idnAt the time of completing the

study, the modification to the spray chamias still in progress.

The observationgn Section4 were processed as descriiadSection5 and are presented

below.

6.1.Injection Pressure
In order to determine the effect of injection pressure on the spray penetration, the cylinder
pressure was kept constant dids with nitrogen. The injection pressure was vabietiveen
700 bar and 7 barwith a duration of 80Qus. The injection pressure was limited to G®ar
to ensure that the solder used to seal the holes on the tip of the injector remained in place. It
also kept the amount of fluid introduced to the spray chamber per injection low enough to
obtain clear pictures without the use of an extraction systemo Ifnuch vapour built up in
the spray chamber, the camera would not be able to pick up the spray clearly and therefore
the results would not be accurate. A plot of the spray penetration vs time for various injection
pressures can be seenHigure 67 below. The full set of tabulated results can be found in
Table3- APPENDIXD 1 RESULTS
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From Figure 67 it can be seen thdlhe spray penetration increases withreasing injection
pressure as predicted by theoretical models and observed by previous res¢2lj@sdrs

Figure 69 shows a plot of the results obtained with @0 bar injection pressure and 5 bar
cylinder pressure compared to the theoretical spray penetration with the same paftmeeters
results for the other injection pressures can be fourdPRENDIX D i RESULTS. The

spray penetration starts at Omm at the time the signal is received by the injector (0.35ms after
it is sent) As the neele lifts, the test fluid idorced through the nozzlof the injector by the
largepressure difference (695775 bar). The spray penetration increases almost linearly at a
slightly increasing rate until the spray breaks up approximately 0.5ms after the start of the
injection (0.85ms after the signal was sent). Thereafter, it continuesrease, however at a

slower rate than before break up.
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Figure67: Spray penetration vs time. 5 ligtinder pressure. 700780 bar injection
pressuraising ntrogen

For the current set of tthatsthe sspray Would dneak up 6 s
between 0.54ms and 0.55ms. The sudden change in the gradiggine67 (resulting from

a sudden decrease in velocity) indicating speay has broken up occurs at around 0.85ms.
The model therefore predicts that the spray would break up around 0.3ms before it actually
did. The difference is due to assumptions made when the models were developed. The

injection pressures used for the dwpment of the models was lower than those tested here
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and constants were built into the models to accaomthie experimental set up usedjich

differsfrom the set up used in the current study. [41]

For all of the injection pressures tested, theahgtages of the injections (approx. 0.5ms after
the start of injection) are very similar to each other. After approximately 0.5ms, the
difference in penetration resulting from each of the injection pressures tested becomes
greater.This is demonstrated iRigure 68 which shows the average spray penetration at
different injection pressures, for two periods during the injection. Between 0 and 75ms, the
average spray petration was closer than between 0.8ms and 1.15ms. The difference in
average penetratiofbetween 700 bar and 780 bar injection pregswies 2.6mm between

Oms and 0.75ms. Between 0.8ms and 1.15ms, this difference incre&setht®his means

that the injection pressure has a bigger influence on the penetration itethgtdges of the
injection thanit does in the initial stages. In the later stages of the injectien, spray
penetration more closely matches the theoreticaligiteds of both Hiroyasu and Deas

seen inFigure69 below. A higher injection pressure resulteda larger spray penetration.
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Figure68: Effect of injection pressuren spray penetratioat different stages of injection

Figure 70 below shows the results obtained by Valentim [30] for spray peroetrédr the

time frame tested in this research iigection duration of 8Q@s (0.35msi 1.15ms) The
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hesitation noted by Valentim can be seen as a discontinuity in the data points between 0.8ms

and 1ms.

Figure 71 shows the mean tip velocity for this set of tests. The mean tip velocity is the
average velocity of the tip of the spray for the interval between measurements (0.05ms in this
case). It is calculated by dividirthe difference in spray penetration between two data points
by the duration of that interval. The results show that the velocity of the tip of the spray
increasedinearly until 0.55ms (0.2ms after the start of the injection), thereafter, the mean tip

velocity suddenly decreases before beginnmgtrease again with another drop

The sudden drop in the mean tip veloaitincides with results obtained by Valentim [30]

and Karimi [23].Karimi discovered that this was due to a pressure imbalance in the tip of the
injector. The pressure imbalance is due to the fact that 5 of the 6 holes on the injector have
been sealed to effectively make it pacedl hol
evenly, radially, around the needle of the injector. During normal operation, there is an even
pressure around the needle whether the injestopen or closed. With of the holes closed,

as soon as the needle starts to lift and fluid leaves thrthay open hole, that side of the
needle experiences a pressure drop which moves the needle towards the hole and restricts
flow until the needle is fully retracted, at which point, normal flow continues. This issue
could possibly be alleviated by opening another of the holes opposite to the open one to
balance the pressure distribution on the needle.

The interruption in the flow of fluid outf the single hole has the effect of creating a second

jet just behind the first @ This second jet was discaed by Valentim [30]. When the
needle begins lifting and the fluid starts to flow aiftthe nozzle, the mean tip velocity
increases steadily due to the pressure difference across the fddezlateral movement of

the needle then obstructs the flow cagsit to dramatically slow down. As the needle
continues its upward movement, it uncovers the hole again and a second jet leaves the

injector just behind the initial one.

When the injection begins, the fluisiforced into the stationary gas that is ie ttylinder as a

liquid jet. The liquidjet decelerates and at the same time accelerates the gas particles it makes
contact with. As the flow progresses, the ligigtimixes with the gas in the cylinder and the

jet becomes shrouded by a fluid/gas mix. Teasity of fluid in this mix decreases further
away from the liquid core. Towards the tip of the spray, the vaporized fluid and gas mixture
form clusters and these clusters tend to break away from the main spray strilicisire.
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phenomenon is known as clestshedding [23].This explains the fluctuations in the
penetration as seen between 0.9ms and 1.15nk8gure 67. The fluctuations are more
evident when analysing thiene derivative of the penetration (velocity) as seeRigure71.

There are larger fluctuations in both the spray penetration and mean tip velocity at higher
injection pressures. At higher injection pressyrthe fuel is better atomizeg@maller
droplets) [23], this means there is a greater liquid surface area and therefore a greater

interaction between the test fluid and gas. This increases the effect of clesigingh
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Another structure noticed in the spray was the fish bone structure as $égurav2 below.

The structures are due to surface waves on the boundary of the spray caused by the
inertaction of the fluid with the gas in the cylinder. The structures are closer together near the
nozzle of the injectorral further apart closer to the tip of the spray. These structures were
also noticed by Karimi [23], Tsue et al [35], Koo and Martin [36], and Yule and Salters [37].
Karimi [23] attributed the structure to harmonic resonance that could be brought aboyt by a

of the components of the fuel deliyesystem or the fluid pressure or actions of the solenoid

of the injector. Karimi also discovered no relation between the injection pressure and these

structures and the distance between them appeared to be random.
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Figure72: Fishbone structure. 720 bar injection pressure. 5 bar cylinder presswge
nitrogen 1ms after signal sent

Figure73 shows a comparison of the mean tip velocity with an injection pressure of 700 bar,

and 5 bar nitrogen in the spray chamber; and the theoretical velocities with these parameters.
The theoretical velocities were obtained by taking the time derivative oDém and

Hiroyasu models for spray penetration respectively. From the figure, it can be seen that
Dent 6s model predicts a sudden increase in t
decreases thereafter at a decreasing rate with Tineeinitid velocity tends to infinity as the

time tends to the time of the injector opening (0.35ids).r oyasués model pred
velocity, also with a sudden increase, until the spray breaks up. When it breaks up, it is
predicted that there would be a ded deceleratianThereafterthe deceleration decreases at

a decreasing rate.

These models seem unrealistic in predicting a sudden, instantaneous increase in velocity
when the needle lifts. Tlyedo not take into account the effects of the viscosity efflhid,

the inertia of the fluid and the effects of frictiohhe experimental results show that the
velocity of the spray increasemearly with time until the injection is interrupted by the
hesitation at which point it begins to decread®hen the seondary injection starts, the

velocity increases again.

Figure 74 shows the average mean tip acceleration for each injection pressure tested, for the
first 0.2ms of tle injection (before breakup or hesitation). From the figure, it can be seen that
the acceleration increased an increasing ratavith increasing injection pressurdhe

acceleration for this period increases from 512m/h 700 bar injection pressure to
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691m/$. This represents a 35% increase in acceleration with an 11.4% increase in the
injection pressure. During this phase of the ing@ttthe spray is mostly depemdeon the
pressure difference across the nozzle. Increasing the injection presslgekedping the
cylinder pressure constant increases this pressure difference. More energy is transferred to the
fluid and since the other parameters are kept constant, there is a larger net energy to

accelerate the fluid.

Figure 75 shows theaveragemean tip acceleration of the spray. This was obtained by
determining the change in velocity between consecutive time steps and dividing by the length
of the time stepandthenaveraging the results for tharious injection pressureghe full set

of mean tip accelerations can be foundrigure 125 APPENDIX D i RESULTS From the

figure, it can be seen that the acceleration starts at 0 wherjebgan starts and increases to

a constant value within the first time step (0.35ms to 0.4ms). This increase in acceleration is
due to the pressure difference across the nozzle overcoming the inertia of the fluid. During
this time, there are also viscoudeets as the fluid passes through the nozzle as well as
frictional losses. The acceleration remains constant freme until the hesitation This
constant acceleration is due to tenstant pressure applied to the fluithe spray suddenly
decelerates abe injection is interrupted a&een by the dip in acceleration at 0.6ms (average

acceleration between 0.55 and 0.6ms).

The acceleration then picks up agas the secondary spray staifhe acceleration then
suddenly decreases agawnhen the spray breakup at around 0.85m3he acceleration
between thehesitation and the brealp of thespray is very irregular. This is due to the
interactions between the spray and the gas in the cylinder.
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The change in acceleration (deceleration) from 0.55ms to 0.6ms is 157.8m/s, whereas the
corresponding change from 0.8md0t85ms is 1432.6m/Jhe first deceleration is due to the
hesitation (caused by the upward moving needle blocking the nozzle and interrupting the

spray) whereas the second deceleration is due to the injector closing and ending the injection.

ComparingFigure69 andFigure70, a similar pattern can be seen in terms of the reksttipn
between the test results and theoretical results even though different test parameters were
used. In both cases, the theoretical models overestimated the spray penetration for the initial
stages (the initial 0.4ms0.5ms after injection beganfhe same trend can be seen with all

the injection pressures tested. After this initial period, the theoretical models predeted th
spray penetration fairly welkigure 76 shows the percentage difference between the actual
and predicted spray penetration (Hiroyasu and Dent) with an injection pressure of 760 bar (5
bar nitrogen). From the graph, it can be seen that the difference between the predicted and
actual results deeases rapidly from the start of the injection until about 0.45ms after the start
of injection (0.8ns after the signal is senkjiroyasu predicts the spray penetration within 1%

at 1ms (0.65ms after injection began).

Comparing the predictions of Hiroyasmd Dent, it can be seen that Hiroyasu predicts the

penetration more accuratelyroughout the entire injection process. This is the case for all the
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injection pressures tested and the percentage differences for both Hiroyasu and Dent can be
found inAPPENDIX D i RESULTS The theoretical predictions are closer to the test results

at higher injection pressure€onsidering the average difference for the whole timeframe,
Dent 6 s mo d ad8.6%ddferencedt Y00 bar injection pressure to 30.5% at 780 bar,
with the difference decreasing almost | inear
to 26.0%.
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Figure76. Percentage differenceetiveen theoretical and actual results. 760 bar injection

pressure. 5 bar cylinder pressusing nitrogen

The difference tends to increase slightly towards the end afjgation. This is as a result of

the theoretical models not taking into accounet ¢ffect of cluster shedding.

As the injection progresses and the spray atomized, there ardlomnearticles in thegas

further away from the liquid jet. The imaging system picks up the presence of a particle by
the light it scatters. The particlesegent in the gas are picked up by the imaging system and
the resolution of the spray is reduced due to this. The boundaries of the spray become less
defined and therefore it becomes increasingly difficult to measure the $prayan be seen

when lookirg atFigure77. The image on the left was captured at 0.6ms and the image on the
right was captured at 1.15ms during the same test. The earlier ivaageuchmore contrast

and the edges of the spray are very clear and defined. The image on the rigbimkas
atomized test fluid in the gas. Using the scale on the right of each of the pictures, it can be

seen that the colour change represents an increase @ouhe of particles in the gas. The
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background in the later image is the same colour as the boundaey gty in the earlier
picture. Due to this phenomenon, the threshold on the analysis softwaeel teeled changed

and optimzed for each progressivenage. This is so that the edge of the spray would be
accurately identified for measurements. It proved to be time consuming and so the results
were analysed manually using CAD software and scaling the images correctly as described in

the previous section.

This issue would be resolved if an extraction system was fitted to the spray chamber. The
extraction system would have to remove the vapour from the chamber while maintaining a
constant cylinder pressure. This system should work by passing the gaspnayehamber

through a filter so as to not waste the gases being tested.
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Figure77. Atomized test fluicat 0.6ms and 1.15ms

The area of interest is the first 0.5ms of the injectimor to this study, there had not been
any research conducted to accurately analyse the spray for rtrespeeriod.Valentim [30]
attempted to gain a better understanding of this portigdheoSprayhowever his equipment
was not able to accurately capture the spray in smaller time $tep$no/8 Test Stand was
able to capture images 0.01ms aplaoivever the limiting factor wake amount of fluid that

can be injected per test.

If the testran for too long, the spray chamber wouitl up with vapour andthe images
captured would not be clearests were run using the same parameters as above, and the time

step was reduced to 0.02ms. The results are plotteigume 78 below.
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Figure78: Spray penetration vs time. 5 bar cylinder pressure. 770 bar to 780 bar injection
pressuraising nitrogen0.02ms time step

Figure78 showsthe area of interest in higher resolution (more data poiate)n the figure,

it can be seen that at higher injection pressure, the fluid is visible earlier. The injection
pressure therefor has an influence on the opening of the injector. Referfigute6, the
pressurized fluid acts on the pressure shoulder at the top of the needle. This force pushes the
needle up, assisting with opening the injector. The higjierinjection pressure, therdger

this force will be and therefore the faster the injector will ofégure 79 shows the time at
which the penetration reached il for each of the injection pressures testdus gives an
indication of the time at which the fuel leaves the injector. From the figure, it can be seen that
the time decreases at an increasing rate as the injectiosuf@ds increased. The spray
penetrdon reaches 0.5mmapproximately 0.02ms earlier with a 780 bar injection pressure
than it does with a 700 bar injection pressifen the injector has to close, the opposite is
true. The needléspring)will have to act against this force to close theanpr.
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Figure80 shows the spray penetration with an injection pressure of 720 bar compared to the
theoretical penetration. The delay between the signal being sent to the injector and the
injector opening iknown to be 0.35ms (a property of the injector). The figure shows that the

fluid only starts to leave the injectbetweer0.41ms and 0.43ms after the signal is sent. This

can be attributed to the relatively low injection pressure. As discussed, thaf stgttion is

earlier with a higher injection pressure. The injector used was designed to operate with an
injection pressure of 1400 bar and the test pressure was only reduced to preserve the solder
on the tip (due to thel modlidgiicmjtea cotno rnia)d.e A oocC
identified inFigure79, at 1400 bar injection pressure, the start of injection would be closer to
0.35ms.

Reseach done bydfimi [23] found a discontinuity in the spray caused by lateral movements
of the needle. Karimi measured the stop in the spray at approximat&in® after the first
sighting of fluid from the injector. The delay between the end of the first injectionttznd
start of secondary injection was approximately 0.075rsse points are represented by the
vertical dotted lines ofrigure80. The black lines represent the rang which the injection
starts (0.41m$ 0.43ms). According to Karimi, the stop in injection occurs between the
purple lines (0.56m$ 0.58ms) and the start of the secondary injection occurs between the

orange lines (0.635ns0.655ms).
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Figure80: Spray penetration compared to theoretical results. 720 bar injection pressure. 5 bar
cylinder pressuresing nitrogen0.02ms time step.

From the figure, it can be seen that after the injection begins, the penetration inateases
increasing rate. There is a discontinuity in the spray at 0.57ms and the penetration increases
linearly until 0.61ms where there is another discontinuity (between 0.61ms and 0.68ens).

first discontinuity falls within the range determined by Karithie rate of penetration slows

down indicating that the injection has stopped. The second discontinuity occurs just before
the predicted range. There is a jump in the penetration and it continues as normal thereatfter,
this indicates thathe injection ha®egun again. The difference in the delay between Karimi

and the experimental results could be due to differences in the injectors used and differences

in the experimental setup.

Figure 81 below shows the variation of the cone angle with injection pressure for the same
tests discussed abové&he tests showed that the cone angle increases with increasing
injection pressureFrom the figure, it can beeen that the iniél cone angles show no
relationship with the injection pressure usede#dches a maximumarly in the injectiorand

slowly decreases and settles down before increasing again towards the end of the injection.
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When the fluid initially leaves the tip oféhinjector, it has a mushroom shape. This results in
the cone angle being measured to be either very large or very small and does not fit in with
the trend noticed with the rest of the data poiBetween 0.45ms and 0.5ms, all the tests
reached a maximuromone angle. This is due to the fact that the spray leaving the nozzle has
not yet fully developed. As the spray progresses and the tip interacts with the air in the spray

chamber, the spray takes on a conical shape and the cone angle starts to reduce.

Variations in the cone angle are due to variations in the boundary on the spray, caused by
interactions with the spray chamber gas. Towards the end of the injestithre spray starts
to slow down;slow circulatory gas motion [24] causes a slight increasigeicone angle.

Typical values obtainettom previous experiment®r cone angle are between°2&nd 30°

which are higher than the range measured for this set of tests. Variations could be due to a
number of reasons such as test fluid properties, nogetanetries, gas densities and
temperatures. It was noted by Klddouwel et. al that Mi€Scattering measured cone angles
smaller than other methods such as Shadowgratiyal cone angles vary broadly between

8° and 22924]

Figure82 shows a comparison of the measured cone angle with an injection pressure of 760
bar and a cylinder pressure of 5 bar (nitrogen), and the theoretical cone angle. It can be seen
that the measured values are very similar to the predicted aogle with an weerage
differenceof 2.2%(21.7etheoretical, 21.& t. €hg tegults for the other injection pressures

can be found IMPPENDIXD i RESULTS
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Figure82 Cone angleest results compared to theory. 740 bar injection pressure. 5 bar
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Figure83 below shows the injection delivery, injection rate and firing pulse (/100) vs time as
measured by the Akribis with an injection pressure of 700 bar and a back pressure of 5 bar
nitrogen. There was an injectoeldy specified when the tests were run and this explains the
higher times on the graph when compared to the previous results discussed. The 0.35ms delay
discussed earlier and attributed to the properties of the injector can be seen. The firing pulse
startsat 1.73ms, there is no significant change in the injection rate until approximately
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Delivery imm®3)/ Rate imm~3/s)/

0.43ms later. The injector opens and the rate begins to increase quickly. The firing pulse is

initially very large in order to overcome the inertia of the stationary needle. Once the

injection rate begins to increase, a smaller injection pulse is applied wojeltor in order to
keep it open for the full duration of the injection. 0.8ms (user defined injection duration) after

the start of the firing pulse, it suddenly reduces to 0 in order to close the injector and stop the

injection process.

The hesitationin the injection that was noticed earlier is evident in the injection rate. After
the injection rate begins to increase, it suddenly drops again between 2.265ms and 2.325ms.
It then increases again. This is a delay of 0.06ms which is very close to7ben8.predicted

by Karimi. When the firing pulse suddenly falls, the injection rate also starts to drop as the
needle is forced closed by the spring. The delivery represents the volume of fluid injected by
the injector as this process occurs; it is thegrateof the injection rate with respect to time. It

increases as the firing pulse increases and remains constant when the firing pulse stops and

the injection rate goes back to O.

Firing pulse

20 +
-

15 - .

10 - y + Delivery

. Rate
s - . = Firing pulse
( — A— /-—_'_
115 1.7 1.9 2.1 2.3 2.5 2.7 2.9
Time [ms)

Figure83: Injection deliveryrateand firingpulsevs time. 700 bar injection pressure. 5 bar
cylinder pressuresing nitrogen

Figure84 shows the average firing pulse used for each of the tests (injection pressuaes). It c
be seen that the firing pulses used were almostic@émand were within 2.6% of each other.
Figure 85 shows the injection rates for the tests. It can be seen that all of the injection rates

follow the same trend. The hesitation is clearly evident in all the tests conducted. kaan al
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be seen that an increase in injection pressure results in a higher injection rate. Another effect
of a higher injection pressure was an injector that opened earligre\d@suslydiscussed. It

can be seen iRigure85 that the ingction rate begins to increase sooner with higher injection

pressures; there is a 0.01ms difference between the start of the injection with injection

pressures of 700 bar and 780 ftane at which first measurement is recordédde 0.02ms

difference disassed earlier is influenced slightly by the acceleration of the fluid as well as

the opening time of the injectdfigure 86 below shows the time at which each of the tests
reached an injection rate of 1m¥: At higher pressures, th&mnt/s injection rate is

achieved sooneilhis againshows that the injection pressure definitely assists the needle in

lifting.
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Figure84: Firing pulse vs time. 700780 bar injection pressure. 5 bar cylinder pressure

using nitrogen
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Figure87 shows the injection delivery vs time for the injection pressures tédteddelivery

is the time integral of the injection rate. As nogadlier, an increase in the injection pressure
resulted in an increase in the injection rate; this explains why there is also an increase in the
injection delivery with an increase in the injection pressure. The difference in the delivery
between the testsith 720 bar and 740 bar, and 760 bar and 780 bar were very small; 2.3%
and 3.7% respectively (the maxima of the firing pulse, injection rate and delivery can be

found in
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Table2 below). This could be due to the fact that the pressure difference between consecutive
tests was relatively small and fluctuationsxdf2 bar were seen in the rail pressure during

these tests.

Previous work by the author [40] compared new, used and reconditioned injectors and
attributed small differences in injection rate and delivery with injection pressure changes to a
faulty/worn out injector. Previous work used similar injectors that werenodlified (6 hole
injectors) and found that as the injection pressure approached 1400 bar injection pressure, the
difference between the theoretical injection rates and the experimental injection rates
reduced. This is due to the fact that the injectoesewdesigned to operate at 1400 bar and
worked optimally in those conditions. The current tests show that the difference between
experimental and theoretical results grew larger as the injection pressure increased (25.7% at
700 bar to 55.4% at 780 bar).i$ls due to the fact that the nozzle wasd andnodified for

these experiments and the theoreti@lies no longer apply. The experimental injection rates
were higher than the theoretigaledictions;this could indicate that the nozzle is worn and

now larger than it originally was.
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Figure87: Injection delivery vs time. 700780 bar injection pressure. 5 bar cylinder
pressuraising nitrogen
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Table2: 7007 780 bar injection pressure, 5 bar cylindexgsure maxima

Injection pressure 700 bar 720 bar 740 bar 760 bar 780 bar
Injection Rate (mm~*3/ms) 10.0 12.9 13.0 17.0 17.6
Firing pluse (bits) 1882.3 1851.6 1877.5 1833.9 1865.6
Delivery (mm”3) 3.8 4.4 4.3 5.2 5.4

6.2.Cylinder Pressure

To determine thesensitivity of spray penetration to variations in the cylinder pressure, the

injection pressure was kept constant&i Bar and the cylinder pressure was varied. This was

done with nitrogen. The pressure was increased from 0 to 20 bar with the usees$waer

regulator on the cylinder. The cylinder pressure was verified by the pressure gauge mounted

on the spray chamber. At each increm@nbar) the test was repeated and the results were

plotted as seen ifrigure 88 below. The full set of results can be found Trable 5 in

APPENDIXD T RESULTS
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Figure88: Spray penetration vs time8J bar injection pressure.i020 bar cylinder pressure
using nitrogen

From the figure it can be seen that an increasgylinder pressure results in a decrease in

spray penetratiorAfter the injection has begun, the effect of the change in cylinder pressure

is noticeable earlier in the injection than with a variation in the injection pre§haesame
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general shape of ¢hgraph was noticed when comparedrigure67 with the exception of the

atmospheric test.

With atmospheric pressure in the cylinder (0 bar gauge pressure, O&etuzrpressure) the

spray penetration increased rapidly with the same hesitation as discussed in G&cAbn

0.9ms, the spray penetration was oluthe frame of the camera and was too large to measure.
The effect of the cylinder pressure on the spray penetration seems to decrease with increasing
cylinder pressure. This can be seen in the trend showigure 89 below. Figure 89 shows

the average spray penetration at each cylinder pressure tested from 0.35ms to 1.15ms. The
realts for the test at atmospheric pressure wefeout as a full set of results was not
obtainableThe spray penetration was longer than the window and therefore out of the frame
of the cameraConsidering the average spray penetration across the hHestlifference
between 5 bar and 10 bar is 21.8% (8mm); between 10 bar and 15 bar the difference is 19.6%
(5.6mm), and the difference between 15 bar and 20 bar is 10.5% (2.4mm).
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Figure89: Average spray penetration vs cylindeegsure. 780 bar injection pressure. 5 bar to
20 bar cylinder pressuresing nitrogen

Hi royasuo0s equation for predicting the tim
approximately 0.3ms too early for all the tests conducted in this set of tests. fEhend
can be attributed to the experimental set up used.

Contrary to Karimidos findi ngswergshalligrathighere f | u c
cylinder pressures. Karimi stated that the increased gas density and viscosity resulting from a
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highercylinder pressure would increase cluster shedding. The increased density and viscosity
appear to keep the main spray structure intact longer. Comparing the two imagpse90

below, a clear difference in the density can be s&be.image on the left had a cylinder
pressure of 5 bar and the image on the right had a cylinder pressure of 20 bar; both images
were captured at 1ms (after the signal was sent to the injector). The test fluid/nitrogen
mixture that forms a shroud over thprayis smaller in the 20 bar teshis shows that the

increased density does keep the structure together more than the 5 bar cylinder pressure.

I i

Figure90: Comparison of spray with 5 bar (left) and 20 bar (right) cyliq@tessure at 1ms.

Unlike with the tests varying the injection pressure, it can be seEigume 88 that all the
injections for the current set of tests began at #mestime. There is therefore no relation
between the cylinder pressure and the injection delay. The injection delay is only influenced

by the injection pressure.

Figure91 shows the percentage difference between the test results and the regdkdpeat

by Dent and Hiroyasu withn injection pressure of 780 bar and a cylinder pressure of 15 bar.
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The full set of results can be seen Rigure 123 and Figure 124 in APPENDIX D 71

RESULTS From the figure, it can be seen that Hiroyasu predicts the spray penetration more
accurately than Dent throughout the injection. It was also noted that the accuracy of both
models in predicting the spray penetration decreasethe cylinder pressure increased.
Considering the average percentage difference ®orttwh ol e i nj e c Yariaoce e v e n i
increasedrom 26.6% with acylinder pressure of 5 bar to 41.6Rith a cylinder pressure of

20 bar . Si mi Vaaarcéincreaseadiom 22y6% t 389 with the same increase

in cylinder pressure.

The accuracy of the models in predicting the spray penetration with atmospheric pressure did

not follow the trend shown by the other tests. Déns mo d e | showecgofan ave
46.5% and Hiroyasu 338 This is higher than the variancés most of the subsequent

tests.This is due to the fact that a full set of spray penetration results were not obtainable for

the atmospheric pressure test as the spray quickly went beyond the frame of the camera; and
the models were significantly less accurate for the earlier parte ohjéction. It was also

noted by Tonini et. al [39] that models that do not take gonsideration the effects of

cavitation in the nozzle tended tmderpredict the velocity of the spray under atmospheric
conditions. He concluded that nozzle cavitatioplays an important role in the spray

penetration under atmospheric conditions.
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Figure91 Percentage difference between theoretical Dent and Hiroyasu spray penetration;

and test results. 780 bar injection pressure. 15 bardeylppressuresing nitrogen
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Figure92 below shows the variation of the cone angle with these same parambterne
angle (average)for the 10, 15 and 20 bar tesshow that the cone angle increases with
increasing cylinder pressuré/ith atmospheric and 5 bar cylinder pressure, the cone angles
did not fit in the same trend although there was an increase in cone anglev{®8 the
cylinder pressure increased ritcatmospheric pressure to 5 bahis can be attributed to the

higher than expected velocity of the spray that results from cavitation in the nozzle.

Figure 93 shows acomparisonbetween the average @angle at each cylinder pressure
tested and the theoretical cone angle. A comparison of the cone angle measured at each time
step compared to its mesponding theoretical value can be foun#igurel37to Figure141

in APPENDIXD i RESULTS

Considering Equation 2he theoretical cone angle is proportional to tHe réot of the
pressure difference across the nozzle. An increase in the cylinder pressure with a constant
injection pressure would result in a decrease in the pressure difference across the nozzle.
However, from the experiments, it was seen that incrgabi@ cylinder pressure increased

the cone angle. This is due to the fact that the cone angle is also proportionaltoctieot

the density of the gas in the spray chamber. Assuming idedleff@viourand constant gas
temperature, the gas density dgectly proportional to the pressure (increasing the gas
pressure increases the gas density). Due to the large difference between the injection pressure
and the cylinder pressure, changes in the cylinder pressure have a larger impact on the gas
density han the pressure difference across the nozzle; the cone angle therefore increases with

increasing cylinder pressure.

This increase in the cone angle can be explained as the resistance of the gasutd the fl
moving in the axial direction. As the densitytbé gas increases, the interaction between the
fluid particles and the gas particles increase. There is a larger momentum transfer between
the particles and the tip of the spray is slowed dawther. The fluid that is introduceahto

the spray chambesdhe injection continues has a larger radial component as it moves in the
axial direction. Thisends to create a shorter, widgray and therefore a larger cone angle,

as seen ifrigure90.
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Figure93: Average cone angle compared to theoretical cone angldar86jection
pressure. Atmospheric20 bar cylinder pressutesing nitrogen

Figure94 andFigure95 were obtained with the Akribis of the Inov8 Test Stand and show the
firing pulse, injection rate and injection delivery vs time respectively. The tests were
conducted with an injection pressure of 780 bar and cylinder pressamgs\g from
atmospheric pressure to 20 bar in 5 bar increments as above. It can be seigure®4

that the firing pulse used for all the tests were almost iceEntAs with the case in the
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previous section, a large initial spike was needed to overcome the inertia of the needle and
get it to lift. Thereafter, a smaller pulse was needed to keep the injector open and after 0.8ms,
the signal to the injector was staapso that the spring in the injector would return the needle

to its original positon thus closing the injector and ending the injection process.
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Figure94: Firing pulse vs time. 780 bar injection pressure. Atmosph&@cbarcylinder
pressuraising nitrogen

Looking at the injection rate, it can be seen that at lower cylinder pressures, there are much
larger oscillations. As the cylinder pressure is increased, the injection rate stabilizes and the
graph is much smoother. Asetltylinder pressure increases, the injection rate decrddses.
cylinder pressure labno impact on the time at which the injection starts.

The large cone angles measured at atmospheric and 5 bar cylinder pressure can be explained
by the large hesitatiorend spikes in injection rate (high velocig) these pressures. After
the initial spray, the fluid loses momentum (during the pause in injection) and begins to

spread out radially before it is met by the secondary spray.
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Figure95: Injection rate vs time. 780 bar injection pressure. Atmospheticbar cylinder
pressuraising nitrogen

The spray hesitation discussed previously is more noticeable with a lower cylinder pressure.
Figure96 shows the average mean tip velocity vs cylinder pressure. From the figure, it can be
seen that an increase in cylinder pressure results in a decrease in average mean tip velocity.
The \elocity decreases at a decreasing rate with a very dramatic reduction from atmospheric
pressure to 5 bar (173.8m/s to 78.6m/s). The lower pressure gas has a lower density and
therefore offers less resistance to the sprayimgowm the axial direction, thusxplainingthe

higher velocities at lower pressures. The higher velocities mean that there is a larger flow rate
out of the nozzle of the injector and this has an impact on the needle. The increased flow
increases the lateral movement of the needle amlititcreases the hesitation and oscillations

noticed in the injection rate.

With a higher cylinder pressure, there is a lower flow rate out of the nozzle and thus less
lateral movement of the needle. The reduction of the lateral movement reduces th@flengt
the hesitation as seen Kigure 97 below. The duration of the hesitation decreases from
0.125ms to 0.015ms at 15 bar cylinder pressure; and the hesitationpgketsly gone when

the cylinder pressure is increased to 20 bar. Although the cylinder pressure had no effect on

the start of the injection, it did influence the time at which the injection stopped.

Figure98 shows the time at the end of the injection vs the cylinder pressure. From the figure,
it can be seen that an increase in the cylinder pressure results in a delay in the end of the

injection. This is influenced bthe velocity (flow rate) of the fluid out of the nozzle of the
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injector. As with the hesitation, a higher flow rate causes larger lateral movement of the
needle. With the higher flow rate at the lower pressure, the needle is pulled towards the
nozzle and avers the hole on its way down. At the higher cylinder pressures with the lower

flow rate, the needle moved in a more axial direction and therefore the nozzle stays open

longer (the needle is in a lower position before it covers the hole of the nozzle).
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Figure96: Average mean tip velocity vs cylinder pressure. 780 bar injection pressure.
Atmospherid 20 bar cylinder pressuresing nitrogen
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6.3. PressureDifference
In order to determine if either the injection pressureydinder pressure individuallyor the
total pressure difference across the nozzle of the injector were more important, the following
tests were conducted. Both the injection pressurdtendylinder pressure were varied while
maintaining a constant difference between them. The tests were conducted with nitrogen in
the spray chambelThe injection pessure was increased from 755 bar7#b bar in
increments of 5 bar, the correspondingirayér pressure was increased from 0 to 20 bar in
the same increments. The results of these testspray penetratioare plotted inFigure 99
below.Figure101 below shows the variation of the cone angle with these same parameters.
The full set of results for these tests can be fourithlrie6 in APPENDIXD 1 RESULTS
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Figure99: Spray penetration vs. times51 775bar injection pressure.i020 bar cylinder
pressuraising nitrogen

In Section6.1 it was established that an increase in injection pressure increases the spray
penetration and in Sectidh2, it was established that an increase in cylinder pressure reduces
the spray penetration. FroRigure99 it can be seen that as the pressures increase, the spray
penetration decreases. This means that for the pressure ranges testieandeeincylinder
pressure has a larger effect on the speyetration than thehange innjection pressure. As

with the tests varying the cylinder pressure wittpastant injection pressuritie difference
between testat higher cylinder pressuratow smaller differences than tests with the same
increments atower cylinder pressured here was @ average difference d17.8% in the

spray penetratiometween the tests with 5 bar and 10 bar cylinder pres$uesaverage

difference wa®nly 8.4% ketween the tests with 15 bar and 20 bar.

The spray penetration rfdhe test with atmospheric pressure in the cylinder increased in the
same way as the test done with atmospheric pressure in the previous section. The oscillations
in the spray penetration that are caused by cluster shedding decrease in magnitude as the
cylinder pressure is increase. This set of tests corroborates the theory proposed in the
previous section that a higher cylinder pressure (and gas density) keeps the spray structure

more intact and reduces tbfects of cluster shedding.

Figure 100 below shows the spray penetration test resciisipared to theorwith an

injection pressure of 760 bar and a cylinder pressure of 5 bar, the results for the other tests
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can be found INAPPENDIX D i RESULTS The theoretical models predict the spray
penetration quite accurately between 0.85ms and 1.1insas noted that as the pres=su
increased, the difference between the test results and theoretical results grev éatimm.

6.1 described how the accuracy of the models increased asjélcidn pressure increased,
while Section6.2 described how the accuracy of the models decreased with increasing
cylinder pressure; this again illustrates the dwnce ofchanges ircylinder pressure over

changesnjection pressure.
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Figurel0Q Spray penetration test resuttsmpared taheory. 760 bar injection pressure. 5
bar cylinder pressunesing nitrogen

It has been establishedathincreasing the injection pressure assibe fluid in passing

through the nozzle thereby increasing the flow rate (injection rate) and spray penetration.
Increasing the cylinder pressure has the opposite effect and hinders the flow of fluid out the
nozle. The current set of tests kept the pressure difference (driving force of the fluid)
constant so there should be no increase in spray penetration as the pressures are increased.
Increasing the cylinder pressure had the effect of increasing the gay detise cylinder, so

this shouldhavereducel the spray penetratiodf.he combined effect of raising the injection
pressure and cylinder pressure was to reduce the spray peneteagonwith the same

pressure difference.

This demonstrates the effect of the gas density on the spray. The denser gas has more
particles per unit volume and therefore there are more interactions between the droplets of
injected fluid and the gas. The effects of friction are increased as theniiwiels through the

gas and the momentum transfer from the moving fluid to the stationary gas is incidéased.
explains why the differences in spray penetration are larger later in the injection, when the
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penetration is more dependent on the momentumsittan the pressure difference across the

nozzle.
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Figurel0l: Cone angle vs. time. 735775 bar injection pressurei @0 bar cylinder
pressuraising nitrogen

Figure101 shows the cone angle vs time for the set of tests described above. According to the
theoretical model, the cone angle should increase at a decreasing rate as the pressures are
increased, hower, no correlatiorwasfound between the cone angle and the combinations

of pressures tested. This could be due to the experimental setup.

Hiroyasuwas of the opiniorthat the injection pressure is more important than the cylinder
pressure in the earligrarts of the injection, before the spray breaksamu the cylinder
pressure becomes more important than the injection pressure after the spray has broken up.
With reference td-igure 67 and Figure 88, it can be seen that at the pressures tested, the
changesn cylinder pressure had a more significempact on the spray peneticn than the
changes in injection pressure. The changes in the cylinder pressure represent a larger
percentage of the pressure than thengka in the injection pressure, however this will
always be the case as the injection pressure will always be ngloér lthan the cylinder

pressure.

Figure 102 shows a direct comparison of the spray penetration for the tests with 755 bar
injection pressure and atmospheric cylinder pressure, and 760 bar injection pressure and 5 bar
cylinder pressure. From the figure, it can be seen that the spray penetratioa test with
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the 760 bar injection pressustarts offvery similar to ¢lightly higher thah that of the 755

bar test. Between 0.6ms and 0.65ms, the spray penetration of the 760 bar test drops below
that of the 755 bar test. Similar trends can be seenwbmparing two consecutive tests.

This validates Hiroyasuds theory. Early on i
second test results in a higher spray penetration, later on in the injection, the cylinder pressure
has a larger impact drthe higher cylinder pressure negates the effect of the higher injection
pressure. This change however happens before the spray breaks up. The early phase of the
injection is mostly dependent on the injection pres¢t@gponse of the injectoras it engrs

the air, the pressure differeneeross the nozzle will be the main factor to determine the

spray penetration. Once the spray is further away from the nozzle, the cylinder gas properties

will dominate the behaviour.
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Figurel02 Spray penetration comparison. 755 bar injection pressure atmospheric cylinder
pressure and 760 bar injection pressure 5 bar cylinder pressngenitrogen

6.4.Nitrogen vs. Carbon Dioxide
The tests described in Sects08.1, 6.2 and 6.3 were repeated with carbon dioxide in the
spray chamber instead of nitrogen. The results of the tests for varying injection pressure are
presented belowfigure 103 shows a plot of the spray penetration vs time with constant

cylinder pressure (bar) and injection pressure between 700 @ bar.
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Figure103 Spray penetration vs timdbar Cylinder pressure. 700780 bar injection
pressuraising carbordioxide

From the figure it can be seen that the spray penetration follows the same pattern as seen in
Section6.1 An increase in injectionrpssure results in an increase in the spray penetration.
The difference in spray penetration is smaller eadn in the injection, but becomksger

towards the end of the injection. Comparing the difference in spray penetration for the earlier
part of the injection Figure 67) it can be seen that thajection pressure has a greater
influence on the spray penetration with the carbon dioxide tests. At 0.6ms,fererdié in

spray penetration between tests with 700 bar and 780 bar injection pressure are 21.8% with
nitrogen and 35.8% with carbon dioxide. Similar differences are seen at other times steps.

Figure 104 shows a direct comparison between the spray penetration obtained with nitrogen
and carbon dioxide; with an injection pressure of 760 bar and a cylinder pressure of 5 bar.
The results for the other tests can be foundRPENDIX D 1 RESULTS (Figure 151,

Figure 152 Figure 153 and Figure 154). From the figure, it can be seen that a lower spray
penetration is obtained with carbon dioxide than with nitrogen. The same is true at the other
injection pressures tested. The difference is larger towardenithef the injection with an
almost constant difference in the earlier partss is due to the difference in the densities of

the gases and the effect of gas density on the momentum of the spray at the later parts of the
injection. Figure 105 shows the percentage difference between the average spray penetration
for nitrogen and carbon dioxide, at the various injection pressures tested, between 0.35ms and
0.75ms. With the exception of the test daat 720 bar injection pressure, the difference is

124



almost constanfThe carbon dioxide test at 720 bar resulted in a spray penetration that was
larger than expected.his was due to the setup of the experim@anttuations in injection
pressure)No corrdation was found for the later part of the injection. This can be attributed to
the dynamic nature of the interactions between the injected fluid and the gas in the chamber.

Comparing the results for the different gases during the later part of theomjecttcan be

seen that the spray penetration obtained with carbon dioxide has much smaller oscillations
than the tests done with nitrogen. This means that there is less cluster shedding with the
carbon dioxideThe difference in the gradients indicatkattthe spray has a lower velocity in

the carbon dioxide.
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Figure104 Spray penetration. Nitrogen compared to carbon dioxide. 760 bar injection
pressure. 5 bar cylinder pressure.
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Due to the higher molecular mass of the carbon digxdeording to ideal gas principles, at
the same pressure and temperature, carbon dioxide will have a tiegtsgty than nitrogen.
Considering Equatior8, which gives the spray penetration predicted by Dent; the spray
penetration is inversely proportional to tHE réot of the density of the gas. This means that

the spray penetration decreases at a decreagmgs the gas density increases.

Equatiors 5 and 6 give the spray penetration predicted by Hiroyasu before and after the spray
breaks up respectively. Equation 5 is not dependent on the density of the gas and this
suggests that spray penetration betbiee spray breaks up is only dependent on the pressure
difference across the nozzle and not on the pressure of the gas in the chamber. Equation 6
suggests that the spray penetration is inversely proportional td"treotlof the density of

the gas as prected by Equation 3.

Figure 106 shows the variation of the cone angle over time with these same parasters.

was the case with the nitrogen test, increasing fleetion pressure resulted in an increase in

the cone angle. The test at 720 also showed a higher than expected cone angle due to the
experimental setuffluctuations in injection pressuteBased on the difference in the density

and viscosity of nitrogenma carbon dioxide and considering Equation 2 for cone angle, the
average difference between the nitrogen and carbon dioxide cone angles should be 22.5%, the

average experimental difference was found to be 17.3% with the carbon dioxide cone angle
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being largr. The difference is due to experimental set up and properties of the injector nozzle

(modified nozzle and wear on the nozaey test fluid.
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Figurel06. Cone angle vs timé&@.bar Cylinder pressure. 700780 bar injection pgssure
using carbordioxide

Figure 107 below shows a plot of the spray penetration vs time with a constant injection

pressure of 80 barand a cylinder pressure that i@ between atmospheric and 20 bar with

cambon dioxide.
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From Figure 107 it can be seen that with carbon dioxide in the spray chamber, thg spr
penetration decreases with increasing cylinder pres3ime.difference at any given time

step between two consecutive testiecreases as the cylinder pressure increases. This is
expected and was also correctly predicted by the theoretical models discussed (spray

penetration decreasing at a decreasing rate with increasing cylinder prdessity)).

ComparingFigure 107 and Figure 88 shows that a smaller spray penetration is obtained at
any given pressure with carbon dioxide than with nitrogen, even tests at atmospheric
pressure. The tests at atmospheric pressure weeelyopurging the spray chamber with the
gas of interestThis is due to the higher density of the carbon dioXides gradients of the

datasets indicate that the velocity of the spray decreases with increasing pressure.

Figure 108 shows a comparison of the spray penetration obtained with nitrogen and carbon
dioxide with an injection pressure of 780 bar and a cylinder pressure of Tthbaesults for

the other test can be found IMPPENDIX D i RESULTS(Figure 160, Figure 161, Figure

162 and Figure 163). It is evident that the difference in gas density affects the spray
penetration from early on in the injection. AsHigure104the reduced spray penetration due

to the deser gas becomes apparent ahis4
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Figure108 Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injectio
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Figure109 shows the percentage difference between the spray penetration with nitrogen and
carbon dioxide at the various cylinder pressures tested. Due to the low resistance of the
nitrogen at atmosphier pressure, the spray penetration grew rapidly and went beyond the
frame of the camera before the end of the injection event. Due to this, the average spray
penetration for that test is not a true reflection and can be disregarded. This explains the
negaive difference between the nitrogen and carbon dioxide tests at atmogpbesiare.

Considering the other data points, it can be seen that the difference between the two sets of
tests decreases as the cylinder pressure is increased. This is dueskatithreship described

earlier between the spray penetration and the gas density. As the pressures are increased, the
gas densities increase and the spray penetration becomes less sensitive to changes of gas
density. The percentage differernnespray peneation between the two gasdscreases from

29.8% at 5 bar to 12.1% at 20 bar. If higher pressures were tested, according to this trend, the

differences would be even smaller until no difference is noticed.
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To explore the effect of gas density on the spray penetration, reference is rragleeadl0.

The figure compaespray penetration between nitrogen and carbon dioxide with similar gas
densities. The gas densities were calculated as described in Eettassuming ideal gas
behaviour. Due to the higher molecular mass of the carbon dioxide, higher densities are
achieved than nitrogen at the same presdtigure 110 shows a comparison of the spray
penetration obtained with nitrogen a bar and carbon dioxide dtO bar. Under these
conditions, the density of thetrogen would be 17.%g/m® and that of thecarbon doxide

would be 18.4«g/m>. This represents a difference®1i %. Under these conditionajthough

the spray penetrations are very similar, $peay penetration with nitrogen is slightly higher.

The average spray penetration achieved with nitragfel5 bar was 21.6 mm and that of
carbon dioxide at 10 bar was 21.3mm; a difference of only 1M%.c or di ng t o Hir
model, this difference would be 0.9%. The theoretical models covered in this report do not

consider the viscosity of the gas whefcakting the spray penetration (only cone angle).

Ideal gas behaviour predicts a negligible impact on the viscosity by changing the pressure so
the effects were not of concern when using a single gas. Comparing the results of the nitrogen
and carbon diaxe, the differences in viscosities of the gasesild have to be considered.
Nitrogen is approximately 20% more viscousriarbon dioxide and this could affect the

spray struaire. Based on the results of tbeperiments conducted, it appears as thdabhgh
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effect of the viscosity is negligibleehen compared to changes in the gas densibhen

considering the spray penetration.

The similarity between the spray penetration obtained with 15 bar nitrogen and 10 bar carbon
dioxide shows that the spray penetration has a strong dependency on the gas density,
regardless of the pressure. The difference in spray penetration between 10 and 15 bar
nitrogen is 19.6% and 14.7% with carbon dioxig@igure 111 shows the variation of average

spray penetration with gas density. The figure contains results for both nitrogen and carbon
dioxide at various cylinder pressures. It can be seen that the sprayapeneatecreases at a
decreasing rate withgasdensdys pr edi cted by both Dentds anc
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Figure11Q Spray penetration vs time. 780 bar injection pressure. 15 bar nitrogen. 10 bar
carbon dioxide
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Figure 112 shows the changes in the cone angle with time using the same parafteters.
experiments did not show a strong relationship between the cone angle and cylinder pressure.
When compared to the cone angles obtained with the tests for nitrogen, the diackide

cone angles were on average 9.kfgerfor all the pressures testeligure 113 shows a
comparison of the average cone angles obtained with both nitragecagbon dioxide. For

both sets of tests, the cone angles were withifi eafdsge. The nitrogen cone angles were
between 23.7 and 27°; and the carbon dioxide cone angles were bet@&e@and 30°.
Analysing the theoretical models, it was discovered that the viscosity had a significant impact

on the cone angle.

The cone angle is inversely proportional to the square root of the viscosity. A higher viscosity
provides moreesistance to the radial nih of the spray and thus results in a smaller cone
angle. The change in cone angle as a result of the difference in viscosity of the gases is
comparable in magnitude to the difference resulting from the change in density (10.7% and
12% respectively)The percentage differensewereindependent of the cylinder pressure at

which they were calculated.
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Figurel112 Cone angle vs time. 78ar injection pressurdtmospherid 20 bar cylinder
pressuraising carbordioxide
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Figurell4shows the spray penetration vs time when a constant pressure diffr&acis
maintained across the nozzle of the injector while both the injection pressure and cylinder
pressure are viad.
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Figurell4 Spray penetration vs. timés5 775bar injection pressurédtmospherid 20 bar
cylinder pressuresing carbordioxide
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From the figure, it can be seen that as the pressures increase, the spray penetration decreases.
Comparing the results teigure 99, the spray penetration for this s#ttests is lower than

those of the nitrogen tests. The difference between the tests at corresponding injection and
cylinder pressures decreases as the pressures indfgasel15shows a comparison of the

results obtainedior spray penetratiofor both sets of tests. The spray penetration is plotted
against the cylinder pressure, but it should be noted that the injection pressure increases at the
same rate as theyllnder pressure to maintain a constant pressure difference. The figure
shows that the differences between the tests are largest at low pressures.

Reference is made tBigure 105 and Figure 109 which compare the difference in spray
penetration between nitrogen and carbon dioxide tests;varying injection pressure and
cylinder pessure respectively. It was noted that a change in injection pressure had a
negligible effect on the difference in spray penetration in different gases (early phase of
injection). The cylinder pressure however had a noticeable influence on the spragtjzenet

As in this set of tests, there was a much ladj#ference between the two ga&sat lower

cylinder pressures.

The data points irFigure 115 follow the same trend as those kigure 111 The spray
penetration decreases at a decreasing rate with increasing pressures. The changes in the spray
penetration wit nitrogen are larger than those of the carbon dioxide tests between any two
consecutive tests. The higher molecular mass of the carbon dioxide shifts the graph to the left
indicating that cylinder pressure has a diminishing effect on the spray penetsétion

increased gas density.

134



i =] ~
o o o
1 1 |

o
o
1
*

+ Nitrogen

w
o

= Carbon dioxide

]
o
1
]

Spray penetration (mm)
me
me

=
o
1

o

0 5 10 15 20 25
Cylinder pressure (bar)

Figurell5 Average spray penetration @glinder pressure. Nitrogen and Carbon dioxide.
7551 775 bar injection pressure. Atmosphéri2g0 bar cylinder pressure

135



7. CONCLUSIONS

The results were ahaed with respect to the objectives and the conclusions are presented

below.

Modify the Inov8 Test Stand with a spray chamber that will allow it to be used to

analyse spray patterns with a cylinder pressure of up to 20 bar.

The chambewused by Valentim{29] was retrofitted to the Inov8 Test Stand so that the
unmatched precision of the data capturing system could be used to run tests with different
gases and pressures (previously not possible with the Inov8 Test Staadet up was able

to obtain congtent, accurate results, however the spray chamber was not optimal for the data
capturing system of the test stand. The tip of the injector was positioned in a shadow and the
chamber would quickly fill up with vapour. This meant that the geometry pacKatie o
DaVis software could not be used for data analysis, and the DaVis software was only used for
data capturing. A 1 hole injector was used and the injection pressures for the experiments
were kept below 800 bar to reduthe vapour and preserve thénde injector. A spray
chamber was designed, fabricated and certified to hold 20 bar of pressure. This spray
chamber had a larger internal volume to reduce the -opildf vapour in the gas so that
clearer pictures could be takdnitial testing with the n& spray chamber revealed that the
injector was situated too high up to be properly captured by the camera. A minor
modification was required to the spray chamber to hold the injector lower down. It was sent
out for the modification and recertification aatl the timewhen the tests were dgnthe
modification was not completed. Due to time constra@atfyll set of experiments with this

new spray chamber were not possible.

Investigate the sensitivity of spay penetration and velocity to changes innjection

pressure.

To determine the sensitivity of spray penetration to variations in injection pressure, tests were
conducted with 5 bar nitrogen in the spray chamber and the injection pressure was varied

between 700 bar and 780 bar in 20 bar incremsittsan injection duration of 80Qs. The
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spray penetratioand velocityincreased with increasing injection pressueall pressures,

the spray penetration increased at an increasing rate until it broke up around 0.5ms after the
injection began; theréar the rate decreased. The effects of the changes in injection pressure
were most noticeable after the spray broke up, between 0.8ms and 1.15ms there was 7mm
difference between 700 bar and 780 bar.higher injection pressures, the fluid is better
vapolized and interas more with the gas. This leatb increased cluster shedding (clusters

of vaporized fluid and gas breaking away). The cluster shedding leads to fluctuations in the
spray penetration and velocifihe initial acceleration of the fluid ineased at an increasing

rate with injection pressure. An 11.4% increase in the injection pressure resulted in a 35%
increase in the acceleration for the initial phase of the injectimmeasing the injection
pressure increased the force acting on thespresshoulder of the injector and resulted in the
injector opening up sooner (start of injection was earli€he spray penetration reached
0.5mm0.02ms earlier with a 780 bar injection pressure than it did with a 700 bar injection
pressureand opened 01Xins earlier The cone angle of the spray increased with increasing
injection pressurdncreasing the injection pressure also resulted in a higher injection rate and
delivery being measured with the Akribis section of the Inov8 Test Stand.

Investigate the sensitivity of spray penetration and velocity to changes in cylinder

pressure.
Determine effect of cylinder gas density on spray penetration (distance and velocity).

To determine the effect of cylinder pressure on spray penetration, tests were rurv86th a

bar injection pressure and cylinder pressures varying between atmospheric and 20 bar in 5 bar
incrementsAn increase in cylinder pressure resulted in a decrease in spray penetration. The
differences in the spray penetration due to changes in cylip@sisure were noticeable
earlier in the injection than the tests with changes in the injection pre3siwempact a
change in cylinder pressure has on spray penetration decreases with increasing cylinder
pressures (ie. changes in cylinder pressure hagieninishing effect on spray penetration).
There was a 21.8% difference in spray penetration between 5 bar and 10 bar cylinder pressure
and a 10.5% difference between 15 bar and 20Higher cylinder pressures resulted in a
higher density cylinder gashd this kept the spray sitture together for longer amdduced

the effects of cluster shedding. Sprays with higher cylinder pressures had a thinner
vapour/gas shroud over the liquid core. The cylinder pressure had no effect on the time at
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which the injetion started. At low cylinder pressures (atmospheric pressure), cavitation in
the nozzle plays a significant role in the velocity of the sgrayeasing tk cylinder pressure

has a more significaninpact on the cylinder gas density than the pressufereliice across

the nozzle and this results in the cone angle increasing with increasing cylinder pressure. The
increased density resulting from an increase in cylinder pressure provides a larger resistance
to the axial flow of the spray and gis/a shorte, wider spray, thus explaining a larger cone
angle and smaller penetration when compared to a test with a lower cylinder préksure.
mean tip velocity of the spray decreases at a decreasing rate with increasing cylinder pressure
due to increasing resistee from the gas. There was a large drop in velocity (173.8m/s to
78.6m/s) from atmospheric pressure to 5 bar. Spray hesitation was larger at lower cylinder
pressures due to the increased velocity causing larger lateral movements of the needle when
opening

Investigate the relationship between spray penetration and the injectienylinder

pressure difference.

To determine if either the injection pressure or the cylinder pressure had a larger impact on
the spray penetration than the overall pressure diféereacross the nozzle, tests were
conductedwhile maintaining a constant pressure difference across the nozzlemjddteon
pressuresvere between 755 bar and 775 bar, and cylinder pressures beatreespheric
pressure and 20 baBoth the injection presure and coesponding cylinder pressure were
increased in increments of 5 bar. As the pressures were increased, the spray penetration
decreased. This showed that the cylinder pressure had a larger effect on the spray penetration
than either the injectiopressure or the pressure difference across the nd¥zleith the
previous tests, the cylinder pressure had a diminishing effect on the spray penéktagion.
increasing cylinder pressure again reduced the effects of cluster shedding. The gas density
wasfound to be more important to the spray penetration than the pressure difference across
the nozzle. The effects of the density changes were more noticeable in the later part of the
injection where the pressure difference across the nozzle has lessftécaromr the spray
penetrationThe experiments described above were repeated with carbon dioxide in the spray
chamber. For all the tests, the spray penetration results followed the same trend as with
nitrogen; however the spray penetration was alwaystrltivee the nitrogen counterpart at the

same cylinder pressure, injection pressure and time. The difference was between
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corresponding tests was constant (percentage) between 0.35ms and 0.75; alteough
differencewas more apparent in the later part of thgection, no correlation was found.
During the later part of the injection, the carbon dioxide spray penetration had smaller
oscillations (smoother graph) indicating that cluster shedding was less with the denser gas
(due to the higher molecular mas3he spray penetration was found to decrease at a
decreasing rate with increasing cylinder gas density. The difference reduced from 298% at 5
bar to 12.1% at 20 bar. The cylinder gas density was found to be more important to the spray
penetration thathe cyinder gas pressure. With a 5 bar difference in cylinder gas pressure,
there was a difference of only 1.4% in the spray penetration due to the similarity of the
densities at these pressures (5.1%)e spray had a lower velocity in the carbon dioxide
compaed to nitrogen and the velocity decreased with increasing cylinder pressure for both
gasesThe cone angle was found to be 9.4% larger on average with carbon dioxide compared
to nitrogen.lt was also concluded that the effect of cylinder gas viscosith®mrone angle

was comparable in magnitude to the effect of gas density, and this was independent of the

cylinder gas density.

Compare experimental results of spray penetration to theoretical models of Hiroyasu

and Dent.

The models of both Dent and Hy&su were more accurate in the later parts of the injections.

The models do not take into account the effects of the fluid viscosity, inertia or friction in the

early stages of the injection and cannot predict the initial velocity profile of the spray. Fro

the start of the injection, the accuracy increased rapidly until the spray broke up. In some
cases, Hi royasuds model was within 1% of th
was more accurate than Dent. The models increased in accuracy wéhsing injection
pressur e, but decreased with increasing cyli
at 5 bar to 41.6% at 20 bar while Hiroyasu went from 22.6% to 38.9% for the same cylinder
pressures. The models neglect to consider the effeawv@ation in the nozzle at low cylinder

pressures and tend to under predict the velocity. The model used to calculate the cone angle

was accurate and was on average within 2% of the experimental cone angle.
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|l nvestigate the accur docthe timé at Which the spmyuvills e qu a
break up.

For the experiments conducted in the curreni
the spray breaks up was consistently 0.3ms too early. This difference can be attributed to
differences between the eximental set up used in this study and that used to develop the
model. The models were developed almost 4 decades ago and the data capturing system used

in the current study is more advanced (faster response, clearer images) than the technology
availableat that time. There have also been improvements in the components of the injection

system.

|l nvestigate Hi r ohg mjectiod presgute das a greaterhedelct on spray
penetration before the jet begins to breakup, and that the back pressure Baa more

significant impact after the jet begins to break up.

Experimental results showed that with the pressures tested, on average, changes in the
cylinder pressure had a more significant impact on the spray penetration than similar changes
in the injecion pressure. Tests maintaining a constant pressure difference showed that the

effect of changing the injection pressures was greater during the early phase of the injection;

the effect of changing the cylinder pressure was greater later on in the mjethie

transition happened before break up and not at break up as predicted by Hiroyasu.
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8. RECOMMENDATIONS

Although the research met the objectives of the study, there were some limitations imposed
on the experimental facilities. These limitatiomsre due to budget and time constraints and
the following recommendations are listed for future studies to improve upon the methods

used here.

1 The new pressure chamber designed for this study will be ready for testing in
2018. This chamber will provide seor images to those obtained in this study.
The tip of the injector will not be in the shadow and the effect of vapour build up
will be reduced. The geometry analysis package of the DaVis software will be
able to analyse the spray more accurately.

1 An extraction system should be designed and fitted to the spray chamber. The
extraction system should separate the vapour from the gas while maintaining the
pressure. The system should not introduce high velocity flows to the gas that
might affect the sprapattern.

1 With an extraction system in place, the bottom lid of the new spray chamber can
be modified to have a window so that the axial camera of the test stand can be
used. This will give better insight into the behaviour of rAndtie injectors in a
pressurized environment.

1 The fuel delivery system could be modified to work with DME for a better
understanding of the behaviour of this fuel (a topic of interest of the School of
Mechanical, Industrial and Aeronautical Engineering at The University of the

Witwatersrand, Johannesburg).
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APPENDIX A T DATA CD

The Data CD attached contains the following:

1 Flow analysig Folder containing the data for the imaging experiments
o Data processing The processed raw data obtained
A 5 bar carbon dioxide
5 bar difference carbon dioxide
5 bar difference nitrogen
5 bar nitrogen 02 5 bar cyl
5 bar nitrogen
780 barcarbon dioxide
780 bar nitrogen

Hiroyasu theory

B> > > D > > D

A Nitrogen carbon dioxide
o0 Raw data
A Various folders containing raw data from the data capturing software
of the Innov8 Test Stand (Flow measurement)
1 Flow Measuremerit Folder containing the data for the Akril@speriments.
o Data processing
A 5 bari 5 bar cyl pressure, 76080 bar inj pressure
A 780 bari atm-20 bar cyl pressure, 780 bar inj pressure
0o Raw data
A Various folders containing raw data from the data capturing software
of the Innov8 Test Stand (Akribis)
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APPENDIX B i EXPORTING AKRIBIS DATA

The data obtained when conducting the flow measurement test using the Akribis must be
exported to text files so that it can be processed later. The following procedure should be
followed on the AkribidPC to export the data.

1. Open the data saved in the specified location (the data will open with Test Seepe
Figurell6below)

2 CAPAC Test Scope - Akribis Data File

File Reports Play Graphs Graph  Anahesis  Window

Help

. Y Y YC QWJ_Z“ TE—

Graphs% F'lﬂiﬁ.lrwl's . r"""'] Ea S, % Dllf I:ulsur Z?om P.an Q Mggﬁ
|| Ataibis L —

— Plot View 1 for Test - Akribis

T Delivery
["Rate
[ Firing Pulse

- Akribis L z
[ Delivery =~

Minjection Start
B [ injection Stop
Flinjection Start Delay =
B [ injection Stop Delay
[ Firing Pulse S1an
“ Firing Pulse Stap
mm
= rm
(i)
0 | 1 | | | I | 1 T4 >
0 1 2 3 4 5 [ 7 ] o} 10 1« il | =
fred || |

Figurell6 Test Scope

2. Goto FileA Export Selected Test (Séggurell7below)
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2 CAPAC Test Scope - Akri
N Reporks Play Graphs Gr
Open : (
Close Selected Test
Cloze All Tests

Export Selected Test

Figurell1?. Export data

3. Select6 Ex por t WéaSea-igured I8 bhavd

Export Options

[W Export Sefup Infosmation
[¥ Exporl Test Header
[ Esxport Charingd Data
[v Export "W awe Forms

Tab «| Data Delimeter

I

Figure118 Export wave forms

4 Click 060k6©6
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APPENDIX C1 DATA COLLECT ION CODES

Spray Analysis Python Code

import csv

Pressure = str(input(‘Test pressure: ')

Dataset = str(input('Dataset: "))

Data ="

Data2 ="

Filename = Pressure +' ' + Dataset +'.csV'
File = open(Filename, 'w")

File.write('0.35,0.4,0.45,0.5,0.55,0.6,0.65,0.7,0.75,0.8,0.85,0.9,0.95,1.0,1.05,1v1)1.15,

Time = 0.35
while Time <= 1.15:
Timestep = str(Time)

Path = 'ClUserd\andrandDesktop\New  folder (2\'' + Pressure +
' bar_ RRStephenGrover_T1=' +iffiestep +\\SumAvgRmsMinMax' + Dataset \SPM
BS\Geometri\BO0O001 _avg_results.txt'

with open(Path, 'r') as handle:

Line = handle.readlines()
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if Data ==":
Data = Line[6][22:26]
else:

Data = Data +',' + Line[6][22:26]

if Data2 ==":
Data2 = Line[1][19:22]
else:

Data2 = Data2 + ', + Line[1][19:22]

##Line.close()

Time = round(Time ©.05,2)
if Time ==1.0:
Time = int(Time)
File.write(Data +\n")

File.write(Data2)

File.close()
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Akribis VBA Code

Sub Macro3()

' Macro3 Macro

Fori=1To 20

With ActiveSheet.QueryTables.Add(Connection:= _

"TEXT;C:\UserdandranitDesktopnaicker msc akribl@00b508Akribis " & 1 &

" Delivery.txt" _
, Destination:=Range("$A$1"))
.Name = "Akribis_1 Delivery 1"
.FieldNames = True
.RowNumbers = False
.FillAdjacentFormulas = False
.PreserveFormatting = True
.RefreshOnFileOpen = False
.RefreshStyle = xlinsertDeleteCells
.SavePassword = False
.SaveData = True
AdjustColumnWidth = True

.RefreshPeriod =0
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.TextFilePromptOnRefresh = False
.TextFilePlatform = 437
.TextFileStartRow = 1
.TextFileParseType xIDelimited
.TextFileTextQualifier = xITextQualifierDoubleQuote
.TextFileConsecutiveDelimiter = False
.TextFileTabDelimiter = True
.TextFileSemicolonDelimiter = False
.TextAleCommaDelimiter = False
.TextFileSpaceDelimiter = False
.TextFileColumnDataTypes = Array(1)
.TextFileTrailingMinusNumbers = True
.Refresh BackgroundQuery:=False

End With

Range("B1").Select

With ActiveSheet.QueryTables.Add(Connection:= _

"TEXT;C:\UserdandraniDesktopnaicker msc akriblg@00b508Akribis " & 1 &

" Firing Pulse.txt" _
, Destination:=Range("$B$1"))
.Name = "Akribis_1_Firing Pulse"
FieldNames = True
.RowNumbers = False

FillAdjacentFormulas = False
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.PreserveFormatting = True
.RefreshOnFileOpen = False
.RefreshStyle = xlinsertDeleteCells
.SavePassword = False
.SaveData = True
AdjustColumnWidth = True
.RefreshPeriod = 0
.TextFilePromptOnRefresh = False
.TextFilePlatform = 437
.TextFileStartRow = 1
.TextFileParseType = xIDelimited
.TextFileTextQualifier = xITextQualifierDoubleQuote
.TextFileConsecutiveDelimiter = False
.TextFileTabDamiter = True
.TextFileSemicolonDelimiter = False
.TextFileCommaDelimiter = False
.TextFileSpaceDelimiter = False
.TextFileColumnDataTypes = Array(1)
.TextFileTrailingMinusNumbrs = True
.Refresh BackgroundQuery:=False

End With

Range("C1").Select

With ActiveSheet.QueryTables.Add(Connection:= _
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"TEXT;C:\UserdandraniDesktopnaicker msc akriblg@00b58Akribis " & | &

" Rate.txt", _
Destination:=Range("$C$1"))
.Name = "Akribis_1 Rate"
.FieldNames = True
.RowNumbers = False
FillAdjacentFormulas = False
.PreserveFormatting = True
.RefreshOnFileOpen = False
.RefreshStyle = xlInsertDeleteCells
.SavePassword = False
.SaveData = True
AdjustColumnWidth = True
.RefreshPeriod = 0
.TextFilePromptOnRefresh = False
.TextFilePlatform = 437
.TextFileStartRow = 1
.TextFileParseType = xIDelimited
.TextFileTextQualifier = xITextQualifierDoubleQuote
.TextFileConsecutiveDelimiter = False
.TextFileTabDelimiter = True
.TextFileSemicolonDelimiter = False

.TextFileCommabDelimiter = False
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.TextFileSpaceDelimiter = False

.TextFileColumnDataTypes = Array(1)

.TextFileTrailingMinusNumbers = True

.Refresh BackgroundQuery:=False
End With

Range("D1").Select

Next i

End Sub
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APPENDIX DT RESULTS

The finalprocessed results are presented below.

Injection Pressure
The results for tests conducted to determine the effect of injection pressure can be found
below. Table3 is the results obtained with a constant cylinder pressure of 5 bar nitrogen with

injection pressures ranging from 700 bar to 780 bar.

Table3: Injection pressure results. 5 bar cylinder pressurel 78D bar injection pressure
Nitrogen

8 2 5 2 5 2 8 2 5 2
~ ~—~ ~—~ ~—~ ~—~
o £ 8 o £ 8 o £ 8 o £ 8 o £ 8

£ £ £ £ £

N—r’ N N N—r Nt

c C C C [
@ S| s S| s S| s S| 3 S| x5

o] o] o] o]

£ © @ ® @ © T © T sl o Z
o 3 o 3 o 3 %) 3 o 3 %)
e o 8 o o O 8 o o O 8 o o O 8 o o O 8 o (@]
= o (] o c AN (o] N c <t (o] < c (o] (] (o] c o0} [¢] o0} c
- N Ol ©| N~ |~ ©| N~ a9l |~ o~ |~ o9~ ©

035 | 77.8 15 48.6 4.3 66.7 15 82.1 6.0 80.0 6.8

0.40 |0.8 95.3 11 21.8 1.2 25.2 1.4 18.9 1.9 220

045 |33 13.6 3.6 29.7 |40 245 |45 276 | 4.7 24.5

050 |72 26.2 7.5 26.2 8.4 244 |85 22.0 8.29 23.4

0.55 |123 15.2 129 18.0 13.7 21.3 14.5 24.6 15.2 21.6

0.60 |170 14.2 16.9 18.7 18.1 19.4 19.4 19.9 20.7 22.4

0.65 | 21.6 15.2 22.6 16.6 23.6 17.8 24.2 22.7 26.0 24.7

0.70 | 280 14.4 30.4 18.2 30.7 18.5 32.8 23.1 32.1 25.5

0.75 | 351 13.4 37.5 18.3 38.1 19.6 40.4 23.7 39.7 24.3

0.80 (414 16.7 45.5 199 459 189 |46.8 24.6 50.3 28.8

0.85 | 480 17.9 47.6 173 494 20.2 | 476 242 | 458 26.4

0.0 |455 17.6 52.1 19.1 53.8 21.3 51.7 26.5 51.9 25.3

0.95 | 499 18.4 53.4 16.9 54.3 22.0 53.4 25.5 55.9 25.1

1.00 | 50.6 20.5 51.1 18.3 56.4 22.4 57.2 25.2 52.3 26.0

1.05 | 45.7 20.2 48.5 20.8 54.0 24.0 56.3 26.2 57.6 27.1
1.10 | 50.9 18.2 51.4 22.2 | 49.2 25.0 60.3 24.9 60.3 29.4
1.15 | 46.9 20.7 52.2 23.3 54.3 26.1 56.0 25.8 60.9 29.6

158



Figure 119, Figure 120, Figure 121, Figure 122 below show the test ressilicompared to
theoretical predictions of Dent and Hiroyasu with a cylinder pressure of 5 bar (nitrogen) and

injection pressures of 700 bar, 720 bar, 740 bar and 780 bar respectively.

=

2

E 7y * ¢ * ¢ *

@ . + 700 bar test

a o

> . * . e Dent

% + ’I T T T T T T 1 H.er\]aSU
0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15

Time (ms)

Figure119 Spray penetration testsultscompared tdheory. 700 bar injection pressure. 5
bar cylinder pressunesing nitrogen

¢ + 720 bar test

* e Dent

Spray penetration

T T T T T T T 1 H.II'OVE]SU
0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15

Time (ms)

Figure12Q Spray penetration test results vs theory. 720 bar injection pressure. 5 bar «
presswue using nitrogen

¢ ¢ 740 bar test

* = Dent

Spray penetraiton

T T T T T T T 1 leoyasu
0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15

Time (ms)

Figurel121 Spray penetration testsultscompared taheory. 740 bar injection pressure. 5
bar cylinder pressunesing nitrogen
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Figurel22 Spray penetration testsultscomparedo theory. 780 bar injection pressure. 5
bar cylinder pressungsing nitrogen
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Figure123 Percentage difference between Dent and actual results.7800bar injection
pressure. 5 bar cylinder pressusing nitrogen
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Figure 124 Percentage difference between Hiroyasu and actual results7800ar
injection pressure. 5 bar cylinder pressusang nitrogen
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Figure125 Mean tip acceleration. 76180 bar injection presire. 5 bar cylinder pressure
using nitrogen
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Figure126 Cone angleaest results compared to theory. 700 bar injection pressure. 5 bar

cylinder pressuresing nitrogen
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Figure128 Cone anglaest results compared to theory. 760 bar injection pressure. 5 bar

cylinder pressuresing nitrogen
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Table4: Injection pressure results

Nitrogen 0.02ms time step

. 5 bar cylinder pressurei 7@D bar injection presse

5218 |Ez|E |BE2lE |B2l8 |Bels

E|° El° El° E|° E|°

m S| = 5|8 S| & S| & S|«
£ g2 B/ “=® 8| °ezT |z F|lSe
? |gsfigBlgsilrelei 9Blgilgcg: st
~ ~ 9|l 8|l |~ 8|~ |~ 8|l Ol |~ |~ ©

0.35 |0 0 0 0 0 0 0 0 0 0

037 |0 0 0 0 0 0 0 0 0 0

0.39 |0 0 0 0 0 0.2 67.9 0 0
041 |0 0 0 0 04 63.7 0.5 82.2 0.7 83.5
0.43 | 0.6 54.4 0.7 76.0 0.7 65.4 1.2 69.4 1.3 71.9
0.45 | 1.0 42.2 1.2 59.5 1.8 55.5 2.1 63.5 2.2 63.1
047 |1.8 31.2 2.1 50.2 2.5 46.1 3.1 48.2 3.6 48.7
0.49 | 2.7 30.1 3.1 40.2 3.8 37.6 4.4 41.6 5.0 41.8
0.51 | 3.8 26.5 4.5 31.9 5.23 33.0 6.4 34.6 7.2 32.1
0.53 | 5.3 30.6 6.4 28.6 7.1 30.4 7.8 31.8 9.6 30.6
055 | 7.0 27.9 7.8 29.6 9.0 29.7 10.3 30.7 12.1 29.8
0.57 | 8.6 27.5 10.1 27.1 10.8 22.1 12.6 29.4 14.2 28.9
0.59 |12.2 21.1 12.6 25.4 13.5 22.5 14.8 27.1 16.3 29.6
0.61 | 145 22.5 15.3 24.6 16.3 20.8 18.2 28.0 18.3 30.4
0.63 | 17.6 21.9 19.2 24.8 19.2 22.4 20.3 28.7 21.2 29.4
0.65 | 20.1 22.2 21.9 22.1 21.7 24.5 24.3 29.1 23.7 30.5
0.67 | 22.7 23.7 23.8 23.8 24.0 23.7 25.2 27.3 26.8 29.6
0.69 | 24.9 24.0 25.2 22.4 27.1 24.2 26.5 25.5 29.0 28.0
0.71 | 280 22.6 27.4 22.0 28.6 24.5 29.2 25.1 30.4 27.6
0.73 | 295 21.9 31.1 22.1 30.8 26.9 32.1 24.1 32.5 29.4
0.75 | 33.5 20.5 315 19.3 33.7 24.8 35.5 25.7 36.8 26.9
0.77 | 36.1 20.0 34.9 20.9 35.7 25.6 36.9 26.2 39.7 24.9
0.79 | 36.7 19.3 37.1 19.5 38.6 23.1 39.9 25.5 40.9 23.6
0.81 | 404 18.3 38.6 210 38.8 24.7 41.3 26.9 40.2 28.4
0.83 | 39.9 20.5 41.5 20.5 39.8 23.1 40.7 29.4 44.8 25.9
0.85 |41.8 21.2 39.9 25.2 41.9 25.4 41.4 28.4 45.8 27.2
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Cylinder Pressure
The results of test conducted to determine the effect of cylinder pressure on the spray

structure can be found bellow.

Table5: Cylinder pressure results. 0 bar to 20 bar cylinder pressure. 780 bar injection
pressureNitrogen

5 o 5 95 E |2 |EE|2 |EE| ©

g g & 5 E|¢© E|@ E <
s | ¢ 5 9 5 5% § | & 5 2
E |8 g 8 g g |2 g | g S
.qé g g ; g g ; o % § | O % § | © % o ©
- o <o O O 1 <o n O o — < - o — < | N o AN O
0.35 |0 0 0 0 0 0 0 0 0 0
0.40 1.9 195 | 1.9 220 | 1.4 16.6 0.3 22.3 0 0
045 |5.2 29.7 | 4.7 245 | 4.6 28.7 1.8 25.1 1.6 38.9
0.50 12.2 27.7 |83 23.4 | 8.4 30.5 4.6 30.0 4.4 35.3
0.55 | 18.7 24.2 | 15.2 21.6 | 13.5 25.9 7.8 32.3 7.5 34.8

0.0 |24.9 22.8 | 20.7 224 | 17.7 26.3 |13.2 27.1 116 29.3

0.65 | 30.7 22.8 | 26.0 247 | 21.2 245 (171 264 | 15.7 28.5

0.70 | 420 20.3 | 32.1 255 | 28.2 23.7 | 221 24.8 18.7 26.2

0.75 | 55.2 22.6 | 39.7 24.3 | 31.9 23.7 |26.1 22,5 | 220 23.4

080 |67.4 25.2 |50.3 28.8 | 36.5 21.7 |28.1 254 | 25.6 28.0

0.85 |80.1 28.3 | 458 26.4 | 353 199 | 304 23.2 |26.9 29.9

0.0 |- - 51.9 253 404 209 |316 241 | 28.2 28.3
095 |- - 55.9 251 | 39.1 224 | 357 256 (314 22.2
1.00 |- - 52.3 260 |41.1 196 |334 23.7 | 327 23.6
1.05 |- - 57.6 27.1 | 43.5 19.1 |39.2 194 | 321 280
1.10 |- - 60.3 29.4 | 455 205 | 364 235 | 347 26.3
1.15 |- - 609 290.6 | 47.7 20.3 |38.9 25.7 |35.2 23.2

Figure 130Figure 131, Figure 132 Figure 133 and Figure 134 below show the variation of
spray penetration with time as well as the theoretical spray penetration; for tests with an
injection pressure of 780 bar and cylinder pressures of atmospheric, 5 bar, 10 bar, 15 bar and

20 bar respectely. Nitrogen was used for these tests.
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Figurel3Q Spray penetration testsultscompared taheory. 780 bar injection pressure.
Atmospheric cylinder pressuusing nitrogen
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Figure131 Spraypenetration tegesultscompared tdheory. 780 bar injection pressure. 5
bar cylinder pressunesing nitrogen
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Figure132 Spray penetration testsultscompared taheory. 780 bar injection pressure. 10
bar cylinder pressurnesing nitrogen
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Figure133 Spray penetration tes¢sultscompared taheory. 780 bar injection pressure. 15
bar cylinder pressunesing nitrogen
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Figure134 Spray penetratiorest result€ompared taheory. 780 bar injection pressure. 20
bar cylinder pressunesing nitrogen

Figure 135 and Figure 136 show the percentage difference between the test results and

theoretical results for thiests mentioned above.
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Figure135: Percentage difference between theoretical Dent and actual results. 780 bar
injection pressure. Atmospher@0 bar cylinder pressuresing nitrogen
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Figurel36 Percatage difference between theoretical Hiroyasu and actual results. 780 bar
injection pressure. Atmospher@0 bar cylinder pressutesing nitrogen

Figure 137, Figure 138 Figure139, Figure 140 andFigure 141 below show the variation of

cone angle with time as well as the theoretical cone afuglégsts with an injection pressure

of 780 bar and cylinder pressures of atmospheric, 5 bar, 10 bar, 15 bar and 20 bar
respectively. Nitrogen was used for these tests.
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Figurel37: Cone angleest resulttompared taheory. 78ar injection pressure.
Atmospheric cylinder pressuusing nitrogen
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Figure138 Cone angleest resulteompared taheory. 780 bar injection pressure. 5 bar
cylinder pressuresing nitrogen
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Figure139 Cone angleest resultcompared taheory. 780 bar injection pressure. 10 bar
cylinder pressurasing nitrogen

40
“ 9 o X
o x X
[N] X x X x x X x x
c 20 * X . x
CIJ »% 15 bar
5 10
o 0 15 bar theoretical
0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15

Time (ms)

Figure14Q Cone angleest resultompared taheory. 780 bar injection pressure. 15 bar
cylinder pressuresing nitrogen
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Figurel4l Cone angleest resultcompared taheory. 780 bar injection pressure. 20 bar
cylinder pressuresing nitrogen
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Pressure Difference
The results of test conducted to determine if either injection pressure or the cylinder
pressure have a greater effect on the spray than the overall pressure difference, are presented

below.

Table6: Constant pressure difference results. 0 bar to 20 bar cylinder pressure. b3 Aar
bar injection pressurditrogen

5 3 G G 3 G G 3 3 3
o | L o | <« o | = o _ | «a a8 _ | 9
e € € € S
o o [Te) [Te) o o Lo Lo o o
£ © £ el &7 g7 El7 |V ElV o
5§ 5|5 2|5 5|8 &lc 5|52 55|52 58|52
=1 — (@)] — =] — [@)] o =] — [@)] — =] — [@)] — = — [@)]
O © O c O © O c| 5 | QO S| © ©| © S| © ©| © <
0 5L ol @ 5|9 © o = O © O = O © O = O ©
g el 2l gle g el g
- @ o ) S| = o© o ) o ) o
%) o o E (&) 8 o 8 (&) . o E (&) E o E (&) E (o E (&)
é S c|lQ |92 o|2 o© C 0|0 0|0 |0 |0 O|a o
P ° ° ° | o © ° ° ° ° °
£ w =B S| g =g S|, =S|I =S| S0 =|w S|w =
[== R IR 3R IR R IR IJIIK K DK DK D
0.35 0 0 82.1 6 0 0 0 0 0 0
0.4 0 0 1.37 18.9 0.2 85.2 0 0 0 0
0.45 2.1 47.4 4.45 2761 |15 52 1.2 53.7 1.15 60.9
0.5 5.7 28.5 8.5 22 4.4 48 3.8 35.6 3.7 48.3
0.55 12 25.8 14.5 24.6 7.8 37.4 6.9 37 6.8 36

0.6 18.1 24.5 19.4 19.9 14.8 31.9 12.7 33 11.6 34

0.65 26.6 26.8 24.2 22.7 20.3 27.6 17.5 31.5 15.7 31.9

0.7 36.5 22.7 32.8 23.1 24.8 31.8 20.7 32.6 19.4 30.8

0.75 46 24 40.4 23.7 28 26.1 24.9 30.5 22.2 26.7

0.8 56.7 23.2 46.8 24.6 31.4 27.7 28.9 29.8 25.2 22.3

0.85 65.2 26.1 47.6 24.2 35.7 25.1 30.7 27.8 29.2 23.3

0.9 74.4 27.3 51.7 26.5 37.8 21.7 31.9 25.9 28.8 25.9

0.95 80.4 30.7 53.4 25.5 37.1 25.1 32.3 27.3 29.9 27.7

1 86.7 31.9 57.2 25.2 39.4 23.5 36.7 25.8 324 22.9
1.05 56.3 26.2 41.9 25.5 35.7 29.7 35.2 19.2
11 60.3 24.9 45.5 24 36.8 28.3 34.1 28.3
1.15 56 25.8 44.7 22.4 39.4 29.9 34.5 28.8
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Figure 142 Figure 143 Figure 144 and Figure 145 show the test result compared to

theoretical results.
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Figurel42 Test resultgompared taheory. B5 bar injection pressuratmosphericylinder
pressuraising nitrogen
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Figurel43 Test resulteompared taheory. 765 bar injection pressure. 10 bar cylinder
pressuraising nitrogen

§ 60 - o
= ¢ 770 bar injection 15 bar
S _ 40 - . cylinder
o = 20 - e * ¢ = Dent
= *
o e *
= 0 ot . . . | .
v Hiroyasu

0.35 0.55 0.75 0.95 1.15

Time (ms)

Figurel44: Test resulteompared taheory. 770 bar injection pressure. 15 bar cylinder
pressureising nitrogen
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Figurel45: Test resulteompared taheory. 775 bar injection pressure. 20 bar cylinder

pressireusing nitrogen

Nitrogen Compared to Carbon Dioxide

Table7: Injection pressure results. 5 bar cylinder pressurel 78D bar injection pressure.
Carbon dioxide

S a 2 3 T 2 3 T 2 S T 2 3 £/ g

El o El o El o El o Elo

[ [ [ [ [

5 5|8 5|8 5|8 5|8 5|8

E T |35 T | 3 T | 3 T | 3 T | 3
e 8§ 8°85/g°%95E/g9>85/ 8> 85 8"
= N O K |~ ol o~ 9~ ol N oK Ol K ol K o

0.35 0 0 0 0 0 0 0 0 0 0
0.40 0 0 0 0 0 0 0.6 460 |08 46.6
045 1.3 425 |14 457 |184 [473 |23 417 |28 39.5

0.5 3.5 44.5 4.5 25.7 5.1 32.9 5.7 33.8 6.6 31.2

0.55 7.1 26.0 7.6 26.5 9.3 26.6 10.7 29.8 12.2 26.8

0.60 12.3 28.2 14.4 25.2 150 24.5 15.5 25.9 16.7 25.6

0.65 18.8 26.1 210 22.7 21.4 23.8 22.3 26.5 21.9 24.9

0.70 24.9 26.1 30.3 23.4 25.0 22.8 25.6 24.4 25.5 26.5

0.75 29.7 26.7 36.3 250 30.3 22.1 314 26.5 30.8 27.1

0.8 34.6 250 37.9 26.3 36.8 24.5 33.6 24.1 35.3 220

0.85 32.6 24.8 40.7 26.7 37.3 210 36.6 52.9 36.0 254

0.90 34.8 22.6 39.0 32.5 40.6 21.5 42.7 22.8 40.5 254

0.95 33.9 24.7 39.8 30.5 39.8 23.4 44.7 20.3 41.1 24.5

1.00 36.9 23.1 42.3 315 40.7 24.9 42.0 22.5 44.9 230

1.05 38.2 24.9 42.8 29.3 44.2 23.5 40.9 27.6 43.3 25.3

1.10 41.0 20.6 47.2 27.1 44.8 22.4 43.4 25.4 44.4 240
1.15 42.7 23.7 47.0 31.7 45.8 25.1 43.8 23.5 46.6 24.5
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Figure 146, Figure 147, Figure 148 Figure 149 and Figure 150 below show the test results
compared to theoretical predictions of Dent and Hiroyasu with a cylinder pressure of 5 bar
(carbon dioxide) and injection pressures of 700 bar, 720 bar, 740 bar, 760 ¥80Oabdr

respectively.
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Figure146 Spray penetration test resutsmpared tdheory. 700 bar injection pressure. 5
bar cylinder pressunesing carborioxide
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Figurel47 Spray penetration test resuttsmpared taheory. 720 bar injection pressure. 5
bar cylinder pressunesing carbordioxide
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Figurel48 Spray penetration test resuttsmpared taheory. 740 bar injection pressure. 5
bar cylincer pressuresing carbordioxide
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Figurel49 Spray penetration test resuttsmpared taheory. 760 bar injection pressure. 5
bar cylinder pressunesing carbordioxide
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Figurel5Q Spray penetration tesesultscompared taheory. 780 bar injection pressure. 5
bar cylinder pressunesing carbordioxide

Figure 151, Figure 152 Figure 153 and Figure 154 show a comparison between the spray
penetration at injection pressures of 700 bar, 720 bar, 740 bar and 780 bar respectively with a

cylinder pressure of 5 bar.
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Figurel51 Spray penetration. Nitrogen compared to carbon dioxide. 700 bar injection
pressure. 5 bar cylinder pressure.
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Figurel52 Spray penetration. Nitrogen compared to carbon dioxide. 720 bar injection
pressure. 5 bar cylinderessure.
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Figurel53 Spray penetration. Nitrogen compared to carbon dioxide. 740 bar injection
pressure. 5 bar cylinder pressure.
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Figure154 Spray penetration. Nitrogen compared to carbon dioxideb@8injection
pressure. 5 bar cylinder pressure.
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Table8: Cylinder pressure results. 0 bar to 20 bar cylinder pressure. 780 bar injection
pressureCarbon dioxide

g |8 T1&E®2 S E|2 |8 ¢ o

© 5 | 8 =) E© El© E =

= c 3 c © ©
% |2 s |2 @ 8| s 8|5 s g
£ 8 g | & g 8| © 8| © T S
s |22 8|z= 8| 3§z e -
E S E 3 S E 5 | o 5| o o 5|0 o o|lo &
[== o &£l o o nw Slovw o S 2/ alla ala 8 o o
035 |0 0 0 0 0 0 0 0 0 0
0.40 0.9 47.9 08 46.6 0.3 88.4 0 0 0 0
0.45 | 3.7 33.2 2.8 395 2.6 37.9 1.9 58.3 |34 36.3

050 |9.2 31.1 6.6 31.2 6.1 30.3 5.1 359 |71 28.9

055 |16.1 |28.9 12.2 | 26.8 9.5 28.2 7.6 33.2 |10.3 |26.3

060 |219 |258 16.7 | 25.6 15.3 | 23.8 116 | 309 |124 |27.8

065 |290 |234 219 | 24.9 17.7 | 27.6 142 281 |147 |275

070 |36.6 |20.1 255 | 26.5 21.2 | 257 171 | 324 |16.1 |309

0.75 |46.2 |195 308 | 271 244 | 275 204 |353 [191 |293

0.8 |475 |19.7 35.3 | 220 279 | 264 229 |36.4 |21.8 |309

0.85 | 618 |18.7 360 | 254 29.3 | 26.8 241 |353 |234 |3038

0.0 |590 |198 405 | 254 31.3 | 25.7 272 | 315 |245 |28.7

095 |62.7 |215 41.1 | 245 343 | 29.1 28.8 |28.1 |27.6 |30.9

1.00 | 229 |67.6 449 | 230 339 |[26.1 28.8 | 253 |279 |255

1.05 | 681 |251 43.3 | 253 35.2 | 27.7 333 |20.6 |26.6 |30.1

1.10 | 675 |270 444 | 240 34.7 | 29.6 310 | 242 |282 |28.2

115 | 717 |24.6 46.6 | 24.5 379 | 26.7 346 |295 |298 |26.5

Figure 155 Figure 156, Figure 157, Figure158 and Figure 159 below show the variation of
spray peptration with time as well as the theoretical spray penetration; for tests with an
injection pressure of 780 bar and cylinder pressures of atmospheric, 5 bar, 10 bar, 15 bar and

20 bar respectively. Nitrogen was used for these tests.
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Figurel55 Spray penetration test resuttsmpared taheory. 780 bar injection pressure.
Atmospheric cylinder pressuusing carborioxide
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Figure1l56 Spray penetration test resuttsmpared tdheory. 780 bar injection pressure. 5
bar cylinder pressunesing carbordioxide
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Figurel57. Spray penetration test resutismpared taheory. 780 bar injection pressure. 10
bar cylinder pressunesing carbordioxide
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Figurel58 Spray penetration test resuttsmpared taheory. 780 bar injection pressure. 15
bar cylinder pressunesing carbordioxide
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Figure159 Spray penetration test resutismpared taheory. 780 bar ingion pressure. 20
bar cylinder pressunesing carbordioxide

Figure 160, Figure 161, Figure 162 and Figure 163 below show a comparison on the
measured spray penetration between nitrogen and carbon dioxide with an injection pressure
of 780 bar and cylinder pressures of atmospheric, 5 bar, 15 bar and 20 bar respectively.
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Figurel6Q Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injection
pressure. Atmospheraylinder pressure.
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Figurel6l Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injection
pressure. 5 bar tigder pressure.
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Figurel62 Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injection
pressure. 15 bar cylinder pressure.
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Figure163 Spray penetration. Nitrogen compared to carbonidex780 bar injection
pressure. 20 bar cylinder pressure.
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Table9: Constant pressure difference results. 0 bar to 20 bar cylinder pressure. 755 bar to 775
bar injection pressure. Carbon dioxide

f— f — f — [ — S S S S S S
[ (4o [ o © —~ ® c ~ ® C ~ (1]
o £ o o g o o gl o o g o o gl o
o £lo e €l o v £ o £l o
c 5|c2g5 2. 5|lcecblcecslcy
S |8 2|8 2|8 2lc=|§5 2|5 =|6 2|6 =672
5 ©| =2 S| ©o|85 €| 0 ©|lsF S| =2 ©| =5 S| =5 ol =2 &
2 518 ®1 8 5|8 ®|8 5| ® o 5|0 ®| & 5|0 ©
L 2L ol L 2oL ol QO OO QO 0ld QD W
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o e R cH A C I R R I - I =T S =R C T = SO =T O = o1
£ W S|l8 S8 S8 =S|l =18 S|l =l =0 ==
= N /R IR IR IR IR IIK DIIK TN KD
0.35 0 0 0 0 0 0 0 0 0 0
0.40 0 0 0.6 46.0 0.7 81.7 0 0 0 0
0.45 4.7 44.8 2.3 41.7 4.2 37.0 34 345 3.4 35.5
0.50 8.1 34.2 57 33.8 7.7 33.1 8.1 29.5 7.1 29.7

0.55 18.6 34.8 10.7 29.8 12.1 26.1 10.3 29.5 10.2 27.8

0.60 23.4 41.2 155 25.9 13.6 315 12.2 31.6 115 29.2

0.65 28.0 41.4 22.3 26.5 15.8 32.4 14.9 29.4 14.3 31.6

0.70 30.6 42.8 25.6 24.4 17.7 35.7 17.0 31.3 15.9 32.8

0.75 33.7 45.5 31.4 26.5 21.8 32.8 21.1 28.4 18.9 29.5

0.8 40.5 42.2 33.6 24.1 24.8 31.5 23.6 31.9 20.9 29.6

0.85 48.5 44.6 36.6 52.9 28.1 28.6 24.7 30.1 22.8 28.5

0.9 56.1 40.0 42.7 22.8 29.2 315 25.0 35.2 26.1 23.5

0.95 62.7 43.3 44.7 20.3 29.9 30.1 28.0 33.0 25.4 28.9

1.00 58.9 41.0 42.0 22.5 35.3 27.4 27.7 29.8 27.6 26.4
1.05 63.9 430 40.9 27.6 34.0 28.9 30.1 320 26.6 30.0
1.10 60.3 40.3 43.4 25.4 35.2 26.5 30.8 27.7 280 30.8
1.15 70.1 42.5 43.8 23.5 35.2 30.9 33.7 26.5 28.7 30.8

Figure 164, Figure 165, Figure 166, Figure 167 and Figure 168 below show the test results
comparedo the theoretical predictions for tests done with a constant pressure difference of 5

bar (carbon dioxide).
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Figurel66. Test resulteompared taheory. 765 bar injection pressure. 10 bar cylinder
pressuraising carbordioxide
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Figurel70Q Spray penetration. Nitrogen compared to carbon dioxide. 760 bar injection
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Figurel72 Spray penetration. Nitrogen compared to carbon dioxide. 770 bar injection
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1. INTRODUCTION

1.1.Background

Experiments are to be conducted to analysebtteaviour of fuel being sprayed from an
injector into an environment with varying pressures. The existing system holds the injector in
a shadow and fills up with vapour too quickly to use the analysis softwareewA

pressurizespray chamber must therefdre designed.
1.2.Task Statement

The task is to designpessurizethjector spray chamber.
1.2.1. Task as given

Design a spray chamber for the Inov8 Test Stand capable of halivay.
1.2.2. Task as understood

The task is to design a new spray chamber that will atlmveffects of back pressure on

spray characteristics to be investigated. The spray chamber will have to be able to safely
contain a pressure @ bar. The spray chamber must also have windows to that the high
speed camera can capture images of the sprayfor the various light sources to illuminate

the spray. The chamber will have to hold the injector in a suitable position so that clear
images can be captured. The chamber will have to have attachment points for compressed gas
supply as well as a purgy system and pressure relief valve. There will have to be an access
panel so that the windows can be cleaned from the inside and a system to drain the injected
test fluid. The spray chamber must in no way affect the characteristics of the injector spray.
The new spray chamber must be a direct replacement for the current spray chamber and must

not affect the functions of the Inov8 Test Stand.
1.3.Literature Review

The spray chamber must be designed using the same principles as a pressure vessel.
1.3.1. Pressure vessl failure

The most common cause of failure of pressure vessels is corrosion. If moisture is allowed to

collect in the pressure vessel, this could lead to corrosion. Corrosion could also occur if the
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pressure vessel is used to contain corrosive substaGoesion may cause pitting or
grooving; if this occurs on a large area of the pressure vessel, it results in a reduction of the
material thickness. The reduction of the plate thickness means that the pressure vessel will be
highly stressed, even underrn@l operating conditions. The more stressed the material is,

the faster it will corrode until the pressure vessel ruptures. [4]

Pressure vessels can also fail due to excessive stress. If the pressure vessel is subjected to
repeated stresses that exceadlimnits, it may fail due to fatigue. Pressure vessels used to
contain compressed gasses are subjected to rapid pressure fluctuations. If the pressure vessel
is not allowed to expand and contract with temperature variations, it can experience large

stresse that might also lead to failure. [4]

Regular inspection of the pressure vessel, including the inside surfaces can significantly
reduce the risk of failure. If moisture is allowed to collect in the pressure vessel, this could
lead to corrosion. Safety wads and other devices that are not functioning properly could
result in pressure vessel failure. If the safety valve is adjusted to high, the pressure vessel
might be subjected to pressures higher than the design pressure and this will result in failure.

[4]

Defects in the material that were not identified during fabrication could lead to the failure of
the pressure vessel. Inferior workmanship could also result in failure. Poor welding may look
acceptable on the surface, but could contain slag, too mudsifyoor have a lack of
penetration.[4]

Inspection openings on the pressure vessel are essential to ensure that the internal surfaces
can be inspected. Regular inspections of the internal surfaces can significantly reduce the risk
of failure. Removable fzls or cover plates may be used instead of inspection openings as
long as they are large enough to allow thorough inspections of the internal surfaces to be
conducted. Openings should be places at the ends of the pressure vessel so that a light source
placed on one end will illuminate all the internal surfaces. It is important to ensure that the
inspection openings are able to function after installation i.e. the pressure vessel must not be

installed in such a way that the openings are blocked. [4]

All pressure vessels are required to have a system to protect from being over pressured. This
is usually in the form of a pressure relief valve that is set to the design pressure of the

pressure vessel.
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1.3.2. Pressure vessel standards

Pressure vessels are usually dtricess with complex geometries and are required to function
under various loading conditions. Pressure vessels are therefore governed by a set of
standards and codes to ensure that they are able to perform their function safely [1]. One of
the most widely sed set of standards for high strength steel alloys is from the American
Society of Mechanical Engineers (ASME) [1]:

A I Equationl
" & A O é%'&spfﬂ r]c@ .
Where:
Uaowable Allowablestress
S Yeild Strength
Sut Ultimate tensile strength

Another widely used standard is the European Standard for Unfired Pressure Vessels,
EN13445 [1]:

o b Yo Equation?
n UG E D M%'&lspf& nc_a
Where:
Uallowable Allowablestress
S Yeild Strength
Sut Ultimate tensile strength

ComparingequationlandEquation2, it can be seen that the European Standard will result in
a more conservative designdatnerefore a safer pressure vessel [1].
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1.3.3. Market analysis

There are no pressure vessels on the market that can be used for the desired purpose. One will

therefore have to be designed and manufactured.
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2. PRODUCT REQUIREMENTS AND SPECIFICATIONS
The spraychamber must comply with the following requirements, constraints and criteria.

2.1.Requirements

1. The spray chamber must contain a pressugé dfar.

2. The spray chamber must have windows for the high speed camera and lights of
the test stand.

3. The spray chambenust hold the injector in place.

4. The spray chamber must have at least one access panel.

5. The spray chamber must have a large enough volume to not fill up with vapour
and obscure the images.

2.2.Constraints
1. The spray chamber must fit within the test stand.
2. The spray chamber must not affect normal operation of the test stand.
3. The location of the windows of the spray chamber must correspond to the location
of the camera and lights.

4. The spray chamber must comply with the ASME design codes.

2.3.Criteria
1. The spraychamber must be safe.
The spray chamber must have minimal stress concentrations.
The spray chamber must be easy to maintain.
The spray chamber must be easy to manufacture.
The spray chamber must not interfere with the fuel jets.

The windows must allow theamera to have a clear view.

N o g s~ w D

The windows must allow sufficient light into the chamber.
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3. DESIGN DEVELOPMENT

Conceptual designs will be developed and selected for further development.
3.1.Concept Generation

The follow conceptual designs will lmensidered for further analysis.
3.1.1. Round chamber

The first concept is a round chamber with flat plates on either end. The plates will be

removable so that there will be access to the inside of the chamber.

3.1.2. Rectangular chamber

The second concept is a box made by joining together 6 flat plates. The plates on the top

and/or bottom will be removable so that there will be access to the inside of the chamber.

3.1.3. Rectangular box, rounded edges

The third concept is a combination of first two concepts. The chamber will be rectangular,
but it will have rounded edges on 4 sides. The plates on the top and/or bottom will be

removable so that there will be access to the inside of the chamber.
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3.2.Concept Selection

Table10 below shows the comparison between the three concepts that were generated. Each
of the criteria from sectio@ was given a value and each concept was given a score for each

of the criteria.

193



Tablel10: Spray chamber concept selection

Concept Round chamber Rectangular chamber Rectangular chamber, round edges
Safe (/20) 20 10 15
Minimal stress concentrations (/15) 15 5 10
Easy to maintain (/10) 10 5 7.5
Easy to manufacture (/10) 10 5 7.5
Must not interfere with jets (/15) 5 15 10
Clear view for camer@15) 5 15 15
Allow in sufficient light (/15) 5 15 15
Total (/100) 70 70 80
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From the table, it can be seen that concept 3 with a score of 80/100, would provide the best

solution.Table11 below shows how the scoresTiable10were calculated.

Concept 1 would be the leastressed design and also the easiest to manufacture and
maintain. However, it would be difficult to fit the large windows needed onto this design.
Concept 2 would have been the most difficult to manufacture and maintain, however, it
would allow large windws to be fitted. Concept 3 was the best compromise between the

concepts.

Due to these factors, concept 3 will be developed further in greater detail.
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Tablel1ll: Concept evaluation

Concept Round chamber Rectangular chamber Rectangular chamber, round edges
tangular pr rev I h
. Arecta gu arp es§u © .esse a The rounded edges makes the
Safe A round pressure vessel is the saff  more points at which failure can

occur

pressure vessel safer

Minimal stress concentraiis

The round sides means there are
stress concentrations

Many corners, therefore lots of stre
concentrations

The rounded edges minimise the
stress concentrations.

Easy to maintain

The round surfaces are easy to
inspect for irregularities.

Thereare many corners and therefg
inspections and cleaning is more
difficult

Number of corners is reduced ang
therefore easier to inspect and cle

Easy to manufacture

Simple geometry is easy to
manufacture

Lots of welding required

More complex bending igguired
but not as much welding

Must not interfere with jets

Smaller cross sectional area

Large cross sectional area

Medium cross sectional area

Clear view for camera

Difficult to install large windows

Large windows can be fitted.

Large windows can bigted

Allow in sufficient light

Difficult to install large windows

Large windows can be fitted

Large windows can be fitted
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4. DESIGN EVALUATION

The spray chamber will be made out of high strength steel. It will be rectangular oghat
windows can be fitted and it will have rounded edges to reduce stress concentrations. There
will be a pressure relief valve that will be set2td bar to prevent the spray chamber being

over pressured. The spray chamber will have flat plates doprend bottom. One or both of

the plates will be removable so that the internal surfaces can be inspected and cleaned. There
will be a valve of to drain any injected test fluid. There will also be attachment points for the
injector (on the top plate) arah inlet for the compressed nitrogen. The chamber will have a
pressure gauge so that the internal pressure can be monitored. There will also need to be a
purging system so that the pressure in the chamber can be safely released.

The spray chamber will daroken up into the different parts as described above and each part
will be analysed in detail below.
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5. Box design

5.1.Box Literature Review

The box of the spray chamber can be modelled as a rectangular box. Ignoring the rounded

edges in the analysis will result in a more conservative design.
5.1.1. Methods of analysis

There are two broadly accepted mechanical models for calculating the strength of a
rectangular pressure vessel. These are the rigid frame model and the plate model [2].

The rigid frame model involves finding the distributed moment on a ring element of unit

length of the pressure vessel using the rigid frame theory of mechanics aaln§2gr

The plate method analyses each wall of the pressure vessel as a plate using methods derived

from the theory of elastic plates [2].

By combining these two methods using the principle of superposition, we can obtain a set of
formulae that analysethe side walls of the pressure vessel as plates, while taking into

consideration the interaction between the plates [2].

The side walls of the pressure vessel can be modelled as $eguargil 74 below.
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Figurel74 Pressure vessel side walls [2]

If each plate is analysed individually as seefigure175below, the moments acting on the

pressure vessel can be found.

JRERET
e

Figurel75: Single wall of pressure vessel [2]

The maximum moments will act at the centre of tteggd and can be found usiBguation3
andEquation4 [2]:
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THES p &P P | 48 Gy o Equation3

U ’ p ¥ I
®0 wo - 60 DEPsaq CROER 0
\ e HD o \ tryy, i

wQ “w Qg . pﬁ)ﬁi GO' cwé'@(}Q wa@ag
Where
MPy; Bending moment due to pressure about tais
MPy; Bending moment due to pressure about tagig
p Internal pressure
a Plate length
I Poissonbs ratio
The variabldJcan be found usingquation5 below [2]

a“w Equation5
&)

Where:
b Plate width

The plates will also experience a bending moment due to the interactions with the

neighbouring plates. These moments can be found &sjogtion6 andEquation? [2].
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) p & P Equation6
0 oo — O ¢ P "1 0d®
c CWER
- " p 4P Equation?
0 3o YT O¢ p ‘| O0WR
a piofs
Where
MMy Bending moment due to other plates about thgiz
M'V'yi Bending moment due to other plates about thgig

The constant g can be found usingquation8 below [2]:

NW CO C@ CO W@
a 0 Q) o @ | 0 Q) ooa P
Equation8

The total bending moment on a plate about Hagig can be found by addirtguation3 and
Equation6. Similarly, the total moment about theayxis can be found by addiigguation4
andEquation7 [2].

The maximum stress on the plate can be found uEgugtion9 [3]:

M ¢ oo Equation9
0 WW (‘j;
Where:
Omax Maximum stress at the centre of the plate
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M max Maximum moment acting on the plate

t Plate thickness

By setting the maximum stress equal to the allowable strésguation9, the required plate

thickness can be found.

The method of analysis outlines above ignores the effect of the top and bottom plates as it
was developed for pressure vessels with heightsatieatnuch greater that the lengths. In a
pressure vessel with a smaller aspect ratio (< 2), these plates will support much of the load
induced by the internal pressure. The model therefore produces a pressure vessel that is very

conservative and therefoneuch safer. [3]
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5.2.Box Product Requirements and Specification

The box of the spray chamber will have to comply with the following list of requirements,

constraints and criteria.

5.2.1.
1.
2.

5.2.3.

N o g M wDd R

Requirements

The box will have to contai20 bar of pressure

The box must ave attachment points for the injector, pressure relief valve,
nitrogen inlet valve, purge valve and test fluid drain valve

The box must have an access panel

Constraints

. The box must fit in the test stand

. The box must not interfere with the nornogleration of the test stand.

The location of the windows of the spray chamber must correspond to the location
of the camera and lights.
The spray chamber must comply with the ASME design codes.

Criteria

The box must be safe.

The box must have minimal e8s concentrations.

The box must be easy to maintain.

The box must be easy to manufacture.

The box must not interfere with the fuel jets.

The window openings must allow the camera to have a clear view.

The windows openings allow sufficient light into tHeamber.
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5.3.Box Design Development

The existing box is 285 x 285 x 355mm. The new box should have the same length and depth
so that the position relative to the lights and camera are unchanged. This will also ensure that
there is no intderence with the injector spray. The longer the box, the larger the stresses the
box will be subjected to. The length should therefore be kept to a minimum. Previous
experimentation with the rig showed that the spray penetration rarely exceeds 100min even a
maximum injection pressure [5]. A box with a length three times that (300mm) of the
maximum spray penetration should be sufficient to ensure that there is no interference. The
four corners of the side walls will have a 50mm fillet (outside radius). Witlinsure that

there is sufficient space to fit the windows. There will be a flange on both the top and bottom
of the spray chamber (refer tigure 176); the topand bottom lids Kigure 177) will be

bolted to these flanges and sealed with gaskets.

5.3.1. Material

The material used for the spray chamber must be of pressure vessel quality. The material
must also be locally available. The material must be able to handle very large cyclical
stresses. It will not be exposed to large temperature fluctuations. Basedesm th
requirements, the material chosen is a carbon steel plate for moderate and low temperature
service;ASTM A516 Grade 60The properties of the selected material can be se€ahle

12 below.

Tablel2: Spray chamber material properties [9]

Density 7.85 gl/cc
Ultimate tensile strength 450585 MPa
Tensile yield strength 240 MPa
Modulus of elasticity 200 GPa
Poissons ratio 0.29

Shear modulsi 80 GPa
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5.3.2. Spray chamber analysis

The spray chamber will be analysed with a safety factor of 2 (with respect to the yield
strength). This will ensure that the spray chamber meets the criteria of the pressure vessel
design codes, and it will result in a safe spray chamber. The bending teamnethe side

walls were calculated using the model described in se@&iarl Using the maximum
bending moment calculated and setting the maximum stress eghal iaximum allowable
stress, the minimum plate thickness was found to be 25.66mm. The tensile forces that the
chamber will be subjected to only require a plate thickness of 3.9mm. The chamber will
therefore fail in bending before it fails in tension.

Using the next largest standard size i.e. 30mm, an FEA analysis was performed on the spray
chamber. Fronkigure178, it can be seen that the stresses in the spraylsraane very low

(49 MPa) compared to the maximum allowable stress of 120 MPa. This is due to the
conservative nature of the model used. An FEA analysis was performed using a plate
thickness of 25mm. The stresses can be seBigure 179 below. From the figure, it can be

seen that the maximum stress would be 96.5 MPa. An FEA analysis was conducted on a
spray chamber with a wall thickness of 20 mm. The stresses caebenFigure180. From

the figure, it can be seen that the maximum stress would be 138 MPa. This is higher than the
allowable stress in the spray chamber. The cleambll therefore be made with a wall
thickness of 25mm.
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Figurel76 Spray box

e

Figurel77: Lid
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Windows

The sides of the box will be machined as seeRigure 181 below. The windows will be

supported from the inside by a thin strip of material.

Figure181 Box with window holes
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Window Flange

The windows will be held in placby flanges made of the same material as the spray
chamber. The flanges will be bolted to the spray chamber box and will overlap the sides of

the window by 10mm all around seerFigure182below.

Figure182 Box with window flange

Lids

The top lid will have to be modified to hold the injector in place. In the original setup, the
injector is held 30.9mm below the top of the window. The injector will be fixed in the same

relative position with the pressurized spray chamber.

The lid will have a hold drilled through the centre. A piece of round bar will be machined as
seen inFigure 183 below to hold the injector. This round bar will then be weldeth&

inside of the lid.
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Figurel83 Injector holder

5.3.3. Welding analysis

The flanges for the lids on the top and bottom of the box will be welded to the main body of
the box.Figure184 below shows the welds that will be used. There will be a large butt weld
(red) between the plates of the flange and box; and a fillet weld (blue) all around the outside

corner.
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Figurel84 Lid flange welds

Butt weld

The butt weld will be in tension when the spray chamber is pressurized. The stress on the

weld can be calculated usiBgjuation10 [8].

O Equation10

Where:

07 Stress in the weld

F i1 Force the weld is subjected to
h1 Weld throat

|7 Length of the weld.

With a weld throat of 25mmand the weld going all the way around the spray chamber, the
stress is fund to be 7.05 MPa. The reinforcements on the butt weld must be machined smooth

to reduce stress concentrations [8].
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Choosing an electrode with an AWS number of E60xx, the permissiiles in the weld is
0.60S. The chosen electrode has a yield strength of 345 MPa [8] and therefore the
permissible stress in the weld is 207 MPa. The stress in the weld is 29 times less than the

permissible stress and it will therefore be safe.
Fillet weld

With a plate thickness of 25mm, the minimum fillet weld size is 10mm [8]. The fillet weld is
subjected to both tensile and shear forces. The maximum shear stress in the weld can be

found usingEquation11 [8] and the maximum tensile stress can be found Usmqation12

below.
+ PP W@ Equation11
&
@ ¢'0 Equation12
” 'm

With a weld throat of 10mm and the weld going all the way around the spray chamber; the
maximum shear stress is found to be 21.08MPa, while the maximum tensile stress is 4.39

MPa. The maximum allowable stresses can be seEahle13 below.
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Table13: Maximum allowable stresses on fillet welds [8]

From the table, it can be seen that witBG0Dxx electrode, the maximum shear stress is 124
MPa and the maximum tensile stress per unit length is 87,67h N/mm. The tensile stress per
unit length the fillet weld is subjected to is found®109.8 N/mm. A stronger electrode will

therefore have toedbused; E80xX.

The box will be manufactured from sheet steel. The sheet will be bent to form the main body
of the box. The exposed sides will have to be welded together to for a strong air tight bond.
The edges of the plate will be bagkuged on both s& and welded using a butt weld in

each side as seen in redHigure185below.
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